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Introduction

Summary

Dendritic cells (DCs) play an important role in the clearance of apoptotic
cells. The removal of apoptotic cells leads to peripheral tolerance,
although their role is still not clear. We show that the uptake of apoptotic
thymocytes by DCs converts these cells into tolerogenic DCs resistant to
maturation by lipopolysaccharide, modulating the production of interleu-
kin-12 and up-regulating the expression of transforming growth factor-p;
latency associated peptide. We also observed that DCs pulsed with apop-
totic cells in the allogeneic context were more efficient in the expansion
of regulatory T cells (Tregs), and that this expansion requires contact
between DCs and the T cell. The Tregs sorted from in vitro culture sup-
pressed the proliferation of splenocytes in vitro in a specific and non-spe-
cific manner. In the in vivo model, the transfer of CD4" CD25  cells to
Nude mice induced autoimmunity, with cell infiltrate found in the stom-
ach, colon, liver and kidneys. The co-transfer of CD4" CD25~ and
CD4" CD25" prevented the presence of cell infiltrates in several organs
and increased the total cell count in lymph nodes. Our data indicate that
apoptotic cells have an important role in peripheral tolerance via induc-
tion of tolerogenic DCs and CD4" CD25" Foxp3™ cells that present regu-
latory functions.

Keywords: apoptosis; dendritic cells; Foxp3; peripheral tolerance; regula-
tory T cells

presenting antigens to T lymphocytes, an iDC is able to
induce the expansion of cells with regulatory properties

Dendritic cells (DCs) are cells specialized in antigen cap-
ture, processing and presentation to T lymphocytes, act-
ing as a connection between innate and adaptive
immunity. After interaction between DCs, Toll-like recep-
tors and their respective ligands, which are present in
microorganisms, these cells undergo maturation."?
Depending on the DC activation state, these cells are
able to activate T lymphocytes and elicit the immune
response. When in the steady state (immature dendritic
cells; iDC), they do not activate T lymphocytes in a classi-
cal way, which involves clone proliferation and produc-
tion of pro-inflammatory cytokines. Instead, when

such as regulatory T cells (Tregs).’

Dendritic cells comprise other mechanisms that con-
tribute to the maintenance of peripheral tolerance. Recent
published data indicate that DCs are crucial for the
induction and maintenance of tolerance to allogeneic
antigens and auto-antigens. Moreover, the antigen
presentation by DCs, which previously internalized an
apoptotic cell, leads to tolerance induction through mech-
anisms that are not entirely understood. There is evidence
that the internalization of apoptotic bodies renders
DCs immature, which may explain why apoptotic cells,
unlike necrotic cells, are unable to induce immune

Abbreviations: ALLO, allogeneic apoptotic cell; APO, apoptotic cell; DC, dendritic cell; Foxp3, gene forkhead box P3; GM-CSF,
granulocyte—macrophage colony-stimulating factor; iDC, immature dendritic cell; IL-10, interleukin-10; LAP, TGEF-f3;-latency
associated peptide; LPS, lipopolysaccharide; mDC, mature dendritic cell; RAG, recombination activating gene; SCID, severe
combined immunodeficiency; SYN, syngeneic apoptotic cell; TGF-f, transforming growth factor f5; Treg, regulatory T cell.

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 133, 123-132 123



T. B. da Costa et al.

responses.”” This inability to properly activate DCs may
be important for establishing peripheral tolerance to
auto-antigens.

The Tregs are known as essential for the control and
prevention of autoimmune diseases and for the mainte-
nance of self-tolerance. They constitutively express CD4,
CD25 [the alpha-chain of the interleukin-2 (IL-2) recep-
tor] and the transcription factor Foxp3.

Mice lacking either CD25 or Foxp3 succumb to a lym-
phoproliferative, autoimmune disease.® Several studies
have shown that Foxp3 is required for Tregs to exert their
suppressive ability and the ectopic expression of this tran-
scription factor by lymphoid and non-lymphoid cells is
able to confer suppressive function, so making Foxp3 a
critical regulator of Treg function.”™"!

The Tregs are anergic to T-cell receptor stimulation
in vitro, which means they do not proliferate upon activa-
tion.'” On the other hand, in vivo studies show that this
anergic state is not observed when these cells are trans-
ferred to a lymphopenic host. When CD4" CD25" cells
are transferred to Nude mice, recombinant activating
gene deficient (RAG™") mice and severe combined
immunodeficient (SCID) mice, they proliferate and popu-
late the lymphoid organs.'>'* This phenomenon is called
homeostatic proliferation and it is observed also when
effector cells (CD4" CD257) are transferred to the same
lymphopenic host.

The transfer of effector cells to the lymphopenic host
leads to the development of autoimmunity in several
organs, including autoimmune gastritis and colitis. Inter-
estingly, the co-transfer of CD4" CD25 and CD4"
CD25" is able to prevent the development of organ-spe-
cific autoimmunity.'*

It is known that the clearance of apoptotic cells is an
active process in the induction of peripheral tolerance.
One of the methods by which the apoptotic cell is able to
promote tolerance is by acting on DCs. There is evidence
that apoptotic cells have an immunosuppressive effect on
monocytes, leading to the production of IL-10 and
decreasing the release of pro-inflammatory cytokines such
as tumour necrosis factor-o, IL-1f and IL-12."

Some other groups showed that the phagocytosis of
apoptotic cells is able to modulate the expression of
co-stimulatory molecules rendering DCs immature and
resistant to maturation by lipopolysaccharide (LPS) and
other Toll-like receptor ligands.”” Previously, we asked
whether the apoptotic cells were able to induce the
expansion of cells with regulatory phenotype, which in
turn should induce peripheral tolerance. We found that
DCs pulsed with either allogeneic or syngeneic apoptotic
thymocytes induce cells with regulatory phenotype,
the allogeneic context being more efficient in that
expansion.'®

In this study, we show that DCs pulsed with allogeneic
apoptotic cells induce Tregs able to suppress the immune

response in vitro and in vivo, and in a specific and non-
specific manner.

Materials and methods

Mice

Six- to eight-week-old BALB/c (H-2d), C57BL/6 (H-2b),
BALB/c Nude and BALB/c DO11.10 female mice were
obtained from the Department of Immunology animal
facility at the University of Sao Paulo and kept in micro-
isolator cages under specific pathogen-free conditions.
Experiments were performed following the guidelines for
animal use and care approved by the Ethics Committee
on Animal Research from the Institute of Biomedical
Sciences of the University of Sao Paulo.

Generation of dendritic cells

Immature DCs were derived in vitro from bone marrow
cells as described by Inaba et al,** with some modifica-
tions. Briefly, bone marrow cells were removed from the
femurs of BALB/c mice and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) complete medium supple-
mented with 5% fetal bovine serum (Hyclone, Logan,
UT), 107° M 2-mercaptoethanol (Sigma Chemicals Co, St
Louis, MO) 2 mm L-glutamine, 1 mm sodium pyruvate,
0-1 mM non-essential amino acids and 100 pg/ml genta-
micin. All of these reagents were purchased from Life
Technologies (Grand Island, NY). Cells were cultured for
7 days in a six-well plate (Sarstedt, Newton, NC) at
2 x 10° cells/ml in a total volume of 5 ml/well with
10 ng/ml recombinant murine granulocyte-macrophage
colony-stimulating factor (rmGM-CSF). Murine rGM-
CSF was renewed on day 4 of culture. For DC matura-
tion, cells were stimulated on day 6 for 24 hr with 1 pg/
ml LPS.

Induction of apoptosis in thymocytes

Thymuses were obtained from 3-week-old C57BL/6 and
BALB/c female mice. A single cell suspension was prepared
and plated in six-well plates at a concentration of 107 cells/
ml. Cells were treated with 1077 M dexamethasone and kept
in a 37° 5% CO, incubator for 4 hr. Cells were washed with
DMEM and resuspended in complete culture medium. All
centrifugation was performed under 300 g to avoid con-
tamination of the apoptotic bodies with apoptotic blebs.
Apoptosis was assessed as in Marguti et al.'®

Dendritic cells and lymph node cell co-culture

Immature DCs or mature DCs (mDCs) from BALB/c
mice were cultured overnight in complete medium with
apoptotic thymocytes from C57BL/6 or BALB/c mice at a
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1:5 ratio (DCs : apoptotic cells). After the incubation
period thymocyte debris was harvested from the culture
by washing the cells with DMEM. The DCs were co-cul-
tured in complete medium with syngeneic lymph node
cells at a 1 : 5 ratio (DCs : lymph node cells) for 5 days.
At the end of the co-culture period, lymph node cells
were harvested with DMEM, washed once and character-
ized by flow cytometry. The same procedure was repeated
with the cultures being separated by transwell chambers
(Corning, NY).

Flow cytometry

Cells were incubated with anti-CD16/32 (Fc Block) for
30 min at 4° in PBS/3% fetal calf serum/0-01% sodium
azide (FACS buffer). Cells were labelled with fluorescent
antibodies against CD11c (phycoerythrin-conjugated; PE),
MHCII-I-Ad (FITC), CD80 (FITC), CD86 (FITC), CD40
(FITC), CD4 (Cy), CD25 (FITC), CD25 (PE), CD44
(PE), CTLA-4 (PE), CD69 (PE), CD122 (PE), GITR (PE),
CD62L (FITC), LAP (biotin) and Streptavidin (PE-Cy5)
(0-5 pg/10° cells). All these reagents were purchased from
Pharmingen BD (San Diego, CA). Cells were incubated
for 30 min at 4°, washed with 1 ml flow cytometry buffer
and resuspended in 300 pl of the same buffer used before
analysis. For the evaluation of Foxp3 expression, cells
were labelled with anti-CD4 (Cy) and anti-CD25 (FITC)
antibodies, fixed, permeabilized and labelled with anti-
Foxp3 (PE) antibody according to the manufacturer’s
instructions (‘PE anti-mouse/rat Foxp3 Staining Set’;
eBiosciences, San Diego, CA). Cells were analysed by flow
cytometry using FACScanto (BD, San Diego, CA) with
FrowJo software (Tree Star, Ashland, OR). For intracellu-
lar staining, DCs were incubated with medium with or
without apoptotic cells in the presence of brefeldin-A
(eBiosciences) for 10 hr to avoid cytokine secretion. After
treatment, the cells were stained with the surface markers
CD11c (allophycocyanin-conjugated) as described above,
fixed with Cytofix/Cytoperm (BD Biosciences, Franklin
Lakes, NJ) for 30 min, and incubated with polyclonal
anti-mouse antibody to IL-12p70 (PE), IL-17A (PE), or
IL-10 (PE) (BD Biosciences) for 30 min in Cytoperm buf-
fer (BD, San Diego, CA).

In vitro proliferation assay

The CD4" CD25" cells induced in vitro by iDCs pulsed
with allogeneic apoptotic cells (4 x 10* for the 1 : 5 ratio,
2 x 10" for the 1 : 10 ratio, 0-8 x 10* for the 1 : 25 ratio,
0-4 x 10* for the 1:50 ratio of Tregs : responder cells
per well in a U-bottomed 96-well plate) were sorted with
FACSvantage and cultured for 72 hr with BALB/c spleen
cells (20 x 10* per well) and C57BL/6 irradiated spleen
cells (20 x 10* for the 1:1 ratio, 40 x 10* for the 1: 2
and 1 : 4 ratio of responder : target cell).

Apoptotic cells in peripheral tolerance

Sorted CD4% CD25" cells (2-5 x 10* for the 1 : 5 ratio,
2 x 10* for the 1 : 10 ratio, 0-8 x 10* for the 1 : 25 ratio of
Tregs : responder cells per well in a U-bottomed 96-well
plate) expanded in vitro were cultured for 72 hr with BALB/
c spleen cells (125 x 10° for the 1 : 5 ratio, 2 X 10° for the
1:10 and 1 : 25 ratio of Tregs : responder cells per well)
and stimulated with «CD3 (0-5 pg/ml) (kindly provided by
Prof. Jodao Gustavo Pessini Amarante Mendes from the
Immunology Department of the University of Sao Paulo).
The same ratios of Tregs and responder cells were used for
the suppression of BALB/c DO11.10 spleen cells stimulated
with ovalbumin (50 pg/ml; Sigma Chemicals Co).

The proliferation was measured by the Cell Prolifera-
tion Biotrak ELISA (GE Healthcare Life Sciences, Buckin-
ghamshire, UK) and performed as described in the
manufacturer’s protocol.

In vivo suppression assay

The CD4" CD25" (0-2 x 10°) and CD4" CD25~ (0-8
10°) cells expanded in vitro were injected intravenously
by the ocular plex into 6-week-old female BALB/c
Nude mice. The animals were monitored for 12 weeks
for weight loss and then killed for the histological analy-
sis of the stomach, colon, liver and kidneys. Organs
were fixed with 10% formalin and processed for haemat-
oxylin & eosin staining. The spleen and lymph nodes
were harvested 12 weeks after cell transfer for total cell
count.

Statistical analysis

Data were presented as mean values £ SD. Student’s ¢-test
or analysis of variance with Tukey’s post-test were per-
formed using the GrapHPAD Prism 5.0 software (San Diego,
CA). Data were considered significant for P < 0-05.

Results

Intake of apoptotic cells renders DCs immature and
resistant to stimulation by LPS

To investigate the effect of apoptotic cells on DCs, we
incubated immature bone marrow DCs with apoptotic
thymocytes from syngeneic and allogeneic hosts and
evaluated the expression of co-stimulatory molecules.
Figure 1 shows that incubation with either syngeneic or
allogeneic apoptotic cells did not change the expression
pattern of the DCs’ co-stimulatory molecules such as
CD80, CD86, CD40 and MHC II. These finding
shows that before the co-culture with lymph node cells,
DCs pulsed with apoptotic thymocytes were still imma-
ture and remained in a tolerogenic condition even
when this was followed by stimulation by LPS for
24 hr (Fig. 1).
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Figure 1. Expression of co-stimulatory molecules on immature (iDCs) or mature (mDCs) dendritic cells incubated with allogeneic (ALLO) or
syngeneic (SYN) apoptotic thymocytes. Dendritic cells were generated from bone marrow cells of BALB/c mice with recombinant murine granu-
locytemacrophage colony-stimulating factor (rmGM-CSF), as described in the Material and methods. On day 6, cells (mDCs) were stimulated
with lipopolysaccharide (LPS) for 24 hr (1 pg/ml). On day 7, iDCs were incubated with allogeneic or syngeneic apoptotic cells overnight and
after the incubation iDCs were stimulated with LPS for another 24 hr (1 pg/ml). Cells were collected and evaluated for the expression of CD80,
CD86, CD40 and MHC II (gate on CD11c" cells). Solid line: iDCs and dotted line: sample of DCs. Data are representative of three independent
experiments. Numbers inside histograms represent MFI and percentage of gating.

alone or when pulsed with syngeneic apoptotic cells
(Fig. 2a). This high efficiency of the alloantigen was
observed regardless of the condition of Treg expansion
As reported previously by Marguti et al,'® iDCs pulsed (Fig. 2b). The percentage of CD4" CD25" Foxp3™ cells
with allogeneic apoptotic cells more efficiently induced found in the syngeneic expansion was similar to that
CD4" CD25" Foxp3" cells, when compared with iDCs found in lymph nodes of naive BALB/c mice, in this case

DCs pulsed with allogeneic apoptotic thymocytes
expand CD4" CD25" Foxp3™ cells

126 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 133, 123-132
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Figure 2. Expansion of CD4" CD25" Foxp3" cells after co-culture of lymph node cells (LNs) from naive mice with dendritic cells (DCs) pulsed
with allogeneic or syngeneic apoptotic thymocytes (ALLO or SYN). Immature DCs (iDCs) were incubated with apoptotic thymocytes at a 1: 5

(DC : apoptotic cell) ratio overnight. The DCs were co-cultured with syngeneic total LN cells for 5 days (1 : 5 DC : lymph node cell ratio). Cells
were collected and labelled with fluorescent antibodies for CD4, CD25 and Foxp3. Dot plot (a) and bar chart (b) presentation of
CD4" CD25" Foxp3™ cells and the same experiment in the presence of transwell chambers separating DCs and T lymphocytes (D) (gate on

CD4" cells). Lymph node cells alone and culture of iDCs with LN cells are presented as controls. Data are presented as mean + SD and represent
six independent experiments. *P < 0-05, **P < 0-005, #P < 0-005 for the comparison of both contexts.

used as controls. We also found that when expanded
in vitro, Tregs showed an activated phenotype with high
expression of activation markers such as CD44, CD69,
CD122 and CD62L (see Supplementary material, Fig. S1).
The transwell chambers used to isolate the co-culture of
DCs and lymph node cells almost abrogated the expres-
sion of Foxp3 in CD4" cells, indicating the requirement
for contact between the DCs and lymphocytes to induce
the expression of Foxp3 (ALLO TW and SYN TW in
Fig. 2a).

Phagocytosis of apoptotic cells leads to the
production of transforming growth factor-f
and modulates the production of IL-12

As previously reported by our group,'® the production of
IL-2 by iDCs pulsed with the alloantigen was five times
higher when compared with iDCs pulsed with syngeneic
apoptotic cells. To investigate the differential expansion
of Tregs by the syngeneic and allogeneic apoptotic cells,
we evaluated the production of cytokines by DCs by
intracellular staining. The production of IL-10 was
detected, although not significantly altered (IL-10 Fig. 3a).
The iDCs pulsed with apoptotic cells up-regulated the
expression of transforming growth factor (TGF-f,) -
latency associated peptide (LAP) which can infer higher
production and secretion of TGF-f (LAP; Fig. 3a,b),
which was also detected in the supernatant (see Supple-
mentary material, Fig. S2). We also found that the pro-
duction of IL-12 by LPS-stimulated DCs was strongly
inhibited by the phagocytosis of apoptotic cells in both
contexts (IL-12; Fig. 3a,c). Even though reported by some
studies, we could not find an IL-17-producing population

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 133, 123-132

of DCs after phagocytosis of apoptotic cells (data not
shown).

CD4" CD25" cells from in vitro culture are able to
suppress the immune response in vitro and in vivo

To assess the suppressive ability of the CD4" CD25" cells
from the in wvitro culture, we sorted CD4" CD25"
cells from the co-culture of with allogeneic apoptotic cells
pulsed iDCs (iDC + ALLO) and lymph node cells, and
performed in vitro and in vivo suppression assays. The
sorted CD4" CD25" cells were able to suppress the prolif-
eration of DOI11.10 splenocytes stimulated with ovalbu-
min (Fig. 4b) and BALB/c splenocytes stimulated with
aCD3 (Fig. 4c), at increasing ratios of Tregs : effector
cells. However, higher ratios of Tregs : effector cells were
unable to suppress the proliferation of the effector cells.
We also found that sorted CD4" CD25" cells were also
able to suppress the proliferation of BALB/c splenocytes
stimulated with C57BL/6 irradiated splenocytes at several
ratios of Tregs : effector cells, and of effector cells : target
cells (Fig. 4a). We observed that the suppression obtained
in the different assays did not depend on the production
of TGF-f, as no statistical difference was detected (data
not shown).

To evaluate the in vivo suppressor capacity of these
Tregs, we intravenously inoculated the ocular plexus of
Nude mice with sorted CD4" CD25" and CD4" CD25~
cells from the in vitro culture. Each group of mice was
monitored for the development of wasting disease. Twelve
weeks after the cell transfer, we observed that the Nude
mice that received only effector cells did not lose body
weight, presenting weight gain similar to the control

127



T. B. da Costa et al.

iDC ALLO

iDC SYN

mDC mDC ALLO mDC SYN

776

LAP

17.70 9-02 10-96

0-41 1.98

IL-10

2.21 1.37

IL-12 [

¥

6-04 1.62 2.91

(b) LAP
90

85+
80+

754

MFI

704

65+

60—

]
F © &S
& & o o
Q Q & N

© IL-12 DCs
8 -
6-
&
=
© 44
Q
)
B
2 -
O-
O O N O S NN
F LSS
<y & <y &
\Q N 6\0 N

Figure 3. Cytokine production by immature dendritic cells (iDC) or mature dendritic cells (mDCs) incubated or not with allogeneic or syngeneic

apoptotic thymocytes. Surface marker transforming growth factor-latency associated peptide (LAP) and intracell staining for interleukin-10 (IL-
10) and IL-12 (a) were performed as described in the Materials and methods. Statistic analysis on mean of fluorescence intensity of LAP (b) and

IL-12 production (c) were also performed. Results are presented as mean + SD and are representative of three independent experiments.

*P < 0-05 **P < 0-005.

group. The group that received both Tregs and effector
cells also gained weight just like the control group (data
not shown). Mice transferred with effector cells had more
cells in the lymph nodes, but not in the spleen (Fig. 4d,e).
In contrast, the group that received effector cells and
Tregs had fewer cells in the lymph nodes, but higher cell
counts in the spleen. The adoptive transfer of
CD4" CD25™ cells induced autoimmunity in several
organs of Nude mice. Histological evidence of autoim-
mune gastritis, colitis and cellular infiltrate in the kidneys
and liver was observed (Fig. 5b,e,h,k). However, the
group that received effector cells did not lose weight, a
typical symptom of colitis. Interestingly, the transfer of
CD4" CD25™ and CD4" CD25" cells prevented the infil-

tration of cells in the stomach, liver, kidneys and colon
(Fig. 5¢,£,1,1).

Discussion

In our previous study,'® we showed that iDCs pulsed with
allogeneic apoptotic cells and co-cultured with lymph
node cells were able to expand cells with regulatory phe-
notype. We also showed that either iDCs or mDCs pulsed
with syngeneic apoptotic cells were not as efficient in the
expansion of Tregs, when compared with the use of the
alloantigen. As discussed previously, the differential
expansion of cells with regulatory phenotype by the apop-
totic cells might be the result of the production of

128 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 133, 123-132
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Figure 4. CD4" CD25" cells, expanded by iDCs pulsed with allogeneic apoptotic cells(iDC+ALLO) and co-cultured with lymph node cells, were
isolated by flow cytometry sorting. (a) The sorted CD4" CD25" cells were added at different ratios (Treg: effector cell) to an mixed leukocyte
reaction (1 :5,1:10, 1:25and 1 : 50 ratios) BALB/c spleen cells (20 x 10* per well) and C57BL/6 irradiated spleen cells (1 : 1 ratio, 1 : 2 and
1 : 4 ratios of responder : target cell) for 72 hr. *P = 0-0124, ***P < 0-0001. Sorted Tregs and responder cells were used for the suppression of
BALB/c DO11.10 spleen cells stimulated with OVA (50 mg/mL) (b). and BALB/c stimulated with «CD3 (c) (1:5, 1 :10 and 1 : 25 ratios). Total
cell count in the lymph nodes (d) and spleen (e) of mice 12 weeks after the transfer of CD4" CD25" and/or CD4" CD25™ cells. *P < 0-05,

**P < 0-01. Data are representative of 3 independent experiments.

cytokines involved in the conversion of CD4" CD25~
Foxp3™ into CD4" CD25" Foxp3™ cells, such as IL-2 and
TGF-p.

Recent data showed that mixing contexts between DCs
and lymphocytes led to the conversion of CD4" cells into
regulatory T cells without the addition of exogenous cyto-
kines."” The expansion of Tregs in this case was depen-
dent on IL-2, as with this cytokine neutralized no
conversion was observed. In this same study, mDCs and
iDCs were equally efficient in the generation of Tregs,
which is not consistent with what is presented here. The
ability of mDCs in expanding Tregs has been shown in
mice,”> and there is evidence that the mDC-induced Treg
proliferation requires the addition of exogenous IL-2.'®
We also showed that Tregs expanded in vitro have an
activated phenotype, with high expression of activation
markers such as CD44, CD69, CD122 and CD62L. The
typical markers of Tregs CTLA-4 and GITR were also
highly expressed by the CD4" CD25" cells, which is con-
sistent with the concept that Tregs, even when naive, have
the same phenotype of an activated cell.'®'*'*

The internalization of apoptotic cells was able to confer
on DCs resistance to maturation by LPS, a phenomenon

that occurs in tolerogenic DCs. Unlike necrotic cells,
apoptotic cells are known to be incapable of inducing DC
maturation,>?! although some studies show the opposite
effect in which apoptotic blebs, derived from apoptotic
cells, induce DC maturation.”” Interleukin-12 is an
important cytokine involved in the development of
acquired immunity playing a role in inducing the Thl
subtype of lymphocytes.”> As a pro-inflammatory cyto-
kine, high amounts of IL-12 can exacerbate autoimmune
processes such as multiple sclerosis in mice®* and its pro-
duction and secretion can be stimulated by the activation
of DCs and macrophages by bacterial compounds such as
LPS. Our results show a role of the apoptotic cells in
modulating IL-12-producing cells, decreasing their per-
centage after stimulation with LPS. It has been shown
that LPS-stimulated macrophages pulsed with apoptotic
cells decrease the production of p35 IL-12 mRNA,* and
here we show that this inhibition is also valid for DCs,
even if just for intracellular staining.

In our study, by rendering the DCs immature and
resistant to maturation, apoptotic cells are able to induce
tolerance by the expansion of cells with regulatory pheno-
type, such as Tregs expanded in vitro. It has been shown
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Figure 5. Histological analysis of the stomach, colon, liver and kidneys of Nude mice 12 weeks after the transfer of CD4" CD25" and/or
CD4" CD25™ expanded in vitro. (a), (b) and (c) show histological analysis of the stomach of mice that received PBS (a), CD4" CD25~ (b)
CD4" CD25™ and CD4" CD25" (c). (d), (e), and (f) show histological analysis of the colon of mice that received PBS (d), CD4" CD25~ (e)
CD4" CD25™ and CD4" CD25" (f). (g), (h), and (i) show histological analysis of the liver of mice that received PBS (g), CD4" CD25~ (h)
CD4" CD25™ and CD4" CD25" (i). (j), (k), and (1) show histological analysis of the kidneys of mice that received PBS (j), CD4" CD25 (k)

CD4" CD25™ and CD4* CD25" (1). Original magnification x 200.

that DCs pulsed with apoptotic DCs are able to expand
CD4" Foxp3" cells with regulatory properties.”>*’ Here
we used apoptotic thymocytes instead of apoptotic DCs.
The absence of DC maturation upon phagocytosis of
apoptotic cells and induction of cells with regulatory
properties were also observed. There is evidence that DC
interaction with the phosphatidylserine from the apopto-
tic cells induces the production of TGF—ﬁl,28 and modu-
lates the maturation of human DCs,* probably increasing
the population of CD4" CD25" Foxp3" cells. However,
the use of splenocytes as apoptotic cells to feed DCs does
not increase the induction of Tregs in vitro. This suggests
that not only the phosphatidylserine but also the cell type
are responsible for tolerance induction.”® In fact, some

studies have shown that the interaction with DCs is not
sufficient to induce production of TGF-$;.*°~' In our
case, the production of TGF-f alone was not enough to
convert Foxp3~ into Foxp3" cells, once the transwell
chambers abrogated contact between DCs and T lympho-
cytes, but allowed the cytokines to pass through the
membrane. These results suggest that membrane-bound
TGF-f, in LAP* DCs, could play a crucial role in induc-
ing the expression of Foxp3 and the expansion of regula-
tory T cells.

The Tregs induced by the alloantigen-pulsed DCs were
able to modulate the proliferation of splenocytes in vitro
in both specific and non-specific suppression assays. In
the specific suppression assay the higher suppression was
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observed when effector cells highly outnumbered Tregs
(1:25and 1:50 of Treg : effector cell ratio). This result
contrasts with several studies showing that Tregs are more
suppressive in the lower ratios of Tregs : effector
cells.>1%%2 Here, this was observed when Tregs were
added to the polyclonal and DO11.10 suppression assays.
In these assays, the proliferation of the splenocytes was
restored when the Treg : effector cell ratio was raised.
The production of TGF-f does not seem to be the mech-
anism through which Tregs exert their suppressive effect.
As reported, the suppression mechanisms of human and
murine Tregs might not be mediated by TGF-f because
of the requirement for cell contact and the failure to
reverse suppression with neutralizing anti-TGE-B.'*?*7>

The inoculation of cells from spleen and lymph node
depleted of CD4" CD25" into lymphopenic mice is able
to induce autoimmunity in several organs, as reported
by various authors.'>'* In our model, the CD4" CD25~
cells induced cell infiltrate in several organs and the
co-transfer of CD4" CD25" cells prevented the induc-
tion of autoimmunity in the stomach, colon, liver and
kidneys. Protection from inflammatory bowel disease
has been a well-known function of Tregs and this effect
is dependent on the production of IL-10,**® but not
on TGF-B.* Also, the co-transfer of Tregs impaired the
proliferation of cells in the lymph nodes of athymic
Nude mice, which is consistent with reports of Tregs
blocking the homeostatic proliferation of activated
cells.””

Nude mice that received CD4" CD25" cells had a total
cell count in the spleen similar to control mice, whereas
mice that received both Tregs and effector cells had an
increase in total cell count. This phenomenon is consis-
tent with reports of retention of pathogenic T cells in the
spleen of mice transferred with Tregs and effector
cells,’®>? suggesting that Tregs may act not only by block-
ing the proliferation of pathogenic T-cell clones but also
by keeping these cells inside the lymphoid organs, which
impairs their migration to target organs and the develop-
ment of autoimmune disease. The impaired proliferation
in both lymph nodes and spleen might be a mechanism
by which the Tregs exert their function in vivo, by pre-
venting the proliferation of potential pathogenic cells
both in lymphoid organs and sites of inflammation.

In all mice transferred with either effector cells or
Tregs and effector cells, the weight gain was similar. The
development of gastritis and colitis in mice that received
CD4" CD25™ cells was not capable of changing the
weight gain of these animals, the gain being similar to
that in control and Treg-treated mice. Itoh et al.'?
reported the same results with Nude mice transferred
with CD4" CD25 cells, which showed no difference in
body weight gain. In other models of autoimmunity
induction using lymphopenic mice such as RAG™~ and
SCID mice, the transfer of cells with no apparent regula-

Apoptotic cells in peripheral tolerance

tory activity led to at least colitis and body weight
loss, 12:37:40-44

Altogether, the data presented in this work can eluci-
date some of the mechanisms by which dendritic cells
and apoptotic cells are able to induce tolerance and be
part of the process of peripheral tolerance. These results
may contribute to the development of a new therapeutic
approach in transplantation tolerance, and prevention or
treatment of autoimmune diseases.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Immature dendritic cells (DCs) were incu-
bated with allogeneic apoptotic thymocytes at a 1:5
(DCs : apoptotic cells) ratio for 18 hr. DCs were co-cul-
tured with syngeneic total lymph node cells for 5 days
(1:5 DC:lymph-node cell ratio). Cells were collected
and labelled with fluorescent antibodies for CD4, CD25,
Foxp3 CD122, CD69, CD44, CTLA-4, GITR and CD62L
(gate on CD4" cells).

Figure S2. Cytokine analysis in the supernatants of
immature iDC or mDC and the same cells incubated with
allogeneic or syngeneic apoptotic thymocytes. Superna-
tants were harvested and the production of transforming
growth factor-f§ (TGF-f) was measured in triplicate of
each experimental condition. Results are presented in
mean + SD and are representative of three independent
experiments. ***P < 0-0005.
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