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Summary

Advanced chronic lymphocytic leukaemia (CLL) is associated with profound
immunodeficiency, including changes in T regulatory cells (Tregs). We deter-
mined the pattern of expression of forkhead box P3 (FoxP3), CD25, CD27 and
CD127 and showed that the frequency of CD4+FoxP3+ T cells was increased in
CLL patients (12% versus 8% in controls). This increase was seen only in
advanced disease, with selective expansion of FoxP3-expressing cells in the
CD4+CD25low population, whereas the number of CD4+CD25highFoxP3+ cells
was unchanged. CD4+CD25low cells showed reduced expression of CD127 and
increased CD27, and this regulatory phenotype was also seen on all CD4 T
cells subsets in CLL patients, irrespective of CD25 or FoxP3 expression. Incu-
bation of CD4+ T cells with primary CLL tumours led to a sixfold increase in
the expression of FoxP3 in CD4+CD25- T cells. Patients undergoing treatment
with fludarabine demonstrated a transient increase in the percentage of
CD4+FoxP3+ T cells, but this reduced to normal levels post-treatment. This
work demonstrates that patients with CLL exhibit a systemic T cell dysregu-
lation leading to the accumulation of CD4+FoxP3+ T cells. This appears to be
driven by interaction with malignant cells, and increased understanding of
the mechanisms that are involved could provide novel avenues for treatment.
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Introduction

B cell chronic lymphocytic leukaemia (B-CLL) is the most
common adult leukaemia in the western world, and is char-
acterized by the clonal expansion of CD5+CD23+ B cells.
There is abundant evidence for impaired immune function
in CLL patients, with infection remaining an important
cause of morbidity and mortality and an increased incidence
of autoimmune diseases [1,2]. A number of well-
characterized T cell defects are found in CLL patients,
including up-regulation of CD152 [cytotoxic T lymphocyte
antigen (CTLA)-4] [3] and reduced expression of CD28 [4],
CD80, CD86 and CD154 [5] in comparison to healthy
controls. Functionally, T cells from CLL patients exhibit
skewing towards a T helper type 2 (Th2) profile [6,7] and
show impaired cytotoxic killing of autologous tumour [8].
CLL cells also express high levels of immunomodulatory
factors, including transforming growth factor (TGF)-b and
interleukin (IL)-10 [9,10]. Gene expression profiling of T
cells from CLL patients and co-culture experiments of
healthy T cells with CLL cells demonstrates defects in cytosk-

eleton formation, vesicle trafficking and cytotoxicity that
appear contact-mediated [11].

CD4+CD25+ regulatory T cells (Tregs) are naturally occur-
ring T cells which originate from the thymus [12] or follow-
ing conversion to Tregs in the periphery [13–16], and play a
central role in the maintenance of peripheral tolerance by
suppression of autoreactive lymphocytes [17,18]. In murine
models Tregs prevent autoimmune and inflammatory diseases
[19,20] and inhibit anti-tumour immune responses [21–23].

Regulatory T cells are enriched within the CD4+CD25hi

population and inhibit proliferation and cytokine release by
conventional CD4+CD25- T cells [24]. Unfortunately, CD25
is not an ideal marker for human Tregs as recently activated
effector cells up-regulate CD25. The forkhead transcription
factor FoxP3 has been shown to be a more reliable Treg

marker and is crucial for the development and function of
Tregs [25–27]. Although expressed at high levels by Tregs,
FoxP3 can be induced in CD4+CD25- T cells activated with
corticosteroids, oestrogen and TGF-b [14–16]. Reduced
expression of CD127 (IL-7Ra) on CD4+CD25+ T cells has
also been recognized as being a characteristic of Tregs and is
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used phenotypically to identify Tregs to study suppressor
function [28,29].

A decrease in Treg number or function is observed typically
in patients with autoimmune disease [30,31], whereas
increased numbers are often observed in those with cancer
[32–34]. During the past few years the importance of Tregs has
been studied in patients with haematological malignancies,
but the conclusions remain somewhat uncertain. Increased
frequencies of Treg cells have been observed in CLL, multiple
myeloma, B non-Hodgkin lymphoma (B-NHL) and acute
myeloid leukaemia (AML) [35], whereas reduced numbers
have also been reported in Hodgkin lymphoma and multiple
myeloma [36,37]. Such discrepancies might be related partly
to phenotypic definition of Treg and clinical variation within
cohorts.

In this study we have examined the expression of proteins
associated with Tregs on the T cell repertoire in patients with
CLL at different stages of disease. The data reveal an altered
pattern of expression on all T cell subsets which leads
ultimately to the expansion of functional Tregs.

Materials and methods

Patients

Forty-three CLL patients (median age: 74 years) and 16 age-
matched controls (median age: 76 years) were recruited
following informed consent (approved by the South
Birmingham Research Ethics Committee) from the Univer-
sity Hospitals Birmingham Foundation Trust and Heart of
England National Health Service (NHS) Trust. CLL disease
was classified according to Binet stage: seven were stage A,
eight were stage B and 20 were stage C. Within the stage C
group, three were on chlorombacil (CLB), two were on com-
bined cyclophosphamide, hydroxydaunorubicin, oncovin
and prednisolone (CHOP) and 11 were or had been on (the
last 10 months) fludarabine. Patient stage, CD38 status (as
determined by flow cytometry by clinical immunology labo-
ratory) and ages are represented in Table 1.

Peripheral blood mononuclear cells (PBMC) isolation

Peripheral blood was taken into sodium heparin tubes and
PBMC isolated by density centrifugation over lymphoprep
(Robbins Scientific, Solihull, UK). PBMC were used fresh or
frozen and stored in liquid nitrogen until further use.

Antibodies

The following conjugated antibodies were used: CD4
fluorescein isothiocyanate (FITC), CD4 PE-Texas Red
(ECD), CD45RO PE-Texas Red (ECD), CD25 PC5, CD80
phycoerythrin (PE), CD86 PE (Beckman Coulter, High
Wycombe, UK), FoxP3 PE (clone PCH101), CD127 FITC,
CD4 PC7, CD3 pacific blue, CD19 pacific blue, CD27 AF750
(ebioscience/Insight Ltd, Hatfield, UK), CD70 FITC and
CD4 PE-cyanin 7 (Cy7) (Becton Dickinson, Oxford, UK).

Flow cytometry

PBMC were surface stained for 20 min, washed twice
in phosphate-buffered saline (PBS)/0·5% bovine serum
albumin (BSA) (Sigma, Dorset, UK) and run on a flow
cytometer (EPICS-XL; Beckman Coulter, Dunstable, UK or
Cyan; Dako, Ely, UK). For FoxP3 staining, after surface
labelling, cells were fixed and permeabilized and stained
for FoxP3 following the manufacturer’s instructions
(ebioscience/Insight Ltd) prior to acquistion by flow cytom-
etry. Flow cytometric analysis was performed using
WinMDI (Joseph Trotter, Scripps Research Institute, La
Jolla, CA, USA) and Summit version 4·3 (Dako).

Isolation of CD4+CD25high and CD4+CD25- T cells

PBMC from CLL patients and healthy controls were
enriched for T cells using anti-CD3 PE-microbeads
(Miltenyi Biotec Ltd, Bergisch Gladbach, Germany). The
non-CD3 fraction from controls was irradiatied (40 Gy) and
used as feeders. CD3-enriched cells were subsequently

Table 1. Patient characterisitics.

No. patients

CD38 status (n) Median age in years

(range)Pos. Neg. n.d.

Healthy controls 16 76 (65–92)

CLL (all Binet stages no Rx) 24 9 11 4 74 (38–92)

Stage A 7 2 4 1 74 (38–92)

Stage B 8 2 3 3 61 (51–84)

Stage C 9 5 4 0 74 (50–87)

Stage C + flu 7 3 4 0 63 (56–86)

Stage C + post-flu 6 2 1 3 74 (50–87)

Stage C + CLB 3 1 2 0 81 (74–87)

Stage C + CHOP 2 2 0 0 48 (35–61)

Rx: treatment; Flu: fludarabine; CHOP: cyclophosphamide, hydroxydaunorubicin, oncovin, prednisolone; CLB: chlorambacil; Pos.: positive; neg.:

negative; n.d.: not done; CLL: chronic lymphocytic leukaemia.

CLL drives T cells towards regulation

155© 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology



stained with antibodies to CD4 and CD25 and sorted [BD
fluorescence activated cell sorter (FACS)Calibur; BD Bio-
sciences] on CD4+ CD25high T regulatory T cells and
CD4+CD25- effector T cells.

Suppressor assays

RPMI-1640 medium supplemented with l-glutamine
(2 mM), penicillin (1000 IU/ml)/streptomycin (100 mg/ml)
(Invitrogen, Paisley, UK) and 10% human serum (HD Sup-
plies, Buckingham, UK) was used in all assays. Direct ‘add-
back’ experiments were performed as described previously
[38]. Briefly, 1 ¥ 104 CD4+CD25- cells were incubated in the
presence of phytohaemagglutinin (PHA, Sigma, Dorset, UK)
at (5 mg/ml) and 1 ¥ 104 irradiated (40 Gy) autologous or
allogeneic CD3-depleted PBMC either alone or with
CD4+CD25high at a ratio of 1:1. All incubations were run at
least in duplicate in 96-well plates in a final volume of 200 ml.
At 72 h, 1 mCi [3H]-thymidine was added to each well and
proliferation by [3H]-thymidine incorporation was assessed
after a further 16 h.

CLL co-culture experiments

CLL tumour cells were either used directly or preactivated by
culture with irradiated CD40L-transfected L cells (100Gy),
IL-4 (1000 U/ml) (Peprotech, London, UK) and TNF-a
(100 U/ml) (Sigma) for 6 days. Allogeneic non-Tregs

(CD4+CD127+CD25-) were sorted (Mo-Flow; Beckman
Coulter) and incubated with (1) different doses of CLL
(10:1–1:4); (2) allogeneic activated B cells (B cell blasts:
CD19+ B cells from healthy donors preactivated in same
procedure as described for CLL); (3) CD3/28 beads (Dynal;
Invitrogen) for 4–5 days and FoxP3 induction assessed by
flow cytometry.

Statistical analysis

All statistical analyses were performed using Prism (Graph-
pad Software Inc., La Jolla, CA, USA). Depending on com-
parisons for two or for more than two groups, and whether
unpaired or paired data, the following non-parametric tests
were used: Mann–Whitney U-test; Wilcoxon signed-rank
test; Kruskal–Wallis or the Friedman test followed by the
Dunn’s test for multiple comparisons. A P-value of <0·05
was considered statistically significant.

Results

The percentage of CD4+FoxP3+ T cells is increased
in patients with untreated CLL due to increased
expression of FoxP3 within the CD4+CD25-

T cell subset

Our initial analysis determined the frequency of
CD4+FoxP3+ T cells in untreated patients and controls and

demonstrated a marked increase within the patient cohort,
where FoxP3+ was expressed in 12% of the CD4+ T cell rep-
ertoire compared to 8% of controls (Fig. 1a, P < 0·01). In
order to correlate these findings with CD25 expression,
which has previously been utilized as a phenotype for Tregs in
CLL, we then determined the frequency of CD4+CD25high T
cells in each group. In contrast to previous reports, we failed
to observe an increase in the number of CD4+CD25high cells
in patients with CLL (Fig. 1b).

In order to explain this discrepancy we next examined
expression of FoxP3 in both CD4+CD25+ and CD4+CD25-

populations (Fig. 1c), as it has been reported that FoxP3
expression can be observed in CD25- T cell subsets [14,39–
41]. As expected, expression of FoxP3+ was much higher in
the CD25high subset compared to CD25- cells, with an
increase of 17-fold and 10·5-fold, respectively, in both the
control and CLL patients (P < 0·001). However, the fre-
quency of the CD4+CD25+FoxP3+ subset, which is usually
taken to represent a ‘classic’ regulatory phenotype, was not
increased in patients with CLL (Supplementary Fig. S1).
In contrast, FoxP3 expression was increased within the
CD4+CD25- subset where it was observed in 7% of cells
within the patient group, an increase of nearly twofold over
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controls (4·5%; P < 0·05) (Fig. 1c). This reveals that the
increased frequency of CD4+FoxP3+ T cells in patients with
CLL is due to a selective increase in the CD4+CD25-FoxP3+

population.

The increase in Tregs associated with CLL is seen
selectively in patients with untreated advanced disease

As we had observed that the percentage of CD4+FoxP3+ T
cells was increased in patients with untreated CLL, we then
went on to see how this correlated with the stage of the
disease. The Binet classification assigns patients with CLL to
one of three groups, A–C, based on extent of disease. Inter-
estingly, when we studied the proportion of CD4+FoxP3+T
regulatory cells in patients at different stages of disease, only
those with untreated stage C disease had increased values
compared to the control group, with a median of 13% of the
CD4+ T cell pool compared to 7·7% in controls (P < 0·05)
(Fig. 2a). Importantly, this increase was again due entirely to
an increased proportion of CD4+CD25-FoxP3+ T cells, with
no increase being observed in the ‘classical’ regulatory
CD4+CD25+FoxP3+ subset (Fig. 2b,c; P < 0·05). Differences
in the frequencies of CD4+CD25-FoxP3+ T cells mirrored
differences in the absolute numbers of CD4+CD25-FoxP3+ T
cells in the three CLL stages (data not shown).

CD127 expression is reduced on T cells in all subsets
from CLL patients

In order to further study the observation that FoxP3 expres-
sion was increased on CD4+CD25- T cells in patients with
CLL, we then examined additional phenotypic markers of
this subset. CD127 is the IL-7 receptor, and loss of CD127
expression is a valuable phenotypic marker for the regula-
tory T cell subset. As expected, CD127 expression was low on
FoxP3+ T cells, but it was of interest to observe that this was
true in both the CD25+ and CD25- subsets [Fig. 3a(i) and
(ii), respectively]. We therefore examined the expression of
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CD127 on CD4+CD25+FoxP3+ and CD4+CD25-FoxP3+ T
cells in the patient and control groups. Expression was
reduced most markedly in CLL subjects in whom only
2·8% and 8%, respectively, of CD4+CD25+FoxP3+ and
CD4+CD25-FoxP3+ T cells expressed CD127 compared to
7·5% and 16·9% of control subjects (Fig. 3b).

In addition, although CD127 expression was much higher
on FoxP3- T cells in both the CD25+ and CD25- subsets,
there was a marked down-regulation of expression on these
populations in the CLL patient group. In particular, CD127
expression was observed on only 67% of the CD25+FoxP3-

population in patients compared to 86% in controls,
although this did not reach statistical significance (Fig. 3b).
The trend for lower levels of CD127 on all CD4+ T cell
populations in patients with CLL, irrespective of FoxP3 or
CD25 expression, reveals a generalized loss of CD127 expres-
sion on T cells in patients with CLL.

Expression of CD27 is increased on T cells in patients
with CLL

CD27 is the receptor for CD70 and is expressed on a wide
range of B and T cell subsets, where it supports cell survival
and proliferation. CD27 is highly expressed on T regulatory
cells and was indeed observed on the great majority of
CD4+CD25+FoxP3+ T cells from both CLL patients (median
95%) and control subjects (median 85·1%). However, in
keeping with our previous observations regarding FoxP3 and
CD127, we also saw a difference in the expression pattern
of CD27 on all CD4+ T cell subsets in patients with
CLL. Expression of CD27 was particularly high on the
CD4+CD25-FoxP3+ subset where it measured 90% in
patients compared to only 50% in control subjects (P < 0·01)
(Fig. 4a). In the CD25-FoxP3- subset it was also increased at
70·6% versus 58·4% in controls.

In order to assess whether there was a relationship between
the increase in expression of CD27 and FoxP3 that we had
observed independently in the CD4+CD25- subset, we looked
for a correlation between these two values (Fig. 4b).We found
that there was a significant positive correlation.

T cells cultured in the presence of CLL tumour cells
acquire a marked increase in FoxP3 expression

Our finding of increased expression of FoxP3 in CD4+CD25-

T cells from patients with CLL patients led us to consider
if the presence of tumour cells was inducing a regula-
tory phenotype in the CD25- T cell compartment.
CD4+CD25-CD127+ T cells were therefore sorted from
healthy donors, as this population contains extremely low
levels of FoxP3+ T cells (Fig. 5a and data not shown). CLL
tumour cells were isolated either directly ex vivo or were
activated for 6 days on CD40L-transfected L cells in the
presence of IL-4 and TNF-a. Preactivation led to increased
expression of CD80, CD86 and CD70 on CLL tumour cells
(Supplementary Fig. S2). CD4+CD25-CD127+ T cells were
then incubated either alone, in the presence of anti-CD3/
CD28 beads or in co-culture at a 1:10 ratio with primary CLL
cells (n = 12), preactivated CLL cells (n = 12) or allogeneic
activated B cells (n = 5). The relative induction of FoxP3 was
assessed after 5 days by flow cytometry. Incubation with
fresh CLL tumours cells led to a sixfold increased induction
of FoxP3 in the T cell subset in comparison to T cells cul-
tured in the presence of allogeneic B cells (8·4 versus 1·4).
The activation status of the CLL tumour appeared to have no
influence on this response. Importantly, no significant
increase in FoxP3 expression was observed after co-culture
with B cell blasts (Fig. 5b,c).

The percentage of CD4+FoxP3+ T cells is initially
increased during fludarabine chemotherapy before
falling to levels comparable to controls

As patients with the advanced disease have the most marked
alterations in T cell profile, it was considered important to
assess the significance of chemotherapy on the changes
observed. Fludarabine is one of the most commonly used
agents in the management of CLL and has been reported to
show some selectivity in the induction of apoptosis of T
regulatory cells in vitro [35]. We performed a cross-sectional
and prospective analysis of CD4+FoxP3+ cell number and

Fig. 4. CD27 expression on CD4+ T cells. (a)

Comparison of CD27 expression on different

CD4+ T cell populations between chronic

lymphocytic leukaemia (CLL) and controls. Bar

indicates median value. *P < 0·05 using

Friedman’s test (paired non-parametric) and

Kruskal–Wallis test (CLL versus control);

significant differences are indicated by bars on

top of graph. Correlation between (B) CD27

and FoxP3 on CD4+CD25neg T cells populations.

Line represents linear regression fit and r-value

and P-value determined by Spearman’s rank

correlation test.
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percentage in patients undergoing fludarabine chemo-
therapy in order to determine the kinetics of T cell response
to therapy. Interestingly, there was an initial increase in the
percentage of CD4+FoxP3+ T cells in the early period follow-
ing the start of chemotherapy to a median level of 20·4% of
the CD4 subset (Fig. 6a, P < 0·01; Fig. 6b). Continuing treat-
ment was followed by a reduction in the number of both the
total CD4+ and CD4+FoxP3+ subset, but the percentage of
CD4+FoxP3+ cells was ultimately reduced to a median of
5·8% which was comparable to healthy donors. Despite these
differences in the kinetics of response, the overall half-life
of decline was identical for both the total CD4+ and
CD4+FoxP3+ subsets at 56 days (Fig. 6c). There was no sta-
tistical difference in the CLL Treg frequencies between the

fludarabine-treated CLL patients and the untreated stage C
CLL patients.

The function of Tregs is retained in patients with CLL
and is not influenced by chemotherapy

To confirm that the phenotypic changes observed in the
patient group did indeed correlate with functional capacity
for T cell suppression, cells from CLL patients were assessed
for activity in a [3H]-thymidine suppressor assay. Regulatory
cells were used in ‘add back’ assays to suppress allogeneic T
cell cultures and thymidine was used as a measure of cell
proliferation. Regulatory cells were sorted from patients
who were untreated or those undergoing treatment with
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chlorambucil or fludarabine. When compared to the control
group, no differences were observed in the capacity of the
cells to suppress T cell proliferation, indicating that there are
no functional differences in Tregs from different stages of
disease (Fig. 7).

Discussion

Several studies have established that the number of Tregs is
increased in patients with solid tumours [32–34]. For hae-
matological malignancies the story is less clear, with con-
flicting data in relation to both the number and function of
these cells [37,42]. Some discrepancies may be explained by
the use of different markers to define Tregs and also by
variation in the patient and control populations studied. In
chronic lymphocytic leukaemia, Beyer et al. (2005) defined
Tregs using the phenotype of CD4+CD25hi and showed an
increase that was correlated with disease stage and associ-
ated with impairment of Treg function during chemo-
therapy. Giannopoulos et al. (2008) also showed an increase
in the frequency of CD4+CD25+FoxP3+ Tregs in 80 CLL
patients compared to healthy volunteers, with a positive
association with disease progression and an inverse corre-
lation with functional T cell responses against viral and
tumour antigens [43]. Most recently D’Arena et al. (2011)
defined Tregs by the phenotype CD4+CD25hiCD127low and
again showed increased absolute numbers of Tregs in CLL
patients compared to controls and a correlation with more
advanced clinical stage [44].

In our study we utilized FoxP3 as the definitive Treg marker
and observed an increased frequency of CD4+FoxP3+ T cells
in patients with CLL. However, this increase was confined to
the CD4+CD25-FoxP3+ compartment and was seen only in

Fig. 6. Effect of chemotherapy on regulatory T

cell frequency. Effect of different drug

treatments (x-axis) on CD4+ forkhead box P3

(FoxP3)+ frequency in chronic lymphocytic

leukaemia (CLL) patients (a). Solid line

represents median. P < 0·05 using Friedman’s

test (paired non-parametric) as indicated by

bars on top of graph. CD4+FoxP3+ T cells

were enumerated prior to, during and

post-fludarabine treatment (x-axis in weeks) in

two patients (b). Number of total CD4+ (solid

triangle) and CD4+FoxP3+ T cells (open

triangles) per ml of blood (primary y-axis) and

% CD4+FoxP3+ T cells (closed circles)

(secondary y-axis). (c) Half-life in decay of total

number of CD4+ (squares) and CD4+FoxP3+

(triangles) T cells following fludarabine

treatment (� 30 weeks from start of

treatment).
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Fig. 7. Regulatory T cells are functional in chronic lymphocytic

leukaemia (CLL) patients and are not influenced by chemotherapy.

Assays of functional suppressor activity were performed with

CD4+CD25high T cells isolated from CLL patients who were currently

not on treatment (n = 1; lined bars); patients during treatment with

either chlorambucil (CLB) (n = 2; grey bars) or fludarabine (n = 3;

open bars). Values were compared to those seen in healthy

age-matched controls (n = 3; black bars). CD4+25- effector T cells

were stimulated with phytohaemagglutinin (PHA) for 72 h, with or

without patient CD4+CD25hi T cell at an effector : target ratio 1:1 or

1:0, in the presence of irradiated antigen-presenting cells (APC) and

then pulsed with [3H]-thymidine for 16 h. The mean incorporation

(� standard error of the mean (s.e.m.)] of [3H]-thymidine (cpm)

(y-axis) is represented as bars for each group cohort.
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advanced disease. Some of the differences seen in our study
compared to previous work could relate to the age of the
control populations studied. Treg cells increase with age [45],
and in our study the mean age of controls and patients was
76 and 74 years, respectively, whereas other studies have
comparable values of 46 and 64 years [35].

Perhaps the most interesting observation of our study was
that the phenotype of the total CD4+ T cell subset was altered
in patients with CLL, irrespective of CD25 or FoxP3
expression. The pattern showed a shift towards the regula-
tory cell profile with a generalized increase in expression of
CD27 and a trend for a reduction in levels of CD127 (Fig. 8).
Linqvist et al. [46] looked at expression of cytolytic markers
and tumour cell killing by CD4+ T cells in CLL patients and
demonstrated that CD4+ T cells were capable of cell killing
and increased expression of the cytolytic marker CD107a
globally on all CD4+ T cell subgroups in CLL compared with
healthy donors.

It is not clear if CD27 and CD127 are involved primarily
in the mechanisms that drive this differentiation to a regu-
latory phenotype. CD127 is the high-affinity IL-7 receptor
a-chain and FoxP3 has been reported to regulate negatively
the expression of CD127 by binding to the CD127 gene
promoter [29]. The trend for a reduction of CD127 on T
cells in patients with CLL raises the question as to how this
effect may be mediated. IL-7 levels are increased in several
inflammatory disorders and mRNA expression has been
observed in CLL tumour cells [47,48], raising the possibil-
ity that local paracrine production leads to down-
regulation of CD127 on T cells within the tumour
microenvironment. CD27 expression has been correlated

with increased levels of functional suppression [49] and the
ligand for CD27 is CD70, which is expressed on a range of
cells, including B cell tumours. The interaction of CD70
with CD27 has been demonstrated as a potential mecha-
nism for the induction of FoxP3 expression and CD70 was
indeed highly expressed on B cells in our patient group.
This may therefore reflect a primary mechanism behind the
observed shift in subset distribution, although we did not
find any correlation between CD70 expression by tumour
cells and the percentage of CD25-FoxP3+ cells (data not
shown). In addition to CD27–CD70 interactions [50], an
increase in TGF-b in the patient group may play a role, as
this can induce FoxP3 in CD4+CD25- T cells [14]. An
important aim now will be to investigate the potential
mechanisms through which this effect could be mediated
and how co-culture with CLL tumour cells promotes FoxP3
expression. The up-regulation of CD70, CD80 and CD86
expression that was observed following preactivation of
CLL cells (Supplementary Fig. S2) did not augment FoxP3
induction, suggesting that other co-stimulatory pathways
are critical (Fig. 5c).

Our finding of an expansion in the CD4+CD25-FoxP3
compartment has also been reported in NHL [13]. Initial
reports described this expansion as occurring only in the
lymph node compartment, although a later report revealed
that changes could also be observed at the systemic level and
were correlated with lactate dehydrogenase (LDH) measure-
ment, a surrogate marker of tumour burden [51]. Our obser-
vations show that the influences of tumour cells on the T cell
repertoire are particularly marked in patients with a systemic
disease such as leukaemia.

We were interested in the response of T cell subsets to
chemotherapy and observed that Tregs were reduced to a low
level following cessation of fludarabine therapy. Interest-
ingly, there was an initial, transient rise in the proportion of
CD4+FoxP3+ T cells during the early period of therapy, which
in some patients reached a value of nearly 50%. This obser-
vation may reflect a relative resistance of this subset to che-
motherapy in vivo, or could potentially be related to a shift of
lymphocyte subsets between tissue compartments. It is inter-
esting to consider these observations in relation to the clini-
cal features of patients with CLL. The reduction in the
frequency of CD4+FoxP3+ cells after chemotherapy might be
expected to reduce the overall level of immune suppression
in the patient. However, susceptibility to infection is actually
increased following fludarabine therapy and presumably
reflects the overall suppression of the T cell pool. Neverthe-
less, patients often achieve prolonged periods of disease
control, and it is tempting to suggest that the reduction in
CD4+FoxP3+ T cells allows the establishment of a host
response to tumour proliferation.

The observation that the global CD4+ T cell repertoire is
driven towards a regulatory phenotype in patients with CLL
is likely to be of considerable relevance to the clinical feature
of the disease. An increased understanding of the molecular
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mechanisms involved should offer the potential for novel
therapeutic interventions.
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Supporting information

Additional supporting information may be found in the
online version of this article.

Fig. S1. Frequency of CD4+CD25+forkhead box P3 (FoxP3)+

T cells in peripheral blood mononuclear cells (PBMC) from
chronic lymphocytic leukaemia (CLL) patients and age-
matched controls. Percentage of CD4+CD25+FoxP3+ T cells
from CLL patients (closed symbols) and controls (open
symbols). Solid line represents median.
Fig. S2. Expression of co-stimulatory molecules on chronic
lymphocytic leukaemia (CLL) and preactivated CLL cells. A
representative example of flow cytometric histogram plots
showing CD70, CD80 and CD86 expression on matched
CLL (dashed line) and preactivated CLL (solid line) samples.
Bar depicts % positive expression on preactivated CLL cells.
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