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Summary

Background In previous studies, we have found a dysfunctional adenylyl cyclase (AC)
system in patients with asthma after allergen provocation, which resulted in a 40–50%
decreased generation of intracellular cAMP. In addition, in activated T helper lymphocyte
clones, it has been demonstrated that IFN-g (TH1-like cytokine) and IL-5 (TH2-like
cytokine) are differentially regulated by the AC system. Therefore, we postulate that an
increased IL-5/IFN-g ratio as observed in asthmatics might be due to a dysfunctional AC
system.
Objective To assess whether a dysfunctional AC system as observed in asthmatics after
allergen provocation, is responsible for an increased IL-5/IFN-g cytokine ratio.
Methods Peripheral blood T lymphocytes of seven asthma patients were stimulated with
anti-CD3 plus anti-CD28 MoAbs in the absence and presence of isoproterenol (ISO) and
prostaglandin E2 (PGE2) to activate the AC system. Before, 3 h and 24 h after allergen
provocation, IFN-g and IL-5 mRNAs were detected by semiquantitative RT-PCR.
Results Before allergen provocation, ISO (10¹5 mol/L) significantly downregulated IFN-
g mRNA (P<0.03, n¼ 6), and showed a trend to upregulate IL-5 mRNA (P¼ 0.138,
n¼ 5). Three and 24 h after allergen provocation, ISO was not longer able to modulate IFN-
g and IL-5. In contrast with the observations with ISO, PGE2 still dose-dependently
inhibited IFN-g mRNA, both before, 3 h and 24 h after allergen provocation (n¼ 7). IL-5
mRNA, but not IFN-g mRNA, was significantly upregulated in anti-CD3 plus anti-CD28-
activated T cells (P<0.05, n¼ 5) 24 h after allergen provocation, compared with before
allergen provocation.
Conclusion Twenty-four hours after allergen provocation, a significant reduction ofb-
adrenergic control on IFN-g and IL-5 mRNA expression was observed in peripheral blood T
lymphocytes, which coincides with a selective priming of IL-5 mRNA production.
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Introduction

Asthma is characterized by episodic reversible airway
obstruction, with associated bronchial hyperresponsiveness

[1]. Although progress has been made in understanding
these asthmatic features, the exact underlying mechanism(s)
are still elusive. At present, cytokines are regarded as
important modulators of the immune system and are thought
to play a key role in pathophysiological changes recognized
as asthma. In particular, IL-5 has been implicated in the
inflammatory features and disease severity of asthma [2,3].
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Increased expression of IL-5 in peripheral blood cells and/or
bronchoalveolar lavage have been found in asthma [3–5].
Moreover, it has been shown that a low protein secretion
level of IFN-g (TH1-like cytokine) by peripheral blood
mononuclear cells (PBMCs) correlated positively with
bronchial hyperresponsiveness in asthmatic children [6].
Therefore, the IFN-g/IL-5 ratio may be an important deter-
minant in asthmatic airway responses.

The PGE2-induced cAMP-dependent signalling pathway
has been reported to have differential effects on the expres-
sion of IFN-g and IL-5. For instance, in TH0 clones it was
demonstrated that IFN-g productions are dose-dependently
inhibited by exogenous PGE2 [7]. In contrast, IL-5 produc-
tions are not regulated by the PGE2-induced signalling
pathway or, under certain conditions, may be enhanced in
T-cell lines and T-cell clones [7–11]. Thus, in activated T
lymphocytes the PGE2-induced signalling pathway may
decrease the IFN-g/IL-5 ratio, a phenomenon often
observed in asthmatic subjects. The ultimate effect of
PGE2 on IL-5 gene expression, however, seems to be
dependent on the T-cell stimulus. We have recently shown
that in freshly isolated human T lymphocytes that PGE2 was
able to generate a substantial negative control on the
expression of IL-4 and IL-5 mRNA and protein [12,13].

In addition, it has been demonstrated that after allergen
challenge isoproterenol-induced cAMP levels are lower in
activated PBMCs isolated from patients with asthma than in
corresponding cells from healthy control subjects [14]. The
defect in activation of the adenylyl cyclase (AC) system was
associated with an increase in bronchial hyperresponsive-
ness [14,15]. The reduced cAMP response was already
observed in asthmatic patients as early as 3 h after allergen-
induced airway obstruction which was not observed in
healthy controls [16,17]. Taken together, these results

suggest an impaired function of adenylyl cyclase after
allergen-induced airway obstruction, which may also con-
tribute to an imbalanced IFN-g/IL-5 ratio.

In this study we examined the modulatory effect of the
AC system on the expression of IFN-g and IL-5 mRNA in
anti-CD3 plus anti-CD28-activated T lymphocytes isolated
from asthmatic patients, before and after an allergen-
induced airway obstruction. The results demonstrate that
the control ofb-adrenoceptors on IFN-g and IL-5 mRNA
expression is significantly reduced after allergen challenge,
whereas the PGE2 control is not affected. Moreover, after
allergen challenge the peripheral T lymphocytes become
primed to enhance IL-5 mRNA expression.

Methods

Subjects

Seven patients with mild to moderate asthma participated in
the study (for clinical characteristics see Table 1). They
were selected on the basis of a history of episodic wheeze,
positive skin test and/or enhanced specific IgE for house
dust mite, birch pollen or cat, and a provocation concentra-
tion of histamine causing a 20% fall in FEV1 (PC20)<
32 mg/mL (30 s method). The FEV1 was$ 70% of the
predicted FEV1 value. All antiasthma medication (e.g.
inhaled corticosteroids, xanthines, long-actingb-agonists,
cromones) was stopped at least 4 weeks before the start of
the study; only short-acting bronchodilators were allowed.
The patients did not receive oral corticosteroids in the
preceding 2 months, and they did not experience respiratory
tract infections or acute asthmatic attacks within 4 weeks
prior to the start of the study. None of the patients were
smokers. The study was approved by the Medical Ethics
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Age PC20met* FEV1† Specific IgE
Patient (years) Gender (mg/mL) (% pred.) LAR‡ (PRU/mL)

1 48 M 1.85 78 Pos ND
2 50 F 0.32 110 Neg Neg§
3 28 M 0.74 114 Neg 63.5
4 44 F 0.22 72 Pos 43.6
5 30 M 0.80 95 Pos 28.6
6 48 M 3.53 93 Neg 0.92
7 21 M 0.29 105 Pos > 100

*PC20 methacholine determined as described in methods. †Forced expiratory volume in one
second expressed as percentage of the predicted value of FEV1. ‡LAR¼ late asthmatic
reaction after allergen challenge. All patients had at least 20% fall in FEV1 within the first
hour after allergen challenge (early obstructive reaction). §but skin test positive. ND¼ not
determined.

Table 1. Clinical data of the patients



Committee of the University Hospital of Groningen, and all
patients gave their written informed consent.

Study design

After a 4-week run-in period (to assess the stability of the
patients’ asthmatic state), every patient underwent 2 con-
secutive examination days. During the first day the allergen
provocation took place as described by Aalberset al. [18].
Blood samples were collected before allergen provocation
(t ¼ 0 h), three hours after (t¼ 3 h) and 24 h after allergen
provocation (t¼ 24 h). For safety reasons, the patients spent
the night in the hospital after allergen challenge.

Methacholine challenge

After measuring a baseline FEV1 with a spirometer, PC20

methacholine was assessed using the 2-min tidal breathing
method adapted from Cockroftet al. [19]. Doubling con-
centrations of methacholinebromide ranging from 0.038 to
78.5 mg/mL were administered by a DeVillbis 646 nebuli-
zer with an output of 0.13 mL/min. FEV1 was measured 30
and 90 s after each inhalation until the fall of FEV1

was$ 20% compared with baseline. PC20 methacholine
was derived by linear interpolation between the last two
points on the logarithmic concentration–response curve.

Allergen provocation

The extracts for allergen provocation were prepared from
stock solutions ofDermatophagoides pteronyssinus(house
dust mite), and of cat dander, diluted in PBS with 0.03%
human serum albumin and with 0.5% phenol (ALK Benelux,
Groningen, The Netherlands), producing fivefold increasing
concentrations ranging from 80 to 10 000 BU/mL [18].
These concentrations were inhaled, using the same equip-
ment as during the methacholine provocation, at 15-min
intervals, measuring FEV1 immediately and 15 min after
each inhalation. The provocation started with the lowest
concentration and was terminated at the concentration
which evoked a 20% fall of FEV1. After the last inhalation,
FEV1 was measured every 10 min for the first hour and then
hourly for 10 h.

Preparation of cells

Mononuclear cell suspensions were prepared by Ficoll-
Hypaque (Lymphoprep, Nycomed, Oslo, Norway) density-
gradient centrifugation of peripheral blood. T lymphocytes
were isolated by 2-aminoethyl-isothiouronium bromide- (AET)
treatedsheep redblood cell (SRBC) rosetting. The SRBCs were
lysed with 155 mmol/L NH4Cl, 10 mmol/L KHCO3,

0.1 mmol/L EDTA and the remaining cell preparations
contained more than 98% T lymphocytes as assessed by
flow cytometric analysis after staining with an anti-CD2
monoclonal antibody (Becton Dickinson, Mountain View
CA, USA) and less than 1% CD14-positive cells (Becton
Dickinson). T lymphocytes were cultured at 378C in RPMI
1640 media (Flow, Rockville MD, USA) containing 5%
fetal bovine serum (FBS; Hyclone, Logan, UT) supplemen-
ted with 100 U/mL penicillin, 100mG/mL streptomycin,
2 mmol/L L-glutamine and 6 ng/mL colistine.

Stimulation of cells

T lymphocytes (106 cells/mL) were incubated for 6 h in
RPMI 1640 medium with anti-CD3 and anti-CD28 anti-
bodies in a 5% hybridoma supernatant solution (gift from
Dr B. J. Kroesen, Department of Immunology, University of
Groningen, The Netherlands) in the presence and absence of
prostaglandin E2 (PGE2; Sigma, St Louis MO, USA) and
isoproterenol (Sigma). Sodiumbisulfite (10¹5 mol/L) was
added to the medium as antioxidant.

Functional control of the AC system on IFN-g and IL-5
mRNA was studied byb-adrenergic stimulation. T lympho-
cytes (106) from asthmatic patients were stimulated with
antibodies against CD3 and CD28 (anti-CD3/anti-CD28).
Expression of IFN-g mRNA (n¼ 6) and IL-5 mRNA (n¼ 5)
was assessed in the absence and presence of theb-adrenergic
agonist isoproterenol (10¹5 mol/L), before (t¼ 0 h), 3 h after
(t ¼ 3 h) and 24 h after (t¼ 24 h) allergen challenge. The
effect of PGE2-induced AC activation on IFN-g mRNA
expression was assessed before (t¼ 0 h), 3 h after (t¼ 3 h)
and 24 h after (t¼ 24 h) allergen-induced pulmonary obstruc-
tive reactions. Concentrations of PGE2 ranged from 10¹4 to
10¹7 mol/L.

Finally, we analysed the expression of IFN-g and IL-5
mRNA levels in anti-CD3/anti-CD28-stimulated T lympho-
cytes before, 3 h after and 24 h after the allergen challenge.
IFN-g and IL-5 mRNA levels measured at t¼ 3 h and
t ¼ 24 h are expressed as the percentage of initial mRNA
levels as measured before allergen challenge.

Extraction of mRNA, reverse transcription (RT) and
polymerase chain reaction (PCR)

The semiquantitative RT-PCR was performed as described
previously [13]. In short, total cellular RNA was isolated
from 106 T lymphocytes by the single-step method as
described by Chomcszynski and Sacchi [20]. RNA (2mg)
was resuspended in 15mL diethyl-pyrocarbonate- (DEPC;
Sigma) treated H2O and incubated at 688C for 10 min. After
cooling on ice the samples were spun briefly in a micro-
centrifuge. Next, 10mL of 10 X RT mix (135 mM TRIS-HCl
pH 8.3, 204 mmol/L KCl, 27 mmol/L MgCl2, 0.24 mg/mL
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BSA, 5.4 mmol/L of each dNTP, 14.3% glycerol) and 3
units of reverse transcriptase (Promega Corporation, Madison
WI, USA) was added to the samples in the presence of
random hexanucleotide primers. The samples were spun
briefly and incubated at 378C for 60 min.

The following specific primer pairs forb-2-microglobulin
(b2mG), IL-5 and IFN-g were obtained from Eurogentec
(Seraing, Belgium).
b2mG: 50-CCAGCAGAGAATGGAAAGTC-30 (sense) and
50-GATGCTGCTTACATGTCTCG-30 (antisense);
IL-5 : 50-CTTGGCACTGCTTTCTACTC-30 (sense) and
50-GCAGGTAGTCTAGGAATTGG-30 (antisense);
IFN-g: 50-GCAGAGCCAAATTGTCTCCT-30 (sense) and
50-ATGCTCTTCGACCTCGAAAC-30 (antisense).

One microlitre of 50mmol/L sense and antisense ofb2mG
were added to each RT-reaction sample and DEPC-treated
H20 was added to a final volume of 100mL. Next, the
samples were heated for 3 min at 948C, spun briefly in a
microcentrifuge and placed on ice.Taq DNA polymerase
0.5mL of 5 U/mL (Promega) was added to each sample. The
tubes were placed in a thermal cycler (Perkin-Elmer, Foster
City CA, USA). PCR was performed withb2mG, IFN-g and
IL-5 primers: 1 min denaturation at 948C, 0.5 min annealing
at 558C, and 0.5 min extension at 728C. With these primers’
fragments spanning 259 base pairs (bp), 290 bp and 268 bp
were amplified for IL-5, IFN-g and b2mG, respectively.
After 20 PCR cycles with primers forb2mG, 10mL of the
reactionmixture was run on a 2% agarose gel, containing
0.2mg/mL ethidium bromide in 1×TAE buffer. To be sure
that equal amounts of cDNA were used in each PCR
reaction, bands were quantified with respect tob2mG.
Then, equal amounts of RNA were amplified with primers
for IFN-g (20 cycles), IL-5 (30 cycles) andb2mG. PCR
products were analysed in the exponential phase of ampli-
fication. Relative mRNA levels were quantified using the
gelscan program Diversity One (Pharmacia, LKB, Uppsala,
Sweden) and normalized with respect to theb2mG signal.

Statistics

Statistical analysis was performed using the SPSS/PCþ

Statistical Package (SPSS Inc. Chicago IL, USA). The
Wilcoxon nonparametric test was used for statistical analy-
sis. For regression analysis the Pearson correlation coeffi-
cient was calculated.

Results

Isoproterenol effects on IFN-g and IL-5 mRNA are modified
after allergen challenge

As shown in Table 2, isoproterenol had differential effects
on accumulation of IFN-g and IL-5 mRNA in anti-CD3/
anti-CD28-stimulated T cells. Before allergen challenge
(t ¼ 0 h) isoproterenol significantly suppressed the expres-
sion of IFN-g mRNA in 6/6 patients (66% compared with
anti-CD3/anti-CD28-induced IFN-g mRNA levels, range
53–76%; P< 0.03; Table 2). Three hours (t¼ 3 h) after
allergen challenge (i.e. in the recovery phase between the
early and late bronchoconstrictive reactions) IFN-g mRNA
expression was less or not susceptible to the inhibitory
effect of isoproterenol in 4/6 patients (patients 3–6). More-
over, in 2/6 patients (patients 1 and 2) IFN-g mRNA levels
were upregulated. As a consequence, the effect of isoproter-
enol on IFN-g mRNA observed at 3 h did not significantly
differ from anti-CD3/anti-CD28-stimulated cells in the
absence of isoproterenol. In contrast, isoproterenol-induced
inhibition was significantly reduced at 3 h after allergen
challenge (118%, range 83–179%;P<0.03) compared with
the effect of isoproterenol at t¼ 0 h. Twenty-four hours after
allergen challenge (t¼ 24 h), we observed complete loss of
the modulatory effect of isoproterenol compared with
t ¼ 0 h (109%, range 75–132%;P< 0.03; Table 2).

In contrast with IFN-g mRNA, IL-5 mRNA accumulation
was upregulated by isoproterenol in 4/5 patients studied
(patients 1, 3, 4 and 5) before the allergen challenge
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IFN-g IL-5

Patient t¼ 0 h t¼ 3 h t¼ 24 h t¼ 0 h t¼ 3 h t¼ 24 h

1 71 179 132 152 154 113
2 75 145 101 75 162 105
3 53 83 113 124 103 103
4 65 107 104 236 104 93
5 76 93 127 266 171 119
6 57 100 75 ND ND ND
Mean 66* 118† 109† 171 139 107‡

*P<0.03 vs in absence of isoproterenol, †P<0.03 vs t¼ 0 h, ‡P<0.05, ND¼ not determined.

Table 2.Modulatory effects of isoproter-
enol (10¹5 mol/L) on the expression of
IFN-g (n¼ 6) and IL-5 (n¼ 5) mRNA in
patients with asthma, before (t¼ 0 h), 3 h
after (t¼ 3 h) and 24 h after (t¼ 24 h) an
allergen challenge in T lymphocytes stimu-
lated with anti-CD3 plus anti-CD28. The
effect of isoproterenol on IFN-g and IL-5
mRNA accumulation is expressed as the
percentage of anti-CD3 plus anti-CD28-
induced mRNA levels measured in the
absence of isoproterenol (¼ 100%)



(t ¼ 0 h), whereas IL-5 mRNA was downregulated in patient
2 (Table 2). Because of the considerable variability of IL-5
mRNA levels in the patients studied, no statistical signifi-
cance for this isoproterenol induced upregulatory trend
could be demonstrated (171% compared with anti-CD3/
anti-CD28-induced IL-5 mRNA levels, range 75–266%;
P¼ 0.138). Three hours after allergen challenge (t¼ 3 h),
IL-5 mRNA accumulation was less responsive to isoproter-
enol compared with t¼ 0 h in 3/5 patients (patients 3–5),
whereas it was upregulated in patient 2 and comparable in
patient 1. As observed with IFN-g mRNA, the effect of
isoproterenol on IL-5 mRNA accumulation was signifi-
cantly diminished 24 h after allergen challenge (t¼ 24 h)
compared with t¼ 3 h (107%, range 93–144%;P<0.05;
Table 2).

PGE2-induced inhibition of IFN-g mRNA is not changed
after allergen challenge

Since the AC system can also be activated by PGE2, we
examined IFN-g mRNA accumulation in response to
increasing concentrations of PGE2, ranging from 10¹7 to
10¹4 mol/L. Before allergen challenge (t¼ 0 h) anti-CD3/
anti-CD28-induced IFN-g mRNA accumulation (Fig. 1)
was dose-dependently inhibited by PGE2 in all patients
(n¼ 7). Three hours after (t¼ 3 h) and 24 h after (t¼ 24 h)
allergen challenge, PGE2 inhibited IFN-g mRNA accu-
mulation to the same extent as before allergen challenge
(t ¼ 0 h).

Allergen challenge primes T lymphocytes to enhance IL-5
mRNA accumulation

There was considerable variation between patients with
respect to IFN-g and IL-5 mRNA levels before allergen
challenge (t¼ 0 h). As shown in Table 3, IFN-g mRNA
levels did not significantly change 3 h after (94%, range 58–
114%; n¼ 6) and 24 h after the allergen challenge (84%,

range 71–118%;n¼ 6) in comparison with t¼ 0 h (100%).
In contrast, IL-5 mRNA expression was upregulated in three
out of five patients 3 h after allergen provocation, whereas
24 h after allergen provocation IL-5 mRNA expression was
upregulated in all five patients studied (293%, range 120–
671%; n¼ 5) compared with values before challenge
(100%). The upregulation of IL-5 mRNA expression 24 h
after the allergen challenge was statistically significant
(P<0.05). Figure 2 shows a representative experiment of
absolute IL-5 and IFN-g mRNA levels before and after
allergen challenge (patient 4).
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Fig. 1. Effect of prostaglandin E2 (PGE2) on IFN-g mRNA
accumulation in T lymphocytes obtained from peripheral blood
of patients with asthma. T lymphocytes were stimulated with anti-
CD3 plus anti-CD28 in the presence of increasing concentrations
of PGE2 (10¹7¹ 10¹4 mol/L) before allergen challenge, 3 h after
allergen challenge, and 24 h after allergen challenge. Results are
expressed as percentages (6 SEM) of mRNA levels measured in the
absence of PGE2 (¼ 100%). Percentages were determined as
described in material and methods.

Table 3. Relative expressions of IFN-g

(n¼ 6) and IL-5 (n¼ 5) mRNA in patients
with asthma, before (t¼ 0 h), 3 h after
(t ¼ 3 h) and 24 h after (t¼ 24 h) an aller-
gen challenge in T lymphocytes stimu-
lated with anti-CD3 plus anti-CD28. IFN-
g and IL-5 mRNA accumulation is
expressed as the percentage of mRNA
levels measured before the allergen chal-
lenge (¼ 100%)

IFN-g IL-5

Patient t¼ 0 h t¼ 3 h t¼ 24 h t¼ 0 h t¼ 3 h t¼ 24 h

1 100 69 74 100 92 151
3 100 120 88 100 237 288
4 100 114 78 100 428 671
5 100 104 118 100 118 228
6 100 100 75 ND ND ND
Mean 100 94 84 100 191 293*

*P<0.05 vs t¼ 0 h, ND¼ not determined.



Correlations of laboratory data with clinical parameters

Analysis of the variations inb-adrenergic control by iso-
proterenol or mRNA levels before, 3 and 24 h after allergen
challenge did not show statistically significant correlations
with any of the clinical parameters (FEV1 and PC20metha-
choline) of the patients measured.

Discussion

In this study we investigated the expression of IL-5 and
IFN-g mRNA in activated T lymphocytes from asthmatic
subjects before, and 3 and 24 h after allergen-induced
pulmonary obstructive reactions, as well as the regulation
of the expression of these cytokines by the cAMP- dependent

signalling pathway. Our results demonstrate that before
allergen challenge, theb-adrenoceptor agonist isoproterenol
(10¹5 mol/L) had a significant inhibitory effect on the
expression of IFN-g mRNA (34% inhibition, range 47–
24%). In anti-CD3/anti-CD28-activated T lymphocytes iso-
lated from healthy blood donors, the inhibition induced by
isoproterenol (10¹5 mol/L) was shown to be 776 6% [21].
This discrepancy may result from an impaired cAMP
production, since it has been demonstrated that PBMCs
from asthma patients generate less cAMP in response to
isoproterenol [15–17]. Surprisingly, after allergen chal-
lenge the inhibitory control of isoproterenol on IFN-g

gene expression was completely abrogated at 3 and 24 h
after allergen challenge. A similar loss of control of the
modulatory effect of isoproterenol was observed on the
expression of IL-5 mRNA. Before and 3 h after allergen
challenge,b-adreneceptor stimulation showed a trend to
upregulate IL-5 mRNA, which was significantly reduced
24 h after allergen challenge.

It has been shown that theb-adrenoceptor numbers on
PBMCs isolated from asthmatic subjects are decreased after
allergen provocation, which was not observed in healthy
control subjects [15]. It has also been reported that after an
allergen challenge a 40–50% impairment of adenylyl
cyclase activity is observed in intact cells and isolated cell
membranes from astmatic subjects. Moreover, this impair-
ment was located distal from theb-adrenoceptor [14,15].
Reduced numbers ofb-adrenoceptors and impairment of
adenylyl cyclase activity together result in diminished
production of intracellular cAMP. As a consequence,
cytokines which are regulated by the cAMP-dependent
signalling pathway initiated by catecholamines become
dysregulated in asthmatic subjects after an allergen chal-
lenge and may thus contribute to subsequent chronic
inflammatory responses. This is supported byin vivo obser-
vations that metabolic responses to catecholamines are
reduced in asthmatic patients [22–24]. Although partial
loss ofb-adrenoceptor control on cytokine gene expression
would have been expected with respect to the above
described observations, our finding of a complete loss of
control is difficult to explain with the assumed 50–60%
residual adenylyl cyclase activity. It is conceivable that
Ca2þ-b-adrenergic-dependent adenylyl cyclases (type I
and III), which are responsible for the potentiated adenylyl
cyclase activity [16], are coupled to the Ca2þ-dependent
signal transduction pathways involved in cytokine produc-
tion, whereas the Ca2þ-independent adenylyl cyclase are
not. In this way the total loss of beta-adrenergic control on
cytokine gene expression may be explained. In contrast with
the observations withb-adrenoceptor stimulation, anti-CD3/
anti-CD28-induced IFN-g mRNA was dose-dependently
inhibited by PGE2, both before and after allergen-induced
bronchoconstrictive reaction(s). After allergen challenge
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Fig. 2. Representative experiment of absolute IL-5 and IFN-g

mRNA levels in peripheral blood T lymphocytes of patient no. 4. T
lymphocytes were activated with anti-CD3 plus anti-CD28 anti-
bodies, and mRNA levels were measured before allergen challenge
(t ¼ 0 h), 3 h after (t¼ 3 h) and 24 h after allergen challenge. RT-
PCR products with the expected size are demonstrated by a 100-bp
marker.b-2-microglobulin (b2mG) mRNA signals show compar-
able amounts of amplified initial cDNA in each lane.



PGE2-induced inhibition on IFN-g mRNA accumulation did
not significantly differ from results before allergen chal-
lenge (Fig. 1). The observed discrepancy between isopro-
terenol and PGE2 may be explained by the activation of
additional signalling pathways by PGE2, that cannot be
activated throughb-adrenoceptor stimulation. In this
respect, it has been shown that PGE2 is able to inhibit
anti-CD3-induced tyrosine phosphorylation by a yet uni-
dentified mechanism but independent of cAMP [25].

In contrast with IFN-g mRNA, IL-5 mRNA levels were
significantly enhanced by anti-CD3 plus anti-CD28-stimulated
T lymphocytes 24 h after allergen challenge compared with
levels before allergen challenge. It has been well established
that IL-5 mRNA and protein are elevated in atopic asthma
patients [4,5]. Recently, it has been demonstrated that
bronchoprovocation with allergen resulted in increased
levels of IL-5 protein in bronchoalveolar lavage (BAL)
fluid 48 h after allergen challenge [26]. Similarly, our
present data indicate that, in addition to BAL T lymphocytes
from patients with asthma, peripheral blood T lymphocytes
also become ‘primed’ to selectively enhance IL-5 mRNA
accumulation after allergen challenge. This selective prim-
ing for IL-5 mRNA seems to be independent from theb-
adrenoceptor-mediated upregulation of IL-5 mRNA, since
absolute values of IL-5 mRNA are increased. However, the
underlying mechanism responsible for priming of the T
lymphocytes resulting in IL-5 mRNA accumulation after
allergen challenge is at present not understood. It is tempt-
ing to speculate that (a) soluble mediator(s) released during
the inflammatory response in the lung are leeking into the
circulation and prime the T lymphocytes for enhanced IL-5
production. The character of the putative mediator(s) is (are)
at present not known. Enhanced IL-5 production by periph-
eral blood T lymphocytes may explain increased levels of
eosinophils observed in the peripheral blood. A similar
mechanism has been proposed for the release of haemo-
poietic progenitor (CD34þ) cells into the periphery of atopic
patients: release of locally produced mediators into the
blood circulation are responsible for the increased levels
of progenitors [27,28]. Recently, it was demonstrated that
these CD34þ progenitors from asthmatic subjects also
express higher levels of the IL-5 receptora-subunit,
which makes these cells more prone to IL-5 [29].

Although we are aware of the small number of patients
examined in our study, the observed upregulation of IL-5
mRNA — together with the loss ofb-adrenergic control —
may have important implications for the severity of asthma,
since IL-5 has been shown to be a chemoattractive and
activating factor for eosinophils [2,30]. Other studies have
shown that the recruitment of proinflammatory cells by cell-
derived chemotactic factors (like IL-5 for eosinophils) and
subsequent activation of these cells contribute to the devel-
opment of the late asthmatic reaction (LAR). Eosinophils

have been found in increased numbers in peripheral blood
and in bronchoalveolar lavage obtained from asthmatic
subjects and are positively correlated with the level of
bronchial hyperresponsiveness [31]. Moreover, a significant
positive correlation between the percentage of eosinophils
in BAL and the LAR has been demonstrated [32,33]. In our
study, however, we were not able to find an association
between IL-5 mRNA levels and any of the clinical param-
eters of the patients, nor of the occurrence of the LAR. The
lack of correlation is most probably due to the small number
of patients participating in this study. For instance, only four
out of the seven studied astmatics had a late response on
allergen challenge. However, it cannot be excluded that
enhanced IL-5 production may have effects on clinical
parameters later than 24 h.

In conclusion, in this study we present evidence that in
asthmatic patientstwo distinct eventstake place in freshly
isolated peripheral T lymphocytes after an allergen-induced
asthma attack. First, there is the abrogation ofb-adrenergic
control on cytokine gene expression in cells that are still
firmly under control of PGE2-induced adenylyl cyclase.
Second, priming of T lymphocytes leads to enhanced IL-5
gene expression. Together these phenomena may contribute
the dysregulated balance of TH1/TH2 cytokines observed in
asthmatic patients.
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