
Comparative study of regulatory T cells expanded ex vivo from
cord blood and adult peripheral blood

Introduction

Regulatory T cells (Tregs) play an essential role in modu-

lating the immune system and maintaining peripheral tol-

erance. Immunotherapy based on Treg infusion (either

from in vivo Tregs or ex vivo expanded Tregs) is therefore

a potential treatment for many immune disorders.

This approach has been successful in animal models

of haematopoietic stem cell transplantation,1–3 solid organ

transplantation4–6 and autoimmunity.7–9 Because the

number of Tregs that can be obtained from donor

peripheral blood is limited, freshly isolated Tregs need to

be expanded ex vivo to generate a sufficient number of

cells for therapeutic applications. Additionally, expanded

Tregs have been reported to be more effective therapeuti-

cally than primary Tregs.10

It has been shown that naturally occurring human

CD4+ CD25+ Tregs can be expanded polyclonally with

anti-CD3 and anti-CD28 antibody stimulation in combi-

nation with interleukin-2 (IL-2) and/or IL-15.11–14 These

polyclonal expansion protocols greatly increase Treg num-

bers while preserving their suppressive capacity. However,

infusion of non-regulatory cells into patients that already

suffer from pathological immunological activity should be
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Summary

In this study, we expanded regulatory T cells (Tregs) ex vivo from

CD4+ CD25+ T cells from cord blood (CB) and CD4+ CD25+ CD127)

T cells from adult peripheral blood (APB) and compared the suppressive

functions of the newly generated Tregs. The Tregs from CB and APB were

expanded either in two cycles with a polyclonal stimulus or in two cycles

with an alloantigen stimulus in the first cycle and a polyclonal stimulus

in the second cycle. Cell yield after Treg expansion with polyclonal stimu-

lation was greater than that of Tregs expanded with combined alloantigen

and polyclonal stimulation. The expanded Tregs expressed high levels of

Foxp3, CD39 and cytotoxic T-lymphocyte antigen-4 and low levels of

CD127, interleukin-2 and interferon-c. After two cycles of expansion, the

CB Tregs maintained expression of the GARP gene and showed greater

suppressive function than APB Tregs. The CB Tregs that were expanded

with two cycles of polyclonal stimulation suppressed not only the poly-

clonal antigen-driven responder T (Tresp) cell proliferation but also the

HLA mismatched dendritic cell-driven Tresp cell proliferation. When CB

and APB Tregs were expanded with a primary alloantigen stimulus fol-

lowed by a secondary polyclonal stimulus, the Tregs showed a potent,

antigen-specific suppressive capacity. The Tregs expanded with two cycles

of polyclonal stimulation from both CB and APB alleviated acute graft-

versus-host disease symptoms and prolonged survival in a murine model

of graft-versus-host disease. In conclusion, CB Tregs expanded with two

cycles of polyclonal stimulation had a stronger immunosuppressive func-

tion than APB Tregs. It is feasible to obtain human functional alloanti-

gen-specific Tregs expanded ex vivo from CB and APB in large numbers.

Keywords: acute graft versus host disease; adult peripheral blood; alloanti-

gen stimulation; cord blood; expansion; polyclonal stimulation; regulatory

T cells
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prevented, as these cells can potentially intensify the

disease process, especially when infusing HLA-mis-

matched Tregs. CD4+ CD127+ conventional T cells are

the major contaminating cell type in CliniMACS-isolated

CD4+ CD25+ Treg populations from adult peripheral

blood (APB). Depletion of CD127+ cells has been found

to improve the purity of CD4+ CD25+ FoxP3+ Tregs in

CliniMACS-isolated cell populations to approximately

90%,15 and the resulting Treg population showed potent

suppressive capacity and high FoxP3 expression. Despite

promising results with mouse Tregs, only limited success

has been reported in the direct expansion of human allo-

antigen-specific Tregs with allogeneic antigen-presenting

cells. Human peripheral blood mononuclear cells were

found to induce modest proliferation of alloreactive

CD4+ CD25+ T cells in the presence of exogenous IL-2

plus IL-15. With two cycles of stimulation by alloantigen

combined with anti-CD3/CD28 antibodies, an average

expansion of 780-fold could be obtained, generating

highly suppressive cells consisting of > 90% CD4+ T cells,

most of which retained FoxP3 expression.14 Chen et al.16

have reported that human Tregs can be expanded ex vivo

with allogeneic B cells. Here, the expanded Tregs

expressed very high levels of FoxP3, maintained an aner-

gic phenotype and were potent suppressors capable of

inhibiting the alloproliferation of third-party responder

T (Tresp) cells at very low Treg to Tresp cell ratios in an

alloantigen-specific manner.

As cord blood (CB) is used for haematopoietic stem

cell transplantation, the function of CB Tregs is especially

important for understanding the low occurrence of graft-

versus-host disease (GVHD) in this clinical setting.17,18

Fujimaki et al.19 have found that the suppressive activity

of fresh CB CD4+ CD25+ T cells was lacking compared

with that found in APB CD4+ CD25+ T cells. However,

expansion of the CB CD4+ CD25+ T cells ex vivo resulted

in the restoration of suppressive activity levels greater

than in those from APB. It remains controversial as to

whether Tregs from CB possess better suppressive func-

tion than Tregs from APB. We therefore investigated in

the current study the suppressive function of ex vivo

expanded Tregs from APB and CB with polyclonal or

alloantigen stimulation.

Materials and methods

Purification of CD4+ CD25+ Tregs from APB and CB

The APB was obtained from healthy adult donors and

CB was obtained from healthy full-term neonates within

24 hr of delivery after written informed consent had

been obtained. The APB and CB mononuclear cells were

isolated by density gradient centrifugation using Ficoll–

Hypaque (Amersham Biosciences, Uppsala, Sweden).

CD4+ T cells were purified from CB mononuclear cells

using the Dynabeads Untouched Human CD4 T-cell iso-

lation kit (Invitrogen Dynal AS, Oslo, Norway) accord-

ing to the manufacturer’s instructions. CD4+ CD127) T

cells were purified from APB mononuclear cells using

monoclonal antibodies directed against CD8 (RPA-T8),

CD14 (M5E2), CD16 (3G8), CD56 (B159), CD19 (4G7),

CD123 (7G3) and CD127 (hIL-7R-M21) (all from BD

Biosciences, San Jose, CA) combined with sheep anti-

mouse IgG-coated magnetic beads (Dynal Biotech, Oslo,

Norway) according to the manufacturer’s instructions.

The CD4+ CD25+ Tregs from CB and CD4+ CD25+

CD127) Tregs from APB were purified from CD4+ T

cells using the human CD25 MicroBead II kit (Miltenyi

Biotec, Bergisch Gladbach, Germany) according to the

manufacturer’s instructions. The purity of APB and CB

Tregs was > 95% as determined using FACS. The

human and mouse B cells were isolated by directly con-

jugated human or mouse anti-CD19 magnetic microbe-

ads (Miltenyi Biotec). Dendritic cells (DC) were induced

from monocytes of peripheral blood mononuclear cells

using the adhesion method with 800 U/ml granulocyte–

macrophage colony-stimulating factor (R&D Systems,

Minneapolis, MN) and 1000 U/ml IL-4 (R&D Systems),

and stimulated to maturity with 1lg/ml lipop-

olysacchairde.

Ex vivo expansion of APB and CB Tregs

Cell culture was performed in 96-well round bottom

plates with culture medium consisting of RPMI-1640 sup-

plemented with 10% fetal bovine serum (Invitrogen,

Carlsbad, CA), penicillin (50 U/ml; Sigma, St Louis, MO)

and streptomycin (50 lg/ml; Sigma) in a 37�, 95%

humidity, 5% CO2 incubator. The APB and CB Tregs

were expanded ex vivo either in two cycles with a poly-

clonal stimulus or in two cycles with an alloantigen stim-

ulus in the first cycle and a polyclonal stimulus in the

second cycle (Fig. 1a). Anti-CD3-/anti-CD28-coated mi-

crobeads and recombinant human (rh) IL-2 were used for

polyclonal stimulation, and allogeneic human B cells or

xenogenic mouse B cells, anti-CD28 and rhIL-2 were used

for alloantigen expansion. For expansion of APB and CB

Tregs with polyclonal stimulation, APB

CD4+ CD25+ CD127) T cells and CB CD4+ CD25+ T

cells were cultured at 1 · 104 cells per well with 4 · 104

anti-CD3-/anti-CD28-coated microbeads (Invitrogen Dy-

nal AS) and rhIL-2 (200 U/ml) for 6 days. The cells were

harvested, washed and rested for 2 days in culture med-

ium with rhIL-2 (20 U/ml). The APB and CB Tregs were

then cultured at 2 · 104 cells per well with 4 · 104 anti-

CD3-/anti-CD28-coated microbeads and rhIL-2 (200 U/

ml) for another 6 days. For expansion of APB and CB

Tregs with alloantigen stimulation, APB

CD4+ CD25+ CD127) T cells and CB CD4+ CD25+ T

cells were cultured at 1 · 104 cells per well with 4 · 104
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human or mouse B cells, anti-CD28 (500 ng/ml; BD Bio-

sciences) and rhIL-2 (200 U/ml) for 12 days. The cells

were harvested, washed and rested for 2 days in culture

medium with rhIL-2 (20 U/ml). Then, the APB and CB

Tregs were cultured at 2 · 104 cells per well with 4 · 104

anti-CD3-/anti-CD28-coated microbeads and rhIL-2

(200 U/ml) for another 6 days. Fresh medium containing

rhIL-2 (200 U/ml) was added every 2–3 days.

Immunophenotyping of APB and CB Tregs

The phenotype of APB and CB Tregs was analysed by

flow cytometry (FACSCalibur; BD Biosciences). For

cell surface staining, the following conjugated monoclonal

antibodies were used: CD4(RPA-T4)-fluorescein isothio-

cyanate (FITC), CD25(M-A251)-phycoerythrin (PE),

CD39(TU66)-PE, CD127(hIL-7R-M21)-AlexaFluor647,

cytotoxic T-lymphocyte antigen 4 (CTLA4; BN13)-PE,

HLA-DR-FITC (all from BD Biosciences) and LAG-3-

FITC (R&D). For intracellular staining, Fix and Fix/Perm

buffers (eBioscience, San Diego, CA) were used according

to the manufacturer’s instructions with FoxP3-PE. Isotype

controls were used to set gates. Dead cells were gated out

based on their forward-scatter/side-scatter properties. To

assess each marker, 1 · 105 cells were incubated with spe-

cific antibodies for 20 min at 4� in PBS.

Reverse transcription-PCR analysis of gene expression

The expanded Tregs from either CB or APB were disrupted

in TRIzol reagent (Invitrogen), and total cellular RNA was

prepared according to the manufacturer’s instructions.

Complementary DNA was prepared from equal amounts of

total RNA using a reverse transcriptase and the resulting

cDNA was used to amplify target genes by reverse tran-

scription–PCR using Taq DNA polymerase (TaKaRa Bio

Inc., Otsu, Japan) with b-actin as a reference gene. Primers

used were as follows: b-actin: (forward 50-GTGG

GGCGCCCCAGGCACCA-30, reverse 50-CTTCCTTAATG

TCACGCACGATTTC-30); IL-2: (forward 50-AGAATCC

CAAACTCACCAGG-30, reverse 50-TCAGATCCCTTTAG

TTCCAG-30); interferon-c: (forward 50-GCAGGTCATTC

AGATGTAGC-30, reverse 50-ATGTCTTCCTTGATGGTC

TC-30); IL-10: forward 50-AACCTGCCTAACATGCTT

C-30, reverse 50-CAGATCCGATTTTGGAGAC-30); trans-

forming growth factor-b: (forward 50-TGGAAACCCAC

AACGAAATC-30, reverse 50-TAAGGCGAAAGCCCTCA

AT-30); GARP (glycoprotein-A repetitions predominant):
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Figure 1. Schematic overview of expansion strategies and regulatory T cell (Treg) expansion after primary and secondary stimulation. (a) Adult

peripheral blood (APB) and cord blood (CB) Tregs were expanded in either two cycles with polyclonal stimulation or two cycles with an alloanti-

gen stimulus in the first cycle and a polyclonal stimulus in the second cycle. We therefore generated four types of expanded Tregs: APB Treg

(PP-PP), APB Treg (HBP-PP), CB Treg (PP-PP) and CB Treg (HBP-PP). (b, c) APB and CB Tregs were expanded as described above. Treg

numbers were determined and compared to initial Treg numbers. Data represent the average expansion ± standard deviation (SD) of six inde-

pendent experiments.
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(forward 50-TGGTTTGGTGCGGTGAG-30, reverse 50-AG-

CAGGAGA CGGAATGGT-30).

Suppression assay

Magnetic cell sorting-purified CD4+ CD25) Tresp cells

from APB were pulsed with carboxyfluorescein succinim-

idyl ester (CFSE; 5 lM) and activated with anti-CD3/anti-

CD28 antibodies (300 ng/ml) and rhIL-2 (200 U/ml) or

HLA mismatched DC (1 · 104) treated with mitomycin

(1 lg/ml) for 30 min at 37�. The cells were then cultured

at a density of 5 · 104 responders per well in 96-well

plates. Third-party Tregs expanded from APB and CB

were then added at ratios of 1 : 1, 1 : 4, 1 : 16 and 1 : 64

to the responder cultures in a final volume of 200 ll.

Four days later, the cells were collected and analysed by

flow cytometry. The results were expressed as the percent-

age of proliferating cells.

Mice and GVHD model

Wild-type male DBA/2 (H-2Kd) and C57BL/6 (H-2Kb)

mice were purchased from the Shanghai Laboratory Ani-

mal Centre of the Chinese Academy of Science (Shanghai,

China). The DBA/2 (H-2Kd) mice were allowed to reach a

minimum weight of 25 g before initiation of host

conditioning. All mice, between 6 and 12 weeks of age,

were maintained in a specific pathogen-free environment

according to the guidelines established by the Animal Care

Committee, and received drinking water supplemented

with gentamycin. Ten- to twelve-week-old DBA/2 mice

(recipients) were given total body lethal irradiation

(800 cGy) from a gamma-ray source and after 24 hr, were

injected with 3 · 107 bone marrow cells and 1 · 107 spleen

cells from C57BL/6 mice (donors) via the tail vein.20

Adoptive transfer of expanded Tregs from APB and CB

As mentioned above, CB and APB Tregs were expanded ex

vivo with two cycles of polyclonal stimulation: CB Treg

(PP-PP) and APB Treg (PP-PP). The CB Tregs were also

expanded with polyclonal stimulation in the first cycle and

xenogenic mouse B cells in the second cycle or xenogenic

mouse B cells in the first cycle and polyclonal stimulation

in the second cycle: CB Treg (PP-MBP) and CB Treg

(MBP-PP). In the acute GVHD (aGVHD) mouse model,

lethally irradiated recipient DBA/2 (H-2Kd) mice were

injected with 3 · 107 bone marrow cells and 1 · 107 spleen

cells from donor C57BL/6 mice (H-2Kb). For the adoptive

transfer of expanded Tregs, recipient mice received 1 · 106

expanded Tregs from APB and CB via the tail vein immedi-

ately after bone marrow cell and splenocyte transplantation.

Survival and appearance were monitored daily and body

weight was measured weekly. A scoring system that used

five clinical variables,21 including weight loss, posture,

activity, fur texture and skin integrity (maximum index,

10), was used to assess GVHD.

Statistical analysis

The data are presented as the mean ± standard deviation

(SD). All statistical analyses were performed using the STA-

TISTICA 6.0 statistical software (StatSoft Inc., Tulsa, OK). Sta-

tistical differences in animal survival were analysed using

the log-rank test. The differences in the groups being com-

pared were considered significant if the P value was < 0�05.

Results

Cell yield after Treg expansion with alloantigen or
polyclonal stimulation

Cell yield after Treg expansion with two cycles of poly-

clonal stimulation was larger than Tregs expanded with

combined alloantigen and polyclonal stimulation. The

average fold expansions of CB and APB Tregs with two

cycles of polyclonal stimulation were 1�5 ± 0�4 · 103 and

1�8 ± 0�5 · 103, respectively (P > 0�05), whereas the aver-

age fold expansions of CB and APB Tregs with an alloanti-

gen stimulus followed by a polyclonal stimulus were 5�0
± 1�1 · 102 and 4�7 ± 1�2 · 102, respectively (P > 0�05).

The average fold expansions of CB and APB Tregs

with two cycles of polyclonal stimulation were significantly

larger than those of CB and APB Tregs with an alloantigen

stimulus followed by a polyclonal stimulus (Fig. 1b,c).

Phenotypic characterization of ex vivo expanded Tregs

A potential risk of Treg expansion is the outgrowth of con-

taminating cell types, such as CD8+ T cells or natural killer

cells. In our experiments, we did not find major contami-

nants, because > 95% of the expanded cells were

CD4+ CD25+ T cells (Fig. 2b). The majority of Tregs

retained expression of FoxP3 after two cycles of expansion.

Although only 65�4% of freshly isolated CB Tregs expressed

FoxP3+ CD127) (Fig. 2a), > 90% of expanded CB Tregs

expressed FoxP3+ CD127) (Fig. 2b). The FoxP3) CD127+

T cells in the CD4+ CD25+ T cells isolated from CB did

not proliferate efficiently after two cycles of expansion.

Analysis of CTLA4 surface expression by flow cytometry

revealed that ex vivo expanded Tregs expressed more

CTLA4 molecules than activated CD4+ CD25) T cells did.

Similarly, ex vivo expanded Tregs, but not activated

CD4+ CD25) T cells, expressed CD39, which might serve

as a marker of the expanded Tregs. The expanded Tregs

expressed LAG3 as well as the activated CD4+ CD25)

T cells did. Hence, compared with the activated

CD4+ CD25) T cells, all the expanded Tregs expressed high
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levels of FoxP3, CD39 and CTLA4, and low levels of

CD127 (Fig. 2b). Only CB Tregs with two cycles of poly-

clonal stimulation expressed low levels of HLA-DR.

Tregs retained anergic properties after expansion

One of the hallmarks of Tregs is their anergic (hypore-

sponsive) behaviour ex vivo. Tregs retained their anergic

state after expansion irrespective of the strategy

employed, whereas activated CD4+ CD25) T cells were

not anergic. Indeed, all the expanded Tregs did not

proliferate upon stimulation in the absence of exoge-

nous T-cell growth factors (Fig. 3g). All the Tregs

showed low gene expression of IL-2 and interferon-c
when compared with activated CD4+ CD25) T cells

(Fig. 3c,d). However, there was no significant difference

in the gene expression levels of IL-10 and transforming

growth factor-b between the expanded Tregs and acti-

CD4+CD25–
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Figure 2. Phenotypic characterization of

freshly isolated and expanded regulatory T cells

(Tregs). (a) The phenotype of freshly isolated

adult peripheral blood (APB) CD4+ CD25) T

cells and Tregs from APB and cord blood (CB)

was analysed by flow cytometry. (b)

CD4+ CD25) T cells were activated with anti-

CD3/anti-CD28 microbeads and recombinant

human interleukin-2 (rhIL-2) for two cycles.

APB and CB Tregs were expanded according

to the protocol described in Fig. 1(a). Cell sur-

face expression of CD4/CD25, CD127, CTLA4,

CD39, LAG3 and HLA-DR and intracellular

expression of FoxP3 were analysed on activated

CD4+ CD25) T cells and expanded Tregs. His-

tograms show the percentage of expression of

these markers (bold line) in the gated popula-

tions compared with the appropriate isotype

control (thin line). Data are representative of

three independent experiments.
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vated CD4+ CD25) T cells (Fig. 3e,f). After two cycles

of expansion, the CB Tregs maintained the expression

of the GARP gene, whereas the APB Tregs lost GARP

expression (Fig. 3b).

CB Tregs expanded with polyclonal stimulation
showed potent suppressive capacity

We used third-party Tregs prepared from HLA-unrelated

donors in the suppression experiments based on previous

reports.16 The limited availability of Tregs from a single

donor or cord blood source could constitute a major bar-

rier to the development of Treg cell-based therapy in

humans. This barrier, however, might be readily circum-

vented if third-party Tregs could be used in place of

donor or recipient Tregs. Although APB Tregs showed

greater ex vivo expansion with two cycles of polyclonal

stimulation than CB Tregs, we found that the CB Tregs

had greater suppressive capacity than the APB Tregs. The

CB and APB Tregs showed > 80% and > 40% suppression,

97%

(b)
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respectively, of CD4+ CD25) Tresp cell proliferation upon

stimulation with anti-CD3/anti-CD28 antibodies and

rhIL-2 at Treg : Tresp ratios of 1 : 1 and > 50% and > 20%

suppression, respectively, at Treg : Tresp ratios of 1 : 4

(Fig. 4). The CB Tregs even showed > 30% suppression

in an HLA-mismatched DC-driven Tresp cell proliferation

with Treg : Tresp ratios of 1 : 16 (Fig. 4), but APB Tregs

showed little suppression at the same Treg : Tresp ratios.

Hence, CB Tregs expanded with polyclonal stimulation

suppressed the proliferation of not only the polyclonal

antigen-driven Tresp cells but also the HLA-mismatched

DC-driven Tresp cells.
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Figure 3. Reverse transcription-PCR analysis of GARP and cytokine gene expression in expanded regulatory T cells (Tregs) and stimulation assay

to analyse T-cell anergy. Adult peripheral blood (APB) and cord blood (CB) Tregs were expanded according to the protocol described in

Fig. 1(a). Total RNA was isolated, reverse-transcribed and used for quantitative analysis. (a) Gene expression of GARP, transforming growth fac-

tor-b (TGF-b) and interleukin-10 (IL-10) of freshly isolated APB CD4+ CD25) T cells and Tregs from APB and CB was displayed as relative

expression normalized to b-actin. Gene expression of GARP (b), IL-2 (c), interferon-c (IFN-c) (d), IL-10 (e) and TGF-b (f) of activated

CD4+ CD25) T cells and expanded Tregs from APB and CB was displayed as relative expression normalized to b-actin. Values are given as the

mean ± standard deviation (SD) of three to five independent experiments. **P < 0�01 compared with activated CD4+ CD25) T cells. (g) CFSE-

labelled CD4+ CD25) T cells and expanded Tregs from APB and CB were stimulated with anti-CD3/anti-CD28 antibodies in the absence or pres-

ence of exogenous IL-2. Proliferation was determined by CFSE dilution on Day 4.
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Figure 4. Suppressive capacity of regulatory T cells (Tregs) expanded from adult peripheral blood (APB) and cord blood (CB). The APB and CB Tregs

were expanded according to the protocol described in Fig. 1(a). Progressive CFSE dilution was used as a read-out of responder cell proliferation.

CFSE-labelled CD4+ CD25) responder T (Tresp) cells were stimulated with anti-CD3/anti-CD28 antibodies and recombinant human interleukin-2

(rhIL-2) or HLA mismatched dendritic cells presenting the target alloantigen (same as or different form the B cells used for Treg expansion). Third-

party expanded Tregs from APB and CB were added to these cultures at the indicated Treg : Tresp ratios (1 : 1, 1 : 4, 1 : 16 and 1 : 64). Proliferation

was determined by CFSE dilution of Tresp cells on Day 4. The inhibition rate was calculated as followed: (1 – percentage of proliferated Tresp with

expanded Treg/percentage of proliferated Tresp with no Treg) ·100%. Data represent the average inhibition rate of three independent experiments.
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Tregs expanded by an alloantigen stimulus acquired
antigen specificity

The main feature of alloantigen-specific Tregs is their

strong suppressive capacity when stimulated by target anti-

gens. Our data showed that highly antigen-specific Tregs

were generated when APB and CB Tregs were expanded

ex vivo with a primary alloantigen stimulus followed by a

secondary polyclonal stimulus. The CB and APB Tregs

expanded with allogeneic human B cells showed very high

suppressive activities of > 80% and > 60%, respectively,

with Treg : Tresp ratios of 1 : 4 in a target antigen-driven

Tresp cell proliferation, in this case B cells to expand Tregs

and DCs to stimulate Tresp cells were from the same blood

donor (Fig. 4). However, these Tregs showed little suppres-

sion (about 10%) in mismatched alloantigen-driven Tresp

cell proliferation, in this case B cells to expand Tregs and

DCs to stimulate Tresp cells were from different blood

donors, and hardly any suppression of the proliferation of

CD4+ CD25) Tresp cells when stimulated with anti-CD3/

anti-CD28 antibodies and rhIL-2 at the same Treg : Tresp

ratios. The CB and APB Tregs expanded with polyclonal

stimulation showed low suppressive activity with the same

Treg : Tresp ratios in an alloantigen-driven Tresp cell prolif-

eration (> 30% and > 20% suppression, respectively,

Fig. 4). When Tregs were expanded with an alloantigen

stimulus followed by a polyclonal stimulus, they expanded

efficiently and showed a highly potent, strictly antigen-spe-

cific suppressive capacity. As expected, two cycles of poly-

clonal stimulation yielded high numbers of Tregs. These

cells were suppressive, but no enrichment of alloantigen-

specific Tregs had taken place. The CB and APB Tregs

expanded by an alloantigen stimulus lost their capacity to

potently inhibit the alloreactivity elicited by non-specific

alloantigens but remained highly potent in inhibiting the

alloproliferation of responder cells elicited by specific al-

loantigens. The alloantigen specificity demonstrated by B-

cell-expanded Tregs was not determined by the HLA hapl-

otypes of the Tregs but was induced and determined by the

haplotype of the B cells used to expand them.

Ex vivo expanded Tregs prevented aGVHD in mice

The in vivo activity of ex vivo expanded human APB

and CB Tregs was further evaluated in a mouse aGVHD

model. The mice with aGVHD showed serious aGVHD

symptoms, such as hunched back, diarrhoea and weight

loss, and the mice usually died within 18 days (Fig. 5a).

When co-transferred with CB or APB expanded Tregs,

the ex vivo expanded Tregs significantly enhanced the

survival of the aGVHD mice (Fig. 5a). When CB and

APB Tregs expanded with two cycles of polyclonal stim-

ulation were transferred to the aGVHD mice, 87�5% and

16�7% of the mice, respectively, survived for at least

63 days. The CB Tregs expanded with polyclonal stimu-

lation followed by xenogenic mouse B-cell stimulation

or with xenogenic mouse B-cell stimulation followed by

polyclonal stimulation did not show better suppressive

function than polyclonal stimulation alone as expected

(Fig. 5a).

We also compared the capacity of ex vivo expanded CB

and APB Tregs to ameliorate the clinical symptoms of

aGVHD by measuring five clinical variables of aGVHD.

The mean GVHD scores of the aGVHD mice given APB

Tregs expanded with two cycles of polyclonal stimulation

were significantly greater than the scores of mice given

CB Tregs expanded with two cycles of polyclonal stimula-

tion (Fig. 5c; P < 0�05). The aGVHD mice given APB

Tregs exhibited hair loss, hunched back, swollen face and

diarrhoea. Similar results were observed in aGVHD mice

given CB Tregs expanded with polyclonal stimulation fol-

lowed by xenogenic mouse B-cell stimulation or with xe-

nogenic mouse B-cell stimulation followed by polyclonal

stimulation. The aGVHD mice given APB Tregs expanded

with two cycles of polyclonal stimulation lost more

weight than the mice given CB Tregs with two cycles of

polyclonal stimulation (Fig. 5b; P < 0�01).

These results indicate that the adoptive transfer of

ex vivo expanded human Tregs alleviates the symptoms of

aGVHD and markedly prolongs survival time in mice

with aGVHD and that CB Tregs expanded with two

cycles of polyclonal stimulation have better immunosup-

pressive function than APB Tregs.

Ex vivo expanded human Tregs survived and
expanded in the liver of aGVHD mice

Human CD4+ CD25+ T cells could be detected in the

liver and lymph node of aGVHD mice on Day 8 after

adoptive transfer of ex vivo expanded Tregs and all the

human CD4+ CD25+ T cells in the mice expressed the

FoxP3 molecule (Fig. 5d). The percentage of human

CD4+ CD25+ T cells increased from 0�11 ± 0�03% on

Day 1 to 0�57 ± 0�19% on Day 8 in the liver after adop-

tive transfer of CB Tregs expanded with two cycles of

polyclonal stimulation. The CB Tregs expanded in

response to mouse B cells (MBP-PP) did not persist in

the liver. In the lymph nodes, the three populations tested

(CB Treg PP-PP, APB Treg PP-PP and CB Treg MBP-

PP) diminished their frequency from Day 1 to Day 8. We

detected a small amount of human CD4+ CD25+ T cells

in the spleen and bone marrow of aGVHD mice on Day

1 after adoptive transfer of ex vivo expanded Tregs (data

not shown).

Discussion

High numbers of Tregs are needed for effective Treg

immunotherapy in humans to facilitate tolerance in

patients with autoimmune disorders or after transplanta-
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tion. Ex vivo Treg expansion with polyclonal stimulation

has been shown to be an effective method for obtaining

these high numbers.22,23 In the current study, the average

fold expansion of CB and APB Tregs with two cycles of

polyclonal stimulation was 1�5 · 103 and 1�8 · 103,

respectively. A 2-day rest period between the two prolifer-

ation cycles of CB Tregs can prevent the apoptosis of CB

Tregs induced by excessive activation. In contrast, APB

Tregs need not rest between the two proliferation cycles,

but the rest period has no adverse effects on the expan-

sion of the APB Tregs. Hence, we can obtain about

1 · 109 to 4 · 109 Tregs from one unit of CB or APB,

which will meet the needs of clinical application. How-

ever, there are some drawbacks regarding the clinical

application of polyclonally expanded Tregs. First, because

this type of activation generates Tregs with a broad range

of specificities, the infused polyclonal Tregs may suppress

immune responses other than the target response, thereby

increasing the risk for opportunistic infections and

tumour growth. Second, because of the low percentage of

Tregs within a polyclonal cell pool that is specific for a

given target antigen, large numbers of Tregs need to be

infused. Although the average fold expansions of CB and

APB Tregs expanded with an alloantigen stimulus fol-

lowed by a polyclonal stimulus were 5�0 · 102 and

4�7 · 102, respectively, which were significantly less than
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Figure 5. Adoptive transfer of ex vivo expanded regulatory T cells (Tregs) from cord blood (CB) and adult peripheral blood (APB) into mice

with acute graft-versus-host disease (aGVHD). CB and APB Tregs were expanded ex vivo with two cycles of polyclonal stimulation: CB Treg (PP-

PP) and APB Treg (PP-PP). CB Tregs were also expanded with polyclonal stimulation in the first cycle and xenogenic mouse B-cell stimulation

in the second cycle or with xenogenic mouse B-cell stimulation in the first cycle and polyclonal stimulation in the second cycle: CB Treg

(PP-MBP) and CB Treg (MBP-PP). In the aGVHD mouse model, 1 · 106 of the variously expanded Tregs were adoptively transferred into leth-

ally irradiated recipient DBA/2 (H-2Kd) mice after injection with 3 · 107 bone marrow cells and 1 · 107 spleen cells from donor C57BL/6 mice

(H-2Kb). The survival (a), body weight (b) and clinical GVHD score (c) were assessed. The GVHD score and body weight were determined from

the surviving mice. (d) The mononuclear cells from the liver and lymph node of aGVHD mice were isolated by density gradient centrifugation

using Ficoll–Hypaque on Day 1 or Day 8 after adoptive transfer of ex vivo expanded Tregs. The human molecules of CD4, CD25 and FoxP3 were

determined by flow cytometry. Data represent the average percentage of human CD4+ CD25+ T cells ± standard deviation (SD) of six indepen-

dent experiments.
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that with polyclonal stimulation, these Tregs had a

potent, strictly antigen-specific suppressive capacity that

was greater than Tregs expanded with polyclonal stimula-

tion. If Treg populations were expanded for more than

two expansion cycles, we observed a loss of suppressive

capacity and high cell death. Because primary human B

cells can efficiently expand allogeneic Tregs but cannot

activate non-Treg CD4+ cells,16 we used human allogeneic

B cells as the alloantigen stimulus to expand the CB and

APB Tregs and obtained a high purity of expanded cells.

These cells may be especially beneficial to patients receiv-

ing an HLA mismatched haematopoietic stem cell

transplant, where this type of alloantigen-reactivity is

important in graft versus host pathology.

The high level of expression of FoxP3 in all of the ex

vivo expanded Tregs suggested that these cells maintained

the properties of Tregs. The expanded Tregs also

expressed high levels of CD39 and CTLA4 and had low

gene expression of IL-2 and interferon-c, which was in

contrast to activated CD4+ CD25) T cells. CD39 is the

dominant ectoenzyme in the immune system that hydro-

lyses ATP or ADP to AMP and is expressed by B cells,

DC, all mouse Tregs, and about 50% of human Tregs.24

Freshly isolated Tregs do not hydrolyse ATP, but acti-

vated Tregs can mediate hydrolysis. ATP can up-regulate

CD86 expression on DC. Pre-exposure of Tregs to ATP-

containing medium has been found to reduce ATP-driven

DC maturation. In addition to FoxP3, CD39 might serve
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as another Treg marker of ex vivo expanded Tregs.

Another cell surface antigen that may play a role in

Treg suppression of DC function is LAG-3 (CD223), a

CD4 homologue that binds MHC class II molecules with

very high affinity. Binding of LAG-3 to MHC class II

molecules expressed by immature DC induces an

immunoreceptor tyrosine-based inhibitory motif-medi-

ated inhibitory signal that suppresses DC maturation and

immunostimulatory capacity.25 Although the expanded

Tregs partially expressed LAG-3, the activated CD4+

CD25) T cells also expressed LAG-3 (Fig. 2).

To reduce the contaminating CD4+ CD127+ conven-

tional T cells within the population of APB Tregs, CD127+

cells should be depleted. In this study, we expanded

CB Tregs ex vivo from CD4+ CD25+ T cells with

either polyclonal or alloantigen stimulation, and the

expanded CB Tregs demonstrated similar phenotypic and

functional characteristics as APB Tregs expanded from

CD4+ CD25+ CD127) T cells. FoxP3) CD127+ T cells in

the CD4+ CD25+ T cells isolated from CB did not prolifer-

ate efficiently after two cycles of expansion. Clinical grade

[Good Manufacturing Practice, (GMP)] CD4+ CD25+ Treg

isolation by a magnetic-bead-based method is now feasible

using the CliniMACS system.26,27 Hence, the procedure of

CB Treg expansion we used fits with the currently available

clinical grade isolation tools with the objective of facilitat-

ing easy translation into clinical practice. Clearly, with

regard to purity of the starting population, magnetic bead

isolation of CD4+ CD25+ T cells is inferior to FACS sorting

or further CD127 depletion, but these latter methods are

not readily available for GMP purposes.

Our study showed that CB Tregs had better immuno-

suppressive function than APB Tregs, and this might be

the result of the expression of GARP by CB Tregs, as

APB Tregs lost GARP expression after expansion. GARP

(or LRRC32) is an orphan toll-like receptor composed of

leucine-rich repeats. GARP mRNA is almost undetectable

in freshly isolated CD4+ T cells (both natural Treg cells

and non-Treg cells) and is rapidly up-regulated after T-

cell receptor-mediated activation, but only in natural Treg

cells.28–30 GARP mRNA then gradually decreases with

time. This is the first study in which we found that CB

Tregs continued to express the GARP gene after expan-

sion for 14 days. The CB Tregs expanded with polyclonal

stimulation followed by xenogenic mouse B-cell stimula-

tion or with xenogenic mouse B-cell stimulation followed

by polyclonal stimulation did not show better suppressive

function than polyclonal stimulation alone as we expected

(Fig. 5a). Because CB Tregs expanded ex vivo with mouse

B-cell stimulation (MBP-PP) scarcely survived in the liver

or lymph nodes of the DBA/2 hosts (Fig. 5d), this may be

the reason for the worse performance obtained with their

transfer in the suppression of murine aGVHD. As the fre-

quency of CB Tregs expanded with polyclonal stimulation

was clearly higher, the ex vivo selection of CB Tregs in

response to mouse B cells may have altered their reper-

toire and made them unable to expand in the xenogeneic

host. The expansion/survival of human T cells after trans-

fer to control DBA/2 mice, not injected with responder

C57BL/6 spleen cells might clarify this point and may be

addressed in our further studies.

Cao et al.31 demonstrated that the infusion of ex vivo

expanded human Tregs prevented lethal xenogenic GVHD

in a human peripheral blood lymphocyte–NOD/SCID

mouse model, suggesting the potential of ex vivo

expanded human CD4+ CD25+ Foxp3+ Tregs as a thera-

peutic approach for GVHD. In this study, we found that

the Tregs from CB and APB expanded with two cycles of

polyclonal stimulation alleviated GVHD symptoms and

prolonged survival after MHC mismatched allogeneic

bone marrow transplantation in a murine model. The aG-

vHD mouse model we used can reflect the real situation

of bone marrow transplantation, so the experiment results

will be used to guide the clinical application of the third-

party human Tregs in bone marrow transplantation. In

the aGVHD murine model, all aGVHD mice died within

18 days. When the CB and APB expanded Tregs were

transferred into aGVHD mice, 87�5% and 16�7% of the

mice survived for at least 63 days, respectively. We also

found that only CB Tregs with two cycles of polyclonal

stimulation expressed low levels of HLA-DR (Fig. 2b).

Baecher-Allan et al.32 demonstrated that HLA-DR expres-

sion on human CD4+ CD25high T cells identified a

functionally distinct population of Tregs that induced

early contact-dependent suppression that was associated

with high FoxP3 expression. In striking contrast, HLA-

DR) CD4+ CD25high Treg induced early IL-4 and IL-10

secretion and a late FoxP3-associated contact-dependent

suppression. Ashley and Baecher-Allan33 showed strong

T-cell receptor stimulation markedly increased the expres-

sion of GzmB in all dividing responder CD4 T cells and

mitigated the suppression by HLA-DR+ Tregs. The HLA-

DR+ Treg suppressive activity re-emerged if GzmB was

neutralized. Responder cells actively killed HLA-DR+

effector Tregs by producing GzmB in response to strong

T-cell receptor stimulation. Because we used third-party

Tregs in the suppression experiments and adoptive trans-

ferred human Tregs in the mouse model, the high expres-

sion of HLA-DR of ex vivo expanded Tregs may stimulate

the proliferation of Tresp at lower Treg : Tresp ratios

(Fig. 4) and be easily rejected by immune cells of mice in

vivo (Fig. 5d). The suppressive mechanisms of the

expanded human Tregs require further evaluation.

In summary, this study demonstrated that CD4+

CD25+ T cells from CB and CD4+ CD25+ CD127) T cells

from APB were efficiently expanded ex vivo with poly-

clonal or alloantigen stimulation. The expanded Tregs

from CB and APB remained anergic and displayed potent

suppressive functions. The CB Tregs expanded with two

cycles of polyclonal stimulation had better immunosup-
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pressive function than APB Tregs expanded by either

method. Adoptive transfer of ex vivo expanded human

Tregs alleviated the symptoms of aGVHD and markedly

prolonged survival time in aGVHD mice. As it is feasible

to obtain human functional alloantigen-specific Tregs

from CB and APB in large numbers, the ex vivo expan-

sion protocol described here will very probably increase

the success of clinical Treg-based immunotherapy.
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