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eneration of Dendritic Cells With Regulatory Properties

. Ureta, F. Osorio, J. Morales, M. Rosemblatt, M.R. Bono, and J.A. Fierro

ABSTRACT

Dendritic cells (DCs) are professional antigen presenting cells with the ability to induce
and regulate an immune response. DCs that capture and present antigen under nonin-
flammatory conditions maintain an immature phenotype and acquire tolerogenic properties.
These DCs generate regulatory T lymphocytes that potentiate tolerogenic responses. Here we
developed a method for the generation of immature murine DCs able to process and present
a specific antigen in a tolerogenic context. Immature DCs were prepared from bone marrow
precursors after differentiation with granulocyte-macrophage colony-stimulating factor (GM-
CSF) in the presence of vitamin D3 and characterized by their low expression of major
histocompatibility complex class (MHC) II and CD86 molecules. Purified phagosomes
containing either MHC II molecules or ovalbumin were used to deliver antigens to immature
DCs. More than 80% of the DCs captured the phagosomes, while maintaining a low
expression of maturation markers and showing basal levels of secretion of activating
cytokines such as interleukin (IL)-2 and IL-12. Treatment of the immature DCs with
lipopolysaccharides (LPS) increased IL-10 secretion, in agreement with their anti-
inflammatory and immune regulatory properties. Cocultures of transgenic OT-II T
lymphocytes with the immature DCs carrying OVA-phagosomes succeeded in generating
a subpopulation of regulatory T lymphocytes characterized by the expression of CD4,
CD25, CD62L, and Foxp3. Taken together, our results suggest that vitamin D3 generates
immune tolerance through the modulation of DC phenotype and could be useful to induce

tolerance to allotransplants.
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ENDRITIC CELLS (DCs) are antigen presenting
cells (APC) capable of generating an immune re-

ponse to foreign antigens or inducing tolerance to self-
ntigens. The maturation stage of DCs determines if it
romotes or suppresses a T-lymphocyte immune response.1

mmune stimulation is induced when DCs capture and
resent antigens to T cells in an inflammatory environment.
n the other hand, tolerance is induced when this process

ccurs in a noninflammatory environment in which DCs
emain at an immature state, expressing low costimulatory
olecules and secreting mainly inhibitory cytokines such as

nterleukin (IL)-10. In this stage, DCs can generate regu-
atory T lymphocytes that increase the tolerogenic response
y suppressing effector T-lymphocyte responses.2 Regula-
ory T cells are characterized by their expression of CD25
IL-2R �-chain), CD62L (L-selectin), and the transcription
actor Foxp3, a key gene in the development and function of
hese cells.3

The strong immune response generated via direct pre-

entation by donor APC of major histocompatibility com- L
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lex (MHC)/peptide complex to recipient T lymphocytes
nd indirect presentation of donor MHC II/peptide com-
lex by recipient APC are the main mechanisms causing
llograft rejection.4 An increasing number of researchers
re interested in developing new systems to promote spe-
ific tolerance to transplanted organs or to autoreactive T
ymphocytes provoking autoimmune disease. Therefore,
he production ex vivo or in vivo of immature DCs with
pecific tolerogenic properties may be useful in future
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mmunological interventions such as allograft transplanta-
ions.5

On the other hand, DCs internalize large particles and
xternal antigens in an endocytic compartment—the
hagosome—that contains plasma membrane proteins.6

ecently, the use of low-density latex beads has been
sed for the isolation of these organelles by flotation on a
imple sucrose gradient.7 Phagosomes isolated from DCs
ontain, among other molecules MHC II antigens and can
e used as molecular vehicles carrying antigens to cells
ndowed with phagocytic activity such as immature DCs.

The aim of this work was to establish experimental
onditions to induce antigen-specific tolerance in a
odel that could be useful to induce tolerance to allot-

ansplants. For this, we generated murine immature DCs
ith granulocyte-macrophage colony-stimulating factor

GM-CSF) and vitamin D3 in vitro. These cells were
apable of processing and presenting antigens delivered by
urified phagosomes. We demonstrate that phagosome-
harged immature DCs generate a population of regulatory

cells. The tolerogenic properties of these DCs are pres-
ntly being studied in mice skin and heart transplant
xperiments.

ATERIALS AND METHODS
ice and Reagents

e used 6- to 8-week-old C57BL/6 (H-2b), BALB/c (H-2d), and
T-II mice (TCR transgenic recognizing ovalbumin 323–339 pep-

ides in an H-2b context). Vitamin D3 (1�,25-dihydroxy vitamin
3), deep blue dyed latex beads, and purified lipopolysaccharide

LPS) were purchased from Sigma (St Louis, Mo, USA).

C Generation and Analysis

Cs were generated from bone marrow precursor cells extracted
rom tibias and femurs of C57BL/6 mice. Red blood cells were
ysed in a NH4Cl solution and the cells were cultured in a RPMI
lus 10% FCS medium, 50 �mol/L 2-mercaptoethanol, 50 �g/mL
entamycin, and 3% vol/vol of a supernatant obtained from the
558L cell line transfected with the GM-CSF murine gene (kindly
rovided by Dr A.M. Lennon-Duménil, Institut Curie, Paris,
rance). On days 2, 4, 6, and 8, 1 nmol/L vitamin D3 was added. On
ays 4 and 8, the cultures were fed with complete fresh medium.
fter 12 days, most of the cells stayed adherent and were

rypsinized for subsequent analysis and experiments. Nonadherent
ells were eliminated at this step. The DC phenotype was evaluated
y flow cytometry through the expression of CD86, CD11c, and
HC II molecules using a FACScan flow cytometer and CellQuest

oftware (BD Biosciences).

reparation and Analysis of Phagosomes

hagosomes were prepared from BALB/c bone marrow-derived
Cs cultured with 30% of J558L supernatant for 12 days. Adherent

nd nonadherent cells were used to obtain phagosomes as previ-
usly described.7 Phagocytosis of latex beads by DCs was carried
ut for 1 hour at 37°C and stopped by adding cold phosphate
uffered saline (PBS). Cells were lysed mechanically by passing
hem 10 times through a 22G needle. Phagosomes were obtained

rom lysed cells after ultracentrifugation at 100,000g for 1 hour at v
°C at the 25% to 8% interface of a discontinuous sucrose gradient.
ize and shape were determined via electron microscopy after
xing with 8% paraformaldehyde and 2% glutaraldehyde as previ-
usly described.8 To prepare phagosomes conjugated with OVA
rotein, latex beads were previously incubated for 12 hours at 4°C
ith 1 mg/mL OVA before purification as indicated above.
Phagosomes prepared from DCs were evaluated for the presence

f MHC II molecules by Western blot (SDS-PAGE 12%) using a
at anti-mouse IA-IE monoclonal antibody (BD Biosciences) as the
rimary antibody, followed by incubation with a mouse anti-rat Ig
Biosource), and finally with a goat anti-mouse HRP (Dako) as the
etection antibody. Proteins transferred to the nitrocellulose mem-
ranes were visualized using the ECL plus kit (Amersham Bio-
ciences AB, UK) following the manufacturer’s instructions.

OVA phagosomes were analyzed for their ability to activate
T-II TCR transgenic T lymphocytes after phagocytosis and

resentation by DCs.

hagocytosis Assays

hagosome uptake by DCs was determined after 24 hours using
ow cytometry and fluorescent microscopy. The phagosomes were
reviously labeled with 100 �mol/L DiIC18 for 20 minutes at 37°C
nd added to vitamin D3-treated DCs at 37°C. Control experiments
ere done at 4°C.

ytokine Measurement

L-2, IL-10, and IL-12 were detected under different conditions
sing a capture ELISA system (BD OptEIA mouse ELISA kit, BD
iosciences) following the manufacturer’s instructions.

-Cell Preparation and Coculture Experiments

aïve T lymphocytes were obtained from splenocytes of OT-II
ransgenic mice and depleted of APCs by using an anti-I-Ab

ntibody (KH74 clone) and MACS anti-mouse IgG immunomag-
etic beads (Miltenyi Biotec, Germany).
Naïve T cells (2 � 105 cells/well) were cocultured with vitamin

3-treated DCs loaded with OVA phagosomes (4 � 105 cells/well) for
days. CD4 T cells were analyzed by flow cytometry for the expression
f activation markers such as CD25, CD62L, CD44, and CD69.

everse Transcriptase-Polymerase Chain Reaction
or Foxp3

otal RNA was extracted from 4 � 106 transgenic OT-II T cells
ocultured for 4 days with vitamin D3-treated DCs. cDNA was
ynthesized at 42°C for 1 hour from 2 �g of total RNA using 500 ng
f oligo (dT), 2 U MMLV-RT buffer, 15 U RNAsin, and 0.5
mol/L dNTP. Foxp3 cDNA was amplified using 2 �L of reverse

ranscriptase (RT) reaction with the following polymerase chain
eaction (PCR) protocol: 2.5 minutes at 42°C, followed by 31 cycles
f 30 seconds at 94°C, 30 seconds at 57°C, and 30 seconds at 72°C,
nd 1 cycle of 10 minutes at 72°C. The primers used for the
etection of Foxp3 were: 5=-CAGCTGCCTACAGTGCCC-
TAG-3= (forward) and 5=-CATTTGCCAGCAGTGGGTAG-3=

reverse) as described by Hori et al.3 The �-actin gene was used to
ontrol the amount of cDNA used and was amplified by employing
he following protocol: 5 minutes at 94°C followed by 14 cycles of
0 seconds at 94°C, 45 seconds at 58°C, and 90 seconds at 72°C, and
cycle of 10 minutes at 72°C. The following primers were used:

=-AAATCGTGCGTGACATTAAGG-3= (forward) and 5=-CCG-
TCCACACGGAGTACTT-3= (reverse). The PCR products were
isualized in a 1.2% agarose gel.
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ESULTS
itamin D3 Treated DCs Have an Immature Phenotype

Cs were obtained from bone marrow-derived precursors
ifferentiated in the presence of GM-CSF with or without 1
mol/L vitamin D3. Cells obtained in the presence of
itamin D3 showed a homogeneous phenotype expressing
igh levels of the DC marker CD11c and lower levels of
HC II and costimulatory molecule CD86 compared with
Cs produced in the absence of vitamin D3 (Fig 1A). In

ddition, no detectable amounts of IL-2, IL-10, or IL-12
ere secreted by vitamin D3-generated DCs and control
Cs as determined by capture ELISA. However, upon

ctivation with LPS, vitamin D3-treated DCs secreted
igher levels of the inhibitory cytokine IL-10 and low levels
f activating IL-2 and IL-12 cytokines (Fig 1B) compared
ith control DCs.

oading of DCs With Allogeneic Phagosomes

hagosomes generated from bone marrow-derived DCs
rom BALB/c mice are approximately 1 �m in diameter and
pherical, as seen under the electron microscope (Fig 2A).
he presence of MHC II molecules on DC phagosomes has
een reported previously.9 The SDS stable MHC II (about
0 kDa) and the heavy chain of this complex (34 kDa) were
etected by Western blot (Fig 2B). When these phagosomes
ere added to vitamin D3-treated DCs from C57BL/6 and
ultured for 24 hours at 37°C, more-than 80% of allogeneic
hagosomes were taken up (Fig 2C,D). As expected, no
hagocytosis was seen at 4°C. Under this condition DCs
emained in an immature state, as seen by their low
xpression of MHC II and costimulatory molecules CD86
Fig 2D). Moreover, DCs that had taken up allogeneic
hagosomes maintained basal levels of cytokine secretion
nd only after LPS activation showed secretion of the
nhibitory cytokine IL-10 (Fig 2E).

nduction of Regulatory T Lymphocytes (Treg) by
mmature DCs

o evaluate the effect of vitamin D3-treated-DCs on T
ymphocytes, we evaluated the phenotype of the T cells
fter OT-II CD4� transgenic naïve T lymphocytes were
ocultured for 4 days with vitamin D3-treated DCs pre-
oaded with OVA phagosomes. Figure 3A shows that OT-II

Fig 1. Vitamin D3-treated den-
dritic cells (DCs) show an imma-
ture phenotype and Th2-type
cytokine secretion. (A) Flow
cytometric analysis of bone
marrow-derived DCs cultured
with or without vitamin D3. (B)
Cytokine secretion measured
by capture ELISA of DCs cul-
tured with or without vitamin D3,
and activated or not with LPS.
Vitamin D3-treated DCs showed
higher secretion of IL-10 and
lower levels of IL-2 and IL-12
compared with untreated DCs.

N/A � not activated.
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636 URETA, OSORIO, MORALES, ET AL
lymphocytes generated under these conditions maintain
heir naïve state, as seen by their high expression of CD62L
nd low expression of the early activation marker CD69.
owever, a small population of T cells expresses high levels

f CD25 and CD62L (11%), which correspond to a
-regulatory phenotype. Thus, immature DCs generated in

he presence of vitamin D3 and loaded with OVA phago-
omes are unable to induce T-cell activation but rather
enerate a small number of T cells with a regulatory
henotype.
Regulatory T lymphocytes are characterized by their

xpression of the transcription factor Foxp3. To confirm
hat the T cells generated in the above experiments repre-
ent a Treg population, we performed RT-PCR to detect
oxp3 mRNA in these cells. As seen in Fig 3B, OT-II T
ells cocultured with vitamin D3-treated DCs loaded with
VA phagosomes do express detectable levels of Foxp3
RNA. These results indicate that immature DCs loaded
ith OVA phagosomes have the ability to induce naïve T
ell to differentiate into a population of CD4�, CD25�,
D62L�, Foxp3� Treg population of cells.

ISCUSSION

n this study, we developed a protocol for the generation of
mmature DCs able to incorporate alloantigens such as
roteins from the MHC II or OVA without maturing. The
eneration of immature DCs with tolerogenic properties, as

ig 2. Dendritic cells (DCs)
ultured with vitamin D3 incor-
orate allogeneic phagosomes.

A) Electron microscopic slide
f purified phagosomes. (B)
estern blots of phagosomes

ontaining MHC II molecules.
table SDS MHC II (about 50
Da) and �-chain (34 kDa) are

abeled. C � control, P � phago-
omes. (C) Fluorescent micros-
opy of DCs loaded with
iIC18-labeled phagosomes. (D)
ACs analysis of DCs incu-
ated with DiIC18-labeled phago-
omes. Incorporation of phago-
omes did not induce DC
aturation. (E) Cytokine secre-

ion of DCs loaded with phago-
omes. Incorporation of phago-
omes by vitamin D3-treated
Cs did not change the cyto-
ine secretion pattern of these
ells. N/A � not activated.
etermined by their low expression of MHC II and costimu- p
atory CD86 molecule, may be of great importance in the
rea of transplant tolerance and in the treatment of auto-
mmune diseases. Here we showed that differentiation of

Cs from bone marrow precursors in the presence of
itamin D3 generated a population of DCs with character-
stics of immature cells. These cells have a pattern of
nhibitory cytokines, as seen by their high production of
L-10 and low secretion of IL-2 and IL-12. This is charac-
eristic of T-cell differentiation to T helper 2 (Th2) and
olerogenic responses.10,11

We further demonstrated that administration of alloan-
igen or an OVA peptide in the form of phagosomes to DCs
enerated in the presence of vitamin D3 preserved the
olerogenic properties of the DCs, as seen by their low
xpression of MHC II and CD86 and by the preservation of
heir inhibitory cytokine secretion pattern. It has been
escribed that antigen presentation by DCs in a noninflam-
atory context can generate a population of regulatory T

ymphocytes (Treg) capable of suppressing an immune
esponse instead of producing effector T lymphocytes.12

In this study, we demonstrated the generation of regula-
ory T cells from naïve T lymphocytes after coculture with
hagosome-loaded vitamin D3-treated immature DCs.
hese data suggested that these immature DCs are able to
hagocytose peptides delivered from phagosomes and to
rocess and present them to naïve T lymphocytes.
Most of the T cells exposed to DCs generated in the
resence of vitamin D3 and loaded with phagosomes re-
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GENERATION OF DC WITH REGULATORY PROPERTIES 637
ain in a naïve, probably anergic state, but most interest-
ngly, we found a small population of T cells that express the
reg-specific markers CD4�CD25�CD62L� and the tran-

cription factor Foxp3. Regulatory T lymphocytes have an
mportant role in transplants because they potentiate the
uppressive response against donor antigens.13

In conclusion, the use of immature DCs loaded with
hagosomes carrying specific donor-derived peptides may
ave important clinical implications as it would permit
elective expansion of specific regulatory T cells, thereby
enerating tolerance.11
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