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Abstract

Background: Inhalation of adenosine-5′-monophosphate (AMP) causes bronchoconstriction in
asthma but not in healthy subjects. Bronchoconstriction upon AMP inhalation is thought to occur by
histamine release and subsequent binding to receptors on airway smooth muscle cells.
Methods: To explain enhanced sensitivity to AMP in asthma, mast cell expression of the
adenosine A2A and A2B receptors and histamine release were measured after incubation of
human mast cell line 1 (HMC-1) cells with AMP and the non-specific adenosine receptor agonist
5′-N-ethylcarboxamidoadenosine (NECA) for 1.5 and 6 h. To establish a Thelper-2 environment
resembling the asthma phenotype, HMC-1 cells were additionally cultured with IL-4 and IL-13
alone or stimulated with the combination of both cytokines and AMP and NECA. To study effects of
prolonged presence of the inflammatory environment, the cells were pre-incubated overnight
(18 h) with IL-4 and IL-13 and additionally stimulated with AMP and NECA for 1.5 or 6 h.
Results: AMP and NECA hardly affected adenosine receptor expression but increased IL-8 secretion.
Incubation with IL-4 and IL-13 for 6 h increased adenosine A2A receptor expression and histamine
secretion, but decreased IL-8 secretion. The combination of IL-4, IL-13, and AMP/NECA for 6 h
increased A2B receptor expression and IL-8 secretion. Overnight stimulation with IL-4, IL-13 and
subsequent stimulation with AMP/NECA for 1.5 h decreased A2AR expression which was
accompanied by increased histamine secretion.
Conclusion: These results suggest a role for decreased A2AR expression in enhanced adenosine
responsiveness as observed in asthma.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Inhalation of adenosine or its more stable form adenosine-
5′-monophosphate (AMP) causes bronchoconstriction in
asthma but not in healthy subjects [1]. In addition, increased
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concentrations of adenosine have been found at sites of in-
flammation and in bronchoalveolar lavage fluid of asthma
patients [2]. For these reasons it is believed that adenosine
and adenosine receptors have an important role in asthma [3].
Adenosine plays a role in the energy metabolism of the cell,
being formed during dephosphorylation of ATP (→ ADP →
AMP → adenosine). It can cause the release of inflammatory
mediators after binding to adenosine receptors on inflamma-
tory cells (e.g. mast cells).

Adenosine receptors are G-protein coupled receptors and
four of these receptors have been described; A1, A2A, A2B and
A3 [4]. The adenosine A2A and A2B receptors are Gs-protein
coupled receptors [5]. After binding of adenosine they
will activate adenylyl cyclase, which results in an increased
production of cyclic AMP that will inhibit activation of the
cell. An important difference between adenosine A2A and
A2B receptors is the ability of adenosine A2B receptors to
additionally couple to Gq-proteins [6]. This then results in
activation of phospholipase C which splices phosphatidylino-
sitol-4,5 bisphosphate (PIP2) in diacylglycerol (DAG) and
inositol triphosphate (IP3). DAG activates protein kinase C and
IP3 activates calcium channels, actions necessary for the
fusion of granules of mast cells with the plasma membrane
[7,8]. Binding of adenosine to the low-affinity adenosine A2B
receptor causes degranulation of mast cells [3,9] resulting in
histamine release, which in turn may induce bronchocon-
striction by binding to histamine receptors on airway smooth
muscle cells. In contrast, binding of adenosine to the high-
affinity A2A receptor results in suppression of histamine re-
lease from mast cells [3,10–12].

IL-4 and IL-13, typical Th2 cytokines, are present in higher
concentrations after allergen challenge in lungs of asthma
patients compared to non-asthmatic subjects [13]. Both
cytokines are produced by Th2 cells and mast cells and play
an important role in allergic inflammation, such as isotype
switching of B cells to IgE synthesis [14]. Both IL-4 and IL-13
can cause mast cell activation in vivo [15], and in vitro [16].

In this studywewere interested in the relationship between
adenosine responsiveness ofmast cells and asthma. Therefore,
we investigated the effects of IL-4 and IL-13 on in vitro mast
cell function and adenosine receptor expression. Since it is
difficult to obtain mast cells from asthma patients, the human
mast cell line 1 (HMC-1) was used and cultured in the presence
of IL-4 and IL-13. The HMC-1 mast cell line was established
from peripheral blood of a patient with mast cell leukaemia
[17]. These cells have a low expression of the high-affinity IgE
receptor, but show expression of the adenosine A2A, A2B, and
A3 receptors [18,19] and express functional receptors for both
IL-4 and IL-13 [20]. These features make this HMC-1 cell a
suitable tool to study the effects of adenosine and Th2 cy-
tokines on mast cells. A higher expression of the A2BR over
A2AR might explain increased AMP responsiveness in asthma.
We hypothesized that culturing of HMC-1 cells in a Th2 en-
vironment (IL-4, IL-13), like it is present in airways of asthma
patients,would increaseA2BR anddecrease theA2ARexpression.

2. Materials and methods

2.1. HMC-1 cell line

The leukemic mast cell line HMC-1 (a generous gift from doctor J.H.
Butterfield, Mayo Clinic, Rochester MN)wasmaintained in suspension
culture at a density between 0.3 and 1.0×106 cells/ml by culturing in
Iscove's Modified Dulbecco's Medium (IMDM, Gibco®, Paisley, UK)
supplemented with 10% (v/v) heat-inactivated fetal calf serum (FBS;
Gibco®), 1.23 mM L-glutamine (BioWhittaker, Verviers, Belgium),
50 μM β-mercaptoethanol (Gibco®), 5 μg/ml apo-transferrin (Sigma,
St. Louis, USA), 100 U/ml penicillin (BioWhittaker), and 100 μg/ml
streptomycin (BioWhittaker). Cells were kept under humidified
atmosphere of air/CO2 (19:1) at 37 °C.

2.2. Stimulation with AMP and NECA

To stimulate the cells via the adenosine receptors, 5′-adenosinemo-
nophosphate (AMP) and thenon-specific adenosine receptor agonist 5′-
N-ethylcarboxamidoadenosine (NECA) were added to the culture
medium of the cells. HMC-1 cells (1×106 cells/ml, n=7) were cultured
either with AMP (0.1 μM, Sigma), with NECA (1 μM, Sigma), or with the
combination AMP/NECA (both dissolved in IMDM, optimal concentra-
tions obtained fromprevious experiments, data not shown). Cells were
incubated for 1.5 or 6 h under humidified atmosphere of air/CO2 (19:1)
at 37 °C. At the end of the incubation periods cells were harvested and
culture supernatants were collected by centrifugation at 500 × g for
5 min at 4 °C. Cells were used for flow cytometric analysis for aden-
osine receptor expression and supernatants were used for histamine
and IL-8 secretion.

2.3. Stimulation with IL-4 and IL-13

To investigate whether cytokines that are increased in asthma
patients alter adenosine receptor expression and cell degranulation,
HMC-1 cells (1×106 cells/ml, n=8) were cultured either with re-
combinant human IL-4 (10 ng/ml, Strathmann Biotec AG, Hamburg,
Germany), with recombinant human IL-13 (20 ng/ml, PeproTech Inc,
Rocky Hill, USA) or with the combination of both IL-4 and IL-13. These
cytokines were added in optimal concentrations as deduced from
previous experiments (data not shown). Furthermore, a combination
of IL-4/IL-13 and AMP/NECA (in previously mentioned concentra-
tions) was added in a separate experiment. The choice to stimulate
HMC-1 cells with the combination of AMP and NECA in stead of AMP
alone was based on data from the literature in which IL-8 was the
read-out parameter, produced upon activation of the A2BR (19;21).
Cells were incubated for 1.5 or 6 h under humidified atmosphere of
air/CO2 (19:1) at 37 °C. At the end of the incubation periods cells
were harvested and treated as mentioned above.

2.4. Overnight (18 h) incubation with IL-4/IL-13 (with and
without AMP/NECA)

To establish an asthmatic environment for a longer time period, IL-4
and IL-13 were added overnight to the cultures before stimulation
with AMP/NECA. HMC-1 cells (1×106 cells/ml, n=8) were incubated
overnight (18 h) with and without the combination of IL-4/IL-13. In
addition, cells were stimulated by adding the combination AMP/
NECA (0.1 and 1.0 μM respectively) for 1.5 or 6 h. Cells were
incubated under humidified atmosphere of air/CO2 (19:1) at 37 °C.
At the end of the incubation periods cells were harvested and
treated as mentioned above.

This experiment was repeated (n=4) with an extra wash step
between the overnight pre-incubation with IL-4 and IL-13 and the
stimulation of AMP/NECA. After centrifugation of the cell suspen-
sions, cell pellets were resuspended in fresh HMC-1 medium with
addition of the stimulants. Supernatants were used for histamine
measurement only.

2.5. Pre-incubation with theophylline

To investigate whether histamine secretion following AMP/NECA
stimulation could be inhibited by an antagonist for the adenosine A2B
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receptor, HMC-1 cells were pre-incubated for 30 min with 150 μM
theophylline (non-selective adenosine receptor antagonist with
the highest affinity for A2BR, Sigma) prior to a 6-hour stimulation
with IL-4/IL-13 and/or AMP/NECA. Cells were incubated under
humidified atmosphere of air/CO2 (19:1) at 37 °C. At the end of the
incubation period cells were harvested and supernatant was stored
for histamine measurements.

2.6. Flow cytometric analysis

To investigate adenosine receptor expression on HMC-1 cells, flow
cytometric analysis was performed. Cells were stained with the
primary antibodies rabbit–anti-canine A2AR (1:15, cross-reactivity
with human) and rabbit–anti-human A2BR (1:20), both from Alpha
Figure 1 Adenosine A2A (A) and A2B (B) receptor expression, histam
with AMP and/or NECA for 1.5 h (left panels) and 6 h (right panels). A
was set at 100%. Horizontal bars represent median values. ⁎pb0.05
Diagnostic International (San Antonio, USA). The secondary antibody
used was fluorescein isothiocyanate (FITC) conjugated goat–anti-
rabbit (1:25, Becton Dickinson, Franklin Lakes, USA). Cells were
resuspended in FACS lysing solution (Becton Dickinson). Cells (2×104

events) were analyzed using an Epics® Elite flow cytometer (Coulter,
Fullerton, USA) and raw data analysis was performed with FlowJo
(TreeStar, San Carlos, CA). The gate to calculate the MFI (mean
fluorescence intensity) of FITC positive cells was set in the FITC
histogram of unstained cells, the gate was set at the point were less
than 1% of the cells was FITC positive, and copied to all other
samples. In the first experiment an isotype control was added
(normal rabbit IgG), and its histogram was similar to unstained cells.
Data is presented as a percentage of control (no stimulation), which
was set at 100%.
ine release (C), and IL-8 secretion by HMC-1 cells after incubation
ll values (except histamine) are corrected for the control which
vs. control. #p=0.05 vs. control.



Figure 2 Adenosine A2A (A) and A2B (B) receptor expression, histamine release (C), and IL-8 secretion (D) after incubation of HMC-1
cells with IL-4, IL-13, IL-4/IL-13 and IL-4/IL-13/AMP/NECA for 1.5 h (left panels) and 6 h (right panels). All values (except histamine) are
corrected for the control which was set at 100%. Horizontal bars represent median values. ⁎pb0.05 vs. control, #pb0.05 vs. IL-4/IL-13.
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2.7. Histamine and IL-8 measurement

Histamine content of the culture supernatants was measured using a
Histamine ELISA (IBL, Hamburg, Germany). IL-8 was measured using a
PeliKineCompact™human IL-8ELISAkit fromSanquinReagents (Amsterdam,
TheNetherlands). For IL-8, all valueswerecorrected for their control,which
was set at 100%. Measured values for IL-8 were between 5 and 150 pg/ml.
Figure 3 Adenosine A2A (A) and A2B (B) receptor expression, histami
HMC-1 cells with IL-4/IL-13, and subsequently AMP/NECA stimulation
histamine) are corrected for the control which was set to 100%. Horizo
vs. overnight IL-4/IL-13, #pb0.05 vs. AMP/NECA.
2.8. Statistical analysis

All data (except histamine) were corrected for the control samples (no
stimulation, but incubated during the same time) of the respective day of
stimulation (control=100%). Statistics were performed using a non-
parametricMann–WhitneyU test, since therewere lownumbers of samples.
A value of pb0.05 was considered significant.
ne release (C), and IL-8 secretion (D) after overnight incubation of
for 1.5 h (left panels) and 6 h (right panels). All values (except
ntal bars represent median values. ⁎pb0.05 vs. control, ∞pb0.05



Figure 4 Histamine secretion by HMC-1 cells pre-incubated
for 30 min with theophylline and subsequently stimulated for 6 h
with IL-4/IL-13 and AMP/NECA. Data expressed as mean±SEM.
⁎pb0.05 vs. IL-4/IL-13/AMP/NECA.
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3. Results

3.1. Effects of AMP and NECA

AMP and NECA, or their combination induced no changes in the
adenosine A2A and A2B receptor expression when compared to
control (Fig. 1A and B).

There was some basal histamine release, and stimulation of
HMC-1 cells with AMP/NECA for 1.5 h enhanced histamine release
(p=0.05).

To compare our results with those described in the literature
where IL-8 was described as a marker for HMC-1 activation via
A2BR (19;21), we measured IL-8 in our supernatants. Incubation
with NECA or the combination of AMP and NECA significantly
enhanced IL-8 secretion by HMC-1 cells after 1.5 and 6 h
incubation (pb0.05, Fig. 1D), no synergistic effect of AMP and
NECA was observed. Incubation with AMP for 6 h increased IL-8
secretion slightly, but significantly.

3.2. Effects of IL-4 and IL-13

Stimulation with AMP and NECA-induced minimal changes in
adenosine receptor expression. Therefore, HMC-1 cells were
incubated with IL-4 and IL-13, cytokines that are known to be
present in asthmatic lungs, to assess their effect on adenosine
receptor expression and responsiveness. IL-4 and IL-13 sepa-
rately had no effect on the expression of both adenosine A2
receptors (Fig. 2A and B). In contrast, we found a modest in-
creased adenosine A2AR expression after 1.5 and 6 h (pb0.05)
and of A2BR expression after 6 h (pb0.05) when cells were
stimulated with the combination of IL-4 and IL-13. A2BR
expression was increased after 6 h of incubation with the
combination of IL-4/IL-13 and AMP/NECA (pb0.05, Fig. 2A and
B). Increased histamine release was found after incubation with
IL-4 or the combination of IL-4 and IL-13 for 1.5 h and 6 h and the
combination of IL-4/IL-13/AMP/NECA for 1.5 h (pb0.05,
Fig. 2C).

In contrast to the increased IL-8 secretion after incubation
with AMP and NECA, IL-8 secretion was significantly decreased
after incubation with IL-4 and IL-13 alone for both 1.5 and 6 h and
the combination of IL-4/ IL-13 for 6 h (pb0.05, Fig. 2D). When
cells were incubated with the combination of IL-4/IL-13/AMP/
NECA, IL-8 secretion increased significantly when compared to
control and IL-4/IL-13 (pb0.05).

3.3. Effects of overnight incubation with IL-4 and IL-13

To further enhance adenosine responsiveness with respect to AR
expression and histamine release, HMC-1 cells were incubated
with IL-4 and IL-13 for a longer period (18 h, overnight), and
subsequently stimulated with AMP/NECA for 1.5 or 6 h. We found
a downregulated A2AR expression after overnight IL-4/IL-13 in-
cubation and subsequent AMP/NECA stimulation for 1.5 (Fig. 3A,
pb0.05) with no effect on A2BRexpression (Fig. 3B). However, the
A2AR/A2BR ratio was significantly (pb0.05) decreased after
overnight incubation with IL-4/IL-13 and subsequent stimulation
with AMP/NECA for 1.5 or 6 h, being (median (range)) 0.90 (0.85–
1.07) and 0.89 (0.54–0.98) respectively. This was accompanied
by an enhanced histamine release when compared to control
(pb0.05, Fig. 3C).

Enhanced histamine release was also found after stimulation with
IL-4/IL-13 alone (pb0.05, Fig. 3C). Overnight IL-4/IL-13 incubation
decreased IL-8 production when compared to control (pb0.05, Fig.
3D), as well as AMP/NECA-induced IL-8 production (pb0.05, Fig. 3D).

3.4. Effects of theophylline

In order to confirm a role for the adenosine A2B receptor in
histamine secretion by HMC-1 cells, cells were incubated with
theophylline prior to stimulation. As shown in Fig. 4, theophyl-
line protected against IL-4/IL-13/AMP/NECA-induced histamine
secretion. Theophylline alone had no effect on viability and
histamine release of HMC-1 cells (data not shown).

4. Discussion

In order to shed more light on the enhanced adenosine re-
sponsiveness of asthma patients [1,22,23], we studied aden-
osine receptor expression and responsiveness of HMC-1 mast
cells in relation to various culture conditions in vitro. Most
interestingly, we found that increased levels of histaminewere
released when HMC-1 cells were cultured in the presence of
cytokines that are important in the pathogenesis of asthma,
i.e. IL-4 and IL-13, in combination with AMP and NECA. The
highest increase in histamine release was found when cells
were cultured for a longer period with IL-4 and IL-13, i.e.
overnight (18 h), followed by AMP/NECA. This enhanced
histamine release after overnight stimulation was accompa-
nied by a decrease in the A2A/A2B receptor expression ratio on
the cell, due to a decreased A2AR expression. Since the A2B
receptor is involved in NECA-induced mast cell degranulation
[21] whereas the A2A receptor is involved in inhibition of the
release of histamine from mast cells [10,24], the ratio be-
tween the two receptors may give additional information on
the sensitivity of HMC-1 cells for AMP/NECA and IL-4/IL-13
stimulation. Although no data in the literature are available on
the A2AR/A2BR ratio of mast cells in asthma, a shift in the A2A/
A2B receptor ratio towards the A2BR may explain the enhanced
sensitivity of asthma patients to inhaled AMP, caused by a
decreased suppression of degranulation by the A2AR.

Enhanced histamine release was also found, albeit to a
smaller extent, when cells were cultured with the combina-
tion of AMPand NECA (1.5 h). Our results support earlier data,
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showing that not only adenosine, but also NECA, cause an
enhanced histamine release from lavagemast cells in 37 of 54
asthma patients [25]. This could be inhibited after pre-
incubation of lavage mast cells with an adenosine receptor
antagonist.

We showed that theophylline reduced the IL-4/IL-13/
AMP/NECA-induced histamine release. It has been described
that theophylline inhibits phosphodiesterases, thereby
increasing intracellular cAMP levels of mast cells which
results in inhibition of mediator release [26,27]. It has been
suggested that degranulation of mast cells upon stimulation
with AMP or NECA is mediated by A2BR on HMC-1 cells. Since
we show that theophylline inhibits histamine secretion upon
IL-4/IL-13/AMP/NECA stimulation, it is likely that theophyl-
line antagonizes adenosine receptors.

The effect of IL-4 or IL-13 on histamine release, adenosine
responsiveness, and adenosine receptor expression of HMC-1
cells has not been described before. It is known that both
cytokines can induce airway hyperresponsiveness within 6 h
after administration to airways of naïve (unstimulated) mice
[28]. IL-4 has been described to enhance IgE/anti-IgE anti-
body-induced histamine release in human cultured mast cells
that were generated from umbilical cord blood mononuclear
cells [29]. Recently, Ma et al. [30] showed in IL-4 transgenic
mice that IL-4 stimulates tissue adenosine accumulation,
inhibits adenosine deaminase (the enzyme responsible for
adenosine breakdown to inosine) activity, and enhances the
expression of the adenosine A1, A2B, and A3 receptors in
C57BL/6 mice. These results clearly confirm the connection
between IL-4 and adenosine receptor expression as found in
our study, although Ma et al. did not investigate the ex-
pression site of the adenosine receptors. The same study also
showed that IL-4 differentially regulated adenosine metabo-
lism and receptor expression in two different mouse strains,
demonstrating that genetic factors may have profound
influences on effects of IL-4. Thus differences in the
regulation of adenosine metabolism and receptor expression
may contribute to differences in adenosine responsiveness.

In a study using IL-13 transgenicmice, IL-13 caused striking
changes in adenosine receptor mRNA expression of the lung,
the A2A receptor expression being unaltered or decreased and
A1, A2B, and A3 receptors being increased in their expression
[31]. These results clearly suggest a relation between IL-13
and adenosine receptor expression, but as for IL-4, expression
sites of the receptors were not investigated.

With respect to the effect of IL-4/IL-13 on adenosine
receptor expression in this study, overnight stimulation with
IL-4/IL-13 in combination with AMP/NECA for 1.5 h down-
regulated A2AR expression (Fig. 3), accompanied by enhanced
histamine release. This finding was not seen after stimulation
with AMP/NECA alone (Fig. 1), suggesting that IL-4/IL-13
interacts with the mast cell and potentiates adenosine-
induced mast cell activation, by downregulation of the A2AR.

We measured IL-8 next to histamine since IL-8 is produced
by HMC-1 cells upon adenosine stimulation [18,19,21]. IL-8 is a
member of the CXC chemokine family involved in recruitment
of leukocytes to the site of inflammation [32]. Unstimulated
HMC-1 cells secrete a very low amount of IL-8 but its pro-
duction is rapidly induced by stimuli like e.g. adenosine
[19,21]. The primary adenosine receptor involved is likely the
A2B receptor since agonists (e.g. NECA) with the strongest
binding to the A2B receptor were the best stimulators of IL-8
release, and furthermore adenosine-mediated IL-8 production
can be inhibited by the competitive A2BR antagonists theophyl-
line (non-selective) and enprofylline [19,21,33]. Our data
regarding IL-8 secretion upon AMP or NECA stimulation are in
line with this. Interestingly, IL-8 production was also inhibited
after culturing of HMC-1 cells in the presence of IL-4 and IL-13
or their combination (Figs. 2 and 3). This is compatiblewith the
following observations. IL-13 inhibits IL-8 release in resting
synovial fibroblasts [34] and IL-4 decreases TNF-α-induced IL-8
mRNA expression in the keratinocyte cell line HaCaT [35].
Additionally, IL-4 and IL-13 are potent inhibitors of IL-1β
induced IL-8 secretion byhuman intestinal epithelial cells [36].
The mechanisms underlying the decreased IL-8 release under
influence of IL-4 and IL-13 are as yet unknown, but they can
be various in nature since both cytokines can signal through
multiple pathways.

In summary, we have described a mast cell model in which
overnight (18 h) culturing of HMC-1 cells in the presence of
IL-4/IL-13 and AMP/NECA results in enhanced histamine
release, which is accompanied by decreased A2A receptor
expression and A2A/A2B receptor ratio. When translating this
to the human situation, this mast cell model may mimic
enhanced adenosine responsiveness that is present in asth-
ma, suggesting a role for decreased A2AR expression.

Acknowledgements

The authors thank Marie Geerlings and Trudy Timmerman for
their technical assistance.

This study was financially supported by the Graduate
School for Drug Exploration (GUIDE) from the University of
Groningen, The Netherlands.

References

[1] Cushley MJ, Tattersfield AE, Holgate ST. Inhaled adenosine and
guanosine on airway resistance in normal and asthmatic subjects.
Br J Clin Pharmacol 1983;15(2):161–5.

[2] Driver AG, Kukoly CA, Ali S, Mustafa SJ. Adenosine in bronchoal-
veolar lavage fluid in asthma. Am Rev Respir Dis 1993;148(1):
91–7.

[3] Polosa R. Adenosine-receptor subtypes: their relevance to
adenosine-mediated responses in asthma and chronic obstruc-
tive pulmonary disease. Eur Respir J 2002;20(2):488–96.

[4] Fredholm BB, Arslan G, Halldner L, Kull B, Schulte G, Adén U,
et al. Adenosine receptor signalling in vitro and in vivo. Drug
Dev Res 2001;52:274–82.

[5] Klinger M, Freissmuth M, Nanoff C. Adenosine receptors: G
protein-mediated signalling and the role of accessory proteins.
Cell Signal 2002;14(2):99–108.

[6] Feoktistov I, Biaggioni I. Adenosine A2B receptors. Pharmacol
Rev 1997;49(4):381–402.

[7] Rees DA, Scanlon MF, Ham J. Adenosine signalling pathways in
the pituitary gland: one ligand, multiple receptors. J Endocrinol
2003;177:357–64.

[8] Razin E, Pecht I, Rivera J. Signal transduction in the activation of
mast cells and basophils. Immunol Today 1995;16(8):370–3.

[9] Kirshenbaum AS, Hettinger B, Day Y-J, Gilfillan AM, Metcalfe
DD, Kim Y-C, et al. MRS 1754, a selective A2b adenosine receptor
antagonist, inhibits degranulation of cultured human but not
murine mast cells. J Allergy Clin Immunol 2001;107(2):S281.

[10] Suzuki H, Takei M, Nakahata T, Fukamachi H. Inhibitory effect
of adenosine on degranulation of human cultured mast cells



873Effects of IL-4 and IL-13 on adenosine receptor expression
upon cross-linking of Fc epsilon RI. Biochem Biophys Res
Commun 1998;242(3):697–702.

[11] Hughes PJ, Holgate ST, Church MK. Adenosine inhibits and
potentiates IgE-dependent histamine release from human lung
mast cells by an A2-purinoceptor mediated mechanism.
Biochem Pharmacol 1984;33(23):3847–52.

[12] Peachell PT, Lichtenstein LM, Schleimer RP. Differential regula-
tion of human basophil and lung mast cell function by
adenosine. J Pharmacol Exp Ther 1991;256(2):717–26.

[13] Batra V, Musani AI, Hastie AT, Khurana S, Carpenter KA, Zangrilli
JG, et al. Bronchoalveolar lavage fluid concentrations of
transforming growth factor (TGF)-beta1, TGF-beta2, interleu-
kin (IL)-4 and IL-13 after segmental allergen challenge and their
effects on alpha-smooth muscle actin and collagen III synthesis
by primary human lung fibroblasts. Clin Exp Allergy 2004;34
(3):437–44.

[14] Chomarat P, Banchereau J. Interleukin-4 and interleukin-13: their
similarities and discrepancies. Int Rev Immunol 1998;17(1–4):
1–52.

[15] Izuhara K, Arima K, Yasunaga S. IL-4 and IL-13: their
pathological roles in allergic diseases and their potential in
developing new therapies. Curr Drug Targets Inflamm Allergy
2002;1(3):263–9.

[16] Bischoff SC, Sellge G, Lorentz A, Sebald W, Raab R, Manns MP.
IL-4 enhances proliferation and mediator release in mature
human mast cells. Proc Natl Acad Sci U S A 1999;96(14):8080–5.

[17] Nilsson G, Blom T, Kusche-Gullberg M, Kjellen L, Butterfield JH,
Sundstrom C, et al. Phenotypic characterization of the human
mast-cell line HMC-1. Scand J Immunol 1994;39(5):489–98.

[18] Feoktistov I, Ryzhov S, Goldstein AE, Biaggioni I. Mast cell-
mediated stimulation of angiogenesis: cooperative interaction
between A2B and A3 adenosine receptors. Circ Res 2003;92
(5):485–92.

[19] Meade CJ, Worrall L, Hayes D, Protin U. Induction of interleukin
8 release from the HMC-1 mast cell line: synergy between stem
cell factor and activators of the adenosine A(2b) receptor.
Biochem Pharmacol 2002;64(2):317–25.

[20] Nilsson G, Nilsson K. Effects of interleukin (IL)-13 on immedi-
ate-early response gene expression, phenotype and differen-
tiation of human mast cells. Comparison with IL-4. Eur J
Immunol 1995;25(3):870–3.

[21] Feoktistov I, Biaggioni I. Adenosine A2b receptors evoke
interleukin-8 secretion in human mast cells. An enprofylline-
sensitive mechanism with implications for asthma. J Clin Invest
1995;96(4):1979–86.

[22] van den Berge M, Meijer RJ, Kerstjens HA, de Reus DM, Koeter
GH, Kauffman HF, et al. PC(20) adenosine 5′-monophosphate is
more closely associated with airway inflammation in asthma
than PC(20) methacholine. Am J Respir Crit Care Med 2001;163
(7):1546–50.
[23] van den Berge M, Kerstjens HA, Postma DS. Provocation with
adenosine 5′-monophosphate as a marker of inflammation in
asthma, allergic rhinitis and chronic obstructive pulmonary
disease. Clin Exp Allergy 2002;32(6):824–30.

[24] Spicuzza L, Di Maria G, Polosa R. Adenosine in the airways:
implications and applications. Eur J Pharmacol 2006;533(1–3):
77–88.

[25] Forsythe P, McGarvey LP, Heaney LG, MacMahon J, Ennis M.
Adenosine induces histamine release from human bronchoalveo-
lar lavage mast cells. Clin Sci (Lond) 1999;96(4):349–55.

[26] Weston MC, Peachell PT. Regulation of human mast cell and
basophil function by cAMP. Gen Pharmacol 1998;31(5):715–9.

[27] Jenne JW. Theophylline as a bronchodilator in COPD and its
combination with inhaled beta-adrenergic drugs. Chest
1987;92(1 Suppl):7S–14S.

[28] Venkayya R, Lam M,WillkomM, Grunig G, Corry DB, Erle DJ. The
Th2 lymphocyte products IL-4 and IL-13 rapidly induce airway
hyperresponsiveness through direct effects on resident airway
cells. Am J Respir Cell Mol Biol 2002;26(2):202–8.

[29] Yanagida M, Fukamachi H, Ohgami K, Kuwaki T, Ishii H, Uzumaki
H, et al. Effects of T-helper 2-type cytokines, interleukin-3 (IL-3),
IL-4, IL-5, and IL-6 on the survival of cultured human mast cells.
Blood 1995;86(10):3705–14.

[30] Ma B, Blackburn MR, Lee CG, Homer RJ, Liu W, Flavell RA, et al.
Adenosine metabolism and murine strain-specific IL-4-induced
inflammation, emphysema, and fibrosis. J Clin Invest 2006;116
(5):1274–83.

[31] BlackburnMR, Lee CG, YoungHW, Zhu Z,Chunn JL, KangMJ, et al.
Adenosine mediates IL-13-induced inflammation and remodeling
in the lung and interacts in an IL-13-adenosine amplification
pathway. J Clin Invest 2003;112(3):332–44.

[32] Baggiolini M. Chemokines and leukocyte traffic. Nature
1998;392(6676):565–8.

[33] Feoktistov I, Biaggioni I. Pharmacological characterization of
adenosine A2B receptors: studies in human mast cells co-
expressing A2A and A2B adenosine receptor subtypes. Biochem
Pharmacol 1998;55(5):627–33.

[34] Seitz M, Loetscher P, Dewald B, Towbin H, Baggiolini M.
Opposite effects of interleukin-13 and interleukin-12 on the
release of inflammatory cytokines, cytokine inhibitors and
prostaglandin E from synovial fibroblasts and blood mono-
nuclear cells. Eur J Immunol 1996;26(9):2198–202.

[35] Raingeaud J, Pierre J. Interleukin-4 downregulates TNFalpha-
induced IL-8 production in keratinocytes. FEBS Lett 2005;579
(18):3953–9.

[36] Lugering N, Kucharzik T, Kraft M, Winde G, Sorg C, Stoll R, et al.
Interleukin (IL)-13 and IL-4 are potent inhibitors of IL-8
secretion by human intestinal epithelial cells. Dig Dis Sci
1999;44(3):649–55.


	Effects of IL-4 and IL-13 on adenosine receptor expression and responsiveness of the human mast.....
	Introduction
	Materials and methods
	HMC-1 cell line
	Stimulation with AMP and NECA
	Stimulation with IL-4 and IL-13
	Overnight (18 h) incubation with IL-4/IL-13 (with and without AMP/NECA)
	Pre-incubation with theophylline
	Flow cytometric analysis
	Histamine and IL-8 measurement
	Statistical analysis

	Results
	Effects of AMP and NECA
	Effects of IL-4 and IL-13
	Effects of overnight incubation with IL-4 and IL-13
	Effects of theophylline

	Discussion
	Acknowledgements
	References


