
Involvement of IL-10 in exhaustion of myeloid dendritic cells and
rescue by CD40 stimulation

Introduction

Activation of the immune system is always initiated by

danger signals, which include microbial products termed

pathogen-associated molecular patterns (PAMPs) and

extracts from dying cells (endogenous adjuvant), accom-

panied by certain cells that provide innate immunity.1–3

Among these cells, dendritic cells (DCs) are particularly

significant as mediators between innate and adaptive

immunity. DCs are normally present in peripheral tissue,

in an immature form with a low ability to stimulate T

cells, sometimes defined as a tolerogenic form.4–6 When

DCs are exposed to danger signals, they immediately

transform to active mode ) in a process termed ‘matur-

ation’ ) where they express increased amounts of major

histocompatibility complex (MHC) antigens and costimu-

latory molecules on the cell surface and release cyto-

kines.3,7 Activated DCs then migrate to the lymph nodes,

where they make close contact with antigen-specific CD4+

T cells to initiate the primary T cell response.8 During

DC)T cell contact, the maturation of DCs is strengthened

by CD40 ligation provided by CD154 on activated T

cells.9,10 By contrast, it has been demonstrated that cyto-

kine production of bone marrow (BM) DCs is upregu-

lated immediately after stimulation by danger signals, but

gradually downregulated without simultaneous stimula-

tion via CD40.11,12 However, the mechanism of the phe-

nomenon previously described as ‘exhaustion’ has not
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Summary

It has recently been shown that immature dendritic cells (DCs) stimulated

by a danger signal undergo transient maturation followed by exhaustion.

However, the exact mechanism for this has not been elucidated. In this

study, we show that interleukin-10 (IL-10) secreted from transiently

matured DCs stimulated by danger signals is responsible for this rapid

DC exhaustion. Blocking of the autocrine IL-10 enabled transient mature

DCs to maintain the mature phenotype for several days. However, these

DCs remained phenotypically unstable because the addition of IL-10

altered the transient mature DCs to exhausted DCs. More importantly,

stimulation of DCs by CD40 protected transient mature DCs from IL-10-

dependent exhaustion, with the result that mature DCs remained stable

in the presence of IL-10. Furthermore, in vivo administration of stable

mature DCs pulsed with ovalbumin protein induced antigen-specific cyto-

toxic T lymphocytes (CTLs) effectively, whereas neither exhausted DCs

nor transient mature DCs were able to prime a strong antigen-specific

CTL response. These results indicate that DC)T cell engagement via

CD40)CD154 is required for stable DC maturation leading to effective

CTL induction. Otherwise, DCs stimulated solely by a danger signal are

temporarily activated, but then rapidly lose their immune-activating capa-

city under the influence of autocrine IL-10.
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been elucidated. In this study, we investigated the role of

interleukin-10 (IL-10) within this mechanism.

Dendritic cell maturation is prevented by IL-10 secre-

ted by DCs, macrophages, mast cells and some T cells.

The addition of IL-10 to culture medium strongly inhib-

its human DC maturation induced by different danger

signals.13,14 Maturation of murine DCs can also be

downregulated by additional or autocrine IL-10.15,16

However, it has been reported that mature DCs are no

longer susceptible to the suppressive effects of IL-10.17–19

Although the effect of IL-10 on DC maturation is unde-

termined, autocrine IL-10 diminishes T cell responses by

inhibiting cytokine production14 and trafficking to lymph

nodes.19

Although some cytotoxic T lymphocytes (CTLs) can be

generated by CD40-independent mechanisms,20–22 the

CD40–CD154 interaction between DCs and CD4+ T cells

is considered critical to the induction of antigen-specific

CTLs.23–25 Like the stimulation by danger signals, stimu-

lation through CD40 is able to trigger the maturation of

DCs.26–30 The differences between CD40-ligated DCs and

DCs modulated by a microbial lipopolysaccharide (LPS)

stimulus are not obvious in regard to class I MHC

antigen expression, expression levels of costimulatory

molecules and cytokine/chemokine production.30 Simul-

taneous stimulation by a CD40 agonist and a microbial

stimulus enhances the production of IL-12p70 by

DCs,31–33 which is supposed to help CTL induction.

However, some reports suggest that IL-12 is not critical

for priming and activation of CTLs,11,34 Therefore, the

role of stimulation via CD40 for CTL activation is still

obscure.

In this study we showed that autocrine IL-10 facilitated

downregulation of DC function that had been matured

transiently by danger signals. We also showed that a

CD40 signal promoted stable maturation of transiently

matured DCs, resulting in sufficient and effective CTLs

in vivo. The roles of IL-10 and stimulation via CD40 in

DC maturation are discussed.

Materials and methods

Mice

Female C57BL/6 (B6) mice, aged 5–6 weeks, were pur-

chased from Japan SLC, Inc. (Hamamatsu, Japan). B6

background IL-10-deficient mice (IL-10–/–) were pur-

chased from Jackson Laboratory (Bar Harbor, ME). These

mice were housed under specific pathogen-free conditions

in the Research Centre for Animal Life Science, Shiga

University of Medical Science. As all experiments were

performed under the auspices of the Shiga University of

Medical Science Animal Experiment Committee, we usu-

ally used three mice in each group of experiments in

order to limit the number of experimental animals.

Generation of myeloid DCs

Dendritic cells were generated from mouse BM as previ-

ously described.35 In brief, BM cells of B6 mice were

depleted of T cells, B cells, macrophages and granulocytes

by killing with lineage-specific antibodies and comple-

ment. Subsequently, the cells were cultured in RPMI-1640

(Nacalai Tesque, Kyoto, Japan) supplemented with 10%

fetal calf serum (FCS), 4 ng/ml recombinant mouse gra-

nulocyte/macrophage colony-stimulating factor (rmGM-

CSF; Kirin Brewery Co. Ltd, Tokyo, Japan) and 50 lM

b-mercaptoethanol for 6 days in 24-well culture plates.

The culture medium was exchanged for fresh medium

every 2 days. We usually acquired 1 · 107 immature DCs

from each mouse.

DC stimulation

Maturation of DCs was induced by adding 5 lg/ml anti-

CD40 mAb (HM40-3), 1 lg/ml LPS from Escherichia coli

(Nacalai Tesque), 1 lg/ml peptidoglycan type III from

Staphylococcus aureus (Wako Pure Chemicals, Osaka,

Japan), 0�1 lM phosphothioate-protected cytosine-phos-

phorothioate-guanine rich oligodeoxynuleotides (CpG)

5002 (50-TCCATGACGTTCTTGATGTT-30; Hokkaido

System Science, Sapporo, Japan) or derivatives from fro-

zen and thawed 1 · 107 splenocytes (as necrotic cells)

into each culture well. In some experiments, we added

anti-IL-10 antibody (10 lg/ml) (JES5–2A5; BD Phar-

Mingen, San Diego, CA) or anti-IL-10 receptor antibody

(10 lg/ml) (1B1�3a; BD PharMingen) in the culture of

DC stimulation for 24 hr.

Flow cytometry

Dendritic cells were treated with anti-FccRII/III mAb

(2�4G2) and then stained with fluoresce in (fluorescein

isothiocyanate, FITC)-conjugated anti-CD11c, phyco-

erythrin (PE)-conjugated anti-CD80, anti-CD86 or I-Ab,

and biotin-conjugated antihamster IgG, I-Kb (BD Phar-

Mingen), followed by streptavidin-PE. Stained cells were

acquired with a fluorescence-activated cell sorter (FACS)

(BD Immunocytometry System, San Jose, CA).

Cytokine measurement with enzyme-linked
immunosorbent assay

Variously matured subsets of DCs sorted by flow cyto-

metry using anti-CD86 (5 · 106/well) were cultured in a

24-well plate for 6 hr and cytokines in supernatants were

measured with enzyme-linked immunosorbent assay

(ELISA). Briefly, IL-12p40 or IL-12p70 in supernatants

was measured by a sandwich ELISA that used clone C15�6
(Caltag Laboratories, Burlingame, CA) or 9A5 (Pierce

Biotechnology, Rockford, IL), respectively, for capture
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and biotinylated clone C17�8 for detection (Caltag Labor-

atories) and followed by peroxidase conjugate ExtrAvidin

(Sigma-Aldrich Co., St. Louis, MO). IL-10 was detected

using JES5–2A5 (BD PharMingen) for capture and biotin-

ylated SXC-1 (BD PharMingen) for detection. Peroxidase

activity was assessed with 3,30,5,50-tetramethylbenzidine

substrate (Sigma-Aldrich Co.) for detection of IL-12p40

or Super Signal� ELISA Femto Maximum Sensitivity sub-

strate (Pierce Biotechnology Inc.) for detection of IL-10.

In vivo cytotoxicity assay

Splenocytes of B6 mice were labelled with either 0�5 lM

or 5 lM carboxyfluorescein diacetate succinimidyl ester

(CFSE) (Sigma-Aldrich Co.) for 15 min at room tempera-

ture and washed twice. CFSE bright cells were subse-

quently pulsed with 0�5 lg/ml ovalbumin (OVA)257)264

(SIINFEKL) peptide for 90 min at 37 �. CFSE dull cells

were pulsed with irrelevant nucleoprotein (NP)366)374

(ASNENMDAM) peptide for 90 min at 37 � as a control.

Cells were mixed at a 1 : 1 ratio, and then 5 · 106 total

cells were injected intravenously into mice previously

inoculated with OVA-ingested exhausted, transient

mature or stable mature DCs. Eight to 10 hr later, spleno-

cytes from each mouse were analysed by flow cytometry.

The reduction rate of OVA257-264-pulsed CFSE bright cells

was calculated as an indication of antigen-specific cyto-

toxicity induction efficiency.

Statistical analyses

Statistical analyses were carried out using Student’s t-test.

P-values < 0�05 were considered significant.

Results

Prolonged activation of LPS-stimulated BM-DCs
induced by CD40 ligation

In the previous study, we compared BM-DC maturation

by simulation of LPS with that by stimulation of anti-

CD40 mAb (aCD40). Here we examined how sequential

stimulation of aCD40 followed LPS-affected BM-DC mat-

uration. We stimulated BM-DC with LPS for 6 hr, then

washed and stimulated the cells with aCD40 for another

42 hr. CD86 costimulatory molecules, one of the matur-

ation markers of DCs, were upregulated on BM-DCs at

6 hr after LPS stimulation, then downregulated gradually

for another 42 hr without aCD40. By contrast, a certain

number of DCs with a high concentration of CD86

(CD86high DCs) persisted for 42 hr after addition of

aCD40 (Fig. 1a).

Certain surface molecules on DCs are known as matur-

ation markers: i.e. MHC class I (MHC-I) and class II

(MHC-II) antigens and CD40. We monitored the expres-

sion kinetics of these molecules on BM-DCs (Fig. 1b).

Another costimulatory molecule, CD80, was expressed in

parallel with CD86 (data not shown). The expression lev-

els of MHC-I, MHC-II and CD40 increased all at once

in the transient mature stage (6-hr LPS stimulation).

Increased expression of these three molecules persisted

during a further 42-hr incubation with aCD40, with the

exception of MHC-I expression on CD86high DCs. How-

ever, expression of MHC-II, CD40 and CD86 decreased

during a further 42-hr culture without stimulation.

Therefore, the expression level of MHC-I molecules on

BM-DCs was LPS stimulation-dependent in the primary

stimulation but CD40 stimulation-independent in the

secondary stimulation. By contrast, MHC-II and CD40

expression was not only dependent on an initial LPS sti-

mulation but also on a secondary CD40 stimulation,

similarly to CD86 expression kinetics. Furthermore, other

PAMPs, peptidoglycan (PGN), CpG and lysate of necrotic

splenocytes (LNS) functioned as LPS.

In a previous study, we demonstrated that CD86low

DCs at 48 hr after LPS stimulation, termed expired DCs,

were refractory to further stimulation via CD40 or LPS.

This phenomenon is identical to that previously termed

‘exhaustion’. From these results, we surmise that stimula-

tion by PAMPs is required for the transient maturation

of DCs that subsequently change to exhausted DCs, and

that the CD40 signal prevents the shift to exhausted DCs

and keeps the maturation phase of DCs stable.

Cytokine production of BM-DC phenotypes

We quantified IL-12 p40 production by ELISA after

6-hr cultures of LPS-stimulated BM-DCs with or

without CD40 stimulation. High amounts of IL-12p40

were produced within 6 hr of the beginning of LPS sti-

mulation, regardless of simultaneous CD40 stimulation.

However, the level of IL-12 production from BM-DCs

stimulated with LPS alone decreased considerably at

24–30 hr compared with that from BM-DCs stimulated

with LPS and aCD40 (Fig. 2a). These results supposedly

reflect the percentage of CD86high DCs in the total cell

population.

Next, using flow cytometry we purified stable mature

CD86high DCs as stable mature DCs after simultaneous

stimulation with LPS and aCD40 and CD86low DCs as

exhausted DCs after stimulation with LPS alone (Fig. 2b).

Following LPS stimulation, IL-10 was secreted by tran-

sient mature DCs (tM); production decreased sub-

sequently in exhausted DCs (Ex) and was almost

undetectable in the culture medium of stable mature

DCs (tM) (Fig. 2c). By contrast, both transient and stable

mature DCs produced comparable levels of IL-12p40, but

exhausted DCs produced very low amounts (Fig. 2c).

Similar IL-10 and IL-12 production patterns were seen in

each BM-DC phenotype after using CpG as the initial

30 � 2006 Blackwell Publishing Ltd, Immunology, 120, 28–37

K. Kajino et al.



stimulator (data not shown). Altogether, it appeared that

transient mature DCs produced IL-10 and IL-12p40, and

they altered to stable mature DCs mainly producing

IL-12p40 in the presence of CD40 stimulation or exhaus-

ted DCs mainly producing IL-10 in the absence of CD40

stimulation.
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Figure 1. Lipopolysaccharide (LPS)-induced transient activation and successive inactivation. (a) Immature dendritic cells (DCs) derived from B6

bone marrow (BM) cells were stimulated by LPS for 6 hr. The cells were then cultured with or without aCD40 for an additional 18 hr or 42 hr.

Activation of DCs was analysed by fluorescence-activated cell sorter staining of anti-CD11c-FITC and anti-CD86-PE with propidium iodide live

gating. Open lines indicate isotype control. (b) Immature BM-DCs of B6 mice were stimulated for 6 hr by 1 lg/ml peptidoglycan (PGN) as a

toll-like receptor (TLR) 2 agonist, 1 lg/ml LPS as a TLR4 agonist, 0�1 lm cytosine-phosphorothioate-guanine (CpG) 5002 as a TLR9 agonist and

lysate of necrotic B6 splenocytes (LNS), respectively. The cells were cultured for a further 42 hr with or without 5 lg/ml aCD40. The expression

of Kb (MHC-I), Ab (MHC-II) and CD40 together with CD86 on BM-DCs was analysed by flow cytometry at the time-points indicated.
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IL-10 partial responsibility for the inactivation
of transient mature DCs

Having shown that BM-DCs produce a certain amount of

IL-10 immediately after LPS stimulation, we then evalu-

ated the involvement of IL-10 in DC maturation in the

BM-DC culture system. When we blocked IL-10 ligation

to BM-DCs by adding anti-IL-10 receptor antibody (aIL-

10R) at the beginning of the culture maturing BM-DCs,

the number of CD86high DCs was increased at 30 hr

(Fig. 3a). Subsequently, after removal of IL-10 by washing

transient mature DCs, we protected BM-DCs from the

IL-10 effect by aIL-10R or anti-IL-10 neutralizing anti-

body (aIL-10). Unexpectedly, no significant rescue from

downregulation of CD86 was observed by IL-10 blocking

during the late (exhaustion) phase (Fig. 3b, c). Overall,

during the early (transient maturation) phase, autocrine

IL-10 seems to facilitate the downregulation of CD86

on transient mature DCs, which eventually leads to an

increase in exhausted DCs. By contrast, adding IL-10

(10 ng/ml, which is an excessive amount compared with

that of autocrine IL-10) to the culture medium after

removal of autocrine IL-10 accelerated the downregulation

of CD86 on BM-DCs (Fig. 3c), suggesting that a high dose

of IL-10 still has some effect during the late phase of DCs.

Signalling via CD40 can compete with IL-10-induced
inactivation of DCs

After removal of cytokines, including IL-10, from a 6-hr

stimulated DC culture, aCD40 enhanced CD86 expression

was compared with that by aIL-10R (Fig. 3b, c). Whereas
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Figure 2. Cytokine production of bone marrow dendritic cells (BM-DCs) during maturation and phenotype change. (a) Immature BM-DCs of

B6 mice were stimulated by lipopolysaccharide (LPS) (1 lg/ml) or LPS (1 lg/ml) with aCD40 (5 lg/ml) to induce exhausted or stable mature

phenotypes. During the culture, the culture media were collected and exchanged with fresh medium at 6 hr, 24 hr and 30 hr, and the amount of

IL-12p40 secreted by the DCs in the cultures was measured by enzyme-linked immunosorbent assay (ELISA) for the periods 0–6 hr and 24–

30 hr. (b) BM-DCs stimulated by LPS or LPS with aCD40 for 24 hr were sorted using a cell sorter. CD86high stable mature DCs and CD86low

exhausted DCs were purified. (c) IL-10 and IL-12p40 production by each BM-DC phenotype was determined by ELISA: supernatants of 6-hr cul-

tures of fluorescence-activated cell sorter-purified stable mature DCs (M), exhausted DCs (Ex), immature DCs (Im) and transient mature DCs

(tM), respectively, were analysed (n.d., not detected).
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the presence of a relatively high concentration of IL-10 in

the culture medium of LPS-stimulated DCs after transient

maturation accelerated exhaustion of DCs, the addition of

aCD40 to the culture reversed the IL-10 effect (Fig. 3c).

We then questioned whether the CD86high DC popula-

tion, produced by blocking IL-10 after LPS stimulation,

belongs to the transient or stable mature phase. We cul-

tured LPS-stimulated BM-DCs for 5 days by LPS with

aIL-10 or aCD40 and then evaluated CD86 expression on

the cell surface. Most of the LPS-stimulated DCs with

aIL-10 lost CD86 expression, but aCD40-stimulated DCs

retained the mature form (Fig. 3d). Therefore, IL-10

blocking during DC maturation simply prolongs the tran-

sient mature phenotype, whereas the CD40 signal alters

transient mature DCs to stable mature DCs.

In order to see more accurate IL-12 production from

the DCs, we measured IL-12p70 in the culture with DCs

after various stimulations. The production of IL-12p70 in

immature DCs did not differ from that in exhausted DCs

(P ¼ 0�1). By contrast, stable mature DCs produced more

IL-12p70 compared with immature DCs (P < 0�001).

Moreover, additional treatment with aIL-10 enhanced

IL-12p70 production from stable mature DCs (Fig. 3e)

(P < 0�001). Overall, IL-10 was profoundly involved in

IL-12 production from DCs.

Confirmation of the role of IL-10 in DC maturation
using IL-10-deficient mice

Further, we analysed maturation of BM-DCs derived from

IL-10-deficient mice. Immature DCs derived from IL-10-

deficient mice contained mainly low expressing cells of

CD86 and MHC class II, like those of wild mice shown in

Fig. 1(b). Expression of CD86 and MHC class II on BM-

DCs derived from IL-10-deficient mice was not downregu-

lated during the 30 hr after LPS stimulation (Fig. 4a). In

splenic DCs, after 48 hr of CpG stimulation, the CD86low

population slightly increased (Fig. 4b). This finding seems

compatible with a finding that the transient mature DC

phenotype was not maintained for long in the presence of

aIL-10 (Fig. 3d). Furthermore, the expression of CD86

and MHC class II on BM-DCs derived from IL-10-defici-

ent mice decreased at 30 hr after LPS stimulation in the

presence of IL-10 (Fig. 4a). Similarly, CD86 expression on

splenic DCs derived from IL-10-deficient mice decreased

at 48 hr after CpG stimulation in the presence of IL-10

Figure 3. Role of IL-10 in inactivation of transient mature dendritic

cells (DCs). (a) Bone marrow DCs (BM-DCs) were cultured in the

presence of anti-IL-10 receptor (aIL-10R, 10 lg/ml) with or without

aCD40 (5 lg/ml), after which CD86 expression at 30 hr after stimu-

lation was analysed by flow cytometry. (b) A portion of lipopolysac-

charide (LPS)-stimulated DCs were washed at 6 hr, then incubated

for a further 24 hr in the presence of aCD40 or aIL-10R. (c) Imma-

ture BM-DCs stimulated by LPS (1 lg/ml) for 6 hr were washed

with phosphate-buffered saline and then cultured for a further 24 hr

in the presence of IL-10 (10 ng/ml), anti-IL-10 (aIL-10, 10 lg/ml)

or aCD40 (5 lg/ml), respectively, or a combination of these stimuli.

(d) Immature BM-DCs were stimulated by LPS in the presence of

aIL-10 or aCD40 for 5 days. The cells were stained and gated as des-

cribed in Figure 1. (e) IL-12p70 production by each BM-DC pheno-

type was determined by enzyme-linked immunosorbent assay:

supernatants of 6-hr cultures of fluorescence-activated cell sorter-

purified mature DCs (M), exhausted DCs (Ex), and immature DCs

(Im), respectively, were analysed. Mature DCs (M) were produced

by CpG + aIL-10, CpG + aCD40 or CpG + aCD40 + aIL-10.
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(Fig. 4b). These data show that IL-10 is a critical factor in

changing transient mature DCs to exhausted DCs.

Efficiency of antigen cross-presentation by
LPS-stimulated DC subsets

Finally, we checked the ability of LPS- and aCD40-modi-

fied BM-DCs to cross-prime antigen-specific CTLs.

Immature BM-DCs were stimulated for 6 hr by LPS in

OVA protein-containing medium to produce transient

mature DCs. Then, a portion of the cells (5 · 104/mouse)

was inoculated into a group of mice (three mice/group)

subcutaneously. The rest of the transient mature DCs

were washed to remove remaining OVA protein and fur-

ther induced to stable mature DCs or exhausted DCs by

incubation for another 24 hr with or without aCD40,

respectively. Stable mature DCs and exhausted DCs were

purified by cell sorter and then inoculated into two

groups of mice (5 · 104/mouse), respectively. Six days

later, OVA257-264-pulsed target cells were inoculated intra-

venously into the three groups of DC-immunized mice

together with irrelevant peptide (NP366-374)-pulsed control

cells. Eight hours later, remaining target cells and control

cells in the spleens were analysed by flow cytometry

(Fig. 5a). As we expected, only the mice immunized with

stable mature DCs effectively removed OVA257-264-pulsed

target cells (Fig. 5b). In the mice inoculated with tran-

sient mature DCs, some of the OVA peptide-pulsed target

cells were removed.

We prepared transient mature DCs from IL-10-defici-

ent mice in the presence of OVA protein, and then inocu-

lated the DCs into B6 mice to determine the capacity for

activating OVA-specific CTL in vivo. The transient mature

DCs from IL-10-deficient mice were better able to induce

OVA-specific CTL in vivo compared with transient

mature DCs from wild mice (Fig. 5c). These data suggest

that IL-10 is profoundly involved in CTL induction

in vivo by its regulation of DC maturation.
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Figure 4. Time)course analysis of lipopolysac-

charide (LPS)-stimulated bone marrow dend-

ritic cells (BM-DCs) from IL-10-deficient

mice. (a) Immature BM-DCs derived from

IL-10-deficient mice were stimulated by LPS

(1 lg/ml) with or without IL-10, then analysed

for CD86 and Ab expression by flow cytometry

at 6 hr and 30 hr after stimulation. The num-

bers indicated in the upper left and lower

right corners represent mean fluorescent inten-

sity (MFI) of CD86 and Ab, respectively.

(b) Time)course expression of CD86 on sple-

nic DCs of IL-10-deficient mice was also ana-

lysed after cytosine-phosphorothioate-guanine

stimulation with or without additional IL-10.
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Discussion

Although it is generally known that PAMPs or tumour

necrosis factor (TNF) family molecules induce DC matur-

ation, there is little information concerning the mecha-

nisms of DC exhaustion. It has been demonstrated that

immature DCs stimulated with PAMPs undergo transient

maturation and successive exhaustion.11,12 In this study,

IL-10 blocking experiments revealed that autocrine

or exocrine IL-10 induced by PAMPs accelerated DC

exhaustion. Furthermore, transient mature DCs from

IL-10-deficient mice could activate antigen-specific CTLs,

whereas those from wild mice could not. Thus, it appears

that IL-10 plays a crucial role in DC exhaustion. These

results may explain that some of argument that immune

response in IL-10-deficient conditions is attributable to

the suppression of the change to exhausted DCs, and in

certain instances, IL-10 deficiency leads to autoimmune

diseases.36,37

In addition, the stimulation of CD40 enabled DCs to

avoid exhaustion by PAMPs-induced autocrine IL-10. The

CD40 signal stabilizes the mature phenotype of DCs and

produces ‘stable maturation’, which is hardly influenced

by IL-10, as has been previously demonstrated.17–19 If

transient mature DCs do not interact with T cells, DCs

gradually lose their antigen-presenting capacity by IL-10-

dependent DC exhaustion. Therefore, these results explain

the synergistic effects of toll-like receptor (TLR) and

CD40 agonists.

IL-12 is a critical cytokine in the immune system and

is produced by DCs with innate stimuli.38 IL-10 is consid-

ered to suppress IL-12 production because autoimmune-

like disease develops spontaneously in IL-10-deficient

mice with increased IL-12 production.39,40 Although the
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Figure 5. Efficacy of in vivo cytotoxic T lym-

phocyte (CTL) induction by several dendritic

cell (DC) phenotypes. (a) Protocol for in vivo

CTL induction by DC inoculation: 1 week after

antigen-pulsed DC immunization, target cells

were inoculated intravenously and residual

cells in the spleen were analysed 8 hr later.

(b) Histograms indicate ovalbumin (OVA)-

specific killing in B6 mice immunized with

OVA protein-pulsed exhausted DCs (Ex), tran-

sient mature DCs (tM) or stable mature DCs

(M) (5 · 104/mouse). The bar graph shows the

average reduction rate of OVA257-264-target

cells (decreased number of OVA257-264-pulsed

target cells/decreased number of nucleoprotein

(NP)366-374-pulsed target cells) in the spleen

from mice immunized with Ex, tM or M.

(c) Bone marrow DCs derived from IL-10-

deficient (IL-10–/–) or wild type (IL-10+/+)

mice were stimulated with lipopolysaccharide

in the presence of OVA protein (1 mg/ml) for

3�5 hr. B6 mice were immunized by those

DCs, after which in vivo CTL activity was

estimated.
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mechanisms for IL-10-inhibition of IL-12 production are

still unclear, our data may partly explain this: IL-10 com-

bined with low production of IL-12 increased the rate of

DC exhaustion; by contrast, IL-10 blocking increased the

level of transient mature DCs, which were high IL-12 pro-

ducers. Like IL-12, IL-6 is selectively produced by both

transient and stable mature DCs, but is scarcely produced

by exhausted DCs.12 Production of IL-6 supposedly assists

T cell activation by stable mature DCs because IL-6

diminishes the effect of CD4+CD25+ regulatory T cells.41

Therefore, the polarization of cytokine production by

DCs during maturation is functionally co-operative with

stable mature or exhausted DC phenotypes.

Not all DC exhaustion is IL-10-dependent because we

always observe a biphasic pattern of CD86 expression in

BM-DCs stimulated by LPS + aCD40 or CpG + aCD40.

The CD40 signal supposedly protects against only the

IL-10-dependent exhaustion; no additive effect of aCD40

and aIL-10 treatment was observed compared with

aCD40 or aIL-10 single use. IL-10-independent exhaus-

tion of DCs may be dependent on IRAK-M42 or other

unidentified molecules.

Cross-presentation of exogenous antigens by myeloid

DCs is another important issue. Our data proved that

myeloid DCs are able to cross-prime antigen-specific

CTLs in vivo, if the DCs are matured in a stable fashion

by CD40 stimulation. By contrast, transient mature DCs

have much less capacity to cross-prime antigen-specific

CTLs in vivo despite their expression of potent costimula-

tory molecules and cytokine production. The reason for

this discrepancy seems to be that transient DCs easily lose

antigen expression. However, peptide expression was

detectable on DCs 24 hr after the initial stimulation (data

not shown). Thus, transient mature DCs are likely to alter

to exhausted DCs by autocrine IL-10, with the loss of

expression of costimulatory molecules and cytokine pro-

duction, before contact with CTLs in vivo, unless CD40L

(CD154) on activated T cells stimulates transient DCs.

Indeed, transient DCs induced from IL-10-deficient mice

hardly lost their antigen-presenting capacity and activated

CTLs even in the absence of CD40 stimulation.

Finally, it is important to modulate DCs for practical

use, such as in antivirus vaccination, allergy or cancer

immunity. Recent studies have proved that CD40 stim-

uli are essential for effective memory CTL induction,

both directly and indirectly.43–45 However, activation of

DCs by a single stimulation by aCD40 is not sufficient

to induce functional CTLs because both CD40 and TLR

triggering are needed to induce protective immunity

in vivo.46 In this report, we also demonstrated that trig-

gering of both CD40 and TLR induced stable mature

DCs that produce considerable amounts of immuno-

genic cytokines and these DCs were able to activate

functional antigen-specific CTLs in vivo. Conclusively,

stable mature DCs induced by synergistic stimulation of

CD40 and TLR will be applicable in the treatment of

human diseases.
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