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Abstract

Background: Although IL-10 is known as an immunoreg-
ulatory cytokine produced by various cells including T
cells, its basic profile in atopic asthma remains uncertain.
Objective: The profiles of IL-10 production in circulating
CD4+ T cells of atopic asthmatics were investigated with
respect to clinical severity. Methods: Forty atopic asth-
matics were divided into three groups: mild, and severe
but stable and severe unstable asthmatics. Eosinophils
were counted in the peripheral blood and sputum, and
exhaled nitric oxide was assessed. PBMCs were stimu-
lated with or without anti-CD3 and anti-CD28 antibodies
and then processed for detecting IL-10-producing CD4+
cells using flow cytometry. Results: There was no differ-
ence in the eosinophil count in blood or sputum and in
nitric oxide level among the three groups. IL-10-produc-
ing CD4+ cells were mainly detected in a CD45RO+ mem-
ory population. The frequency of IL-10-producing cells
after stimulation was significantly lower in the severe

unstable group compared to the mild group. In addition,
the frequency of IL-10-producing cells in the severe
unstable group was significantly lower than that in the
severe stable group despite the fact that both groups
received similar treatments with high-dose inhaled cor-
ticosteroids. The IL-10 production of CD4+CD45RO+
cells in response to dexamethasone did not differ
among the three groups. Conclusions: |1L-10-producing
CD4+CD45R0O+ cells in the peripheral blood are de-
creased in severe unstable asthmatics, which is not
explained by the effect of high-dose inhaled corticoste-
roid medication.

Copyright© 2004 S. Karger AG, Basel

Introduction

Allergic inflammation in the airways is an important
feature of atopic asthma, and the inflammatory process is
mediated via various types of cytokines [1, 2]. Th2-type
cytokines, interleukin (IL)-4, IL-5, and IL-13, are pro-
allergic, while the Thl-type cytokine, interferon (IFN)-y,
has an anti-allergic property. Thus, Th2-skewed cytokine
profiles have been a key concept in understanding asth-
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matic inflammation. However, previous studies showed
that a passive transfer of antigen-specific Thl-skewed
CD4+ T cells into antigen-sensitized mice not only failed
to attenuate but also exacerbated airway inflammation
after an antigen challenge [3, 4]. The results made it diffi-
cult to understand the asthmatic inflammation based on
the simple counterbalance paradigm of Th1 versus Th2.
In this regard, several studies have identified additional
populations of T cells showing regulatory properties in the
various Th1-and Th2-type inflammations [5-8]. A part of
the populations reportedly plays a role through selective
production of IL-10 [9-11]. IL-10 markedly inhibits the
expression of the MHC class II molecule and costimulato-
ry molecules on antigen-presenting cells, the proliferation
of activated T cells by reducing IL-2 production, and the
release of inflammatory cytokines and nitric oxide from
the activated macrophage/monocyte lineage. Therefore,
IL-10 is expected to have strong anti-inflammatory prop-
erties. The effects of IL 10 deficiency on eosinophilic air-
way inflammation and bronchial hyperreactivity in ex-
perimental asthma models were quite different among
previous studies [12-14]. Although much care should be
taken with their interpretation and relevance for human
diseases [15], those basic studies may raise the possibility
of whether IL-10 is substantially associated with the regu-
lation of atopic asthma.

Clinical studies reported that IL-10 production was
impaired in a monocyte/macrophage lineage of adult
asthmatics compared with healthy controls [16, 17]. IL-10
mRNA expression by purified T cells of children with
asthma was reportedly decreased as compared with that
of healthy controls [18]. On the other hand, a study
reported an increase of IL-10-producing macrophages in
an asthmatic airway [19]. IL-10 concentrations in bron-
chial lavage fluid were reported to increase in status asth-
maticus under mechanical ventilation when compared
with stable asthmatics and healthy controls [20]. This
inconsistency might be due to a difference in patient char-
acteristics among the studies, including the clinical severi-
ty and the content of medications. In addition, many
studies have evaluated the potency of IL-10 production
from lipopolysaccharide-stimulated macrophages/mono-
cytes. Considering that T cells have an orchestrating role
in the pathogenesis of allergy, the profile of IL-10 produc-
tion in T cells of atopic asthmatics is an important target
for investigation.

T cells circulate systemically from the target organs to
the bloodstream via the lymphatic system [21, 22]. This
property provides a unique window for the detection of
cytokine kinetics of T cells in asthmatic subjects using
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peripheral blood samples. Indeed, we reported that the
kinetics of IL-10-producing CD4+ T cells in the peripher-
al blood after an allergen challenge was different between
isolated early and dual responders [23]. Here, we analyzed
the profiles of IL-10 production in circulating CD4+ cells
in atopic asthmatics using flow cytometry [24-26] and
then evaluated the relationship between the cytokine pro-
file and the severity of asthma.

Patients and Methods

Patients and Protocol

Forty nonsmoking patients with atopic asthma were recruited
and classified into two groups, 20 mild and 20 severe asthmatics,
according to the Global Initiative for Asthma [27]. Atopy was
assessed by a radioallergosorbent test to at least two common aeroal-
lergens. Mild intermittent and mild persistent asthmatics were
merged into one group identified as the mild group. Eleven of the 20
patients in the mild group were treated with a low dose of an inhaled
steroid (400 ug/day corresponding dose of beclomethasone dipro-
pionate; BDP), and the remainder were treated occasionally with an
inhaled short-acting B,-agonist. All severe asthmatics were treated
with a high dose of an inhaled corticosteroid (>1,200 pg/day corre-
sponding dose of BDP) for more than 1 year. They were further clas-
sified into a severe stable group (n = 10) and a severe unstable group
(n = 10). The severe stable group consisted of patients free from asth-
matic symptoms for more than 3 months and showing good pulmo-
nary function [forced expired volume in 1 s (FEV;) >80% of pre-
dicted]. The severe unstable group consisted of patients with fre-
quent symptoms who needed rescue inhalation of a short-acting f3,-
agonist or with lower pulmonary function (FEV| <60% of predicted).
The profile of the severe unstable group met the typical features of
refractory asthma presented by the workshop of the American Tho-
racic Society [28]. There was no significant difference in the daily
dose of inhaled corticosteroids between the severe stable and unsta-
ble groups (1,300 + 245 pg/day vs. 1,356 = 313 pg/day; correspond-
ing dose of BDP, respectively). Four patients in the severe stable
group and 6 patients in the severe unstable group were treated with
slow-releasing theophylline in addition to inhaled corticosteroids.
None of the patients was treated with oral corticosteroids or a long-
acting Br-agonist. The project was approved by the institutional
ethics committee, and informed consent was obtained from all par-
ticipants. At the time of enrollment, patient characteristics were
assessed according to a detailed questionnaire. The age at onset of
asthma was judged as accurately as possible and used to calculate the
duration of asthma. All the measurements were performed on the
same visit day. Medication with inhaled corticosteroids and/or a
short-acting B,-agonist was withheld for 12 h before the measure-
ments. Oral theophylline was discontinued 24 h before the measure-
ments. Firstly, a blood sample was taken and immediately processed
for white blood cell counts and cell culture. The subjects consecu-
tively underwent measurements of exhaled nitric oxide (NO), spi-
rometry, and sputum induction.

Cell Cultures and Staining
PBMCs were isolated by Lymphoprep (Nycomed, Oslo, Norway)
density gradient separation and washed twice with RPMI-1640 con-
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taining L-glutamine and NaHCOj5 (Sigma, St. Louis, Mo., USA).
Cells were suspended in RPM1I-1640 with 10% FCS (Sigma) and pen-
icillin/streptomycin (Gibco, Paisley, UK) at a density of 2 x 106
cells/ml. Cells were then cultured in 24-well culture plates (Cellstar;
Greiner Labortechik, Frickenhausen, Germany) in a volume of 1 ml
in the presence or absence of stimulation with a soluble anti-CD3
monoclonal antibody (mAb; HIT3a, 1 pg/ml) plus a soluble anti-
CD28 mAb (CD28.2, 1 ug/ml) for 24 h at 37°C in 5% CO; in an
incubator. To inhibit cytokine secretion, monensin (GolgiStop™;
BD-PharMingen, San Diego, Calif., USA) at 0.7 ul/ml was added
during the last 4 h of incubation. After harvesting, the cells were
washed with a washing buffer consisting of PBS with 0.5% bovine
serum albumin (Sigma) and 0.1% sodium azide (Sigma). The sam-
ples at a density of 1 x 10 cells in 100 ul of washing buffer with 5%
normal mouse serum (Cosmo Bio, Tokyo, Japan) were incubated for
10 min. Surface staining was performed using PerCP-anti-CD4 mAb
(Leu-3a), FITC-anti- and CD45RO mAb (UCHL1) for 30 min. For
intracellular cytokine staining [24-26], the cells were fixed with fixa-
tion buffer (Caltag, Burlingame, Calif., USA) for 20 min. After an
additional wash, the cells were suspended in a permeabilization buft-
er (Caltag) with 5% normal rat serum (Cosmo Bio) for 10 min and
then added to an allophycocyanin-anti-IL-10 mAb (JES3-19F1) or
isotype control IgG2a for 30 min. Paired samples were incubated in
the presence of anti-CD3 mAb plus an anti-CD28 mAb, with or with-
out dexamethasone (10-7 M), and then processed for intracellular
IL-10 staining. All monoclonal antibodies were purchased by BD-
PharMingen. The dose of dexamethasone was determined based on
the preliminary study, as 10-7 M had been almost compatible with
1Cs for the IL-10 production in CD4+ cells.

Flow Cytometry

A FACScalibur flow cytometer (Becton-Dickinson, San Jose, Cal-
if., USA) with CellQuest software (Becton-Dickinson) was used.
Thirty thousand events were acquired in list mode with debris
excluded by the forward scatter threshold. An analysis gate was set on
the lymphocyte population based on the forward and side scatter
plot. The gated population was analyzed for the identification of
CD4+CD45R0O+ (memory phenotype) or CD4+CD45RO- (naive
phenotype). The frequency of IL-10-producing cells from cultures
without stimulation was regarded as the baseline IL-10 production,
whilst that from cultures with stimulation was regarded as the poten-
cy of IL-10 production in response to polyclonal T-cell receptor liga-
tion.

Measurement of Exhaled NO and Spirometry

The exhaled NO was measured using a chemiluminescence NO
analyzer (Sievers 280 NOA, Boulder, Colo., USA) according to the
official statement of the American Thoracic Society [29]. Exhaled air
was sampled via a side port close to the mouth, and the concentration
of NO was displayed on the screen of a computer. The endpoint for
the measurement was defined when a plateau lasting at least 5 sec-
onds was obtained. Repeated exhalations were recorded to give three
values of NO plateaus within 10% of each other. Spirometry data
were recorded by a computed spirometer (D-21FX; Chest, Tokyo,
Japan) using the standard technique. Measurements were made in
triplicate, and the best values of forced vital capacity and FEV, were
chosen for analysis.

IL-10-Producing T Cells in Atopic Asthma

Table 1. Patient characteristics and inflammatory parameters

Mild Severe stable Severe unstable

(n=20) (n=10) (n=10)
Males/females 11/9 6/4 5/5
Age, years 42+15 46+13 50+8
Duration, years 11£8 11+7 12+7
Percent FEV, 99.3+13.1 77.0+x10.8* 51.0t12.4*
Blood eosinophils, % 6.6x5.1 6.5+6.0 6.6+6.4
Sputum eosinophils, % 16£9 20+18 2617
Exhaled NO, ppb 346+17.1 30.0x13.6 25.5+9.8

Means = SD. * p < 0.05 compared with the mild group; no signifi-
cant differences were found for the other values among the three subject
groups.

Sputum Induction and Processing

Sputum induction and its processing were performed by the
method described previously [30]. Two hundreds non-squamous
cells were examined in a blinded fashion. Eosinophil counts were
expressed as percentages of the total non-squamous cell count. The
reproducibility of this sputum measurement has been reported pre-
viously [30].

Statistical Analysis

Statistical analysis was done with statistical software (Stat View
J4.02; Abacus Concepts, Berkeley, Calif., USA). Data with normal
distribution were expressed as means £ SD, while nonparametric
data were expressed as the median and interquartile range. Compari-
sons between groups were performed using the Kruskal-Wallis test
followed by ad-hoc test with the Mann-Whitney U test. Values of p
less than 0.05 were accepted as being statistically significant.

Results

Patient Characteristics and Inflammatory Parameters

Patient characteristics and inflammatory parameters
are shown in table 1. There was no significant difference
in age, sex or duration of asthma among the three groups.
Values of percent FEV| in both severe stable and unstable
groups were significantly lower than in the mild group. In
addition, values of percent FEV, in the severe unstable
group were significantly lower than that in the severe sta-
ble group. Two patients in the mild group and 1 patient
from each the severe stable and unstable groups were
unable to provide sputum samples for differential cell
counts. There was no significant difference in the percent-
age of blood eosinophils, sputum eosinophils, or exhaled
NO level among the three groups.
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Fig. 1. IL-10-producing cells in cultured PBMCs. a, b Typical dot
plots are shown from samples of a subject with mild asthma. PBMCs
were cultured for 24 h in the presence (b) or absence (a) of anti-
CD3 plus anti-CD28 antibodies and processed for flow cytome-
try. IL-10-producing cells were assessed for CD4+CD45RO- and
CD4+CD45R0O+ subsets. Samples with isotype IgG2a served as con-
trols. ¢ Frequencies of IL-10-producing cells in the CD4+CD45RO-
and CD4+CD45RO+ subsets are compared using total samples of
asthmatics (n = 40). The boxes span the 25th and 75th percentiles,
with a median noted by the inside bar. The length of the whisker is
based on the 10th and 90th percentiles.

Intracellular IL-10 in CD4+ Cells with Reference to

Asthma Severity

There was no significant difference in the frequencies
of the CD4+ population, CD4+CD45RO+ population or
CD4+CD45RO- population in PBMCs among the three
groups (table 2). The frequency of IL-10-producing
CD4+ cells in cultured PBMCs were assessed for
CD4+CD45R0O+ (memory) and CD4+CD45RO- (naive)
subsets (fig. 1). At the unstimulated baseline, the IL-10
production level was quite limited, typically below 1% of
the total CD4+ cells. When activated with anti-CD3 mAb
and anti-CD28 mAb, the frequency of IL-10-producing
CD4+ cells was significantly increased both in the
CD45RO+ subset and in the CD45RO- subset, while the
CD45RO+ subset significantly dominated. Therefore, the
analysis of IL-10-producing cells in the following study
was focused on the CD4+CD45RO+ subset (fig. 2).

The frequency of IL-10-producing CD4+CD45RO+
cells in the severe unstable group, but not in the severe
stable group, was significantly lower than that in the mild
group in the absence of stimulation. Even after stimula-
tion, the frequency of IL-10-producing CD4+CD45RO+
cells in the severe unstable group, but not in the severe
stable group, was significantly lower than that in the mild
group. Furthermore, the frequency of IL-10-producing
CD4+CD45RO+ cells in the severe unstable group was
significantly lower than that in the severe stable group.

In vitro Responsiveness of IL-10-Producing Cells to

Dexamethasone

To elucidate whether T-cell responsiveness to cortico-
steroids might be different among the patient groups, the
effect of dexamethasone was examined for the frequency
of IL-10-producing CD4+CD45R O+ cells in vitro (fig. 3).
Although the stimulation of PBMCs in the presence of
dexamethasone (10-7 M) significantly decreased the fre-
quency of IL-10-producing CD4+CD45R0O+ cells, the
inhibitory effect of dexamethasone was not different
among the three groups.

Table 2. Lymphocyte subsets (%) among

the groups Mild Severe stable  Severe unstable
(n=20) (n=10) (n=10)
CD4+ cells (in PBMCs) 31.6(9.4) 37.5(14.6) 36.0(12.4)
CD4+CD45RO+ cells (in PBMCs) 11.8 (4.6) 12.0 (4.4) 11.8(6.4)
Significant differences were not found among the three study groups. Medians with inter-
quartile ranges (in parentheses).
298 Int Arch Allergy Immunol 2004;134:295-302 Matsumoto et al.
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Fig. 2. Frequencies of IL-10-producing cells in the CD4+CD45RO+
subset among subject groups. PBMCs were cultured for 24 h in the
presence (b) or absence (a) of anti-CD3 plus anti-CD28 antibodies
and processed for flow cytometry. IL-10-producing cells were as-
sessed for the CD4+CD45RO+ subset. The boxes span the 25th and
75th percentiles, with the median noted by the inside bar. The length
of the whisker is based on the 10th and 90th percentiles.

Discussion

In the present study, IL-10-producing cells were main-
ly detected in the CD4+CD45RO+ subset, the so-called
memory subset of helper T cells. Intriguingly, the frequen-
cy of IL-10-producing CD4+CD45RO+ cells was signifi-
cantly decreased in the peripheral blood of the severe
unstable group compared with the mild and severe stable
groups. The decreased frequency likely reflects the de-
crease in the absolute number of this subset in the periph-
eral blood of the severe unstable group because there was
no difference in the frequency of CD4+CD45RO+ cells in
PBMCs among the three groups. This impairment may
not be allergen specific, as the decreased frequency of I1L-

IL-10-Producing T Cells in Atopic Asthma
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Fig. 3. Effects of dexamethasone on the production of IL-10 among
subject groups. PBMCs were stimulated with anti-CD3 plus anti-
CD28 antibodies for 24 h in the presence or absence of dexametha-
sone (10-7 M) and processed for the detection of IL-10-producing
CD4+CD45RO+ cells. Values are expressed as a percent inhibition
of the paired control obtained from a culture in the absence of dexa-
methasone. The boxes span the 25th and 75th percentiles, with the
median noted by the inside bar. The length of the whisker is based on
the 10th and 90th percentiles.

10-producing cells was shown using specimens after poly-
clonal T cell receptor activation.

The arising question is whether the decrease in IL-10-
producing cells is substantially associated with the patho-
genesis of severe unstable asthma. In this regard, the effect
of inhaled corticosteroids should be carefully considered.
It is known that the production of cytokines is generally
inhibited by the high concentration of corticosteroids [31-
34]. Because severe asthmatics in this study had been
treated with high-dose inhaled corticosteroids for at least 1
year, the lower frequency of IL-10-producing cells might
merely reflect a dose-dependent inhibition by cortico-
steroids. However, the frequency of IL-10-producing
CD4+CD45RO+ cells in the severe unstable group was sig-
nificantly lower than that in the severe stable group despite
the fact that both groups had taken a similar daily dose of
inhaled corticosteroids. In addition, the in vitro respon-
siveness of CD4+CD45RO+ cells to dexamethasone was
not different among three groups. The remaining concern
is that the concentration of dexamethasone in the present
experiment might be higher than the actual concentration
of corticosteroids attained in usual medications for asth-
matic airways. A previous study reported that preincuba-
tion of peripheral blood T cells in the presence of a relative-
ly low concentration of dexamethasone enhanced IL-10
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production from T cells after a secondary T cell receptor
ligation in the absence of dexamethasone [35]. According
to the report, IL-10-producing cells are expected to in-
crease during treatment with inhaled corticosteroids.

Although several patients had been treated with slow-
release theophylline in combination with inhaled cortico-
steroids, the number of such patients in each group did
not significantly differ between the stable and unstable
groups. The notable difference in medical history was that
the patients with severe unstable asthma had been forced
to inhale short-acting B,-agonists more frequently. Pre-
vious studies showed that cyclic AMP-elevating com-
pounds, such as xanthine derivatives and ,-agonists had
a stimulatory, rather than an inhibitory, effect on IL-10
production from inflammatory cells [36-39], which
makes it unlikely that the frequent use of B,-agonists
might lead to the decrease in IL-10-producing cells in
PBMC:s of the severe unstable asthmatics.

The use of inhaled corticosteroids has long been the
mainstay of asthma medication, and this therapeutic strat-
egy was derived from a significant amount of evidence
indicating that inhaled corticosteroids have a strong anti-
inflammatory effect on asthmatic airways with limited
adverse effects [27]. Most patients are relieved from symp-
toms and able to improve their quality of life through the
use of inhaled corticosteroids. However, 5-10% of patients
remain symptomatic or have persistent airflow limitations
despite treatment with a high-dose inhaled corticosteroids.
These patients have been an intensive target of clinical
investigations and have recently been characterized as a
clinical phenotype of refractory asthma or difficult/thera-
py-resistant asthma [28, 40]. Although many factors con-
tribute to the development of such a clinical phenotype,
the profile of airway inflammation in those patients is an
important issue to be addressed. In the present study, the
percentage of sputum eosinophils and the exhaled NO lev-
el, both known to be surrogate markers of asthmatic airway
inflammation, were not different among the mild, severe
stable, and severe unstable groups. This suggests that the
severity and stability of asthma might not be simply
explained by the extent of an eosinophilic airway inflam-
mation or NO production. Indeed, previous studies re-
ported that exhaled NO level was well associated with clin-
ical parameters in steroid-naive patients but not in steroid-
treated patients [41, 42].

Previous studies have reported that IL-10 production in
response to lipopolysaccharides was impaired in a mono-
cyte/macrophage lineage of asthmatics[16, 17]. On the con-
trary, other studies reported an increase in IL-10-producing
T cells and macrophages in asthmatic airways and that

300 Int Arch Allergy Immunol 2004;134:295-302

those cells were further increased after an allergen challenge
[19, 43, 44]. This inconsistency among previous studies
may partly be explained by the difference in patient history
or the difference in experimental protocols through which
specimens were obtained. The former difference is support-
ed by our present investigation that lower potency of IL-10
production is associated with the phenotype of severe
unstable asthma. This lower potency is not restricted to T
cells because a recent study reported that the production of
IL-10 in monocytes was also impaired in severe asthmatics
[45]. The mechanism of the impairment might be ex-
plained by genetic background, since IL-10 production is
partly determined via single nucleotide polymorphisms on
the promoter regions [46, 47]. One study has already
reported a possible association of single nucleotide poly-
morphisms of IL-10 with asthma severity [48]. Accumulat-
ing evidence suggests that the impaired production of IL-10
may be a contributing factor of severe unstable asthma.

Although cytokine flow cytometry is a useful procedure
for investigating the cytokine profile and kinetics in clini-
cal specimens consisting of heterogeneous cell popula-
tions, there must be several points to limit its relevance.
The population of peripheral CD4+CD45RO+ T cells
analyzed in the present study is polyclonal and had been
polyclonally stimulated in vitro for the analysis of cyto-
kine production. The population of IL-10-producing cells
that migrate to sites of airway inflammation is likely to be
present among peripheral blood T cells, but it undoubted-
ly constitutes a minority. This issue may be more critical
when comparing the results obtained here to those in pre-
vious studies using specimens obtained from airways for
ELISA. Therefore, it remains to be elucidated whether the
decreased IL-10-producing cells found in peripheral
blood actually reflect the profile of T-cell subpopulations
in the airways of severe unstable asthmatics.

In summary, IL-10-producing memory CD4+ cells in
the peripheral blood decreased more in severe unstable
asthmatics than in the mild and severe stable asthmatics,
which is not explained by the treatment with high-dose
inhaled corticosteroids. Although the relatively small
sample size might limit the interpretation of results, the
present study suggests that the profile of IL-10 production
is an attractive target of further investigation in order to
understand the pathogenesis of severe unstable asthma.
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