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ransforming Growth Factor-� and All-Trans Retinoic
cid Generate Ex Vivo Transgenic Regulatory T Cells With

ntestinal Homing Receptors

. Moore, D. Sauma, J. Morales, M.R. Bono, M. Rosemblatt, and J.A. Fierro

ABSTRACT

CD4�CD25�Foxp3� regulatory T cells (Treg) mediate immunologic self-tolerance and
suppress immune responses. In the gut, a subset of dendritic cells is specialized to induce
Treg in a transforming growth factor-� (TGF-�)- and retinoic acid (RA)-dependent
manner. The aim of this study was to establish if RA synergizing with TGF-� induced
antigen specific CD4� CD25high Foxp3� Treg portraying gut homing receptors. Splenic
CD4�CD25� Foxp3� naïve T cells from DO11.10 mice were cocultured with splenic
CD11c� dendritic cells from Balb/c mice in the presence of TGF-�, RA, and low levels of
an antigenic peptide. After 5 days of culture, cells were analyzed for the expression of
Foxp3 and the gut homing receptors CCR9 and �4�7.

The number of Foxp3� T cells generated with TGF-� and RA was at least 3 times higher
than in the cultures with TGF-� alone and 15 times higher than in controls without
exogenous cytokines. Also, supplementation of the cultures with RA induced the
expression of the intestinal homing receptors CCR9 and �4�7. Our results showed that
coculture of naïve T cells with antigen-presenting cells in the presence of TGF-� and RA

represents a powerful approach to generate Treg with specific homing receptors.
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EGULATORY T CELLS (Treg) play a critical role to
inhibit deleterious responses against self-antigens.

arnessing Treg faculties for potential adoptive cell ther-
py is a promising approach to promote donor-specific
ransplant acceptance. Therefore, the generation of a sig-
ificant number of Treg would be highly desirable to
evelop therapies that achieve long-term transplantation
urvival. Foxp3� CD25�CD4� Treg produced in the thy-
us (natural Treg) can also differentiate from peripheral
oxp3�CD4� T cells.1 Splenic dendritic cells (DC) effi-
iently differentiate Foxp3� Treg from naïve T cells in the
resence of low doses of antigenic peptide. The addition of
ransforming growth factor-� (TGF-�) is necessary to dif-
erentiate Treg ex vivo, while exogenous interleukin (IL)-2
s not essential for the generation of Treg, since this
ytokine is produced endogenously by the T cells.2

Previous work has shown that the vitamin A metabolite,
etinoic acid (RA), enhances the expression of �4�7 and
CR9 on T cells upon activation imprinting with intestinal

ropism.3,4

The generation of Foxp3�CD25�CD4� using splenic DC

n the presence of TGF-� and RA, without exogenous IL-2, C
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as our goal to develop a strategy that would allow high
ields of Treg. The aim of this study was to generate TCR
ransgenic regulatory T cells with gut homing potential
nder conditions of low-peptide stimulation requiring only
he addition of exogenous TGF-� and RA.

ATERIALS AND METHODS
eneration of CD4�CD25�Foxp3� Cells

D4�CD25� T cells were obtained from 6- to 8-week-old
athogen-free, female DO11.10 mice and CD11c� cells were

solated from 6- to 8-week-old Balb/c mice.

From the Immunology Laboratory (C.M., D.S., M.R.B., M.R.),
aculty of Science, Universidad de Chile, Chile; Faculty of
iological Sciences (C.M., M.R.), Universidad Andrés Bello,
antiago, Chile; Transplantation Unit (J.M., J.A.F.), Clı́nica Las
ondes, Santiago, Chile; and Fundación Ciencia para la Vida

M.R.), Santiago, Chile.
Supported by Fondecyt grants 1060834, 1060253, 1080416,
niversidad Andres Bello grant DI-08-08/I and Clinica las Con-
es.
Address reprint request to Dr Juan Alberto Fierro, Clı́nica Las
ondes, Lo Fontecilla 441, Santiago, Chile. E-mail: afierro@clc.cl

© 2009 Published by Elsevier Inc.
360 Park Avenue South, New York, NY 10010-1710

Transplantation Proceedings, 41, 2670–2672 (2009)

mailto:afierro@clc.cl


M
G
w
c
N
s

A
p
c

F

T
a
a
(
a
C
S
(

R

F
c
e
a
d
n
a
(
1
n
o
a
C
e
c

g
C
t
o
C

F
f
c
w
o
e
o

TGF-� AND ALL-TRANS RETINOIC ACID 2671
CD4� CD25� T cells (�90%) were negatively selected by
ACS® beads from spleen cell suspensions (Miltenyi Biotech,
ladbach, Germany). Spleen CD11c� DC (�90%) were selected
ith anti-CD11c MACS beads. The purified T cells and DC were
ultured at a 1:1 ratio in 96-well plates (Corning Coster, Corning,
Y, USA) with or without exogenous TGF-� (2 ng/mL; eBio-

cience, San Diego, Calif, USA) and RA (10 nmol/L; Sigma

ig 1. Retinoic acid (RA) synergizes with transforming growth
actor-� (TGF-�) to induce Foxp3 expression in naive T cells
ultured with splenic dendritic cells (DC). Naïve T cells cultured
ith splenic DC were incubated in the presence or absence (NT)
f TGF-� and RA. At day 5, the cultures were analyzed for the
xpression of Foxp3 in CD4� T cells. The result is representative
f three independent experiments.
ldrich, St Louis, Mo, USA), in the presence of ovalbumin
eptide323–336 (0.03 �g/mL). Live cell numbers per culture were
ounted by trypan blue exclusion.

low Cytometry

o analyze the number of Treg generated after culture with TGF-�
nd RA, the cells were first stained with anti-CD4, then anti-CD25,
nd following fixation and permeabilization, with anti-Foxp3
eBioscience) or its isotype control. In parallel, cultured cells were
nalyzed for the expression of gut homing receptors using anti-
CR9 and anti-�4�7 antibodies (Becton Dickinson, Bioscience,
an Diego, Calif, USA). Cells were analyzed using a FACSCan
Becton Dickinson).

ESULTS

oxp3�CD25�CD4� T cells from DO11.10 mice were
ultured with spleen CD11c�-enriched DC, with or without
xogenous TGF-�, RA, and OVA peptide. At day 5, we
ssessed the percentage of Foxp3� T cells in the cultures,
etermining that spleen DC had efficiently differentiated
aive T cells into Foxp3� cells in the presence of TGF-�
nd low doses of OVA peptide, even in the absence of IL-2
Fig 1). In the presence of only TGF-�, we obtained 10% to
2% Foxp3� T cells. We also observed an increase in the
umber of Foxp3� regulatory T cells using the combination
f TGF-� and RA, where the yield of Foxp3� cells was
lways 30% to 35% of CD4� T cells. In contrast, Foxp3�

D25�CD4� T cells cultured in complete absence of
xogenous cytokines only expressed 1% to 2% Foxp3�

ells.
These Treg were further analyzed for their expression of

ut homing receptors CCR9 and �4�7. As shown in Fig 2,
CR9 and �4�7 were not expressed on T cells cultured in

he absence of exogenous cytokines or in the presence of
nly TGF-�. The inclusion of RA to the cultures enhanced
CR9 and �4�7 expression on T cells. These data agree

Fig 2. Retinoic acid (RA) induces
the expression of gut-homing re-
ceptors on regulatory T cells. Naïve
T cells cultured with splenic den-
dritic cells were incubated in the
presence or absence (NT) of trans-
forming growth factor-� (TGF-�)
and RA. At day 5, the cultures
were analyzed for the expres-
sion of CCR9 and �4�7 by flow
cytometry. The result is repre-
sentative of three independent

experiments.
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ith previous work showing that CCR9 and �4�7 expres-
ions are dependent on the presence of retinoic acid.

ISCUSSION

e used spleen DC, which show an immature phenotype at
teady state and contribute to deletional tolerance in the
eriphery. Under low levels of peptide stimulation and in
he presence of TGF-�, splenic DC induce Foxp3 in naïve

cells, but when RA was added to the cultures, the number
f cells that expressed Foxp3 increased substantially. The
ddition of exogenous IL-2 was not necessary to generate
oxp3� CD25�CD4� T cells.
Taken together, our data suggested that low levels of

timulation, RA, and TGF-� are necessary to induce

oxp3� T cells that have potential intestinal tropism. This i
trategy may provide a new approach to generate allospe-
ific Treg for organ transplantation.
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