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Introduction

Summary

The costimulatory receptors CD28 and cytotoxic T-lymphocyte antigen
(CTLA)-4 and their ligands, CD80 and CD86, are expressed on T lympho-
cytes; however, their functional roles during T cell-T cell interactions are
not well known. The consequences of blocking CTLA-4-CD80/CD86
interactions on purified mouse CD4" T cells were studied in the context
of the strength of signal (SOS). CD4" T cells were activated with phorbol
12-myristate 13-acetate (PMA) and different concentrations of a Ca* iono-
phore, Ionomycin (I), or a sarcoplasmic Ca*" ATPase inhibitor, Thapsi-
gargin (TG). Increasing concentrations of I or TG increased the amount
of interleukin (IL)-2, reflecting the conversion of a low to a high SOS.
During activation with PMA and low amounts of I, intracellular concen-
trations of calcium ([Ca®'];) were greatly reduced upon CTLA-4-CD80/
CD86 blockade. Further experiments demonstrated that CTLA-4-CD80/
CD86 interactions reduced cell cycling upon activation with PMA and
high amounts of I or TG (high SOS) but the opposite occurred with PMA
and low amounts of I or TG (low SOS). These results were confirmed by
surface T-cell receptor (TCR)-CD3 signalling using a low SOS, for exam-
ple soluble anti-CD3, or a high SOS, for example plate-bound anti-CD3.
Also, CTLA-4-CD80/CD86 interactions enhanced the generation of reac-
tive oxygen species (ROS). Studies with catalase revealed that H,O, was
required for IL-2 production and cell cycle progression during activation
with a low SOS. However, the high amounts of ROS produced during
activation with a high SOS reduced cell cycle progression. Taken together,
these results indicate that [Ca®']; and ROS play important roles in the
modulation of T-cell responses by CTLA-4-CD80/CD86 interactions.

Keywords: costimulation; intracellular Ca®"; reactive oxygen species;
strength of signal; T-cell activation and cycling

antigen-presenting cells (APCs). This is known as the
‘two signal hypothesis’.' The two important costimulatory

Optimal CD4" T-cell activation, in addition to the first
signal mediated by T-cell receptor (TCR) major histo-
compatibility compex (MHC) class II/peptide binding,
requires another costimulatory signal which is delivered
by the binding of CD28 on T cells to CD80/CD86 on

receptors are CD28 and cytotoxic T-lymphocyte antigen
(CTLA)-4 (CD152), which bind to the identical ligands
CD80 and CD86. CD28-CD80/CD86 interactions,
together with TCR signalling, enhances the production of
interleukin (IL)-2 and survival factors leading to increased

Abbreviations: [Ca*'];, intracellular concentration of Ca**; APC, antigen-presenting cell; ConA, concanavalin A; CTLA-4,
cytotoxic T-lymphocyte antigen-4; DCFDA, 2, 7'-dichlorofluorescein diacetate; H,O,, hydrogen peroxide; I, lonomycin; IL-2,
interleukin-2; mCTLA-4-hIgG/mCTLA-4, mouse CTLA-4 human immunoglobulin G; MBP, myelin basic protein; MFI, mean
fluorescence intensity; pb aCD3, plate-bound anti-CD3; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species; sol
aCD3, soluble anti-CD3; SOS, strength of signal; TCR, T-cell receptor; TG, Thapsigargin.
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cell cycle progression.>” In fact, Cd28™'~ T cells can initi-
ate but cannot sustain T-cell proliferation.* CTLA-4,
unlike CD28, is translocated from intracellular stores and
is expressed on the immunological synapse only after acti-
vation. It also binds to CD80 and CD86, but with a
greater affinity than CD28, thereby sequestering these
ligands from binding to CD28. In addition, crosslinking
of CTLA-4 greatly reduces activation of mitogen-activated
protein kinases and the transcription factor nuclear factor
of activated T cells, leading to low amounts of IL-2 and
reduced cell cycle progression.”” The mechanisms by
which CTLA-4 inhibits T-cell activation and proliferation
are complex and are not completely understood. Notably,
there is marked expansion of CD4" T cells in Ctla-4'~
mice, which die at or before 4-6 weeks of age.g’9 Interest-
ingly, reducing Ctla-4 expression using small interfering
RNA causes rapid onset of diabetes in mice.'” This find-
ing is important as mutations in CTLA-4 are associated
with several autoimmune disorders in humans."!

The functional consequences of CTLA-4-CD80/CD86
interactions are not autonomous but are dependent on
several factors. The extent of CTLA-4 inhibition is greater
during T-cell responses to tolerogenic proteins'® or anti-
gens presented as tissue antigens compared with antigens
injected along with adjuvants.'” Also, CTLA-4 on differ-
entiated T cells plays a major role in inhibiting secondary
as opposed to primary responses.'* Several studies have
also implicated the strength of signal (SOS) in modulat-
ing CTLA-4 function. First, CTLA-4 accumulation (but
not accumulation of CD28 or protein kinase C 0) at the
immunological synapse was enhanced with increased SOS,
resulting in inhibition of T-cell activation.'” Secondly,
activation of T cells at high, but not low, antigen concen-
trations, together with CTLA-4 blockade, favoured a T
helper type 2 (Th2) response.'® Thirdly, in an experimen-
tal autoimmune encephalitis model, immunization with a
disease antagonistic peptide, but not with a disease ago-
nist peptide, together with CTLA-4 blockade inhibited the
generation of cross-reactive T-cell clones.'” It is possible
that antagonistic peptides generate low primary signals
and CTLA-4 interactions enhance some T-cell responses
under these conditions. In fact, CTLA-4 blockade inhib-
ited or enhanced the generation of T cells expressing dis-
tinct TCRs of identical specificities obtained from a
patient with multiple sclerosis, on activation with a mye-
lin basic protein (MBP) peptide.'® CTLA-4 ligation may
enhance activation in some cell types or conditions.
CTLA-4 signalling enhanced activation and reduced sur-
vival of double-positive thymocytes, whereas the opposite
effect was observed with single-positive thymocytes.'®
Surprisingly, a bispecific tandem single-chain Fv reagent
to CTLA-4 alone enhanced the association between
CTLA-4 and protein phosphatase 2A, leading to increased
IL-2 production and T-cell proliferation.'” Also, the
transfer of specific residues from the cytoplasmic tail of
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CD28 to CTLA-4 resulted in positive signalling via
CTLA-4.%° Finally, CTLA-4 lacking the cytoplasmic
domain costimulated the production of IL-2 in a T-cell
hybridoma.”’ These studies clearly demonstrate that the
extent of CTLA-4 inhibition or activation of T-cell
responses, in some cases, depends on multiple factors.

Our laboratory has been investigating the functional
roles of CD28 and CTLA-4 on purified primary CD4" T
cells. This work has revealed that the SOS together with
CTLA-4-CD80/CD86 interactions modulates T-cell prolif-
eration.””* Importantly, differences in the outcome of
CTLA-4-CD80/CD86 interactions were observed using sig-
nalling with anti-CD3, which is more physiologically rele-
vant compared to pharmacological compounds. CTLA-4—
CD80/CD86 interactions inhibited T-cell activation in cells
treated with plate-bound anti-CD3 (pb anti-CD3), whereas
enhancement was found in cells treated with soluble anti-
CD3 (sol anti-CD3) and suboptimal amounts of anti-
CD28.** However, the intracellular mediators involved in
the differential roles of CTLA-4-CD80/CD86 interactions
and SOS were not identified. In this study, we show that
the intracellular calcium concentration ([Ca*'];) plays a
key role in the conversion of a low-intensity signal into a
high-intensity signal. The roles of CTLA-4-CD80/CD86
interactions were studied in the context of these varying
intensities of signal strength to demonstrate roles of [Ca®"];
and reactive oxygen species (ROS) during this process.

Materials and methods

Mice

C57BL/6 mice of either sex, aged 6-8 weeks, were used
for the isolation of CD4" T cells. Mice were obtained
from the Central Animal Facility of the Indian Institute
of Science, and housed in our departmental facility,
according to institutional guidelines.

Media, antibodies and cell lines

CD4" T cells were cultured in RPMI-1640 supplemented
with 25 mm HEPES (Sigma Chemical Co., St Louis, MO),
2 mM L-glutamine (HiMedia Labs, Mumbai, India),
5 uM B-mercaptoethanol (Merck, Darmstadt, Germany),
100 pg/ml penicillin, 250 pg/ml streptomycin, 50 pg/ml
gentamycin (HiMedia Labs) and 5% heat-inactivated fetal
bovine serum (FBS; Sigma). Anti-CD3 (145-2C11), anti-
CD28 (37-51), and hamster control antibodies were
obtained from eBioScience (San Diego, CA). Ascites con-
taining anti-CTLA-4 and mouse CTLA-4 human immuno-
globulin G (mCTLA-4hIgGl) were used for blocking
studies, as previously described.”””** For flow cytometry,
culture supernatants containing the appropriate antibody
were used and the respective fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies were obtained
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from Jackson ImmunoResearch Laboratories (West Grove,
PE). Anti-CD8 (3-155) and heat-stable antigen (J11D) cul-
ture supernatants were used to purify lymph node CD4" T

cells. >4

Isolation of CD4™ T cells and activation

CD4" T cells were purified by complement-mediated
depletion of J11D" and CD8" cells. Live cells were col-
lected by Histopaque 1083 (Sigma) gradient centrifuga-
tion, and subjected to panning over a T25 flask coated
with 100 pg/ml goat anti-mouse antibody. CD4" T-cell
preparations were typically ~95% pure as measured by
flow cytometry. Purified T cells were plated at ~6-
7 x 10* cells/well in 96-well U-bottom plates (Becton
Dickenson Labware, Franklin Lakes, NJ) in a final volume
of 100 pl/well. All wells were precoated with RPMI-1640
containing 5% FBS to minimize non-specific adhesion of
monoclonal antibodies (mAbs) to the plate. T cells were
activated with 10 ng/ml phorbol 12-myristate 13-acetate
(PMA; Sigma) and 0-1 or 0-5 pm Ionomycin (I; Sigma),
unless otherwise stated. Thapsigargin (TG; Sigma) was
also used along with PMA for activation. The concentra-
tions used in most experiments were 0-001 and 0-01 pm.
Cells were also activated with anti-CD3 (0-1 pg/ml),
either plate-immobilized or added in soluble form. To
cells activated with sol aCD3, suboptimal amounts of
anti-CD28 (0-1 pg/ml) for triggering were added. In all
other experiments, anti-CD28 was used at a concentration
of 0-5 pg/ml and anti-CTLA-4 and mCTLA-4hIgG ascites
were used at a final concentration of 1 : 100. For prolifer-
ation assays, cultures were pulsed 36 hr after activation
with ~0-8 pCi/well of [3H]thymidine (BRIT, Mumbai,
India) and harvested 12 hr later. Incorporated radioactiv-
ity was measured using a liquid scintillation counter
(Beckman LS6500; Beckman Coulter, Fullerton, CA) to
assess levels of proliferation. Details of the data collection
and presentation are given in the figure legends.

Cytokine assays

Supernatants from CD4" T-cell assays were collected 24
or 36 hr after activation and IL-2 was quantified using an
enzyme-linked immunosorbent assay (ELISA), according
to the manufacturer’s instructions (eBioscience).

Flow cytometric analysis

For surface staining, ~2 X 10° cells were washed in cold
Hanks’ balanced salt solution (HBSS; Sigma) containing
0-5% FBS, stained with pretitred amounts of culture
supernatants, washed and incubated with the appropriate
FITC-conjugated pre-adsorbed secondary antibodies. Flow
cytometry was performed on FACScan (Becton Dickin-
son, San Jose, CA), using CeLLQUEST (Becton Dickinson)
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software for acquisition and WiNList (Verity, Topsham,
ME) software for analysis. Debris and cellular fragments
were excluded from the analysis by electronic logical gates
based on forward- and side-scatter profiles. Cell cycle
analysis was performed using propidium iodide (Sigma)
as previously reported.”>** Production of ROS was
assessed using the oxidation sensitive fluorescent probe 2/,
7’'-dichlorofluorescein diacetate (DCFDA). Cells treated
under the different conditions were incubated with 5 pm
DCFDA for 20 min and acquired on a FACScan. Cyto-
plasmic free Ca®* levels were measured by loading the
cells with 1 pm fluro-3 acetoxymethyl ester (Fluo-3AM;
Calbiochem, San Diego, CA). The acetoxymethyl ester
component of the dye renders it cell-permeable, and after
hydrolytic cleavage within the cell, the fluorophore is
caged within cells. The increase in fluorescence intensity
on binding Ca** was measured on a FACScan. Pluronic
F127 (Calbiochem) was used as a dispersant, and ethyl-
eneglycoltetraacetic acid (EGTA; Sigma) was included in
the wash buffer to greatly reduce any fluorescence caused
by dye leakage from cells.

Statistical analysis

One-tailed paired Student’s #-tests were performed to
determine P-values. Unless otherwise stated, the signifi-
cance of the difference between control cells and cells
subjected to CTLA-4 blockade was calculated. P-values
are given in the respective figure legends.

Results

Reduction in CD4" T-cell proliferation and survival
observed on blockade of CTLA-4-CD80/CD86
interactions is dependent on [Ca®'];

For studying the roles of costimulatory receptors and
SOS in modulating T-cell activation, our cell culture
system consisted of highly purified CD4" T cells. This
system has also been used by other groups™ and is
advantageous as all effects observed are attributable to
blockade of cell surface receptor-ligand interactions and
interpretations are not complicated by signalling events,
i.e. binding of antibodies to Fc receptors on APCs and
crosslinking cell surface molecules. Also, all effects are
attributable to T cells and not to effects of pharmaco-
logical agents on APCs, which could affect T-cell
responses. It is important to point out that CD80 and
CD86, apart from being present on APCs, are also
expressed on T cells upon activation. In fact, biochemi-
cal and functional differences have been reported
between CD80/CD86 molecules on APCs and T cells:
CD80 and CD86 on T cells are hypoglycosylated and
can bind to CTLA-4 but not to CD28.*° Therefore,
CTLA-4-CD80/CD86, not CD28-CD80/CD86, interac-
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tions play the dominant role here. This property may
be advantageous as it enables the study of CTLA-4
function on T cells without any interference from
CD28. CD80 and CD86 molecules on T cells are func-
tional as mouse T cells expressing high levels of these
costimulatory ligands proliferate, in the absence of
costimulation, in response to low concentrations of
anti-CD3.”” IL-4 production is enhanced by CD80 on
APCs but inhibited by CD80 on T cells.”® The expres-
sion of CD80/CD86 on T cells is immunologically rele-
vant as CTLA-4 binding to CD80 and CD86 on T cells
lowers alloresponses in a mouse model for graft versus
host disease.”

Previously, we had shown that blockade of CTLA-4—
CD80/CD86 interactions in primary CD4" T cells acti-
vated with 10 ng/ml PMA and 0-1 pum I led to a substan-
tial decrease in proliferation and survival.”* The roles of
Fas and caspases in mediating increases in cell death were
investigated in this system. Blockade of Fas—FasL inter-
actions using a blocking mAb did not show any effect in
terms of proliferation (Supplementary Fig. Sla). Also, use
of the caspase inhibitor Boc-d-fluoromethyl ketone
(BDfmk) had no effect [N-benzyloxycarbonyl phe-ala-
fluoromethane (ZFAfmk) was used as a control]. We con-
firmed that Fas—FasL interactions were not involved in
our system by the use of Ipr mice (CD95-deficient), which
contain a point mutation in Fas, rendering it non-func-
tional. No difference in terms of [*H]thymidine incorpo-
ration was observed in CD4" T cells from Ipr and wild-
type mice (Supplementary Fig. S1b). These data suggested
that the reduction in proliferation with a concomitant
increase in hypodiploidy observed on blockade of CTLA-
4-CD80/CD86 interactions in this system was Fas- and
caspase-independent.

An increase in cytosolic [Ca®*]; is one of the first pro-
cesses initiated after TCR signalling, and Ca** mobiliza-
tion occurs in two stages. The first involves the
phospholipase C y1 and inositol trisphosphate (IP3) path-
way, which is triggered seconds after TCR signalling, to
bring about a rapid but rather transient release of Ca®*
from endoplasmic reticulum stores. Depletion of [Ca®*];
leads to the activation of Ca®" release-activated Ca**
channels across the plasma membrane, resulting in a sus-
tained Ca®" influx from the extracellular space by a pro-
cess termed ‘capacitative Ca®" entry’.’® There were two
reasons to investigate the role of [Ca*"]; in this system.
First, a sustained decrease in IL-2 levels in the presence of
CTLA-4 blockade is observed.* Secondly, modulation of
Ca®" is an important trigger for caspase-independent cell
death.>'?? Therefore, free [Ca®']; was studied, using
Fluo3-AM fluorescence, in the presence or absence of
blockade of CTLA-4-CD80/CD86 interactions. A slight
increase was observed in cells activated with CD28; how-
ever, blockade of CTLA-4-CD80/CD86 interactions
decreased [Ca®'];. There was no difference in [Ca®*]; at
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3 hr, while maximum differences were observed 24 hr
post activation (Fig. la).

Increasing doses of I greatly enhances cell cycling and
survival of CD4" T cells activated with PMA + I
together with CTLA-4-CD80/CD86 blockade

Next, we attempted to determine whether increasing
[Ca*"];, using increasing amounts of I, could affect
the functional outcome of this blockade. The
concentration of I was increased while PMA (a protein
kinase C activator) was kept constant at 10 ng/ml
(Fig. 1c). Proliferation initially increased with increase
in I concentration but decreased considerably at higher
concentrations. The addition of anti-CD28 enhanced
proliferation at lower concentrations but had no effect
at higher concentrations of I. The addition of anti-
CTLA-4 or mCTLA-4 decreased proliferation, compared
with control, at lower concentrations. However, an
increase in the concentration of I increased prolifera-
tion, and the difference between control and CTLA-4—
CD80/CD86 blockade was reduced. Most interestingly,
at the two highest concentrations of I, blockade of
CTLA-4-CD80/CD86 interactions resulted in more pro-
liferation compared with the control. This suggested
that these interactions stimulated T-cell proliferation in
cells activated with low doses of I but were inhibitory
in cells activated with higher concentrations of 1. In
other words, the outcomes of these interactions chan-
ged with the intensity of the primary activating signal
which was varied by changing the concentration of I.
Notably, this effect was not observed upon increasing
PMA (Fig. 1b), which demonstrated the specific role of
[Ca*"];. Also, the [3H]thymidine incorporation data
(Fig. 1c) were consistent with cell cycle analysis (Fig. 1d
and e). Increasing the I concentration from 0-1 to
0-5 pm increased cell cycling by ~3-fold and only mar-
ginally increased hypodiploidy (Fig. 1d and e). Increas-
ing I in cells subjected to blockade of CTLA-4-CD80/
CD86 interactions not only increased cycling but also
considerably decreased hypodiploidy (Fig. 1d and e).

Cell surface expression of costimulatory receptors and
their ligands on T cells

Next, the cell surface expression of CD3 and costimulatory
receptors and ligands was studied upon activation with
low and high amounts of I (Fig. 2). CD3 expression was
reduced upon activation at 12 and 36 hr. Expression of
both CD28 and CTLA-4 was enhanced upon activation,
although with different kinetics, and CTLA-4 expression
was only detected at 36 hr. CD86 was expressed on un-
activated cells but no CD80 expression was detected. The
levels of both CD80 and CD86 were substantially
increased upon activation. However, for both CD80 and

© 2008 Blackwell Publishing Ltd, Immunology, 126, 363-377
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Figure 1. The intracellular Ca®>" concentration ([Ca®'];) is modulated by cytotoxic T-lymphocyte antigen (CTLA)-4-CD80/CD86 interactions in
CD4" T cells activated with phorbol 12-myristate 13-acetate (PMA) + Ionomycin (I). (a) CD4" T cells were activated with 10 ng/ml PMA + 0-1 pm
I in the presence or absence of anti-CD28, anti-CTLA-4 or mouse CTLA-4. At different times after activation, [Ca®"];
acetoxymethyl ester (Fluo-3AM). The mean fluorescence intensities (MFIs) obtained for different conditions were normalized to the MFI of cells acti-

was measured using fluro-3

vated with just PMA + I, which was taken as unity. Data shown are the mean + standard error (SE) for three independent experiments. (b—e) Next,
CD4" T cells were activated with I (0-1 pm) plus the indicated concentrations of PMA (b) or 10 ng/ml PMA plus the indicated concentrations of I
(c) in the presence or absence of anti-CD28, anti-CTLA-4 or mCTLA-4, and [3H]thymidir1e incorporation was measured. Cells activated with
10 ng/ml PMA plus 0-1 or 0-5 um I in the presence of the indicated reagents were permeabilized and stained with propidium iodide after 48 hr of
culture. The percentage of cells in the S/G2M and hypodiploid phases was determined by flow cytometry. Fold differences in percentages of S/G2M
(d) and hypodiploid cells (e) under different activation conditions were normalized to that of cells activated with PMA + I (0-1 um) alone, which
was taken as unity. Data shown are the mean + SE for three independent experiments. *P < 0-1; **P < 0-05. c.p.m., counts per minute.

CD86, no difference was observed between expression on costimulatory receptors and ligands increased with T-cell
cells activated with 0-1 pm I and that on cells activated activation but no significant differences in expression
with 0-5 um 1. Overall, the surface expression of both were observed with increased amounts of I.
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Expression at 36 hr
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To confirm the attribution of the observed effects to an
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compound, TG, in combination with PMA (10 ng/ml).
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Figure 2. Cell
costimulatory receptors and ligands is modu-
lated upon T-cell activation. CD4" T cells were
activated with 10 ng/ml phorbol 12-myristate
13-acetate (PMA) plus 0-1 or 0-5 pm Iono-
mycin (I). Cell surface expression of CD3,
CD28, CD80, CD86 and cytotoxic T-lympho-
cyte antigen (CTLA)-4 was studied 12 and
36 hr post activation by flow cytometry using
appropriate antibodies. The broken lines are

surface expression of CD3,

for expression on unactivated cells, thin black
lines are for expression on cells activated with
PMA + 0-1 pm I, and thick black lines are for
cells activated with PMA + 0-5 pm 1. The
mean fluorescence intensity (MFI) on unacti-
vated cells was taken as unity and compared
with the MFI of cells after activation. The MFI
value at the top is for unactivated T cells, the
middle value (italicized) is for T cells activated
with PMA + 0-1 um I and the bottom value
(bold) is for PMA + 0-5 um I activated cells.

TG specifically increases [Ca®"]; by blocking Ca®* trans-
port to the sarcoplasmic and endoplasmic reticulum, and

opens IP3 gated channels in the endoplasmic reticulum.

we utilized another CTLA-4 blockade

Use of different concentrations of TG along with

yielded similar results with respect to

[*H]thymidine incorporation (Fig. 3a) and cell cycle anal-
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Figure 3. Blockade of cytotoxic T-lymphocyte antigen (CTLA)-4—
CD80/CD86 interactions modulates activation of CD4" T cells stim-
ulated with phorbol 12-myristate 13-acetate (PMA) + Thapsigargin
(TG). (a) CD4" T cells were activated with 10 ng/ml PMA plus dif-
ferent concentrations of TG in the presence or absence of anti-
CD28, anti-CTLA-4 or mouse CTLA-4. Cells were cultured for 36 hr
and then pulsed with [SH]thymidine for an additional 12 hr. At the
end of the pulse period, cells were harvested and incorporated
[SH]thymidine levels were measured. (b, c) Cells activated with
10 ng/ml PMA plus 0-001 or 0-01 um TG with or without the indi-
cated antibodies were permeabilized for cell cycle staining after 48 hr
of culture. The percentage of cells in the S/G2M (b) and hypodiploid
(c) phases was determined by flow cytometry. Fold differences in
percentages of S/G2M and hypodiploid cells under different activa-
tion conditions were normalized to that of cells activated with
PMA + TG (0-001 pum) alone. Data shown are the mean + standard
error for three independent experiments. *P < 0-1; **P < 0:-05;
P < 0-0005. c.p.m., counts per minute.

ysis (Fig. 3b and ¢) to those obtained with I. As the addi-
tion of high amounts of I and TG increased cell cycling
in T cells activated via blockade of CTLA-4-CD80/CD86
interactions, we investigated whether IL-2 levels were
modulated. CD4" T cells were activated with either a low
dose (0-1 pm) or a high dose (0-5 um) of I in combina-
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tion with PMA (Fig. 4a). Increasing I led to a ~10-fold
increment in IL-2 in cells activated with control Ab and
addition of anti-CD28 enhanced IL-2 under both condi-
tions of activation. Blockade of CTLA-4-CD80/CD86
interactions by either anti-CTLA-4 or mCTLA-4 led to
decreased amounts of IL-2 in cells activated with
PMA + 0-1 um I, as reported previously.” However, acti-
vating T cells with increasing amounts of I (e.g. 0-5 pm)
reduced the difference in IL-2 levels between the control
and cells subjected to CTLA-4-CD80/CD86 blockade.
Indeed, the amounts of IL-2 were comparable to those
produced by cells cultured without CTLA-4 blockade (i.e.
PMA + 0-5 pum I alone). Although cells cultured with a
high dose of I coupled with CTLA-4 blockade proliferated
to a greater extent than cells not subjected to this block-
ade (Fig. 1c), the amounts of IL-2 under the two culture
conditions were similar. These results were consistent
with respect to induction of IL-2 in T cells activated with
0-001 and 0-01 um TG (Fig. 4b).

CD25 cell surface expression is routinely used as a mar-
ker for sustained T-cell activation.”” High amounts of
CD25 were found after 36 hr of activation with PMA +
0-1 um 1. These amounts further increased with the
addition of anti-CD28, but blockade of CTLA-4 inter-
actions reduced expression 2-fold (Fig. 4c and d). Increas-
ing the I concentration to 0-5 uM led to a 3-fold elevation
in CD25 surface levels. The addition of anti-CD28,
anti-CTLA-4 or mCTLA-4 only slightly increased CD25
expression over the control. Similar results were obtained
when TG was used instead of I (Fig. 4e). These results
clearly demonstrate that blockade of CTLA-4-CD80/
CD86 interactions reduced T-cell activation with respect
to CD25 expression and IL-2 levels during activation with
low SOS. However, the increase in proliferation observed
upon activation with high SOS and CTLA-4-CD80/CD86
blockade was not associated with significantly increased
amounts of IL-2 or CD25 surface expression.

Role of [Ca**]; and CTLA-4-CD80/CD86 interactions
in cells activated with sol aCD3 or pb aCD3

Thus far, all experiments performed utilized the pharmaco-
logical agents PMA, I and TG, which bypass TCR-CD3
signalling when activating T cells. Therefore, we wished to
confirm our observations using anti-CD3, which triggers
activation via the surface TCR—-CD3 complex. T cells were
activated with either sol aCD3, which delivers a relatively
weak signal, or pb aCD3, which delivers a relatively strong
signal. Consequently, the amounts of IL-2 produced by pb
aCD3-activated cells were greater than those produced by
sol aCD3-activated cells.** The addition of anti-CD28, in a
dose-dependent manner, increased proliferation of T cells
activated with sol anti-CD3; however, the proliferation of
T cells was greater in cells activated with pb anti-CD3 and
anti-CD28 did not significantly increase proliferation
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Figure 4. Cytotoxic T-lymphocyte antigen (CTLA)-4-CD80/CD86 interactions modulate interleukin (IL)-2 production and CD25 expression.
CD4" T cells were activated with phorbol 12-myristate 13-acetate (PMA) (10 ng/ml) plus 0-1 or 0-5 pm Ionomycin (I) (a) or 0-001 or 0-01 pm
Thapsigargin (TG) (b) in the presence or absence of anti-CD28, anti-CTLA-4 or mouse CTLA-4. Amounts of IL-2 were measured by enzyme-
linked immunosorbent assay (ELISA) 24 hr post activation. Cell surface expression of CD25 expression was studied after 36 hr by flow cytometry
(c). The numbers alongside the histograms in (c) are the mean fluorescence intensities (MFIs). The grey histograms are for controls and the black
histograms show CD25 expression under the indicated activation conditions. The fold differences in MFIs under different activation conditions
at 36 hr were normalized to the MFI of cells activated with PMA + 0-1 pm I (d). Similar fold differences in MFI were calculated for cells acti-
vated with PMA + 0-001 or 0-01 um TG (e). Data shown are mean * standard error for three independent experiments. TP < 0-0005; *P < 0-1;
**P < 0-05; ***P < 0-01.

(Supplementary Fig. S2). Blockade of CTLA-4-CD80/ nation of triggering of the positive costimulatory CD28

CD86 interactions reduced T-cell proliferation and cell and blockade of negative CTLA-4 interactions (Supple-
cycling in the presence of low or high amounts of anti- mentary Fig. S2). First, differences in [Ca®"]; were com-
CD28 and sol anti-CD3. However, the reduction in proli- pared between cells activated with sol and pb aCD3.
feration and cell cycling in T cells activated with 0-1 pg/ml Unactivated cells were used as a control and [Ca*']; was
of anti-CD28 and blockade of CTLA-4-CD80/CD86 inter- measured at different time-points post activation (Fig. 5a).
actions was greater compared with activation with Sol aCD3-mediated activation lead to a marginal increase
0-5 pg/ml anti-CD28 (2-25- versus 1-26-fold). Therefore, in [Ca®"]; compared with unactivated cells. However,
suboptimal amounts of anti-CD28 (0-1 pg/ml) were used [Ca®*]; was enhanced in pb aCD3-activated cells and was
in these conditions. Blockade of CTLA-4 interactions ~2-fold higher at 24 hr compared with sol aCD3-activated
increased proliferation of T cells activated with pb anti- cells. The addition of anti-CD28 only marginally increased
CD3, and proliferation was even further enhanced upon [Ca*']; and blockade of CTLA-4-CD80/CD86 interactions
addition of anti-CD28, probably as a result of the combi- reduced [Ca®"]; in cells activated with sol aCD3, sol aCD3
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Figure 5. Cytotoxic T-lymphocyte antigen (CTLA)-4—CD80/CD86
interactions modulate intracellular Ca** concentration ([Ca®*];) in
CD4" T cells activated with antiCD3. [Ca®"]; was measured after dif-
ferent times of activation with soluble anti-CD3 (sol aCD3) or plate-
bound anti-CD3 (pb aCD3). Mean fluorescence intensities (MFIs)
normalized to the baseline level in unactivated cells, which was taken
as unity, are shown in (a). [Ca®*]; was measured at 12 and 24 hr in
the presence or absence of CTLA-4-CD80/CD86 blockade. The MFIs
were normalized to that of cells activated with anti-CD3, which was
taken as unity (b and c). Data shown are mean * standard error for
three independent experiments. **P < 0-05.

+ aCD28 or pb aCD3 (Figs 5b and c). The reduction upon
CTLA-4 blockade was more evident in cells activated with
sol aCD3 + aCD28.

Next, the functional effect of [Ca®']; was studied in
cells activated with sol aCD3 or sol aCD3" aCD28, in
the presence or absence of blockade. [Ca*"]; was
increased under these culture conditions by addition of
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TG (Fig. 6a) and addition of anti-CD28 greatly
enhanced proliferation (Figs 6a and ¢). In cells cultured
without TG, CTLA-4 blockade reduced [*H]thymidine
incorporation and also the percentage of S/G2M cells,
especially in cells activated with sol aCD3" aCD28
(Figs 6a and c), which was reversed by the addition of
TG. At the highest concentration of TG, proliferation of
cells activated with sol aCD3 or sol aCD3" aCD28 was
substantially compromised. However, cells cultured
under the same conditions with CTLA-4-CD80/CD86
blockade demonstrated greater proliferation. Similar
experiments were performed using pb aCD3 for activa-
tion (Fig. 6b and d). Cells cultured with CTLA-4 block-
ade proliferated to a greater extent than cells cultured
with pb aCD3 and control mAb, as reported previ-
ously.** Addition of TG greatly reduced proliferation in
pb aCD3, in the presence of control mAb or anti-CD28
(Fig. 6b and d). Our observations are similar to previous
reports where the addition of TG triggered apoptosis.’
Cells activated with pb aCD3 had high [Ca*"]; and a
further increase resulted in growth suppression. How-
ever, cells cultured with blockade were better able to
resist this inhibition of proliferation caused by addition
of TG (Fig. 6d).

CTLA-4-CD80/CD86 interactions modulate
intracellular amounts of ROS

Our earlier study using concanavalin A (ConA) showed
that CTLA-4-CD80/CD86 interactions modulated intra-
cellular ROS levels, which directly affected cell cycling.*
In the next set of experiments, we attempted to
investigate whether amounts of ROS were modulated by
CTLA-4 blockade in cells activated with anti-CD3. ROS-
dependent conversion of DCFDA was higher in cells acti-
vated with pb aCD3 compared with those activated with
sol aCD3 after different times of activation (Fig. 7a). The
maximum difference in DCFDA fluorescence between sol
aCD3- and pb aCD3-activated cells was observed at 24 hr
post activation. The addition of anti-CD28 did not have
any significant effect but blockade of CTLA-4 interactions
reduced ROS in cells activated with sol aCD3 or pb aCD3
(Fig. 7b and c¢). To elucidate the functional role of ROS
in this system, IL-2 levels (Figs 8a and b) and the per-
centage of S/G2M and hypodiploid cells were quantified
(Fig. 8c—f) in cells activated with sol or pb aCD3 cultured
in the presence and absence of the H,0, scavenger cata-
lase. Scavenging of H,O, in cells activated with sol aCD3
reduced IL-2 and cell cycling and marginally increased
hypodiploidy, whereas similar culture conditions with pb
aCD3 had no effect on IL-2 but increased cell cycling and
decreased hypodiploidy. These data suggested that the
functional roles of ROS produced during CD4" T-cell
activation were distinct for low and high signal strengths
of activation.
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Figure 6. Increasing intracellular Ca®* concentration ([Ca®"];) changes the strength of signal (SOS) and the profile of cytotoxic T-lymphocyte
antigen (CTLA)-4 interactions. Increasing concentrations of Thapsigargin (TG) were added to soluble anti-CD3 (sol aCD3) or plate-bound
anti-CD3 (pb aCD3) in the absence and presence of anti-CD28, anti-CTLA-4 or mouse CTLA-4. Proliferation was measured by [3H]thymidine
incorporation (a) to cells activated with sol aCD3 and (b) to cells activated with pb aCD3. Also, at the end of 48 hr, cells were stained with pro-

pidium iodide and the percentage of cells in the S/G2M phase was determined by flow cytometry. The percentages were normalized to that of
cells activated with just sol aCD3 or pb aCD3 and fold differences are shown in (c) and (d). The left-hand panel shows data for sol aCD3 and
the right-hand panel data for pb aCD3 activation. *P < 0-1; ***P < 0-05. c.p.m., counts per minute.

Discussion

Multiple pathways have been proposed to explain the
mechanisms by which CTLA-4 inhibits T-cell activation:
for example, competition with CD28 to bind to CD80/
CD86; interference with lipid raft formation; involvement
of the phosphatases, protein phosphatase 2A (PP2A) and
src homology protein 2 (SHP-2) (intrinsic factors); and
CTLA-4 ligation leading to enhanced production of trans-
forming growth factor (TGF)-B and indoleamine
dioxygenase (extrinsic factors).”” In addition, several mod-
els have been proposed to explain CTLA-4 function.
According to one model, CTLA-4 raises the threshold for
T-cell activation. Therefore, in the absence of CTLA-4, the
threshold for T-cell activation is lowered, resulting in
uncontrolled proliferation of CD4" T cells in response to
self antigens. The attenuator model predicts that CTLA-4
functions as a brake to a strong primary activating signal;
therefore, in the absence of CTLA-4, cells divide more
frequently.” Recently, the reverse stop-signal model has
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proposed that surface CTLA-4 reduces the long contact
time between T cells and APCs which is required for
optimal T-cell activation.” Although it is likely that multi-
ple pathways are involved, there is no consensus on the
contributions of the different pathways by which CTLA-4
functions in regulating T-cell function. In this study, the
consequences of blockade of CTLA-4-CD80/CD86 inter-
actions on purified CD4" T cells were studied in the
context of varying SOS, using different amounts of I or TG.
These effects were observed with the use of two indepen-
dent reagents: anti-CTLA-4, which, under soluble condi-
tions, blocks binding of CTLA-4 to CD80/CD86,>>>* and
mCTLA-4hIgG1, the non-crosslinkable single chain fusion
protein, which binds to CD80/CD86 and blocks their inter-
actions with both CD28 and CTLA-4.”> Previous studies
have demonstrated the role of SOS and CTLA-4-CD80/
CD86 interactions in modulating T-cell activation.'®!7*>*
Here, we show that CTLA-4-CD80/CD86 interactions
increased the amounts of two key intracellular mediators of
T-cell activation, [Ca*']; and ROS. Importantly, the conse-
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Figure 7. Intracellular reactive oxygen species (ROS) increases with
signal strength and cytotoxic T-lymphocyte antigen (CTLA)-4-CD80/
CD386 interactions. Amounts of ROS were measured by 2/, 7’-dichloro-
fluorescein diacetate (DCFDA) fluorescence conversion at different
times in cells activated with soluble anti-CD3 (sol aCD3) and plate-
bound anti-CD3 (pb aCD3) + anti-CD28. Mean fluorescence intensi-
ties (MFIs) under different conditions were normalized to the MFI of
unactivated cells, which was taken as unity (a). A similar experiment
was performed with blockade of CTLA-4-CD80/CD86 interactions
and ROS was measured after 12 and 24 hr of activation. MFIs were
normalized to that of cells activated with anti-CD3, which was taken as
unity (b and c). Data shown are mean + standard error for three
independent experiments. TP < 0-0005; **P < 0-05.

quences of CTLA-4-CD80/CD86-induced increases in
[Ca*"]; and ROS were consistent for low and high signal
strengths of activation via TCR-CD3 signalling (Fig. 9).
The SOS regulates recruitment of CTLA-4 into the
immunological synapse.'> Previous studies with T cells
activated with different doses of ConA® or different
modes of anti-CD3%** have shown that the surface expres-
sion of CD28, CTLA-4, CD80 and CD86 is increased
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upon activation. Furthermore, the cell surface expression
of CTLA-4 is higher in cells activated with pb aCD3
compared with cells activated with sol aCD3.** Similarly,
CTLA-4 and CD28 surface expression was increased post
activation with increased amounts of I (Fig. 2). Also, the
fold increase in the cell surface expression of CTLA-4 was
higher compared with CD28. CD80 also increased with I
concentration after 12 hr of activation but the fold induc-
tion of CD86 was lower compared with CD80 (Fig. 2).
This observation is relevant in the light of the fact that
CD80 selectively recruits CTLA-4 to the immunological
synapse.”® Although peak surface expression of CTLA-4
was observed 36 hr after activation, the functional effects
of blocking CTLA-4-CD80/CD86 interactions in modu-
lating [Ca*"]; and ROS were evident at 12 and 24 hr.
Also, effects of CTLA-4 blockade on proliferation were
observed upon adding the blocking reagents within 6 hr
of activation (data not shown). This suggests that low but
functional amounts of CTLA-4, not detectable by flow
cytometry, were expressed early during activation.

[Ca*"); plays important roles in T-cell biology and a
sustained Ca”* signal is necessary to activate the nuclear
factor of activated T cells, a critical transcription factor
that regulates the expression of several important genes,
including IL-2.*"?® The effects of [Ca®*]; on T-cell func-
tion have been clearly demonstrated in patients with
mutations in genes encoding Ca®" release-activated Ca**
channels, who show severe combined immunodeficiency
with severe impairment of nuclear factor of activated T
cells (NFAT)-dependent gene activation.”** Also, high
[Ca®"]; triggers several pathways, resulting in cell death
by apoptosis and necrosis.”>*> In addition, the relation-
ship between TCR signal strength and [Ca®']; is well
established. A weak TCR signal induces a Ca®" signal that
induces IL-4 production while a strong TCR signal leads
to interferon-y (IFN-y) production.*' Also, strong TCR
activation during thymic education leads to elevated
[Ca®*];, which leads to apoptosis, while weak TCR activa-
tion leads to [Ca*']; oscillations that do not lead to apop-
tosis.*> In human T lymphocytes, increased [Ca®]; and
the calcineurin signalling pathway are implicated in the
regulation of CTLA-4 gene expression.*’ A recent study
has demonstrated that high expression of CTLA-4 in a T-
cell hybridoma reduces the rapid increase in [Ca*]; in
the presence of APC and cognate antigen.** In our system
of T cell-T cell interactions, [Ca®']; increased with the
SOS, and this increased [Ca®']; was sustained for 24 hr
(Fig. 5a). Most studies on Ca®* influx in T cells concen-
trate only on the initial few minutes to 1 hr of activation,
which provides information about the initial spike in
[Ca®"];. However, we were interested in studying Ca®*
levels at later time-points, as CTLA-4 blockade did not
modulate Ca®" levels earlier than 3 hr, probably as a
result of the inducible expression of CTLA-4. Initial
experiments demonstrated that [Ca®']; was greatly
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Figure 8. Opposing roles of reactive oxygen species (ROS) in cells activated with soluble anti-CD3 (sol aCD3) and those activated with plate-
bound anti-CD3 (pb aCD3). Sol and pb aCD3-activated cells were cultured with the indicated concentrations of catalase. Interleukin (IL)-2 was
measured after 36 hr (a and b). At the end of 48 hr, cells were stained with propidium iodide and cell cycle analysis was performed. The fold
differences in the percentages of cells in the S/G2M (c and d) and hypodiploid (e and f) phases under different activation conditions were calcu-
lated with respect to that of cells activated with sol aCD3 or pb aCD3, which was taken as unity. The left-hand panel shows data for sol aCD3
and the right-hand data for pb aCD3. Data shown are the mean * standard error for three independent experiments. *P < 0-1; **P < 0-05.

reduced in CD4" T cells activated with PMA + I (0-1 pm)
together with blockade of CTLA-4-CD80/CD86 interac-
tions (Fig. 1), which led to the investigation of the role of
[Ca*']; in the PMA +I/TG and anti-CD3 systems of acti-
vation.

CTLA-4-CD80/CD86 interactions enhanced [Ca®'];
under activation with low or high SOS. However, the
functional effects were more apparent upon activation of
T cells with a low SOS. In fact, blockade of CTLA-4—
CD80/CD86 interactions and activation with PMA + I

374

(0-1 pum) decreased the amounts of IL-2 (Fig. 4a). Also,
the decrease in CD25 expression, a marker for T-cell acti-
vation, upon blockade was enhanced compared with cells
activated with high amounts of I or TG (Fig. 4d and e).
Increased T-cell activation also enhanced cell cycling with
increased amounts of I or TG and blockade of CTLA-4—
CD80/CD86 interactions (Figs 1c, 3a and 6a). However, in
T cells activated with a strong signal it is unlikely that
T-cell activation was affected, as CD25 induction
(Fig. 4c—e) and IL-2 production (Fig. 4a and b) were not

© 2008 Blackwell Publishing Ltd, Immunology, 126, 363-377
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Figure 9. Model depicting the distinct effects of cytotoxic T-lympho-
cyte antigen (CTLA)-4-CD80/CD86 interactions under low and high
signal strengths of T-cell activation. Activation of T cells with plate-
bound anti-CD3 (pb aCD3), compared with soluble anti-CD3 (sol
aCD3), demonstrates higher intracellular Ca®" concentration
([Ca®*];), reactive oxygen species (ROS) level and interleukin (IL)-2
production. The reduction in [Ca®"]; was greater in T cells activated
with sol aCD3, compared with pb aCD3, and blockade of CTLA-4—
CD80/CD86 interactions. Under activation with both pb and sol
aCD3 and CTLA-4 blockade, the reductions in ROS amounts were
similar. Despite the role of CTLA-4-CD80/CD86 interactions in
enhancing [Ca®*]; and ROS levels, the functional outcomes with
respect to proliferation are distinct.

significantly modulated. T-cell activation with a strong
signal led to accumulation of high [Ca*"];, which may
inhibit cell proliferation (Fig. 6b and d), whereas the
opposite effect was observed in T cells activated with a
comparatively weak signal (Figs 6a and c). The growth
suppression observed in T cells activated with a strong sig-
nal was probably a result of the production of excess ROS.

T-cell activation results in increased ROS production,
which plays important roles in cellular functions. Low
doses of ROS, especially H,O,, are mitogenic: it acts as a
second messenger mediating its effects by inactivating
phosphatases and activating signalling pathways leading to
the upregulation of different transcription factors.*>*°
However, excess ROS leads to oxidative stress, resulting in
reduced TCR-induced extracellular related kinase phos-
phorylation, increased production of inflammatory prod-
ucts and T-cell hyporesponsiveness.*”*® The amounts of
ROS increase upon activation of T cells with suppressive
doses of ConA. In these conditions, free radicals play func-
tional roles and CTLA-4-CD80/CD86 interactions reduce
T-cell cycle progression and survival.?® In this study,
increased amounts of ROS were observed after activation
with pb aCD3 compared with sol aCD3 (Fig. 7a). Also,
blockade of CTLA-4-CD80/CD86 interactions decreased
ROS, although with differing consequences in cells acti-
vated with sol aCD3 and pb aCD3 (Figs 7, 8 and 9).
Reducing the amounts of H,O, post activation with sol
aCD3 reduced IL-2 production and cell proliferation and
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increased hypodiploidy (Fig. 8a, ¢ and e). These effects
were probably attributable to reduction in amounts of
ROS that are mitogenic.*™*° However, scavenging of
excess ROS produced after activation with a strong pri-
mary signal (e.g. pb aCD3) increased proliferation and
reduced hypodiploidy (Fig. 8d and f). In one of the first
reports on anti-CTLA-4, blockade of CTLA-4 interactions
enhanced in vitro T-cell proliferation upon activation with
pb aCD3*>** However, the reasons for this were not
known. We show here that IL-2 production was not sig-
nificantly affected but a functional role for ROS was
revealed. In fact, a reduction in the amounts of ROS did
not affect IL-2 levels but increased T-cell proliferation
(Fig. 8b and d).

These results demonstrating the roles of SOS and
CTLA-4-CD80/CD86 interactions in modulating T-cell
activation and cell cycle progression may be of immuno-
logical importance. The frequency of some TCRs was
reduced whereas that of others was increased in a patient
with multiple sclerosis upon activation with MBP and
CTLA-4 blockade. These results clearly demonstrate the
differential effects of CTLA-4 on distinct MBP reactive
clones.'® In a mouse model of experimental autoimmune
encephalomyelitis, priming with a disease antagonist pep-
tide and CTLA-4 blockade reduce the frequency of clones
reactive to the disease agonist peptide. In other words,
CTLA-4-CD80/CD86 interactions enhance the generation
of cross-reactive clones in this model.'” It has been pro-
posed that, by inhibiting T-cell clones possessing a high-
affinity TCR, CTLA-4 may inhibit the generation of T
cells containing exclusively high-affinity TCRs which may
dominate the immune response. Alternatively, CTLA-4
may broaden the T-cell response to cross-reactive antigens
by encouraging the generation of T cells with low-affinity
TCRs. This may be important in tackling pathogens,
which mutate to overcome the host immune response.>'”
Our results are consistent with roles of SOS and CTLA-4
in regulating the primary CD4" T-cell response.'”'72%*
Importantly, this study identifies and demonstrates
functional roles of [Ca*']; and ROS generated by SOS
and CTLA-4-CD80/CD86 interactions in modulating
T-cell activation and cell cycle progression.
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Supplementary material

The following supplementary material is available for this
article:

Figure S1. Inhibition of proliferation as a result of
cytotoxic T-lymphocyte antigen (CTLA)-4 blockade is

© 2008 Blackwell Publishing Ltd, /mmunology, 126, 363-377

independent of caspase activation and Fas—FasL interactions.
CD4" T cells were activated with 10 ng/ml phorbol 12-
myristate 13-acetate (PMA) + 0-1 um Ionomycin (I) in
the presence or absence of anti-CD28, anti-CTLA-4 or
mouse CTLA-4. The pan caspase inhibitor Boc-d-fluoro-
methyl ketone (BDfmk) and antibodies against Fas were
added to the cultures at the indicated concentrations.
N-benzyloxycarbonyl phe-ala-fluoromethane (ZFAfmk)
was used as a control. Proliferation was measured by
[3H]thyrnidine incorporation (a). Also, proliferation in
the presence of anti-CD28, anti-CTLA-4 and mCTLA-4
was measured in cells isolated from wild type as well as Ipr
mice (CD95-deficient) (b). As a control, CD4" T cells
were activated with PMA + I for 36 hr, washed and rested
for 36 hr. Activation of these cells with plate-bound anti-
CD3 (pb aCD3) resulted in 41% of hypodiploid cells in
the wild type and death was reduced to 23% in Ipr CD4"
T cells, clearly demonstrating the requirement for Fas dur-
ing activation-induced death (data not shown). Similarly,
experiments were performed with the irreversible pan-cas-
pase inhibitor BDfmk. In the same model of activation-
induced cell death, BDfmk reduced hypodiploid from
62% in the wild type to 37%, demonstrating the require-
ments for caspases (data not shown).

Figure S2. Effect of increasing amounts of anti-CD28
on T-cell proliferation and cell cycling after activation
with soluble (sol) or plate-bound (pb) anti-CD3.
Increasing concentrations of anti-CD28 were added to
CD4" T cells activated with either sol or pb anti-CD3
(0-1 pg/ml) and cells were cultured with or without
cytotoxic T-lymphocyte antigen (CTLA)-4-CD80/CD86
blockade. Proliferation was measured by [’H]thymidine
incorporation (a and b). Also, after 48 hr of culture,
cell cycle analysis was performed and the percentage of
cells in the S/G2M phase was determined. The percent-
ages were normalized to that for cells activated with
anti-CD3 alone, which was taken as unity (¢ and d).
Data shown are representative of two independent
experiments.

This material is available as part of the online article
from: http://www.blackwell-synergy.com/doi/full/ 10.1111/
j.1365-2567.2008.02902.x.
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for the content or functionality of any supplementary
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377



