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Abstract

Inhibitors of cAMP-speci®c phosphodiesterase (PDE) 4 have been shown to inhibit in¯ammatory
mediator release and T cell proliferation, and are considered candidate therapies for Th1-mediated
diseases. However, little is known about how PDE4 inhibitors in¯uence dendritic cells (DC), the
cells responsible for the priming of naive Th cells. Therefore, we investigated the PDE pro®le of
monocyte-derived DC, and whether PDE4 inhibitors modulate DC cytokine production and T cell-
polarizing capacity. We mainly found cAMP-speci®c PDE4 enzymatic activity in both immature and
mature DC. In contrast to monocytes that mainly express PDE4B, we found that PDE4A is the
predominant PDE4 subtype present in DC. Immature DC showed reduced ability to produce
IL-12p70 and tumor necrosis factor (TNF)-a upon lipopolysaccharide or CD40 ligand (CD40L)
stimulation in the presence of PDE4 inhibitors, whereas cytokine production upon CD40L
stimulation of fully mature DC in the presence of PDE4 inhibitors was not affected. Exposure to
PDE4 inhibitors for 2 days during DC maturation did not in¯uence T cell-stimulatory capacity or
acquisition of a mature phenotype, but increased the expression of the chemokine receptor
CXCR4. Furthermore, DC matured in the presence of PDE4 inhibitors showed reduced capacity to
produce IL-12p70 and TNF-a upon subsequent CD40L stimulation. Using these PDE4 inhibitor-
matured DC to stimulate naive T cells resulted in a reduction of IFN-g-producing (Th1) cells. These
®ndings indicate that PDE4 inhibitors can affect T cell responses by acting at the DC level and may
increase our understanding of the therapeutic implication of PDE4 inhibitors for Th1-mediated
disorders.

Introduction

In the immune system, cAMP signaling pathways are important

for the control of a wide range of cellular functions, including

mediator release and proliferation. The level of the second

messenger cAMP is tightly regulated at the level of synthesis

(1) and hydrolysis. Phosphodiesterases (PDE) are the critical

enzymes responsible for the degradation of cAMP and/or

cGMP. Based on genetic, biochemical and pharmacological

data, PDE enzymes have been classi®ed into 11 distinct

families (2,3). Immune and in¯ammatory cells predominantly

express PDE4 followed by PDE3 and, to a lesser extent, PDE7

family members (3,4). The PDE4 family, the main contributor to

cAMP hydrolysis, is encoded by four distinct genes (PDE4A,

B, C and D) and comprises >15 PDE4 isoforms.

Since an increase in cAMP has been shown to inhibit

in¯ammatory and immunological processes, the PDE families

have been proposed as targets for therapeutic intervention in

pathologies such as allergies and autoimmune diseases (5).

PDE4-speci®c inhibitors, such as Rolipram and Cilomilast (6),

have been demonstrated to elevate cAMP levels, and inhibit

proliferation, cytokine production and mediator release of

several cells, including T cells, monocytes and eosinophils

[reviewed in (4,7)]. However, little is known about how PDE4

inhibitors in¯uence the in¯ammatory response or initiation of the

speci®c immune response at the level of dendritic cells (DC).
DC are professional antigen-presenting cells (APC) that

play a crucial role in the primary immune response because of

Correspondence to: C. Moulon, RMF Dictagene, Chemin de la Vulliette 4, 1000 Lausanne 25, Switzerland. E-mail: Corinne.Moulon@dictagene.ch

Transmitting editor: M. Feldmann Received 6 November 2002, accepted 11 April 2003

International Immunology, Vol. 15, No. 7, pp. 827±835 ã 2003 The Japanese Society for Immunology

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/15/7/827/653631 by U

.S. D
epartm

ent of Justice user on 16 August 2022



their unique ability to activate naive Th cells (ThN) (8).
Immature DC in the peripheral tissues ef®ciently capture and
process invading pathogens, and this induces their activation
and migration to the draining lymph nodes. DC activation and
maturation can be initiated by several factors, such as
bacteria or their products [e.g. lipopolysaccharide (LPS)],
tissue-derived in¯ammatory cytokines [e.g. IL-1b and tumor
necrosis factor (TNF)-a] or the interaction between CD40 on
the DC and CD40 ligand (CD40L) on activated Th cells (9±11).
In addition, LPS and CD40L can trigger secretion of IL-12 and
other in¯ammatory cytokines such as TNF-a by DC (10,12). IL-
12 plays a central role in the induction of IFN-g production by
Th and NK cells, enhances NK cell cytotoxicity, and promotes
the development of cytotoxic T cells [reviewed in (13)]. Due to
their capacity to secrete IL-12, DC are implicated in the
initiation of Th1-mediated cellular immune responses.
However, prolonged IL-12 production may lead to chronic
in¯ammation and damage to the host. Rheumatoid arthritis
(RA) and multiple sclerosis (MS) are examples of deregulated
immune responses.

Previous studies have shown that modulation of DC-derived
IL-12 strongly in¯uences the outcome of the immune
response. Pharmacological agents such as b2-agonists (14)
and glucocorticoids (15) can modulate in¯ammatory cytokine
production and immune activation of T cells via their direct
effect on DC. In the present study, we characterized the PDE
pro®le of DC generated in vitro from monocytes. In addition,
we examined whether the PDE4 inhibitors Rolipram and
Cilomilast in¯uenced DC phenotype and immune functions
such as cytokine production, stimulation of T cell proliferation
and the capacity of these DC to polarize ThN. We show
predominant cAMP-hydrolyzing activity of PDE4 in DC. PDE4-
speci®c inhibitors reduced IL-12p70 and TNF-a production,
but did not in¯uence the T cell-stimulatory capacity of DC.
Moreover, PDE4 inhibitor-treated DC showed reduced cap-
acity to stimulate IFN-g production by activated ThN. This
indicates that PDE4 inhibitors can modulate the outcome of T
cell responses via their anti-in¯ammatory action on DC.

Methods

Cytokines and reagents

The PDE inhibitors Rolipram [4-(3-cyclopentyloxy-4-methoxy-
phenyl)-2-(1H)-pyrrolidone], Cilomilast (Ari¯oÔ), SB207499
[c-4-cyano-4-(3-cyclopentyloxy-4-methoxyphenyl)-r-1-cyclo-
hexanecarboxylic acid], SKF 95654 (4,5-dihydro-6-[4-(1,4-
dihydro-4-oxopyridin-1-yl)phenyl]5-methyl-3(2H) pyridazinone)
and CI-930 (4,5-dihydro-6-[4-(1H)imidazol-1-yl)phenyl]5-
methyl-3(2H) pyridazinone) were synthesized by P®zer GRD
(Fresnes Laboratories, Chemistry Department, Fresnes,
France), and vinpocetine (eburnamenine-14-carboxylic acid
ethyl ester) was obtained from Sigma (St Louis, MO). All PDE
inhibitors were kept as stock solutions in DMSO (Sigma) at
±20°C and diluted into complete medium just before use.
DMSO was included as vehicle control at the appropriate
dilution (1:1000 at least) in all experiments. N6-2¢-O-dibutyryl-
cAMP (db-cAMP; Sigma) was kept as a 100 mM stock solution
at ±20°C and diluted into complete medium just before use.
Recombinant human (rh) granulocyte macrophage colony

stimulating factor (GM-CSF; sp. act. 1.5 3 107 U/mg), rhIL-4
(sp. act. 2.9 3 107 U/mg), rhIFN-g (sp. act. 2 3 107 U/mg), rhIL-
1b (sp. act. 2 3 108 U/mg) and rhTNF-a (sp. act. 1.1 3 108

U/mg) were purchased from R & D Systems (Kidlington, UK).
LPS (S. enteritidis) was obtained from Sigma.

In vitro generation of DC from peripheral blood mononuclear
cells (PBMC)

Monocytes were puri®ed from PBMC by negative selection
using a monocyte isolation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). In brief, PBMC were isolated from
leukocyte buffy coats obtained from healthy donors at the
Academic Medical Center of the University of Amsterdam (The
Netherlands) or from the Blood Transfusion Center of Basel
(Switzerland) by density centrifugation on Ficoll-Paque
(Pharmacia Biotech, Uppsala, Sweden) according to the
supplier's instructions. Subsequently, PBMC were treated
according to the protocol recommended by Miltenyi Biotec
and the resulting monocyte fraction (95±98% CD14+) was then
processed for in vitro culture in RPMI 1640 (Invitrogen Life
Technologies, Cergy Pontoise, France) containing 10% FCS,
1% non-essential amino acids, 1% sodium pyruvate, 100 mg/
ml kanamycin (all from Invitrogen Life Technologies) and
supplemented with rhGM-CSF (500 U/ml) and rhIL-4 (250 U/
ml). At day 3, the medium including the supplements was
refreshed. In some experiments, monocyte-derived DC were
prepared by Percoll gradient centrifugation followed by
culture of adherent cells as previously described (15). In
both protocols, similar preparations of immature CD1a+CD14±

DC were obtained at day 6 as evaluated by phenotypic
analysis.

Induction of maturation of DC in the presence or absence of
PDE4 inhibitors

At day 6, the maturation of CD1a+ DC was induced by a 2-day
exposure to either LPS alone (250 ng/ml) or a combination of
the cytokines rhIL-1b (10 ng/ml) and rhTNF-a (25 ng/ml). For
phenotypic analysis and mixed lymphocyte reaction experi-
ments, DC maturation was induced by LPS (1 mg/ml) in the
presence of IFN-g (103 U/ml). In addition, maturation was
induced in the absence (vehicle DMSO) or presence of PDE4
inhibitors (10 mM of Rolipram or Cilomilast, unless stated
otherwise).

Induction of cytokine secretion by DC

Immature DC (at day 6) or mature DC (day 8) were harvested,
washed extensively and 2 3 104 cells/well were stimulated
with CD40L-transfected J558 cell line (2 3 104 cells/well) in
96-well ¯at-bottom culture plates (Costar, Cambridge, MA).
J558 myeloma cells transfected with CD40L and the mock-
transfected J558 were a generous gift of Dr E. Padovan
(Basel, Switzerland). In some experiments, cytokine produc-
tion was also evaluated after stimulating immature DC with
LPS (1 mg/ml) and IFN-g (103 U/ml). Supernatants were
harvested after 24 h and stored at ±20°C until determination
of IL-12p70 and TNF-a levels by ELISA. Measurement of
IL-12p70 and TNF-a levels in culture supernatants were
performed using OptEIA human IL-12p70 and TNF-a antibody
sets (BD Biosciences Pharmingen, Le Pont de Claix, France).
The detection limit for both IL-12p70 and TNF-a is 10 pg/ml.
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Analysis of expression of cell-surface molecules by ¯ow
cytometry

Mouse mAb against the following human molecules were
used: CD4 (OKT4; Ortho Diagnostic Systems, Beerse,
Belgium), CD45RO (UCHL-1; a gift from Dr P. Beverly,
London, UK). CD1a±phycoerythrin (PE) (SFCI19Thy1A8),
CD14±FITC (RM052), CD83±FITC (HB15a), mannose receptor
(MR)±PE (3.29B1.10), CD45RA (2H4), isotype controls IgG1±
FITC and ±PE (679.1Mc7), IgG2a±FITC and ±PE (U7.27), and
IgG2b±FITC (MOPC-195) were all obtained from Beckman
Coulter (Fullerton, CA). CD3±PE (UCHT1), CD40±FITC (5C3),
CD80±PE (L307.4), CD86±FITC (FUN-1), HLA-DR±FITC
(L243) and CXCR4±PE (12G5) were obtained from BD
Biosciences Pharmingen.

Mixed lymphocyte reactions

At day 6, immature DC were induced to mature for 48 h with
either LPS and IFN-g or IL-1b and TNF-a in the presence of
PDE4 inhibitors or vehicle DMSO, and were then extensively
washed. Graded doses of differently matured DC (up to 104

cells/well) were plated in 96-well round-bottom culture plates
and used as stimulators for allogeneic human T cells (105 cells/
well) isolated from peripheral blood leukocytes using the Pan T
cell isolation kit (Miltenyi Biotec). This method yielded highly
puri®ed (>99%) CD3+ T cells as assessed by ¯ow cytometry.
Five days later, proliferation of T cells was determined by
incorporation of [3H]thymidine (1 mCi/well; Amersham
Pharmacia Biotech, Little Chalfont, UK) during the last 18 h
of culture. Plates were harvested using a Cell Harvester 96
Mach III (Tomtec, Hamden, CT), counted with a b-counter
(1450 Microbeta Trilux; EG & G Wallac, Evry, France) and
results are expressed as c.p.m. 6 SD of triplicate cultures.

Isolation of CD4+CD45RA+CD45RO± naive Th cells, co-
cultures with DC and induction of memory-type cytokines in
Th cells

ThN cells were isolated from peripheral blood leukocytes with
the negative selection human CD4+/CD45RO± column kit (R &
D Systems). This method yielded highly puri®ed (>98%)
CD4+CD45RA+CD45RO± T cells as assessed by ¯ow cyto-
metry. DC that had been matured for 2 days with rhIL-1b and
TNF-a, either in the absence or presence of PDE4 inhibitors,
were extensively washed to remove any residual factors. ThN
(20,000 cells/well) were co-cultured in 96-well ¯at-bottom
culture plates with 10,000 DC/well in the presence of 1 ng/ml
staphylococcal enterotoxin B (SEB; Sigma). After 5 days of co-
culture, IL-2 (10 U/ml; Cetus, Emeryville, CA) was added and
the cultures were further expanded for another 9 days. On day
14, resting memory T cells were harvested, washed, and re-
stimulated for 6 h with 10 ng/ml phorbol myristate acetate,
1 mg/ml ionomycin and 10 mg/ml Brefeldin A (all obtained from
Sigma). Cells were ®xed with 4% paraformaldehyde (Sigma),
permeabilized with PBS containing BSA (1%) and saponin
(0.5%), stained with FITC-labeled anti-IFN-g and PE-labeled
anti-IL-4 mAb (BD Biosciences Pharmingen), and analyzed on
a FACScan (BD Biosciences Pharmingen).

PDE enzymatic activity assay

Cells were homogenized and sonicated, and PDE activities
were assayed using a modi®cation of the method described
previously (16). Brie¯y, 10 ml of cell lysate supernatant and
either DMSO or 3 mM of the respective PDE1, PDE3 and PDE4
inhibitors [vinpocetine (17), SKF 95654 (18) and Rolipram]
was diluted in a 96-well plate to a ®nal volume of 200 ml
containing the assay buffer (40 mM Tris±HCl, pH 8, 0.5 mM
MgCl2, 4 mM b-mercaptoethanol, 10 nM [3H]cAMP and 1 mM
cAMP). After 1 h, the reaction was stopped by the addition of
1 mM [14C]AMP in TFA (0.5%). Membrane-bottom microtiter
plates (Silent Monitor; Nalgen Nunc, Rotherwas, Hereford, UK)
®lled with 50 mg alumina were equilibrated with 0.1 M TES±
NaOH, pH 8.0. The reaction mixtures were then applied to the
columns. The non-hydrolyzed cAMP was eluted with 3 ml
equilibration buffer. The [3H]cAMP and [14C]AMP were then
eluted with 2 mM NaOH directly into scintillation vials contain-
ing alkali-compatible scintillant (Ultima Gold; Perkin Elmer Life
Sciences, Zaventem, Belgium). The separated [3H]cAMP was
background-corrected for recovery using the separated and
non-separated 14C values, and expressed as a fraction of the
total [3H]cAMP to give the amount of the substrate hydrolyzed.
The activity of each isoenzyme was de®ned as the difference
in activity with/without PDE inhibitor.

RT-PCR ampli®cation

Total RNA was puri®ed using the RNeasy Midi kit (Qiagen,
Courtaboeuf, France) according to the manufacturer's instruc-
tions. cDNA was generated from 1 mg total RNA using the First
Strand cDNA synthesis kit for RT-PCR (AMV) from Roche
Molecular Biochemicals (Meylan, France), and directly amp-
li®ed by PCR after the addition of speci®c primers and Taq
DNA polymerase (Roche Molecular Biochemicals). Oligo-
nucleotide primers were as follows: PDE4A (L20965), 5¢-
TCGGAGCTGGCGCTCATGTA-3¢ and 5¢-GGCAGTGTGCTT-
GTCACACAT-3¢, de®ning a 441-bp product; PDE4B (L20966),
5¢-AGCTCATGACCCAGATAAGTG-3¢ and 5¢-GCAGCGTGC-
AGGCTGTTGTGA-3¢, de®ning a 328-bp product; PDE4C
(L20968), 5¢-CGCTCAGATAGCGACTATGAA-3¢ and 5¢-TCC-
GCTTGAACTTGTTGGAGG-3¢, de®ning a 352-bp product;
PDE4D (L20970), 5¢-GGCCTCCAACAAGTTTAAAA-3¢ and 5¢-
ACCAGACAACTCTGCTATTCT-3¢, de®ning a 340-bp product.
All the PDE subtype PCR fragments corresponded to con-
served regions derived from the gene of each PDE subtype
and the primers were able to detect all the members of the
same subtype family. The number of PCR cycles was
optimized to be in the exponential phase of the reaction and
a constitutive marker, human G3PDH, was included using a
commercially available primer set de®ning a 452-bp product
(Clontech, Palo Alto, CA). For each RNA sample, controls
lacking reverse transcriptase were included in the PCR
reactions. Reactions were performed with an initial holding
step at 94°C for 120 s, followed by 94°C for 60 s, 60°C for
120 s, 72°C for 120 s during 32 cycles and a ®nal holding
step at 72°C for 5 min. PCR products along with mol. wt
markers (SmartLadder SF; Eurogentec, Angers, France)
were analyzed on a 1.4% agarose gel containing ethidium
bromide.
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Results

Comparison of PDE pro®les of monocyte-derived DC and
monocytes

The total cAMP-hydrolyzing activity of different cellular prep-

arations was measured in the absence or presence of PDE1,

PDE3 and PDE4 inhibitors to compare the PDE activity pro®le

of both monocytes and monocyte-derived DC from the same

donor. Monocytes were either frozen for later PDE activity

determination or cultured with GM-CSF and IL-4 to generate

DC. Immature DC were either frozen at day 6 for PDE activity

measurement or induced to mature for 24 h with LPS or LPS

and IFN-g. PDE activity was determined in parallel in all cell

types and the results obtained are shown in Fig. 1. We found

that PDE4 represents the major cAMP-hydrolyzing activity in

monocytes, immature DC and mature DC. PDE4 activity, as

estimated using the PDE4-speci®c inhibitor Rolipram, ac-

counted for up to 60% of the total cAMP-hydrolyzing activity

and this proportion was not grossly modi®ed following

activation of the DC. In addition, as identi®ed by the use of

speci®c inhibitors, enzymatic activities for PDE1 and PDE3

were found in monocytes, and to a somewhat lesser extent in

DC. It is interesting to note that DC showed increased activity

of a non-PDE1, -PDE3, -PDE4 isoenzyme when compared with

monocytes.
To further examine the nature of the PDE4 activity, mRNA

expression of the different PDE4 subtypes (PDE4A, B, C and

D) was determined in monocytes and immature DC. RT-PCR

was performed in parallel on cellular preparations obtained

from four or ®ve human donors. As depicted in Fig. 2, PDE4B is

the major PDE4 subtype found in resting monocytes, followed

by PDE4A and PDE4D, whereas PDE4C could not be

detected. Interestingly, a different expression pattern of the

PDE4 subtypes was observed in DC compared to monocytes

(Fig. 2). PDE4A was the most abundant subtype found in DC,

while PDE4B and PDE4D were less expressed, and PDE4C

was not detectable at all.

Inhibitory effect of PDE4 inhibitors on cytokine secretion by
immature DC

Since we found that PDE4 was the main PDE enzymatic
activity present in DC, we studied whether PDE4-speci®c
inhibitors could affect cytokine production by immature DC.
We ®rst compared the effect of the PDE4-speci®c inhibitor
Rolipram with the cAMP analogue db-cAMP, which is able to
block all cAMP-speci®c PDE families, on IL-12p70 and TNF-a
production by immature DC. As shown in Fig. 3, stimulation of
immature DC with LPS and IFN-g in the presence of increasing
concentrations of Rolipram resulted in a dose-dependent
inhibition of IL-12p70 and TNF-a production at doses reported
to be achievable in vivo (19). High concentrations (10±100 mM)
of db-cAMP almost completely abrogated secretion of
IL-12p70 and TNF-a (inhibition 83±94%; Fig. 3 and Table 1).

The strongest inhibition of DC cytokine production was
obtained in the presence of the highest non-cytotoxic dose of

Fig. 1. PDE activity pro®le of monocytes, immature DC and mature
DC. At different time-points of culture (day 0, 6 and 7 respectively),
cells were harvested and PDE activities were determined in cell
lysates in the presence or absence of speci®c PDE inhibitors as
described in Methods. The data are expressed as mean percentage
6 SD of total cAMP-hydrolyzing activity of four to eight preparations
from different donors.

Fig. 2. RT-PCR of different subtypes of PDE4 expressed in
monocytes and immature DC. Total RNA (1 mg) isolated from
monocytes and DC was subjected to reverse transcription.
Expression of mRNA for the different subtypes of PDE4 was
determined by PCR for both cell types using speci®c primer sets as
described in Methods. Shown is the ethidium bromide staining of
PCR products analyzed on an agarose gel. Data obtained from
different donors (1±5).

Fig. 3. Effect of the PDE4 inhibitor Rolipram and db-cAMP on
cytokine production by immature DC. Immature DC were incubated
with graded doses of PDE4 inhibitor (Rolipram) or cAMP-elevating
agent db-cAMP for 1 h before stimulation with LPS and IFN-g.
Results are expressed as the mean TNF-a (open circles) and
IL-12p70 (closed circles) concentration of triplicate cultures in 24 h
supernatants from one representative experiment of four. SD < 10%
(not shown).
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10 mM PDE4 inhibitors. Therefore, we used this dose for further
experiments. As depicted in Table 1, the PDE4-speci®c
inhibitor Cilomilast showed a similar inhibitory effect on DC
cytokine secretion when compared with Rolipram. The down-
regulation of IL-12p70 production by PDE4 inhibitors was
more pronounced when DC were stimulated with CD40L-
transfected cells (inhibition 68±70%) instead of LPS and IFN-g
(inhibition 37±46%). The inhibition of TNF-a production by both
PDE4 inhibitors ranged between 48 and 62%, and was
comparable using both modes of activation.

Presence of PDE4 inhibitors during maturation of DC does
not affect the acquisition of a mature phenotype, but
enhances CXCR4 expression

We studied whether the presence of PDE4 inhibitors during
DC maturation could affect the expression of markers asso-
ciated with DC maturation. Immature DC were induced to
mature with LPS and IFN-g either in the absence or presence of
the PDE4 inhibitors Rolipram or Cilomilast. The exposure of DC
to PDE4 inhibitors did not in¯uence the up-regulation of
surface expression of CD83, HLA-DR, CD40, CD80 and CD86
respectively, neither was down-regulation of MR expression
affected when compared with vehicle-treated control cells
(Fig. 4). However, PDE4 inhibitors induced up-regulation of
cell-surface expression of CXCR4 on DC when compared with
control cells. Similar results were obtained when TNF-a and IL-
1b were used to induce DC maturation (data not shown),
suggesting that the effect of PDE4 inhibitors on DC does not
critically depend on the activation condition in the microenvir-
onment.

PDE4 inhibitors do not in¯uence T cell stimulatory capacity
of DC when present during DC maturation

Next, we questioned whether the ability of DC to activate the
proliferative response of T cells was modi®ed by PDE4
inhibitors. DC were induced to mature either by LPS and
IFN-g or a combination of the maturation factors (MF) IL-1b and
TNF-a in the presence of PDE4 inhibitors, and were subse-
quently used as APC to stimulate allogeneic T cells. PDE4

inhibitor-matured DC were as effective as vehicle-matured DC
in inducing T cell proliferation (Fig. 5). This indicates that DC
matured in the presence of PDE4 inhibitors retained their
capacity to stimulate T cells.

PDE4 inhibitors modulate the ability of maturing DC to
produce in¯ammatory cytokines, but no longer in¯uence
fully mature DC

It has previously been demonstrated that the levels of DC-
derived IL-12 are determined during DC maturation and are
resistant to further modulation (20,21). Therefore, we studied
whether the cytokine-producing capacity of DC matured in the
presence of PDE4 inhibitors would be affected. In addition, we
questioned whether DC matured in the absence of PDE4
inhibitors would be resistant to subsequent CD40L activation
in the presence of PDE4 inhibitors. As depicted in Fig. 6(A),
DC matured with MF in the presence of PDE4 inhibitors
showed a reduced capacity to produce IL-12p70 and TNF-a
(40±60% inhibition) upon subsequent stimulation with CD40L-
transfected cells in the absence of PDE4 inhibitors. Although
both Rolipram and Cilomilast modulate the cytokine-produ-
cing capacity of maturing DC, they did not directly affect
cytokine production of DC that completed the process of
maturation (Fig. 6B). Comparable results were obtained with
LPS-matured DC (data not shown).

PDE4 inhibitors present during DC maturation modulate DC-
polarizing capacity

As DC matured in the presence of PDE4 inhibitors showed a
reduced capacity to produce IL-12p70 upon subsequent
CD40L stimulation, we tested whether ThN priming by these
DC would be affected. Puri®ed naive CD4+ CD45RA+ T cells
were stimulated with SEB presented by different populations
of MF-matured DC obtained in the absence (vehicle) or
presence of PDE4 inhibitors. Priming of ThN by the PDE4
inhibitor-matured DC modi®ed the Th1/Th2 balance and

Table 1. PDE4 inhibitors reduce in¯ammatory cytokine
production by immature DC

Compoundsa Stimulationb Percent inhibition 6 SDc nd

IL-12p70 TNF-a

Rolipram LPS + IFN-g 37 6 17 48 6 20 7
Cilomilast LPS + IFN-g 46 6 23 60 6 25 5
db-cAMP LPS + IFN-g 84 6 12 94 6 5 6
Rolipram J558-CD40L 68 617 51 6 15 10
Cilomilast J558-CD40L 70 6 23 62 6 13 6
db-cAMP J558-CD40L 83 6 24 84 6 14 9

aImmature DC were pre-incubated for 1 h with vehicle, 10 mM
PDE4 inhibitors (Rolipram and Cilomilast) or db-cAMP.

bSubsequently, DC were stimulated with CD40L-transfected J558
cells or a combination of LPS and IFN-g.

cCytokine concentrations in 24-h supernatants were determined
by ELISA. Results are expressed as mean percentage inhibition
(6 SD) calculated as compared to the vehicle control and obtained
from several donors.

dNumber of experiments.

Fig. 4. Surface phenotype of DC activated in the presence of PDE4
inhibitors. Immature DC were incubated with 10 mM of PDE4
inhibitors (Rolipram or Cilomilast) or vehicle for 1 h before LPS and
IFN-g were added. After 24 h, cells were collected for FACS analysis
using a panel of DC markers. Open histograms depict speci®c
antibody staining and ®lled histograms depict isotype-matched
control antibodies. The numbers in the right corner of each
histogram indicate the mean ¯uorescence intensity value. Data
shown are from one representative experiment out of four
performed.
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resulted in a decrease of IFN-g-producing (Th1) cells when
compared with T cells primed by mature control DC (Fig. 7).
Similar reduction of Th1-type producers was observed with DC
matured in the presence of LPS and PDE4 inhibitors (data not
shown).

Discussion

The present study shows predominant cAMP-hydrolyzing
activity of the PDE4 family in DC. The PDE4-speci®c inhibitors
Rolipram and Cilomilast suppressed the production of
IL-12p70 and TNF-a by immature DC. In contrast, they did
not in¯uence the cytokine-producing capacity of fully mature
DC. DC exposed to PDE4 inhibitors during maturation showed
a reduced ability to produce IL-12p70 and TNF-a, but were not
affected in their expression of maturation markers and co-
stimulatory molecules nor in their ability to stimulate the
proliferation of Th cells. However, priming of naive Th cells by
PDE4 inhibitor-exposed DC reduced the development of
effector Th cells expressing the Th1-type cytokine IFN-g.
These data indicate that PDE4 inhibitors exert anti-in¯amma-
tory effects on DC which may in¯uence the outcome of the
immune response.

We predominantly found enzymatic activities of PDE4
followed by PDE3 and PDE1 in monocytes, immature DC
and mature DC, in accordance with the PDE pro®le previously
described for monocytes and other immune cells (3,22±24).
The only published study so far that examined PDE activities in

human DC as compared to monocytes reported a strong

increase in PDE3 activity and a concomitant decrease in PDE4

activity during differentiation of monocytes to DC. However,

the inhibitory pattern of the selective PDE inhibitors did not

re¯ect the observed PDE pro®le, since the PDE4 inhibitor was

shown to decrease the TNF-a production by their DC, whereas

the PDE3 inhibitor did not have any effect when used alone

(22). Although we do not have an explanation for the observed

differences in PDE pro®les in our study and theirs, we show a

similar inhibition of TNF-a production by DC at the same dose

of PDE4 inhibitor.
Here, in DC, we demonstrate high expression levels of

PDE4A subtype mRNA, lower levels of PDE4B and PDE4D

subtype mRNAs, while PDE4C mRNA was lacking. These

®ndings differ from what has been described so far for

monocytes and other immune cells that showed predominant

Fig. 6. PDE4 inhibitors reduce the ability of maturing DC, but not of
fully mature DC, to secrete cytokines upon subsequent CD40L
triggering. (A) At day 6, DC were induced to mature with MF IL-1b
and TNF-a in the presence of 10 mM PDE4 inhibitors or vehicle. After
48 h, differentially matured DC were washed to remove residual
factors and stimulated with CD40L-transfected J558 cells. (B) At day
6, DC were matured with MF. After 48 h, DC were washed and
stimulated with CD40L-transfected J558 cells in the presence of
10 mM PDE4 inhibitors or vehicle. Results are expressed as the
mean cytokine production 6 SD of triplicate cultures in 24-h
supernatants from one representative experiment of three.

Fig. 7. DC exposed to PDE4 inhibitors during maturation reduce the
development of IFN-g-expressing effector Th cells. At day 6, DC
were induced to mature with MF IL-1b and TNF-a in the presence of
10 mM PDE4 inhibitors or vehicle. After 48 h, differentially matured
DC were washed to remove residual factors, pulsed with SEB and
used for naive T cell stimulation. Resting memory Th cells were re-
stimulated on day 14 with phorbol myristate acetate and ionomycin,
and analyzed for intracellular cytokines (IFN-g and IL-4) by ¯ow
cytometry. Percentages of positive cells are indicated in the
quadrants. Data shown are from one representative experiment out
of three performed.

Fig. 5. Presence of PDE4 inhibitors during DC maturation does not
affect their capacity to stimulate allogeneic T cells. Immature DC
were induced to mature with LPS and IFN-g (A) or MF IL-1b and
TNF-a (B) in the presence of 10 mM PDE4 inhibitors Rolipram (open
circles), Cilomilast (®lled circles) or vehicle (inverted triangles). After
48 h, cells were extensively washed and used as APC to stimulate
puri®ed human T cells from a different donor. Proliferation was
measured after 5 days of co-culture. Data shown as c.p.m. 6 SD
from one representative experiment out of four performed.
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mRNA expression of the PDE4B subtype followed by A and D
(23,25±27). Because PDE4 isoenzyme is widely expressed in
many leukocytes and tissues, PDE4-selective inhibitors may
produce undesired side effects (3,4). One of the approaches
to reduce these side effects is to develop subtype-speci®c
inhibitors. As immature monocyte-derived DC mainly express
the PDE4A subtype, it will be interesting to investigate whether
different subsets of DC in vivo will show a similar pattern of
PDE4 subtype expression.

There have been numerous reports describing the anti-
in¯ammatory properties of PDE4 inhibitors in both in vivo and
in vitro settings [reviewed in (3,4,7)]. The inhibition of the
cytokines TNF-a and IFN-g appears to be critical for the anti-
in¯ammatory effect of these potential therapeutic agents.
Several studies demonstrated that PDE4 inhibitors suppress
TNF-a release by monocytes or macrophages stimulated
in vitro (23,28±31). Recently, similar ®ndings were also
observed for monocyte-derived DC (22,32) and murine bone
marrow-derived DC (33). Our data extend these earlier
observations and show that PDE4 inhibitors not only reduce
TNF-a production, but also affect the secretion of the
Th1-skewing cytokine IL-12 by human DC. In animal models
for collagen-induced arthritis (31) and diabetes (34), the PDE4
inhibitor Rolipram inhibited IL-12 production by in vitro stimu-
lated murine macrophages. Furthermore, Rolipram was shown
to inhibit superantigen-mediated IL-12 production by human
recombinant human PBMC (35). The ef®cacy of Rolipram to
inhibit IL-12 production has been con®rmed in vivo in different
animal models (34,36). Here we demonstrate that Rolipram
and Cilomilast exert an inhibitory effect on bioactive IL-12
production by human immature DC. In addition, we show that
PDE4 inhibitors affect cytokine production of maturing DC, but
not of DC that have completed the process of ®nal maturation.
This suggests that PDE4 inhibitors, when present in the lymph
nodes, do not have much effect, but strongly in¯uence DC
function when present at the site of DC activation.

It has been proposed that the inhibitory effect of Rolipram on
murine TNF-a and IL-12 production was partially mediated via
up-regulation of IL-10 (33,37,38), but other reports showed
that it was independent of IL-10 (36). In our human system, the
suppressive effect of PDE4 inhibitors on IL-12 and TNF-a
production was probably not mediated by IL-10, as the low
levels of IL-10 produced by these DC were not affected.
Moreover, a neutralizing anti-IL-10 mAb was unable to reverse
the inhibitory effect of Rolipram, Cilomilast or db-cAMP on
LPS-induced IL-12 production by immature DC (data not
shown). Our data are in line with other reports on cAMP-
elevating agents, such as prostaglandin E2 and histamine,
which showed that inhibition of IL-12 production was inde-
pendent of IL-10 (39,40).

Interestingly, low intracellular cAMP levels have been found
for patients with multiple sclerosis (41) and rheumatoid arthritis
(42). The exact mechanism of cAMP-induced inhibition of
IL-12 and TNF-a production is not yet known, but it has been
proposed that reduced activation of NF-kB by cAMP-medi-
ated enhancement of the transcription and synthesis of the
inhibitor of NF-kB, IkB, is involved (43). Because the human
IL-12p40 promotor contains a NF-kB site (44,45) and NF-kB is
involved in the positive regulation of TNF-a gene transcription
(46) it could be speculated that PDE4 inhibitors down-regulate

NF-kB activity in DC. Recently, PDE4 inhibitors were sug-
gested to regulate phosphorylation of cAMP-responsive
element (CRE)-binding proteins in monocytic cells (47).
Since the human IL-12p40 promotor contains a CRE-like
motif (45) this may be another possible explanation for the
cAMP-induced inhibition of IL-12 production.

We show that PDE4 inhibitors decrease in¯ammatory
cytokine production by DC, but we never observed a complete
inhibition of TNF-a and IL-12 production. It has been reported
previously that PDE3 inhibitors potentiate the inhibitory effects
of PDE4 inhibitors, and these two compounds strongly inhibit
TNF-a production by DC (22) or T cell proliferation and
cytokine production (19) when used in combination. We are
thus currently investigating the effects of the combination of
PDE3 and PDE4 inhibitors on DC function. Preliminary results
indicate that PDE3 inhibitors show no effect on cytokine
production on their own, but we observed complete abroga-
tion of CD40L-induced IL-12 and reduced TNF-a production
by DC when we simultaneously used PDE4 and PDE3
inhibitors (supplementary data). This suggests that PDE4
and PDE3 are the main PDE enzymes involved in the
regulation of DC cytokine production. It is important to note
that PDE4 inhibitors had little or no effect on the production of
other pro-in¯ammatory cytokines such as IL-6 and IL-1b by DC
(data not shown) and this observation ®ts with previous reports
[reviewed in (3)].

Even though PDE4 inhibitors reduce DC cytokine produc-
tion, our data show that the presence of PDE4 inhibitors during
the maturation of DC did not alter expression of CD83, MHC
class II molecule HLA-DR, co-stimulatory molecules or MR. In
addition, the capacity to take up antigen by immature DC,
either via endocytosis or MR mediated, was not affected by
the treatment of immature DC with PDE4 inhibitors (data not
shown). However, exposure of DC to PDE4 inhibitors during
maturation induced up-regulation of the chemokine receptor
CXCR4. Previously, a similar effect on CXCR4 expression was
reported for cholera toxin-exposed DC and this effect was
partially explained by the ability of cholera toxin to increase
intracellular cAMP levels (48). Indeed, we observed that the
cAMP-elevating agents db-cAMP and PGE2, similarly to PDE4
inhibitors, induced up-regulation of CXCR4 on DC (C. Moulon,
unpublished). This observation will require additional experi-
ments to investigate whether PDE4 inhibitor-treated DC may
exhibit a modi®ed response to chemotactic stimuli that are
important for their migration towards secondary lymphoid
organs (49).

In accordance with the unaffected expression of HLA-DR
and co-stimulatory molecules on DC matured in the presence
of PDE4 inhibitors, we observed that the capacity to stimulate
Th cell proliferation by these cells was not in¯uenced. This is in
line with a previous report that showed that suppression of T
cell proliferation by PDE4 inhibitors was not mediated via
pretreatment of APC with PDE4 inhibitors, but rather via their
direct effect on T cells (50). Indeed, several other reports
describe direct inhibitory effect on T cells by PDE4 inhibitors
(19,27). In contrast, others showed reduced ability of PDE4
inhibitor-treated DC to stimulate antigen-speci®c T cell prolif-
eration (22). However, in that study PDE4 inhibitors were
probably acting directly on the T cells as the drug was present
during co-culture of DC and T cells.
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Histamine, PGE2, b2-agonists and cholera toxin inhibit IL-12
production by DC and the development of Th1 cells, by
increasing intracellular cAMP (14,20,48,51,52). We now show
similar results for PDE4 inhibitors as they inhibited the IL-12-
producing capacity of DC and reduced the development of
IFN-g-producing (Th1) cells. Since DC, via their production of
IL-12, may contribute to the pathology of Th1-mediated
diseases, it is tempting to speculate that in such situations
PDE4 inhibitory effects on IL-12 production by DC may be
bene®cial. Previously, PDE4 inhibitors have been shown to be
effective in animal models for autoimmune diseases such as
rheumatoid arthritis and multiple sclerosis (53,54). Recently,
Rolipram was shown to reduce the number of TNF-a- and IFN-
g-secreting cells of patients with multiple sclerosis (55). In
addition, a non-selective PDE inhibitor was evaluated in
patients with multiple sclerosis and was found to inhibit IL-12
production by PBMC; however, more importantly, six out of
eight patients reported improved motor skills and less fatigue
(56).

In conclusion, we show that PDE4 inhibitors can diminish
Th1 responses in vitro via their reducing effect on IL-12
production by DC. This suggests that in vivo PDE4 inhibitors
could amplify their anti-in¯ammatory effect on T cells by not
only acting directly at T cells, but also at the DC level. This may
increase our understanding of the therapeutic potential of
PDE4 inhibitors for Th1-mediated diseases.
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Abbreviations

APC antigen-presenting cell
CD40L CD40 ligand
CRE cAMP-responsive element
db-cAMP N6-2¢-O-dibutyryl cyclic AMP
DC dendritic cell
GM-CSF granulocyte macrophage colony stimulating factor
LPS lipopolysaccharide
MF maturation factor
MR mannose receptor
PBMC peripheral blood mononuclear cell
PDE phosphodiesterase
PE phycoerythrin
rh recombinant human
SEB staphylococcal enterotoxin B
ThN naive Th cell
TNF tumor necrosis factor
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