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Summary

Macrophages and dendritic cells (DCs) in murine spleen are essential for

the maintenance of immune homeostasis by elimination of blood-borne

foreign particles and organisms. It has been reported that splenic DCs, espe-

cially CD8a+ CD103+ DCs, are responsible for tolerance to apoptosis-asso-

ciated antigens. However, the molecular mechanism by which these DCs

maintain immune homeostasis by blood-borne apoptotic cell clearance

remains elusive. Here, we found that the CCL22/CCR4 axis played a critical

role in the maintenance of immune homeostasis during apoptotic cell

clearance by splenic CD8a+ CD103+ DCs. The present results revealed that

systemic administration of apoptotic cells rapidly induced a large number

of CCL22 and CCR4+ regulatory T (Treg) cells in the spleen of C57BL/6J

mice. Further study demonstrated that CD8a+ CD103+ DCs dominantly

produce much higher CCL22 than CD8a+ CD103� DCs. Moreover, the

transient deletion of CD8a+ CD103+ DCs caused a decrease in CCL22 levels

together with CCR4+ Treg cell percentage. Subsequently, the levels of some

pro-inflammatory cytokines, such as interleukin-17 and interferon-c in the

spleen with the absence of CD8a+ CD103+ DCs increased in response to the

administration of apoptotic cells. Hence, intravenous injection of apoptotic

cells induced a subsequent increase in CCL22 expression and CCR4+ Treg

cells, which contribute to the maintenance of immune homeostasis at least

partially by splenic CD8a+ CD103+ DCs.

Keywords: CCL22; CCR4+ regulatory T cells; CD8a+ CD103+ dendritic
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Introduction

In multicellular organisms, unnecessary or harmful cells

are eliminated by apoptotic cell death.1 After undergoing

apoptosis, cell corpses are rapidly recognized and phago-

cytosed by phagocytes, such as macrophages and den-

dritic cells (DCs). The phagocytes could engulf the dying

cells via eat-me signals, such as phosphatidylserine on

dying cells and receptors such as T-cell immunoglobulin

mucin molecule (Tim4) and scavenger receptor type F

family member 1 (Scarf1) for the eat-me signals on

phagocytes.2,3 Inhibition or absence of these molecular

functions in vivo causes failure of apoptotic cell clearance

and subsequent high levels of autoantibodies, even

autoimmune diseases, such as rheumatoid arthritis.4,5

Apoptotic cell clearance by phagocytes is essential for

maintenance of immune homeostasis under physiological

conditions, and the impaired clearance of apoptotic cells

is, at least partly, responsible for the aetiology of autoim-

mune diseases.

Macrophages and DCs play vital roles in engulfing the

apoptotic cells through intravenous injection. The apop-

totic cells injected intravenously can be swiftly phagocy-

tosed by CD169+ macrophages, which are located in the

Abbreviations: CytC, cytochrome C; DCs, dendritic cells; MZ, marginal metallophilic zone; NOD, non-obese diabetic; Treg cells,
regulatory T cells
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splenic marginal metallophilic zone (MZ).6 Moreover,

depletion of CD169+ macrophages will cause the failure

of apoptotic cell-mediated tolerance and accelerated dis-

eases in mouse models of systemic lupus erythematosus

and experimental autoimmune encephalomyelitis.6,7

Splenic DCs rapidly engulf the blood-borne apoptotic

cells, especially in the absence of CD169+ macrophages.

In addition, our previous data indicated that

CD8a+ CD103+ DCs in splenic MZ were responsible for

blood-borne apoptotic cell clearance.8 It has been revealed

that CD8a+ DCs could induce regulatory T (Treg) cell

differentiation from naive CD4+ T-cell precursors;9–11

however, the precise mechanisms of apoptotic cell-

mediated Treg accumulation by splenic CD8a+ CD103+

DCs remain elusive.

The role of Treg cells in the maintenance of immune

homeostasis by apoptotic cell clearance has been exten-

sively explored.12,13 The presentation of apoptotic cell-

associated antigens by antigen-presenting cells in thymus

or peripheral tissues leads to T-cell anergy or deletion of

self-reactive T cells during normal tissue turnover.14–16 It

has been revealed that the expansion of Treg cells is

induced after apoptotic cell exposure in a transforming

growth factor-b (TGF-b) -dependent manner. Moreover,

expansion of Treg cells is involved in the protective effect

of donor apoptotic splenocyte administration on occur-

rence of acute graft-versus-host disease.12,17 However, the

key cellular and molecular mechanisms by which the Treg

cells play roles to promote apoptotic cell-mediated

immune homeostasis must still be clarified.

CC motif chemokines have been reported to mediate

the recruitment of Treg cells to establish a suppressive

microenvironment. In particular, CCL22-mediated Treg

cell recruitment is CCR4-dependent and confers a long-

term protection from autoimmune diabetes in non-obese

diabetic (NOD) mice.18,19 CCL22/CCR4-mediated Treg

cell accumulation in tumours leads to an adverse clinical

outcome. Moreover, recent findings showed decreased

levels of serum CCL22 in patients with multiple sclerosis

and a rapid production of CCL22 in CD169+ macro-

phages after systemic challenge with apoptotic cells.20,21

All of these data strongly promote us to hypothesize that

CCL22 is involved in the maintenance of immune home-

ostasis during apoptotic cell clearance by CD8a+ CD103+

DCs.

In the present study, we mainly investigated the role

played by the CCL22/CCR4 axis in the maintenance of

immune homeostasis during apoptotic cell clearance by

splenic CD8a+ CD103+ DCs. The results revealed that

systemic administration of apoptotic cells rapidly induced

a significant increase in CCL22 expression and the per-

centage of CCR4+ Treg cells in the spleen. Further study

showed that splenic CD8a+ CD103+ DCs dominantly

produce higher levels of CCL22 than CD8a+ CD103�

DCs. Meanwhile, the transient deletion of CD8a+ CD103+

DCs by cytochrome C (CytC) resulted in significantly

lower CCL22 production and CCR4+ Treg cell percentage

decrease. Subsequently, the expression of pro-inflamma-

tory cytokines, such as interleukin-17 (IL-17) and inter-

feron-c (IFN-c), increased due to the deletion of

CD8a+ CD103+ DCs. These results demonstrate that

CCL22 and CCR4+ Treg cells play a critical role in the

maintenance of immune homeostasis for blood-borne

apoptotic cell clearance, at least partially, by splenic

CD8a+ CD103+ DCs.

Materials and methods

Mice

C57BL/6J mice were originally purchased from Vital River

Laboratories (Beijing, China). All mice were housed at a

constant temperature (24°) in a 12-hr dark/12-hr light-

cycle room in Shandong University Medical School

Animal Care Facility, according to institutional guidelines.

All mice used in the experiments were female 8- to 12-

week-old animals unless otherwise noted. All experiments

using mice described herein were approved by the Animal

Care and Utilization Committee of Shandong University

and were performed in accordance with applicable guide-

lines and regulations.

Apoptotic cell preparation and cell isolation

Thymocytes were obtained from C57BL/6J mice 5–
6 weeks of age. Apoptosis of thymocytes was induced by

40 J/m2 UV radiation exposure using UV cross-linker

(UVP Inc., Upland, CA) followed by incubation at 37° in

RPMI-1640 with 10% fetal calf serum for 12 hr. The UV-

radiated cells were stained by using the Annexin V-FITC

Apoptosis Detection Kit (Beyotime, Haimen, China) for

detection of the percentage of apoptotic cells. The indi-

cated numbers of apoptotic cells in 200 ll of PBS were

intravenously injected into mice through the tail vein.

Spleens were obtained at various time-points after the

injection and flushed with 100 mU/ml collagenase D

(Roche, Basel, Switzerland), teased apart with fine forceps,

and digested with 400 mU/ml collagenase D for 15 min

at 37°. After digestion, splenic DCs and T cells were

enriched by MACS sorting with anti-CD11c microbeads

or anti-CD4 microbeads (Miltenyi Biotec, Bergisch

Gladbach, Germany), respectively, for the following

experiments.

RNA isolation and quantitative real-time RT-PCR

Total RNA was extracted from control mice and apopto-

tic cells injected mice using an HP total RNA kit (Omega

Bio-Tek, Norcross, GA), according to the manufacturer’s

instructions. RNA isolation from MACS-enriched splenic
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DCs, T cells and FACS-sorted cells was performed using

Trizol Reagent (Invitrogen, Carlsbad, CA). The total RNA

was reverse transcribed into cDNA using the ReverTra

Ace qPCR RT kit (Toyobo, Osaka, Japan) according to

the manufacturer’s instructions. One microlitre of cDNA

was used for quantitative real-time PCR performed with

SYBR green PCR master mix (Toyobo) according to the

manufacturer’s instructions and specific primer pairs. The

following primers were used for mouse: CCL22, CAGG-

CAGGTCTGGGTGAA (sense) and TAAAGGTGGCGTC

GTTGG (antisense); CCL3, GGCATTCAGTTCCAGGTCA

G (sense) and TCCCAGCCAGGTGTCATTT (antisense);

IFN-c, CTGAGACAATGAACGCTACACA (sense) and

TTTCTTCCACATCTATGCCACT (antisense); IL-4, CGA

GGTCACAGGAGAAGGG (sense) and CACCTTGGAAGC

CCTACAGA (antisense); IL-17, CTCCAGAAGGCCCT-

CAGACTAC (sense) and AGCTTTCCCTCCGCATTGAC

ACAG (antisense); TGF-b, GGACTCTCCACCTGCAAGA
C (sense) and GACTGGCGAGCCTTAGTTTG (an-

tisense); IL-10, CCAAGCCTTATCGGAAATGA (sense)

and TTTTCACAGGGGAGAAATCG (antisense); ROR-cT,
CTGGGATCCACTACGGGT (sense) and GCTGGTTCGG

TCAATGGG (antisense); GATA-3, CTCGGCCATTCGTA

CATGGAA (sense) and GGATACCTCTGCACCGTAGC

(antisense); T-bet, AGCAAGGACGGCGAATGTT (sense)

and GGGTGGACATATAAGCGGTTC (antisense); Foxp3,

GGCAGTTCAGGACGAGGG (sense) and GGTTCTTGT

CAGAGGCA (antisense); b-actin, TGCGTGACATCAAA-
GAGAAG (sense) and TCCATACCCAAGAAGGAAGG

(antisense). The mRNA expression was calculated by the

MMCt-method and depicted as relative expression of

target genes to an endogenous reference gene actin in

control groups.

Immunohistochemistry

Spleens were obtained from mice treated with or without

apoptotic cell injection and frozen in Tissue Tek O.C.T.

Compound (Sakura, Tokyo, Japan) at �80°. 5-lm
cryosections of the spleens were fixed in 4%

paraformaldehyde and blocked with 10% normal goat

sera for 45 min. Slides were incubated with FITC-conju-

gated anti-mouse-CCL22 (Biolegend, San Diego, CA) at

4° overnight. The sections were counterstained with 4,6-

diamidino-2-phenylindole, mounted with FluorSave (Cal-

biochem, Darmstadt, Germany), and observed by fluores-

cence microscopy (Nikon, Tokyo, Japan) and analysed

using NIS-ELEMENTS BR 3.2.

Western blotting

The proteins from splenocytes and splenic CD4+ T cells

separated by MACS were extracted using cell lysis buffer

(Beyotime) with PMSF (Beyotime). The protein concen-

tration of the cell lysates was determined using a BCA

Protein Assay Kit and equal amounts (15 lg) of protein

were separated on 10% SDS–PAGE and then transferred

onto PVDF membranes. Membranes were then blocked

with 2% BSA in Tris-buffered saline with Tween (TBST)

containing 0�1% Tween-20 for 1 hr. Membranes were

probed overnight at 4° with the primary antibodies of

rabbit monoclonal antibodies anti-mouse Foxp3 (Sangon

Biotech, Shanghai, China), or anti-mouse b-actin, fol-

lowed by anti-rabbit IgG antibodies (Sangon Biotech)

conjugated with peroxidase for 1 hr at room temperature.

After washing, the protein bands were visualized using

the enhanced chemiluminescence method according to

the manufacturer’s instructions (KangWei Biotech, Bei-

jing, China). Western blotting was performed at least

three times for each sample.

Cell migration assay

The chemotactic ability of CCL22 in vitro was assessed by

using a 5-lm pore transwell system (Corning, Corning,

NY). Then, 5 9 105 splenocytes or splenic CD4+ T cells

from control or mice challenged with apoptotic cells were

applied in the upper chambers of the transwell, and

500 ll of RPMI supplemented with or without 100–
1000 pg/ml CCL22 (Peprotech, Rocky Hill, NJ) and/or

anti-CCL22 antibody was applied in the lower chambers

to promote migration. After 5 hr, the migrated cells in

the lower chambers were counted or stained with anti-

bodies for CD4, CD25, FoxP3, or CCR4 for flow cytome-

try analysis as described below.

Flow cytometry

Splenocytes from control or apoptotic cell-challenged

mice were incubated with Fc blocker (clone 93; Biole-

gend) for 10 min at 4°, and then stained with antibodies

for the indicated surface molecular. Anti-CD4 (GK1.5),

anti-CD25 (3C-7), anti-CD8a (53-6.7), anti-CD11c

(N418) and anti-CCR4 (2G-12), antibodies were pur-

chased from Biolegend, anti-CD11b (M1/70), anti-CD103

(M290) were obtained from BD Biosciences (San Jose,

CA). Intracellular staining for anti-Foxp3 (MF-14; Biole-

gend) was performed according to the manufacturer’s

instructions. Cells were acquired by FACS Aria 3 (BD

Biosciences, San Jose, CA) and analysed by FLOWJO soft-

ware version 8�8�7 (Tree Star, Ashland, OR).

To perform gene expression of CCL22 and CCL3in

CD8a+ CD103+ DCs, CD8a+ CD103� DCs and

CD8a� CD103� DCs, splenic DCs were enriched from

C57BL/6J mice, stained with fluorescence labels for CD8a
and CD103 antibodies and sorted by FACSAria3 (BD

Biosciences). Quantitative PCR analysis was performed as

described above.
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ELISA

For analysis of CCL22 production, the splenocytes,

MACS-isolated splenic DCs and T cells from control mice

and mice challenged with apoptotic cells or live cells were

cultured in RPMI-1640 with 10% fetal calf serum for

24 hr. The supernatants were harvested and used for

detection of CCL22 production. The concentrations were

measured by ELISA (Peprotech) according to the manu-

facturer’s protocols.

Statistical analysis

Paired, two-tailed Student t-test was performed by using

GraphPad Prism 5.0 software (GraphPad software, San

Diego, CA) in all experiments. Data are presented as the

mean � SEM. A P-value < 0�05 was considered signifi-

cant.

Results

CCL22 expression of splenic DCs increased in mice
receiving apoptotic cell injection

It has been reported that CCL22 plays an important role

in Treg cell recruitment to protect against autoimmune

diseases, such as NOD and multiple sclerosis.18,19 There-

fore, we first examined whether CCL22 levels changed

after systemic administration of apoptotic cells using our

system (Fig. 1a; see Supplementary material, Fig. S1). The

results showed that mRNA expression of CCL22 in the

spleen increased rapidly 6 hr after apoptotic thymocyte

injection, which is supported by other similar results.21

Moreover, a 24-fold increase of CCL22 mRNA was

detected 12 hr after apoptotic cell injection, whereas

apoptotic cells did not induce significant expression of

CCL3 (Fig. 1a) a chemokine involved in activation and

recruitment of lymphocytes during acute inflammation.22

In addition, we also detected CCL22 expression using

immunofluorescence analysis with CCL22 antibody on

the spleen frozen sections. The secretion of CCL22 in the

spleen challenged with apoptotic cells was higher than

that of controls (Fig. 1b).

Splenic DCs have been reported to be a major source

of macrophage-derived chemokine CCL2223, and are

responsible for phagocytosis of apoptotic cells.24,25 For

this reason, we next examined whether splenic DCs from

apoptotic-cell-injected mice could secrete higher levels of

CCL22 than naive DCs. Splenic CD11c+ DCs were iso-

lated from apoptotic-cell-injected mice, and the mRNAs

and culture supernatants were used to detect CCL22

expression. Quantitative PCR analysis showed that CCL22

mRNA in splenic DCs increased significantly due to

apoptotic cell exposure than naive DCs (Fig. 1c). Also,

the CCL22 protein in the supernatants of splenic DCs

from apoptotic-cell-challenged mice was higher than in

controls. However, the secretion of CCL22 by splenic

CD4+ T cells from untreated mice was low and there was

no significant change upon apoptotic cell administration

even when stimulated with TGF-b (Fig. 1d). Splenic DCs

did not secrete higher CCL22 protein after live cell chal-

lenge (see Supplementary material, Fig. S2). To show the

direct link between apoptotic cell phagocytosis, the co-

culture experiment of CD11c+ DCs and apoptotic cells

was performed. The result showed (Fig. 1e) that the

CD11c+ DCs from mice without apoptotic cell injection

did not produce higher CCL22 levels when co-cultured

with apoptotic cells in vitro, but the CD11c+ DCs from

mice receiving apoptotic cell injection produced higher

CCL22 levels when co-cultured with apoptotic cells. The

result suggested that the microenvironment in mice

receiving apoptotic cells is necessary for production of

CCL22 after apoptotic cell injection. Taken together, it is

indicated that splenic DCs produced higher levels of

CCL22 in mice receiving apoptotic cell injection.

Splenic CD8a+ CD103+ DCs dominantly secrete
CCL22

Our previous data has shown that splenic CD8a+ CD103+

DCs dominantly phagocytose blood-borne apoptotic cells

and induce immune tolerance to apoptotic cell-associated

antigens.8 Then, we detected the levels of CCL22 by splenic

DCs with selective deletion of CD8a+ CD103+ DCs by use

of intravenous CytC injection. It has been reported that sple-

nic CD8a+ CD103+ DCs would be transiently deleted by use

of CytC injection,8,26 and our results (Fig. 2a; see Supple-

mentary material, Fig. S3) also showed that CytC injection

caused selective deletion of splenic CD8a+ CD103+ DCs.

Meanwhile, CCL22 production by total CD11c+ DCs was

severely limited by the deletion of CD8a+ CD103+ DCs in

the spleen (Fig. 2b). In addition, the secretion of CCL22 did

not increase in splenic DCs after CD8a+ CD103+ DC dele-

tion, even with apoptotic cell exposure (Fig. 2c). Similar

limitation of CCL22 secretion was also observed using

immunofluorescence histochemical analysis (Fig. 2d). Taken

together, the results indicated that splenic CD8a+ CD103+

DCs are important producers of CCL22 in the process of

blood-borne apoptotic cell clearance.

To confirm whether CD8a+ CD103+ DCs are the dom-

inant DC subset to secrete CCL22 in the spleen, we fur-

ther compared CCL22 expression in FACS-sorted cell

subsets: CD8a+ CD103+ DCs, CD8a+ CD103� DCs and

CD8a� CD103� DCs by using FACSAria 3. It was shown

that relatively larger amounts of CCL22 were expressed

by CD8a+ CD103+ DCs than by CD8a+ CD103� DCs

and CD8a+ CD103� DCs. However, CD8a+ CD103+

DCs express lower levels of CCL3 than CD8a+ CD103�

DCs (Fig. 2e). The results clearly demonstrated that

CD8a+ CD103+ DCs were the dominant source of CCL22

in the splenic DCs. Moreover, further analysis of the
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microarray data published in 2009 (see Supplementary

material, Fig. S4; ref. 8) showed that CD8a+ CD103+ DCs

produced a higher CCL22 mRNA level than CD8a+

CD103+ DCs. Therefore, these data indicated that apop-

totic cell engulfment by CD8a+ CD103+ DCs is directly

responsible for CCL22 production.
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Figure 1. CCL22 secretion by splenic dendritic cells (DCs) increased in mice receiving injection of apoptotic cells. (a) C57BL/6J mice were ran-

domly separated into three groups and intravenously injected PBS only (N) or with 1 9 107 apoptotic thymocytes. Total RNAs were isolated

from splenocytes of control or apoptotic-cell-challenged mice 6 and 12 hr later. The mRNA expression levels of CCL22 and CCL3 at indicated

times were detected using quantitative PCR analysis. *P < 0�05, ***P < 0�001 compared with control. (b) Immunohistochemistry analysis of

CCL22 expression in spleen from control (None) and apoptotic-cell-challenged mice 12 hr later (Apo). Green fluorescence indicates CCL22-posi-

tive signals. (c) Splenic CD11c+ DCs enriched from mice treated as described in (a) were enriched by MACS 12 hr later, and used for examining

mRNA expression levels of CCL22 directly or cultured in vitro for CCL22 production detection using ELISA. **P < 0�01 compared with control.

(d) Splenic CD4+ T cells enriched from mice treated as described in (a) were incubated with or without 5 ng/ml transforming growth factor-b
(TGF-b) for 24 hr, and CCL22 production in supernatant was measured by ELISA. NS, no significant change. (e) Splenic CD11c+ cells enriched

from mice with or without apoptotic cell injection as described in (a) were co-cultured with or without apoptotic cells for 24 hr, and CCL22

production in supernatant was measured by ELISA. *P < 0�05, **P < 0�01 compared with control, respectively.
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cells (DCs) dominantly secrete CCL22. (a)

C57BL/6J mice were injected intravenously

with 5 mg of Cytochrome c (CytC) or not

(None). Twenty-four hours later, splenocytes

were isolated and stained with antibodies for

CD11c, CD8a and CD103 for flow cytometry

analysis, and the percentages of

CD8a+ CD103+ DCs in CD11c+ gated cells

were compared. (b) Splenic CD11c+ DCs

enriched from mice treated as described in (a)

by MACS,were cultured in vitro for CCL22

production detection using ELISA. (c, d) Cyto-

chrome c was injected intravenously into mice.

Twenty-four hours later, the mice were

injected intravenously with 1 9 107 apoptotic

thymocytes. Twelve hours later, splenic

CD11c+ DCs were enriched by MACS from

control (None), apoptotic cell injection only

(Apo) and CytC with apoptotic-cell-injected

(CytC+Apo) mice and cultured for CCL22

production detection using ELISA (c) and

spleens from these three groups of mice were

used for immunohistochemistry analysis of

CCL22 expression (d). (e) Splenocytes from

control mice (None) and apoptotic-cell-chal-

lenged mice (Apo) were stained with antibod-

ies for CD11c, CD8a and CD103, and

CD8a� CD103� DCs, CD8a+ CD103� DCs

and CD8a+ CD103+ DCs in CD11c+ gated cells
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*P < 0�05, **P < 0�01,***P < 0�001 compared

with control, respectively.
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Systemic administration of apoptotic cells induced a
rapid increase in CCR4+ Treg cells

To understand whether up-regulated CCL22 is related to

establishment of the immunosuppressive microenviron-

ment by intravenous apoptotic cell injection, we next

confirmed the immunosuppressive environment estab-

lished by systemic apoptotic cell administration. The

results showed that the percentage of CD4+ CD25hi cells

in CD4+ T cells or CD4+ FoxP3+ cells increased due to

apoptotic cell challenge (Fig. 3a,b; see Supplementary

material, Fig. S5). Both mRNA and protein expression of

FoxP3 in splenic CD4+ T cells dramatically increased due

to apoptotic cell exposure (Fig. 3b,c). Meanwhile, apop-

totic cell injection resulted in fivefold and ninefold

increases in the expression of suppressive factors IL-10

and TGF-b compared with baseline levels (Fig. 3c). The

data indicated that the systemic administration of apop-

totic cells induced a rapid increase in the percentage of

Treg cells in the spleen.

It has been shown that Treg cells are accumulated by

the CCL22/CCR4 axis.27 We hypothesized that the

increased CCL22 was essential for CCR4+ Treg cell

accumulation, because CD4+ FoxP3+ T cells increased

after apoptotic cell injection (Fig. 3a). Hence, we detected

CCR4 expression in different cell subsets in the spleen.

The data showed that the percentage of CD4+ CCR4+ T

cells increased significantly with intravenous apoptotic

cell injection, whereas CD8+ CCR4+ T cells,

CD11c+ CCR4+ DCs, and CD11b+ CCR4+ macrophages

did not show significant changes (Fig. 4a). Moreover, the

percentage of CCR4+ CD4+ CD25hi cells increased signif-

icantly in apoptotic-cell-challenged spleens compared

with controls (Fig. 4b; see Supplementary material,

Fig. S6).

To investigate whether the increased CCL22 induces

Treg cell migration, we also performed cell migration

assays ex vivo. First, we demonstrated that CCL22 indeed

regulated splenocyte migration in a CCL22 dose-depen-

dent manner and many more splenocytes challenged by

apoptotic cells migrated than those in controls (data not

shown). We next detected whether CCL22 could recruit

CCR4+ Treg cells from the apoptotic-cell-challenged

spleens. The results in Fig. 4(c) revealed that apoptotic

cell-driven CCR4+ Treg cells migrated in the presence
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cells induced rapid increase of regulatory T

(Treg) cell percentage in spleen. (a) C57BL/6J

mice were intravenously injected with PBS only

(None) or with 1 9 107 apoptotic cells (Apo).

After 12 hr, splenocytes from control mice

(None) and apoptotic-cell-challenged mice

(Apo) were stained with antibodies for CD4

and CD25 and the percentage of CD4+ CD25hi

was analysed by FACS. (b) Splenic CD4+ T

cells from control and apoptotic-cell-chal-

lenged mice were used for detection of the per-

centage of the FoxP3+ cells in CD4+ T cells

and compared using FACS analysis (left panel).

A dot plot figure is shown in the Supplemen-

tary material (Fig. S2). The FoxP3 protein

expression in splenic CD4+ T cells was also

detected directly or after further culture

in vitro in CD3-bound plates with or without

transforming growth factor-b (TGF-b) using

western blotting analysis (right panel). (c)

Splenic CD4+ T cells were enriched by MACS

and used for examining mRNA expression

levels of TGF-b, FoxP3 and interleukin-10

(IL-10).*P < 0�05, **P < 0�01, ***P < 0.001

compared to control respectively.
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of CCL22, and the migration was dose-dependent.

Moreover, it has been showed that the CCL22-dependent

migration of CCR4+ Treg cells could be blocked by using

anti-CCL22 antibody to neutralize CCL22 (see Supple-

mentary material, Fig. S7). Taken together, these findings

strongly indicated that the systemic administration of

apoptotic cells induced a rapid increase in CCR4+ Treg

cells, and CCL22 was an important factor involved in

CCR4+ Treg cell accumulation in apoptotic cell-chal-

lenged spleens.

Failure of CCR4+ Treg cells increased by apoptotic
cell challenge in the spleen with deletion of
CD8a+ CD103+ DCs

Apoptotic cell clearance by phagocytes is essential for the

maintenance of immune homeostasis under physiological

conditions. Hence, we next investigated whether the

impaired CCL22 secretion by splenic DCs in the absence

of CD8a+ CD103+ DCs (Fig. 2c,d) resulted in failure of

maintenance of immune homeostasis. FACS analysis
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Figure 4. Rapid CCR4+ regulatory T (Treg)

cell accumulation in spleen in response to

apoptotic cell injection. (a) Splenocytes from

control (None) and apoptotic-cell-challenged

mice (Apo) were stained with antibodies for

CD4, CD8, CD11c, CD11b together with anti-

body for CCR4, respectively, and the percent-

ages of CD4+ CCR4+ cells, CD8+ CCR4+ cells,

CD11c+ CCR4+ cells and CD11b+ CCR4+ cells

were analysed, respectively, by FACS. (b)

Splenocytes from control (None) and apop-

totic-cell-challenged (Apo) mice were also

stained with antibodies for CD4, CD25 and

CCR4 for flow cytometry analysis, and the per-

centage of CCR4 in CD4+ CD25hi were com-

pared. (c) Splenocytes from apoptotic-cell-

challenged mice were applied in the upper

chamber of the transwell, supplemented or not

supplemented with CCL22. After 3 hr, the

migrated cells in the lower chamber were

stained with antibodies for CD4, CD25 and

CCR4 for flow cytometry analysis, and the per-

centages of CCR4 in CD4+ CD25hi were com-

pared. *P < 0�05, **P < 0�01 compared with

control, respectively.
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showed the percentage of CD4+ CD25hi increased 12 hr

after apoptotic cell injection, which was not detected in

the absence of CD8a+ CD103+ DCs (Fig. 5a). In addition,

the injection of CytC did not affect the percentage of

CD4+ FoxP3+ in the spleen (see Supplementary material,

Fig. S3). We also detected the FoxP3 protein in CD4+ T

cells by Western blotting analysis and the results showed

that FoxP3 levels were up-regulated by apoptotic cell

administration. However, the increase of FoxP3 expres-

sion was not observed in the absence of CD8a+ CD103+

DCs (Fig. 5b).

Furthermore, the additional study using FACS showed

that the percentage of CCR4+ Treg cells in the spleen

increased upon apoptotic cell injection, but this was not

observed in the absence of CD8a+ CD103+ DCs (Fig. 5c;

see Supplementary material, Fig. S8). The mRNA expres-

sions of FoxP3, TGF-b and IL-10 in CD4+ T cells were

also detected, and their expressions were much higher in
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Figure 5. Failure to increase CCR4+ regulatory

T (Treg) cell percentage by apoptotic cell

challenge in spleen with deletion of

CD8a+ CD103+ dendritic cells (DCs). (a)

Splenocytes from mice described as in Fig. 2(c)

were stained with antibodies for CD4 and

CD25 and the percentage of CD4+ CD25hi

were analysed by FACS. (b) Splenic CD4+ T

cells enriched from mice described as in

Fig. 2(c) were used for detection of FoxP3 pro-

tein expression using Western blotting analysis

detection directly (left panel). Percentage of

the FoxP3+ cells in CD4+ T cells was also com-

pared using FACS analysis (right panel). (c)

Splenocytes were further stained with antibod-

ies for CD4, CD25 and CCR4, and the per-

centage of CCR4 in CD4+ CD25hi was

analysed by FACS. (d) Splenic CD4+ T cells

enriched from mice described as in Fig. 2(c)

were investigated using quantitative PCR anal-

ysis of mRNA expression levels of FoxP3,

transforming growth factor-b (TGF-b) and

interleukin-10 (IL-10). *P < 0�05, **P < 0�01,
***P < 0�001 compared with control, respec-

tively.
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the apoptotic-cell-challenged CD4+ T cells than in con-

trols, and they were down-regulated in the absence of

CD8a+ CD103+ DCs (Fig. 5d). All the data indicated that

the absence of CD8a+ CD103+ DCs resulted in a failure

of CCR4+ Treg cells increased by apoptotic cell adminis-

tration in the spleen.

Higher pro-inflammatory cytokine response to
apoptotic cell administration in the absence of
CD8a+ CD103+ DCs

Impaired apoptotic cell clearance would cause activation

of self-reactive immune cells in some specific gene-defi-

cient mouse models. Hence, we detected the mRNA

expression of the pro-inflammatory cytokines IFN-c,
IL-4, IL-17 in CD4+ T cells to investigate the T-cell

response to apoptotic cell administration in the spleen

with the absence of CD8a+ CD103+ DCs. All of these

cytokines decreased dramatically upon apoptotic cell

injection; however, they were up-regulated in the

absence of CD8a+ CD103+ DCs (Fig. 6a). We further

detected the expression of the transcription factors

T-bet, GATA-3 and ROR-cT mediating differentiation of

T helper types 1, 2 and 17, respectively. The results

showed that the expression of ROR-cT was down-regu-

lated in the environment mediated by apoptotic cell

administration, and it was up-regulated in the absence

of CD8a+ CD103+ DCs (Fig. 6b). In particular, the

expressions of GATA-3 and ROR-cT in CD4+ T cells

isolated from the spleen with the absence of

CD8a+ CD103+ DCs were much higher than those in

apoptotic-cell-challenged CD4+ T cells, although no sig-

nificant changes detected in T-bet. Taken together, the

maintenance of immune homeostasis mediated by apop-

totic cell clearance would be severely destroyed, at least

partially resulted from the failure of CCR4+ Treg cell

induction in apoptotic-cell-challenged spleens in the

absence of CD8a+ CD103+ DCs.

Discussion

Several previous studies have reported that phagocytes

such as macrophages and DCs play important roles in the

maintenance of immune homeostasis mediated by apop-

totic cell clearance to prevent autoimmune diseases.4,6,13

Most studies have revealed some mechanisms focusing on

the steps of the engulfment and clearance of apoptotic cells

by phagocytes. However, more evidence is still needed to

clarify how these phagocytes, especially the DC subset, that

are responsible for apoptotic cell clearance mediate

immune homeostasis by engulfing apoptotic cells.28–31 The

current results reported some new findings about how

splenic CD8a+ CD103+ DCs, a subset responsible for

apoptotic cell clearance, maintain immune homeostasis by

engulfing apoptotic cells. First, the levels of CCL22 and the

percentage of CCR4+ Treg cells increased rapidly in the

spleen upon systemic apoptotic cell administration. Sec-

ond, selective depletion of CD8a+ CD103+ DCs caused the

failure of the increases in CCL22 levels and CCR4+ Treg

percentage in response to apoptotic cell administration.

Moreover, the expression of pro-inflammatory cytokines,

such as IL-17 and IFN-c in splenic CD4+ T cells increased

significantly when challenged by apoptotic cells with the

deletion of CD8a+ CD103+ DCs.

CCL22, a member of the CC chemokine families, is

mainly produced by monocyte-derived macrophages and
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Figure 6. Higher pro-inflammatory cytokine

response to apoptotic cell administration in

the absence of CD8a+ CD103+ dendritic cells
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using quantitative PCR analysis of mRNA

expression levels of interferon-c (IFN-c), inter-
leukin-17 (IL-17) and IL-4 (a) and T-Bet,
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DCs upon stimulation with microbial products.32,33 A

recent study has reported that the mean serum levels of

CCL22 in newly diagnosed patients with multiple sclerosis

were significantly lower than those in treated patients

with multiple sclerosis and healthy people,20 suggesting

that CCL22 serves as a biomarker for autoimmune dis-

eases. However, the roles of CCL22 in the regulation of

immune homeostasis by apoptotic cell clearance are

poorly defined, although impairment of apoptotic cell

phagocytosis causes autoimmune diseases.34,35 Here, we

first examined how CCL22 increased rapidly in response

to apoptotic cell administration, which was limited by

deletion of CD8a+ CD103+ DCs. Also, the

CD8a+ CD103+ DCs dominantly expressed relatively

higher levels of CCL22 than other splenic DC subsets.

Splenic CD8a+ CD103+ DCs were a critical subset

responsible for tolerance induction by apoptotic cell

clearance, which has been clearly reported by Tanaka’s

team.8 CD8a+ CD103+ DCs are a subpopulation of sple-

nic DCs and mainly locate in the splenic MZ, an area

capable of constantly screening blood for foreign particles

and organisms.8,36 It is suggested that CCL22 would be a

critical factor for splenic CD8a+ CD103+ DCs to mediate

immune homeostasis by apoptotic cell clearance.

It has been revealed that CCL22 is an important

chemotactic factor for attracting Treg cells expressing

high levels of the chemokine receptor CCR4.37 Injection

of double-stranded adeno-associated virus encoding

CCL22 recruits endogenous Treg cells to the islets and

protects NOD mice against autoimmune diabetes.19 Simi-

larly, our data also showed a rapid increase of CCR4+

Treg cells in response to apoptotic cell administration

together with the increased level of CCL22. However, the

increase of CCR4+ Treg cells was not observed in the

absence of CD8a+ CD103+ DCs. Moreover, the selective

deletion of CD8a+ CD103+ DCs resulted in the expres-

sion of pro-inflammatory cytokines, such as IL-17 and

IFN-c, increased significantly, which may be caused at

least partially by impairment of apoptotic cell clearance.

The data suggested that the CCL22/CCR4 axis con-

tributed to immune homeostasis regulated by

CD8a+ CD103+ DCs engulfing apoptotic cells. In-vivo-

generated antigen-specific Treg cells has been shown to

have therapeutic effects on experimental autoimmune

encephalomyelitis and NOD in mice, which attracts much

attention for its possible clinical applications to treat

autoimmune diseases.38 Further study on the mechanism

how the CCL22/CCR4 axis is involved in the pathogenesis

and treatment of autoimmune diseases should be

carried out.

CD103+ DCs in several tissues, especially in intestine,

lung, pancreas and mesenteric lymph nodes, have

been reported to induce peripheral tolerance.11,39–41 More-

over, recent research showed that human peripheral

blood mononuclear cell-derived CD103+ DCs and

retinoic-acid-primed CD103+ DCs also have the ability to

promote the differentiation of Treg cells.42,43 Taken

together, peripheral CD103+ DCs are the critical regulators

of immune homeostasis. In addition, CCL22 may be used

as a candidate to study the molecular mechanisms involved

in tolerance induction by peripheral CD103+ DCs.

Intravenously injected apoptotic cells are initially accu-

mulated in the MZ. CD8a+ CD103+ DCs in MZ form a

critical subset together with CD169+ macrophages for

the uptake of circulating apoptotic-cell-associated anti-

gens. The increase of CCL22 levels and Treg cell per-

centage in response to apoptotic cell administration

strongly supported how the CCL22/CCR4 axis plays a

critical role in the maintenance of the immunosuppres-

sive microenvironment.21 Mazzini et al. reported that

CX3CR1+ macrophages captured soluble food antigens

from the gut lumen and transferred them to CD103+

DCs to induce oral tolerance, suggesting that intestinal

macrophages and DCs close the gap on tolerance.44,45

From this point of view, our present data also sup-

ported the possibility that there is similar gap junction

transfer of apoptotic-cell-associated antigens between

CD8a+ CD103+ DCs and CD169+ macrophages, induc-

ing a suppressive microenvironment in the spleen,

because these two subsets are the main phagocytes in

the spleen responsible for clearance of blood-borne

apoptotic cells.

In summary, our results suggested that the CCL22/

CCR4 axis is a critical regulator for the maintenance of

immune homeostasis in apoptotic cell phagocytosis

under physiological conditions by splenic

CD8a+ CD103+ DCs. Systemic injection of apoptotic

cells induced a subsequent increase in CCL22 expression

and the splenic CCR4+ Treg cell percentage, which were

not observed due to the selective depletion of

CD8a+ CD103+ DCs in the spleen. Considering CCL22

is involved in some autoimmune diseases, this report

will provide important clues for clinical medicines.

Therefore, further study is needed for understanding the

roles of CD8a+ CD103+ DCs–CCL22 axis in autoim-

mune diseases.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Analysis of apoptotic thymocytes upon UV

exposure.
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Figure S2. CCL22 levels did not increase in CD11c+

dendritic cell from mice receiving live cells injection.

Figure S3. Analysis of percentage of CD4+, CD8+,

CD11c+, CD11b+ cells and regulatory T cells in the spleen

due to Cytochrome C injection.

Figure S4. Analysis of the microarray data published

on JI, 2009 by Qiu et al.

Figure S5. Analysis of FoxP3+ cells in CD4+ T cells

upon apoptotic cell injection.

Figure S6. Analysis of percentage of CD4+ CD25hi cells

due to apoptotic cell administration.

Figure S7. CCL22 drives the migration of regulatory T

cells.

Figure S8. Analysis of FoxP3+ cells in CD4+ T cells in

absence of CD8a+ CD103+ upon apoptotic cells injection.
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