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SUMMARY

Cyclosporin A (CsA) is a potent immuno-suppressant and is approved for the treatment of various

disease conditions. The molecular biological mechanism of CsA has been investigated intensively

in T cells and has been shown to involve the intracellular calcineurin pathway. Recently, it was

reported that CsA has capacities to affect not only T cells but also antigen-presenting cells such as B

cells and dendritic cells (DCs). DCs are a master regulator of immune responses that have an

integral capacity to prime naive T cells. In the present study, we investigated the biological effects

of CsA on human peripheral blood DC subsets: CD11cþ myeloid and CD11c� lymphoid subsets.

CsA inhibited the up-regulation of co-stimulatory molecules induced with or without microbial

stimuli and CD40L on both CD11cþ and CD11c� subsets. In addition, CsA negatively regulated the

endocytic activity of CD11cþ DC during the immature state. CsA inhibited the interleukin-12 (IL-

12) production, but augmented the IL-10 production from the LPS-stimulated CD11cþ subset,

whereas CsA reduced the interferon-a (IFN-a) production from the CD11c� subset infected with

Sendai virus (SV). Both the LPS-stimulated CD11cþ subset and SV-infected CD11c� subset

preferentially induced the development of IFN-g-producing T helper-type 1 (Th1) cells. Pretreat-

ment of these DC subsets with CsA inhibited the Th1 skewing. These findings suggested a DC-

mediated mechanism of immunosupression by CsA.

INTRODUCTION

Cyclosporin A (CsA) is an immunosuppressive agent and has

been widely used in a variety of disease conditions such as

post-organ transplant states1 and autoimmune diseases,2–4 with

the purpose of controlling or suppressing the aberrantly acti-

vated immune responses. Although therapeutic application of

CsA often brings clinically favourable outcomes it sometimes

causes severe immuno-compromised states in the patients,

despite careful use of the agent.5,6 The immunosuppressive

effect of CsA is recognized to be due primarily to its biological

property of directly suppressing T cells.7,8 The molecular

mechanism of the CsA effect was shown to be exhibited by

virtue of interfering with the intracellular calcineurin pathway

of T cells.9 On the other hand, a line of evidence has suggested

recently that CsA exerts its immunological functions not only

on T cells but also on antigen-presenting cells such as B cells,10

macrophages11 and dendritic cells (DCs).12,13

Dendritic cells are potent antigen-presenting cells derived

from bone marrow (BM) progenitor cells14–16 and are distrib-

uted widely in the tissues of various organs.17 In addition to

having an essential capacity of priming naive T cells, DCs can

also regulate various immune effector cells such as B cells,18,19

natural killer (NK) cells20 and NKT cells21,22 and thus play

central roles in eliciting the immune responses in the body.23

In human peripheral blood, two major subsets of DCs,

CD11cþ and CD11c� subsets have been identified.24–26 The

CD11cþ subset belongs to the myeloid lineage and is consid-

ered to be immature DCs,27 whereas the CD11c� subset,

recognized as plasmacytoid cells,28 is the direct precursor of

lymphoid DCs and can differentiate into immature DCs in

response to interleukin-3 (IL-3).29 These blood DC subsets

may traffic to the tissues of various organs and experience

maturation processes during the trafficking. Briefly, the imma-

ture CD11cþ subset in the peripheral blood may migrate into the

nonlymphoid tissues as ‘sentinel’ DCs such as Langerhans

cells.24 These ‘sentinel’ DCs produce IL-12 and act as fully

mature antigen-presenting cells (APCs) in response to ‘danger’
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signals such as LPS and CD40 ligands.30 On the other hand, the

blood CD11c� subset may migrate directly into the lymphoid

tissues and produce interferon-a/b upon encountering a

virus,31,32 and then acts as mature APCs.29,33 Thus, both blood

DC subsets are regarded as circulating pools for the DCs in the

peripheral tissues.34

In this study, we have demonstrated that CsA had discernible

suppressive effects on the maturation process of both CD11cþ

and CD11c� subsets of blood DCs.

MATERIALS AND METHODS

Media and reagents

RPMI-1640 supplemented with 2 mM L-glutamine, 100 U/ml

penicillin, 100 ng/ml streptomycin and heat-inactivated 10%

fetal calf serum (FCS) (Irvine Scientific, Santa Ana, CA) was

used for the cell culture throughout the experiments. CsA

(Wako, Osaka, Japan) was dissolved in anhydrous ethanol

and used at a final concentration of 50–500 ng/ml. Ethanol

was diluted in parallel to serve as vehicle control. Recombinant

human cytokines, granulocyte-macrophage colony-stimulating

factor (GM-CSF) (used at a concentration of 100 ng/ml) and IL-

3 (at 10 ng/ml) were purchased from Pepro Tech EC (London,

UK). Baculovirus-expressed soluble CD40 ligand (sCD40L)

was used at a concentration of 1 mg/ml. Lipopolysaccharide

(LPS) (Salmonella typhimurium) (1 mg/ml) was purchased from

Sigma (St Louis, MO). UV-irradiated Sendai virus (SV) (HVJ:

Cantell strain, provided by Sumitomo Pharmaceuticals (Ehime,

Japan)) was used at 5 haemagglutinating U/ml.35

Isolation of blood DC subsets

Peripheral blood DC subsets were isolated according to the

modified protocol as described previously.24,25 Briefly, The DC-

enriched population (CD4þ/CD3�/CD14� cells) was obtained

from peripheral blood mononuclear cells (PBMC) by negative

and subsequent positive immunoselections. The CD11cþ/lin�/

DRþ cells (CD11cþ DCs) and CD11c�/lin�/DRþ cells

(CD11c� DCs) were sorted by an EPICS ALTRA1 flow

cytometer (Coulter Corp., Hialeah, FL) by using PE-labelled

anti-CD11c [Leu-M5: Becton Dickinson (BD), Sunnyvale

(CA)], mixture of fluorescein isothiocyonante (FITC)-labelled

monoclonal antibodies (mAbs) against lineage markers, CD3

(M2AB: Exalpha, Boston, MA), CD14 (FWKW-1: Exalpha),

CD15 (Leu-M1: BD), CD16 (J5511: Exalpha), CD19 (SJ25C1:

BD) and CD56 (NCAM16�2: BD), and phycoerythrin–cyanin

5�1 (PC5)-labelled HLA-DR (Immu-357: ImmunoTech, Mar-

seille, France). The purity of each cell was > 98%.

Culture of DCs

The sorted CD11cþ DCs were cultured with medium alone,

GM-CSF þ sCD40L or LPS, while CD11c� DCs were with IL-

3, IL-3 þ sCD40L or SV in 96-well round-bottomed tissue

culture plates at 5 � 104 cells in 200 ml of medium/well for 24

hr or 72 hr. CsA or vehicle was added into these cultures.

Analyses of DCs

In the viability assay, the sorted CD11cþ and CD11c� DCs were

cultured with medium alone and IL-3, respectively, for 1 or

3 days. Viable cells were evaluated as annexin V-negative

fractions using an Annexin V-FITC Apoptosis Detection Kit

(Genzyme, Cambridge, MA), after cell debris was excluded by

an appropriate forward scatter threshold. To analyse the expres-

sion of co-stimulatory molecules and MHC class II, the culture

cells were stained with FITC-labelled anti-CD40 (5C3: Phar-

Mingen, San Diego, CA), CD80 (BB-1: Ancell, Bayport, MN),

CD86 (2331: PharMingen) or HLA-DQ (Tü169: PharMingen)

and then analysed by a FACScan1 (BD). The expression was

analysed on gated live cells. To analyse the expression of

macrophage mannose receptor (MMR), freshly isolated and

cultured CD11cþ DCs were stained with unconjugated anti-

MMR mAb (3�29B1�10: ImmunoTech), followed by FITC-

Figure 1. Effect of CsA on viability of DC. CD11cþ and CD11c� DC

subsets were cultured with medium alone and IL-3, respectively. Both

DC subsets were incubated with different concentrations of CsA for

3 days. The number of viable cells in each DC subset was evaluated as

annexin V-negative fractions by flow cytometry. The data represent the

means � SEM of four independent experiments.
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labelled goat antimouse IgG F(ab0)2 (BD). To analyse the

endocytic activities, CD11cþ DCs were incubated with

0�1 mg/ml of FITC-dextran (Polysciences, Warrington, PA)

at 378 for 30 or 60 min. The results were displayed as mean

fluorescence intensity after subtracting the background in which

cells were incubated with FITC-dextran at 48. The production of

cytokines in the culture supernatants was determined by ELISA

24 hr later (kits for IL-12 p40 þ p70, IL-12 p70 and interferon-

a (IFN-a) were purchased from Endogen and that for IL-10 was

from ImmunoTech).

DC-T cell co-culture

CD4þ/CD45RAþ naive T cells were obtained from allogeneic

healthy volunteers using a CD4þ T cell Isolation Kit (Miltenyi

Biotec, GmbH, Bergisch Gladbach, Germany) followed by

positive selection with CD45RA-conjugated microbeads (Mil-

tenyi Biotec). The purity of the cells was 94% or greater by

reanalysis. To analyse the Th cell polarization, each blood DC

subset preincubated with various stimuli in the presence of CsA

(500 ng/ml) or vehicle for 24 hr was washed three times and

then co-cultured with allogeneic CD4þ/CD45RAþ naive T cells

(105 cells/well, DC-T ratio 1 : 5) for 7 days in 96-well round-

bottomed tissue culture plates. To analyse the T cell stimulatory

activities, DCs precultured for 72 hr were g-irradiated at 15 Gy

and graded doses of these DCs were added to 2 � 105 allo-

geneic naive Th cells for 5 days. The cells were pulsed with

10 mM 5-bromo-2’-deoxyuridine (BrdU) during the last 8 hr of

the culture period. A kit of Cell Proliferation ELISA, BrdU

(colorimetric) (from Roche, Mannheim, Germany) was used to

measure BrdU incorporation of T cells.

Intracellular cytokine staining of T cells stimulated by DCs

After 7 days of co-culture, the T cells were washed and

restimulated with PMA (50 ng/ml) and ionomycin (2 mg/ml)

for 6 hr, and brefeldin A (10 mg/ml) was added during the final 2

hr (all from Sigma). The cells were stained with PC5-labelled

anti-CD4 (ImmunoTech), and then with PE-labelled anti-IL-4

(BD) plus FITC-labelled anti-IFN-g mAb (BD) or with PE-

labelled anti-IL-10 (Caltag, Burlingame, CA) plus FITC-

labelled anti-IFN-g mAb, using a FIX and PERM kit (Caltag).

Statistical analysis

The paired Student’s t-test was used for statistical analysis with

a StatView statistical program (Abacus Concepts, Inc., Berke-

ley, CA). Differences were considered significant when tied P-

values were less than 0�05.

Figure 2. Effect of CsA on maturation of DCs. CD11cþ and CD11c� DC subsets were cultured with medium alone and IL-3,

respectively. Then, CD11cþ and CD11c� DC subsets were cultured with different stimuli indicated in the presence or absence of CsA

for 72 hr. The expression levels of CD40, CD80, CD86 and HLA-DQ on each DC subset were analysed by flow cytometry. Results were

shown as DMFI, which is calculated by subtraction of MFI with the isotype-matched control from that with each mAb. The results

shown here are representative of four independent experiments.
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RESULTS

Effect of CsA on viability and maturation of blood DC

subsets

To examine the effect of CsA on viability of blood DC subsets,

CD11cþ and CD11c� DCs were cultured with medium alone

and IL-3, respectively, in the absence or presence of CsA. As

shown in Fig. 1, Annexin V staining demonstrated that CsA did

not affect significantly the cell viability of either DC subset,

although spontaneous apoptosis occurred considerably in

CD11cþ DC after 3-day culture with medium alone (Fig. 1).

Next, to examine the effects of CsA on maturation of blood

DC subsets, CD11cþ and CD11c� DCs were cultured with

various agents. Three-day culture of CD11cþ DCs with LPS or

GM-CSF þ sCD40L and CD11c� DCs with SV or IL-

3 þ sCD40L up-regulated CD40, CD80, CD86 and HLA-DQ

(Fig. 2). Addition of CsA substantially inhibited the up-regula-

tion of CD80 and CD86, but showed no effect on the expression

of CD40 and HLA-DQ in either DC subset. These inhibitory

effects of CsA were manifested in a dose-dependent manner.

Effect of CsA on the expression of macrophage mannose

receptor (MMR) and receptor-mediated endocytic activity

of CD11cþ DC

Expression of macrophage mannose receptors (MMR) and

receptor-mediated endocytic activity are regarded as properties

of myeloid DCs at immature states.36 Freshly isolated CD11cþ

DCs, which were recognized to be in a very immature state,

expressed only low levels of mannose receptors (Fig. 3a),

whereas after 1-day culture with medium alone the DCs up-

regulated the expression of this molecule spontaneously. Treat-

ment with CsA inhibited this up-regulation of MMR during 1-

day culture in a dose-dependent manner.

In addition, CsA suppressed the dextran uptake activity of

CD11cþ DCs after 1-day culture (Fig. 3b). The effect was

manifested even at low the concentration of CsA (50 ng/ml).

Thus, the inhibitory effect of CsA on endocytotic activity was

apparently displayed in parallel with down-regulation of MMR.

Effect of CsA on T cell stimulatory capacity of DC

We next evaluated whether the inhibitory effect of CsA on

phenotypical maturation of DCs was related to the alteration of

the T cell stimulatory capacity. Pretreatment of LPS-stimulated

CD11Cþ DCs or SV-infected CD11C� DCs with CsA substan-

tially suppressed the allostimulatory activity (Fig. 4). The

inhibitory effects were demonstrated markedly at high DC/T

cell ratios (P < 0�05). However, the inhibitory effect of CsA

was shown to be subliminal when CD11cþ DCs and CD11c�

DCs were stimulated with GM-CSF þ sCD40L and IL-

3 þ sCD40L, respectively.

Effect of CsA on cytokine production of DC

It was reported that DCs have ability to produce different types

of cytokines in response to various stimuli.37,38 LPS (1 mg/ml)

induced the production of total IL-12 (p40 þ p70), bioactive

IL-12 (p70) and IL-10 from CD11cþ DCs (Fig. 5). Addition of

CsA inhibited the production of both IL-12 p40 þ p70 and IL-

12 p70 significantly, while it facilitated the production of IL-10

from CD11cþ DCs. On the other hand, CD11c� DCs infected

with SV produced large amounts of IFN-a, as described pre-

viously.31–33 Addition of CsA significantly reduced its produc-

tion from CD11c� DCs.

Effect of CsA on DC-mediated Th polarization

DC-mediated Th cell development is regulated mainly by DC-

derived cytokines.23,25 Thus, we evaluated the CsA effect on

DC-mediated Th polarization. LPS-stimulated CD11cþ DCs

preferentially induced the production of IFN-g producing T-

helper cells (Th1 cells) (Fig. 6a). The frequency of IFN-g-

producing Th cells was decreased significantly by addition of

CsA into the pretreatment DC culture with LPS (Fig. 6a,c). On

the other hand, SV-infected CD11c� DCs induced IFN-g-pro-

ducing Th1 cells and IL-10/IFN-g double-producing Th cells

(Fig. 6b), consistent with the findings of a previous study.29 The

induction of both types of Th cells was slightly inhibited by

pretreatment of the DCs with CsA (Fig. 6b,c).

DISCUSSION

In this study, we obtained some new insights into the immu-

nosuppressive effects of CsA. It was shown that CsA inhibited

phenotypical maturation of both CD11cþ and CD11c� periph-

eral blood DCs with microbial stimuli or CD40L in vitro, as

evaluated by the expression level of co-stimulatory molecules.

Figure 3. Effect of CsA on MMR expression and endocytic activity of

CD11cþDCs. CD11cþ DC subset was cultured with medium alone in

the presence of different concentrations of CsA for 24 hr. (a) Expression

of MMR was measured before and after the culture. Percentage of

positive cells was indicated in the figure. (b) After incubation with

FITC-dextran at 378 for 30 or 60 min, dextran uptake was analysed by

flow cytometry. The results are shown as MFI, from which the back-

ground fluorescence (incubated at 48) is subtracted. The results shown in

this figure are representative of four independent experiments.
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This inhibitory effect of CsAwas exhibited without affecting the

cell viability of both DCs subsets. It is interesting to note that the

inhibitory effect of CsA was limited to the expression of CD80

and CD86. The inhibitory effect of CsA was also manifested in

functional aspects of the DC maturation. Indeed, CsA regulated

negatively endocytic activity of immature CD11cþ DCs. On the

other hand, CsA definitely inhibited the T cell stimulatory

capacities of both DC subsets matured with microbial stimuli,

although CsA did not show discernible effects on the allosti-

mulatory effects of both subsets stimulated with sCD40. The

basis of this discrepancy is currently unknown. Collectively,

these findings suggest that CsA might exert inhibitory roles

on DCs of different lineages at multiple maturation stages

in vivo.

Recent accumulating evidence suggests that cytokine pro-

duction of DCs depends either on DC subsets or on stimuli that

DC receive.37 We showed, in the present study, that LPS

induced CD11cþ DCs to produce IL-12 and IL-10, while

infection of CD11c� DCs with SV induced the production of

large amounts of IFN-a. Remarkably, CsA suppressed IL-12

production significantly, but augmented IL-10 secretion from

LPS-stimulated CD11cþ DCs. On the other hand, CsA exhib-

ited a negative regulatory effect on IFN-a production by SV-

infected CD11c� DCs. In light of the roles of IL-10,39–41 IL-

1242 and IFN-a,33,43–45 the alteration by CsA of cytokine

production from DCs may lead to the modulation of immune

responses at least partly through influencing the development of

effector T helper cells (Th cells).

A line of evidence indicates that Th cell development is

regulated mainly by DC-derived cytokines, such as IL-1242 or

IFN-a.33,44,45 This study showed that both LPS-stimulated

CD11cþ DCs and SV-infected CD11c� DCs skewed naive

Th cells towards IFN-g-producing Th1 cells. It was demon-

strated that CsA significantly inhibited the Th1 polarization

induced by LPS-stimulated CD11cþ DCs. This may be due

partly to the CsA effect that inhibited IL-12 production from

CD11cþ DCs, because IL-12 is a potent inducer of Th1 cells.42

In addition, in light of the inhibitory roles of IL-10 in the

development of Th1 cells40 the enhancement by CsA of IL-10

production from LPS-stimulated CD11cþ DCs may also con-

tribute to the suppression of Th1 skewing. On the other hand,

CsA affected SV-infected CD11c� DCs to interfere slightly

with the development of Th1 cells and IL-10/IFN-g double-

producing Th cells. This could be attributable to the inhibitory

effect of CsA on IFN-a production from the SV-infected

CD11c� DCs, because IFN-a is known to induce Th1 cells.44

The limited effect of CsA on the SV-infected CD11c� DCs,

however, might presumably be the reflection of the phenomenon

that CsA could not abolish totally the IFN-a production from the

SV-infected CD11c� DCs. Since Th1 cells are functionally

immunogenic or protective against invading pathogens, the

inhibition of DC-mediated Th1 polarization may constitute

Figure 5. Effect of CsA on cytokine production of DCs.After 24 hr-

culture with LPS or SV in the presence or absence of CsA (500 ng/ml),

supernatants of DCs were measured for IL-12 p40 þ 70, IL-12 p70, IL-

10 and IFN-a by ELISA. Statistical significance is indicated using

paired Student’s t-test (*P < 0�05). The data represent the means �
SEM of three independent experiments.

Figure 4. Effect of CsA on allostimulatory capacity of DCs. CD11cþ

DCs were cultured with GM-CSF þ sCD40L or LPS in the presence or

absence of CsA (500 ng/ml), and CD11c� DCs were cultured with IL-

3 þ sCD40L or SV in the presence or absence of CsA (500 ng/ml).

Graded doses of the cultured DCs (stimulator cells) were irradiated and

co-cultured with allogeneic naive CD4þ T cells. T cell proliferation was

measured by BrdU incorporation. The results are shown as means of

triplicate cultures. Vertical bars represent SEM of triplicate cultures

(*P < 0�05). Representative data of three experiments are shown.
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an immunosuppressive mechanism of CsA. On the other hand, it

has been established that IL-10 not only inhibits Th1 develop-

ment but also exerts negative regulatory roles for a wide variety

of immune cells.40,46 Hence, the augmentation by CsA of IL-10

production from LPS-stimulated CD11cþ DCs may also con-

tribute to the induction of immunosuppressive state.

Several studies have demonstrated recently that CsA

affected the biological properties of DCs. For example, murine

Langerhans cells and BM-derived DCs showed down-regulation

of CD40 and B7 in the presence of CsA.12,13 Furthermore, CsA

inhibited the allogeneic T cell stimulatory capacity of Langer-

hans cells.47 On the other hand, CsA impaired differentiation of

immature DCs from monocytes and CD40L-induced maturation

of monocyte-derived DCs.48 The current study findings

described above were partly in accordance with these docu-

mented studies. However, the present findings appeared to be

novel, in that they revealed the direct effects of CsA on naturally

circulating blood DCs. In addition, this may be the first study

that described the CsA effects on human lymphoid DCs

(CD11c� DCs).

Recent progress in DC biology has suggested that DCs play

critical roles in various diseases. In the murine system, host

residual DCs were shown to be essential in the pathophysiology

of graft versus host disease (GVHD) after allogeneic bone

marrow transplantation.49 Induction of tolerance versus auto-

immunity might be determined by resting versus activated

DCs.50 On the other hand, we have reported recently that

selective recruitment of CD11cþ DCs from peripheral blood

to salivary glands and the subsequent induction of Th1 polar-

ization might be crucial steps in the genesis of primary Sjög-

ren’s syndrome.51 Furthermore, a recent study implicated the

pivotal roles of IFN-a-producing plasmacytoid cells (CD11c�

DCs) in lupus erythematosus.52,53 Thus, the findings obtained in

this study may support the idea of introducing CsA to various

disease conditions with the purpose of targeting DCs.

In conclusion, we unravelled a variety of effects of CsA on

peripheral blood DCs. CsA inhibited maturation of both

CD11cþ and CD11c� DCs and modulated cytokine production

from these DCs, resulting in the inhibition of Th1 development.

These findings will provide a better understanding of the

Figure 6. Effect of CsA on DC-mediated Th polarization. (a,b) CD11cþ and CD11c� DCs were preincubated with LPS and SV,

respectively, in the presence or the absence of CsA (500 ng/ml). These DCs were washed extensively and then co-cultured with

allogeneic naive CD4þ T cells for 7 days. The T cells were restimulated with PMA and ionomycin for 6 hr. Brefeldin A was added to

the cultures for the last 2 hr, and then intracellular IFN-g, IL-4 and IL-10 of T cells was analysed by flow cytometry. The percentages of

the respective cytokine-producing T cells are indicated in each dot blot profile. (c) Percentages of IFN-g-producing Th cells are shown

(upper; CD11cþ DCs, lower; CD11c� DCs). Data represent the means � SEM of five independent experiments. Statistical significance

is indicated using paired Student’s t-test (*P < 0�05). Data are presented as means � SEM.
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biological effects of CsA and may promise a further extended

application of this agent to various clinical situations.
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