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ABSTRACT: There is abundant evidence for T-lymphocyte recruitment into the
airways in allergic inflammatory responses. This study has tested the hypothesis that
T-cell chemotaxis induced by platelet-activating factor (PAF) and human recombinant
interleukin-8 (hrIL-8) can be attenuated by inhibition of phosphodiesterase activity
and raised intracellular 3',5'-cyclic adenosine monophosphate (cAMP) levels.

This study used theophylline, a nonselective phosphodiesterase (PDE) inhibitor, and
rolipram, a selective PDE4 inhibitor, to study the effect of PDE inhibition on T-cell
chemotaxis. The b2-adrenoceptor agonist, salbutamol, the adenylyl cyclase activator,
forskolin, and the cAMP analogue, dibutyryl cAMP (db-cAMP), were used to demon-
strate a role for raised cAMP levels. T-cells were obtained from 10 atopic asthmatics,
and the phenotype of migrating cells was examined by flow cytometry.

Theophylline caused an inhibition of both PAF-and hrIL-8-induced chemotaxis
(mean�SEM maximum inhibition at 1 mM: 73�4% and 48�8% for hrIL-8 and PAF,
respectively) that was not specific for the CD4+, CD8+, CD45RO+ or CD45RA+ T-cell
subsets. T-cell chemotaxis was more sensitive to treatment with rolipram whose effect
was already significant from 0.1 mM on hrIL-8-induced chemotaxis. Both a low
concentration of salbutamol (0.1 mM) and forskolin (10 mM) potentiated the in-
hibitory effect of a low concentration of theophylline (25 mM) on responses to PAF but
not to hrIL-8. Finally, T-cell chemotaxis was also inhibited by db-cAMP.

It is concluded that attenuation of T-cell chemotaxis to two chemoattractants of
relevance to asthma pathogenesis can be achieved via phosphodiesterase inhibition
and increased intracellular 3', 5'-cyclic monophosphate using drugs active on cyclic
nucleotide phosphodiesterase. This action may explain the anti-inflammatory effects
of theophylline and related drugs in asthma.
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T-lymphocytes play a central role in orchestrating the
inflammatory responses in asthma [1]. Increased numbers
of CD4+ T-cells can be seen in the airways even in mild
to moderate asthma [2], with further increases in seasonal,
pollen-induced asthma [3], following allergen challenge
in the laboratory [4, 5], and in association with experi-
mental rhinovirus infections [6]. The authors have re-
cently demonstrated increased chemotactic activity for
T-cells in induced sputum from atopic asthmatic subjects
[7] and have been able to induce prominent T-cell che-
motaxis ex vivo with supernatants of bronchial biopsies
stimulated with specific allergen [8]. These observations
point to the existence of mechanisms which regulate the
influx of T-cells into inflamed tissues.

Accumulating evidence suggests that theophylline has
anti-inflammatory properties which could account for
some of its therapeutic benefit in the treatment of asthma.
Theophylline attenuates the experimentally induced late
phase bronchoconstriction to inhaled allergen [9], a res-
ponse that is associated with an influx of T-cells produc-
ing Th-2-type cytokines [10]. While the attenuation of
late phase bronchoconstriction may represent prolonged

bronchodilation occurring with regular administration of
sustained-release preparations of theophylline, this action
was observed at mean steady-state serum theophylline
concentration below the accepted bronchodilator range
[11]. In addition, changes in T-cell trafficking are asso-
ciated with long-term theophylline therapy [9, 12] and
some of its effects in asthma may be due to inhibition of
T-cell recruitment into the airways [12, 13], with addi-
tional possible effects being reduction of T-cell activa-
tion [14] and proliferation [15], leading to amelioration of
chronic airways inflammation.

In this study it has been hypothesized that inhibition of
cyclic nucleotide phosphodiesterase (PDE) activity and in-
crease in 3',5'-cyclic adenosine monophosphate (cAMP)
levels are involved in reducing T-cell chemotactic resp-
onses, providing targets for asthma drugs. The study focus-
ed on chemotaxis induced by platelet-activating factor
(PAF) and human recombinant interleukin (hrIL-8), a CXC
chemokine, using a modified Boyden chamber technique.
PAF is a mediator with a wide range of inflammatory
effects including T-cell chemotaxis [16], T-cell prolifera-
tion and IL-2 production [9, 17]. IL-8 is expressed to an
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elevated degree in epithelial cells [18] and eosinophils of
asthmatic subjects, and increased levels can be detected in
bronchoalveolar lavage fluid [19] and sputum cells [20]
of these patients. This chemokine may also contribute to
airways inflammation by regulating both eosinophil [21]
and T-cell chemotaxis [22].

To test the role of phosphodiesterase (PDE) enzymes in
this response, this study used theophylline, a nonselective
PDE inhibitor, and rolipram, a PDE4-selective inhibitor. At
least eight different families of PDE isoenzymes (PDE1±8)
have so far been identified in a variety of tissues and
inflammatory cells [23, 24]. Inhibition of PDE-catalysed
conversion of cyclic nucleotides to their inactive nucleo-
tide metabolites results in elevated cAMP and 3',5'-cyclic
guanosine monophosphate (cGMP) levels which increase
cyclic nucleotide-dependent protein kinase activity, caus-
ing inhibition of inflammatory cell functions. Although
some of the activity of theophylline may be due to ade-
nosine receptor antagonism [25] and catecholamine re-
lease [26], at least part of the action of theophylline is due
to inhibition of PDE. The authors have used a PDE4
inhibitor, rolipram, to determine the effect of selectively
elevating cAMP without affecting cGMP [27]. Although
T-cells have been demonstrated to contain the isoenzymes
PDE3 and PDE7 as well as PDE4 [28, 29], PDE3 inhibi-
tors do not cause measurable increases in intracellular c-
AMP levels [29] and no selective inhibitors of PDE7 have
been described. Selective PDE4 inhibitors are under in-
vestigation as potential novel anti-asthma drugs [30]. To
investigate more specifically the role of raised cAMP in
inhibiting T-cell chemotaxis, the authors have used salbu-
tamol, a selective b2-adrenoceptor agonist, and forskolin,
an adenylyl cyclase activator, both of which raise intra-
cellular cAMP levels, and dibutyryl cAMP (db-cAMP),
an analogue of cAMP.

Materials and methods

Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium,
heat-inactivated foetal calf serum (FCS), 4-(2-hydroxyeth-
yl)-1- piperazine-ethanesulfonic acid (HEPES), L-glutam-
ine, sodium pyruvate, penicillin, streptomycin, fungizone,
and phosphate-buffered saline without calcium and magne-
sium (PBS) were purchased from Gibco BRL Life Techno-
logy (Uxbridge, Middlesex, UK). Bovine serum albumin
(BSA),1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine
(PAF), N6,2'-O-dibutyryl adenosine 3',5'-cyclic monophos-
phate (db-cAMP), forskolin and salbutamol were purchas-
ed from Sigma Chemical Company (Poole, Dorset, UK).
LymphoprepTM (sodium diatrizoate/polysucrose; 1.077
g.mL-1) was obtained from Nycomed Pharma AS (Oslo,
Norway). Rabbit anti-mouse immunoglobulins antiserum
(purified immunoglobulin fraction) was from Dako (High
Wycombe, Buckingamshire, UK). Antibodies for panning
for T-cell separation (anti-CD11b, anti-CD14, anti-CD16
and anti-CD19) and mouse anti-human monoclonal anti-
body (mAb) against surface antigens (CD3, CD4, CD8,
CD19, CD16, CD14, CD45RO and CD45RA) conjugated
with fluorescein isothiocyanate (FITC) or phycoerythrin
(PE) for flow cytometry were purchased from Serotec (Ox-
ford, Oxfordshire, UK). hrIL8 was a gift from I. Lindley

(Sandoz, Vienna, Austria). Theophylline and rolipram were
synthesized by Byk Gulden Pharma (Konstanz, Germany).

Preparation of solutions

Reagents were initially dissolved in appropriate sol-
vents and dilutions made in RPMI 1640 containing 0.05%
(weight/volume) BSA. Anhydrous theophylline was dis-
solved in PBS at 10mM and used at 25 mM, 100 mM, and 1
mM. Salbutamol was initially dissolved in distilled water
at 10 mM and used at a final concentration of 0.1 nM.
Forskolin was dissolved in ethanol at 10 mM and used at
10 mM. Db-cAMP was dissolved in PBS at 10 mM and
used at 100 and 500 mM. Rolipram was prepared in 1%
(volume/volume) dimethyl sulfoxide (DMSO) at 1 mM and
used at 0.1, 1 and 10 mM. PAF was dissolved in ethanol
and diluted in RPMI 1640 + BSA to give concentrations of
0.1, 1, 10 and 100 nM, with final ethanol concentrations
being <0.001%. hrIL-8 was prepared in PBS containing
0.1% BSA at 100 mg.mL-1 (12.5 mM) and used at 1.25,
12.5 and 125 nM and 1.25 mM.

T-lymphocyte separation

Ten asthmatics were recruited, none of whom were
taking theophylline or inhaled corticosteroids for at least 2
yrs before blood donation. All were atopic, as defined by
skin-prick tests to a panel of common aero-allergens
(Dermatophagoides pteronyssinus, Dermatophagoides fa-
rinae, mixed grass pollens, mixed tree pollens, moulds,
Aspergillus fumigatus, cat, dog and horse hair, mixed
feathers). All of the subjects had normal lung function
(>85% of predicted) and used salbutamol on average less
than once a day over a period of 2 weeks prior to drawing
blood. They were thus classified as having mild persistent
asthma.

T-cells were separated using a modification of the
authors' previously described protocol [31]. Heparinized
venous blood was diluted with an equal volume of PBS
and layered onto Lymphoprep. Following centrifugation
at 8,0006g for 25 min at 208C, mononuclear cells were
aspirated, washed twice with PBS and resuspended in
RPMI 1640 supplemented with 8 mM HEPES, 2 mM
L-glutamine, 1 mM sodium pyruvate, 100 mg.mL-1 strep-
tomycin, 100 U.mL-1 penicillin, 0.5 mg.mL-1 fungizone
and 2% heat-inactivated FCS. Monocytes were removed
by adherence to plastic for 1 h. Lymphocytes were sus-
pended in medium and allowed to recover overnight in a
Petri dish at 378C and 5% CO2. In the authors' hands this
significantly prevents cell from clumping, which other-
wise makes it difficult to conduct chemotactic assays.
T-cells were further purified from the remaining nonad-
herent cells by negative selection using panning with anti-
CD11b, anti-CD14, anti-CD16 and anti-CD19 antibodies
as previously described [31]. Nonadherent cellswere wash-
ed twice with PBS and resuspended at 56106 cells.mL-1

in RPMI 1640 supplemented with 8 mM HEPES, 2 mM
L-glutamine, 1 mM sodium pyruvate and 0.4% BSA. The
purity of T-cells was >96% as assessed by flow cytome-
try using anti-CD3mAbs to identify T-cells andanti-CD19,
anti-CD16 and anti-CD14 to detect any contaminating B-
lymphocytes, natural killer cells and monocytes, respec-
tively. Viability, as assessed by trypan blue exclusion,
was >99%.
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T-cell chemotaxis

Chemotaxis experiments were performed in 48-well
microchemotaxis chambers (NeuroProbe Inc., Cabin John,
MD, USA) using the same donors for both PAF and hrIL-
8. Concentration-response studies were first conducted to
find the optimum concentration of chemoattractant for
subsequent experiments using 0.1±100 nM for PAF and
1.25 nM±1.25 mM for hrIL-8. Twenty-five microlitres of
each chemoattractant diluted in RPMI 1640 containing
0.05% BSA was placed in the lower wells, which were
separated from the upper wells by an 8-mm pore-size
polyvinyl-pyrridone (PVP)-free polycarbonate membrane
(Osmonics Corp., Minnetonka, MN, USA). Fifty-micro-
litre aliquots of cell suspension containing 2.56105 cells
were placed in each upper well and the chamber incubated
for 60 min at 378C in 5% CO2. The membrane was
carefully removed and the upper side of the filter scraped to
remove nonmigrated cells. The migrated cells on the lower
side of the membrane were fixed with methanol, stained
with May-GruÈnwald Giemsa, and the number of migrating
T-cells counted in five high-power fields forming two per-
pendicular diameters of the areas corresponding to the
wells.

Drug treatment of T-cells

To study the effect of theophylline and rolipram on
chemotaxis induced by PAF and hrIL-8, optimum concen-
trations of chemoattractants obtained from concentration-
response studies were used. The cells were preincubated
either with the vehicle alone or with the drug under test
prior to migration. Incubation times were 15 min for theo-
phylline, rolipram and db-cAMP, and 30 min for forskolin
and salbutamol.

In addition to the full range of concentrations, a subopti-
mal concentration of theophylline (25 mM, 4.5 mg.mL-1)
was used in combination with either 0.1 nM salbutamol or
10 mM forskolin to study the presence of any synergy in
inhibition of chemotaxis to hrIL-8 and PAF.

The extent of inhibition of chemotaxis was expressed as
a percentage of control, determined from the number of
migrating cells in the presence of the compound and the
number of migrating cells in the presence of the chemo-
attractant alone (control). Control chemotactic responses
are reported as chemotaxis index (the ratio of migration in
the presence of stimulus to migration in the absence of
stimulus).

Flow cytometric analysis of migrating T-cell subsets

Selectivity of theophylline inhibition of chemotaxis of
T-cell subsets CD4+ and CD8+ and the resting/naõÈve
(CD45RA+) and activated/memory (CD45RO+) T-cells
was studied by analysing the phenotype of migrated cells.
In these experiments, cells were allowed to migrate through
a PVP-coated membrane which prevents adherence of cells
to the lower side of the membrane. Migrated cells were
aspirated and incubated with fluorescent dye-labelled anti-
bodies for 30 min at 48C. Dual-colour cytometry was per-
formed using FITC/PE-conjugated antibodies: anti-CD3/
anti-CD4, anti-CD3/anti-CD8, anti-CD3/anti-CD45RA and

anti-CD3/anti-CD45RO. Using appropriate software in
acquisition mode (FACScan Research; Becton Dickinson,
San Jose, CA, USA), 10,000 cells were analysed using the
Lysis II programme (Becton Dickinson) after gating for
lymphocytes in forward and side scatter as previously
described [32].

Statistical analysis

Comparisons between the extent of chemotaxis in the
presence and absence of drugs in response to each stimulus
were made by repeated-measures analysis of variance
(ANOVA). For concentration-response studies, chemotaxis
in the presence of drugs was compared with control by
Dunnett's multiple comparisons test. Where two drugs
were used in combination, post hoc comparisons between
all groups were performed by the Tukey-Kramer test for
multiple comparisons. In experiments with db-cAMP,
where data diverged significantly from a normal distribu-
tion, analysis was performed by Friedman's nonparametric
repeated-measures test followed by Dunn's multiple com-
parisons test. A p-value of <0.05 was accepted as sig-
nificant.

Results

Concentration-response effects of human recombinant
interleukin-8 and platelet-activating factor on T-cell
chemotaxis

Both PAF and hrIL-8 resulted in a bell-shaped response
that was maximal around 10 nM, inducing migration of
89�24 and 21�2 T-cells (mean�SEM) at 10 nM PAF and
12.5 nM IL-8, respectively (chemotaxis indices 6.4�1.2
and 2.3�0.58, respectively; fig. 1). The optimal concen-
trations, 10 nM for PAF and 12.5 nM for IL-8 were used
in all subsequent experiments. Comparison of indices of
chemotaxis showed 10 nM PAF to be on average 3-fold
more effective than hrIL-8 at 12.5 nM.
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Fig. 1. ± Concentration-response curves for peripheral blood T-cell
chemotactic activity to platelet-activating factor (s) and human recom-
binant interleukin-8 (*). T-cell migration was expressed as the chemo-
taxis index, derived from the number of migrating cells in the presence
of the chemoattractant divided by the number of cells migrating in the
presence of medium alone. Data are from 6 separate experiments (using
cells from different donors) at all concentrations. The final results are
expressed as mean�SEM. *: p<0.05; **: p:<0.01.
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Effect of theophylline on T-cell chemotaxis

Theophylline exhibited no significant effect on sponta-
neous migration (medium alone, data not shown). A con-
centration-dependent inhibition by theophylline was noted
of responses to both PAF and hrIL-8 (fig. 2), with the
effect on hrIL-8 being significant at 100 mM (36�8%,
n=10) and maximal at 1 mM (73�4%, n=6). However, the
migration of T-cells to PAF was less sensitive to inhi-
bition by theophylline, with significant effect seen only at
1 mM (48�8% n=6).

There was no preferential migration of either the CD4+
or CD8+ subsets of T-cells (n=3), nor of the CD45RO+ or
CD45RA+ subsets (n=6), either spontaneously or in res-
ponse to PAF or hrIL-8 (table 1), as determined by the
proportions of the subsets placed in the upper wells and
those recovered from the lower wells. Theophylline did
not have a selective inhibitory effect on the migration of
any of the T-cell subsets studied (table 1). Effect of rolipram on T-cell chemotaxis

Rolipram had no effect on spontaneous migration (data
not shown). A concentration-dependent inhibition by roli-
pram was obtained for responses to both hrIL-8 and PAF
(n=7; fig. 2). The inhibition by rolipram was significant
from 0.1 mM for hrIL-8 (35�8%) and from 1 mM for PAF
(37�9%). The inhibitory effect of rolipram was smaller on
migration to PAF as compared with hrIL-8 at all con-
centrations.

Effect of dibutyryl-3',5'-cyclic adenosine monophosphate
on T-cell chemotaxis

Db-cAMP alone inhibited chemotaxis induced by both
PAF and hrIL-8 in a concentration-dependent manner and
to a comparable extent (n=7, fig. 3).
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Fig. 2. ± Effect of theophylline (h) and rolipram (&) on T-cell che-
motaxis induced by 10 nM platelet-activating factor (PAF) (a) and 12.5
nM human recombinant interleukin-8 (hrIL-8) (b). Data are from 10
separate experiments for 25 mM theophylline, 6 separate experiments for
the concentrations 100 mM and 1 mM of theophylline, and 7 separate
experiments for rolipram at all concentrations. All experiments were
performed in triplicate, using cells from different donors for each
experiment, and are expressed as mean�SEM percentage of control
(response to the chemoattractant in the absence of inhibitors). For
theophylline experiments, control chemotactic indices were 6.6�3.3 for
PAF and 3.2�0.84 for hrIL-8; for rolipram experiments, control
chemotactic indices were 4.1�1.5 for PAF and 3.3�0.56 for hrIL-8. *:
p<0.05; **: p<0.01. PDE: phosphodiesterase.

Table 1. ± Flow cytometric analysis of the migrating
populations of T-lymphocytes to platelet-activating factor
(PAF) and human recombinant interleukin-8: effects of
theophylline

Migrating cells % of CD3+ cells

Control Medium PAF IL-8

-Theo +Theo -Theo +Theo -Theo +Theo

CD4+ 72�2 72�3 72�2 71�2 72�2 73�3 71�3
CD8+ 27�2 28�2 29�2 28�2 29�2 30�3 30�3
CD45RA+ 53�9 52�10 47�10 51�11 50�9 53�18 52�15
CD45RO+ 50�5 51�4 42�5 47�6 46�6 47�8 46�1

For each phenotypic marker, the results are expressed as mean�
SEM percentages of CD3+ cells migrating through polyvinyl-
pyrridone-coated membranes in response to the indicated
stimuli. Data are from 3±6 experiments.
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Fig. 3. ± Effect of dibutyryl-3',5'-cyclic adenosine monophosphate (db-
cAMP) on T-cell chemotaxis induced by platelet-activating factor (PAF;
s) and human recombinant interleukin-8 (hrIL-8; *). Data are from
seven separate experiments, using cells from different donors, which
were performed in triplicate and are expressed as a percentage of the
control value (response to the chemoattractant in the absence of db-
cAMP). The median response indicated by the horizontal bar. The
median control chemotactic indices were 3.8 (range 2.1±26) for PAF and
3.9 (range 1.1±19) for hrIL±8. **: p<0.01 versus 100 mm.
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Effect of the combination of theophylline and forskolin
or salbutamol

Forskolin (10 mM) caused a significant inhibition of
cell migration to 10 nM PAF (47�9%) but not to 12.5 nM
hrIL-8 (n=6, fig. 4). When used at a low, sub-therapeutic
concentration (25 mM), theophylline did not inhibit che-
motaxis to PAF or hrIL-8 (fig. 4). The actions of forskolin
(10 mM) and theophylline (25 mM), when combined, sig-
nificantly exceeded the inhibition by theophylline alone,
resulting in an additive effect on migration to PAF (19�
4% inhibition by theophylline alone versus 63�6% inhi-
bition by combined forskolin and theophylline, p<0.001,
n=6; fig. 4). The same combination also had a greater
effect on chemotaxis to hrIL-8 than either compound
alone (27�8% inhibition by theophylline alone and 39�
16% inhibition by forskolin and theophylline, p<0.05,
n=6; fig. 4).

The effect of combined salbutamol and theophylline
was also studied. Salbutamol alone at 0.1 nM did not have
a significant effect on migration to either PAF or hrIL-8
(n=8; fig. 5). As with forskolin, the combination of sal-
butamol (0.1 nM) and theophylline (25 mM) significantly
enhanced the effect of theophylline on the migration to
PAF by a mean 285%.

Discussion

Using an in vitro model of T-cell chemoattraction, it has
been shown that inhibition of PDE activity and elevation of
intracellular cAMP significantly reduces T-cell migration
in response to two chemoattractants, PAF and hrIL-8, in a
concentration-dependent manner. Both PAF and IL-8 have
been implicated in asthma pathogenesis and both are
reported to act via G-proteins to activate a number of
phospholipases and protein kinase C [33, 34], leading to
activation of cell functions such as chemotaxis.

T-helper cells have been implicated in the pathology of
asthma [1±5] and the presence of elevated levels of T-cell
chemotactic activity in the epithelial lining fluid of asth-
matic airways suggests a role for chemotaxis in altera-
tions of T-cell trafficking through the lungs in asthma [7].
The withdrawal of theophylline from asthmatic patients
has been demonstrated to lead to an increase in airway T-
cell numbers, apparently reflecting a shift in the dis-
tribution of T-cells away from the circulation and into the
airways [12]. This finding has led to the mode of action of
theophylline in asthma being reappraised to include anti-
inflammatory as well as bronchodilator actions, and these
anti-inflammatory actions may include suppression of T-
cell chemotaxis.
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Fig. 4. ± Effect of the combination of forskolin (Forsk) (10 mM) and
theophylline (Theo) (25 mM) on T-cell chemotaxis induced by platelet-
activating factor (PAF) (a) and human recombinant interleukin-8 (hrIL-
8) (b). Data are from six separate experiments, using cells from different
donors and performed in triplicate and are expressed as mean�SEM

percentage of control (response to the chemoattractant in the absence of
any drugs). Control chemotactic indices were 6.2�1.6 for PAF and
6.6�1.8 for hrIL±8. *: p<0.05; **: p<0.01; ***: p<0.001.
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Fig. 5. ± Effect of the combination of salbutamol (Salb) (0.1 nM) and
theophylline (Theo) (25 mM) on T-cell chemotaxis induced by platelet-
activating factor (PAF) (a) and human recombinant interleukin-8 (hrIL-
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centage of control (response to the chemoattractant in the absence of any
drugs). Control chemotactic indices were 4.4�0.96 for PAF and 6.6�1.8
for hrIL±8. *: p<0.05.
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In this study, T-cells were used from atopic asthmatic
donors because of possible differences in response to
chemoattractants between atopic and nonatopic subjects.
Furthermore, the in vivo effect of theophylline on T-cell
accumulation in the lungs has been demonstrated in atopic
asthmatics [9]. The current study indicates that both IL-8
and PAF induce chemotaxis of T-cells, resulting in bell-
shaped concentration-response curves, with maximum
migration around 10 nM for both mediators. The findings
are not very different from previous reports that IL-8 has
optimal activity on T-cells from 0.1±10 nM [27], although
the concentration of 125 nM showed a slightly higher
effect than 12.5 nM. Furthermore, the observations with
PAF confirm the findings by MCFADDEN et al. [16], sho-
wing the optimum concentration to be 10 nM.

Although both chemoattractants are known to utilize the
same intracellular signalling pathways, the inhibition of
hrIL-8-induced T-cell chemotaxis by theophylline was
greater than that of PAF-induced responses. A possible
explanation for this is the relatively higher potency of PAF
as a chemoattractant for T-cells, possibly owing to cAMP
depression by PAF via an activation of Gi protein as shown
in certain cells [35]. This may reduce the effect of drugs
that inhibit cAMP breakdown.

The authors have not studied the effect of theophylline
on PDE activity in this study. However, it has been
demonstrated elsewhere that nonselective PDE inhibition
by theophylline modulates the pro-inflammatory action of
a number of cell types [36]. In a previous study, it was
shown that human blood T-cells contain predominantly
PDE3 and PDE4 activity, with significantly less PDE1, 2,
5 activity [28], while the presence of PDE7 has also been
demonstrated [29]. This study does not provide insight
into which of these isoforms was of relevance to T-cell
chemotaxis inhibition by theophylline. However, the fin-
ding that the highly selective PDE4 inhibitor, rolipram,
had a powerful inhibitory effect on the action of both
chemoattractants used suggests that the PDE4 isoenzyme
has an important modulatory role. Notably, maximum
inhibition of hrIL-8-induced chemotaxis by theophylline
(1 mM) was higher than maximum inhibition by rolipram
(10 mM): ~75% and 55% for theophylline and rolipram,
respectively, which suggests an additional contribution of
another PDE isoenzyme(s). Although PDE3 inhibition
neither elevates intracellular cAMP levels nor suppresses
IL-2 production in T-cells, the presence of a PDE3 in-
hibitor augments significantly both the cAMP elevation
and the inhibition of IL-2 release induced by the PDE4
inhibitor, rolipram [29]. It is possible, therefore, that a
nonselective PDE inhibitor, such as theophylline, can
exert greater effects on T-cells than can be accomplished
with a selective PDE4 inhibitor alone. PDE3 inhibitors
were not included in the present study owing to their lack
of a direct effect on T-cell cAMP levels and functions. As
PDE4 inhibitors are under active consideration as poten-
tial novel anti-asthma drugs, the authors chose to con-
centrate on this class of compounds rather than inhibitors
of other PDE isoenzyme families.

While some of the activity of theophylline can be
attributed to adenosine receptor antagonism [37], it is less
likely that this mechanism has been operative in the
current study in view of observations that T-cells possess
a high adenosine deaminase activity and do not produce
adenosine [38]. Within the therapeutic range, theophyl-

line increases intracellular levels of cAMP with an asso-
ciated reduction in intracellular calcium, resulting in in-
hibition of calcium-dependent cell functions such as
chemotaxis [39]. An increase in intracellular calcium con-
centrations following exposure to chemoattractants has
been described in T-cell responses to IL-8, IL-1a, and IL-
1b [40].

Selectivity of chemoattractants for T-cell subsets is a
recognized phenomenon. Thus, IL-16 is a chemoattractant
selective for CD4+ T-cells [41] and regulated on acti-
vation, normal T-cell expressed and secreted (RANTES)
for CD4+/CD45RO+ T-cells [42], although there is one
report that RANTES can also induce chemotaxis of CD8+
T-cell clones [43]. To study the specificity of chemoat-
tractants for different types of T-cell, one approach has
been to separate the subsets before migration. However,
the authors have chosen to use the entire CD3+ popu-
lation since the effects of complex interactions between
the two subsets on chemotaxis are not known. The auth-
ors have not shown any evidence of selectivity of either
PAF or hrIL-8 on either the CD4+ or CD8+ subsets,
which is in agreement with previous studies with IL-8
[22, 44]. The inhibition of T-cell chemotaxis by theo-
phylline did not reveal specificity for any of the subsets
analysed. These findings are in keeping with the in vivo
effects of theophylline demonstrated by KIDNEY et al.
[12], who found that withdrawal of theophylline treat-
ment from moderately severe asthmatics resulted in
increased tissue and decreased blood CD4+ and CD8+ T-
cells in a nonselective manner.

Human T-cells can also be divided into two distinct pop-
ulations based on the expression of isoforms of the leuko-
cyte common antigen (CD45), CD45RA+ and CD45RO+,
differentiating between naõÈve/resting and memory/acti-
vated T-cells [45]. In contrast to a previous report [46], the
authors have found no difference between the migratory
responses of the CD45RA+ and CD45RO+ phenotypes to
hrIL-8. It is possible that these differences are due to
different methods or the fact that T-cells were used from
the blood of atopic asthmatic donors. In this study, the
cells migrated through a PVP-treated membrane to avoid
adherence of the cells. This ensured that there was no
interference with cell migration, especially for CD45RO+
cells which are thought to be more adherent than their
CD45RA+ counterparts [44].

If the mechanism of action of theophylline is at least
partly mediated via elevation of intracellular cAMP, then it
is likely that this may be augmented by the addition of
cAMP-inducing agents such as forskolin or a b-adreno-
ceptor agonist, such as salbutamol. When used alone at a
low concentration of 0.1 nM, salbutamol did not show an
inhibitory effect on the migration to either PAF or hrIL-8.
However, when this concentration of salbutamol was used
in conjunction with a low concentration of theophylline
(25 mM) an additive effect on PAF- but not hrIL-8-induced
chemotaxis was observed, possibly owing to a lower de-
gree of cAMP-dependent protein kinase activation follow-
ing PAF (Gi-inhibition) compared to IL-8. There was no
indication of synergy between theophylline and salbuta-
mol, however, which may be due to the low concentrations
of salbutamol and theophylline used. As the degree both of
adenylyl cyclase activation and of PDE inhibition is likely
to be small, the uninhibited portion of PDE activity could
quite rapidly hydrolyse the salbutamol-induced cAMP.
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Although the current study did not measure levels of
intracellular cAMP, the fact that its analogue, db-cAMP,
used at concentrations previously described as having an
inhibitory effect on IL-2 production [47], was able to
potently inhibit T-cell chemotaxis to both PAF and hrIL-8
suggests that cAMP is able to modulate T-cell chemo-
taxis. The role of cAMP was further studied by using for-
skolin, which bypasses cell surface receptors to activate
adenylyl cyclase directly. T-cells were treated with 10 mM
forskolin, a concentration used in previous studies to
demonstrate inhibition of rat T-cell chemotaxis to vaso-
active intestinal peptide [48] and shown to potentiate the
effect of PDE4 inhibitors on cytokine production [47].
Forskolin significantly inhibited the migration to PAF but
not to hrIL-8 when used alone, but inhibited responses to
both stimuli significantly when combined with theophyl-
line. Based on mechanistic criteria, it is most likely that
the use of theophylline and forskolin reduced responses to
PAF via combined effects of PDE inhibition and acti-
vation of adenylyl cyclase on cAMP levels. As in the case
of salbutamol, forskolin did not exhibit synergy with
theophylline. Given that forskolin alone produced signi-
ficant suppression of PAF-induced T-cell chemotaxis,
PDE inhibition might be expected to potentiate this effect
substantially by retarding enzymatic hydrolysis of the
forskolin-evoked cAMP. It is possible that the degree of
inhibition of PDE by 25 mM theophylline is insufficient
to exhibit synergy with forskolin, leading to a merely
additive effect on chemotaxis.

In summary, the authors confirm previous investigations
describing a chemotactic activity of platelet-activating fac-
tor and interleukin-8 for T-cells and show that both can be
attenuated by phosphodiesterase inhibition and raising
3',5'-cyclic adenosine monophosphate levels. It has been
shown that theophylline is capable of inhibiting chemo-
taxis induced by these two chemoattractants. Importantly,
theophylline is able to attenuate chemotaxis at low con-
centrations in combination with salbutamol, a drug com-
bination that is often used in the treatment of asthma. It is
concluded that 3',5'-cyclic adenosine monophosphate
elevating drugs used in the therapy of asthma inhibit T-
lymphocyte chemotaxis, an action that may contribute to
the suppression of chronic airways inflammation by
theophylline and related drugs in asthma.
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