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Regulatory T (Tr) cells have the potential
to treat immune-mediated disease, but
cloning such cells for study from patients
with autoimmune disease has proven dif-
ficult. Here, we describe autoantigen-
specific, interleukin-10 (IL-10)–secreting
Tr cell clones recovered ex vivo from a
patient with autoimmune hemolytic ane-
mia (AIHA) and characterize their pheno-
type, origin, and regulatory function.
These IL-10� Tr cells recognized a pep-
tide, 72H-86L, derived from the Rh red
blood cell autoantigen and shared pheno-

typic characteristics with both natural
and inducible Tr cells. The clones also
expressed different Tr markers depend-
ing on activation state: high levels of
CD25 and LAG-3 when expanding nonspe-
cifically, but FoxP3 after activation by the
autoantigen they recognize. Despite a dis-
crete Tr phenotype, these cells stably
expressed the T helper 1 (Th1) signature
transcription factor T-bet, suggesting they
derive from Th1 T cells. Finally, the contri-
bution of CTLA-4 in activating these IL-
10� Tr cells was confirmed by analyzing

responses to transgenic B7.1-like mol-
ecules that preferentially bind either CD28
or CTLA-4. Overall, these Tr cells have a
functional phenotype different from those
described in previous studies of human
Tr populations, which have not taken ac-
count of antigen specificity, and under-
standing their properties will enable them
to be exploited therapeutically in AIHA.
(Blood. 2008;111:680-687)
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Introduction

There is now compelling evidence from animal models that natural
and inducible forms of CD4� regulatory T (Tr) cells play an
important role in immunologic tolerance and the control of
immune-mediated pathology.1-4 It has been established that such
cells also exist in humans,5,6 and the activation of autoreactive Tr
cells in vivo therefore holds out the prospect of safe, effective
treatments for clinical autoimmune disease. However, experimen-
tal approaches need to be devised to answer fundamental questions
about the specificity and phenotype of human Tr cells. These
questions could be addressed using cloned autoreactive Tr cells, but
such cells, isolated ex vivo, are difficult to expand for further study,
particularly when antigen-specific cells are sought.

Natural CD4�CD25� Tr cells comprising approximately 5% of
CD4� T cells in humans, differentiate into suppressor cells during
thymic development and are potent inhibitors of autoreactive
effector T-cell responses.7,8 Regulatory cells with specificity for
antigen can also develop in the periphery during the course of an
immune response. These inducible Tr cells secrete regulatory
cytokines (interleukin-10 [IL-10] and transforming growth factor �
[TGF-�]) and can be induced from naive CD4�CD25� T cells in
the presence of IL-10, vitamin D3, and dexamethasone or microbial
proteins.9-13 Both natural and inducible Tr cells express increased
levels of Foxp3, a transcription factor that seems to be a master
regulator of Tr suppressive function. Mutation of FoxP3 leads to
immune dysregulation in mice and humans, characterized by
lymphoproliferation and autoimmune lesions.14,15 The normal
immune system can therefore rely both on thymically derived Tr

cells to broadly maintain immune homeostasis but can also recruit
antigen-specific Tr cells to selectively inhibit active effector
immune responses.

Autoimmune hemolytic anemia (AIHA) is a classic example of
clinical autoimmunity in which to study Tr responses of pathogenic
relevance, because the dominant target autoantigens have been well
defined, and it was the first human disease in which autoantigen-
specific Tr cells were identified. In most patients, pathogenic
autoantibody and activated autoreactive CD4� T helper 1 (Th1)
cells that secrete interferon-� (IFN-�) are specific for the Rh
proteins on the red blood cell (RBC) membrane.16 We have further
shown that Tr cells specific for epitopes on the Rh proteins are also
present in peripheral blood and spleens of patients with AIHA and
that these cells are capable of inhibiting the Th1 effector responses
in vitro by secretion of the suppressive cytokine IL-10. These
findings, together with the observation that the Tr activity corre-
lates with periods of remission, are consistent with the view that the
autoimmune disease reflects an imbalance between pathogenic and
regulatory responses.17

Although human Tr cells secreting the regulatory cytokine
IL-10 have been induced in vitro through primary stimulation of
peripheral blood T-cell cultures in the presence of exogenous IL-10
and other immunosuppressive components.9-13 Clones obtained in
this way have been derived by biasing naive or uncommitted T cells
toward a regulatory phenotype in vitro, and we wanted, instead, to
study clones representative of autoreactive Tr cells present in
patients in vivo. Cloning autoantigen-specific human Tr cells
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would allow us to address a number of unresolved questions. First,
it will be important to determine the role of T-cell receptor (TCR)
specificity in the effective stimulation of regulatory responses. It is
generally accepted that Tr cells require activation by the TCR to be
suppressive,18,19 but the nature of the ligands and strength of TCR
interaction required need characterization. Second, we wanted to
determine whether cells recovered ex vivo with specificity for an
autoantigen are phenotypically characteristic of Tr cells, particu-
larly for expression of the FoxP3 transcription factor. Examination
of the phenotype could also offer clues to the origin and ontogeny
of autoantigen-specific Tr cells. Are such cells induced and derived
from genetically related effector T cells associated with autoim-
mune disease, or are they a discrete population of thymically
derived natural Tr cells?

Finally, costimulatory requirements for Tr cell function are yet
to be established and, in particular, the role of CTLA-4, an inhibitor
of T-cell costimulation20 that is constitutively expressed in higher
amounts on Tr cells compared with CD4� T cells.9,21,22 Antibody
blockade or gene deletion of CTLA-4 is associated with loss of
tolerance in murine models,23 but it is not universally acknowl-
edged that CTLA-4 ligation is critical for Tr function.24,25

Here, we describe ex vivo recovery and cloning of autoanti-
genic Rh peptide-specific Tr cells from a patient with AIHA. These
Tr clones require cognate antigen, but not hyperstimulation to
mount an immunosuppressive response and to maintain a pheno-
type characteristic of previously described Tr cells. We also provide
evidence that, despite a distinct Tr phenotype, these cells are related
to Th1 cells through expression of the Th1-associated T-bet
transcription factor. Finally, we provide evidence that engagement
of the T-cell costimulatory receptor, CTLA-4, is important for Tr-
cell function.

Methods

Samples

T cells were obtained from a 71-year-old female patient who underwent
splenectomy as part of treatment for AIHA. The patient was RhD positive,
and the HLA-DR type was DRB1*0301/0401. Diagnosis was based on
positive direct antiglobulin test and clinical evidence of hemolysis. At
surgery the patient was not receiving any other form of treatment. The
Grampian Health Board and the University of Aberdeen Ethical Committee
approved the protocol for investigation, and was obtained in accordance
with the Declaration of Helsinki informed consent.

Flow cytometry

FITC-labeled mouse anti-CD4 (clone 13B.2), and PC5-labeled mouse
anti-CD25 (clone B1.49.9) antibodies were purchased from Beckman
Coulter (High Wycombe, United Kingdom). Biotin-labeled mouse anti-
CD152 (CTLA-4, clone BNI3) were purchased from BD Biosciences
(Oxford, United Kingdom) and conjugated to Texas red-labeled streptavi-
din (Calbiochem, Nottingham, United Kingdom). An IL-10� cell enrich-
ment and detection kit was used to detect IL-10–secreting T cells
(Miltenyi-Biotec, Bisley, United Kingdom). Because we were interested
solely in cells actively secreting IL-10, monensin or Brefeldin A were not
used to enrich intracellular IL-10. Four-color flow cytometry on stained
cells used an EPICS XL cytometer (Beckman Coulter), and data were
analyzed with Expo v2 software (Applied Cytometry Systems, York, United
Kingdom). Anti–human T-bet–FITC (sc-21749) was purchased from Santa
Cruz Biotechnology (Autogen Bioclear, Calne, United Kingdom). Anti–
human LAG-3 (clone: 11E3) was obtained from Alexis Biochemicals
(Nottingham, United Kingdom). An anti–human FoxP3-PE fix, permeabili-
zation, and staining set was obtained from eBioscience (San Diego, CA).

Detection of FoxP3 transcription factor in Tr cells

Presence of FoxP3 transcription factor was determined by Western blot.
Proteins from whole-cell lysates were fractionated by 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel electrophore-
sis and blotted overnight (Transphor; Hoeffer, San Francisco, CA) onto
PVDF membranes. FoxP3 was detected with 1 �g/mL anti-FoxP3 antibody
(Abcam Ltd, Cambridge, United Kingdom) and development using alkaline
phosphatase–labeled anti–goat antibody and NBT/BCIP SIGMAFast sub-
strate. Levels of FoxP3 were determined relative to actin by densitometry
using a BioRad phosphoimager and Quantity 1 software (Hemel Hemp-
stead, United Kingdom).

Cytokine secretion ELISA

Enzyme-linked immunoabsorbent assays (ELISAs) were based on previ-
ously published methods.17 The following antibody pairs were used:
purified mouse anti–IFN-� (clone NIB42) and biotinylated mouse anti–
IFN-� (clone 4S.B3), purified mouse anti–IL-10 (clone JES3–19F1) and
biotinylated mouse anti–IL-10 (clone JES3–12G8), purified mouse anti–
IL-4 (clone 8D4–8) and biotinylated mouse anti–IL-4 (clone MP4–25D2)
(all from BD Biosciences). All recombinant human cytokines (IFN-�, IL-4,
IL-10, and IL-15) were from PeproTech EC Ltd (London, United Kingdom).

Proliferation assay

Cell proliferation was assessed by 3H thymidine incorporation, as previ-
ously described.11

Enrichment or depletion of CD4� cells

Cells were fractionated with a Dynal CD4� isolation kit, and nonspecific
T-cell stimulation and expansion was driven by the Dynabeads CD3/CD28
T-cell expander reagent (Dynal Biotech, Wirral, United Kingdom).

Blockade of CTLA-4

As before,17 blockade was performed with mouse anti-CD152 F(ab�)2

fragment (clone ANC152.2/8H5) from Alexis Biochemicals. Choice of an
F(ab�)2 precludes interference from the Fc region.

Antigens

A complete panel of 42 15-mer peptides, with 5–amino acid overlaps, was
synthesized16 (Department of Biochemistry, University of Bristol, Bristol,
United Kingdom), spanning the sequence of the 30-kDa Rh protein
associated with expression of the D blood group antigen.26 To ensure purity,
peptides were screened by high-performance liquid chromatography and
amino acid analysis. Rh protein was purified from RBCs by immunoprecipi-
tation using a monoclonal anti-D (T19; Scottish National Blood Transfu-
sion Service), specific for RhD ep4.27 Rh protein was added to cultures at an
estimated concentration of 5 �g/mL.

Generation of CD4� Tr lines and clones

As previously described, peptides that induce IL-10 secretion were identified
using ELISA to screen responses to the panel of Rh peptides.17 Splenocytes were
obtained by cutting up 2-cm3 fractions of splenic tissue into smaller pieces and
tamping tissue fragments through a 40�M cell strainer (BD Falcon, Oxford,
United Kingdom) into a petri dish containing 10 mL ice-cold HBSS. These crude
cell suspensions were collected in 50-mL Falcon tubes on ice, centrifuged (300g
for 10 minutes), and resuspended in red cell lysis buffer (17mM Tris buffer,
144mM NH4Cl, pH 7.2). Cells were gently agitated for 2 minutes to destroy
erythrocytes before 3 washes with cold HBSS. Splenocytes were frozen down in
a mixture of 50% FCS, 40% HBSS, 10% DMSO, in aliquots of 1 � 108

cells/mL, before being put under liquid nitrogen. Splenocytes were cultured at
1 � 106 cells/well in complete medium containing peptide antigen (10 �g/mL)
for 6 days at 37°C, 5% CO2. IL-10–secreting T cells were isolated with an IL-10�

cell enrichment and detection kit (Miltenyi Biotec). Typically, the yield of
recovered IL-10� Tr cells was low (� 4% of CD4� T cells; in absolute numbers
� 20 000-40 000 cells). Isolated IL-10� T cells were cloned by limiting dilution
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at 1 � 104/mL, 1 � 103/mL, and 1 � 102 cells/mL together with autologous,
irradiated, CD4� cell–depleted splenocytes at 1 � 106 cells/mL as antigen-
presenting cells (APCs). Peptide (1-10 �g/mL), together with IL-15 (50
ng/mL)28 was added to cell suspensions, and 20-�L aliquots were dispensed into
384-well plates. After 6 to 14 days of incubation at 37°C, 5% CO2, potential Tr
clones were transferred to round-bottom 96-well plates, and 50 �L of fresh CM
containing both IL-15 (50 ng/mL) and 0.125 �L CD3/CD28 T-cell expander
beads (expansion medium) were added. Together, these reagents allow CD4� T
cells to expand in the absence ofAPCs. Expanding cell cultures were divided and
replenished with fresh expansion medium at 3-day intervals. After 40 days,
several million cells were obtained, and their growth rate indicated a trebling in
number every 2 days. Samples of DNA were taken from each potential
peptide-specific Tr clone for TCR V� gene usage analysis as a check for
clonality. Potential peptide-specific Tr clones were tested by incubation with Rh
peptide (1 �g/mL) or purified Rh protein (� 5 �g/mL) and autologous, irradiated
30 Gy [3000 rad]), CD4� cell–depleted splenocytes at 1 � 106 cells/mL as a
source of APCs for 48 to 96 hours at 37°C, 5% CO2. Typically, 5000 to 100 000
cloned cells per well were used in experiments.

B7.1 shufflants

To study the role of CTLA-4 in Tr function we used an adherent human
embryonic kidney cell line (HEK293) transfected with either wild-type
B7.1 ligand (CD80; binds both CD28 and CTLA-4), CTLA-4 binding
protein (CTLA-4BP; selectively binds CTLA-4), or CD28 binding protein
(CD28BP; selectively binds CD28). These proteins, referred to here
collectively as B7.1 shufflants, were kindly donated by Maxygen (Redwood
City, CA) and are fully described by Lazetic et al.29 HEK293 is a
fetal-derived cell line, commonly used as a vehicle for transfection of genes
and gene fragments (no. CRL-1573; ATCC, Manassas, VA). These cells do
not express MHC class II molecules, making them ideal for the experiments
outlined here. The HEK293 cells were irradiated before use to prevent them
from overwhelming cell cultures. Sole engagement with CD28BP/CD28
and CTLA-4BP/CTLA-4 was confirmed with soluble fragments of CD28
and CTLA-4 by flow cytometry. Washed, irradiated cells (50 Gy [5000 rad];
400 000 per well) were added to 24-well plates and allowed to adhere for 24
hours before the addition of P8(1) clone (100 000 cells/mL). Clones were
cultured in the presence or absence of anti-CD3 stimulation at 37°C, 5%
CO2 for 96 hours before cytokine production was measured.

Results

Method for cloning human red cell autoantigen-specific CD4�

Tr clones

We developed a method for deriving human Tr clones from CD4�

populations that secrete IL-10 ex vivo, initially using a large

sample of splenic T cells from a patient with AIHA. A key
requirement of the technique was that it should not rely on the
addition of exogenous IL-109-11 or immunosuppressive com-
pounds12 in vitro because clones of such cells are not necessarily
derived from, nor representative of, populations that secrete IL-10
in vivo.

Previous mapping experiments with peptide panels spanning
the sequences of the Rh protein autoantigen showed that particular
peptides preferentially induced IL-10 responses by Tr cells from
peripheral blood or spleen of patients.17 In 3 separate experiments
on splenocytes and peripheral blood mononuclear cells from the
current patient, we identified one such peptide, 72H-86L (sequence
HSWSSVAFNLFMLAL), which consistently stimulated T-cell
IL-10 secretion (Figure 1). Analysis of MHC-binding motifs within
peptide 72H-86L, using ProPred prediction software,30 indicated
the presence of a putative epitope within the C-terminal region of
peptide 72H-86L, restricted by one of the HLA class II molecules
expressed by the patient, DR4.

The IL-10–secreting cultures were used to derive CD4� Tr
clones specific for the peptide and purified Rh protein. First, cells
were stimulated with peptide for 5 days, and then magnetic bead
fractionation was used to isolate IL-10–producing cells, which
were expanded and cloned by limiting dilution. To overcome
problems of inducing Tr cells to proliferate in vitro under standard
culture conditions, we developed a protocol to expand splenic Tr
cells using IL-15.28 In preliminary experiments IL-15 alone (but
not IL-2 or IL-7), at an optimum concentration of 50 ng/mL,
preferentially expanded IL-10–secreting cells (data not shown). In
3 separate cloning experiments, we raised 5 Tr clones from a T-cell
line specific for peptide 72H-86L, each with similar phenotypic
characteristics. The frequency of Tr clones obtained by this method
was approximately 0.001% of CD4� T cells. Clonality was
confirmed using polymerase chain reaction and flow cytometry
analysis of TCR V� gene segment usage. Beads coated with IL-15
and anti-CD3/CD28 in the absence of APCs were used to maintain
the cloned populations. Despite repeated attempts, we were unable
to generate any Tr clones specific for a second peptide 252A-266S,
which did not preferentially induce IL-10 secretion. In the absence
of the step to select IL-10� regulatory T cells, clones specific for
control antigens, including PPD, generated from the peripheral
blood of other persons exhibit classic Th effector phenotypes with
no evidence of suppressive function. Availability of human autore-
active Tr clones specific for a target of pathogenic relevance in a

Figure 1. Specific induction of IL-10 secretion by
splenic T cells from a patient with AIHA in response
to purified Rh protein or derived peptide. Splenocytes
were stimulated in culture with purified Rh protein,
peptides 72H-86L and 252A-266S, or no antigen, and
proliferation and secretion of the cytokines IL-10, IL-4,
and IFN-� were measured. Data are presented as mean
plus or minus standard error.
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Figure 2. IL-10–dominated regulatory responses are seen when autoreactive Tr cells are activated by cognate autoantigen but not high-avidity stimulation. Clones
or cell lines (1 � 105/well) were incubated with irradiated (30 Gy [3000 rad]) autologous CD4-depleted antigen-presenting cells (1 � 106/well) for 96 hours in 1-mL cultures at
37°C, 5% CO2 in the presence or absence of antigen (Rh) or nonspecific stimulus (2 �g anti-CD3/CD28). Tr clone P8(1) and P8 Tr cell line (A) secrete predominantly IL-10 and
little IFN-� or IL-4, characteristic of a Tr response, when stimulated specifically by presentation of the Rh protein autoantigen. In contrast, the cells mount Th0-like effector
responses, with secretion of IFN-� and IL-4 in addition to IL-10, and proliferation, after nonspecific high-affinity activation with anti-CD3 and anti-CD28. Data are presented as
mean plus or minus standard error. (B) Number of IL-10–secreting CD4� T cells are increased on stimulation with Rh autoantigen and nonspecific stimulation with
anti-CD3/CD28 T-cell stimulatory antibody. Experimental detail as above. CD4� clones actively secreting IL-10 were detected on day 4 by flow cytometry using anti-CD4-FITC
antibody with an IL-10 cell enrichment and detection kit (PE-label). Number of IL-10 positive cells are represented in upper right quadrant as a percentage of the total Cd4�

T-cell population. The results shown are representative of 3 separate experiments.
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patient with AIHA enabled, for the first time, a detailed character-
ization of such cells.

Tr phenotype, TCR antigen recognition, and regulatory activity

First, because the cloned Tr cells are of known specificity, it was possible
to compare the effects of TCR ligation by antigen and nonspecific
stimuli on their regulatory responses. ELISAs were used to confirm that
recognition of cognate autoantigen induced predominant secretion of
IL-10, but little Th1 cytokine IFN-� and no Th2 cytokine IL-4 (Figure
2A), with no proliferation. However, clones activated with high-affinity
anti-CD3/CD28 antibody bound on magnetic beads to allow cross-
linking did not induce the Tr1-like cytokine phenotype, and the cells
instead mounted a Th0 effector response, with proliferation and
secretion of IFN-�, IL-4, and IL-10. This characteristic, that the
regulatory cytokine phenotype is dependent on antigen and masked by
high-affinity nonspecific activation, was also exhibited by the other
RBC-specific autoreactive Tr clones and lines studied (example shown
in Figure 2A).

We also confirmed that cloned Tr cells retained their regulatory
activity observed in the polyclonal population from which they were
derived. Stimulation of clones by APC-presenting Rh protein led to
increased numbers of cells actively secreting IL-10 compared with the
resting cell population (Figure 2B top panels). The number of cells
induced to secrete IL-10 by nonspecific activation (anti-CD3/CD28
antibody) were also increased (from 4.6% to 33.3%). In contrast,
autologous purified CD4� T cells stimulated with anti-CD3/CD28
antibody increased the numbers of IL-10–secreting cells from base
levels of 0.1% to only 2.3% (data not shown). Further, cloned cells
activated by Rh suppressed proliferative responses to the Rh protein
mediated by autologous effector Th1 cells (Figure 3). Finally, when
compared with other, conventional effector Th1/Th2 T-cell clones
available in our laboratory, these cells were less able to proliferate when
stimulated with anti-CD3 antibody. For example, there was approxi-
mately 100-fold less proliferation of clone P8(1) and 72H-86L–specific
cell line compared with human Th1 and Th2 clones specific for Timothy
grass allergen, after activation (data not shown).

Differences in expression of particular markers are characteristic of
both natural and induced forms of the Tr cell. Having cloned autoreac-
tive human Tr cells, we wanted to determine whether they conformed to
either of these currently recognized Tr types based on increased
expression of associated phenotypic markers, including CTLA-4, CD25,

FoxP3, and LAG-3. CTLA-4 is typically seen as inhibitory for effector
cells, but its relevance to Tr function is controversial.25 Cell-surface
expression of CTLA-4 was constitutively higher on the clones such as
P8(1) than on autologous CD4� T cells (6.1% vs 0.9%), and it was also
higher when the clones were incubated either with cognate peptide
72H-86L, Rh autoantigen, or nonspecific stimulation with anti-CD3/
CD28 antibody (Figure 4 left panels).

CD25 is expressed constitutively at high levels by the major
category of natural Tr cells but is held to be expressed only as an
activation marker on the induced form. The CD25 phenotype of
clone P8(1) in different activation states was characterized (Figure
4 right panels). At rest, the clone constitutively expressed higher
levels of CD25 than did autologous CD4� T cells. As expected,
expression of CD25 by P8(1) clone increased after nonspecific
stimulation with anti-CD3/CD28 antibodies, but, surprisingly,
CD25 levels decreased markedly when the cells were specifically
activated with peptide 72H-86L or Rh protein. Thus, the Tr cells
that we cloned express high levels of CD25 when expanding
nonspecifically, but they down-regulate this marker when they
mount a Tr IL-10 response to the autoantigen they recognize.
Further analysis of CD25 on the P8(1) clone and 72H-86L Tr cell
line by flow cytometry showed increased expression of the FoxP3

Figure 3. Regulatory activity of antigen-specific T-cell responses by autoantigen-
specific Tr clones derived from a patient with AIHA. Tr clone P8(1) inhibits
proliferation by unfractionated autologous CD4� T cells responding to APCs present-
ing the Rh protein autoantigen. The ratio of clones to autologous CD4� T cells was
1:50 (10 000) and 1:12.5 (40 000), respectively. Proliferation was measured after 96
hours at 37°C, 5% CO2. All data shown are representative of 4 separate experiments
with clone P8(1), and similar results were obtained with the other lines obtained from
the patient. Data are presented as mean plus or minus standard error.

Figure 4. Expression of CTLA-4 and CD25 as regulatory T-cell markers. Analysis
of representative Tr clone P8(1) (left), showing CTLA-4 up-regulation when the clone
is specifically stimulated with APCs presenting peptide 72H-86L, Rh protein autoanti-
gen, or anti-CD3/CD28 stimulatory antibody. Conversely, CD25 is down-regulated by
the clone after specific stimulation with APCs presenting cognate autoantigen in the
form of peptide 72H-86L or Rh protein (right) but is up-regulated, as expected, by
anti-CD3/CD28 stimulation. Number of IL-10 positive cells are represented in upper
right quadrant as a percentage of the total CD4� T-cell poplation. Experimental detail
is described in Figure 2.
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transcription factor in CD25bright cloned cells compared with
CD25lo cells (Figure 5A). Thus, despite clonality the distribution
pattern of FoxP3� expression was similar to that of heterologous
CD4�CD25� T cells. Examination of FoxP3 expression by West-
ern blot showed low but detectable expression in P8(1) clone when
resting and after nonspecific anti-CD3/CD28 stimulation, but it
was amplified after activation with the cognate antigen, Rh protein
(Figure 5B). The semiquantitative Western blot analysis confirms
the flow cytometric data showing that the Tr clones are FoxP3�.
Overall, these results show that FoxP3, but not CD25, expression
correlates with antigen-specific induction of Tr function.

Lymphocyte activation gene-3 (LAG-3) is an MHC class II
ligand that negatively regulates T-cell activation.31 Previous work
has shown that expression of LAG-3 is increased on regulatory
T-cell populations and could underpin cell-mediated inhibitory
processes identified in these cells. Comparison of clonal cell-
surface expression of LAG-3 with that of CD4� T cells (Figure 5C)
showed cell surface increases in the clonal population, indicating
that enhanced LAG-3 production is characteristic of these cells.

Recent work has suggested that inducible Tr cells can arise from
Th1 or Th2 CD4� T cells expressing signature transcription factors
such as T-bet and GATA-3.32,33 Because these clones were derived
from a patient with active AIHA, we addressed the question of
whether our cloned antigen-specific Tr cells were originally
derived from a Th1 effector T-cell population by analyzing
expression of the Th1-associated transcription factor T-bet (Figure
5D). As expected, expression levels of T-bet in resting heterologous
CD4� T cells was low but increased when cells were stimulated
with anti-CD3 mAbs. In contrast, T-bet expression in both the
P8(1) clone and the 72H-86L cell line was notably higher than
activated heterologous CD4� T cells.

Costimulation and regulatory activity

Because CTLA-4 expression was increased in clones, constitu-
tively, and in response to antigen-driven stimulation, experiments
were set up to determine the effects of CTLA-4 in the role of these
Tr cells. Blockade of CTLA-4 with an anti-CTLA-4 F(a�)2

fragment deviated the cloned Tr cell response toward Th1, with
proliferation and IFN-� secretion (Figure 6A) and suppressed
numbers of cells actively secreting IL-10 in response to the Rh
autoantigen presented by autologous APCs (Figure 6B).

To further assess the contribution of CTLA-4 to Tr activity we
used HEK293 cell lines transfected with B7.1-like molecules (B7.1
shufflants) that selectively bind either to CD28 or CTLA-429 and
compared responses with wild-type B7.1-transfected cell lines. In
effect, these cell lines provide an additional signal either through
CD28 (CD28BP), CTLA-4 (CTLA-4BP), or both (B7.1); thus, we
were able to determine whether CTLA-4 engagement induced
P8(1) to enhance its regulatory phenotype. When P8(1) clones were
incubated with the B7.1 shufflants in the absence of a TCR
stimulus, each induced low levels of IFN-� and IL-10, with
CD28BP and CTLA-4BP inducing more IFN-� and IL-10, respec-
tively (Figure 6C). On stimulation with anti-CD3 antibody, both
B7.1 and CTLA-4BP induced small increases in IFN-� and IL-10,
whereas cytokine levels increased to a lesser extent when incubated
with CD28BP. These data confirm that CTLA-4 contributes to
secretion of IL-10 by inducible Tr clones function.

Discussion

We report here a method that enabled us to recover, expand, and
characterize regulatory T-cell clones specific for a dominant

Figure 5. Analysis of phenotypic markers FoxP3,
T-bet, and LAG-3. Heterologous CD4� T cells (1 � 106/
mL), P8(1) clones, or peptide 72H-86L specific cell lines
(both 1 � 105/mL) were incubated in the presence or
absence of anti-CD3 mAb for 24 hours at 37°C, 5% CO2

before analysis of FoxP3 expression by flow cytometry
(A). Top (resting cells) and bottom (activated cells)
panels illustrate number of FoxP3� cells in
CD3�CD4�CD25low (white histogram) and CD25bright

(gray) T-cell populations from T cells, clone, and line,
respectively. Analysis of FoxP3 expression by Western
blot (B). Representative Western blot of cell extracts
analyzed by SDS-PAGE and stained for FoxP3 or the
control protein actin. The extracts were obtained from Tr
clone P8(1) either resting, stimulated by presentation of
Rh protein autoantigen, or activated nonspecifically by
anti-CD3 and anti-CD28 for 96 hours at 37°C, 5% CO2.
CD4�CD25� peripheral blood cells isolated ex vivo are
also included as a positive control for FoxP3 staining.
Densitometric analysis normalized against actin levels
confirmed increased FoxP3 expression by the Tr clone
after specific Rh protein autoantigen stimulation (0.61)
compared with nonstimulated control (0.43) or nonspe-
cific stimulation (0.51) but similar to isolated CD4�CD25�

cells (0.59). Relative expression of the Th1 T-cell–
associated transcription factor, T-bet (C). Cells were
treated as described for panel A, and increases in
number of T-bet� clones or cell lines (gray histogram) at
rest (top) or activated with anti-CD3 mAb (bottom) were
compared with resting CD4� T cells (white histogram).
Comparison of LAG-3 analysis (D). CD4� T cells shown
in left panel (white and gray histograms are resting and
activated cells, respectively) and clone, right panel, were
costained with anti–LAG-3 antibody and compared for
expression. Number of IL-10 positive cells are repre-
sented in upper right quadrant as a percentage of the
total CD4� T-cell population.
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autoantigen in a patient with autoimmune disease. The method
differs from previously published approaches in that no exogenous
IL-10 or immunosuppressive compounds, which can bias undiffer-
entiated Th cells, were added to cultures, and the clones were
derived from cells secreting IL-10 ex vivo. These clones therefore
provide the first opportunity to characterize human Tr cells
representative of regulatory populations in autoimmune disease.
Their properties show the importance of antigen-specificity and
costimulation in exposing the Tr phenotype.

The autoreactive Tr clones were derived from a patient with
AIHA and are specific for a peptide corresponding to residues
72H-86L from the dominant Rh RBC protein autoantigen. The
approach was developed using a large sample of splenocytes, but it
has now been extended to derive Tr clones from peripheral blood

and from other patients. We adapted the cloning method from a
technique established for Th1/Th2 effector T cells,34 but we
modified it first by acquiring only cells that secrete IL-10 during
stimulation with self-peptide and then by adding IL-15 to favor Tr
cell expansion.28 Both murine and human naive peripheral CD4� T
cells can be deviated into Tr1 cells if stimulated with antigen in the
presence of IL-10 or dexamethasone/vitamin D.9-13 In contrast to
these maneuvers, IL-15 allows expansion of IL-10–secreting Tr1
cells28 but does not promote de novo Tr cell differentiation. This
approach enabled existing Tr cells, sampled from the periphery and
relevant to disease, to be isolated, expanded, and characterized. A
number of features of the clones are relevant to the role of Tr cells
in self-tolerance and autoimmunity.

First, the ability to expand and clone suppressive Tr cells secreting
IL-10, including clone P8(1), confirms the existence of such cells
specific for autoantigens of pathogenic relevance in human patients.
These cells were derived from an IL-10–secreting population, the
activity of which correlates with remission from AIHA,17 consistent
with the view that autoaggressive immune responses can be controlled
in vivo by boosting their function or numbers.

Second, the regulatory phenotype, including predominant IL-10
secretion and increased FoxP3 expression, was shown by specific
recognition of the Rh autoantigen but not higher avidity TCR
stimulation. This shows the importance of studying autoreactive Tr
cells in the context of known specificity, because polyclonal stimuli
obscure their regulatory phenotype, but it also has implications for
the understanding of regulation in vivo. Further studies will allow
us to characterize such “tuning” of regulatory responses.35

Analysis of T-bet expression, a transcription factor associated
with the Th1 T-cell phenotype, was stably increased in both
antigen-specific clone and cell line, compared with resting T cells.
This observation suggests that the IL-10 Tr cells we describe here
are derived from Th1 T cells and may have arisen as a result of
effector T-cell stimulation associated with the chronic autoimmune
response underlying AIHA. This is also supported by the observa-
tion that inhibition of their regulatory activity and phenotype
corresponds with increases in IFN-� secretion.

Another important feature of Tr cells shown by this study is
dependence on ligation of the costimulatory molecule CTLA-4 for
regulatory function. The effects of CTLA-4 engagement in provid-
ing a negative costimulatory signal in effector T cells are well
documented,20,23 but its role in suppression responses by Tr subsets
is debatable. There is, however, both circumstantial and direct
evidence that CTLA-4, expressed by regulatory cells, functions to
suppress T cell–mediated inflammatory responses. CTLA-4 cell-
surface expression is constitutively high on every regulatory T-cell
subset so far described21,22 and, furthermore, blockade of CTLA-4
expressed by regulatory CD4�CD25� T cells, but not CD4�CD25�

T cells, leads to the development of autoimmune disease in mice.36

In other models of autoimmunity, blockade of CTLA-4 accelerates
onset and exacerbates disease.24,37 This active suppression by
CTLA-4–expressing Tr cells raises the possibility that CTLA-4
engagement may mediate a positive signal for regulatory function.
Evidence from molecules phylogenetically related to the B7 ligand
and engineered to selectively bind either CD28 or CTLA-4
(CD28BP and CTLA-4BP, respectively)29 showed that CTLA-4
engagement on T cells resulted in increased IL-10 secretion,
whereas CD28 engagement prompted IFN-� secretion and prolif-
eration. The work we present here confirms this observation,
because Rh-specific IL-10 secretion was abolished by CTLA-4
blockade of our autoreactive Tr clones in favor of increased

Figure 6. Contribution of costimulatory molecule CTLA-4 to maintaining Tr
clone cytokine phenotype. Tr clone cells (1 � 105/mL) were incubated with CD4
depleted, irradiated autologous antigen-presenting cells (1 � 106/mL) in the pres-
ence of stimuli for 4 days at 37°C, 5% CO2. (A) Blockade of CTLA-4 with F(ab�)2

antibody fragment deviates the response of autoreactive Tr clone P8(1) against
presentation of either cognate peptide 72H-86L (E) or Rh protein autoantigen (�)
toward IFN-� secretion, but not control cultures stimulated with irrelevant peptide (F).
(B) Cytometric analysis showing that number of IL-10� production by the Tr cells in
response to presentation of Rh protein is reduced by anti-CTLA-4 F(ab�)2 antibody
fragment blockade during cell culture. Number of IL-10 positive cells are represented
in upper right quadrant as a percentage of the total CD4� T-cell population. (C)
Enhancement of IL-10 and IFN-� by TR clone P8(1) after ligation of CTLA-4.
Adherent HEK293 cells transfected with wild-type B7.1 (CD80), CD28BP (selectively
binds CD28), CTLA-4BP (selectively binds CTLA-4), or empty vector (Null) were
irradiated (50 Gy [5000 rad]), washed, and allowed to adhere to 24-well plates for 24
hours. P8(1) clones (1 � 105/mL per well) were incubated in plates containing
transfected cells with no stimulus or anti-CD3 stimulatory antibody for 96 hours at
37°C, 5% CO2. Data are presented as mean plus or minus standard error.
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interferon-� production. This was further supported by our observa-
tion that engagement of CTLA-4 by CTLA-4BP enhanced activa-
tion of the clone and increased IL-10 production.

In summary, we have cloned human Tr cells associated with AIHA
ex vivo. The clonal isolation of such autoantigen-specific Tr cells can
now be extended to other diseases, and understanding their properties
will be an essential step in the rational design of therapeutic strategies
based on the selective stimulation of these cells.
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