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Objective:

 

Although interleukin (IL)-10 is an immunoregulatory cytokine produced by various cells
including T cells, its precise role in asthma remains uncertain. The aim of this study was to investi-
gate the role of IL-10 in experimental asthma using ovalbumin (OVA)-sensitized mice.

 

Methodology:

 

Mice were challenged with OVA aerosol, and airway responsiveness and inflamma-
tion were measured. OVA-specific IL-10-producing CD4

 

+

 

 T cells were counted from lung cells col-
lected by enzymatic digestion and stimulated 

 

ex vivo

 

 with OVA. The effects of an anti-IL-10 antibody
on airway responsiveness and inflammation were also evaluated.

 

Results:

 

The OVA challenge caused airway hyperresponsiveness and eosinophilic inflammation. A
significant increase in IL-10-producing CD4

 

+

 

 T cells was observed, mainly in the CD45RB

 

low

 

 subset,
for several days after the OVA challenge. Anti-IL-10 antibody treatment before the OVA challenge did
not affect eosinophilic inflammation but significantly inhibited airway hyperresponsiveness 24 h
after the OVA challenge. However, anti-IL-10 antibody treatment just before the last OVA challenge
significantly attenuated the resolution of eosinophilic inflammation without affecting airway
responsiveness 2 weeks after the OVA challenge.

 

Conclusions:

 

Intrinsic IL-10 may have a distinct role in the early and late phases of asthmatic
responses. In the early phase, IL-10 induces airway hyperresponsiveness, while in the late phase IL-
10 contributes to the resolution of eosinophilic inflammation.
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INTRODUCTION

 

Asthma is characterized by chronic airway inflam-
mation, mucus hypersecretion, and airway hyperre-
sponsiveness. Although the precise mechanisms
underlying these changes remain to be elucidated,
accumulating evidence suggests that CD4

 

+

 

 T-helper
type 2 cells (Th2 cells) have important roles in the
development of asthma by excessive production of

interleukin (IL)-4, IL-5, IL-9, and IL-13.

 

1–3

 

 Because the
cellular responses mediated by these Th2-type cytok-
ines are effectively attenuated by the Th1-type cytok-
ine, IFN-

 

g

 

, experimental efforts have focused on
augmenting intrinsic Th1-type responses as a thera-
peutic approach to asthmatic responses.

 

4–9

 

 However,
several studies have reported that the passive transfer
of allergen-specific Th1-skewed CD4

 

+

 

 T cells into
allergen-sensitized mice not only failed to attenuate
but, rather, exacerbated airway responses after an
allergen challenge.

 

10,11

 

 Thus, it might be difficult to
understand asthma on the basis of the simple coun-
terbalance paradigm of Th1 versus Th2.

During the last decade, several investigators have
identified a unique population of T cells showing the
capacity to regulate a variety of Th1- and Th2-induced
inflammation.

 

12–15

 

 Some of those T cells are reported
to elicit their effects via the selective production of
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IL-10. IL-10 is a pleiotropic cytokine produced by
inflammatory cells, including dendritic cells, the
macrophage/monocyte lineage, granulocytes, B cells,
and T cells.

 

16–18

 

 IL-10 markedly inhibits the expression
of MHC class II molecules and co-stimulatory mole-
cules on antigen-presenting cells (APC), the prolifer-
ation of activated T cells by reducing IL-2 production,
and the release of inflammatory cytokines and nitric
oxide from the activated macrophage/monocyte lin-
eage. Lines of 

 

in vitro

 

 evidence have led to the
hypothesis that endogenous IL-10 may act as one of
the anti-inflammatory cytokines that regulate ongo-
ing inflammatory responses 

 

in vivo

 

. Indeed, mice
deficient in IL-10 (IL-10

 

–/–

 

 mice) spontaneously
develop chronic enterocolitis

 

12,14,19,20

 

 and show a
hyper-inflammatory intracerebral immune response
in Listeria-induced meningoencephalitis.

 

21

 

The regulatory role of endogenous IL-10 in asthma,
however, remains unknown. Previous studies have
reported that IL-10 production in response to
lipopolysaccharide (LPS) was impaired in the mono-
cyte/macrophage cell lineage of asthmatics,

 

22,23

 

whereas other studies have reported an increase of IL-
10-producing T cells and macrophages in asthmatic
airways and a further increase of those cells after an
allergen challenge.

 

24–26

 

 Furthermore, experimental
asthma studies using IL-10

 

–/–

 

 mice have provided
results that are inconsistent with those of other simi-
lar experiments.

 

27–31

 

 A major problem with using IL-
10

 

–/–

 

 mice for asthma models is that IL-10 deficiency
may affect the entire process of allergic reactions,
from the sensitization phase to the effector phase, as
a result of recall challenge with an allergen. To eluci-
date the role of IL-10 in the effector phase of asthma,
we examined the effect of the temporary blockade of
endogenous IL-10 by treatment with anti-IL-10 mon-
oclonal antibody (mAb).

 

MATERIALS AND METHODS

 

Animals

 

Male BALB/c mice, 6–7 weeks of age, were purchased
from Charles River Japan Inc. (Kanagawa, Japan) and
housed in environmentally-controlled pathogen-free
conditions. All animals were maintained in-house for
1 week prior to their use in this study. All procedures
and protocols were approved by the institutional eth-
ics committee for animal research.

 

Allergen sensitization and challenge

 

Mice were sensitized by intraperitoneal injection of
10 

 

m

 

g of chicken ovalbumin (OVA; Sigma-Aldrich, St.
Louis, MO, USA) and 0.3 mg of aluminium potassium
sulphate (SERVA Electrophoresis, Heidelberg, Ger-
many) on days 1 and 11, and were then challenged
with 5% OVA in saline mist for 20 min on 5 consecu-
tive days (from day 19 to day 23). The OVA mist was
generated  using  an  ultrasonic  nebulizer  (Omron
NE-U17, Mie, Japan). Control mice were subjected to
0.9% saline sensitization and challenge and are

referred to as naive mice. Subgroups of animals
received intravenous injections (0.5 mg/animal) of
anti-mouse IL-10 monoclonal antibody (mAb; JES5-
2A5, rat IgG1, BD PharMingen, San Diego, CA, USA) or
control rat IgG (Sigma-Aldrich), 3 h before the initial
OVA challenge on day 19. Other subgroups received
the same anti-mouse IL-10 mAb or control rat IgG 3 h
before the last OVA challenge on day 23.

 

Measurement of airway hyperresponsiveness

 

Measurement of airway hyperreactivity (AHR) was
performed according to our previously described pro-
tocol.

 

32

 

 Briefly, animals were anaesthetized by intrap-
eritoneal injection with a mixture of ketamine and
sodium pentobarbital, and their tracheas were can-
nulated via tracheostomy. The animals were venti-
lated mechanically (Harvard Apparatus Model 687,
South Natick, MA, USA) with a tidal volume of 0.3 mL
and at a frequency of 120 breaths/min. The airway-
opening pressure was measured with a differential
pressure transducer (Nihon Kohden Model TP-603T,
Tokyo,  Japan)  and  recorded  continuously  with  a
pen recorder (Nihon Kohden RJG-4124). Stepwise
increases in acetylcholine (diluted in 0.9% saline;
Sigma-Aldrich) concentrations (0.6–10 mg/mL per
120 breaths) were administered with an ultrasonic
nebulizer (Omron NE-U07). The data were expressed
as the provocative concentration 200 (PC

 

200

 

), the con-
centration at which airway pressure was 200% of its
baseline value, as calculated by log-linear interpola-
tion for individual animals. Values of PC

 

200

 

 were
expressed as log (PC

 

200

 

 

 

¥

 

 100).

 

Bronchoalveolar lavage

 

Mice were exsanguinated following a lethal dose of
pentobarbital, and their lungs were gently lavaged
three times with 1 mL of 0.9% saline via a tracheal
cannula. Total and differential bronchoalveolar lav-
age (BAL) cell counts were performed as previously
described.

 

32

 

Collection of lung cells

 

To determine the time course of IL-10-producing
CD4

 

+

 

 T cells in allergen-challenged lung tissues, we
carried out intracellular cytokine measurements
using flow cytometry. Additionally, we focused on
CD45RB

 

low

 

CD4

 

+

 

 T cells, as previous studies have
shown that these cells may play a regulatory role in an
experimental model of inflammatory bowel disease,
presumably by dominant production of IL-10.

 

12,14,20

 

Enzymatic digestion of the lungs was performed as
previously described.

 

33

 

 Briefly, mice were exsan-
guinated after a lethal dose of pentobarbital, and the
lungs were carefully removed, cut, and minced. A
total of 2 mL of complete Dulbecco’s phosphate-
buffered saline (PBS) containing 0.4 mg/mL collage-
nase type 1 A, 330 U/mL hyaluronidase, 50 U/mL
DNase,  10%  FBS  (all  additives:  Sigma-Aldrich),
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100 U/mL penicillin and 100 mg/mL streptomycin
(Gibco BRL, Grand Island, NY, USA) was added to the
minced lungs, and the suspension was incubated for
60 min at 37

 

∞

 

C. The samples were then filtered
through a 52-

 

m

 

m nylon mesh. The single-cell suspen-
sions were washed once with complete Dulbecco’s
PBS, and the erythrocytes were removed by lysis with
NH

 

4

 

Cl-Tris buffer. Cells were suspended in complete
RPMI 1640 medium (Sigma-Aldrich) and adjusted to
a concentration of 2 

 

¥

 

 10

 

6

 

 cells/mL.

 

Ex vivo

 

 cell stimulation and intracellular 
cytokine staining

 

All monoclonal antibodies were purchased from BD
PharMingen. Whole lung cells (2 

 

¥

 

 10

 

6

 

 cells/well in
complete RPMI 1640) were stimulated with OVA
(0.4 mg/mL) plus soluble anti-CD28 mAb (1 

 

m

 

g/mL)
for 6 h. Monensin (0.7 

 

m

 

L/well, GolgiStop, BD PharM-
ingen) was added for the final 4 h of stimulation. Cells
were then washed and incubated with unlabelled
anti-CD16/32 mAb (2.4G2, rat IgG2b) for 20 min to
prevent non-specific binding via Fc

 

g

 

R. Cells were
incubated with FITC-labelled anti-CD4 mAb (RM4-5,
rat IgG2a), PE-labelled anti-CD45RB mAb (16 A, rat
IgG2a), and PerCP-labelled anti-CD3 mAb (145–2C11,
hamster IgG) for 30 min. After fixation with 10%
paraformaldehyde (Medium A, Caltag Laboratories,
An Der Grub, Austria), cells were permeabilized with a
saponin-containing solution (Medium B, Caltag Lab-
oratories) for 10 min and stained with APC-labelled
anti-IL-10 mAb (JES5-16E3, rat IgG2b) or isotype con-
trol IgG2b for 30 min. Paired samples were also
stained with APC-labelled anti IL-5 mAb (TRFK-5, rat
IgG1) or isotype control IgG1. After several washes,
the cells were suspended in PBS containing 1%
paraformaldehyde and stored at 4

 

∞

 

C until analysed.

 

Flow cytometric analysis

 

A FACScalibur instrument with CELLQuest software
(BD Biosciences, San Jose, CA, USA) was used for
detecting the intracellular cytokine-positive T-cell
subset. A total of 20 000 cells were acquired and an
electronic gate was set on lymphocytes using the for-
ward and side scatter plots. CD3

 

+

 

CD4

 

+

 

CD45RB

 

low

 

 and
CD3

 

+

 

CD4

 

+

 

CD45RB

 

high

 

 cells falling within the gated
area were then identified. Cells positive for intracellu-
lar IL-10 or IL-5 were expressed as percentages of
each CD4

 

+

 

 T-cell subset, and the numbers of positive
cells were calculated by multiplying the total cell
count obtained after lung digestion.

 

Data analysis

 

Values were expressed as the mean 

 

±

 

 SEM. Differ-
ences among groups were analysed using unpaired 

 

t

 

-
tests or an analysis of variance followed by posthoc
Bonferroni analysis. Non-parametric data were anal-
ysed using the Kruskal–Wallis test followed by the

Mann–Whitney 

 

U

 

-test. 

 

P

 

-values less than 0.05 were
considered significant.

 

RESULTS

 

Time course of ovalbumin-induced airway 
inflammation and hyperresponsiveness

 

To examine the kinetics of allergen-induced asth-
matic responses, airway responsiveness and differen-
tial cell counts in BAL fluid were performed 24 h, 48 h,
72 h, 96 h, and 14 days after the last OVA challenge.
Airway responsiveness to inhaled acetylcholine was
significantly higher from 24 h to 48 h, suggesting the
induction of airway hyperresponsiveness (Fig. 1a).
Airway hyperresponsiveness was not observed there-
after. From 24 h to 96 h after the OVA challenge, the
absolute numbers of macrophages, eosinophils, and
lymphocytes were significantly higher than those of
time-matched  naive  mice  (Fig. 1b).  The  numbers
of neutrophils were significantly higher than those of
naive mice at 24 h and 48 h and rapidly returned to
the baseline level. Although these inflammatory cells
tended to decrease 14 days after the OVA challenge,
the numbers of eosinophils and lymphocytes
remained higher than those of naive mice.

 

Time course of interleukin-10- and 
interleukin-5-producing CD4

 

+

 

 T cells after the 
ovalbumin challenge

 

Typical dot plots of IL-10- and IL-5-producing CD4

 

+

 

 T
cells from samples obtained 24 h after the last OVA
challenge are shown in Fig. 2a. The absolute numbers
of those cells were further assessed with regard to
their CD45RB

 

low

 

 and CD45RB

 

high

 

 populations (Fig. 2b).
The numbers of IL-10-producing CD45RB

 

low

 

CD4

 

+

 

 T
cells were significantly higher than those of time-
matched naive mice from 24 h to 72 h after OVA chal-
lenge. Although there was a statistically significant
increase in IL-10-producing CD45RB

 

high

 

CD4

 

+

 

 T cells
from 24 h to 48 h, their absolute numbers were lower
than those of CD45RB

 

low

 

CD4

 

+

 

 T cells. The numbers of
IL-5-producing CD45RB

 

low

 

CD4

 

+

 

 T cells, but not those
of CD45RB

 

high

 

 CD4

 

+

 

 T cells, were significantly higher
than those of naive mice from 24 h to 72 h after OVA
challenge.

 

Effects of anti-interleukin-10 antibody treatment 
on asthmatic responses

 

To elucidate the role of intrinsic IL-10 in allergen-
induced asthmatic responses, the effects of anti-IL-
10 mAb treatment were examined using two different
protocols. In the first protocol, anti-IL-10 mAb was
administered at 3 h before the initial OVA challenge,
and measurements of the outcomes were performed
24 h after the OVA challenge to examine the role of IL-
10 in the development of asthmatic responses
(Fig. 3a). OVA-induced airway hyperresponsiveness
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was significantly attenuated by this anti-IL-10 mAb
treatment, while the numbers of macrophages, eosi-
nophils, neutrophils and lymphocytes were not
affected by anti-IL-10 mAb treatment (Fig. 3b).

In the second protocol, anti-IL-10 mAb was admin-
istered 3 h before the last OVA challenge and the out-
comes were measured 14 days later in order to
examine the role of IL-10 in the resolution of asth-
matic responses (Fig. 4a). Although the numbers of
macrophages, neutrophils, and lymphocytes were not
affected by the anti-IL-10 mAb treatement, there were
significantly higher numbers of eosinophils in the

BAL fluid than after the control IgG treatment
(Fig. 4b). Airway responsiveness was similar among
anti-IL-10 mAb-treated mice, control IgG-treated
mice, and time-matched naive mice.

 

DISCUSSION

 

In order to clarify the role of IL-10 in asthmatic
responses, it is important to understand the kinetics
of IL-10 production. We focused on CD4

 

+

 

 T cells
because allergen-specific CD4

 

+

 

 T cells are known to

 

Figure 1

 

(a) Time courses of
airway responsiveness and (b)
inflammatory cells in broncho-
alveolar lavage fluid (BALF), in
allergen-challenged mice (black
circle/bar) and time-matched
naive mice (white circle/bar).
Mice were sensitized with intra-
peritoneal ovalbumin (OVA) on
days 1 and 11 and then chal-
lenged by OVA inhalation on
days 19–23. Measurements of
the outcomes were performed
24 h, 48 h, 72 h, 96 h, and
14 days after the last OVA
challenge. Values are expressed
as means with SEM. Mouse
numbers per group were 4–7.
*

 

P

 

 

 

<

 

 0.05 compared with naive
mice.
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orchestrate allergic inflammation and are potent pro-
ducers of IL-10. Additionally, we aimed to identify a
population responsible for IL-10 production, using
the surface marker, CD45RB, as previous studies had
shown that CD45RB

 

low

 

 CD4

 

+

 

 T cells may play a regu-
latory role in an experimental model of Th1-skewed
inflammatory bowel disease, presumably via domi-
nant production of Th2 cytokines, including IL-
10.

 

12,14,20

 

 Our experiment showed a more profound
increase of IL-10-producing CD4

 

+

 

 T cells and IL-5-
producing CD4

 

+

 

 T cells in the CD45RB

 

low

 

 population
than in the CD45RB

 

high

 

 population, which is consis-
tent with the previous studies. In humans, it is well
known that alveolar macrophages are another potent

source of IL-10.

 

22,23,25,26

 

 However, we did not examine
the IL-10 production in macrophages because
murine resident alveolar macrophages are reportedly
deficient at producing IL-10 protein.

 

34

 

Despite the accumulating knowledge from experi-
mental asthma models, the precise roles of intrinsic
IL-10 in asthma remain controversial. Administration
of recombinant IL-10 during allergen challenges of
BALB/c mice reportedly suppressed eosinophilic air-
way inflammation but reciprocally enhanced airway
hyperresponsiveness.

 

35,36

 

 In contrast, airway IL-10
gene-transfer during allergen sensitization was
reported to suppress both eosinophilic inflammation
and hyperresponsiveness.

 

37

 

 These studies at least

 

Figure 2

 

Allergen-induced in-
creases of interleukin (IL)-10-
producing  CD4

 

+

 

 T  cells  and
IL-5-producing CD4

 

+

 

 T cells.
Flow cytometry was performed
24 h, 48 h and 72 h after the last
OVA challenge. (a) Typical plots
of cytokine-producing cells
from samples  obtained  24 h
after the last OVA challenge. An
electronic flow cytometry gate
was set on the CD45RB

 

low

 

CD4

 

+

 

 T
cell  subset  and  the  frequency
of cells positive for the indi-
cated cytokine is shown as dot
plots.  The  numbers  indicate
the mean 

 

±

 

 SEM percentages of
CD45RB

 

low

 

CD4

 

+

 

 T cells that were
IL-10-positive or IL-5-positive.
(b)  Time  courses  of  IL-10-  or
IL-5-producing CD4

 

+

 

T cells in
CD45RB

 

low

 

 or CD45RB

 

high

 

 sub-
sets. Values are expressed as
means with SEM. Mouse num-
bers per group were 4–7.
*

 

P

 

 

 

<

 

 0.05 compared with naive
mice. **

 

P

 

 

 

<

 

 0.05 compared with
CD45RB

 

high

 

 subset.
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suggest that supra-physiological IL-10 may work as a
strong antiallergic cytokine to prevent eosinophilic
inflammation. There have been several reports of
studies using IL-10

 

–/–

 

 mice on a C57BL/6 back-
ground.

 

27–31

 

 One report showed the attenuation of IL-
5 production and eosinophilic inflammation after an
allergen challenge.

 

31

 

 However, other studies reported
that allergen-induced eosinophilic inflammation was
enhanced in IL-10

 

–/–

 

 mice.

 

27–30

 

 One of the critical
issues is that IL-10, produced by antigen-presenting
cells themselves or other bystander cells during aller-
gen sensitization, may have a considerable effect on
the interaction between antigen-presenting cells and
allergen-specific T cells.

 

38

 

 Indeed, several studies
have reported that IL-10 is important for preventing
Th1 commitment, which may lead to the develop-
ment of Th2-skewed airway inflammation.

 

31,39 Once
the sensitization is established, however, IL-10 may
work as a regulator of inflammation following recall
challenge with an allergen. The latter possibility is
supported by our results, which showed that anti-IL-
10 mAb inhibited the resolution of eosinophilic
inflammation.

Previous studies have shown that an allergen chal-
lenge did not augment airway hyperresponsiveness
in IL-10–/– mice, although the baseline responsive-
ness in naive IL-10–/– mice was different in these
studies.27–30 In the present study, anti-IL-10 mAb
treatment just before the OVA challenge inhibited
airway hyperresponsiveness, which was measured
24 h after the last OVA challenge. Thus, endogenous
IL-10 appears to contribute to the development of
allergen-induced airway hyperresponsiveness. Of
note, is a previous report that the contractility of iso-
lated rabbit airway smooth muscle is augmented by
passive sensitization with serum from atopic asth-
matics and that augmented responsiveness is attrib-
utable to the autocrine release of IL-10 and IL-5
from sensitized muscle itself.40 Importantly, the
present study has demonstrated concurrent
increases of IL-10-producing CD4+ T cells and IL-5-
producing CD4+ T cells in allergen-challenged lung
tissues. Thus, endogenous IL-10 might not always
counteract IL-5-mediated eosinophilic responses
but may simultaneously cooperate with IL-5 to
induce airway hyperresponsivenss. However, a

Figure 3 Effect of anti-
interleukin  (IL)-10  mono-
clonal antibody (mAb) on the
development of airway hyper-
responsiveness and airway
inflammation. (a) Protocol of
anti-IL-10 mAb treatment, in
which an anti-IL-10 mAb
(0.5 mg/animal) or a control rat
IgG was administered at 3 h
before the initial OVA challenge.
(b) Measurements of the out-
comes were performed 24 h
after the last OVA challenge. Val-
ues are expressed as means with
SEM. Mouse numbers per group
were 4–7. *P < 0.05 compared
with naive mice. **P < 0.05 com-
pared with rat IgG-treated and
OVA-challenged mice.
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recent study using the same model of OVA-
sensitized BALB/c mice, showed that anti-IL-10 mAb
treatment before an OVA challenge resulted in the
enhancement of airway hyperresponsiveness.41 That
study used a short protocol in which animals were
sensitized once (day 0), followed by three consecu-
tive days of allergen challenge (days 7, 8, and 9).
Such a difference in the experimental protocol might
explain the contrasting effects of anti-IL-10 mAb
between the studies.

It remains to be elucidated why the anti-IL-10 mAb
treatment just before the last OVA challenge failed to
affect airway responsiveness 14 days later. Allergen-
induced airway hyperresponsiveness partly depends
on eosinophilic airway inflammation.42,43 The restora-
tion of airway hyperresponsiveness by prolonged
eosinophilic inflammation might be overlaid by the
attenuated contractility of airway smooth muscle
resulting from treatment with anti-IL-10 mAb.

In summary, the OVA challenge caused eosino-
philic airway inflammation, airway hyperrespon-
siveness, and an increase in IL-10-producing
CD45RBlowCD4+ T cells in the lung of OVA-sensitized
mice. Anti-IL-10 mAb treatment before the OVA chal-
lenge did not affect eosinophilic airway inflammation

but attenuated airway hyperresponsiveness 24 h after
the OVA challenge. In contrast, anti-IL-10 mAb treat-
ment just before the last OVA challenge significantly
attenuated the resolution of eosinophilic airway
inflammation without affecting airway responsive-
ness 2 weeks after the OVA challenge. Thus, endoge-
nous IL-10 may have a distinct role in the early and
late phases of asthmatic responses.
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