
Dexamethasone transforms lipopolysaccharide-stimulated human
blood myeloid dendritic cells into myeloid dendritic cells that prime

interleukin-10 production in T cells

Introduction

Induction of immunological tolerance, specific for trans-

plant- or self-antigens while maintaining reactivity to

other antigens, is an important goal in transplantation

medicine and auto-immunity.

Myeloid dendritic cells (MDC) are the most potent

antigen-presenting cells (APC) and have the unique abil-

ity to initiate primary T-cell responses.1 However,

whereas mature MDC have a potent capacity to stimulate

T cells, immature MDC poorly stimulate effector T cells

and this is associated with the induction tolerance.1

This unique property of immature MDC has been utilized

in experimental animal transplantation models in which

transfer of immature donor-derived MDC prolonged allo-

graft survival.2,3 However, in order to use immature

MDC as immunotherapy in humans it is pivotal that

these MDC are refractory to maturation stimuli, because

humans are constantly exposed to inflammatory stimuli

from pathogens and other environmental danger signals

that can trigger MDC maturation, leading to T-cell

activation instead of T-cell tolerance.4

Glucocorticoids are widely used as potent immuno-

suppressive and anti-inflammatory drugs to prevent
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Summary

Myeloid dendritic cells (MDC) play an important role in antigen-specific

immunity and tolerance. In transplantation setting donor-derived MDC

are a promising tool to realize donor-specific tolerance. Current protocols

enable generation of tolerogenic donor MDC from human monocytes

during 1-week cultures. However, for clinical application in transplanta-

tion medicine, a rapidly available source of tolerogenic MDC is desired.

In this study we investigated whether primary human blood MDC could

be transformed into tolerogenic MDC using dexamethasone (dex) and

lipopolysaccharide (LPS). Human blood MDC were cultured with dex and

subsequently matured with LPS in the presence or absence of dex. Activa-

tion of MDC with LPS after pretreatment with dex did not prevent matu-

ration into immunostimulatory MDC. In contrast, simultaneous

treatment with dex and LPS yielded tolerogenic MDC, that had a reduced

expression of CD86 and CD83, that poorly stimulated allogeneic T-cell

proliferation and production of T helper 1 (Th1) cytokines, and primed

production of the immunoregulatory cytokine interleukin-10 (IL-10) in T

cells. In vitro, however, these tolerogenic MDC did not induce permanent

donor-specific hyporesponsiveness in T cells. Importantly, tolerogenic

MDC obtained by LPS stimulation in the presence of dex did not convert

into immunostimulatory MDC after subsequent activation with different

maturation stimuli. In conclusion, these findings demonstrate that com-

bined treatment with dex and LPS transforms primary human blood

MDC into tolerogenic MDC that are impaired to stimulate Th1 cytokines,

but strongly prime the production of the immunoregulatory cytokine

IL-10 in T cells, and are resistant to maturation stimuli. This strategy

enables rapid generation of tolerogenic donor-derived MDC for immuno-

therapy in clinical transplantation.
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allograft rejection and to treat autoimmune and allergic

diseases.5,6 Glucocorticoids affect growth, differentiation

and function of many cell types, such as T cells, macro-

phages, monocytes and MDC.7,8 Several studies have

investigated the feasibility of using glucocorticoids for

developing tolerogenic MDC. It has been demonstrated

that glucocorticoids are able to induce tolerogenic MDC

when present during differentiation of human monocytes

into MDC. The resulting monocyte-derived MDC

(Mo-MDC) remained immature upon exposure to matu-

ration signals, as demonstrated by a low expression of the

costimulatory molecules and a reduced T-cell stimulatory

capacity.8,9 Importantly, these MDC were also able to

induce hyporesponsiveness in alloreactive memory T cells

by lack of costimulation and active suppression by B7-H1

and interleukin-10 (IL-10).10

In the transplantation setting, a major obstacle for

induction of tolerance is the high frequency of pre-exist-

ing alloreactive memory T cells that recognize donor

human leucocyte antigen (HLA) via the direct pathway,

in other words presented on donor cells.11,12 To induce

hyporesponsiveness in these T cells, immunotherapy with

donor-derived tolerogenic Mo-MDC is an interesting

option. However, in clinical transplantation practice,

immunotherapy with glucocorticoid-induced tolerogenic

Mo-MDC will be limited to living donations, as culturing

these MDC from monocytes will minimally take 6 days.

Because most acute rejections occur within days,

immunotherapy must be started directly after transplanta-

tion. A faster way of obtaining tolerogenic MDC could be

the use of immature donor blood MDC that do not

require 6 day long differentiation. However, to our

knowledge, no studies have been carried out on the

effects of glucocorticoids on primary human blood MDC.

Here we studied whether pretreatment of freshly iso-

lated primary immature human blood MDC with the

synthetic glucocorticoid dexamethasone (dex), or com-

bined treatment with dex and the Toll-like receptor-4

(TLR4) agonist lipopolysaccharide (LPS), leads to the

induction of stable tolerogenic MDC. Immunophenotype,

cytokine production and T-cell stimulatory capacity of

dex-treated MDC were assessed. In addition, it was deter-

mined whether dex-treated human blood MDC were able

to induce hyporesponsiveness in allogeneic T cells. To

investigate whether glucocorticoid treatment had a sus-

tained effect, dex-treated blood MDC were restimulated

with different maturation stimuli.

Materials and methods

Antibodies

The following monoclonal antibodies (mAb) were used:

immunoglobulin G1 (IgG1)-fluoroscein isothiocyanate

(FITC), IgG1-phycoerythrin (PE), IgG1-APC, IgG1-

PerCP-cy5.5, IgG2a-PerCP, CD4-PerCP, CD19-FITC,

CD20-APC, CD40-APC, CD14-PE, HLA-DR-PerCP, and

CD86-APC from Becton and Dickinson (Heidelberg, Ger-

many); CD45-FITC, CD3-PE, CD56-APC, CD80-FITC

from Beckman Coulter Immunotech (Marseille, France);

CD8-APC from Dako (Glostrup, Denmark); CD83-FITC

from Caltag Laboratories (Burlingame, CA); anti-BDCA-1

PE, CD19 and CD14 microbeads, anti-PE microbeads

from Miltenyi Biotec (Bergisch Gradbach, Germany).

Isolation of human blood MDC and T cells

By means of Ficoll Isopaque gradient separation (Amer-

sham Biosciences, Roosendaal, The Netherlands), periph-

eral blood mononuclear cells (PBMC) were isolated from

buffycoats obtained from healthy blood donors (Sanquin

Blood Bank, The Netherlands). The study was approved

by the Dutch blood transfusion organization Sanquin,

and all donors gave written imformed consent to use

their buffy coat for research according to the ethical rules

of blood donation in the Dutch blood donation law.

MDC were isolated by positive selection of BDCA-1+ cells

after B-cell depletion using magnetic microbeads, as pre-

viously described.13 Purity of the isolated MDC was

96 ± 4% (BDCA-1+ CD20) cells determined by flow

cytometry) and viability was 96 ± 2% determined by

Trypan blue exclusion.

A batch of T cells was purified from buffy coat PBMC

by incubation with CD14-PE, anti-BDCA1-PE and CD19

microbeads, and subsequently with anti-PE microbeads

for 15 min at 4�. T cells were enriched by negative selec-

tion over a Large Separation column using a MidiMACS

separation device (Miltenyi Biotec) and contained 87%

CD3+ T-cells and 11% CD56+ cells.

Generation of control-, predex- and dex MDC

Isolated MDC (300 000 MDC/well in 200 ll) were cul-

tured with or without 1 lM dexamethasone (dex) (Phar-

macy, ErasmusMC, Rotterdam) for 18 hr in RPMI+ with

10% fetal calf serum (FCS; Hyclone, Logan, UT), penicil-

lin (100 U/ml), and streptomycin (100 ug/ml; Gibco BRL

Life Technologies, Breda, The Netherlands) supplemented

with 500 U/ml granulocyte–macrophage colony-stimulat-

ing factor (GM-CSF; Leucomax; Novartis Pharma, Arn-

hem, The Netherlands). Thereafter MDC were extensively

washed and matured with 100 pg/ml LPS (Sigma,

Zwijndrecht, The Netherlands) for 24 hr. At this point

MDC that had been cultured with dex were divided into

two conditions; part of the MDC were matured in

absence of dex (predex MDC) and part of the MDC were

matured in presence of 1 lM dex (dex MDC). MDC cul-

tured and matured in absence of dex are referred to as

control MDC. After maturation MDC were immuno-

phenotyped, and their cytokine production and allogeneic
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T-cell stimulatory capacity were assessed. Recovery and

viability were determined by trypan blue exclusion.

Second stimulation of control and dex MDC

Control and dex MDC (300 000 MDC/well in 200 ll) were

given a second maturation stimulus consisting of either

100 pg/ml LPS, 50 pg/ml tumour necrosis factor-a
(TNF-a) and 50 pg/ml IL-1b (both from Strathmann Bio-

tech, Hannover, Germany) or CD40L-transfected J558 plas-

macytoma cells14 (5000 J558 cells) for 24 hr. After 24 hr of

culture with the second maturation stimulus MDC were

harvested and their immunophenotype, cytokine produc-

tion and T-cell stimulatory capacity were assessed.

Immunophenotyping of MDC

The following antibody combinations were used to deter-

mine maturation of MDC: anti-BDCA1-PE in combination

with CD80-FITC, anti-HLA-DR-PerCP, CD86-APC,

CD83-FITC, CD40-APC. Non-viable MDC were excluded

from analysis using 7-AAD (Becton and Dickinson).

Appropriate isotype-matched control antibodies were used.

Optimal dilutions of all antibodies were established in preli-

minary experiments. The data were analysed on a FACScali-

bur using CELLQUEST pro software (Becton Dickinson, CA).

Allogeneic T-cell stimulatory capacity of control, predex
and dex MDC

Graded numbers of MDC (40, 20,10 and 5 · 103 MDC/

200 ll) were incubated with or without dex to generate

control, predex and dex MDC. After 18 hr MDC were

washed twice, after which 1�5 · 105 purified allogeneic

T cells were added to the MDC. Alternatively, to exclude

an effect of MDC death on T-cell stimulation, control,

predex and dex MDC were recounted after they had been

generated, and graded numbers (10, 5 and 2�5 · 103

MDC/well) were cultured with 1�5 · 105 allogeneic

T cells. In addition, restimulated control and dex MDC

(20 and 10 · 103 MDC/well) were cultured with 1�5 · 105

allogeneic T cells. After 5 days T-cell proliferation was

assessed by measuring the incorporation of [3H]-thymi-

dine (Radiochemical Centre, Amersham, Little Chalfont,

UK); 0�5 lCi was added per well and cultures were har-

vested 18 hr later. T cells stimulated by phytohaemagglu-

tinin (5 lg/ml, Murex, Paris, France) served as a positive

control. In addition, culture supernatants were collected

at different time points of the MDC T-cell cultures for

analysis of cytokine production.

Generation of mature Mo-MDC

Monocytes were isolated from buffy coat PBMC by posi-

tive selection using CD14 microbeads and a Large

Separation column (both from Miltenyi Biotec) accord-

ing to the manufacturer’s protocol. The purity of mono-

cytes determined by flowcytometry with CD14-PE was

99 ± 0�2%. Monocytes were cultured at a concentration

of 1�5 · 106 cells per 2 ml in RPMI+ supplemented with

FCS, 50 U/ml GM-CSF and 125 U/ml IL-4 and cultured

for 5 days at 37�, 5% CO2. After 2 days medium was

refreshed and after 5 days 100 ng/ml LPS was added

together with fresh GM-CSF and IL-4, and cells were

cultured for an additional 24 hr. At day 6 the cells were

harvested, quantified and maturation of Mo-MDC was

assessed by flow cytometry with anti-BDCA-1 PE, HLA-

DR-PerCP, CD40-APC, CD80-FITC and CD86-APC

mAb together with appropriate isotype controls.

Mo-MDC were then frozen to be used as APC in resti-

mulation experiments.

Restimulation of MDC-stimulated T cells

Control and dex MDC (2 · 103 MDC) were cultured

with 1�5 · 105 purified allogeneic T cells for 7 days. On

day 7 the culture medium was refreshed in order to rest

the T cells. On day 10 T cells were harvested and quanti-

fied per condition. Mature Mo-MDC, generated from the

same donor as the MDC used in the primary stimulation,

were thawed and used to restimulate the T cells. T-cells

(7�5 · 104) were co-cultured with 7�5 · 103 mature

Mo-MDC for 4 days, after which [3H]-thymidine incor-

poration was determined. Supernatants from day 4 of the

restimulation cultures were harvested and frozen to deter-

mine cytokine production.

Determination of cytokine production

Levels of IL-12, IL-10, IL-6 and TNF-a in the super-

natants of control, predex and dex MDC (300 000 MDC/

200 ll), and of restimulated control or dex MDC were

determined by standard enzyme-linked immunosorbent

assay (ELISA) according to the manufacturer’s instruc-

tions (eBioscience, San Diego, CA). IL-2, IL-4, IL-10 and

interferon-c (IFN-c) production in co-cultures of MDC

with allogeneic T cells were determined by the cytometric

bead array technology using human cytokine flex sets

according to the manufacturer’s instructions (Becton

Dickinson). The data were analysed on a FACSarray using

CBA analysis software (Becton Dickinson).

Statistical analysis

Differences between groups of unpaired samples were

statistically analysed using the Mann–Whitney test. The

Wilcoxon Signed Ranks test was used to test whether dif-

ferences between groups of paired samples. Analyses were

performed using SPSS version 11.0 software. A P-value

< 0�05 was considered to be statistically significant. All
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data are presented as means ± standard error of the mean

(SEM).

Results

Dex partially blocks maturation of human blood
MDC

To study whether pretreatment of freshly isolated human

blood MDC with dex prevented maturation, MDC were

cultured overnight in the presence of dex. After 18 hr the

MDC were washed and stimulated with LPS for another

24 hr. Non-treated MDC (control MDC) matured upon

stimulation with LPS as demonstrated by an increased

expression of CD86, CD80, CD83, CD40 and HLA-DR

(Fig. 1a and b). Pretreatment of MDC with dex (predex

MDC) partially prevented maturation upon LPS activa-

tion, as shown by a lower expression of expression of

CD86 and CD83. HLA-DR and CD40 upregulation were

not suppressed and CD80 expression was increased com-

pared to control MDC (Fig. 1b).

However, when MDC were treated with dex before and

during LPS activation (dex MDC) CD80 expression was

not enhanced and upregulation of CD86 and CD83 were

also partially inhibited (Fig. 1a and b). Similar data for

these markers were obtained when analysing the percent-

ages of positive MDC (data not shown). The cytokine

profiles of the control, predex and dex MDC were similar;

during LPS stimulation they produced almost no detect-

able IL-10, IL-12 or IL-6 (data not shown) and their
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Figure 1. Effect of dex treatment on immuno-

phenotype of human blood MDC. Control and

predex MDC were generated by incubating iso-

lated human blood MDC in the presence or

absence of 1 lm dex for 18 hr and subse-

quently maturing them with 100 pg/ml LPS.

Before addition of LPS the MDC were exten-

sively washed to remove residual dex. Dex MDC

were generated in the continuous presence 1 lm

dex during both preincuation and LPS stimula-

tion. (a) Representative dotplots of CD86

expression on freshly isolated (after iso), con-

trol, predex and dex MDC. (b) The immuno-

phenotypic characteristics of freshly isolated

(after iso), control, predex and dex MDC as

analysed by flow cytometry. Depicted is the

mean fluorescence intensity of the various

markers. Data represent the means with SEM of

10 separate experiments. *P < 0�04, **P < 0�02

for the comparison of predex or dex MDC

versus control MDC.
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TNF-a production was not significantly different from each

other (978 ± 102 pg/ml; 823 ± 79 pg/ml; 657 ± 156 pg/ml

respectively).

Presence of dex during MDC activation primes IL-10
production and reduces Th1 cytokine production in
T cells

Since both predex and dex MDC had a lowered expres-

sion of co-stimulatory molecules needed for T cell activa-

tion, their allogeneic T-cell stimulatory capacity was

assessed. Pretreatment with dex did not suppress the

capacity of LPS-stimulated MDC to induce allogeneic

T-cell proliferation. Presence of dex during MDC activa-

tion was required for suppression of their T-cell stimula-

tory capacity (Fig. 2a and b).

To exclude that the observed reduced T-cell stimulatory

capacity was a result of dex-induced MDC death, MDC

recovery and viability after incubation with dex and mat-

uration with LPS were analysed. There were no significant

differences in MDC recovery and viability, between con-

trol, predex and dex MDC (Fig. 2c and d). Moreover,

when we recounted MDC before adding T cells, dex

MDC also exhibited a lower allogeneic T-cell stimulatory
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Figure 2. Continuous presence of dex during MDC maturation results in an impaired T-cell stimulatory capacity of MDC. Control, predex and

dex MDC were generated by incubating isolated human blood MDC in the presence or absence of 1 lm dex for 18 hr and subsequently maturing

them with 100 pg/ml LPS in the presence or absence of 1 lm dex for 24 hr. Before addition of allogeneic T cells, MDC were extensively washed

to remove dex from the cultures. Allogeneic T-cell proliferation was assessed after 5 days of incubation with graded number of MDC by

[3H]-thymidine incorporation. (a) A representative experiment showing T-cell proliferation induced by control, predex and dex MDC from the

same donor. (b) Relative T-cell activation by predex and dex MDC compared to control MDC in eight experiments. To exclude variations in

absolute proliferation between experiments, [3H]-thymidine incorporation in T cells stimulated with control MDC was normalized to 100% for

each MDC number, thereby allowing easy pairwise comparison. Proliferation of T cells stimulated by predex and dex MDC was calculated by the

following formula: Counts of T cells stimulated with predex or dex MDC divided by counts of T cells stimulated by control MDC times 100%.

Data represent mean with SEM of eight separate experiments. *P < 0�01 for comparison of dex MDC versus control MDC. (c) Percentage recov-

ery of control, predex, and dex MDC from wells after LPS activation. (d) Viability of MDC, determined by trypan blue exclusion, after LPS acti-

vation. (e) Relative T-cell activation by recounted dex MDC compared to recounted control MDC. MDC were recounted after LPS stimulation

and graded numbers of MDC were used to stimulate allogeneic T cells. Data represent mean with SEM of five separate experiments.
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capacity, indicating that dex only affects function and not

survival of MDC (Fig. 2e).

T cells activated with control MDC produced peak

levels of IFN-c on day 7 and of IL-2 on day 4 (data

not shown). IFN-c production was only significantly

lowered in T cells stimulated by dex MDC, but not in

T cells stimulated by predex MDC (Fig. 3a), whereas

IL-2 production was reduced in T cells activated with

predex and dex MDC (Fig. 3b). T cells activated with

dex MDC produced peak levels of IL-10 on day 7,

whereas little IL-10 production was observed when

T-cells were stimulated with predex or control MDC

(Fig. 3c). IL-4 was not detected in the MDC T-cell

co-cultures (data not shown). These results show that

continuous presence of dex during LPS stimulation

inhibits maturation of primary human blood MDC to

immunostimulatory MDC by reducing their capacity to

stimulate proliferation and production of Th1 cytokines

in T-cells and by priming production of the immuno-

regulatory cytokine IL-10 in T-cells. Therefore the prop-

erties of these dex MDC were studied in more detail in

the following experiments.

Dex MDC do not induce hyporesponsive T cells
in vitro

To investigate whether dex MDC induced a permanent

hyporesponsiveness in allogeneic T cells, T cells were

recovered from the wells of the primary MDC T-cell co-

cultures and restimulated with mature Mo-MDC gener-

ated from the same donor as from which the control and

dex MDC where isolated. T cells primed with either con-

trol or dex MDC displayed similar T-cell proliferation

upon restimulation with mature Mo-MDC after 4 days of

culture (Fig. 4a). Additionally these T cells also produced

similar levels of IFN-c (Fig. 4b) and IL-2 (data not

shown) upon restimulation with mature Mo-MDC. IL-10

and IL-4 production were not detectable in restimulations

of T cells with Mo-MDC. These data show that, although

dex MDC have an impaired T-cell stimulatory capacity,

they do not induce permanent hyporesponsiveness in T

cells in vitro.

Dex MDC are functionally resistant to a second
maturation stimulus

To assess whether dex MDC are resistant to a second

maturation stimulus, it was first studied whether dex

MDC retain a relatively immature phenotype upon acti-

vation with a second stimulus consisting of either LPS,

TNF-a + IL-1b or CD40L. Figure 5a shows that both

control MDC and dex MDC matured further upon stim-

ulation with a second stimulus, but the expression of

CD86 remained markedly lower on dex MDC compared

to control MDC.

Functionally dex MDC produced very little TNF-a and

IL-6 when activated with a second stimulus consisting

of LPS, in contrast to control MDC (Fig. 5b and c).
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Figure 3. Dex MDC have reduced capacity to stimulate Th1 cyto-

kine production but induce secretion of IL-10 by T-cells. (a) Relative

IFN-c production by predex and dex MDC compared to control-

MDC on day 7. Supernatants of T cells stimulated by control MDC

contained on average 456 ± 131 pg/ml IFN-c. To exclude variations

in absolute IFN-c production between experiments, IFN-c concen-

tration in culture media of T cells stimulated with control MDC was

normalized to 100%, thereby allowing easy pairwise comparison.

Data represent mean with SEM of seven separate experiments.

(b) Relative IL-2 production by control, predex and dex MDC on

day 4. Supernatants of T cells stimulated by control MDC contained

260 ± 100 pg/ml IL-2. (c) Relative IL-10 production by control, pre-

dex and dex MDC on day 7. Supernatants of T cells stimulated by

control MDC contained 10 ± 1�3 pg/ml IL-10. Data represent mean

with SEM of six separate experiments. *P � 0�03 for comparison of

dex MDC versus control MDC.

96 � 2008 Blackwell Publishing Ltd, Immunology, 125, 91–100

B. M. Bosma et al.



Likewise, IL-6 production was significantly lowered com-

pared to control MDC when dex MDC were stimulated

with TNF-a + IL-1b (data not shown). IL-10 and IL-12

production were not detectable in cultures of restimulated

MDC. Furthermore, dex MDC activated with a second

stimulus consisting of LPS or TNF-a + IL-1b did display

a reduced capacity to stimulate allogeneic T-cell prolifera-

tion compared to control MDC (Fig. 5d). Also restimu-

lated dex MDC hardly induced IFN-c production by T

cells (Fig. 5e). A similar difference in IL-2 production was

detected when dex MDC and control MDC, upon resti-

mulation with either LPS or TNFa + IL-1b, were co-cul-

tured with allogeneic T-cells (data not shown). IL-10 and

IL-4 production were not detectable in the MDC T-cell

co-cultures. Collectively, these data show that regulatory

dex MDC are functionally resistant to restimulation with

different maturation stimuli.

Discussion

In this study we show that treatment of primary human

blood MDC with the glucocorticoid dex in combination

with the TLR4 ligand LPS transforms human blood MDC

into tolerogenic MDC. These dex MDC poorly stimulated

T-cell proliferation and production of Th1 cytokines

(IFN-c and IL-2), but primed production of the immuno-

regulatory cytokine IL-10 in T-cells. Moreover, these dex

MDC did not convert into immunogenic MDC after sub-

sequent exposure to different maturation stimuli.

On the contrary, pretreatment of primary human blood

MDC with dex did not prevent the generation of immuno-

stimulatory MDC upon subsequent activation with LPS in

the absence of dex. Although dex pretreatment partially

prevented immunophenotypic MDC maturation upon

stimulation with LPS, as shown by a reduced expression

of CD83 and CD86, it did not prevent functional matura-

tion to immunogenic MDC. This is in agreement with

data showing that immature mo-MDC treated with dex

readily convert to immunogenic MDC after removal of

glucocorticoids.15 In addition, we recently found that

blood MDC from liver transplant recipients treated with

glucocorticoids readily mature to immunostimulatory

MDC when stimulated ex vivo in the absence of glucocor-

ticoids.16 Apparently, corticosteroids alone do not imprint

immature human blood MDC with a stable immuno-

regulatory function.

In contrast, treatment with dex and LPS simultaneously

resulted in MDC that poorly stimulated allogeneic T-cell

proliferation. This is in agreement with the reported

effects of continuous corticosteroid treatment during mat-

uration of human mo-MDC and murine MDC, that also

inhibited immunophenotypic and functional matura-

tion.15,17–20 One reason that treatment with dex alone did

not reduce the T-cell stimulatory capacity of MDC may

be that it stimulated upregulation of CD80 upon LPS-

stimulation, while combined treatment with dex and LPS

prevented this upregulation.

After restimulation MDC that had been treated with

the combination of dex and LPS hardly upregulated

CD86 at all. A durable effect of corticosteroids on CD86

expression on MDC was also observed in vivo in patients

that were treated with high doses of glucocorticoids

shortly after liver transplantation; when MDC from these

patients were ex vivo stimulated with proinflammatory

cytokines they showed impaired upregulation of CD86

expression.16 These data altogether show that the only

lasting effect of glucocorticoids on the immunophenotype

of primary human blood MDC is impairment of CD86

expression.

The secretion of MDC-derived immunoregulatory or

immunostimulatory cytokines also plays a crucial role in

the cascade of T-cell priming. In contrast to human

mo-MDC,9,15,18,19 primary human blood MDC did not

produce detectable amounts of IL-6, IL-10 or IL-12 upon

LPS-stimulation. TNF-a production by human blood

MDC stimulated by LPS was not suppressed by cortico-

steroid treatment. In this respect, primary human blood
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Figure 4. Upon restimulation dex MDC-primed T cells proliferate

and produce IFN-c comparable to control MDC-primed T cells.

15 · 104 allogeneic T cells were primed with 20 · 103 control or

dex MDC. At day 7 the T cells were rested for 2 days in refreshed

medium. T cells (75 · 103) primed with control or dex MDC were

restimulated with 75 · 102 mature mo-MDC originating from the

same donor as the control- and dex MDC. (a) T-cell proliferation

was assessed by [3H]-thymidine incorporation 4 days after resti-

mulation of the control or dex MDC primed T cells. (b) IFN-c
production in the supernatant on day 4 of restimulation was deter-

mined by ELISA. Data represent mean with SEM of three separate

experiments.
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Figure 5. Dex MDC are functionally resistant to a second maturation stimulus in the absence of dex. Control- and dex MDC were exposed to a

second maturation stimulus in the absence of dex consisting of either LPS (100 pg/ml), TNF-a + IL-1b (50 pg/ml) or CD40L (5 · 103 000 J558

cells) for 24 hr. (a) The immunophenotypic characteristics of these MDC were determined by flow cytometry. Depicted is the mean fluorescence

intensity of the various markers on control and dex MDC before (mature MDC) and after the second stimulus (mature MDC LPS, mature MDC

TNF-a + IL-1b, mature MDC CD40L). Data represent mean with SEM of three separate experiments. (b) TNF-a levels in the culture super-

natants of control and dex MDC 24 hr after restimulation with LPS. Data represent the mean with SEM of six separate experiments. *P = 0�03

for the comparison of dex MDC versus control MDC. (c) IL-6 levels in the culture supernatants of control or dex MDC 24 hr after restimulation

with LPS. Data represent the mean with SEM of six separate experiments. *P = 0�03 for the comparison of dex MDC versus control MDC.

(d) Allogeneic T-cell proliferation primed by control or dex MDC from the same donor that had been restimulated with LPS or TNF-a + IL-1b
(one representative experiment out of three). (e) IFN-c production in the supernatant on day 5 of the T cells stimulated by control or dex MDC

that had been restimulated with LPS or TNF-a + IL-1b. Data represent mean with SEM of three separate experiments.
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differ from human mo-MDC or murine bone marrow

derived MDC in which cytokine production is inhibited

by dex.15,18,19,21,22 However, we did observe a late effect

of dex on cytokine production by human blood MDC;

upon restimulation, MDC that had been treated with dex

and LPS hardly produced any cytokines, in contrast to

untreated MDC.

The key observation of our study is that upon com-

bined treatment with dex and LPS primary human MDC

are impaired in their capacity to stimulate production of

Th1 cytokines, but acquire the capacity to prime IL-10

production in T cells. Most likely, dex-MDC can prime

type 1 regulatory T cells, which produce IL-10.23,24 How-

ever, T-cells primed by dex-MDC also produced IFN-c in

low amounts, but no Th2 cytokines. Because the ratio of

IL-10 to IFN-c production by these T-cells was 1 : 2, we

propose that these T cells represent a mixture of type 1

regulatory T cells and Th1 cells. MDC generated under

the influence of LPS and dex from primary human blood

MDC are similar to murine MDC that have been stimu-

lated with LPS in the presence of dex or stimulated with

cytokines only. These so-called ‘alternatively activated’,

‘semi-mature’, or ‘modified’ regulatory MDC similarly

prime IL-10 production by T-cells in vitro 20 and in vivo

upon transfer into mice.21,22,25 Importantly, such tolero-

genic murine MDC suppress Th1 responses in vivo and

prevent allograft rejection,21,22 Graft-versus-host disease,26

and protect against experimentally induced autoimmune

diseases25 upon transfer into mice.

Treatment of MDC with dex during LPS stimulation

suppressed the upregulation of signal 2 (costimulatory

molecules), but not of signal 1 (HLA-DR), suggesting that

these MDC could induce T-cell anergy. Unfortunately,

our in vitro data showed that these tolerogenic dex MDC

did not induce a permanent state of hyporesponsiveness

in T cells. However, this does not mean that hyporespon-

siveness in T cells does not occur upon transfer of these

MDC in vivo. Data from a murine study showed that

alternatively activated MDC that did not induce hypo-

responsiveness in vitro induced profound donor-specific

hyporesponsiveness in T-cells, and prolonged transplant

survival when applied in vivo.22

To use MDC in immunotherapy to induce tolerance to

allografts, it is essential that the MDC do not convert into

immunogenic MDC in vivo upon encountering a host

environment rich in proinflammatory stimuli, especially

in transplant recipients who are highly susceptible to

infections. The tolerogenic MDC obtained after simulta-

neous treatment with dex and LPS fulfil this requirement:

After restimulation with different maturation stimuli they

become unable to produce proinflammatory cytokines,

and almost incapable to induce proliferation and cytokine

production in T cells.

Donor blood is readily available at time of transplanta-

tion, and it is technically feasible to isolate immature

blood MDC rapidly with the method described in the

present study, using clinical grade equipment. Therefore,

in clinical transplantation alternatively activated donor

blood MDC are an attractive option for cell-based

immunotherapy to induce donor-specific tolerance. For

this purpose the culture period must be shortened. We

anticipate that the preincubation period with dex can be

reduced considerably. In the case of liver transplantation

an additional source of immature donor MDC is readily

available, namely immature donor liver MDC obtained

during the backtable perfusion of a liver graft.13 In addi-

tion, alternatively actived recipient blood MDC may be

suitable for induction of tolerance in recipient T cells that

recognize donor allo-antigens via the indirect pathway of

antigen presentation. However, for this purpose effective

means of loading MDC with donor HLA will have to be

developed.

In conclusion, human blood MDC treated with dex

and LPS are transformed in tolerogenic MDC that are

strongly impaired in their capacity to stimulate allogeneic

T-cell proliferation and Th1 secretion, but that prime T

cells to produce the immunoregulatory cytokine IL-10.

Moreover, these tolerogenic MDC were functionally un-

responsive to maturation stimuli. These findings indicate

alternatively activated primary blood MDC may be a

promising option for cell-based immune modulatory

therapy to induce donor-specific tolerance in transplant

recipients.
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