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nificantly affecting their IL-13 and IFN- �  production. A similar 
effect was observed in non-atopic controls except that AZM 
did inhibit IFN- �  production of their Th0 cells. AZM at a high-
er dose decreased cell viability by inhibiting CD4+ T cell pro-
liferation and enhanced their apoptosis, an effect similarly 
observed in Th0 and Th2 cells, and did not differ between 
asthmatic children and controls.  Conclusion:  Our finding 
that AZM preferentially downregulates IL-5 production sug-
gests its therapeutic potentials in controlling childhood 
asthma.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Asthma is a chronic inflammatory disorder of the air-
way characterized by bronchial hyperresponsiveness and 
paroxysmal attacks of wheezing. Secretions, smooth 
muscle contraction and airway wall thickening result in 
a severe narrowing of the airway calibre  [1] . It is gener-
ally accepted that inflammatory cell infiltration with se-
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 Abstract 

  Background:  Childhood asthma is a type 2 helper T (Th2) 
cell-driven inflammatory airway disease characterized by re-
current episodes of airway obstruction. Azithromycin (AZM), 
a macrolide antibiotic exhibiting anti-inflammatory activity 
aside from its antibacterial effect, may prove beneficial for 
asthmatic children. This study aimed to determine the effect 
of AZM on Th2 cells from atopic asthmatic children and non-
atopic controls.  Methods:  CD4+ cells were isolated from pe-
ripheral blood mononuclear cells of 9 patients with asthma 
and 9 non-atopic individuals. Cells were activated as Th0 and 
differentiated into Th2 cells. The effect of AZM on activated 
CD4+ cells was evaluated with respective cell proliferation 
and cytokine production.  Results:  Th0 and Th2 CD4+ T cells 
from atopic asthmatic children produced greater interleukin 
(IL)-5 (Th2 cytokine) but lower interferon (IFN)- �  (Th1 cyto-
kine) compared to the non-atopic controls, respectively. 
AZM inhibited IL-5 production of Th0 and Th2 cells from 
atopic asthmatics in a dose-dependent fashion, without sig-
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cretion of pro-inflammatory cytokines plays a major role 
in pathogenesis of asthma  [2, 3] . The major inflamma-
tory cells that are involved in this process are type 2 help-
er T (Th2) cells, eosinophils and mast cells  [4, 5] . Inhaled 
corticosteroid remains the mainstay therapy for child-
hood asthma as it is very effective in suppressing Th2 ac-
tivation  [6] . Although long-term inhaled corticosteroid 
treatment is generally considered safe, deteriorating side 
effects on bone metabolism and growth retardation may 
occur when used in high doses  [7, 8] .

  Macrolides are frequently prescribed antibiotics that 
inhibit bacterial protein synthesis by binding to 50s ribo-
somal subunit of susceptible organisms  [9, 10] . In addi-
tion to their anti-bacterial properties, the 14- and 
15-membered ring macrolide antibiotics may have anti-
inflammatory action relevant to asthma pathogenesis 
 [10, 11] . They inhibit mucous production and adhesion 
molecule expression of epithelial cells, and decrease pro-
inflammatory cytokine production by monocytes  [12, 
13] . Several clinical trials showed that macrolide antibiot-
ics have a beneficial effect on the clinical status of asth-
matic subjects by improving lung function, reducing air-
way concentration of IL-8 and decreasing neutrophil 
numbers  [14–16] .

  Azithromycin (AZM) is a broad spectrum macrolide 
with the advantage of sustained tissue concentrations 
and excellent safety profiles  [9, 17] . AZM is frequently 
used in children with asthma, since mycoplasma infec-
tion remains an important trigger of childhood asthma 
against which macrolides are active. It remains uncertain 
whether the anti-inflammatory action of AZM would 
also affect Th2 cells from asthmatic children, despite sev-
eral reports showing that AZM or other macrolides ame-
liorate the bronchial hyperresponsiveness in asthmatic 
subjects  [18, 19] , reduced cytokine production from 
mixed peripheral mononuclear cell cultures  [20, 21]  or 
Th2 cells cultured from healthy subjects  [22] .

  Most studies on the anti-inflammatory action of mac-
rolides focused on their effect on monocytes or epithelial 
cells in in vitro or animal models  [20, 23] . The present 
study addressed the immunological effect of AZM on 
Th1/Th2 balance in atopic asthmatic children. We inves-
tigated the effect of AZM on lymphocyte activation, pro-
liferation and apoptosis in asthmatic children. We also 
sought to determine how AZM influences the Th2 polar-
ization using magnetic bead-purified CD4+ T cells from 
atopic asthmatic children compared to non-atopic indi-
viduals. The results suggest that AZM might benefit asth-
matic children through the modulation of immunologi-
cal derangement.

  Subjects and Methods 

 Study Subjects 
 The study subjects included 9 atopic asthmatics aged 8–12 

years (mean 9.6  8  0.6 years) and 9 non-atopic controls with writ-
ten informed consent with the pre-approval of the study by Med-
ical Ethics and Human Clinical Trial Committee of the Chang 
Gung Memorial Hospital. The diagnosis of atopic asthma was 
confirmed by a history of recurrent episodes of dyspnoea with 
wheeze, reversible bronchoconstriction, and a positive skin prick 
test or a positive specific IgE test to the common aeroallergens: 
house dust mites  Dermatophagoides pteronyssinus  or  Derma-
tophagoides farinae   [24] . Patients with predominant symptoms of 
allergic rhinitis and atopic dermatitis were excluded in this study. 
Non-atopic controls showed a negative skin prick test or specific 
IgE test. All 9 asthmatic patients were asymptomatic with normal 
pulmonary function as determined by percent predicted forced 
expiratory volume in 1 s (% FEV 1 ) using spirometry (Vitalograph, 
Buckingham, UK) at the time of investigation. None of these chil-
dren had received oral prednisolone or inhaled corticosteroids 
within 1 month before this study.

  Purification of CD4+ T Cells 
 Peripheral blood samples were collected in sterile heparinized 

tubes and processed within 24 h. Mononuclear cells were ob-
tained using Ficoll-Hypaque density gradient centrifugation 
(Amersham Pharmacia Biotech, Pittsburgh, Pa., USA). CD4+ T 
cells were enriched by depleting the CD4– cells in mononuclear 
cells with an isolation kit containing a cocktail of anti-human 
monoclonal antibodies against CD8, CD14, CD16, CD19, CD36, 
CD56, CD123, TCR � / �  and glycophorin A (Miltenyi Biotec, Au-
burn, Calif., USA). The separation was performed with LS +  col-
umns (Miltenyi Biotech), according to the manufacturer’s in-
struction. The purity of CD4+ T cells (checked by anti-TCR- �  � -
FITC and anti-CD4-PE) were confirmed by FACS to be greater 
than 90%.

  Cell Cultures and the Induction of Th2 Cells 
 The enriched CD4+ T cells were resuspended in RPMI with 

10% foetal calf serum at a concentration of 1  !  10 6  cells/ml and 
placed in a 24-well plate (TPP � , Trasadingen, Switzerland) pre-
coated with anti-CD3 monoclonal antibodies at 1  � g/ml (BD Bio-
sciences, San Diego, Calif., USA) and soluble anti-CD28 (100 ng/
ml; BD Biosciences) and incubated at 37   °   C in a 5% CO 2 /95% air 
atmosphere for 5 days (Th0). For the induction of Th2 cells, IL-4 
(10 ng/ml; Pepro Tech EC, London, UK) and anti-IFN- �  (20 ng/
ml; R&D Systems, Minneapolis, Minn., USA) were added at the 
beginning of culture. AZM (Ben Venue Laboratories Inc., Bed-
ford, Ohio, USA; kindly provided by Pfizer, Amboise, France) was 
added at a final concentration of 10 or 50  � g/ml to each well (1  !  
10 6  cells) on day 0 of cell culture. The viability of CD4+ T cell 
count was determined by trypan blue (Sigma, St. Louis, Mo., USA) 
exclusion.

  Monitoring Cell Proliferation by Carboxyfluerescein Diacetate 
Succinimidyl Ester Staining 
 To follow CD4+ T cell division, purified cells were pulsed with 

1  �  M  fluorescent dye carboxyfluerescein diacetate succinimidyl 
ester (CFSE; Molecular Probes, Montlucon, France) in free RPMI-
1640 medium (Invitrogen-Gibco, Grand Island, N.Y., USA) and 
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incubated at 37   °   C for 10 min. RPMI-1640 with 10% heat-inacti-
vated foetal bovine serum (Biological Industries, Haemek, Israel), 
1% penicillin and streptomycin (Invitrogen-Gibco), and 25  �  M  
 � -mercaptoethanol (complete RPMI, also cRPMI; Sigma) was 
then immediately added to block the reaction. The CFSE-labelled 
cells were washed 3 times with cRPMI and the cell pellet was re-
suspended in cRPMI to the cell density of 1  !  10 6  cells/ml at 37   °   C 
for 5 days. We analyzed CFSE staining (FL1) gated on viable CD4+ 
T cells by a FACSCalibur (BD Biosciences).

  Assessment of Cell Death 
 Cell viability was determined by flow cytometry according to 

their forward and side scatter characteristics. Also, the percentage 
of dead cells was determined by cellular staining with the FITC-
annexin-V/propidium iodide (PI) apoptosis detection kit (BD 
Biosciences). Cultured cells were harvested and washed with PBS. 
The pellet was resuspended in 200  � l binding buffer and stained 
for 10 min at room temperature with 5  � l FITC-annexin-V. Cells 
were then resuspended in 200  � l binding buffer and added 5  � l 
of PI (1  � g/ml). The fluorescent staining was analyzed on a FACS 
Calibur (BD Biosciences) flow cytometer. The activated cells were 
gated as R1 and the annexin-V+ cells represented as apoptotic cell 
populations.

  Cytokine Analysis by ELISA 
 The concentration of human IL-5, IL-13 and IFN- �  were as-

sessed using DuoSet �  ELISA Development System (R&D Sys-
tems). The lowest detection limits for IL-5, IL-13 and IFN- �  were 
23.4, 93.7 and 15.6 pg/ml, respectively.

  Statistical Analysis 
 All statistical analyses were performed using the Wilcoxon 

signed-rank test for paired data or the Mann-Whitney test for two 
independent data. The data are presented as medians  8  SEM, and 
p  !  0.05 is considered to be significant.

  Results 

 Effect of AZM on CD4+ T Cell Viability and Recovery 
 The potential toxic effect of AZM on CD4+ T cells was 

firstly determined. The effect of AZM on the cell viabil-
ity of unpolarized CD4+ T (Th0) cells was shown in  fig-
ure 1 . Culturing with AZM had a dose-dependent inhib-
itory effect on cell viability in asthmatic children and 
controls alike. The CD4+ T cell viability in asthmatic 
children slightly decreased in the presence of AZM at 10 
 � g/ml (0.84  8  0.07, p = 0.086). AZM at 50  � g/ml, how-
ever, significantly decreased the viable CD4+ T cell ratio 
in asthmatics (0.72  8  0.07, p = 0.021), similar to that ob-
served in corresponding controls (0.80  8  0.07, p = 0.028).

  Effect of AZM on Proliferation and Apoptosis of Th0 
and Th2 Cells 
 A representative profile of CD4+ T cells activated by 

anti-CD3/anti-CD28 under the influence of AZM is 

shown in  figure 2 . CD4+ T cells undergoing multiple di-
visions showed progressively decreased fluorescent in-
tensity of CFSE ( fig. 2 a). AZM exerted a dose-dependent 
inhibition on CD4+ T cell division. Although AZM at 10 
 � g/ml did not affect Th0 and Th2 proliferation, AZM at 
50  � g/ml resulted in significant suppression of TCR-
activated CD4+ T cell division for Th0 (61.6  8  3.3% vs. 
71.3  8  1.9%, p = 0.028) and Th2 cells (59.9  8  5.0% vs. 
72.4  8  1.1%, p = 0.043).

  Annexin-V was used to detect viable CD4+ T cells 
committed to apoptosis. The effect of AZM on the per-
centages of viable CD4+ T cells that expressed annexin-V 
(early apoptosis, % annexin-V+/PI–) is shown in  figure 3 . 
AZM at 50  � g/ml resulted in significantly increased 
apoptosis for Th0 (22.7  8  2.8% vs. 14.1  8  2.4%, p = 
0.046) and Th2 cells (28.2  8  9.6% vs. 16.5  8  2.0%, p = 
0.028).
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  Fig. 1.  AZM reduced the percentages of viable cells in activated-
CD4+ T cell cultures. CD4+ T cells were stimulated with anti-
CD3 (1  � g/ml, plate coated) and anti-CD28 (100 ng/ml, soluble) 
for 5 days without or with AZM at 10 and 50  � g/ml. The ratio of 
inhibition by AZM equals viable cell count in the presence of 
AZM on day 5 divided by viable cell count without AZM count 
on day 5, as determined by trypan blue exclusion. Data were ob-
tained from 9 asthmatics and 9 controls. ° = Outlier of each group. 
 *  p  !  0.05, compared with no AZM group. 
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  Effect of AZM on IL-5, IL-13 and IFN- �  Production of 
Th0 and Th2 Cells from Asthmatic Children 
 The IL-5 and IFN- �  production of Th0 CD4+ T cells 

from asthmatic children and normal controls is shown in 
 figure 4 . Increased IL-5 production was detected from 
anti-CD3/anti-CD28-stimulated CD4+ T cells of the 
atopic asthmatics (846  8  247 pg/ml) compared to the 
controls (313  8  43 pg/ml, p = 0.136). In contrast, a sig-
nificantly lower level of IFN- �  was obtained from acti-
vated CD4+ T cells of the asthmatic children (523  8  138 
pg/ml vs. 1,947  8  557 pg/ml, p = 0.014).

  AZM at 10  � g/ml significantly suppressed IL-5 pro-
duction from Th0 cells of asthmatic children (698  8  210 
pg/ml, p = 0.008), as well as from controls (241  8  41 pg/
ml, p = 0.008). AZM at 50  � g/ml further decreased IL-5 
production from asthmatic children (526  8  182 pg/ml,
p = 0.008;  fig. 5 a). Both concentrations of AZM had no 

significant effect on IL-13 production from Th0 cells 
( fig. 5 b). Although AZM had little effect on IFN- �  pro-
duction ( fig. 5 c) of Th0 cells from asthmatics at 10  � g/ml 
(670  8  173 pg/ml, p = 0.066), and at 50  � g/ml (551  8  181 
pg/ml, p = 0.889), AZM at 10  � g/ml significantly de-
creased IFN- �  production of Th0 cells from controls 
(1,588  8  529 pg/ml, p = 0.021).

  For Th2 cells, AZM exerted a dose-dependent suppres-
sion on IL-5 production of Th2 cells from asthmatics 
( fig. 6 a). AZM inhibited IL-5 production of Th2 cells from 
asthmatics at 10  � g/ml (897  8  213 pg/ml, p = 0.015), and 
further at 50  � g/ml (439  8  157 pg/ml, p = 0.008). Simi-
larly, AZM inhibited IL-5 production of Th2 cells from 
controls at 10  � g/ml (399  8  57 pg/ml, p = 0.021), and fur-
ther at 50  � g/ml (244  8  22 pg/ml, p = 0.008). AZM, how-
ever, had no effect on IL-13 ( fig. 6 b) and IFN- �  ( fig. 6 c) 
production of Th2 cells from asthmatics and controls.
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  Fig. 2.  AZM suppressed the proliferation of Th0 and Th2 cells. CFSE-labelled Th0 and Th2 cells were cultured 
alone or in the presence of 10 and 50  � g/ml AZM.  a  Representative profiles of histograms showing the effect of 
increasing dose of AZM on proliferation. The percentage of CD4+ T cells that underwent cell division are de-
termined by cell number in the M1 area divided by total CD4+ cells.  b  Collective data from Th0 and Th2 cells 
are presented as mean  8  SEM from 6 Th0 and 5 Th2 experiments.  *  p  !  0.05, compared with no AZM culture. 
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  Discussion 

 The present study specifically examined the effect of 
AZM on survival, proliferation and cytokine production 
of Th2 cells, a key player in allergic inflammation, from 
atopic asthmatic children and non-atopic controls. To 
our knowledge, this is the first study demonstrating that 
AZM at 50  � g/ml, a concentration that could be achieved 
in polymorphonuclear cells or sputum  [25, 26] , decreased 
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viable CD4+ T cell recovery and reduced IL-5 production 
from activated Th0 and Th2 cells cultured from atopic 
asthmatic children.

  We found that AZM dose-dependently suppressed 
CD4+ T cell proliferation upon TCR stimulation, in con-
trast to Asano et al.  [27]  who showed that roxithromycin 
did not affect T cell proliferation. We also observed that 
AZM at 50  � g/ml enhanced apoptosis of TCR-activated 
CD4+ T cells, confirming previous studies using higher 

  Fig. 3.  The induction of early apoptosis by AZM on Th0 and Th2 
cells. Th0 and Th2 cells cultured with or without AZM were 
stained with annexin-V (AV) and PI to assess apoptosis.    a  Repre-
sentative profiles of dot plots showing the effect of increasing dose 
of AZM on AV+PI– expression. The number in the dot plot indi-
cates the percentage of AV+PI– cells in each population.  b  Data 
are presented as means  8  SEM from 6 Th0 and 6 Th2 experi-
ments.  *  p  !  0.05, compared to media alone. 
  Fig. 4.  Higher IL-5 and lesser IFN- �  secretion of activated CD4+ 
T cells of atopic individuals. CD4+ T cells were stimulated with 
anti-CD3 (1  � g/ml, plate coated) in conjunction with soluble anti-
CD28 (100 ng/ml) for 5 days. The IL-5 and IFN- �  levels in culture 
supernatants were assessed by ELISA. The data are shown as 
means      8  SEM from 9 atopic asthmatic patients and 9 non-atopic 
controls.  *  p  !  0.05. 
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  Fig. 5.  Effect of AZM on IL-5, IL-13 and IFN- �  production of Th0 
cells from asthmatics and controls. CD4+ T cells were stimulated 
with anti-CD3 (1  � g/ml, plate coated) in conjunction with soluble 
anti-CD28 (100 ng/ml) for 5 days alone or in the presence of AZM 
at 10 and 50  � g/ml. The IL-5 ( a ), IL-13 ( b ) and IFN- �  ( c ) levels in 
culture supernatants were assessed by ELISA. The data were pre-
sented as means  8  SEM from 9 atopic asthmatic patients and 9 
non-atopic controls.  *  p  !  0.05;  *  *  p  !  0.01. 
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  Fig. 6.  Effect of AZM on IL-5, IL-13, and IFN- �  production of Th2 
cells from asthmatics and controls. Enriched CD4+ T cells were 
stimulated with anti-CD3 (1  � g/ml, plate coated) in conjunction 
with soluble anti-CD28 (100 ng/ml), together with IL-4 (10 ng/ml) 
and anti-IFN- �  (20 ng/ml) for 5 days without or with AZM at 10 
and 50  � g/ml. The IL-5 ( a ), IL-13 ( b ) and IFN- �  ( c ) levels in cul-
ture supernatants were assessed by ELISA. The data were present-
ed as means  8  SEM from 9 atopic asthmatic patients and 9 non-
atopic controls.  *  p  !  0.05;  *  *  p  !  0.01. 
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concentrations of AZM ( 1 100  � g/ml)  [20, 28] . The apo-
ptosis-inducing capacity of macrolides has also been de-
scribed in Jurkat cells  [29]  and neutrophils  [30] , and is 
therefore not specific to CD4+ T cells. The dual effect of 
AZM in suppressing CD4+ T cell proliferation and ac-
celerating apoptosis may account for the decrease in the 
numbers of both Th0 and Th2 cells of asthmatic children 
and controls observed in this study.

  We demonstrated a higher IL-5 and lower IFN- �  pro-
duction following polyclonal activation of CD4+ T cells 
from the atopic asthmatic patients compared to non-
atopic controls, confirming previous studies showing 
that asthma is a Th2-biased disease  [31, 32] . There was an 
additional increase in IL-5 production from CD4+ T cells 
from asthmatics and controls in the presence of IL-4 
(Th2 cells). We found that AZM inhibited IL-5 produc-
tion of both Th0 and Th2 cells from asthmatic patients 
without affecting IFN- �  production.

  As IL-4 was present in our Th2-polarized culture, we 
chose to measure another Th2 cytokine, IL-13, in view of 
similar intron and exon structure and sequence homol-
ogy between IL-4 and IL-13 genes  [33, 34] . In contrast to 
its effect on IL-5, AZM did not affect the IL-13 produc-
tion from Th0 or Th2 cells of both asthmatics and con-
trols. The discrepant effect of AZM on IL-5 and IL-13 
levels observed in the present study may be explained in 
part by the differential transcription regulation of IL-5 
and IL-13 gene expression  [35] . The production of IL-13 
was also more ubiquitous than IL-4 or IL-5  [33, 34] . Al-
ternatively, IL-13 may participate in asthma pathogenesis 
using pathways independent of IL-5  [36] . Higher levels of 
serum IL-5, but not IL-13, are associated with severe air-
way obstruction in asthmatics  [37] .

  Whether AZM would downregulate Th2 response in 
asthma remained unclear. Our finding, however, adds to 

the list of the multifaceted immune-modulating effects of 
macrolides. A recent animal study lends support to our 
results by showing that AZM attenuated the ovalbumin-
dependent airway inflammation by decreasing the eosin-
ophil counts and IL-5 expression in bronchoalveolar la-
vage  [38] . As IL-5 is crucial for eosinophil recruitment in 
asthma, our findings also help explain why macrolides 
suppress bronchial hyperresponsiveness associated with 
eosinophilic inflammation in patients with asthma  [39–
41] . AZM targeting IL-5-producing CD4+ T cells may be 
particularly beneficial for asthmatic subjects with severe 
eosinophilic inflammation refractory to conventional 
glucocorticosteroid treatment  [42] . However, sustained 
use of AZM may not be justified considering the risk of 
emergence of resistant strains.

  In summary, our findings suggest that AZM preferen-
tially downregulated IL-5 production from activated Th0 
and polarized Th2 cells as a hitherto reported benefit of 
AZM on asthma pathogenesis, further supporting its 
therapeutic roles in childhood asthma. Larger random-
ized, controlled clinical trials are needed to confirm 
whether our findings are of clinical relevance in applica-
tion to asthma.
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