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Immunosuppressive drugs are essential for the pre-
vention of acute transplant rejection but some may not
promote long-term tolerance. Tolerance is dependent
on the presence and regulatory function of CD4+CD25+

T cells in a number of animal models. The direct effects
of immunosuppressive drugs on CD4+CD25+ cells, par-
ticularly those that interfere with IL-2 signaling are
uncertain. We studied the effects of the rapamycin
derivative everolimus and the anti-CD25 monoclonal
antibody basiliximab on the regulatory capacity of hu-
man CD4+CD25+ cells in vitro. Both drugs permitted
the suppression of proliferation and IFN-c secretion by
CD4+CD25− cells responding to allogeneic and other
polyclonal stimuli; CTLA-4 expression was abolished
on CD4+CD25+ cells without compromising their sup-
pressive ability. Everolimus reduced IFN-c secretion
by CD4+CD25− cells before the anti-proliferative ef-
fect: this is a novel finding. Exogenous IL-2 and IL-
15 could prevent the suppression of proliferation by
CD4+CD25+ cells and the drugs could not restore sup-
pression. By contrast, suppression of IFN-c secretion
was only slightly impeded with the exogenous cy-
tokines. Finally, CD4+CD25+ cells were more resis-
tant than CD4+CD25− cells to the pro-apoptotic ac-
tion of the drugs. Together these data suggest that
CD4+CD25+ cells may still exert their effects in trans-
plant patients taking immunosuppression that inter-
feres with IL-2 signaling.
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Introduction

A population of CD4+ T cells with high surface expres-

sion of the alpha-chain of the IL-2 receptor (CD25) can

suppress the activity of effector CD4+ or CD8+ cells in

vitro and in vivo (1–5). Murine transplantation models

have demonstrated that enrichment of alloantigen-specific

CD4+CD25+ cells can induce transplantation tolerance

(6,7). We, and others have demonstrated the existence

of CD4+CD25+ cells with suppressive properties, analo-

gous to those in found in mice, in the peripheral blood of

humans; CD4+CD25+ cells were shown to suppress the

responses of CD4+CD25− cells to allogeneic as well as

other polyclonal stimuli in vitro (8–12).

In vitro assays of human alloresponses with cells purified

from renal transplant patients suggest that CD4+CD25+

cells primarily regulate the indirect pathway of allorecog-

nition (13); the principle mechanism of the decreased fre-

quency of direct pathway T cells is not regulation but is

likely to be a combination of deletion and anergy (14). Re-

cently, we have described the expansion of CD4+CD25+

cells in vitro, with enhanced alloantigen-specific suppres-

sion of CD4+CD25− cells to both direct pathway and indi-

rect pathway stimuli, as well as linked suppression (15).

This has lead to the exciting possibility of manipulating

CD4+CD25+ cells for immunotherapy in order to prevent

transplant rejection.

At present, immunosuppressive drugs are essential to pre-

vent allograft rejection in almost all human transplant recip-

ients. Currently, the most widely used immunosuppres-

sive regimes include a calcineurin inhibitor (cyclosporin or

tacrolimus), an anti-proliferative agent (azathioprine or my-

cophenolate mofetil) and steroids. In order to avoid the

nephrotoxic effects of calcineurin inhibitors and the un-

desirable effects of steroid therapy, a number of newer

anti-rejection therapies have been explored, with particu-

lar targeting of the pro-inflammatory cytokine IL-2. Basilix-

imab (simulect) is a chimeric monoclonal antibody directed

against CD25 and it therefore competes with IL-2 in bind-

ing to the high-affinity receptor (16). In the clinical setting,

basiliximab used in the induction phase of immunosup-

pression effectively reduced the number of acute rejection

episodes (17). The rapamycin derivative everolimus (RAD)

is a macrolide antibiotic related to rapamycin (sirolimus)

and inhibits T-cell proliferation by preventing some of the

downstream cascades subsequent to ligation of the IL-2

receptor (18,19); clinically, these drugs can be used in var-

ious combinations with conventional drugs (20–22). There

is accumulating data to suggest that calcineurin inhibitors

may prevent the induction of tolerance in some systems,

possibly by blocking T-cell anergy and activated induced
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cell death (AICD); this was not the case for basiliximab or

RAD, which has led to the idea that the latter agents could

be ‘tolerance promoting’ (23–28).

Several lines of evidence suggest that the generation and

peripheral homeostasis of CD4+CD25+ cells are intimately

entwined with the action of IL-2. Of note, CD4+CD25+

cells produce negligible IL-2 of their own (2,10): IL-2 must

be provided by other T-cell subsets. In vitro susceptibil-

ity of CD4+CD25+ cells to IL-2 deprivation has been de-

scribed for some time: from the first descriptions of these

cells, exogenous IL-2 was found to drive their proliferation

(2,10,11). Later, in vivo, functional regulatory cells could not

be identified in IL-2−/− or CD25−/− mice (29). In another

study, CD4+ cells from IL-2 −/− mice could protect EAE-

prone IL-2-sufficient mice from disease whereas CD4+

cells from CD25 −/− mice could not (30). This implies that

IL-2 signaling in the regulatory cell is required for the de-

velopment of suppressive function.

Therefore, the tolerance-promoting effects of basiliximab

and RAD could potentially be offset by the prevention of

regulatory cell function.

The aim of this study was to determine the effect of basil-

iximab and RAD on the suppressive capabilities of human

CD4+CD25+ cells in vitro. To our knowledge this is the

first attempt to address this clinically important question in

the human system. In addition, the dissection of the sup-

pression of proliferation versus the suppression of effector

function revealed a novel mechanism of action for RAD.

Materials and Methods

T-cell purification

Peripheral blood mononuclear cells (PBMC) from healthy volunteers were

obtained from buffy coats by density gradient centrifugation over Lympho-

prep (Nycomed, Oslo, Norway). Adherent cells were then removed by in-

cubation for 1 h at 37◦C in 250-mL flasks containing RPMI 1640 (Life Tech-

nologies, Paisley, UK) supplemented with 100 lg/mL penicillin or 100l/mL

streptomycin (Life Technologies), L-Glutamine 2 mM (Life Technologies)

and 10% fetal calf serum (SeraQ, Sussex, UK). From the non-adherent frac-

tion, CD4+ T cells were obtained by incubation with a cocktail of MoAbs:

CD14 (Sigma, Gillingham, Dorset), CD33 (Caltag, Burlingame, CA), CD19,

CD16, CD56 and CD8 (Diaclone, Besançon, France); TCR c /d (Becton Dick-

inson, ‘BD’, San Jose, CA), followed by negative selection on goat–anti-

mouse-bound magnetic beads (Biomag, Qiagen, Hilden). CD4+ cells were

then subjected to further selection by 30 min incubation with CD25-linked

magnetic beads (Dynal). Those cells not selected by the beads on mag-

netic column were designated CD4+CD25−. The beads were then washed

four times and any cells present in the washings were discarded. The

CD4+CD25+ cells were released from the beads by mixing with CD4/CD8

Detachabead (Dynal) for 1 h and the beads removed by magnetic col-

umn. Isolated subsets were incubated with CD4-TC (Caltag) and CD25-

PE (BD) or the appropriate isotype-matched controls to study efficacy of

purification, which resulted in 90–95% for CD4+CD25− and 85–95% for

CD4+CD25+.

Preparation of dendritic cells and adherent cells

Adherent cells were isolated as above and either used immediately or used

to generate dendritic cells. For the latter, adherent cells were cultured in X-

vivo medium (Biowhittaker, UK) supplemented with 2% human AB serum

(Biowest, Ringmer, East Sussex, UK) and penicillin/streptomycin/glutamine

as above. IL-4 and GM-CSF (First Link) were added at days 0, 2 and 4 at

50 ng/mL. In both cases, cells were detached with a cell scraper.

Proliferation studies

All assays were performed in RPMI 1640 supplemented as above, but with

10% human AB serum instead of fetal calf serum. Cells were incubated

at 37◦C with 5% CO2. 5 × 104 CD4+CD25− cells, 5 × 104 CD4+CD25+

cells or a coculture of the same number of both subsets from the same

donor were cultured (total cell number 1 × 105 in coculture). Unless oth-

erwise stated, cultures were stimulated with 0.1 lL/mL of anti-CD3/anti-

CD28-coated beads (Dynal) or with 30 Gy irradiated 1 × 105 dendritic or

2 × 105 adherent cells. Where specified RAD was added at 5–25 nM or

basiliximab at 10–25 lg/mL (both Novartis Pharma AG, Basel, Switzerland).

Where specified exogenous recombinant human IL-2, rh-IL-2 at 10 U/mL

(Roche, UK) or rh-IL-15 (R&D Systems, MN) at 25 ng/mL were added. After

4 days for beads stimulation or 5 days for allogeneic stimulations 1 lCi of

Thymidine-H3 was added to each well. Plates were harvested after further

16 h. Incorporation of Thymidine-H3 was measured in a scintillation counter

(Wallac, Turku, Finland).

To calculate the ratio of suppression of the CD4+CD25+ cells the following

formula was applied: [(cpm of CD4+CD25− – cpm of coculture)/cpm of

CD4+CD25−].

ELISA

After 36 h of culture, supernatants from the above cultures were har-

vested and frozen (−20◦C) until further use. Paired antibodies for IFN-c

(Immunokontact, Frankfurt, Germany) were used. ELISA assays were per-

formed using a standard protocol. Plates were coated overnight with pu-

rified anti-IFN-c Ab at 1 lg/mL, followed by a blocking step with PBS/1%

Bovine Albumin (Sigma). Standards and samples were incubated for 2 h

at room temperature in the presence of biotinylated anti-IFN-c Ab at

0.45 lg/mL, washed, followed by a 45-min incubation with Streptavidin-

horseradish peroxidase conjugate (Biosource, Camarillo, CA) at 68 ng/mL.

Samples were revealed by a short incubation with TMB-single solution

(Zymed, San Francisco, CA), stopped with 100-mM solution of H2SO4. IFN-

c levels were obtained comparing the optical density (OD) values of the

standards and the samples when read in a spectrophotometer at 450 nm.

The limit of detection varied between 5 and 10 pg/mL of IFN-c .

CTLL bioassay

CTLL is a murine cell line that proliferates in a dose-dependent manner to

human IL-2. Cells were maintained in supplemented RPMI, 10% fetal calf

serum and rh-IL-2 at 10 U/mL (Roche, UK). Prior to assay the CTLL cells

had no supplemental rh-IL-2 for 2 days and were thoroughly washed to

ensure that no exogenous IL-2 could confound the assay. To each 50 lL of

supernatant, 5 × 103 CTLL in 100 lL of medium were added. The amount

of IL-2 in the supernatant was assessed by comparison with a standard

curve of CTLL proliferation as measured by Thymidine-H3 incorporation.

CFSE labeling

CD4+CD25− and CD4+CD25+ subsets were labeled independently with

5-lM CFSE (Molecular Probes, Leiden, The Netherlands) for 3 min at room

temperature and washed extensively. Cells are then counted and set in

culture as follows: CD4+CD25−CFSE+ or CD4+CD25+CFSE+ or a mixture

of CD4+CD25−CFSE+ with unlabeled CD4+CD25+ and activated as for
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proliferation studies. When mixed, the CFSE-negative cells were gated out

of the assays of proliferation (Figure 1E).

Annexin V staining

CFSE-labeled cells cultured as above were washed and resuspended in

binding buffer (0.1-M Hepes/NaOH (pH 7.4) 1.4-M NaCl, 25-mM CaCl2) in

the presence of 5 lL of Annexin V-PE per 106 cells (BD-Pharmingen) for 20

min in the dark at 4◦C. Cells were analyzed by flow cytometry (FacsCalibur

and CellQuest 3.3 software, BD).

Total CTLA-4 staining

Recently, isolated or cultured cells were fixed with a 4% paraformaldehyde

(Sigma)/PBS solution for 10 min at 4◦C. Cells were then washed in PBS and

incubated for 30 min in the dark at 4◦C in a solution containing 0.5% Saponin

(Sigma), 2% FCS (SeraQ, Sussex, UK) and PBS in the presence of 2 lL of

anti-CD152-PE or mouse IgG2a-PE (BD-Pharmingen). After washing twice

with 0.1% saponin/2% FCS/PBS cells were analyzed by flow cytometry

(FacsCalibur and CellQuest 3.3 software, BD).

Statistical analyses were performed with Prism 3.02 (GraphPad Software,

San Diego, CA, USA). Statistical analysis between groups has been carried

out using a Wilcoxon signed-rank test.

Results

RAD and basiliximab permit suppression of

proliferation to anti-CD3/anti-CD28-coated beads

In a coculture of 1:1 regulatory cell:effector cell,

CD4+CD25+ cells suppressed the proliferation of

CD4+CD25− cells stimulated by beads coated with

anti-CD3 and anti-CD28 antibodies as measured by the

uptake of tritiated thymidine. Data from a representative

experiment are shown by the black bars in Figure 1A.

The ratio of suppression can be calculated by [cpm of

CD25− cells alone − cpm of CD25− with CD25+]/cpm of

CD25− alone, as shown by the black bars in Figure 1B.

If basiliximab or RAD was added to the coculture, the

overall proliferation was decreased, as expected, but the

remaining proliferation was still amenable to suppression

by the CD4+CD25+ cells (Figure 1A,B, spotted and lined

bars). Clearly, for the calculation of suppression ratio with

drugs, the cpm of CD25− cells in the presence of drug

is used. Cumulative data from 12 different experiments

are depicted in Figure 1C: There was no significant differ-

ence in the median values for the ratios of suppression,

which were 0.58 drug free, 0.62 with RAD and 0.53

with basiliximab. As can be seen from the figure, there

was considerable variability in the suppressive ability of

the CD4+CD25+ cells between experiments. This may

relate to a genuine variability in the suppressive ability in

CD4+CD25+ cells from humans or may be a reflection of

the purification method employed, where a proportion of

non-regulatory CD4+CD25+ cells were isolated (data not

shown).

In a similar experiment, if the cell cultures were stimulated

with serial dilutions of beads (1–0.001 lL/mL), plotting the

suppression ratio against the cpm of the assay showed

that, consistent with the literature, suppression was su-

perior at lower bead concentration (31,32). Representative

data from three independent experiments are shown. At

very high cpm, the suppression ratio in the presence of

basiliximab was less than that for the drug free and RAD

conditions, but this was not significant.

Suppression of proliferation can also be depicted with

CFSE staining of the cells. Representative data of five in-

dependent experiments are shown in Figure 1E. Here, it

can be seen that given sufficient stimulation, CD25+ cells

can proliferate vigorously, although to a lesser degree than

CD25− cells and yet suppression of proliferation can occur:

In the drug-free analysis, 8.7% of CD25− cells are within

three cycles of division compared with 35.7% of purified

CD25+ cells and 14.9% of CD25− cells in coculture with

unstained CD25+ cells (Figure 1E, top row). Addition of

drugs to this assay confirmed their permissive nature (Fig-

ure 1E, lower 2 rows). Again, there was some variability in

the suppressive potency of the CD4+CD25+ cells between

experiments but the permissive nature of the drugs was

robust.

The doses of RAD and Basiliximab were chosen according

to the manufacturer’s instruction and in accordance with

the literature: preliminary dose-response experiments con-

firmed the suitability of these doses (data not shown). RAD

and basiliximab exert maximal suppressive effects at the

order of 5 nM and 10 lg/mL, respectively; at this dose nei-

ther drug completely inhibits proliferation of human T cells

(19,33). As indicated, in some experiments a higher dose

is used to be absolutely certain of maximal drug effect.

Clinically, RAD is dosed to achieve a serum concentration

of 3–15 nM and basiliximab as two 20-mg doses, one pre-

transplant, the other at day 4.

RAD and basiliximab permit the suppression of

proliferation to allogeneic antigen-presenting cells

In order to test the suppressive properties of CD25+ cells

on CD25− cells exposed to a more physiological stimulus,

mixed lymphocyte cultures were set up with autologous

CD25+ and CD25− cells together with irradiated allogeneic

antigen-presenting cells (DCs or adherent cells). Compa-

rable data to that of bead stimulation were obtained: col-

lated data derived a median ratio of suppression of 0.48

for drug-free coculture, 0.43 with RAD and 0.47 with basil-

iximab and no significant difference (Figure 2A). Repre-

sentative data from mixed lymphocyte cultures with CFSE

staining are shown in Figure 2B. As predicted, the division

of all cells was less than that stimulated by the antibody-

coated beads; CD25+ cells were much less likely to di-

vide, particularly in the presence of drugs and yet they

were unlikely to have been killed by the drugs because

suppression of proliferation of CD25− cells was permitted

(Figure 2B, lower 2 rows). Variability in the suppressive po-

tency of CD4+CD25+ cells in these assays may, in part, be

explained by different HLA mismatches between experi-

ments (32).
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Figure 1: RAD and basiliximab permit suppression by CD25+ cells on CD25− cells stimulated with anti-CD3/anti-CD28 beads;

suppression is dose-dependent. CD4+CD25− cells, CD4+CD25+ cells or a 1:1 mixture both were stimulated by 0.1lL/mL of anti-

CD3/anti-CD28-coated beads. Triplicates of drug free, 5-nM RAD or 10-lg/mL basiliximab were set up. Cellular proliferation was assessed

by measuring the incorporation of tritiated thymidine at day 5 (A). The values are mean data with standard errors. From the proliferation

counts, the ratio of suppression can be calculated as described in materials and methods (B). Accumulated data of suppression ratios

from 12 different experiments (RAD doses 5 nM, basiliximab doses 10 lg/mL) together with median values were obtained (C). In a similar

experiment, if the cell cultures were stimulated with serial dilutions of beads (0.001–1lL/mL), plotting the suppression ratio against

the cpm of the assay showed that suppression was superior at lower bead concentrations. As an alternative measure of proliferation,

using the same drug concentrations, cells were stained with CFSE. To assess CD25+-mediated suppression, CD25− cells were stained

with CFSE and mixed with unstained CD25+cells. The percentage of cells within three divisions is shown (E). The unstained cells were

excluded by gating (F).
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Figure 2: RAD and basiliximab permit suppression by CD25+ cells on CD25− cells stimulated with allogeneic APCs; suppression

is independent of CTLA-4 expression. CD4+CD25− cells, CD4+CD25+ cells or a 1:1 mixture of both were stimulated by allogeneic

APCs (DCs or 2 × 105 adherent cells). Triplicates of drug free, 5-nM RAD or 10-lg/mL basiliximab were set up. Cellular proliferation

was assessed by measuring the incorporation of tritiated thymidine at day 7. Accumulated data of suppression ratios together with

median values were obtained (A). In a different experiment, the cell populations were stained with CFSE under similar conditions. To

assess CD25+-mediated suppression, CD25− cells were stained with CFSE and mixed with unstained CD25+cells. The percentage of

cells within three divisions is shown (B). CFSE negative cells were gated out as before. In a different experiment, CD4+CD25− cells

and CD4+CD25+ cells were purified and some stained for total CTLA-4 as described in the ‘materials and methods’ section. Staining

of the isotype on CD4+CD25− cells (C) and CTLA-4 in CD4+CD25− and CD4+CD25+ cells (D) is shown. The remaining cells were then

stimulated by 0.1 lL/mL anti-CD3/anti-CD28-coated beads in drug free, 10-nM RAD or 25-lg/mL basiliximab conditions for 5 days, then

stained for total CTLA-4 (E).
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Figure 3: CD4+CD25+ cells, RAD and basiliximab suppress secretion of IFN-c before suppression of proliferation. 1 × 106

CD4+CD25− cells, 1 × 106 CD4+CD25+ cells or a mixture of the same number of both were stained with CFSE (CD25− cells only in

mixture) and stimulated by 0.1 lL/mL of anti-CD3/anti-CD28-coated beads or allogeneic APCs (2 × 105 DCs) in a final volume of 500 lL.

Drug doses were 10-nM RAD or 25-lg/mL basiliximab. Supernatants were harvested at 36 h and ELISA for IFN-c performed as described

in the ‘materials and methods’ section. The results of a representative experiment for bead stimulation (A) and allo-DC stimulation (B) are

shown (n = 4 for each). The values are mean data; standard errors were less than 5% of the mean. At this time, half of the cells were

removed and cell division determined by CFSE dilution as discussed. Supernatant was harvested at 48 h from the remaining cultures and

IL-2 secretion determined by CTLL bioassay as described in the ‘materials and methods’ section (C). The values are mean data; standard

errors were less than 5% of the mean.

RAD and basiliximab inhibit CTLA-4 expression in

CD4+CD25+ cells without compromising suppressor

function

The role of CTLA-4 expression in the suppressor function

of CD4+CD25+ cells is controversial. The effect of RAD

and basiliximab on the intra-cellular staining level of CTLA-

4 was determined. Upon purification, significant staining

of CTLA-4 was detected on CD4+CD25+ cells but not

CD4+CD25− cells (Figure 2D) when compared with iso-

type (Figure 2C). The cells were then stimulated with anti-

CD3/anti-CD28 beads with, or without RAD or basiliximab

and the intra-cellular CTLA-4 expression determined again

at day 5. As seen in Figure 2E, expression of CTLA-4

in drug-free CD4+CD25+ cells was essentially unchanged

whereas CTLA-4 expression was abolished by both RAD

and basiliximab. Other surface markers such as HLA-DR

and CD62L were also reduced in the presence of RAD and

basiliximab (data not shown). As will be clear from the re-

sults above, this did not compromise suppressor function.

RAD, basiliximab and CD4+CD25+ cells suppress the

secretion of IFN-c by CD25− cells before the exertion

of anti-proliferative effects

CD4+CD25+ cells are known to suppress the secretion

of IFN-c by CD25− cells while not secreting any IFN-c

themselves (10): this is confirmed here for bead-stimulated

CD25− cells (Figure 3A, black bars) and CD25− cells stim-

ulated by allogeneic DCs (Figure 3B, black bars); represen-

tative data of four independent experiments are given. In

this study, IFN-c secretion was determined by ELISA of

supernatants taken from cocultures after 36 h. Analysis

of CFSE staining of bead-stimulated CD25− cells showed

that the inhibition of cytokine secretion was seen before

significant proliferation had occurred and with allogeneic

stimulation, suppression of IFN-c preceded all proliferation

(data not shown). Therefore CD4+CD25+ cells were able

to suppress effector function before suppression of pro-

liferation. As seen in Figure 3, this relationship also holds

true for both RAD and Basiliximab, a novel finding for RAD.

Furthermore, IL-2 bioassay reveals that RAD had no effect

on IL-2 secretion at 48 h and free IL-2 in the supernatant

was increased in the presence of basiliximab, consistent

with published data (18) (Figure 3C).

RAD and basiliximab permit suppression of IFN-c

secretion to bead stimulation

Comparable to the proliferation data, RAD and basiliximab

reduced secretion of IFN-c by CD25− cells, but still per-

mitted the additional suppressive effect of CD25+ cells

(Figure 3A). Allogeneic stimulation of CD25− cells re-

sulted in much less secretion of IFN-c , such that CD25+

cells, RAD and basiliximab suppressed IFN-c secretion so

markedly that further suppression could not be detected

(Figure 3B).
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Exogenous IL-2 and IL-15 reverse the suppression of

proliferation by CD4+CD25+ cells and neither RAD

nor basiliximab can restore it

Consistent with the literature, the addition of exogenous

IL-2 or IL-15 was shown to induce marked proliferation of

CD4+CD25+ cells in the context of allogeneic stimulation

(8,34); suppression of proliferation by the CD25+ cells was

also prevented, at least partially if proliferation of CD25+

cells is also considered (Figure 4A). Figure 4A also shows

that RAD reduced T-cell proliferation in all conditions by

approximately 50%, including the addition of exogenous

cytokines. In addition, basiliximab markedly inhibited pro-

liferation; exogenous IL-2 could compete with the basilix-

imab to promote proliferation whereas ‘IL-2-deprived’ cells

briskly proliferated to IL-15, almost to drug-free levels.

Exogenous IL-2 or IL-15 did not reverse the

permissive nature of RAD and basiliximab on the

suppression of IFN-c secretion by CD4+CD25+ cells

The suppression of IFN-c secretion in the context of exoge-

nous IL-2 and IL-15 was also tested. Although the secretion

was low, addition of IL-2 and IL-15 slightly increased se-

cretion at 36 h (Figure 4B) but unlike the proliferation data,

CD25+ cells could suppress IFN-c secretion by CD25− cells

in the presence of exogenous IL-2 and IL-15. Furthermore,

in this system, suppression of IFN-c secretion was permit-

ted by RAD and basiliximab.

CD4+CD25+ cells are resistant to the pro-apoptotic

effects of RAD and basiliximab

Cocultures of CD4+CD25+ and CD4+CD25− cells stimu-

lated by anti-CD3/anti-CD28 beads, were performed with

either cell population stained with CFSE. Five days later the

cells were stained with annexin V to assess the degree of

apoptosis in dividing and non-dividing cells. As seen in Fig-

ure 5, first column, CD4+CD25+ cells were more prone

to apoptosis than CD25− cells in the drug-free condition.

The addition of RAD and basiliximab increased the degree

of apoptosis of CD25− cells (Figure 5, top row) but de-

creased the degree of apoptosis of CD4+CD25+ cells (Fig-

ure 5, bottom row). In all cases, apoptosis was more likely

in maximally dividing cells; whether the reduced apopto-

sis in CD4+CD25+ cells in the presence of the drugs was

simply a function of less proliferation, or whether there is

a direct anti-apoptotic effect was not determined.

Discussion

These data demonstrate that CD4+CD25+ regulatory cells

can exert their suppressive effect in vitro in the presence

of basiliximab or RAD. In fact, the concept that regulatory

cells may be ‘spared’ the inhibitory effects of immunosup-

pressive agents is not new (35) but whether this is the case

for the inhibition of IL-2 pathways in CD4+CD25+ cells has

not previously been addressed in the human system.

The in vitro ratio of 1:1 suppressor to effector cell was cho-

sen as this reproducibly demonstrated suppression in this

human system albeit with variable potency; any effect of

the drugs could therefore be tested. In the human circu-

lation the typical ratio is 1:10 and regulation is difficult to

demonstrate at this level (14). Therefore, this article de-

scribes a ‘proof of principle’ although, in vivo, it is conceiv-

able that antigen-specific expansion of suppressor cells at

the graft or draining lymph node could raise the proportion

of suppressor cells.

Our finding that basiliximab and RAD permit suppression

by CD4+CD25+ cells can have several explanations. First,

basiliximab may compete poorly with IL-2 for CD25 (36),

and the residual IL-2 binding may be sufficient for regu-

latory cell function. Indeed, IL-2 responsive cells can be

detected in the blood of patients treated with basiliximab,

even when further basiliximab is added in vitro (37). Sec-

ond, in contrast to the in vivo data implying a non-redundant

role for IL-2 in the function of CD4+CD25+ cells (30), it

appears that IL-15 is perfectly capable of driving prolifera-

tion of CD4+CD25+ cells in vitro (8) and in some systems

may actually be superior to IL-2 in this regard (34); further-

more, our data suggest that cells deprived of IL-2 by basil-

iximab are exquisitely sensitive to IL-15. While this may

account for some of the effects in allogeneic cell cultures,

clearly there is no source of IL-15 in the APC-free system

described here. Third, in general, the suppressive proper-

ties of CD4+CD25+ cells are thought to be more effec-

tive when the stimulus to the CD4+CD25− cells is weaker

(2,31,32). Consistent with this, we found that titration of

anti-CD3/anti-CD28 beads revealed greater suppression at

lower proliferation counts (Figure 1D). Therefore, the action

of the drugs may reduce the cellular reaction to within a

more easily regulated magnitude. Finally, the CD4+CD25+

cells may actually be resistant to the effects of basiliximab

and RAD and there is emerging data in support of this

contention.

The ability of CD4+CD25+ cells to operate in the clinical

context is supported by the study of Salama et al. in which

suppression of the indirect pathway by CD25+ cells was

demonstrated using lymphocytes isolated from renal trans-

plant recipients: these patients had received a variety of

immunosuppressive agents (13). Of note, Salama et al.

describe suppression by CD25+ cells in patients who had

previously received anti-IL-2 receptor antibodies: the anti-

body is likely to have been cleared by the time of assay;

here, we describe suppression by CD4+CD25+ cells in the

presence of basiliximab.

We found that exogenous IL-2 and IL-15 prevented sup-

pression of proliferation by CD4+CD25+ cells and the drugs

did not reverse this. However, IL-2 and IL-15 did not re-

verse suppression of IFN-c secretion by CD4+CD25+ cells

and the drugs were permissive in this context. The di-

chotomy of CD4+CD25+-mediated suppression of prolif-

eration versus suppression of effector function has been
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Figure 4: Exogenous IL-2 or IL-15 and suppression by CD4+CD25+ cells drug free or with RAD or basiliximab. 5 × 104 CD4+CD25−

cells, 5 × 104 CD4+CD25+ cells or a mixture of the same number of both were stimulated by allogeneic APCs (1 × 105 DCs). Triplicates

of drug free, 25-nM RAD or 25-lg/mL basiliximab were set up with no added cytokines, 10-U/mL IL-2 or 25-ng/mL IL-15. Supernatants

were harvested at 36 h and cell proliferation was assessed by measuring the incorporation of tritiated thymidine at day 7. Representative

data for cell proliferation (A) and IFN-c secretion (B) are shown (n = 3). The values are mean data; standard errors were less than 5% of

the mean.
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Figure 5: CD4+CD25+ cells are resistant to the pro-apoptotic effects of RAD and basiliximab. CD4+CD25− or CD4+CD25+ cells

were stained with CFSE as described. 5 × 104 stained cells were mixed with an equal number of unstained cells of the alternative

population and stimulated with 0.1 lL/mL of anti-CD3/anti-CD28-coated beads in drug free, 25-nM RAD or 25-lg/mL basiliximab conditions.

At day 5 the cultures were washed and cells stained with Annexin V according to the manufacturer’s instructions. Representative data

from three independent experiments are given. The results for CD4+CD25− cells in coculture is shown in the top row and for CD4+CD25+

cells in coculture in the bottom row. The numbers given are the percentage of cells in the quadrants, which are undivided, apoptotic

(right) and divided, apoptotic (left). CFSE negative cells were gated out as before.

shown for CD8+ cells (3) but this is the first explicit de-

scription in CD4+ cells. In this case, however, there may

be a kinetic explanation: the exogenous cytokines may

have not yet driven proliferation of both CD25+ and CD25−

cells when IFN-c secretion was measured. Whether

CD4+CD25+ cells can suppress while proliferating is under

investigation.

Zheng and colleagues generated Fc fusion proteins of IL-

2 and IL-15 (38). The rationale was that blockade of IL-15

was required to terminate T-cell proliferative responses,

and IL-2 signaling was investigated using either lytic or ag-

onist IL-2 fusion proteins; rapamycin was added to block

the early expansion of alloreactive T cells while allowing

apoptosis. The initial supposition was that IL-2 signaling

was required for pro-apoptotic signals in effector cells and

for the survival/expansion of CD4+CD25+ cells. In fact,

CD4+CD25+ cells were relatively resistant to the lytic IL-2

fusion protein, and tolerance was permitted. In a different

study, rapamycin was found to induce thymic atrophy with

increased apoptosis of thymocytes in vivo but relative spar-

ing of CD4+CD25+ thymocytes; the number of peripheral

CD4+CD25+ cells was increased with rapamycin (39).

We also found reduced apoptosis of CD4+CD25+ cells

compared with CD4+CD25− cells with both RAD and basil-

iximab but increased apoptosis in CD4+CD25+ cells not

treated with these drugs. Consistent with our drug-free

data, Taams et al. found that CD4+CD25+ cells were more

prone to apoptosis than CD4+CD25− cells (11) and Banz

et al. found that CD4+CD25+ cells were more prone to

apoptosis than CD4+CD25− cells when mixed together

(40).

The precise mechanism of the resistance of regulatory

cells to apoptosis in the presence of drugs is obscure:

it may relate to the relatively lower cell turnover when

compared to CD4+CD25− effector cells; the expression

of CD25 on regulatory cells has been reported to be less

than on activated effectors by some (41) but not by oth-

ers (42)—a lower expression may confer relative resis-

tance to basiliximab. A more recent finding provides a com-

pelling alternative. CD4+CD25+ cells have been shown to

express high levels of the tumor suppressor gene, ‘phos-

phatase and tensin homologue’ PTEN; PTEN negatively

regulates PI3 kinase expression and may be responsible

for the low proliferation of CD4+CD25+ cells (43). Inter-

estingly, loss of PTEN sensitizes cells to mTOR inhibition

in mice (44). Therefore, it is conceivable that the resis-

tance of CD4+CD25+ cells to interference with IL-2 signal-

ing relates to increased PTEN, although this has not been

formally tested.

We found that CD4+CD25+ cells and both RAD and basil-

iximab can suppress the production of IFN-c before the

suppression of proliferation. We, and others, have previ-

ously shown that CD4+CD25+ cells do not produce IFN-c

but can potently inhibit its production by CD4+CD25− cells

(10,42). Whether this was a result of reduced proliferation

(fewer cells to produce IFN-c ) or a direct effect on effector

462 American Journal of Transplantation 2005; 5: 454–464



Immunosuppressive Drugs and CD4+CD25+ Cells

function was not defined. Returning to the drugs, block-

ade of CD25 has previously been shown to reduce IFN-c

production in PBMCs at 48 h implying that IL-2 signaling

can directly induce IFN-c production (45). We corroborate

these findings and further show that RAD can also directly

inhibit IFN-c production before its anti-proliferative effect;

whether this effect of RAD is dependent on mTOR, has not

been defined in this study. This is in contrast to Matsue et

al., who found that rapamycin did not markedly influence

IFN-c production in DO11.10 T cells stimulated with DCs

and ova peptide (46); concentrations of drugs used were

comparable and so the discrepancy may reflect a species

or drug difference. In support of our data, however, is the

recent finding that rapamycin can inhibit IFN-c production

in DCs (47).

The role of CTLA-4 expression in the suppressor function

of CD4+CD25+ cells is controversial: in vivo studies have

shown that blockade of CTLA-4 can reverse the protec-

tive effects of CD4+CD25+ cells on graft rejection (7). In

vitro studies, however, have shown that blockade of CTLA-

4 did not significantly influence suppression of prolifera-

tion (10). We found that CTLA-4 expression was abolished

by RAD and basiliximab without compromising suppres-

sor function: the molecular mechanism behind cell-contact-

dependent suppression remains obscure.

Overall, these data reassuringly suggest that CD4+CD25+

regulatory cells can operate in the context of clinically rel-

evant concentrations of basiliximab and rapamycin deriva-

tive consistent with the concept that these drugs are ‘tol-

erance promoting’ agents.
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