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Abstract The therapeutic potential of phosphodiesterase 4
(PDE4) inhibitors in inflammatory diseases including some
autoimmune diseases has been explored recently with some
hopeful results. These PDE4 inhibitors are thought to show
their anti-inflammatory effect by down-regulating tumor
necrosis factor-oo (TNF-o) production in lymphocytes and
macrophages. A high concentration of TNF-o. has been
found in rheumatoid arthritis (RA) synovium and reducing
TNF-o using biological agents was proven to be an effective
RA treatment. To test the possibility of using PDE4 inhibitors
for RA treatment, the effects of a newly synthesized PDE4
inhibitor, DWP205505, on TNF-o and IL-10 production
was tested in cells isolated from normal peripheral blood
and rheumatoid arthritis synovial fluid. Cytokine production
was assayed at the protein level by sandwich enzyme-
linked immunosorbent assay (ELISA) and at the mRNA
expression level by semi-quantitative RT-PCR. Another PDE4
inhibitor, RP73401, was used for comparison. DWP205505
and RP73401 had no harmful effect on cell viability up
to 10 puM concentration during the 24 h culture period.
DWP205505 as well as RP73401 significantly reduced
TNF-o secretion from lipopolysaccharide (LPS)-stimulated
peripheral blood mononuclear cells (PBMC) and synovial
fluid mononuclear cells (SFMC). The effect of DWP205505
or RP73401 treatment on the mRNA expression of TNF-a
was also studied in LPS-stimulated PBMC and SFMC.
TNF-a. mRNA expression was increased by LPS stimulation
and both of the PDE4 inhibitors suppressed TNF-oo mRNA
expression. For interleukin-10 (IL-10), a little different
results were obtained from PBMC and SFMC; IL-10
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secretion was unaffected by LPS stimulation and only
minimally affected by both of the PDE4 inhibitors in
PBMC. In unstimulated SFMC, DWP205505 and RP73401
slightly enhanced IL-10 secretion, while they reduced
IL-10 secretion from LPS-stimulated SFMC where IL-10
secretion was a lot higher than unstimulated SFMC.
These results suggest that the newly synthesized PDE4
inhibitor DWP205505 may have anti-theumatoid arthritis
activity.
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Rheumatoid arthritis (RA) is a chronic inflammatory
disease affecting about 1% of the population. Although
close association between certain types of human leukocyte
antigen (HLA) and the susceptibility to RA of the
individual has been proved, the cause of RA is not
clearly known yet. Tumor necrosis factor-o. (TNF-o0) is
one of the principal mediators of the inflammatory
response in mammals [1] and increasing evidence
implies TNF-o. as one of the major players in the
inflammation and tissue destruction in RA [2, 3]. TNF-
o is present and abundant at the sites of inflammation in

Abbreviations: PDE4, Phosphodiesterase 4; TNF-o, Tumor
necrosis factor-;; RA, rheumatoid arthritis; ELISA, enzyme-linked
immunosorbent assay; LPS, lipopolysaccharide; PBMC, peripheral
blood mononuclear cells; SFMC, synovial fluid mononuclear cells;
IL-10, interleukin-10; HLA, human leukocyte antigen; cAMP, cyclic
AMP; PBS, phosphate buffered saline; cDNA, complementary DNA;
SEM, standard error of the mean.



RA patients and ways to reduce the concentration of
TNF-o at the disease site have been researched [4, 5).
Biological agents aimed to inhibit the activity of TNF-a
include anti-TNF monoclonal antibodies and soluble TNF
receptors combined with human Fc constructs [6, 7].
These biological agents showed promising results in studies
using animal models and in short term clinical trials [6, 7].
However, repeated use of chimeric antibody containing
murine epitopes could trigger a neutralizing antibody
response in patients resulting in less effective treatment.
In addition, these biological agents have a limited
administration route (injection) and are rather expensive
to use. Thus, the development of small synthetic molecules
capable of inhibiting TNF-ot production would be beneficial.

TNF-o. production is inhibited when the intracellular cyclic
AMP (cAMP) level is elevated [8] and the intracellular
cAMP level is regulated partly by the rate of cAMP
degradation by 3',5'-cyclic nucleotide phosphodiesterases
(PDEs). Seven totally different PDE isozymes have been
reported so far based on distinct substrate specificity and
susceptibility to selective inhibitors as well as cell
distribution pattern [9]. PDE4 is the major isozyme in
many inflammatory cells including lymphocytes, monocytes,
macrophages, necutrophils, ecosinophils, mast cells, and
basophils [9]. Recently, PDE4 inhibitors have been
studied actively to examine the possibility of developing
them as anti-inflammatory and anti-autoimmune disease
drugs. As expected, PDE4 inhibitors suppressed TNF-o
production by increasing intracellular cAMP and inhibit
the function of several inflammatory cells [10, 11]. The
prototype PDE4 inhibitor, rolipram, was effective in inhibiting
the synthesis of TNF-oo [12]. Rolipram significantly
suppressed ankle swelling and cartilage injury in a rat
arthritis model [13] and reduced the severity of the disease
and inflaimmatory lesions in the brain of experimental
autoimmune encephalomyelitis animal [14]. Another
potent PDE4 inhibitor, RP73401, inhibited antigen-
induced bronchospasm in guinea-pig and rat models of
bronchoconstriction [15]. RP73401 also reduced total
inflammatory cells and eosinophil numbers in guinea-pig
bronchoalveolar lavage fluid [15] as well as significantly
inhibited prostaglandin E2-induced cAMP accumulation
and lipopolysaccharide (LPS)-induced TNF-¢. production
from isolated human monocytes [16]. These results
demonstrate that PDE4 inhibitors may have a therapeutic
potential in many pathological conditions associated
with the over-production of TNF-a. Generally, the
clinical use of PDE IV inhibitors has been hampered by
adverse effects on the central nervous system, such as
nausea and vomitting.

To develop new PDE4 inhibitors with less side effects,
substituted dialkoxyphenyl derivatives, sharing structure
homology with RP73401, were designed and synthesized.
Among the derivatives, DWP205505 selectively inhibited
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purified PDE4 and inhibited TNF-o production in LPS
stimulated murine macrophage cell line RAW264.7. In
vivo experiments using C57BL/6 mice showed that orally
administered DWP205505 lowered the LPS-stimulated
serum TNF-o level with a comparable potency to RP73401
but with 3~10 times less side effects than RP73401. Based
on these results, DWP205505 was selected as a good
PDE4 inhibitor having comparable potency and lower
side effects than RP73401.

In this study, the inhibitory effect of DWP205505 on
the LPS-induced TNF-oo production was studied in
primary cells isolated from human blood to test whether
the results obtained from murine macrophage cell line
are tepeated in human cells. In addition, to determine
whether it can be used as an anti-inflammatory and anti-
theumatoid arthritis drug, the effects of DWP205505
were compared with that of RP73401 in mononuclear
cells isolated from synovial fluid withdrawn from RA
patients. As some studies suggested that cAMP-elevating
agents such as PDE4 inhibitors block TNF-o secretion in
part by augmenting IL-10 production [17], the effect of
DWP205505 on the production of IL-10 by human
mononuclear cells was also studied.

MATERIALS AND METHODS

PDE4 Inhibitors

RP73401 (3-cyclopentyloxy-N-(3,5-dichloro-4-pyridyl)-4-
methoxy benzamide), a potent PDE4 inhibitor developed
at Rhone-Poulene Rorer Ltd. [15], was provided by
Daewoong Pharmaceutical Co. Ltd. DWP205505 (1-oxo-
2-(3-cyclopentyloxy-4-methoxyphenyl)-3-methyl-2,3-
dihydro-1H-pyrrolo[3,4-cJpyridin-5-ium-5-olate) is a novel
3,4-dialkoxyphenyl derivative developed by Daewoong
Pharmaceutical Co. Ltd. as a specific PDE4 inhibitor. The
chemical structures of DWP205505 and RP73401 are
illustrated in Fig. 1. Both of the chemicals are substituted
dialkoxyphenyl derivatives.

Cells
Peripheral blood mononuclear cells (PBMC) were obtained
from blood samples of healthy donors by centrifugation
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Fig. 1. Chemical structures of DWP205505 and RP73401.
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over a cushion of Ficoll-Hypaque (Amersham Pharmacia
Biotech, Uppsala, Sweden) as described before [18].
Synovial fluids were aspirated from the swollen knee joints
of rheumatoid arthritis patients by conventional puncture
technique and immediately mixed with 2 fold of phosphate
buffered saline (PBS). Synovial fluid and PBS mixture
were then centrifuged over a cushion of Ficoll-Hypaque.
Cells accumulated at the interphase were collected and
called synovial fluid mononuclear cells (SFMC =T cells,
B cells, monocyte, efc.). The cells accumulated at the
bottom of the tube after centrifugation were treated with
red blood cell lysis buffer to obtain synovial fluid
precipitated cells (SFPC = macrophage, polymorphonuclear
leukocytes, etc.). Cells were maintained in RPMI 1640
containing 10% heat inactivated fetal bovine serum,
1,000 U of penicillin per ml, and 1,000 pg of streptomycin
(Sigma Chemical Co. St. Louis, MO, U.S.A.) per ml.

Sandwich ELISA

96-well ELISA plates were coated with capture antibody
and the non-specific binding sites were blocked using 1%
bovine serum albumin. Frozen kept cell culture supernatant
was thawed and added for binding. Biotinylated anti-
human TNF-a or IL-10 was used to detect TNF-¢ and
IL-10, respectively. Color reaction was performed using
ExtrAvidine®-alkaline phosphatase conjugate (Sigma
Chemical Co.) and Sigma 104% phosphatase substrate
before reading the absorbance at 405 nm. Serially diluted
recombinant human TNF-o. and IL-10 were used as
standards.

RNA Isolation and ¢DNA Synthesis

Cells were lysed with RNAzol™ B (Tel-Test Inc.
Friendswood, TX, U.S.A.) by following manufacturer's
instruction. Complementary DNA (cDNA) was synthesized
from RNA by the priming of 2 ug total RNA at 42°C for
60 min in a mixture containing 2.5 UM of oligo (dT)
primer, and 1 mM of dNTPs and mouse mammary
leukemia virus reverse transcriptase.

Oligonucleotides for PCR Analysis

The primer sequences for human TNF-oo were 5'-
GAGTGACAAGCCTGTAGCCCATGTTGTAGC and
5'-GCAATGATCCCAAAGTAGACCTGCCCAGACT.
The human IL-10 primer sequences were 5'-CATCAAG-
GCGCATGTGAAC and 5-AGAGCCCCAGATCCG-
ATTTT. Primer sets specific for the -actin gene were 5'-
ATCATGTTTGAGACCTTCAACACCC and 5'-CATG-
GTGGTGCCGCCAGACAG.

Semiquantitation of Cytokine mRNA by PCR Analysis

To compare cytokine mRNA expression in different
samples, we used semiquantitative PCR using f-actin as
an internal control. For each sample, an aliquot containing

approximately 0.2 ug of cDNA was used as a template
and amplified by PCR. The PCR reaction mixture
contained 0.25 uM of primers, 0.2 uM each dNTP, 2.5
mM MgCl,, and 05U of Taq DNA polymerase.
Ethidium bromide-stained PCR products were subjected
to electrophoresis and viewed after electrophoresis. The
density of PCR product bands was analyzed using a
densitometer. After optimizing the PCR condition,
amplification was performed for 3 different cycles for
each sample. The cycle showing the least detectable
PCR product was used for analysis to avoid using PCR
conditions within the plateau phase of the amplification.
First, the ratio of cytokine to the B-actin band density of
each sample was calculated and the value from each
sample was compared with that from the control sample.
The amount of each cytokine cDNA was presented as %
of the control.

RESULTS

Effect on the PBMC Isolated from Normal People

The effect of the newly synthesized PDE4 inhibitor
DWP205505 was compared with that of RP73401.
DWP205505 as well as RP73401 did not affect cell
viability up to 10 pM concentration during the 24 h culture
period (Fig. 2). For the following experiments, both PDE4
inhibitors were used at 1 UM concentration. To test the
effect of PDE4 inhibitors on the secretion of TNF-o. and
IL-10 in normal PBMC, cells were treated with either
DWP205505 or RP73401 for 24 h before harvesting the
culture media. Secreted TNF-a and IL-10 were assayed
with the sandwich ELISA method. Both PDE4 inhibitors
showed a tendency of reducing TNF-ot release in
unstimulated PBMC but the effects were not statistically
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Fig. 2. Effects of PDE4 inhibitors on cell viability. 10°
PBMC were cultured in a media with increasing doses of
DWP205505 or RP73401.

After 24 h, cell viability was assessed by trypan blue exclusion test and
results are expressed as mean + standard error of the mean (SEM) of
viable cell numbers. Data were obtained from 4 different PBMC.



significant (Fig. 3). To test the effects of the PDE4
inhibitors on LPS-induced TNF-o secretion, cells were
treated with either DWP205505 or RP73401 together
with 1 pg/ml LPS. LPS stimulation more than doubled
TNF-o secretion and both PDE4 inhibitors significantly
reduced TNF-o¢ secretion (Fig. 3). RP73401 seemed more
potent than DWP205505. The effects of PDE4 inhibitors
on IL-10 secretion in normal PBMC were also tested.
LPS itself did not change IL-10 secretion. RP73401
reduced IL-10 secretion slightly in unstimulated PBMC but
did not affect that in LPS-stimulated cells. DWP205505
showed no effect on IL-10 secretion in unstimulated or
LPS-stimulated PBMC (Fig. 3).

To test the effects of PDE4 inhibitors on TNF-o and
IL-10 gene expression in normal PBMC, mRNAs for the
two cytokines were assayed by semi-quantitative RT-PCR.
Cells were treated and total RNA was extracted for reverse
transcription. Obtained cDNAs were PCR amplified using
primers specific for TNF-o or IL-10. B-Actin was used
as an internal control to correct the efficiency of reverse-
transcription as well as the amount and quality of each
c¢DNA. PCR product of the expected size was obtained
for each primer set and no unspecifically amplified
product was observed (Fig. 4A). At 1h after LPS
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Fig. 3. Effects of PDE4 inhibitors on TNF-o and IL-10
secretion in normal PBMC.

PBMC were cultured for 24 h with 1 uM of DWP205505 or RP73401
before harvesting the culture media. Some cells were stimulated with
1 pg/ml of LPS simultaneously with PDE4 inhibitor treatments. Released
cytokines were assayed by the sandwich ELISA method. Results are
expressed as mean-=SEM of data obtained from 4 different PBMC. *
and **: significantly different from control values (untreated with PDE4
inhibitors) at p<0.05 or 0.01, respectively.
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Fig. 4. Effects of PDE4 inhibitors on TNF-a and IL-10
mRNA expression in normal PBMC.
(A) PBMC were cultured in a media containing 1 pM of DWP205505
or RP73401 as indicated. Some cells were stimulated with 1 ug/ml of
LPS simultaneously with PDE4 inhibitor treatments. Semi-quantitative
RT-PCR was performed for TNF-o and IL-10 using B-actin as an
internal control. For each sample, 3 different PCR cycles were used.
The PCR cycle which gives the least detectable PCR product was
chosen for comparison between samples to avoid reaching the PCR
plateau. Results from a representative experiment are shown. (B) PBMC
were treated with 1 uM of DWP205505 or RP73401 simultaneously with
LPS stimulation. Cells were harvested at the indicated time points and
semi-quantitative RT-PCR was performed for TNF-oo and IL-10.
Results are means from 4 different PBMC samples and expressed as
percent of the control value which was obtained from uncultured PBMC.
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Fig. 5. Effects of PDE4 inhibitors on TNF-o. and IL-10
secretion in cells isolated from rheumatoid arthritis synovial
fluid.

SFPC and SFMC were cultured for 24 h with 1 pM of DWP205505 or
RP73401 before harvesting the culture media. Some cells were stimulated
with 1 pg/ml of LPS simultaneously with PDE4 inhibitor treatments.
Released cytokines were assayed by the sandwich ELISA method.
Results are expressed as means of data obtained from 2 different SFPC
and SFMC.
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stimulation, TNF-oo mRNA expression was enhanced
over 5 fold and then gradually decreased (Fig. 4B).
However, at 24 h after LPS stimulation, the TNF-o0. mRNA
level was still about two fold higher than the control
(PBS-treated cells). 1 pM PR73401 completely abolished
the effect of LPS on TNF-o0 mRNA expression. 1 uM
DWP205505 partially reduced the effect of LPS on TNF-o
mRNA expression (Fig. 4B). IL-10 expression was not
changed until 9 h after LPS stimulation and then slightly
increased at 12 and 24 h after stimulation (Fig. 4B).
DWP205505 and RP73401 did not show noticeable
effects on IL-10 mRNA expression in LPS-stimulated
cells at any of the time points tested.

Effects on the SFMC Obtained from Rheumatoid
Arthritis Patients

Synovial fluid of rheumatoid arthritis patients were
centrifuged on Ficoll-Hypaque to obtain SFMC and
SFPC. In unstimulated SFPC, there was no detectable
TNF-a and IL-10 and the two PDE4 inhibitors had no or
minimal effects. When the cells were stimulated with
LPS, TNF-a. and IL-10 secretions were slightly
increased and both PDE4 inhibitors counteracted the
effect of LPS (Fig. 5). Unstimulated SFMC released
some TNF-o¢ and it was greatly increased by LPS
stimulation. Both DWP205505 and RP73401 reduced
not only the basal but also LPS-stimulated TNF-o
secretion in SFMC (Fig. 5). The effects of the two PDE4
inhibitors on TNF-a and IL-10 mRNA expressions were
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Fig. 6. Effects of PDE4 inhibitors on TNF-o and IL-10
mRNA expression in SFMC.

SFMC were cultured in a media containing 1 uM of DWP205505 or
RP73401 as indicated. Some cells were stimulated with 1 pg/ml of LPS
simultaneously with PDE4 inhibitor treatments. Semi-quantitative RT-
PCR was performed for TNF-o. and IL-10 using B-actin as an internal
control. Results are means of data obtained from 2 different SFMC
samples and expressed as percent of the control value where the cells
were treated with PBS (vehicle) only.
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also tested in SFMC (Fig. 6). LPS enhanced TNF-o.
mRNA expression about 50% and RP73401 completely
abolished the effect of LPS while DWP20505 reduced
the effect of LPS slightly. Interestingly, LPS enhanced
IL-10 expression over 2 fold in SFMC and both PDE4
inhibitors blocked LPS's effect on IL-10 mRNA
expression (Fig. 6).

DISCUSSION

The activity of DWP205505, a novel PDE4 inhibitor,
was evaluated in the cells isolated from normal blood
and rheumatoid arthritis synovial fluid. Comparisons
were made with another PDE4 inhibitor, RP73401. Both
DWP205505 and RP73401 inhibited LPS-induced TNF-
a secretion from PBMC and SFMC. Interestingly,
RP73401 was more potent than DWP205505 in PBMC
but the two PDE4 inhibitors showed comparable potencies
in SFMC. Similar discrepancy of potencies between
rolipram and RP73401 were observed when two different
cells, monocytes and eosinophils, were used [16, 19].
These might be due to the fact PDE4 is not just one
enzyme but is comprised of 4 distinct subtype enzymes



(PDE4A~D) which are differentially regulated and
expressed in different cells [20]. If DWP205505 and
RP73401 selectively inhibit a certain PDE4 subtype,
different potencies of the two PDE4 inhibitors are
expected in cells isolated from two different sources.
Another possible explanation is that PDE4 may adopt
different conformations in different cell types, as several
investigators have suggested [21, 22], resulting in different
sensitivity to the inhibitory actions of the two PDE4
inhibitors.

The exact mechanism of the suppression of TNF-o
secretion by increased cAMP is not clearly understood
yet. CAMP may down regulate TNF-oo mRNA expression
through cAMP-responsive transcription factors [16] or
by attenuating NF-«kB activity which plays a role in LPS-
induced TNF-o expression [23]. Kambayashi et al
reported that rolipram inhibited TNF-a secretion without
affecting TNF-o¢ mRNA expression in part by augmenting
IL-10 production in LPS-stimulated mouse peritoneal
macrophages [17]. In this study, both DWP205505 and
RP73401 slightly increased IL-10 release while reducing
TNF-a secretion from unstimulated SFMC. However, in
LPS-stimulated SFMC, DWP205505 and RP73401
inhibited the secretion of both TNF-o. and IL-10. In
addition, IL-10 as well as TNF-ao mRNA expression was
also inhibited by the two PDE4 inhibitors in LPS-
stimulated SFMC. Thus, DWP205505 and RP73401 seem
not to exert their effects through production of IL-10 in
our experimental system especially when the cells were
stimulated with LPS. Rather, both of the PDE4 inhibitors
could have inhibited TNF-o secretion partly by reducing
TNF-0. mRNA expression.

When the cells isolated from the synovial fluid of
theumatoid arthritis patients were studied, SFMC containing
monocytes, T lymphocytes, and B lymphocytes produced
TNF-o0 in both unstimulated and LPS-stimulated conditions.
In contrast, SFPC containing mainly polymorphonuclear
leukocytes secreted little or no TNF-oo with or without
LPS stimulation. This suggests that monocytes and T
lymphocytes accumulated in the synovial fluid of
rtheumatoid arthritis joints, could produce TNF-at resulting in
tissue damage. PDE4 inhibitors could be beneficial for
theumatoid arthritis patients by reducing TNF-o. production
which aggravates tissue inflammation leading to tissue
destruction.

Most PDE4 inhibitors synthesized to date, such as
rolipram and RP73401, have both beneficial effects and
side effects. New PDE4 inhibitors retaining anti-inflammatory
activity while having reduced capacity to cause nausea
and emesis could have a wider therapeutic window. The
newly developed PDE4 inhibitor, DWP205505, warrants
further study to evaluate its beneficial and side effects
on the inflammatory disease caused by the over-
production of TNF-c.
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