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1 Of the four major phosphodiesterase 4 (PDE4) subtypes, PDE4A, PDE4B and PDE4D are
widely expressed in human in¯ammatory cells, including monocytes and T lymphocytes. We
explored the functional role of these subtypes using ten subtype-selective PDE4 inhibitors, each
belonging to one of two classes: (i) dual PDE4A/PDE4B inhibitors or (ii) PDE4D inhibitors.

2 These compounds were evaluated for their ability to inhibit antigen-stimulated T-cell
proliferation and bacterial lipopolysaccharide (LPS)-stimulated tumour necrosis factor a (TNFa)
release from peripheral blood monocytes.

3 All compounds inhibited T-cell proliferation in a concentration-dependent manner; with IC50

values distributed over an approximately 50 fold range. These compounds also inhibited TNFa
release concentration-dependently, with a wider (*1000 fold) range of IC50 values.

4 In both sets of experiments, mean IC50 values were signi®cantly correlated with compound
potency against the catalytic activity of recombinant human PDE4A or PDE4B when analysed by
either linear regression of log IC50 values or by Spearman's rank-order correlation. The correlation
between inhibition of in¯ammatory cell function and inhibition of recombinant PDE4D catalytic
activity was not signi®cant in either analysis.

5 These results suggest that PDE4A and/or PDE4B may play the major role in regulating these
two in¯ammatory cell functions but do not rule out PDE4D as an important mediator of other
activities in mononuclear leukocytes and other immune and in¯ammatory cells. Much more work is
needed to establish the functional roles of the PDE4 subtypes across a broader range of cellular
functions and cell types.
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Introduction

The low Km cyclic AMP-speci®c phosphodiesterases, or
PDE4s, catalyse the hydrolysis of the second messenger cyclic
AMP to 5'-AMP, thus terminating its activity. They are
distinguished from other cyclic AMP-hydrolysing enzymes not

only by their low Km, but also by their insensitivity to Ca2+/
calmodulin and cyclic GMP and their susceptibility to
inhibition by rolipram (Conti et al., 1991). As the predominant

class of PDE enzymes in immune and in¯ammatory cells
(Thompson et al., 1976; Dent et al., 1991; Peachell et al., 1992),
in which most of the e�ects of cyclic AMP are inhibitory in

nature (Alvarez et al., 1995), PDE4s play a key role in the
regulation of a number of active processes such as cell
tra�cking, release of in¯ammatory mediators, and immune

cell proliferation. Conversely, PDE4 inhibition, while having
little e�ect on basal cyclic AMP levels, increases both the
magnitude and the duration of its elevation following a

stimulus (Torphy et al., 1992b; Manning et al., 1996) and is
associated with bronchodilation and with inhibition of
chemotaxis, cytokine release and immune cell proliferation
(Alvarez et al., 1995). This combination of smooth muscle

relaxation and anti-in¯ammatory e�ects has made PDE4
inhibition an attractive goal of drug development for the
treatment of asthma and other in¯ammatory diseases.

Highly potent and selective PDE4 inhibitors such as
rolipram have been available for over a decade and have been
shown to be e�ective in several animal models of pulmonary

in¯ammation (Torphy, 1998). However, the therapeutic
promise of these compounds has been tempered by their
signi®cant side-e�ects, particularly nausea and emesis. Thus

the broad goal of drug development has been to improve the
side-e�ect pro®le of PDE4 inhibitors while maintaining or
improving e�cacy. One strategy that has been pursued with
some success is based upon the observation that PDE4

enzymes exist in both low- and high-a�nity rolipram-binding
conformations (Torphy et al., 1992a; Jacobitz et al., 1996).
Although inhibition of the low-a�nity rolipram-binding

conformation correlates with inhibition of cyclic AMP
hydrolysis and with inhibition of several in¯ammatory cell
functions, inhibition of high-a�nity rolipram binding appears
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to correlate with the production of certain side e�ects
(Barnette et al., 1995a,b; 1996a,b; Souness et al., 1997).
Compounds with relative selectivity for the low-a�nity form

of the enzyme would therefore be expected to display better
therapeutic ratios than rolipram, which is selective for the
high-a�nity conformation (Barnette et al., 1996b; Christensen
et al., 1998).

A second promising strategy, just beginning to be exploited,
is the development of subtype-selective PDE4 inhibitors. Since
the ®rst rat homologues of the Drosophila `dunce' gene were

cloned and characterized as low Km cyclic AMP-speci®c PDEs
(Davis et al., 1989; Swinnen et al., 1989; Henkel-Tigges &
Davis, 1989), the PDE4 family has grown to include four

subtypes ± PDE4A to PDE4D± each encoded by a distinct
gene (Bolger et al., 1993; McLaughlin et al., 1993; Engels et al.,
1995; Baecker et al., 1994) and each expressed as at least two

N-terminal splice variants, which are believed to play a role in
targeting PDE4 isoforms to speci®c intracellular sites (Shakur
et al., 1993; Scotland & Houslay, 1995; Scotland et al., 1998).
This multiplicity of di�erentially expressed and regulated

PDE4 enzymes (Manning et al., 1996; Engels et al., 1994;
Sette et al., 1994) suggests that compounds with improved side-
e�ect pro®les might be developed if the functionally relevant

enzyme subtypes can be identi®ed and selectively targeted.
Because asthma is primarily an in¯ammatory disease, and
because selective PDE4 inhibitors such as rolipram act mainly

as anti-in¯ammatory agents and less signi®cantly as bronch-
odilators, many studies of PDE4 subtype distribution have
focused upon in¯ammatory cells (Engels et al., 1994; Essayan

et al., 1994; Gantner et al., 1997; 1998; Jiang et al., 1998).
These studies suggest that PDE4A, PDE4B or PDE4D, all of
which are found to some extent in every in¯ammatory cell type
studied, could be important regulators of in¯ammatory

processes. Only PDE4C, which is present in the lung
(Obernolte et al., 1997) but has only rarely and inconsistently
been reported in any isolated in¯ammatory cell type, can be

eliminated on the basis of its distribution. However, by
screening a large number of PDE4 inhibitors against the
recombinant human enzymes, we have been able to identify a

few selective subtype inhibitors. These compounds, although
they do not distinguish between PDE4A and PDE4B, do
display a 4.5 ± 17 fold selectivity for either PDE4A/PDE4B or
PDE4D. Using these tools, we can begin to dissect the

functional roles of the PDE4 subtypes in regulating diverse
cellular processes in various cell types. Here we show, in two
di�erent functional cellular measures of in¯ammatory activity,

that the anti-in¯ammatory potency of these PDE4 inhibitors is
correlated with their potency as inhibitors of PDE4A/PDE4B.

Methods

Experimental compounds

Compounds tested were: A, trans-4-cyano-4-[3-(cyclopenty-
loxy)-4-methoxyphenyl]cyclohexyl-1-amine; B, cis-4-cyano-4-

[3-(cyclopentyloxy) -4-methoxyphenyl] cyclohexane-1-carboxy-
lic acid; C, trans-4-cyano-4-(3,4-bisdi¯uoromethoxyphenyl)cy-
clohexyl-1-amine; D, trans-4-cyano-4-[3-(cyclopentyloxy)-4-

methoxyphenyl]cyclohexane-1-carboxylic acid; E, cis-4-cyano-
4 - [3 - (cyclopropylmethoxy)-4 -methoxyphenyl]cyclohexane-1-
carboxylic acid; F, cis-4-cyano-4-[(4-di¯uoromethoxy)-3-(cy-

clopropylmethoxy)] cyclohexane-1-carboxylic acid; G, trans-4-
cyano - 4- [3-(cyclopropylmethoxy)-4-methoxyphenyl]-1-(meth-
oxy)cyclohexane-1-carboxylic acid; H, trans-4-(2-aminopyri-
midin-5-ylethynyl) -4- [3- (cyclopentyloxy) -4-methoxyphenyl]-

cyclohexyl-1-amine; I, trans-4-(3-carboxyphenylethynyl)-4-[3-
(cyclopentyloxy)-4-methoxyphenyl]cyclohexyl-1-amine hydro-
chloride, J, trans - 4 - (4 - carboxyphenylethynyl) - 4 - [3 - (cyclo-

pentyloxy)-4-methoxyphenyl]cyclohexyl-1-amine hydrochlor-
ide; and rolipram. All were synthesized in the Department of
Medicinal Chemistry, SmithKline Beecham, Upper Merion,
U.S.A.

Antigen-stimulated T-cell proliferation

Five PDE4A/B-selective and four PDE4D-selective com-
pounds were tested for their ability to inhibit antigen-
stimulated T-cell proliferation. Mixed peripheral blood

mononuclear cells were isolated from the heparinized blood
of house dust mite-allergic donors by centrifugation (3506g,
30 min) over Ficoll-Hypaque (Histopaque1 1077, Sigma, St.

Louis, Missouri, U.S.A). Cells at the interface were
harvested, washed twice in antibiotic-supplemented RPMI
1640, resuspended in RPMI 1640 supplemented with 5%
human AB serum (Sigma), 2 mM L-glutamine, 5 mg ml71

penicillin, 5 mg ml71 streptomycin and 10 mg ml71 neomycin
(HAB medium), and plated at 26105 cells well71 into 96-
well plates (Corning Costar, Acton, Massachusetts, U.S.A.).

PDE4 inhibitors (®nal concentrations 1079 to 1075
M) were

added to triplicate wells as 46 stocks in HAB medium/1%
DMSO. After a 2-h incubation at 378C in a humidi®ed 5%

CO2 incubator, dust mite extract (Dermatophagoides pter-
onyssinus, Greer Labs, Lenoir, North Carolina, U.S.A.) was
added at a concentration of 1 ± 25 mg ml71. Plates were

returned to the incubator and cells were pulsed with
[3H]thymidine (0.5 mCi well71; New England Nuclear,
Boston, Massachusetts, U.S.A.) approximately 72 h later.
Cells were harvested after 24 h onto Packard GF/C 96-well

DNA-binding ®lter plates and counted on a TopCount
scintillation counter (Packard, Meriden, Connecticut,
U.S.A.). Data are expressed as per cent inhibition of

[3H]thymidine incorporation as compared to antigen-stimu-
lated vehicle controls.

Antigen-speci®c T-helper (Th) clones were established and

assayed as previously described (Essayan et al., 1997), using
10 mg ml71 ragweed antigen to stimulate proliferation. PDE4
inhibitors were tested from 0.1 to 100 mM.

Inhibition of LPS-stimulated TNFa release from human
monocytes

Five PDE4A/B-selective and ®ve PDE4D-selective compounds
were evaluated for their ability to suppress bacterial
lipopolysaccharide (LPS)-induced TNFa release from human

monocytes. Peripheral blood monocytes from normal donors
were enriched to a purity of 78.7+3.9% by density gradient
centrifugation over isoosmotic Percoll (Sigma) as previously

detailed (Manning et al., 1996), resuspended at a concentration
of 106 cells ml71 in RPMI 1640 supplemented with 10% foetal
bovine serum, 2 mM L-glutamine, 5 mg ml71 penicillin,
5 mg ml71 streptomycin and 10 mg ml71 neomycin, and plated

into 24-well plates. PDE4 inhibitors, prepared as 406 stocks
in 20% DMSO, were added to triplicate wells and incubated
for 45 min at 378C in a humidi®ed 5% CO2 atmosphere, after

which 100 ng ml71 E. coli 055 : B5 LPS (Sigma) was added to
each well. Plates were returned to the incubator and monocyte
supernatants were harvested 16 ± 18 h later. After brief

centrifugation at 18606g to remove any cells, supernatants
were transferred to clean tubes and stored at 7308C for later
assay. TNFa was measured by enzyme-linked immunosorbent
assay (Predicta human TNFa ELISA kit, Genzyme Corp.,
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Cambridge, Massachusetts, U.S.A.). Assays were read on a
Dynatech MR7000 plate reader and analysed using Dsoft
software (Biometallics, Inc., Princeton, New Jersey, U.S.A.).

Inhibition of hrPDE4A, hrPDE4B and hrPDE4D

IC50 values of the compounds for inhibition of the catalytic

activity of human recombinant (hr)PDE4A, PDE4B and
PDE4D were determined by a modi®cation of the method of
Davis & Daly, (1979) as previously described (Torphy et al.,

1992b), using 1 mM cyclic AMP as the substrate.

Recombinant enzymes

Human recombinant PDE4A (HSPDE4A4B) (Bolger et al.,
1993), PDE4B (HSPDE4B2A) (McLaughlin et al., 1993) and

PDE4D (HSPDE4D3A) (Baecker et al., 1994) were expressed
in the PDE-de®cient yeast Saccharomyces cerevisiae strain
GL62.

Statistical analysis

Log IC50 values were calculated on the individual concentra-

tion-response curves of 2 ± 7 experiments. Spearman's rank-
order correlation and simple linear regressions on log IC50

values were performed using Prism v 3.00 (GraphPad2

Software Inc., San Diego, California, U.S.A.).

Results

Inhibition of house dust mite-stimulated T-cell
proliferation

As shown in Table 1, the PDE4 inhibitors used in this study
can be classi®ed into two broad divisions based upon their

subtype selectivity. Compounds A, C, H, I and J are classi®ed
as dual PDE4A/B inhibitors based on their similar IC50 values
for inhibition of PDE4A and PDE4B catalytic activities and

their 6 ± 17 fold selectivity for PDE4A/B over PDE4D. The
other ®ve compounds are 5 ± 10 fold selective for PDE4D
relative to PDE4A.

All compounds tested inhibited antigen-stimulated T-cell

proliferation in a concentration-dependent manner (Figure
1a), with IC50 values ranging from 22 nM to 1.3 mM. When
tested in Spearman's rank-order correlation, the rank order of

potency against T-cell proliferation was found to correlate
with the rank order of potency against hrPDE4A (r=0.867,
P=0.005) and hrPDE4B (r=0.833, P=0.008) but not with

the rank order of potency against hrPDE4D (r=0.567,

P=0.121). More signi®cantly, standard linear regressions
performed on log IC50 values (Figure 2a) also showed positive
correlation between inhibition of T-cell proliferation and

inhibition of hrPDE4A (r=0.863, P=0.003) and hrPDE4B

Table 1 7log IC50 values of experimental compounds

Inhibition of enzyme activity Inhibition of cellular function
Compound PDE4A PDE4B PDE4D T-cell proliferation TNFa release

A
B
C
D
E
F
G
H
I
J

8.19+0.09
7.00+0.05
7.48+0.07
5.88+0.08
6.68+0.06
7.20+0.05
6.23+0.03
8.91+0.09
9.61+0.07
9.57+0.18

7.85
7.11+0.05

7.52
6.50
6.76
7.24
6.41

8.82+0.15
9.16
8.87

7.40+0.08
7.87+0.07
6.53+0.02
6.59+0.08
7.44+0.09
7.93+0.13
7.26+0.07
7.96+0.06
8.38+0.08
8.40+0.12

7.54+0.10
6.01+0.29
6.62+0.38
5.87+0.25
6.37+0.14
not tested
6.17+0.15
6.75+0.13
7.23+0.22
7.66+0.03

8.08+0.16
6.88+0.23
7.83+0.49
5.73+0.37
6.80+0.35
7.10+0.24
6.18+0.31
8.79+0.15
7.97+0.06
8.54+0.03

Log IC50 values are the means (+s.e.mean) of 3 ± 7 experiments, except for PDE4B, where n=1±3.

Figure 1 Functional inhibition by four representative selective
PDE4 inhibitors. (a) Inhibition of antigen-stimulated T-cell prolifera-
tion. (b) Inhibition of LPS-stimulated TNFa release from human
peripheral blood monocytes. Closed symbols are PDE4A/B-selective
compounds; open symbols are PDE4D-selective compounds. IC50

values are in Table 1.
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(r=0.798, P=0.01) catalytic activity but not of hrPDE4D
(r=0.553, P=0.123).

Additional experiments were conducted to examine the

ability of PDE4 inhibitors to suppress antigen-stimulated
proliferation of clonal T helper 1 (Th1) lymphocytes, which do
not express PDE4D, or Th2 lymphocytes, which do (Essayan
et al., 1997). The compounds evaluated (Table 2) were

rolipram, which is not PDE4 subtype-selective, dual PDE4A/
B inhibitors A and C and PDE4D inhibitors B and G. Within
this restricted selection of compounds, the potency of PDE4

inhibitors against proliferation of both cell types appeared to
be correlated with their inhibition of PDE4A/B rather than
PDE4D, although signi®cance was not achieved in most

analyses owing to the small number of compounds. The rank-
order of potency for inhibition of both Th1 and Th2
lymphocyte proliferation was identical to that for inhibition

of hrPDE4A (A4C4B4G, r=1.0, P=0.083 in each case);
linear regressions of the log IC50 values for inhibition of each
Th type vs inhibition of hrPDE4A yielded r values of 0.926 and
0.950 for Th1 and Th2, respectively, with P values of 0.074 and

0.050. On the other hand, the rank-order of potency against
hrPDE4D (B4A4G4C) was not similar to that for
inhibition of Th1 or Th2 proliferation and the linear

regressions of log IC50 values produced poor correlation.
Spearman's rank correlation yielded r=0.00 and P40.9999
for both Th1 and Th2 lymphocytes. Values from the linear

regressions were r=0.196, P=0.804 and r=0.444, P=0.556
for Th1 and Th2, respectively.

Inhibition of TNFa release

All compounds also inhibited LPS-stimulated TNFa release
from peripheral blood monocytes in a concentration-depen-

dent manner, with IC50 values distributed from 1.6 nM to 2 mM
(Table 1). Again, the rank-order of potency for functional
inhibition was signi®cantly correlated with the rank-order for

inhibition of hrPDE4A (r=0.903, P=0.001) and hrPDE4B

Figure 2 Linear regression analysis. (a) Log IC50 values for inhibition of antigen-stimulated T-cell proliferation vs values for
inhibition of hrPDE4A (left, r=0.863, P=0.003) or hrPDE4D (right, r=0.552, P=0.123). (b) Log IC50 values for inhibition of
LPS-stimulated TNFa release from human monocytes vs log IC50 values for inhibition of hrPDE4A (left, r=0.899, P=0.0004) or
hrPDE4D (right, r=0.483, P=0.157).

Table 2 Suppression of T-helper subset proliferation by
PDE4 inhibitors

7log(IC50)
Compound Th1 Th2

A
B
C
G
Rolipram

6.68
5.51
5.96
5.46
5.34

5.77
4.96
5.64
4.65
4.56

Log IC50 values were calculated on the mean concentration-
response curves (100 nM to 100 mM) from two experiments.
IC50 values for inhibition of recombinant human enzymes
are shown in Table 1.
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(r=0.891, P=0.001), while the correlation between the rank-
order for inhibition of TNFa release and that for inhibition of
hrPDE4D catalytic activity was not statistically signi®cant

(r=0.600, P=0.073). Consistently with this, there was a
signi®cant linear correlation between the IC50 values for
inhibition of TNFa release and inhibition of hrPDE4A
(r=0.899, P=0.0004) and hrPDE4B (r=0.889, P=0.0006),

while there was no statistically signi®cant relationship with
inhibition of hrPDE4D (r=0.483, P=0.157).

Discussion

The bewildering size of the PDE4 family, with its four distinct
genes and still burgeoning number of splice variants, provides
in itself a persuasive argument for the desirability of subtype-

selective inhibitors. The widespread distribution of several of
the subtypes throughout the body indicates that they may be
involved in the regulation of very basic cellular processes, while
the simultaneous presence of several subtypes in a single cell,

as seen in in¯ammatory cells, suggests that numerous cyclic
AMP-dependent functions may be independently regulated by
distinct PDE4 enzymes. Arguably, non-subtype selective PDE4

inhibitors such as rolipram are likely to regulate multiple
cellular functions in many tissues, regardless of whether they
are relevant to the therapeutic intent. Such considerations give

rise to the hope that many of the side-e�ects of PDE4
inhibitors might be dissociated from their anti-in¯ammatory
properties if the relevant PDE4 subtype(s) could be identi®ed

and selectively targeted. Cloning and recombinant expression
of the human PDE4 subtypes, coupled with large-scale
screening of PDE4 inhibitors, has permitted us to identify
several compounds with selectivity for either PDE4A/B or

PDE4D. Using these tools, we have shown, in two
in¯ammatory cell types which are recruited into the lung in
asthma, that at least two of the anti-in¯ammatory activities

associated with PDE4 inhibition can be attributed to inhibition
of PDE4A and/or PDE4B.

The most selective of our compounds exhibited only 17 fold

selectivity between PDE4A/B and PDE4D. Thus, we found
that each of the functions examined could be almost fully
suppressed by any of the compounds tested, regardless of the
selectivity of the particular compound. To establish correlation

between selectivity and functional inhibition, we chose an
experimental approach that has previously been utilized to
associate speci®c functional e�ects with inhibition of either the

low- or high-a�nity rolipram-binding conformation of PDE4
(Barnette et al., 1995a,b; 1996a; Souness et al., 1997), and
which depends only upon the availability of a range of selective

compounds of varying potencies. IC50 values of our
compounds for PDE4A/B ranged from 0.25 nM to 1.32 mM
(5greater45200 fold), while IC50 values for PDE4D were

between 4.0 and 295 nM (74 fold). Not surprisingly, these
ranges are compressed in the functional assays, to *1000 fold
in the TNFa assay and *50 fold for inhibition of T-cell
proliferation. It is all the more convincing that the linear

regression shows a highly signi®cant correlation between the
IC50 values for inhibition of PDE4A/B and those for inhibition
of T-cell proliferation when the range of values is compressed

from 5200 fold to 50.
Our smaller study, comparing the e�ects of subtype-

selective inhibitors on proliferation of Th1 and Th2 clones,

shows that the rank order of potency for suppression of the
proliferative response to antigen is identical to that for
inhibition of PDE4A/B, regardless of the presence or absence

of PDE4D in the cell. The results of this study must be
interpreted cautiously, in light of its small scope. They do,
however, tend to support the ®ndings of the larger study,
suggesting that PDE4A and/or PDE4B are the most important

subtypes involved in the regulation of lymphocyte prolifera-
tion.

In summary, our data show that inhibition of both LPS-

stimulated TNFa release from human monocytes and antigen-
induced human T-cell proliferation are closely correlated with
inhibition of PDE4A and/or PDE4B, suggesting that these

particular in¯ammatory functions may be mediated by the
activity of one or both of these PDE4 enzymes. These are, to
our knowledge, the ®rst data linking the anti-in¯ammatory

properties of PDE4 inhibitors to inhibition of a subset of PDE4
enzymes. Thus, much work remains to be done to examine the
functional roles of the subtypes in other cellular activities and in
other in¯ammatory cell types. Though inhibition of both of the

in¯ammatory activities examined in this study is correlated
with inhibition of PDE4A/B and not apparently with inhibition
of PDE4D, we cannot conclude that PDE4D is irrelevant to

in¯ammatory activity, even in mononuclear cells. Association
of speci®c cellular functions with single PDE4 subtypes will
await the development of inhibitors which can di�erentiate

PDE4A from PDE4B. Meanwhile, additional work can be
done with the tools already available to analyse which subtypes
play relevant roles in the regulation of other in¯ammatory
activities, both in mononuclear cells and in other in¯ammatory

cells.

We thank Joseph M. Karpinski, Aimee Guider, Cornelia J. Forster
and Paul E. Bender for compound synthesis, and Christine M.
Braun for technical assistance.
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