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Allergic airway hyperresponsiveness, inflammation, and
remodeling do not develop in phosphoinositide 3-kinase
g–deficient mice
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Background: Bronchial asthma is characterized by chronic
airway inflammation caused by inflammatory cells.
Phosphoinositide 3-kinases (PI3Ks) are known to play a
prominent role in fundamental cellular responses of various
inflammatory cells, including proliferation, differentiation, and
cell migration. PI3Ks therefore are expected to have therapeutic
potential for asthma. Although some investigations of the
involvement between the pathogenesis of asthma and PI3K have
been performed, it is unknown whether PI3Kg, a PI3K isoform,
is involved in the pathogenesis of asthma.
Objective: We investigated the role of PI3Kg in allergen-
induced allergic airway inflammation, airway
hyperresponsiveness (AHR), and airway remodeling with
PI3Kg-deficient mice.
Methods: After ovalbumin (OVA) sensitization, wild-type (WT)
and PI3Kg-deficient mice were exposed to aerosolized OVA 3
days per week for 5 weeks.
Results: In OVA-sensitized and OVA-challenged (OVA/OVA)
PI3Kg-deficient mice, levels of airway inflammation, AHR, and
airway remodeling were significantly decreased compared with
those in OVA/OVA WT mice. On the other hand, no significant
differences were detected in serum OVA-specific IgE and IgG1
levels and CD4/CD8 balance in bronchoalveolar lavage fluid
between OVA/OVA WT mice and OVA/OVA PI3Kg-deficient
mice. To determine in which phase of allergic responses PI3Kg
plays a role, we transferred splenocytes from OVA-sensitized
WT or PI3Kg-deficient mice to naive mice of either genotype.
Similar increased levels of eosinophils were induced in both WT
recipient mice but not in both PI3Kg-deficient recipient mice.
Conclusion: PI3Kg might be involved in allergic airway
inflammation, AHR, and airway remodeling by regulating the
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Bronchial asthma is a chronic inflammatory disorder of the
airway and is associated with airway hyperresponsiveness (AHR)
to nonspecific stimuli, mucus production, and alterations in
structure.1 Airway inflammation is characterized by an infiltration
of inflammatory cells into the airway, and TH2 cytokines play crit-
ical roles in orchestrating the allergic inflammatory response
leading to AHR.2-5 Furthermore, persistent inflammation leads
to airway structural changes termed airway remodeling.6

Phosphoinositide 3-kinases (PI3Ks) are a family of proteins
that phosphorylate the 39-OH position of the inositol ring of
phosphatidylinositols, resulting in the formation of PI(3,4,5)P3,
which activates downstream signaling, such as Akt. As a result,
PI3Ks play a prominent role in various inflammatory cells by reg-
ulating fundamental cellular responses, including proliferation,
differentiation, and cell migration.7 PI3Ks can be divided into 3
classes: class I, II, and III.8 In particular, class I PI3Ks have com-
manded attention because these enzymes are activated on receptor
stimulation. The class IA PI3Ks are activated by stimulation of
tyrosine kinase–based receptors and consist of a heterodimeric
complex composed of a 110-kd (p110a, b, d) catalytic subunit
and adaptor proteins (p85a, b and p55a, b, g). PI3Kg, the only
member of class IB, consists of a heterodimer composed of
p110g and p101 adaptor proteins and is activated by stimulation
of the bg subunits of the G protein–coupled receptor. Recently,
it has been reported that the acute asthmatic response in mice
was diminished by administrating LY294002, a pharmacologic in-
hibitor of PI3K.9,10 In addition to LY294002 being a known inhib-
itor of all isoforms of p110, it has been revealed that LY294002
also inhibits activation of the serine/threonine kinase Pim-1.11

Thus it is important to clarify the role of PI3Ks and their isoforms
in allergic responses. Lee et al12 showed that IC87114, a selective
p110d inhibitor, significantly attenuated allergic airway inflamma-
tion and hyperresponsiveness in a murine model of asthma. Fur-
thermore, it has been demonstrated that these allergic responses
were decreased in p110d mutant mice.13 It also has been reported
that PI3Kg is involved in leukocyte migration, including neutro-
phils and eosinophils.14,15 Accordingly, PI3Kg is thought to be
involved in the pathogenesis of asthma; however, the role of
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Abbreviations used
AHR: A
irway hyperresponsiveness
BAL: B
ronchoalveolar lavage
MT: M
asson trichrome
NIH: N
ational Institutes of Health
OVA: O
valbumin
PAS: P
eriodic acid–Schiff
PDGF: P
latelet-derived growth factor
PI3K: P
hosphoinositide 3-kinase
a-SMA: a
-Smooth muscle actin
WT: W
ild-type
PI3Kg in bronchial asthma, especially airway remodeling, is
poorly reported. Therefore in this study we investigated the role of
PI3Kg in bronchial asthma using PI3Kg-deficient mice.
METHODS

Animals
Female C57BL/6 mice (8-10 weeks of age) were purchased from Charles

River Japan, Inc (Yokohama, Japan). Mice deficient in PI3Kg were generated

by using homologous recombination in embryonic stem cells, as described

previously.14 The mice were maintained on a diet free of ovalbumin (OVA).

All experimental animals used in this study were housed under constant tem-

perature and light cycles and under a protocol approved by the Institutional

Animal Care and Use Committee of Akita University Medical School.

Sensitization and airway challenge
Mice (6 per group per experiment) receiving the following treatments were

studied: (1) nonsensitized and nonchallenged mice (Non/Non) and (2) OVA-

sensitized and OVA airway-challenged mice (OVA/OVA). OVA/OVA mice

were immunized by means of intraperitoneal injection of 20 mg of OVA (Grade

V; Sigma-Aldrich, St Louis, Mo) emulsified in 2.25 mg of alum (AlumImuject;

Pierce, Rockford, Ill) in a total volume of 100 mL on days 0 and 14. Mice were

challenged through the airway with OVA (1% in saline) for 20 minutes on days

28, 29, and 30 by means of ultrasonic nebulization and further exposed to

aerosolized challenge 3 days per week for 4 additional weeks. AHR and

immunologic examinations were assessed 48 hours after the last challenge.16-18

Determination of airway responsiveness
Lung resistance to methacholine (Sigma-Aldrich) was measured by using

an invasive system, as previously described.19 Briefly, mice were deeply anes-

thetized, and tracheotomies were performed. The mice were then placed in a

whole-body plethysmograph chamber (Buxco Electronics, Sharon, Conn) and

ventilated mechanically. Once baseline data were established, saline and an in-

creasing dose of nebulized methacholine were administered. In each dose air-

flow changes in the sealed chamber and pressure changes in the airway were

analyzed with BioSystem XA software (Buxco Electronics) for 3 minutes.

Lung resistance for each methacholine dose was expressed as a percentage

change from baseline level.

Bronchoalveolar lavage and measurement of

bronchoalveolar lavage fluid cytokines
After AHR measurement, the lungs were lavaged through the tracheal tube

with saline (2 3 1 mL, 378C). The volume of collected bronchoalveolar lavage

(BAL) fluid was measured in each sample, and the number of BAL cells

was counted. Cytospin slides were stained with May-Giemsa, and at least

300 cells were differentiated in a blinded fashion under light microscopy.

Cytokine concentrations in the BAL fluid supernatants were measured by

means of ELISA. Colorimetric measurement was performed according to the
manufacturer’s instructions. The limit of detection was 4 pg/mL for IL-4, IL-5,

IL-13, IFN-g, and platelet-derived growth factor (PDGF; R&D Systems,

Minneapolis, Minn). The limit of detection was 30 pg/mL for total TGF-b

(R&D Systems).

Measurement of serum OVA-specific antibody
OVA-specific IgE and IgG1 antibody levels were measured by means of

ELISA 48 hours after the last airway challenge.12,20
Histologic and immunohistochemistry studies
Lungs were inflated through a tracheal tube with 2 mL of air and fixed in

10% formalin, and lung tissue was embedded in paraffin. Tissue sections 4 mm

thick were affixed to microscope slides and deparaffinized. The slides were

stained with hematoxylin and eosin to detect inflammatory cell infiltration,

periodic acid–Schiff (PAS) for identification of mucus-containing cells (goblet

cells), Masson trichrome (MT) stain for the peribronchiolar collagen layer,

and immunostain for a-smooth muscle actin (a-SMA; DAKO, Glostrup,

Denmark), and they were examined under light microscopy.20,21 In hematox-

ylin and eosin–stained lung sections, the numbers of inflammatory cells per

square millimeter in the peribronchial tissue were analyzed by using the

National Institutes of Health (NIH) Image Analysis system.22 The numbers

of goblet cells were counted in 10 or more distal bronchioles in 10 high-power

fields per animal by measuring the length of epithelium defined along the base-

ment membrane and luminal area with the NIH Image Analysis system. The

area of the MT-positive peribronchiolar collagen layer or a-SMA–positive

peribronchiolar smooth muscle was measured also with the NIH Image Anal-

ysis system.23

Phenotypic analysis
Cells in blood and BAL fluid of each mouse were incubated with the

following mAbs: phycoerythrin-labeled anti-mouse CD8a (BioLegend, San

Diego, Calif), fluorescein isothiocyanate–labeled anti-mouse CD4 (BioLe-

gend), and peridinin-chlorophyll-protein complex-labeled anti-mouse CD3e

(BD Biosciences, San Jose, Calif) for 30 minutes at 48C. After staining, the

cells were incubated with diluted lysing solution for 30 minutes at 48C to

hemolyze red blood cells. Then the cells were washed with PBS and analyzed

with a FACScan flow cytometer (BD Biosciences). An analysis gate was set on

lymphocytes by scatter properties and CD3. CD41CD82 or CD42CD81 cells

in CD31 cells were analyzed.

Adoptive transfer assay
The adoptive splenocyte transfer assay was performed as described

previously.13,24 Briefly, splenocytes from each OVA-sensitized mouse were

harvested at day 17 and restimulated in vitro with 200 mg/mL OVA for 3

days and transferred to a nonirradiated naive recipient by means of intraperi-

toneal injection (wild-type [WT] or PI3Kg-deficient mice, 5 3 106 cells per

recipient). At 3 days after transfer, mice were challenged intranasally twice

with 0.5% OVA in 60 minutes. Five days after challenge, BAL fluid was har-

vested, and inflammatory cells were counted.
Statistical analysis
Two groups of data were compared by using the Student t test. The P value

for significance was set at less than .05. All results were expressed as the mean

6 SEM.
RESULTS

AHR and inflammatory cell accumulation in PI3Kg-

deficient mice
There were no significant differences in baseline pulmonary

resistance among all groups. Additionally, there were no
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differences in the increase of AHR in response to increased doses
of inhaled methacholine between Non/Non WT mice and Non/
Non PI3Kg-deficient mice. In OVA/OVA WT mice AHR signif-
icantly increased in a dose-dependent manner compared with that
seen in Non/Non mice. In contrast, in OVA/OVA PI3Kg-deficient
mice AHR was decreased significantly compared with that seen in
OVA/OVAWT mice (Fig 1, A). Very few inflammatory cells other
than macrophages were detected in Non/Non WT mice and Non/
Non PI3Kg-deficient mice, and there were no significant differ-
ences between them. A marked increase in the number of eosin-
ophils and lymphocytes, as well as an increase in total cell
numbers in BAL fluid, was detected in OVA/OVA WT mice. In
contrast, the number of eosinophils, lymphocytes, and total cells
decreased in OVA/OVA PI3Kg-deficient mice compared with
numbers seen in OVA/OVA WT mice (Fig 1, B).

Inflammatory cell infiltration was investigated by means of
histologic examination of hematoxylin and eosin–stained slides.
The number of inflammatory cells in the peribronchial and
perivascular areas of OVA/OVA WT mice was significantly
increased compared with the number seen in OVA/OVA PI3Kg-
deficient mice (Fig 2, A and C).
FIG 1. A, Lung resistance (Rl) for increasing methacholine dose. B, Inflam-

matory cell accumulation in BAL fluid. Results for each group are expressed

as the mean 6 SEM. *Significant differences (P < .05) between Non/Non

and OVA/OVA WT mice. **Significant differences (P < .05) between OVA/

OVA WT and PI3Kg-deficient mice. KO, Knockout.
Airway remodeling in PI3Kg-deficient mice
It has been reported that airway remodeling is associated with

histologic changes.6 PAS, MT, and a-SMA staining was per-
formed to investigate the influence of PI3Kg on airway remodel-
ing. A significant decrease in the number of PAS-positive cells
was found in OVA/OVA PI3Kg-deficient mice compared with
the numbers seen in OVA/OVA WT mice (Fig 2, B and D). In ad-
dition, there was a significant decrease in the peribronchiolar
collagen layer in MT stain and smooth muscle layer in a-SMA
stain in OVA/OVA PI3Kg-deficient mice compared with values
seen in OVA/OVA WT mice (Fig 3).
Cytokine and growth factor levels in BAL fluid of

PI3Kg-deficient mice
In OVA/OVA PI3Kg-deficient mice the levels of IL-4, IL-5, and

IL-13 in BAL fluid were significantly reduced compared with
levels seen in OVA/OVAWT mice. The levels of PDGF and TGF-
b were similarly decreased in OVA/OVA PI3Kg-deficient mice.
There was no significant difference between OVA/OVA WT and
OVA/OVA PI3Kg-deficient mice in the levels of IFN-g (Fig 4).
Serum OVA-specific IgE and IgG1 levels in PI3Kg-

deficient mice
In OVA/OVA WT mice and OVA/OVA PI3Kg-deficient mice

the levels of OVA-specific IgE and IgG1 were significantly
increased compared with those seen in control mice; however,
there was no significant difference between OVA/OVA WT mice
and OVA/OVA PI3Kg-deficient mice (Fig 5, A and B).
T-cell phenotype in PI3Kg-deficient mice
The percentage of CD31CD41 cells in BAL fluid was in-

creased in OVA/OVA WT mice (79.5% 6 5.4%) compared with
that seen in Non/Non WT mice (58.5% 6 7.2%). No significant
changes were detected in the percentage of CD31CD41 cells be-
tween OVA/OVA WT mice and OVA/OVA PI3Kg-deficient mice
(79.6% 6 13.3%). In contrast, the percentage of CD31CD81

cells was significantly decreased in OVA/OVA WT mice (11.0%
6 4.6%) compared with that seen in Non/Non WT mice
(15.4% 6 13.4%), and no significant changes were detected in
the percentage of CD31CD81 cells between OVA/OVA WT
mice and OVA/OVA PI3Kg-deficient mice (5.8% 6 3.3%). Fur-
thermore, similar results were detected in the blood of each group.
Adaptive transfer of p110g-deficient splenocytes
To determine in which phase of development of allergic

inflammation PI3Kg plays an important role, we transferred
splenocytes from OVA-sensitized WT or PI3Kg-deficient mice to
naive mice of either genotype. The results showed that similar
levels of eosinophils were induced in both WT recipient mice
when prime splenocytes of WT or PI3Kg-deficient mice were
adoptively transferred. Eosinophil infiltration into the airway was
not induced in either of the PI3Kg-deficient recipient mice (Fig 5,
C). Similarly, lung resistance and dynamic compliance were facil-
itated in both WT recipients compared with that seen in PI3Kg-
deficient recipients (data not shown).
DISCUSSION
The pathologic mechanism of asthma is complex, with allergens

triggering infiltration and interactions of various inflammatory



FIG 2. A and C, Hematoxylin and eosin stain and quantified data (final magnification 3200). B and D, PAS

stain and quantified data (final magnification 3400). Striking infiltration of inflammatory cells and goblet

cell hyperplasia (arrow) are present near the airway in OVA/OVA WT mice. Data represent the mean 6

SEM. *Significant differences (P < .05) between Non/Non and OVA/OVA WT mice. **Significant differences

(P < .05) between OVA/OVA WT and PI3Kg-deficient mice. KO, Knockout.
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cells and the release of cytokines and growth factors involved in
airway inflammation, AHR, and airway remodeling.

In this study we show for the first time that AHR, lung
inflammatory cells, airway remodeling, and the levels of TH2
cytokines and growth factors in BAL fluid were significantly
decreased in OVA/OVA PI3Kg-deficient mice compared with
those seen in OVA/OVA WT mice.

Although airway remodeling is difficult to define, subepithelial
fibrosis, goblet cell hyperplasia, and myofibroblast hypertrophy
have been identified as components of this response.6 Numerous
studies have reported that airway remodeling is formed by cyto-
kines, such as IL-13, and growth factors, such as TGF-b and
PDGF. TGF-b activates downstream signaling and causes myofi-
broblast differentiation, leading to tissue fibrosis.25 In addition,
TGF-b and PDGF are involved in migration and proliferation
of airway smooth muscle cells, which are thought to contribute
to airway remodeling in asthma.26-28 In this study the level of
TGF-b and PDGF in BAL fluid was reduced in OVA/OVA
PI3Kg-deficient mice compared with that seen in OVA/OVA
WT mice. Therefore the observed reduction in tissue fibrosis
and airway smooth muscle thickness in OVA/OVA PI3Kg-defi-
cient mice might be due to the decrease of TGF-b and PDGF
levels in BAL fluid.

Both TGF-b and PDGF are mainly released from eosinophils
and lymphocytes.29,30 Therefore eosinophils and lymphocytes
are also considered to be involved in airway remodeling.31 In
this study the number of eosinophils and lymphocytes in
BAL fluid was significantly decreased in OVA/OVA PI3Kg-de-
ficient mice compared with that seen in OVA/OVA-WT mice.
These findings might indicate that in PI3Kg-deficient mice



FIG 3. MT stain and quantified data (A and C) and immunostaining for a-SMA and quantified data (B and D;

final magnification 3200). Striking peribronchiolar collagen layer and smooth muscle layer (arrow) are pre-

sent in OVA/OVA WT mice but not in OVA/OVA PI3Kg-deficient mice. *Significant differences (P < .05) be-

tween Non/Non and OVA/OVA WT mice. **Significant differences (P < .05) between OVA/OVA WT and

PI3Kg-deficient mice. KO, Knockout.
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suppression of eosinophil migration into lung tissue leads to a
decrease in TGF-b and PDGF production, which in turn causes
a reduction in airway remodeling. IL-13 has also been shown to
play a vital role in airway remodeling by regulating goblet cell
hyperplasia.32,33 In this study the levels of IL-13 detected in
BAL fluid were reduced in OVA/OVA PI3Kg-deficient mice.
Therefore the observed reduction of goblet cell hyperplasia in
OVA/OVA PI3Kg-deficient mice might be due to the decrease
of IL-13 levels in BAL fluid through the suppression of
lymphocytes.

In the mechanism of AHR, a large number of factors interact
with each other. IL-5 induces eosinophil proliferation, differen-
tiation, and migration from bone marrow, and IL-5–activated
eosinophils release granular proteins, leading to tissue damage
and AHR.34,35 IL-4 and IL-13 also contribute to AHR.36 Not only
eosinophils and lymphocytes but also mast cells and dendritic
cells are involved in AHR. In this study the levels of TH2
cytokines in BAL fluid were decreased in OVA/OVA PI3Kg-defi-
cient mice compared with those seen in OVA/OVA WT mice. It
has been reported that PI3Kg regulates dendritic cell migration
and mast cell degranulation in PI3Kg-deficient mice.37,38 Struc-
tural and functional changes in airway remodeling have also
been shown to be involved in the mechanism of AHR.39 Therefore
our results showing that pulmonary resistance and dynamic com-
pliance were not exacerbated in PI3Kg-deficient mice might be
due to the deficit of PI3Kg.

It is known that immunologic responses, such as IgE produc-
tion, alterations in T-cell phenotype, and the shift in TH1/TH2
balance, occur in bronchial asthma.40,41 In this study we found
that there was no significant difference in serum OVA-specific
IgE and IgG1 levels or the percentage of CD31CD41 T cells
in BAL fluid between OVA/OVA WT mice and OVA/OVA
PI3Kg-deficient mice. Thus PI3Kg might have no effect on
T-cell phenotype and IgE production in bronchial asthma. The



FIG 4. The levels of IL-4 (A), IL-5 (B), IL-13 (C), IFN-g (D), PDGF (E), and TGF-b (F) in BAL fluid of mice were

measured by means of ELISA. The results are expressed as the mean 6 SEM. *Significant differences (P <

.05) between Non/Non and OVA/OVA WT mice. **Significant differences (P < .05) between OVA/OVA WT

and PI3Kg-deficient mice. KO, Knockout.
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result in this study might indicate that the observed reduction in
AHR, airway inflammation, and airway remodeling in OVA/
OVA PI3Kg-deficient mice might be caused by regulation in
the challenge/effector phase of asthma but not in the sensitiza-
tion phase.

To determine in which phase of allergic responses PI3Kg

plays a vital role, we transferred splenocytes from OVA-sensi-
tized WT or PI3Kg-deficient mice to respective naive mice. The
results demonstrate that the suppression of airway inflammation
might be caused by regulation of the challenge/effector phase but
not the sensitization phase because an increase in eosinophil
counts in BAL fluid was detected only in both WT recipient
mice. In this result there is the possibility that the deficit of
PI3Kg in parenchymal cells, such as epithelial cells and endo-
thelial cells or leukocytes, is involved in this phenomenon.
Leukocyte PI3Kg is thought to play a critical role in its
migration.14,15 On the other hand, it is also known that parenchy-
mal PI3Kg is involved in leukocyte infiltration into tissue.42

Thus the involvement of parenchymal PI3Kg is not ruled out.
Further studies are necessary to elucidate which cells are respon-
sible for inflammatory cell infiltration into tissue in the chal-
lenge/effector phase.
As for the association between asthma and other PI3K isoforms,
it has already been reported that allergic airway inflammation and
AHR were suppressed by inhibiting PI3Kd or antagonizing p85d,
which is consistent with our data.12,43 However, reported serum
IgE levels were different from our data. Lee et al12 reported
that OVA-specific IgE was attenuated by a PI3Kd inhibitor.
Moreover, it has been reported that class IA PI3Ks are implicated
in early B-cell development and B-cell function.44,45 In contrast,
no difference was seen between OVA/OVA WT and OVA/OVA
PI3Kg-deficient mice in terms of the levels of OVA-specific
IgE in our study. It has been demonstrated that PI3Kg plays no
role in the development or function of B cells.14 These findings
indicate that PI3Ks might have different immunologic function,
depending on the isoform. However, the mechanism of this dif-
ference is still unclear.

In summary, our study found that PI3Kg might regulate
allergen-induced AHR, airway infiltration, and airway remodel-
ing through modulation of the challenge/effector phase but not the
sensitization phase. These findings indicate that PI3Kg plays a
critical role in the pathologic mechanism of asthma and that
PI3Kg could be a therapeutic target for bronchial asthma,
especially prevention of airway remodeling.



FIG 5. The levels of serum OVA-specific IgE (A) and IgG1 (B) were decreased in OVA/OVA PI3Kg-deficient

mice. C, Inflammatory cell accumulation in BAL fluid of mice adoptively transferred with splenocytes. Re-

sults are expressed as the mean 6 SEM. *Significant differences (P < .05) between Non/Non and OVA/

OVA WT mice. #Significant differences (P < .05) compared with the PI3Kg-deficient recipient group.
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Key message

d Through modulation of challenge/effector phase, PI3Kg

might play an important role in the regulation of allergic
airway inflammation, AHR, and airway remodeling.
Therefore PI3Kg could be a therapeutic target for
bronchial asthma.
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