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Abstract

The present study was designed to investigate the effect of the phosphodiesterase IV inhibitor
rolipram on Th1 and Th2 immune responses in mice. Mice were immunized subcutaneously at the
base of the tail with ovalbumin (OVA) emulsified with complete Freund'’s adjuvant (day 0) and were
treated daily with oral administration of various doses of rolipram from days 0 to 20. On day 21,
production of anti-OVA IgG and proliferative responses to the antigen were determined. Anti-OVA
IgG2a and interferon-v (IFN-v), as indicators of Th1 responses, and anti-OVA 1gG1 and interleukin-10
(IL-10), as indicators of Th2 responses, were also measured. The results showed that treatment with
rolipram failed to affect the production of OVA-specific IgG but decreased the proliferation of
spleen cells to the antigen. Its inhibitory effect on these immune responses was correlated with a
marked decrease in IFN-y but not IL-10 production, although neither anti-OVA IgG2a nor IgG1
production was affected by rolipram. These results suggest that rolipram may preferentially inhibit
Th1 responses more effectively than Th2 responses. Administration of rolipram resulted in suppres-
sion of antigen (OVA)-induced arthritis in mice. The suppression of joint inflammation by rolipram
was associated with the inhibition of the OVA-specific proliferative responses of spleen cells and IFN-y
secretion. These results indicate that rolipram may be effective in regulating Th1-mediated diseases
such as rheumatoid arthritis.

Introduction

CD4" T-cells are classified into two major types, T-helper type 1 (Th1) and type 2 (Th2),
on the basis of their distinct pattern of cytokine profiles and roles in the immune system
(Mossmann etal 1986; Mossmann & Coffman 1989). Thl cells produce predominately
Thl cytokines such as interleukin-2 (IL-2) and interferon-y (IFN-v), which are involved
in cellular immunity, whereas Th2 cells produce predominately Th2 cytokines such as
IL-4, -5 and -6, which are implicated in humoral responses. Thl and Th2 cytokines
counteract each other, namely IFN-vy suppresses Th2 immune responses (Dickensheets
etal 1999), while IL-4 (van Roon etal 1995) and IL-10 (Yin et al 1997) downregulate Thl
responses. Thl and Th2 cytokines have been shown to play an important role in a
number of diseases in humans. For example, IFN-v is produced in the joints of patients
with rheumatoid arthritis (RA) (Liblau et al 1995) and neutralization of IFN-v attenuates
the severity of the disease (Sigidin et al 2001). On the other hand, an increased expression
of IL-4 mRNA is observed in the sputum of patients with asthma (Oliverstein et al 1999)
and neutralization of IL-4 blocks the development of acute airway hypersensitivity in a
murine asthma model (Corry etal 1996).

Phosphodiesterases (PDEs), including PDE IV, are key enzymes that degrade
cAMP and play a role in inflammatory and immune reactions. The prevention of
cAMP degradation by PDE IV inhibitors elevates the level of cAMP in the cells
followed by suppression of inflammation and immune responses (Kammer 1998). It
has been reported that PDE IV inhibitors preferably inhibit the production of Thl
cytokines more effectively than of Th2 cytokines (Ross etal 1997; Navikas etal 1998;
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Dinter et al 2000). In contrast, several studies have demon-
strated that PDE IV inhibitors have a greater suppressive
effect on Th2 responses than on Thl (Essayan etal 1994,
1997; van Wauwe etal 1995). Since PDE IV inhibitors
have an inhibitory effect on both Thl and Th2 immune
responses, we were interested in determining the selectivity
of the inhibitory effect of the PDE IV inhibitor rolipram
on Thl and/or Th2 immune responses.

In the present study, we found that treatment of mice
with rolipram was followed by the marked suppression of
secretion of the Thl cytokine IFN-vy but weak suppression
of the Th2 cytokine IL-10, although antigen-specific IgG,
IgG1 and IgG2a production was not affected by the PDE
IV inhibitor. In addition, treatment with rolipram signifi-
cantly suppressed the severity of antigen (OVA)-induced
arthritis (AIA) in mice, a Th1-dependent murine model of
RA. The attenuation of AIA by rolipram was associated
with a decrease in Th1 immune response, including IFN-~
production.

Materials and Methods

Materials

Female DBA/1J mice, 7-9 weeks of age, were used in all
experiments. The animals were maintained in a tempera-
ture-controlled environment with free access to standard
rodent chow and water. All procedures in animal experi-
ments were approved by the Animal Ethics Committee of
Kobe Pharmaceutical University.

Immunization with OVA

One hundred micrograms of OVA (Sigma-Aldrich Fine
Chemicals, St Louis, MO) was dissolved in 50 L of phos-
phate-buffered saline (PBS) and emulsified with an equal
volume of complete Freund’s adjuvant (Difco Laboratories,
Detroit, MI). One hundred microlitres of the emulsion was
injected s.c. at the base of the tail (day 0).

Administration of rolipram

Various doses of rolipram, including 0.2, 1 and 5mgkg ™",
were dissolved in 500 L of saline containing 10% chre-
mophor EL (Sigma-Aldrich Fine Chemicals, St Louis,
MO) and orally administered daily from days 0 to 20.
Five hundred microlitres of saline containing 10% chre-
mophor EL alone was given as a control. There was no
significant difference in gaining body weights between
control and rolipram-treated mice (Table 1).

Measurement of antibodies to OVA

Sera were obtained on day 21 and heat inactivated at 56°C
for 30 min. Anti-OVA IgG, IgG1 and IgG2a were measured
using an ELISA as described previously (Yoshino etal
1999). In brief, 96-well flat-bottom microlitre plates were
incubated with 100 L well™' of OVA (100 ugmL™") at
37°C for 1h and washed three times with PBS containing

0.05% Tween-20. The wells were then blocked by incubation
with 100 L of PBS containing 1% casein (Sigma-Aldrich
Fine Chemicals, St Louis, MO) at 37°C for 30 min. After
washing, the plates were incubated with 100 L of a 1:5000
(for IgG and IgG1 measurement) or 1:500 (for IgG2a meas-
urement) dilution of each serum sample at 37°C for 30 min.
The plates were washed and 100 L well™' of a 1:2000
dilution of alkaline phosphatase-labelled rat anti-mouse
IgG (Sigma-Aldrich Fine Chemicals, St Louis, MO) or a
1:1000 dilution of alkaline phosphatase-labelled anti-mouse
IgG1 and IgG2a (Phar Mingen, San Diego, CA) was added
and incubated at 37°C for 1 h. After washing, 100 xL of 3 mm
p-nitrophenylphosphate (Bio-Rad, Richmond, CA) was
added per well and the plates were incubated in the dark at
room temperature for 15min. The absorbance was then
measured at 405nm by IMMUNO-MINI NJ-2300 (Nalge
Nunc International K.K., Tokyo, Japan). The results were
expressed as absorbance units at 405 nm (A405) £ s.e.m.

Measurement of cytokines

Spleens were removed on day 21 and cell suspensions were
prepared (Yoshino etal 1998). The erythrocytes in the
cells were lysed with Tris-NH,CI. A total of 5 x 10° cells
in 1mL of RPMI1640 (Sigma-Aldrich Fine Chemicals,
St Louis, MO) containing 1 mm L-glutamine, 100 UmL ™!
penicillin, 100 zugmL ™" streptomycin, 5x 107> M 2-mer-
captoethanol and 2% heat-inactivated autologous mouse
serum were cultured in 24-well tissue culture plates either
in medium alone or with 50 ugmL~' OVA. Forty-eight
hours later supernatants were harvested and stored at
—20°C until assayed. Cytokine production was quantified
by a commercially available ELISA kit (Endogen, Inc.,
Woburn, MA) for IFN-vy and IL-10.

Proliferation assay

A total of 5x10° spleen cells in 0.1mL of RPMI1640
(Sigma-Aldrich Fine Chemicals, St Louis, MO) containing
ImM L-glutamine, 100UmL™" penicillin, 100 ugmL™"
streptomycin, 5 x 10> M 2-mercaptoethanol and 2% heat-
inactivated autologous mouse serum were cultured with
50 ugmL ™" of OVA in each well of 96-well tissue culture
plates. Seventy-two hours later, each well was pulsed with
0.5 uCi of tritiated thymidine, and the cells were cultured
for another 17h. The cultures were harvested onto fibre-
glass filters using a multi harvester and counted using stand-
ard liquid scintillation techniques. Results, expressed in
cpm, are the average of triplicate cultures of cells pooled
from 5-6 mice.

Induction of AIA

Mice were immunized with OVA as described above and
21 days later the animals were intra-articularly challenged
by injection of 25 uL of PBS containing 50 ug of OVA into
left ankle joints (Yoshino 1995). The right ankle joints
were injected with 25 uLL of PBS alone as a control. To
evaluate the severity of the arthritis, the thickness of both
ankles was measured using a dial gauge caliper calibrated



with 0.01 mm graduations. The net increase in joint thick-
ness attributable to the antigenic challenge was calculated
by subtracting the thickness of the right ankle from that of
the left. There was no net joint swelling after injection of
OVA in non-immunized mice.

Statistics

The data obtained were statistically evaluated using one-
way analysis of variance followed by Bonferroni’s test for
comparison of individual treatments or using a Mann—
Whitney U-test. In this study, P < 0.05 was accepted to
denote significance.

Results

Effect of rolipram on OVA-specific immune
responses

As shown in Table 2, treatment with rolipram failed to
affect the production of anti-OVA IgG antibodies in sera.
On the other hand, proliferative responses of spleen cells
to OVA were dose-dependently suppressed in mice treated
with rolipram compared to control mice. Approximately

Table 1 Effect of rolipram on gaining body weights

Rolipram (mgkg ") Body weight (g)

Day 0 Day 21
0 (saline) 22.1+£0.3 23.4+04
0.2 21.94+0.6 23.84+0.5
1 22.44+0.5 2424+0.5
5 22.1+0.4 23.6+0.4

Mice were treated with oral administration of rolipram daily up to 20
days from the time of immunization with OVA (day 0). Values are
the mean £ s.e.m. of 5-6 mice.

Table 2 Effects of rolipram on the production of anti-OVA I1gG
and proliferative responses of spleen cells to the antigen

Rolipram Anti-OVA IgG Proliferation
(mgkg ") (A405)° (cpm)”

0 (saline) 0.70+£0.06 59616+ 17009
0.2 0.72+£0.02 42118 +10258
1 0.744+0.07 34495+10618
5 0.70 +0.04 27525+12131

Mice were treated with oral administration of rolipram daily up to
20 days from the time of immunization with OVA (day 0). On day
21, anti-OVA IgG in sera and proliferative responses of spleen cells
to OVA were measured as described in Materials and Methods.
Mean +s.e.m. of 5-6 mice. Data are representative of three
experiments. ®Mean +s.e.m. of average of triplicated cultures of
cells pooled from 5-6 mice.
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54% inhibition (vs control) of the cell proliferation was
observed in mice treated with Smgkg™" of rolipram.

Effect of rolipram on Th1 and Th2 immune
responses

As shown in Table 3, administration of rolipram resulted in
no changes in the production of OVA-specific IgG2a and
IgG1. To investigate the effect of rolipram on the secretion
of Thl and Th2 cytokines, IFN-v and IL-10, respectively,
were measured from the OVA-stimulated spleen cells.
Spleen cells from rolipram-treated mice showed marked
suppression of IFN-v secretion (up to 69% inhibition),
while only mild inhibition of IL-10 production by rolipram
was observed.

Effect of rolipram on AIA

In order to study the effect of rolipram on AIA, mice were
orally treated with rolipram daily up to 20 days from the
time of immunization with OVA (day 0) and were chal-
lenged with intra-articular injection of OVA on day 21. As
shown in Figure 1, treatment with Smgkg™" of rolipram
significantly suppressed the severity of AIA. The suppres-
sive effect of rolipram on joint inflammation was associated
with the marked decrease in proliferative responses (49% vs
control) and in IFN-y production (30% vs control) from
OVA-specific splenocytes (Table 4). There was mild sup-
pression of anti-OVA IgG, IgG2a and IgG1 production in
the rolipram-treated mice. The secretion of IL-10 was not
affected by rolipram.

Discussion

The present study demonstrates that rolipram may have a
relatively more selective inhibitory effect on Th1 responses
than on Th2 responses since spleen cells from rolipram-
treated mice showed marked inhibition of the Thl cyto-
kine IFN-v secretion but very mild inhibition of the Th2
cytokine IL-10 production, compared to those of a con-
trol. The selective inhibitory effect of rolipram on Thl
responses was also observed in its significant suppressive
effect on AIA in mice (Thl-mediated murine model of
RA) and the suppression of AIA was associated with the
decreased production of IFN-+ but not of IL-10 from the
spleen cells.

The present findings show that treatment with rolipram
inhibited the proliferation of spleen cells to OVA (Table 2),
which is similar to the previously reported inhibitory effect
of rolipram on non-specific proliferation of T-cells to Con-
A (Lewis etal 1993). The inhibitory effect of rolipram in
both types of proliferation is supposed to be mediated by
multiple mechanisms, including modulation of inositol
metabolism (Park etal 1992; Tamir & Isakov 1994), Ca’t
mobilization (van Tits et al 1991), phosphorylation of the T-
cell receptor (Patel et al 1987) and modulation of IL-2 recep-
tor expression (Krause & Deutsch 1991), but not inhibition
of IL-2 production (Lewis et al 1993; Giembycz et al 1996).



880  Kouya Yamaki etal

Table 3 Effects of rolipram on production of anti-OVA IgG2a and IgG1, and IFN-y and IL-10 production of spleen cells to the antigen

Rolipram (mg kg ™) Th1 responses

Th2 responses

Anti-OVA 1gG2a (A405)*

IFN-y (pgmL~")°

Anti-OVA IgG1 (A405) IL-10 (pgmL~H)®

0 (saline) 0.69 +0.03 1739 +£403 0.63+0.02 261 +101
0.2 0.72+0.12 1352 +£216 0.62+0.04 248 £104
1 0.72+0.14 559+ 54 0.63+0.01 236+ 108
5 0.75+0.09 5454144 0.64+0.01 225+ 108

Mice were treated with oral administration of rolipram daily up to 20 days from the time of immunization with OVA (day 0). On day 21, anti-
OVA IgGs in sera and cytokine productions of spleen cells to OVA were measured as described in Materials and Methods. *Mean + s.e.m. of
5-6 mice and the representative of three experiments. "Mean + s.e.m. of average of triplicated cultures of cells pooled from 5-6 mice.
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Figure 1 Effect of rolipram on AIA. Mice were immunized with

OVA on day 0. Five hundred microlitres of saline with or without
the indicated doses of rolipram were orally administered daily from
days 0 to 20 for control and experimental groups, respectively. On
day 21, AIA was induced by intra-articular injection of OVA into
ankle joints as described in Materials and Methods. [, saline alone
(control); M, saline containing 5mgkg~" of rolipram. Bars show
s.e.m. of 5-6 mice. *P < 0.05, **P <0.01 vs control, Mann—
Whitney analysis.

Our studies also demonstrated that spleen cells from roli-
pram-treated mice showed marked inhibition of IFN-y pro-
duction but very mild inhibition of IL-10 production (Table
3). As with the similar preferable inhibitory effect of rolipram
on Th1 response in the present study, in-vivo (Ross et al 1997;
Dinter etal 2000) and in-vitro (Navikas etal 1998) studies
have demonstrated that PDE IV inhibitors selectively inhibit
the Thl responses rather than the Th2 responses. In contrast
to the selective inhibitory effect of PDE IV inhibitors on Thl
response, Essayan etal (1994) demonstrated using in-vitro
studies that rolipram strongly inhibits ragweed-induced Th2
cell proliferation, but moderately inhibits tetanus toxoids-
induced Thl cell proliferation. Similarly, another in-vitro
study reported that rolipram inhibits the production of the
Th2 cytokine IL-5 more efficiently than the production of
Thl cytokines such as IFN-y and IL-2 (van Wauwe etal
1995). In terms of the mild inhibition of IL-10 production
by rolipram shown in the present study, contradictory effects
of rolipram on IL-10 production have also been reported.
For example, Souza etal (2001) demonstrated that PDE IV
inhibitor decreases IL-10 production in mice with ischaemia
and reperfusion injury, whereas Ross etal (1997) reported
that PDE IV inhibitor increases IL-10 production in mice
with collagen-induced arthritis (CIA). The present findings
of the marked inhibition of IFN-vy but only mild inhibition
of IL-10 production by rolipram suggest that rolipram

Table 4 Effect of rolipram on Thl and Th2 responses in mice with AIA

Rolipram Anti-OVA IgG Proliferation Th1 responses Th2 responses
(mgkg ") (A405)° (cpm)*
Anti-OVA IgG2a IFN-y Anti-OVA IgG1 IL-10
(A405)° (pgmL~")* (A405)° (pg/ml)*
0 (saline) 0.98 +£0.05 55656+ 14659 0.73+£0.09 1817 £456 0.68+0.01 261 +£94
5 0.86+0.04 27318+11039 0.66+0.07 5514152 0.61+0.01 241 +99

Mice were treated with oral administration of rolipram daily up to 20 days from the time of immunization with OVA (day 0). On day 21, AIA
was induced by intra-articular injection of OVA into ankle joints. On day 22, anti-OVA IgGs in sera and proliferative responses and cytokine
production of spleen cells to the antigen were measured as described in Materials and Methods. *Mean + s.e.m. of triplicated cultures of cells

pooled from 5-6 mice. "Mean + s.e.m. of 5-6 mice.




preferentially inhibits the Thl responses more effectively
than the Th2 responses. The preferential inhibition of Thl
by rolipram may be due to an increase in cAMP in the cell
since PDE inhibitors, including rolipram, are known to ele-
vate the level of the nucleotide that suppresses Thl (Munoz
etal 1990; Novak & Rothenberg 1990; Betz & Fox 1991; van
der Poow-Kraan etal 1992). Alternatively, the preferential
inhibition of Th1 by rolipram might be explained by the more
selective death of Th1 cells since rolipram has been shown to
induce apoptosis of HL-60 (Zhu et al 1998). We are continu-
ing studies to determine the effect of rolipram on Th2
responses.

Unexpectedly, rolipram failed to inhibit Thl-depen-
dent IgG2a production (Table 3) in contrast to its inhibi-
tory effect on Thl responses such as IFN-y production
(Table 3). The similar discrepancy between the inhibitory
effect of PDE IV inhibitor on Thl cytokine production
and its lack of effect on Thl-dependent antibody produc-
tion has also been reported in collagen-specific I1gG2a
production in mice with CIA (Ross etal 1997). Despite
the inhibitory effect of rolipram on Thl response, the
mechanism of the inability of rolipram to produce anti-
body is not fully understood, but the following mechan-
isms might be involved. Rolipram should decrease anti-
OVA antibody production by B-lymphocytes through the
inhibition of T-cell function because the antibody pro-
duction is T-cell-dependent (Shapira-Nahor etal 1987).
However, rolipram can enhance IL-4 plus lipopoly-
saccharide-induced CD19" B-lymphocyte proliferation
(Gantner etal 1998), which in turn increases antibody
production. These two mechanisms might compensate
for each other, and it would then be possible that rolipram
does not have an effect on antibody production.

Finally, treatment with rolipram significantly (P < 0.05)
suppressed the severity of AIA (Figure 1), which is
associated with the marked inhibition of proliferative
responses and of IFN-v production but not with the inhibi-
tion of anti-OVA IgG, 1gG2a, [gG1 and IL-10 production
(Table 4). These results suggest that the downregulation of
Thl response, especially IFN-y production by rolipram,
might be critically involved in the suppression of joint
inflammation. As with the role of IFN-v in the synthesis
of tumour necrosis factor-a (TNF-«), it has been reported
that recombinant IFN-y can prime macrophages to pro-
duce TNF-a (Lorence et al 1990). On the other hand, TNF-
« has also been proven to have a pivotal role in the patho-
genesis of experimental arthritis and RA. Thus, suppression
of TNF-a by rolipram can inhibit the development of CIA
in mice (Ross etal 1997). In addition, repeated treatment
with monoclonal antibody on TNF-« can flare the disease
in patients with RA (Elliott et al 1994). Taken together, the
suppressive effect of rolipram on AIA can be explained by
the possible mechanism that rolipram might inhibit the
production of IFN-+, followed by the decreased production
of TNF-« from the macrophages at the inflammatory sites,
resulting in the suppression of AIA. Since RA is a Thl-
mediated disease (Mclntyre etal 1996) and rolipram
showed a relatively selective inhibitory effect on Thl
response, PDE IV inhibitors might be attractive therapeutic
agents for the treatment of RA.

The PDE IV inhibitor rolipram and Th1/Th2 responses 881

Conclusion

Rolipram inhibited the production of the Thl cytokine
IFN-v more effectively than the Th2 cytokine IL-10 from
OVA-stimulated spleen cells, whereas it failed to inhibit
the production of OVA-specific IgG, IgG2a and IgGl in
sera. Treatment with rolipram was followed by significant
suppression, which is associated with a marked decrease in
Thl responses, including IFN-y production, suggesting
that PDE IV inhibitors may be effective in treating Thl-
mediated diseases such as RA.
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