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The Journal of Immunology

Dopamine D1-Like Receptor Antagonist Attenuates
Th17-Mediated Immune Response and Ovalbumin
Antigen-Induced Neutrophilic Airway Inflammation

Kazuyuki Nakagome,*,† Mitsuru Imamura,‡ Hirokazu Okada,x Kimito Kawahata,‡

Tsutomu Inoue,x Kumiko Hashimoto,†,{ Hiroaki Harada,‡ Takehiro Higashi,†,{

Rie Takagi,†,{ Kazuhisa Nakano,{ Koichi Hagiwara,* Minoru Kanazawa,*

Makoto Dohi,‡ Makoto Nagata,*,† and Sho Matsushita†,{

Allergic airway inflammation is generally considered a Th2-type immune response. Recent studies, however, demonstrated that

Th17-type immune responses also play important roles in this process, especially in the pathogenesis of neutrophilic airway in-

flammation, a hallmark of severe asthma. We previously reported that dendritic cells release dopamine to naive CD4+ T cells

in Ag-specific cell–cell interaction, in turn inducing Th17 differentiation through dopamine D1-like receptor (D1-like-R). D1-like-

R antagonist attenuates Th17-mediated diseases such as experimental autoimmune encephalomyelitis and autoimmune diabetes.

However, the effect of antagonizing D1-like-R on Th17-mediated airway inflammation has yet to be studied. In this study, we

examined whether D1-like-R antagonist suppresses OVA-induced neutrophilic airway inflammation in OVA TCR-transgenic

DO11.10 mice and then elucidated the mechanism of action. DO11.10 mice were nebulized with OVA or PBS, and some mice

received D1-like-R antagonist orally before OVA nebulization. D1-like-R antagonist significantly suppressed OVA-induced neu-

trophilic airway inflammation in DO11.10 mice. It also inhibited the production of IL-17 and infiltration of Th17 cells in the lung.

Further, D1-like-R antagonist suppressed the production of IL-23 by lung CD11c+ APCs. In contrast, D1-like-R antagonist did not

increase Foxp3+ regulatory T cells in the lung. D1-like-R antagonist neither suppressed nonspecific LPS-induced neutrophilic

airway inflammation nor OVA-induced eosinophilic airway inflammation. These results indicate that D1-like-R antagonist could

suppress Th17-mediated neutrophilic airway inflammation, raising the possibility that antagonizing D1-like-R serves as a prom-

ising new strategy for treating neutrophil-dominant severe asthma. The Journal of Immunology, 2011, 186: 000–000.

A
llergic inflammation in the airway is generally considered
a Th2-type response-mediated process (1). However, re-
cent studies demonstrated that Th1- and Th17-type im-

mune responses also play some roles in this process (2–8). For
example, passive transfer of OVA-specific Th1 cells exacerbated
OVA-induced airway eosinophilia (2, 3). Further, passive trans-
fer of OVA-specific Th17 cells induced steroid-resistant airway
inflammation and airway hyperresponsiveness (4). Among the
Th17-type immune responses, IL-17 is thought to play an im-
portant role in the development of severe asthma as it induces
neutrophilic inflammation (5), a hallmark of severe asthma (6).

Barczyk et al. (7) reported that an elevated sputa IL-17 concen-
tration correlates with clinical severity of asthma. Al-Ramli et al.
(8) reported that IL-17 airway expression increased only in severe
asthmatics. Therefore, inhibition of Th17 cells or IL-17 could be
a reasonable control strategy for severe asthma.
The initiation of Ag-induced immune response is under the

control of dendritic cells (DCs), the most potent of all APCs (9). Ag
presentation from APCs to naive T cells induced the expression of
selective sets of cytokines, thus affecting Th differentiation such
as Th1, Th2, or Th17 (10, 11). Furthermore, DCs play an essential
role in not only the development but also the maintenance of Ag-
induced immune response in the airway (12, 13). We previously
demonstrated that dopamine synthesized and released by DCs is
involved in Th17 differentiation (14, 15). Therefore, modulation
of DC or APC functions including dopamine release might af-
fect the development of Th17-mediated neutrophilic airway in-
flammation. There are five types of dopamine receptors, termed
D1–D5 (16). D1 and D5 form the D1-like group, which leads to an
increase in intracellular cAMP formation, whereas D2, D3, and
D4 form the D2-like group, which leads to a decrease in in-
tracellular cAMP formation (16). We also reported that antago-
nizing dopamine D1-like receptor (D1-like-R) could attenuate
Th17-mediated (or Th17-involved) immune disease such as ex-
perimental autoimmune encephalomyelitis (EAE) (14), autoim-
mune diabetes (17), and nephrotoxic serum nephritis (18). How-
ever, whether antagonism of D1-like-R can suppress Th17-type
response in the airway has yet to be studied.
In OVA TCR-transgenic DO11.10 mice or OTII mice, OVA

nebulization alone could induce IL-17–dependent neutrophil-
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dominant airway inflammation without an increase in serum OVA-
specific IgE (19–22). Although it is unknown if the mechanism
of neutrophilic airway inflammation in OVA-challenged DO11.10
mice is similar to that in severe asthma, this model is thought to be
useful for the investigation of the pathogenesis of Ag-induced
Th17-mediated neutrophilic airway inflammation.
The purpose of this study was to examine whether D1-like-R

antagonist SCH23390 suppresses OVA Ag-induced neutrophilic
airway inflammation in OVA TCR-transgenic DO11.10 mice, and
then to elucidate the mechanism of action. D1-like-R antagonist
significantly suppressed neutrophilic airway inflammation and
Th17-mediated immune responses in the lung. Furthermore, D1-
like-R antagonist suppressed the production of IL-23 by lung
CD11c+ APCs. These results indicate that antagonizing D1-like-R
could suppress Th17-mediated neutrophilic airway inflammation.

Materials and Methods
Mice

BALB/c mice were obtained from Charles River Japan (Kanagawa, Japan).
OVA TCR-transgenic DO11.10 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). All animal experiments were approved by
and performed in compliance with the institutional animal care and use
committee guidelines.

Induction of airway inflammation and administration of
D1-like-R antagonist

Six-week-old female DO11.10 mice were challenged with an aerosolized
solution of 3% OVA (Sigma-Aldrich, St. Louis, MO) or PBS for 10 min
from days 22 to 0. From weeks 26 to 0, some mice received one of the
D1-like-R antagonists SCH23390 (0.3 mg/kg; Sigma-Aldrich), SKF83566
(0.3 mg/kg; Tocris Bioscience, Bristol, U.K.), or LE300 (0.3 mg/kg; Tocris
Bioscience) in PBS (50 ml) or PBS alone orally three times a week as
previously reported (14, 17, 18). The mice were analyzed on day 1. To
induce nonspecific neutrophilic airway inflammation, BALB/c mice re-
ceived an intratracheal injection of 1 mg LPS (Sigma-Aldrich) dissolved in
50 ml physiologic saline (SA) on day 0. To generate OVA-induced eo-
sinophilic airway inflammation, BALB/c mice were sensitized with an i.p.
injection of 2 mg OVA plus 2 mg aluminum hydroxide or SA on days 220
and 29, and the mice were challenged with an aerosolized solution of 3%
OVA or PBS for 10 min from day 22 to day 0 (23–26). From weeks 26 to
0, some mice received SCH23390 (0.3 mg/kg) in PBS (50 ml) or PBS
alone orally three times a week. The mice were analyzed on day 1.

Bronchoalveolar lavage fluid analyses

Bronchoalveolar lavage (BAL) fluid analyses were performed as previously
reported (23–28). The mice were anesthetized by i.p. injection of sodium
pentobarbital (50 mg/kg). Then, the lungs were lavaged four times with
PBS (0.5 ml each). Approximately 1.6 ml of the instilled PBS was con-
sistently recovered with gentle handling. The cell suspension was centri-
fuged at 150 3 g for 10 min at 4˚C. The cells were resuspended into 1 ml
PBS, and the total cell numbers were counted with a hemocytometer.
Cytospin samples were prepared by centrifuging the suspensions at 300
rpm for 10 min. On the basis of the findings with May–Grünwald–Giemsa
stain, cell differentials were counted with at least 300 leukocytes in each
sample. The cell types were judged according to standard hemocytologic
procedures as neutrophils, eosinophils, lymphocytes, or macrophages.

Histological examination

Histological examination was performed as previously reported (23–28).
After perfusion with PBS, the right lungs were resected, fixed with 10%
neutralized buffered formalin (Wako, Osaka, Japan), and embedded in
paraffin. Three-micrometer-thick sections were stained with H&E.

Measurement of concentration of SCH23390

Plasma concentration of SCH23390 was determined by HPLC as previously
reported (29). Thus, one-third volume of acetonitrile was added to plasma
samples, vibrated, and centrifuged. The supernatant was loaded onto
a 4.5 3 250 mm C18 reversed-phase HPLC column (Shiseido, Tokyo,
Japan) equilibrated with 25% acetonitrile containing 0.06% trifluoroacetic
acid. The column was eluted at a flow rate of 1.0 ml/min at room tem-
perature using an isocratic mode, with the A282 continuously monitored.

Measurement of cytokine concentrations in the lung

The left lungs were cut out and homogenized in 1.0 ml PBS containing 0.5%
Triton X-100 and complete protease inhibitor mixture (Roche Applied
Science, Mannheim, Germany) (25). The lung homogenates were then
cleared of debris and cells by centrifugation at 10,000 3 g for 10 min.
Cytokine concentrations in the lung homogenates were measured using
ELISA kits (IL-17 and IL-22; R&D Systems, Minneapolis, MN).

Immunohistochemistry

Immunohistochemistry was performed as previously reported (17). Briefly,
the tissue was deparaffinized and rehydrated with decreasing concen-
trations of ethyl alcohol. The slides were autoclaved (121˚C for 15 min)
with Ag Unmasking Solution (Vector Laboratories, Burlingame, CA) for
Ag retrieval. The Ab used for immunohistochemistry was anti–IL-23R
(LifeSpan, Seattle, WA), which was diluted 30-fold with 1% BSA in
PBS as the blocking buffer, and the sections were incubated with the
primary Ab for 12 h at 37˚C. The reaction was amplified using tyramide
signal amplification kit and labeled with Alexa Fluor 555 (Molecular
Probes, Carlsbad, CA). The negative control sections were treated as de-
scribed earlier, but rabbit IgG was used for the primary Ab. TO-PRO-3
(Molecular Probes) was used to stain the nuclei. A confocal laser scanning
microscope (FV1000; Olympus, Tokyo, Japan) was used for data acqui-
sition.

Intracellular staining

Lung cells were obtained according to previously reported methods (23, 25,
26). For detection of IL-17+ CD4+ T cells, lung cells were stimulated
with lymphocyte activator mixture (PMA/ionomycin/brefeldin A; BD
Pharmingen, San Diego, CA) for 5 h and stained with FITC anti-CD3 mAb
(BD Pharmingen) and PE–Cy5 anti-CD4 mAb (BioLegend, San Diego,
CA) for 30 min. Then, the cells were incubated with intracellular fixation
buffer (eBioscience, San Diego, CA) for 20 min. After washing with
permeabilization buffer (eBioscience), the cells were stained with PE anti–
IL-17 mAb (eBioscience) for 30 min. For detection of Foxp3+ CD4+

T cells, lung cells were stained with PE–Cy5 anti-CD4 mAb for 30 min.
Then, the cells were incubated with the fixation/permeabilization solution
(eBioscience) for 2 h at 4˚C. After washing with permeabilization buffer,
the cells were stained with PE anti-Foxp3 mAb (eBioscience) for 30 min.
For detection of IL-23+ CD11c+ APCs, lung cells were stimulated with
brefeldin A (GolgiPlug; BD Pharmingen) and LPS (1 mg/ml) plus anti-
CD40 Ab (5 mg/ml; eBioscience) for 6 h, and then stained with FITC anti-
CD11c mAb (BD Pharmingen) for 30 min. Preliminary studies suggested
that IL-23–producing cells were not detected when we used LPS only for
stimulation, and that incubation with brefeldin A and LPS/anti-CD40 Ab
for 6 h increased IL-23–producing cells more than that for 3 h. After in-
cubation with intracellular fixation buffer, the cells were incubated with
IL-23R Fc chimera (R&D Systems). After washing with permeabilization
buffer, the cells were incubated with PE anti-human IgG (eBioscience) to
detect IL-23–producing cells. Then, stained cells were analyzed by flow
cytometry (EPICS XL System II; Coulter). For analyses of IL-17+ CD4+

T cells, the cells were gated according to FITC–CD3 parameters.

Cytokine production by lung CD11c APCs

Lung CD11c+ APCs were prepared using magnetic beads as previously
reported (23, 25, 26). CD11c+ cells (1.25 3 105 cells/well) were incubated
with LPS (1 mg/ml) or LPS plus anti-CD40 Ab (5 mg/ml) for 24 h, and
then cytokine concentrations in the supernatants were measured using an
ELISA kit (R&D Systems).

Statistics

Values are expressed as mean 6 SEM. Statistical analyses were performed
with a one-way ANOVA followed, when differences were significant, by
appropriate post hoc tests using the Tukey–Kramer test. To analyze dif-
ferences between the two groups, we used Student t test. All p values
,0.05 were considered statistically significant.

Results
D1-like-R antagonist suppresses OVA-induced neutrophilic
airway inflammation in DO11.10 mice

We first elucidated the effect of D1-like-R antagonist SCH23390
on OVA-induced neutrophilic airway inflammation in OVA TCR-
transgenic DO11.10 mice (Fig. 1). DO11.10 mice were chal-
lenged with nebulized OVA or PBS, and administration of
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SCH23390 was performed starting 6 wk before OVA nebulization.
Actual plasma concentration of SCH23390 when given orally in
the concentration and regimen we used was 5.4 6 2.2 mM, al-
though that without SCH23390 was below the detection limit.
OVA nebulization markedly increased the number of neutrophils
as well as macrophages in BAL fluid in DO11.10 mice (Fig. 1A).
SCH23390 treatment strongly suppressed the infiltration of neu-
trophils and slightly suppressed airway macrophages (Fig. 1A).
OVA nebulization also increased the number of lymphocytes in
DO11.10 mice; however, SCH23390 did not suppress lymphocyte
infiltration (Fig. 1A [3103/ml]: PBS: M, 111 6 10, Neu, 3 6 1,
Ly, 4 6 1; OVA: M, 360 6 51, Neu, 229 6 47, Ly, 25 6 8; SCH:
M, 232 6 17, Neu, 78 6 12, Ly, 14 6 2 ). The histology of
OVA-challenged DO11.10 mice showed prominent neutrophil
infiltration into the peribronchial area (Fig. 1B). In mice that
received SCH23390, infiltration declined (Fig. 1B). Next, we
examined the dose-response relationship between SCH23390 and
neutrophilic airway inflammation. Administration of 0.03 mg/kg
SCH23390 three times a week did not suppress neutrophilic air-
way inflammation, whereas 0.3 or 3 mg/kg SCH23390 suppressed
it (Fig. 1C [3103/ml]: OVA: macrophages (M), 292 6 23, neu-
trophils (Neu), 263 6 49, lymphocytes (Ly), 31 6 9; SCH (0.03):
M, 290 6 33, Neu, 235 6 68, Ly, 33 6 7; SCH (0.3): M, 209 6
13, Neu, 75 6 17, Ly, 14 6 3; SCH (3): M, 210 6 19, Neu, 84 6
8, Ly, 18 6 2). Thus, 0.3 mg/kg SCH23390 was used through-
out the study. Furthermore, other D1-like-R antagonists such as
SKF83566 or LE300 suppressed OVA-induced neutrophilic air-
way inflammation, although the suppression by SKF83566 or
LE300 seemed to be weaker than that by SCH23390 (Fig. 1D
[3103/ml]: OVA: M, 227 6 34, Neu, 230 6 40, Ly, 18 6 4; SKF:
M, 173 6 15, Neu, 107 6 20, Ly, 7 6 1; LE: M, 170 6 7, Neu,
123 6 12, Ly, 12 6 3). These results indicated that antagonizing
D1-like-R suppressed OVA Ag-induced neutrophilic airway in-
flammation in DO11.10 mice.

D1-like-R antagonist SCH23390 suppresses Th17-mediated
immune response in the lung

Next we examined the effect of SCH23390 on Th17-mediated
immune response in the lung. We first examined whether
SCH23390 could suppress the production of IL-17 in the lung.
Because the concentrations of IL-17 in BAL fluid did not increase
in OVA-challenged DO11.10 mice in our system (data not shown),
we measured the concentrations in the lung. The concentrations of
IL-17 increased in the lungs of OVA-challenged DO11.10 mice,
and SCH23390 treatment suppressed them (Fig. 2A [pg/ml]: PBS:
114 6 8; OVA: 206 6 14; SCH: 163 6 7). Similar results were
obtained when we measured the concentrations of IL-22, another
Th17-type cytokine (data not shown). In contrast, concentra-
tions of IL-5 or IFN-g slightly increased in the lungs of OVA-
challenged DO11.10 mice, and SCH23390 treatment did not

FIGURE 1. D1-like-R antagonist suppresses neutrophilic airway in-

flammation in DO11.10 mice. A and B, SCH23390 suppresses OVA-in-

duced neutrophilic airway inflammation. DO11.10 mice were nebulized

with OVA or PBS from days 22 to 0. Some mice received SCH23390 (0.3

mg/kg) in PBS (50 ml) or PBS alone orally three times a week from weeks

26 to 0. On day 1, the mice were analyzed. A, SCH23390 reduces the

neutrophil count in BAL fluid. BAL fluid analyses were performed (n = 8).

Leukocytes were identified by morphologic criteria. *p , 0.05, ***p ,
0.001 (compared with the value of PBS); #p , 0.05, ##p , 0.01 (compared

with the value of OVA). B, Histological findings. Lungs were excised

and subjected to H&E staining. Scale bars, 200 mm. C, Dose-response

relationship between SCH23390 and neutrophilic airway inflammation.

DO11.10 mice were nebulized with OVA from days 22 to 0. Some mice

received SCH23390 (0.03, 0.3, or 3 mg/kg) in PBS (50 ml) orally three

times a week from weeks26 to 0. On day 1, the mice were analyzed. BAL

fluid analyses were performed (n = 8). #p , 0.05, ##p , 0.01 (compared

with the value of OVA). D, Other D1-like-R antagonists such as SKF83566

or LE300 also suppress OVA-induced neutrophilic airway inflammation.

DO11.10 mice were nebulized with OVA from days 22 to 0. Some mice

received SKF83566 (0.3 mg/kg) or LE300 (0.3 mg/kg) in PBS (50 ml)

orally three times a week from weeks 26 to 0. On day 1, the mice were

analyzed. BAL fluid analyses were performed (n = 8). #p , 0.05 (com-

pared with the value of OVA).
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affect the concentrations (data not shown). We then examined
using immunohistochemistry of IL-23R, a specific Th17 marker
(30), whether SCH23390 could suppress the infiltration of Th17
cells into the lung. IL-23R was expressed on bronchial epithelial
cells of PBS-challenged mice, OVA-challenged mice, and OVA-
challenged SCH23390-treated mice (Fig. 2B). In OVA-challenged
DO11.10 mice, IL-23R+ mononuclear cells obviously increased in
the lung (Fig. 2B). SCH23390 treatment suppressed their increase
(Fig. 2B), suggesting the inhibition of Th17 cell infiltration into
the lung. We also confirmed by intracellular staining that admin-
istration of SCH23390 suppressed the number of IL-17–producing
CD4+ T cells (Th17 cells) in the lung (Fig. 2C). We finally ex-
amined the possibility that this suppression was mediated through
the production of regulatory T cells (Tregs) in vivo. However,
SCH23390 treatment did not increase the expression of Foxp3,
a transcription factor specifically expressed in Tregs (31, 32), in
CD4+ T cells in the lung (Fig. 2D), suggesting that antagonizing
D1-like R would not increase Foxp3+ Tregs in our experimental
system. These results suggested that antagonizing D1-like-R could
suppress the development of Th17-mediated immune response in
the lungs of OVA-challenged DO11.10 mice.

D1-like-R antagonist SCH23390 suppresses IL-23 production
by lung CD11c+ APCs

To elucidate the mechanism for suppression, we examined the
effect of SCH23390 on lung APC functions. SCH23390 slightly
suppressed theMHC alloreactivity or expression ofMHC class II in
lung CD11c+ APCs, although this was not significant (data not
shown). SCH23390 suppressed the production of IL-23, one of the
important cytokines used to differentiate and promote the Th17
response (33), by lung CD11c+ APCs in response to LPS (Fig. 3A
[pg/ml]: OVA: 44 6 3; SCH: 36 6 2). In contrast, SCH23390 did
not suppress the production of IL-10 or IL-12p70 by lung CD11c+

APCs (Fig. 3B, 3C). As the increase in IL-23 production by lung
CD11c+ APCs in response to LPS was not very strong, other
stimulation would be required to produce IL-23 more. We there-
fore used LPS plus anti-CD40 Ab for stimulation and examined
the effect of SCH23390 on the production of IL-23. SCH23390
treatment significantly suppressed IL-23 production by lung
CD11c+ APCs in response to LPS/anti-CD40 Ab (Fig. 3D [pg/ml]:
OVA: 236 6 11; SCH: 118 6 8). We further confirmed by in-
tracellular cytokine staining that SCH23390 suppressed the num-
ber of IL-23–producing CD11c+ or CD11chigh APCs in the lung
(Fig. 3E). These results demonstrate that antagonizing D1-like-R
could suppress the production of IL-23 by lung CD11c+ APCs,
thus suppress the development of Th17-mediated immune re-
sponse in the lung.

D1-like-R antagonist SCH23390 neither suppresses
nonspecific neutrophilic airway inflammation nor OVA-induced
eosinophilic airway inflammation

Finally, we examined whether SCH23390 would suppress non-
specific neutrophilic airway inflammation. BALB/c mice received
intratracheal LPS or SA, and administration of SCH23390 was
performed starting 6 wk before LPS administration. LPS admin-
istration (1 mg) markedly increased the number of neutrophils inFIGURE 2. D1-like-R antagonist SCH23390 suppresses the Th17-me-

diated immune response in the lung. DO11.10 mice were treated as de-

scribed for Fig. 1. A, IL-17 concentrations in the lung. Lung homogenate

was assayed for concentrations of IL-17 by ELISA (n = 8). **p , 0.01

(compared with the value of PBS), #p , 0.05 (compared with the value of

OVA). B, Immunohistochemistry for IL-23R. Lungs were excised, and

staining for IL-23R was performed (red). TO-PRO-3 was used to stain the

nuclei (blue). Negative control sections were treated with rabbit IgG in-

stead of primary Ab. Representative images are shown. Asterisk (*)

indicates bronchus. IL-23R+ mononuclear cells were clearly detected

(white arrows). Scale bars, 50 mm. C, Intracellular staining for IL-17+

CD4+ T cells. Lung cells were obtained, and IL-17+ CD4+ T cells were

detected by flow cytometry. The cells were gated according to FITC–CD3

parameters. Representative results are shown. D, Intracellular staining for

Foxp3+ CD4+ T cells. Lung cells were obtained, and Foxp3+ CD4+ T cells

were detected by flow cytometry. Representative results are shown.
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BAL fluid (Fig. 4A). However, SCH23390 treatment did not
suppress LPS (1 mg)-induced neutrophilic infiltration into the
airway (Fig. 4A). Similar results were obtained when mice re-
ceived 0.1 mg LPS and milder airway neutrophilia was induced
(data not shown). We next examined whether SCH23390 would
suppress OVA-induced eosinophilic airway inflammation. BALB/
c mice were sensitized with OVA or SA and nebulized with OVA
or PBS for 3 d. Administration of SCH23390 was performed
starting 6 wk before OVA nebulization. OVA sensitization and
nebulization increased the number of eosinophils in BAL fluid
(Fig. 4B). However, SCH23390 treatment did not suppress OVA-
induced eosinophilic airway inflammation (Fig. 4B). These find-
ings suggested that antagonizing D1-like-R neither suppressed
nonspecific neutrophilic airway inflammation nor Ag-induced
Th2-mediated eosinophilic airway inflammation.

Discussion
The results of the current study clearly demonstrate that D1-like-R
antagonist such as SCH23390 attenuates OVA Ag-induced neu-

trophilic airway inflammation in DO11.10 mice. It also inhibited
the production of Th17-type cytokines and infiltration of IL-23R+

Th17 cells in the lung. Moreover, it suppressed the production of
IL-23 by lung CD11c+ APCs in response to LPS or LPS/anti-
CD40 Ab. These results indicate a possible, novel role of dopa-
mine as a regulator of Th17-mediated immune response and neu-
trophilic inflammation in the airway.
Increasing evidence suggests that in OVA TCR-transgenic

DO11.10 mice (BALB/c) or OTII mice (C57BL/6), OVA nebuli-
zation alone (without systemic sensitization) could induce airway
inflammation (19–22). Like severe asthma, inflammation in OVA-
challenged DO11.10 mice or OTII mice is characterized by
a predominant influx of neutrophils rather than eosinophils with-
out an increase in serum IgE. Nakae et al. (22) reported that this
airway response is OVA Ag specific, as other Ags such as keyhole
limpet hemocyanin could not induce neutrophilic inflammation.
They also demonstrated that deletion of IL-17 gene diminished
the neutrophilic airway inflammation (22), indicating that this in-
flammation is considered a Th17-type response-mediated process.
Although it is unknown if the mechanism of neutrophilic airway
inflammation in OVA-challenged DO11.10 mice is similar to that
in severe asthma, this model is thought to be useful for the in-
vestigation of the pathogenesis of Ag-induced Th17-mediated
neutrophilic airway inflammation.

FIGURE 3. D1-like-R antagonist SCH23390 suppresses the production

of IL-23 by lung CD11c+ APCs. DO11.10 mice were treated as described

for Fig. 1. A–C, Cytokine production by lung CD11c+ APCs in response to

LPS. Lung CD11c+ cells were positively selected and cultured (1.253 105

cells/well) with LPS (1 mg/ml). After 24 h, concentrations of IL-23 (A), IL-

10 (B), and IL-12p70 (C) in the supernatants were assayed (n = 8). *p ,
0.05 (compared with the value of OVA). D, IL-23 production by lung

CD11c+ APCs in response to LPS/anti-CD40 Ab. Lung CD11c+ cells were

positively selected and cultured (1.25 3 105 cells/well) with LPS (1 mg/

ml) plus anti-CD40 Ab (5 mg/ml). After 24 h, IL-23 concentrations in the

supernatants were assayed (n = 8). ***p , 0.001 (compared with the value

of OVA). E, Intracellular staining for IL-23+ CD11c+ APCs. Lung cells

were obtained, and IL-23+ CD11c+ or CD11chigh cells were detected by

flow cytometry. Representative results are shown.

FIGURE 4. D1-like-R antagonist SCH23390 neither suppresses non-

specific neutrophilic airway inflammation nor OVA-induced eosinophilic

airway inflammation. A, SCH23390 does not suppress LPS-induced neu-

trophilic airway inflammation. BALB/c mice received an intratracheal

injection of 1 mg LPS in SA on day 0. From weeks 26 to 0, some mice

received SCH23390 (0.3 mg/kg) in PBS (50 ml) or PBS alone orally three

times a week. The mice were analyzed on day 1. BAL fluid analyses were

performed (n = 8). **p , 0.01, ***p , 0.001 (compared with the value of

PBS). B, SCH23390 does not suppress OVA-induced eosinophilic airway

inflammation. BALB/c mice were sensitized with an i.p. injection of 2 mg

OVA plus 2 mg aluminum hydroxide or SA on days 220 and 29, and the

mice were challenged with an aerosolized solution of 3% OVA or PBS for

10 min from day 22 to day 0. From weeks 26 to 0, some mice received

SCH23390 (0.3 mg/kg) in PBS (50 ml) or PBS alone orally three times

a week. The mice were analyzed on day 1. BAL fluid analyses were

performed (n = 8). **p , 0.01, ***p , 0.001 (compared with the value of

PBS).
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The effect of dopamine and its agonists on immune responses
including proliferation and cytokine production is still contro-
versial (34–41). Dopamine is synthesized in immune cells such as
T cells, B cells, peritoneal macrophages, and DCs (15, 34, 35, 42).
Several reports suggested that dopamine would play an immu-
nosuppressive role (34–37). For example, Bergquist et al. (34)
reported that dopamine suppressed lymphocyte proliferation and
IFN-g production. Josefsson et al. (35) reported that L-DOPA
and dopamine suppressed the Con A- or LPS-induced prolifera-
tion and cytokine production of lymphocytes. Ghosh et al. (36)
reported that dopamine suppressed anti-CD3–mediated prolifer-
ation and cytokine production of activated T cells that was as-
sociated with the suppression of Lck and Fyn expression. Saha
et al. (37) reported that dopamine inhibited IL-2–induced pro-
liferation and cytotoxicity of CD4+ and CD8+ T cells through D1-
like-R. In contrast, some reports suggested that dopamine could
increase the proliferation of immunocytes (38, 39). Carr et al. (38)
reported that L-DOPA increased Con A-stimulated splenocyte
proliferation. Tsao et al. (39) reported that in vivo or in vitro
administration of D1-like-R agonist enhanced the splenocyte
proliferation stimulated by LPS or Con A. These findings sug-
gested that the effect of dopamine and its agonist on immune
responses including proliferation might depend on various factors
such as stimulation protocol, incubation time, concentration of
dopamine, and so on. However, the effect of dopamine on Ag-
induced immune response or anti-CD3/CD28–mediated response
has not been fully clarified.
As for cytokine production, several studies suggested dopamine

would suppress the production of IFN-g (34, 38). For example,
Bergquist et al. (34) reported that dopamine suppressed IFN-g
production as described earlier. Carr et al. (38) reported that L-
DOPA and dopamine suppressed the number of IFN-g–, but not
IL-4–, producing cells in spleen cells. Although some studies
suggested that dopamine suppressed overall cytokine production
(35, 36), the effect on the production of other cytokines than IFN-
g is still controversial. Besser et al. (40) reported that dopamine
increased TNF-a and IL-10 production by human T cells. Further,
the effect of dopamine on the production of IL-17 or on the dif-
ferentiation of Th17 cells has not been fully clarified.
Recent evidence has established that dopamine receptor ex-

presses in immune cells (14, 41, 43–46). Several reports suggested
that PBLs express D1- and D2-like-R, and D5 receptor is the
dominant receptor of D1-like-R in lymphocytes (41, 43–45).
McKenna et al. (43) reported that B cells and NK cells had higher
and more consistent expression, and neutrophils and eosinophils
had moderate expression, although T cells and monocytes had low
expression. They also reported that D3 and D5 receptors were
found in most individuals, whereas D2 and D4 receptors had more
variable expression. As for T cells, Kipnis et al. (46) reported that
CD4+CD25+ Tregs expressed significantly more D1-like-R com-
pared with that of CD4+CD252 effector T cells. Further, D1 re-
ceptor is the dominant receptor in naive CD4+CD45RA+ T cells
(14). Therefore, D1-like-R antagonist might modify the devel-
opment of Tregs or Th differentiation. As for DCs, D1-like-R is
expressed in immature DCs (14), suggesting that D1-like-R an-
tagonist could modify DC functions.
We previously demonstrated that dopamine synthesized and

stored in DCs is released upon the interaction with CD4+ T cells
and increases the formation of cAMP in naive CD4+ T cells,
thereby polarizing Th17 differentiation through D1-like-R (14,
15). In vitro study demonstrated D2-like-R antagonist polarized
Th17 differentiation, whereas D1-like-R antagonist inhibited Th17
differentiation (14). Further, dopamine increased the expression of
retinoic acid orphan receptor gt and the production of IL-6 and IL-

17 when CD4+CD45RA+ naive T cells were stimulated with anti-
CD3/CD28 Abs (K. Nakano, K. Saito, K. Yamaoka, S. Matsushita,
and Y. Tanaka, unpublished observations). D1-like-R antagonist
suppressed their increase, suggesting that D1-like-R antagonist
would suppress Th17 differentiation of the existing cells. More-
over, an in vivo study showed D1-like-R antagonist attenuates
Th17-mediated immune disease such as EAE (14), autoimmune
diabetes in NOD mice (17), and crescent formation of nephrotoxic
serum nephritis (18). These findings suggested that dopamine
played an important role in the development of Th17-mediated
immune disease and that D1-like-R or D2-like-R could be an
important therapeutic target for controlling Th17-mediated neu-
trophilic airway inflammation.
In this study, D1-like-R antagonist suppressed neutrophilic

airway inflammation in OVA-challenged DO11.10 mice (Fig. 1). It
also inhibited the production of IL-17 in the lung (Fig. 2A). As IL-
17 is also produced by cells other than Th17 cells, we examined
whether D1-like-R antagonist reduced the infiltration of Th17
cells into the lung by immunohistochemistry. D1-like-R antago-
nist inhibited the infiltration of IL-23R+ Th17 cells (Fig. 2B),
suggesting that it indeed suppressed Th17-mediated immune re-
sponse in the lung. We also confirmed by intracellular cytokine
staining that D1-like-R antagonist suppressed the number of IL-
17–producing CD4+ T cells (Th17 cells) in the lung (Fig. 2C). In
this study, D1-like-R antagonist did not suppress nonspecific
neutrophilic airway inflammation induced by intratracheal LPS
injection (Fig. 4A). Further, D1-like-R antagonist did not suppress
OVA-induced Th2-mediated eosinophilic airway inflammation,
which was induced by OVA sensitization and nebulization (Fig.
4B). Therefore, antagonizing D1-like-R could suppress specific
Th17 immune response-mediated inflammation in the lung.
D1-like-R antagonist significantly suppressed the production

of IL-23—one very important cytokine used to differentiate
and accelerate Th17-mediated immune response (33)—by lung
CD11c+ APCs (Fig. 3A, 3D). We also confirmed by intracellular
cytokine staining that D1-like-R antagonist inhibited the number
of IL-23–producing CD11c+ or CD11chigh APCs in the lung (Fig.
3E). We previously reported that treatment of proteolipid protein
peptide-pulsed DCs with D1-like-R antagonist SCH23390 directly
prevents the development of EAE induced by adoptive transfer of
DCs (14). These findings suggest that modulation of DC function
including IL-23 production would be one major mechanism of
Th17 suppression by a D1-like-R antagonist. Further, this raised
the possibility that D1-like-R antagonist would decrease cAMP
formation and subsequently decrease dopamine synthesis in DCs,
thus inhibiting Th17 differentiation.
Other mechanisms such as direct action on T cells might be

involved in this Th17 immune suppression. In this study, we found
that D1-like-R antagonist would not increase Foxp3+ Tregs in the
lung in DO11.10 mice (Fig. 2D). However, Kipnis et al. (46)
reported that dopamine reduced the suppressive activity by CD4+

CD25+ Tregs, and D1-like-R antagonist SCH23390 abolished
their suppression. Therefore, increase in suppressive activity of
Tregs might be one mechanism of Th17 suppression by D1-like-R
antagonist. Furthermore, the effect on other cells such as epithelial
cells (47–49) should also be examined.
D2-like-R agonist such as pramipexole hydrochloride attenuates

Th17-mediated immune responses and thus the development of
EAE in a similar way to D1-like-R antagonists (14). Preliminary
study suggested that pramipexole hydrochloride also suppressed
OVA-induced neutrophilic airway inflammation in DO11.10 mice
(data not shown). Pramipexole hydrochloride is known to be ef-
fective for treating Parkinson’s disease (50) and is prescribed to
patients. Although whether D2-like-R agonist indeed suppresses
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Th17 responses in patients with Parkinson’s disease has not been
fully clarified, our results suggested that D2-like-R agonist might
be useful for controlling other Th17-mediated disease such as
neutrophil-dominant severe asthma.
The extent of dopamine receptor expression is different among

diseases (51–55). For example, expression of D3 receptor is up-
regulated in schizophrenia (51, 52). Expression of D2-like-R de-
creased in Alzheimer’s disease (53). Furthermore, Barbanti et al.
(54) reported that expression of D1-like-R and D2-like-R on PBLs
was upregulated in Parkinson’s disease. However, the expression
of dopamine receptor in asthma and the effect of asthma severity
on the expression of dopamine receptor were not investigated.
Thus, the effect of D1-like-R antagonist on airway inflammation
might depend on the asthma severity.
In this study, we measured actual plasma concentration of

SCH23390. Concentration of SCH23390 when given orally in the
concentration and regimen we used was 5.46 2.2 mM. To date, the
pharmacokinetics of SCH23390 has not been fully clarified. For
example, Hietala et al. (56) reported that s.c. administration of
SCH23390 into the rat resulted in rapid absorption and caused
peak concentration in plasma after 5 min and in brain after 15 min.
An estimated elimination half-life was ∼30 min in plasma and
40–60 min in brain. They also suggested that SCH23390 still
remained in the brain at least after 4 h from administration, al-
though there were no measurable levels in plasma after 2 or 4 h.
Further, Monsma et al. (57) reported that SCH23390 binds to the
receptor with high sp. act. (400 fmol/mg protein) and an affinity
(0.3 nM). Therefore, SCH23390 might remain for a longer time in
the tissue including the immune system and work on D1-like-R–
expressed cells even if it was rapidly eliminated in plasma. Al-
though effective plasma concentration of SCH23390 in mice has
not been fully elucidated, these findings and our data suggested
that SCH23390 could work on the tissue including the immune
system in DO11.10 mice.
In conclusion, the current study demonstrates a novel role of

dopamine as an immune regulator of Th17-mediated response in
the lung. D1-like-R antagonist suppressed Th17-mediated immune
response and neutrophilic inflammation in the lung, at least partly
by inhibiting the production of IL-23 by lung APCs. Therefore,
antagonizing D1-like-R could be a very effective strategy for
regulating Th17-mediated neutrophilic airway inflammation and
thus control neutrophil-dominant severe asthma.
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