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1 Theophylline possesses anti-inflammatory activities in asthma. We examined whether theophylline
and agents that modulate cyclic AMP can determine the survival and proliferation of progenitor cells.

2 Progenitor cells from the blood of normal and asthmatic subjects were cultured for 14 days in
methylcellulose with GM-CSF, stem cell factor, IL-3 and IL-5. Apoptosis was measured by flow
cytometry of propidium-iodide-stained cells.

3 A greater number of colonies with a higher proportion of cells of eosinophil lineage from
asthmatics compared to normal subjects were grown. Theophylline (at 5 and 20mgml�1) significantly
inhibited colony formation and increased apoptotic cells in asthmatics compared to control.
Salbutamol (0.1, 1, 10 mm), dibutyryl-cAMP (0.1, 1mm) and rolipram (0.1, 1mm), a phosphodiesterase
IV inhibitor, also dose-dependently decreased colony numbers and increased apoptosis of progenitor
cells from asthmatics.

4 There was no significant effect of theophylline, db-cAMP, salbutamol or rolipram on colony
formation or the survival of progenitor cells from normal subjects. AMP did not affect the colony
formation and apoptosis. Expression of Bcl-2 protein on progenitor cells of asthma was
downregulated by theophylline, salbutamol, db-cAMP and rolipram.

5 Theophylline and rolipram decreased colony formation committed to the eosinophil lineage,
together with an increase in apoptosis through an inhibition of Bcl-2 expression effects that may occur
through cAMP. The anti-inflammatory properties of theophylline include an inhibition of circulating
progenitor cells.
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Introduction

Asthma is characterized by chronic airway inflammation,

cellular infiltration, and cytokine production (Laitinen et al.,

1985; Jeffery et al., 1989; Laitinen et al., 1993). Among the

inflammatory cells, eosinophils may play an important role in

bronchial asthma (Gleich, 1990). Increased numbers of

progenitor cells expressing CD34+ committed to an eosino-

philic lineage is found in the blood of patients with asthma

(Chou et al., 1999; Wang et al., 1999). Furthermore,

progenitor cells are increased during asthma exacerbation

induced by controlled withdrawal of inhaled steroid therapy

(Gibson et al., 1990), and by experimental exposure to allergen

(Gibson et al., 1991). In addition to an increase found in

peripheral blood, CD34+ cells expressing IL-5Ra receptor

have also been found in the airways of patients with asthma

and have been correlated with asthma severity (Robinson et al.,

1999). Therefore, circulating CD34+ progenitor cells derived

from bone marrow may migrate to airways and develop into

mature cells under the effects of cytokines and haematopoietic

factors, such as interleukin-3 (IL-3), granulocyte-macrophage

colony-stimulating factor (GM-CSF), stem cell factor (SCF)

and interleukin-5 (IL-5).

Theophylline has been used in the treatment of asthma for

several decades as a bronchodilator, but several lines of

evidence indicate that it also has anti-inflammatory effects

(Chung, 1996). Thus, theophylline reduces the numbers of

eosinophils in the airway submucosa of patients with asthma

(Sullivan et al., 1994; Lim et al., 2000). The mechanisms

underlying this effect could be related to apoptosis or

programmed cell death of eosinophils since theophylline

increased apoptosis of IL-5-exposed eosinophils in vitro

(Adachi et al., 1996; Ohta & Yamashita, 1999). Since

progenitor cells, particularly those committed to an eosinophil

lineage, are increased in the circulation and in the mucosal*Author for correspondence; E-mail: q8828@ms11.hinet.net
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tissues of patients with asthma, we determined whether

theophylline could also influence the survival and proliferation

of progenitor CD34+ cells, similar to its effects on mature

eosinophils. Apoptosis of haemopoietic and epithelial pro-

genitor cells may be mediated by p53 and c-myc (Hockenbery

et al., 1991; Ryan et al., 1994), and Bcl-2 acts as an inhibitor of

apoptosis (Chao & Korsmeyer, 1998). We determined whether

any potential effect of theophylline on apoptosis could be

linked to modulation of Bcl-2 expression. Since the intracel-

lular effects of theophylline could be secondary to phospho-

diesterase (PDE) inhibition, we also examined the effects of a

b-adrenergic agonist, salbutamol, of rolipram, a specific PDE

type 4 inhibitor, and of a cell-permeant analog of cyclic

adenosine monophosphate (cAMP).

Methods

Subjects and study design

A total of forty nonsmoking adults with mild intermittent

asthma (17 males and 23 females) were recruited from

outpatient clinics of Chang Gung Memorial Hospital

(Table 1). All patients with asthma had a 415% improvement

in forced expiratory volume in 1 s (FEV1) with inhaled

albuterol (400mg). These patients had mild asthma symptoms

with intermittent daytime asthma symptoms less than once per

week, night time symptoms less than twice a month, and

normal lung function between exacerbations were defined as

mild intermittent asthma. Of these, thirty of the asthmatic

volunteers were atopic as determined by history and by

increased serum specific imunoglobulin E (IgE) to common

aeroallergens (Phadiatop, Pharmacia, Sweden). All patients

had been stable for at least 6 weeks before enrolment and were

only taking inhaled short-acting b2-agonists as a rescue

medication. Inhaled b2-agonists were withheld for 12 h before

venepuncture and methacholine testing.

A total of thirty-five normal nonsmoking subjects (16 males

and 19 females) without evidence of allergic rhinitis and

asthma with normal lung function and no evidence of

bronchial hyper-responsiveness to methacholine (as described

and defined below), were recruited from our hospital staff or

medical students. They had negative serum specific IgE

(Phadiatop) and normal total IgE level as well as eosinophil

counts. This study was approved by our Ethics Committee and

all subjects gave informed consent.

Methacholine challenge testing

FEV1 was measured by a Spiroanalyzer ST-350R (Fukuda

Sangyo Co. Ltd., Tokyo, Japan). The best of three reprodu-

cible values (with a difference within or less than 5%) was used

for the calculation. Methacholine dissolved in phosphate-

buffered saline (PBS) or PBS alone (10mm, pH¼ 7.40) was

delivered by a Rosenthal dosimeter (Model PF2A, Laboratory

for Applied Immunology Inc., VA, U.S.A.) using 646

DeVilbiss nebulizer. PBS was inhaled first, followed by

methacholine solution at increasing concentrations of 0.075,

0.15, 0.3, 0.6, 1.25, 2.50, 5.0, 10 and 25mgml�1 at 5-min

intervals. Patients received five inhalations for each concentra-

tion. FEV1 was measured 5min after the inhalation, followed

by inhalation of the next higher concentration until FEV1 has

fallen by more than 20% of the starting FEV. The log dose –

response curves for methacholine was constructed as the

percentage changes in FEV1 from the baseline (postbuffer)

value. The dose of methacholine causing a 20% fall in FEV1

(PC20) was measured by linear interpolation. Bronchial hyper-

responsiveness was defined as a PC20 of less than 8mgml�1.

Preparation of progenitor cells

Heparinized venous blood (100ml) was obtained from each

subject. Our method for preparing progenitor cells has been

described previously (Wang et al., 1999). In brief, peripheral

blood mononuclear cells were separated from the whole blood

using Ficoll–Hypaque density gradient centrifugation at

400� g for 30min. The mononuclear cells at the interface

were harvested, washed twice, and resuspended in Iscove

modified Dulbecco medium (IMDM). The nonadherent

mononuclear cell fraction was separated by adherence

technique (Shih & Lee, 1994). Resuspended cell pellets were

incubated in 25 cm2 flask at 371C and 5% CO2 for 2 h. The

nonadherent mononuclear cells were separated by centrifuga-

tion at 41C and 1500 r.p.m. for 5min and resuspended in

IMDM. These nonadherent mononuclear cells were mixed well

with 100 ml sheep red blood cells, then incubated at 41C for 1 h,

and depleted of E-rosette-forming cells by a second Ficoll–

Hypaque centrifugation. Cells depleted of T-lymphocytes were

obtained at the interface and these cells constitute the

progenitor cell fraction we studied in this paper.

Granulocyte-macrophage progenitor (CFU-GM) assay

The progenitor cells (see above) were then cultured at a

concentration of 2� 105 cells in 1ml of IMDM containing

0.9% (v v�1) of methylcellulose, 2-mercaptoethanol (50 mm),
1% bovine serum albumin (BSA), and 30% fetal calf serum,

with growth factors, GM-CSF (500Uml�1), stem cell factor

(50 ngml�1), IL-3 (100Uml�1), and IL-5 (10 ngml�1) in 35-mm

dishes (Shih & Lee, 1994; Wang et al., 1999). Progenitor cells

were treated with a range of concentrations of theophylline (0,

1, 5, 20, and 100mgml�1; Sigma, St Louis, MO, U.S.A.),

salbutamol (0, 0.1, 1, 10mm; Sigma, St Louis, MO, U.S.A.),

dibutyryl adenosine 30,50-cyclic monophosphate (db-cAMP, 0,

0.01, 0.1, and 1mm; Sigma, St Louis, MO, U.S.A.) or

adenosine monophosphate (AMP, 0, 0.01, 0.1, and 1mm;

Sigma, St Louis, MO, U.S.A.). In order to study the effect of

PDE on colony formation of progenitor cells, rolipram

(Sigma, St Louis, MO, U.S.A.) was added at the concentra-

tions of 0, 0.01, 0.1 or 1mm. Duplicate cultures were prepared

for each sample and incubated for 14 days in a humidified

atmosphere of 5% CO2 in air. Colonies were scored 14 days

after plating using an inverted light microscope. A colony was

Table 1 Demographic features of patients

Normal subjects Asthmatic patients

Age (years) 29.871.7 30.571.5
Sex (male/female) 16/19 17/23
FEV1 (% predicted) 85.973.6 80.372.2
FEV1/FVC (%) 84.372.7 80.771.4
PC20 (mgml�1) >25 3.670.7

PC20: concentration of methacholine to induce 20% decrease
in FEV1. Data are mean7s.e.m.
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defined as a group of 40 or more cells. Cytocentrifuge

preparation smears of the cultured colonies were made for

morphological identification and differential cell count deter-

mination.

All experimental procedures were performed in endotoxin-

free plastic wares; according to the manufacturer’s informa-

tion, the levels of endotoxin contamination in the cytokine

preparations were three endotoxin units mg�1 by the limulus

assay, and the antibodies used in all experiments contained

o1 ngml�1 of endotoxin.

Assessment of apoptosis

Progenitor cells (2� 105 cellsml�1) were treated with or with-

out theophylline, salbutamol, cAMP, AMP and rolipram at

various concentrations in the IMDM containing 1% BSA,

30% fetal calf serum, with growth factors, GM-CSF

(500Uml�1), stem cell factor (50 ngml�1), IL-3 (100Uml�1),

and IL-5 (10 ngml�1), and incubated in 5% CO2 in air at 371C

for 3 days. To measure apoptosis of progenitor cells, the cells

were first fixed and permeabilized by adding 500 ml iced 70%

alcohol to the cell pellet and incubating at room temperature

for 10min. The cells were washed twice and resuspended in

0.5ml PBS. The cells were treated with 10 ml RNase A

(100mgml�1) and 10ml propidium iodide (PI, 40 mgml�1) at

the same time, then incubated in a water bath at 371C for

30min. The proportion of cells within the hypodiploid DNA

region was assessed by flow cytometry (Nicoletti et al., 1991).

Measurement of Bcl-2 expression in CD34+ cells

To measure the expression of intracellular Bcl-2 in CD34+

progenitor cells, cells were initially stained with anti-CD34-

conjugated phycoerythrin (PE) monoclonal antibody (Becton

Dickinson, Mountain View, CA, U.S.A.) for 30min at 41C.

Then, the cells were washed with PBS and subsequently

permeabilized with FACSt permeabilizing solution (Becton

Dickinson, Mountain View, CA, U.S.A.) for 20min at room

temperature. The cells were washed with PBS twice, then

followed by staining with anti-Bcl-2 monoclonal antibody-

conjugated FITC (Ancell Co., Bayport, MN, U.S.A.) for

30min at 41C. Subsequently, the cells were washed with ice-

cold PBS twice and analyzed using a FACScans (Becton

Dickinson & Co., Mountain View, CA, U.S.A.). Unrelated

FITC-labelled anti-IgG1 (Ancell Co., Bayport, MN, U.S.A.)

and PE-conjugated IgG (Becton Dickinson, Mountain View,

CA, U.S.A.) monoclonal antibodies were used as negative

control.

Materials

Theophylline, salbutamol, db-cAMP, AMP, rolipram, 2-

mercaptoethanol, methylcellulose, BSA, RNase A, and PI

were purchased from Sigma (St Louis, MO, U.S.A.). Growth

factors of GM-CSF, IL-3, IL-5, and SCF were obtained from

R&D systems Inc. (Minneapolis, MN, U.S.A.). IMDM, PBS,

and fetal calf serum were purchased from Life Technologies

(Grand Island, NY, U.S.A.). FACSt permeabilizing solution,

anti-CD34-conjugated PE and antimouse PE-conjugated IgG

monoclonal antibodies were purchased from Becton Dickinson

(Mountain View, CA, U.S.A.). Anti-Bcl-2 monoclonal anti-

body-conjugated-FITC and FITC-labelled anti-IgG1 were

obtained from Ancell Co. (Bayport, MN, U.S.A.).

Statistical analysis

Data were analyzed for normal distribution and all data except

for the data regarding the effect of rolipram on apoptosis were

normally distributed. Data are presented as mean7s.e.m.

Parametric statistical analyses were therefore employed and

analysis of variance was used to analyze the overall effects of

various in vitro treatments. Subsequent paired t-tests were used

to assess the significance of differences between groups, and

Bonferonni’s correction was used to minimize the possibility of

chance significance as a result of multiple comparisons. For

the effects of rolipram on apoptosis, nonparametric analysis

was used with Kruskall–Wallis test, followed by the Wilcoxon

rank test (two-tailed). To assess the differences between

responses of cells from normal or asthmatic individuals,

unpaired t-tests were used. A P value of less than 0.05 was

considered to be significant.

Results

Effect on progenitor cell proliferation and differentiation

Colony formation by progenitor cells was assessed by culturing

these cells from normal subjects (n¼ 35) and patients with mild

intermittent asthma (n¼ 40). There was a significantly higher

number of CD34+ cells expressed as a percent of progenitor

cells from asthmatic patients (3.6270.79%, n¼ 40) than that

of normal subjects (0.7170.12%, n¼ 35, Po0.01). There were

significantly greater number of colonies grown from progeni-

tor cells in asthmatics, cultured in methylcellulose in the

presence of growth factors, GM-CSF, stem cell factor, IL-3

and IL-5 in asthmatics (146711 colonies, n¼ 40, Po0.0001)

than from normal subjects (6076 colonies, n¼ 35). Histo-

chemical staining of cytospin preparations of the cultured

progenitor cells revealed a significantly higher percentage of

cells of eosinophil lineage in asthmatics (13.470.8%, n¼ 40;

Po0.001) than that from normal subjects (2.870.3%, n¼ 35).

The effects of theophylline, salbutamol, db-cAMP, AMP

and rolipram on the colony formation of progenitor cells are

shown in Figure 1. Colony formation of progenitor cells from

patients with asthma was suppressed by theophylline in a dose-

dependent manner in patients with asthma with significant

effects at 5 and 20 mgml�1 (Figure 1a). In contrast, there was

no significant effect of theophylline (5–20 mgml�1) on the

colony formation from progenitor cells of normal subjects

(Figure 1a). In a smaller study, a high concentration of

theophylline (100 mgml�1) decreased colony numbers in both

normal (2877 colonies, Po0.001) and asthmatic (4375,

Po0.001) cell cultures (n¼ 4 for both groups). Salbutamol,

db-cAMP and rolipram also dose-dependently inhibited

colony formation of progenitor cells from asthmatics (Figure

1b, c and e). There was no significant effect of salbutamol or

db-cAMP or rolipram on the colony formation in normal

subjects (Figure 1b, c and e). In contrast, addition of various

concentrations of AMP did not affect colony growth either in

asthmatics or in normal subjects (Figure 1d).

There was no significant change in the percentage of

eosinophil or other colony-forming units with theophylline,
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salbutamol, db-cAMP, rolipram or AMP in progenitor cells

either in asthmatics or in normal subjects. The percentage

(median and range) of various precursors and cells were in

asthmatics: blast 55.4% (50.2–62.5), promyelocytes 1.8% (0–

3.9), myelocytes 7.0% (2.6–10), metamyelocytes 2.7% (0–7.2),

band 2.3% (0–6.6), segment 0.7% (0–1.5), eosinophils 11.9%

(5.7–18.1), basophils 0.7% (0–3.6) and macrophages 17.6%

(10.7–30.3)] and in normal subjects: blast 71.6% (64.5–74.8),

promyelocytes 0.5% (0–3.3), myelocytes 5.6% (1.3–7.4),

metamyelocytes 1.2% (0–2.7), band 0.4% (0–1.0), segment

0.6% (0–2.3), eosinophils 2.7% (0.7–5.7), basophils 1.0% (0–

3.6) and macrophages 14.4% (8.4–19.6), respectively.

Effects on progenitor cell apoptosis

Cellular apoptosis with DNA fragmentation induced by

theophylline was confirmed by PI staining and analyzed by

flow cytometry (Figure 2). In the presence of haematopoietic

factors, such as SCF, GM-CSF, IL-3, and IL-5, addition of

theophylline (5 and 20mgml�1) induced apoptosis of progeni-

tor cells in a dose-dependent manner (Figure 3a). In

asthmatics, salbutamol (Figure 3b), db-cAMP (Figure 3c)

and rolipram (Figure 3e) also dose-dependently increased

progenitor cell apoptosis. Salbutamol (1 and 10mm), db-cAMP

(0.1 and 1mm) and rolipram (0.1 and 1mm) induced a

significant increase in the proportion of apoptotic progenitor

cells in asthmatic patients when compared to those from

normal subjects. AMP had no significant effect on progenitor

cell apoptosis (Figure 3d). Theophylline, rolipram, db-cAMP,

salbutamol or AMP did not affect apoptosis in progenitor cells

from normal subjects (Figure 3).

Bcl-2 expression in CD4+ progenitor cells

Bcl-2 protein expression in progenitor cells was analyzed by

flow cytometry, and its expression was found to be higher in

cells from asthmatics compared to normals. Theophylline at

the concentration of 5 mgml�1 significantly reduced the

expression of Bcl-2 compared to control in CD34+ cells of

asthmatics (Figure 5). Either db-cAMP (0.1mm) or rolipram

(0.1mm) or salbutamol (1 mm) also inhibited the expression of

Bcl-2 in the CD34+ progenitor cells of asthma compared to

Figure 1 Effects of theophylline, salbutamol, db-cAMP, rolipram and AMP on the colony formation of progenitor cells cultured
for 14 days from normal subjects (n¼ 7, in each group) and patients with mild intermittent asthma (n¼ 8, in each group). Data
shown as mean7s.e.m. *Po0.05, **Po0.01 compared with unstimulated controls in patients with asthma.
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the controls (Figure 5). In contrast, neither the theophylline

nor rolipram affected the expression of Bcl-2 in normal

subjects (Figures 4 and 5).

Discussion

In the present study, we have demonstrated that theophylline

inhibits colony formation by increasing apoptosis of progeni-

tor cells obtained from peripheral blood of patients with

asthma. This effect is partly attributable to an increase in

intracellular cAMP since the PDE type IV inhibitor, rolipram,

the b2 receptor adrenoceptor agonist salbutamol and db-

cAMP significantly inhibited colony growth and induced

apoptosis of progenitor cells in asthmatics in a dose-dependent

manner. AMP did not affect cell apoptosis or growth. In

contrast, neither theophylline nor salbutamol nor db-cAMP,

nor rolipram significantly induced apoptosis or affected colony
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Figure 2 Detection of apoptosis of progenitor cells induced by theophylline plus growth factors (GM-CSF, IL-3, SCF and IL-5)
using PI staining by flow cytometric analysis. Progenitor cells from normal subjects (a) or patients with asthma (b) were treated with
various concentrations of theophylline, collected after 72-h culture period and stained with PI to detect DNA fragmentation by flow
cytometry. Percentages indicate the percentage of apoptotic cell nuclei/total cell nuclei.
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formation of progenitor cells from normal subjects. The

inhibitory effect of theophylline, salbutamol, db-cAMP and

rolipram on colony growth and development is not limited to

the eosinophil lineage alone.

Haematopoietic cells appear to be more vulnerable to

cAMP-mediated signalling than mature granulocytes. Theo-

phylline induces apoptosis of chronic lymphocytic leukemia

cells via increased levels of intracellular cAMP by the type IV

PDE inhibitor, rolipram (Mentz et al., 1995a; Kim & Lerner,

1998). Myeloid cell colony formation mediated by M-CSF can

be inhibited by increasing intracellular cAMP levels (Kurland,

1978). Theophylline-induced mature granulocytes including

eosinophil apoptosis is not mediated through the elevation of

intracellular cAMP levels (Yasui et al., 1997), but mediated via

adenosine A2A receptor antagonism rather than a cAMP-

dependent pathway (Yasui et al., 2000). In contrast, cAMP is a

ubiquitous secondary messenger that inhibits B and T

lymphocyte proliferation (Kizaki et al., 1990) and induces

the death of thymocytes through internucleosomal DNA

cleavage (McConkey et al., 1990; Mentz et al., 1995b). cAMP

has been shown to induce G1 cell arrest by inducing the cyclin-

dependent kinase inhibitor p27Kip1 (Kato et al., 1994). The

important role of the cAMP pathway in regulating large

numbers of genes through cAMP-responsive element binding

protein (CREB) (Lalli & Sassone-Corsi, 1994) may explain the

effects of theophylline- or rolipram-induced apoptosis in

progenitor cells from patients with asthma.

cAMP can induce cell cycle arrest at G1 phase in a human

eosinophilic leukemia cell line (Uenoyama et al., 1991), an

effect associated with a decrease in Bcl-2 expression (Tai et al.,

1996). Bcl-2 plays an important role in cell growth/death and

differentiation. Over-expression of Bcl-2 decreases cAMP-

induced inhibition of cell proliferation and induction of

apoptosis in SH-SY5Y human neuroblastoma cells (Kim

et al., 2000). In contrast, cAMP does not modulate the

expression of Bcl-2 expression in mature cells (Wilson et al.,

1996). Thus, the resistance to cAMP-mediated apoptosis in

mature granulocytes as shown in previous reports may result

Figure 3 Effect of theophylline, salbutamol, db-cAMP, rolipram and AMP on the apoptosis of progenitor cells from normal
subjects (n¼ 7, in each group) and patients with mild intermittent asthma (n¼ 8, in each group). The progenitor cells were incubated
for 72 h in the presence of SCF, GM-CSF, IL-3 and IL-5. Data are shown as mean7s.e.m. *Po0.05, **Po0.01 compared to
controls in patients with asthma.
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Figure 4 Direct immunofluorescence flow cytometry was performed to detect intracellular expression of Bcl-2 on CD34+ cells.
Cells from normal subjects and asthmatic patients were incubated with or without 5 mgml�1 theophylline for 24 h. The graph shows
data expressed in the form of histogram depicting specific Bcl-2 staining with (dashed line) or without (solid line) theophylline
treatment for a normal subject (a) and for an asthmatic (b).

Figure 5 Direct immunofluorescence flow cytometry was performed to detect intracellular expression of Bcl-2 on CD34+ cells.
The mean fluorescence intensity (MFI) of Bcl-2 expression in cells treated with (solid bars) or without (hatched bars) 5 mgml�1

theophylline (a) or 0.1mm db-cAMP (b) or 0.1mm rolipram (c) or 1mm salbutamol (d) for 24 h in normal subjects (normal, n¼ 7) or
patients with mild intermittent asthma (asthma, n¼ 8). *Po0.05 compared with the progenitor cells from normal subject in the
absence of treatment. **Po0.05 compared with the progenitor cells in the absence of treatment. Data are means7s.e.m.
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from alterations in the ability of cAMP to activate apoptotic

signalling pathways between proliferating and mature cells.

Our present study reveals that theophylline, salbutamol and

db-cAMP downregulate the expression of Bcl-2 on progenitor

cells, suggesting that theophylline induces progenitor cell

apoptosis via a cAMP-dependent pathway, which may be

different from mature eosinophils.

The reasons why these cAMP-elevating agents do not affect

progenitor cells from normal subjects but only asthmatic cells

are not clear from our study but several possibilities exist. PDE

activity, which inactivates cAMP, is significantly increased in

monocytes and eosinophils from asthmatics compared to those

from healthy control subjects (Landells et al., 2000; Takeuchi

et al., 2002). Either a heightened response of apoptotic

pathways to cAMP or a greater increase in cAMP level in

response to cAMP-elevating agents in asthmatic progenitor

cells than that in normal cells may underlie the increased

apoptosis observed in asthmatic cells. Secondly, cAMP-

elevating agents inhibit the expression of several pro-inflam-

matory cytokines, such as GM-CSF (Seldon & Giembycz,

2001), IL-5, and IL-4 (Crocker et al., 1996), that promote

proliferation of progenitor cells. We have recently shown that,

in progenitor cells from asthmatics but not in those from

normals, IL-5 autoregulates the proliferation and differentia-

tion of eosinophilic colony formation from progenitor cells

which express greater levels of IL-5Ra receptor (Kuo et al.,

2001). Therefore, asthmatic progenitor cells may be more

sensitive to regulation by proliferative cytokines. Haemato-

poietic cells with high proliferation capacity appear to be more

vulnerable to cAMP-mediated signalling pathway (Myklebust

et al., 1999). Augmentation of intracellular cAMP by cAMP-

elevating agents significantly contributes to downregulation of

Bcl-2 expression and acceleration of cell apoptosis in

asthmatics, but not in normal subjects. Further studies are

required to resolve the differences between progenitor cells

from normal and asthmatic subjects.

Theophylline has been used worldwide in the treatment of

bronchial asthma for several decades mainly as a bronchodi-

lator (Weinberger, 1984), but has been reevaluated as an anti-

inflammatory agent for the treatment of asthma (Chung,

1996). Previous studies have shown that doses of theophylline

that achieve low serum therapeutic levels (5–10 mgml�1)

attenuates eosinophil cell numbers in the peripheral blood

(Sullivan et al., 1994). The immunomodulatory activities of

theophylline in bronchial asthma include an induction of

eosinophil apoptosis (Adachi et al., 1996; Lim et al., 2000) and

an inhibition of T-cell proliferation and activation (Kidney

et al., 1995; Rabe & Dent, 1998). The present study extends

the scope of the anti-inflammatory effects of theophylline. At a

concentration as low as 5mgml�1, theophylline induces a

significant apoptosis of bone marrow precursor cells and

inhibits the colony formation of progenitor cells from

patients with asthma. Therefore, the suppressing effect

of theophylline on peripheral blood eosinophilia and

airway submucosal eosinophil infiltration (Sullivan et al.,

1994; Lim et al., 2000) may occur at the level of circulating

progenitor cells. However, it is not known whether the degree

of increased apoptosis and of decreased colony formation in

incubations with theophylline or rolipram in vitro, is of

importance when patients are treated with clinical doses of

these agents.

The inhibitory effect of either theophylline or the phospho-

diesterase IV inhibitor on the colony-forming assay was not

selective towards eosinophils since there was also inhibition of

basophil and macrophage lineage. The effect on cells of

neutrophilic lineage could not be determined from these

experiments since the cytokine milieu of the study did not

encourage colony-forming units of neutrophils. However, in

chronic obstructive pulmonary diseases, neutrophils recovered

in induced sputum from patients were reduced by treatment

with theophylline (Culpitt et al., 2002).

In conclusion, we have demonstrated that theophylline

inhibits the proliferation of progenitor cells obtained from the

peripheral blood of patients with asthma; this is associated

with an increase of apoptosis of progenitor cells. We suggest

that this could have resulted from an elevation of intracellular

cAMP and a downregulation of Bcl-2 protein expression.

However, further studies are needed to establish a definitive

causal link. Our study is the first report to indicate that

circulating progenitor cells could be a therapeutic target of

theophylline in the treatment of bronchial asthma.

This study was supported by the Chang Gung Medical Research
Project, CMRP-985, and the ROC National Science Council, NSC-89-
2314-B-182A-028.
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