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PTEN Down-Regulates IL.-17 Expression in a Murine Model of
Toluene Diisocyanate-Induced Airway Disease’

So Ri Kim,?*" Kyung Sun Lee,”*" Seoung Ju Park,*" Kyung Hoon Min,*" Ka Young Lee,*"
Yeong Hun Choe,*" Young Rae Lee,* Jong Suk Kim," Soo Jong Hong,* and Yong Chul Lee>*"

Toluene diisocyanate (TDI)-induced airway disease is a disorder characterized by chronic airway inflammation and airway
remodeling. A recently discovered group of cytokines is the IL-17 family, which has been introduced as an important regulator
of immune and inflammatory responses, including airway inflammation. Recently, we have reported that phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) plays a pivotal role in the pathogenesis of bronchial asthma. However, there are
no available data for the effects of PTEN or IL-17 on TDI-induced airway disease and the relationship between PTEN and IL-17.
We used a murine model to determine the role of PTEN in the pathogenesis of TDI-induced airway disease and the regulation of
IL-17 production. These mice developed the typical pathophysiological features of TDI-induced airway disease and increased
IL-17 expression in the lungs. Administration of phosphoinositide 3-kinase inhibitors or adenoviruses carrying PTEN cDNA
(AdPTEN) reduced the pathophysiological features of TDI-induced airway disease and decreased the increased levels of IL-17
expression. Our results also showed that PI3K inhibitors or AAPTEN down-regulated a transcription factor, NF-«kB activity, and
BAY 11-7085 substantially reduced the increased levels of IL-17 after TDI inhalation. We also found that inhibition of IL-17
activity with an anti-IL-17 Ab reduced airway inflammation and airway hyperresponsiveness. These results suggest that PTEN
plays a protective role in the pathogenesis of TDI-induced airway disease, at least in part through the regulation of IL-17
expression. Thus, PTEN may be a useful target for treating TDI-induced airway disease by modulating IL.-17 expression. The
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pound widely used in the production of polyurethane

foams, automobile paints, varnishes, and related products,
is a leading cause of occupational asthma (1). Although consider-
able controversy remains regarding its pathogenesis, TDI-induced
airway disease is characterized by hyperresponsiveness, inflam-
mation, and remodeling of the airways (1-3). Recent studies have
shown that IL-17, a new family of cytokines that reveals a distinct
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ligand-receptor signaling system, plays an important role in the
regulation of immune responses. IL-17 has been shown to be
proinflammatory in nature and this proinflammatory activity is ex-
emplified by its involvement in pulmonary inflammatory responses
(4-6). In addition, IL-17 levels are increased in serum and tissues
in rheumatoid arthritis, inflammatory bowel disease, asthma, and
other chronic diseases (7-9). However, a recent study has reported
a negative regulatory function of IL-17 in allergen-induced airway
inflammation and bronchial hyperresponsiveness of OV A-inhaled
mice, showing that IL-17 is an essential player during Ag sensi-
tization and that in sensitized mice IL-17 attenuates the allergic
response by inhibiting dendritic cells and chemokine synthesis
(10).

PI3K is a signal transduction enzyme that phosphorylates the
D3 position of the inositol ring of phosphoinositide and its
phosphorylated derivatives (11). Studies have suggested that
PI3K contributes to the pathogenesis of asthma by effecting the
recruitment, activation, and apoptosis of inflammatory cells (12,
13). PI3K plays a key role in the induction of the Th2 cell
responses (12—15). Recently, Kim et al. (16) have shown that
the PI3K/AKkt signaling pathway is involved in the overproduc-
tion of the key inflammatory cytokine IL-17. Phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) functions
primarily as a lipid phosphatase and has been implicated in
regulating cell survival signaling through the PI3K/Akt signal-
ing pathway (17). PTEN blocks the action of PI3K by dephos-
phorylating the signal lipid phosphatidylinositol 3,4,5-triphos-
phate (PIP3). PIP3, produced by PI3K following activation by
receptor tyrosine kinases, activated Ras, or G proteins, leads to
the stimulation of several downstream targets including the
serine/threonine protein kinase Akt (18). PTEN is also known to
play a protective role in Th2-mediated inflammation and airway
hyperresponsiveness (19). However, the effects of PTEN or
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FIGURE 1. Schematic diagram of the experimental protocol. Mice were
sensitized twice by two courses of intranasal administration of 3% TDI
once a day for 5 consecutive days with a 3-wk interval. Seven days after
the second course of sensitization, mice were challenged via the airways
with 1% TDI for 10 min by ultrasonic nebulization. In the case of treatment
with wortmannin, LY-294002, or adenoviral vector, it was administered
intratracheally two times to each treated animal, once on day 38 (1 h before
the airway challenge with TDI) and the second time on day 40 (48 h after
the airway challenge with TDI). In the case of treatment with anti-IL-17
Ab, isotype control mAb, or BAY 11-7085, it was administered i.p. two
times to each animal under the same administration schedule described
above.

IL-17 on TDI-induced airway disease and their related signaling
pathways are unknown.

In the present study, we used a murine model of TDI-induced
airway disease to determine the effect of PTEN in the pathogenesis
of TDI-induced airway disease and in the regulation of IL-17
production.

Materials and Methods

Animals and experimental protocol

Female BALB/c mice, 810 wk of age and free of murine-specific patho-
gens, were obtained from Orientbio, housed throughout the experiments in
a laminar flow cabinet, and maintained on standard laboratory chow ad
libitum. All experimental animals used in this study were under a protocol
approved by the Institutional Animal Care and Use Committee of the
Chonbuk National University Medical School (Jeonju, South Korea). Mice
were sensitized by the intranasal administration of 20 ul of 3% TDI dis-
solved in ethyl acetate:olive oil (1:4) under light anesthesia (sodium pen-
tobarbitone, 30 mg/kg, i.p.) once daily for 5 consecutive days according to
the method of Scheerens and colleagues (20, 21) with some modifications.
Animals were kept in a supine position for 10 min after each sensitization.
After 3 wk, these animals were further sensitized with the same reagent for
5 consecutive days. At 7 days after the second course of sensitization (day
38), mice were individually placed in a horizontal cylindrical chamber and
challenged via the airways with 1% TDI dissolved in ethyl acetate:olive oil
(1:4) by ultrasonic nebulization (NE-U12 nebulizer; Omron) (Fig. 1). As a
control, mice were sensitized and challenged using the same protocol but
using only the solvent, ethyl acetate:olive oil (1:4). Bronchoalveolar lavage
(BAL) was performed 72 h after the challenge. At the time of lavage, the
mice were sacrificed with an overdose of sodium pentobarbitone (pento-
barbital sodium, 100 mg per kg of body weight). The chest cavity was
exposed to allow for expansion, after which the trachea was carefully in-
tubated and the catheter secured with ligatures. Prewarmed 0.9% NaCl
solution (800 wl) was slowly infused into the lungs and withdrawn. The
aliquots were pooled and then kept at 4°C. Part of each pool was then
centrifuged and the supernatants were kept at —70°C until use. Total cell
numbers were counted with a hemocytometer. Smears of BAL cells were
prepared with a cytospin (Thermo Electron). The smears were stained with
Diff-Quik solution (Dade Diagnostics of Puerto Rico) to examine the cell
differentials.

Vectors

The E1/E3-deleted, replication-deficient, recombinant adenovirus was
made using the AdEasy system (Quantum Biotechnologies) described
by He et al. (22). To create an adenovirus gene transfer vector express-
ing PTEN c¢cDNA (AdPTEN), Kpnl-Xhol restriction fragments from
pcDNA3/wild-type PTEN cDNA were ligated into Kpnl-Xhol-digested
pShuttleCMV as previously described (19).
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Administration of wortmannin, LY-294002, adenoviral vectors,
BAY 11-7085, anti-IL-17 Ab, and isotype control mAb

Wortmannin (100 ug per kg of body weight per day; Calbiochem-Nova-
biochem) or LY-294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-
one) (1.5 mg per kg of body weight per day; BIOMOL Research Labora-
tories) dissolved in DMSO and diluted with 0.9% NaCl was administered
in a volume of 50 ul as described previously (19, 23). Wortmannin or
LY-294002 was administered intratracheally two times to each treated an-
imal, once on day 38 (1 h before the airway challenge with TDI) and the
second time on day 40 (48 h after the airway challenge with TDI). The
vehicle was 0.9% NaCl containing DMSO. AdPTEN or AdLacZ (10°
plaque-forming units) was administered intratracheally two times to each
animal under the same administration schedule described above. An inhib-
itor of NF-«kB activation, BAY 11-7085 (20 mg per kg of body weight per
day; BIOMOL Research Laboratories), dissolved in DMSO and diluted
with 0.9% NaCl, was administered by i.p. injection two times to each
animal, once on day 38 and the second time on day 40. Anti-IL-17 Ab or
isotype control mAb (5 mg per kg of body weight per day; R&D Systems)
was administered i.p. two times to each animal in accordance with the
schedule described above (Fig. 1).

Western blot analysis

Protein expression levels were analyzed by means of Western blot analysis
as described previously (19). The blots were incubated with an anti-PTEN
Ab (Santa Cruz Biotechnology), anti-IL-17 Ab (R&D Systems), anti-Akt
Ab (Cell Signaling Technology), or anti-phosphorylated Akt (p-Akt) Ab
(Cell Signaling Technology), overnight at 4°C.

RNA isolation and RT-PCR

Levels of mRNA expression were analyzed by RT-PCR assay using total
RNA isolated from lung tissues by a rapid extraction method (TRI-Re-
agent; Sigma-Aldrich) as previously described (24). The primers used were
as follows: IL-17, 5'-TCTCATCCAGCAAGAGATCC-3’ (sense) and 5'-
AGTTTGGGACCCCTTTACAC-3' (antisense); and GAPDH, 5'-GC
CATCAACGACCCCTTCATTGAC-3" (sense) and 5'-ACGGAAGGC
CATGCCAGTGAGCTT-3" (antisense). PCR was performed in a
thermocycler (GeneAmp PCR System 2400).

Quantitative real-time RT-PCR

Quantitative RT-PCR analysis was performed using the LightCycler
FastStart DNA Master SYBR Green I system (Roche Diagnostics). The
sequences of primers used were as follows: IL-17, 5'-TCTCATCCAG
CAAGAGATCC-3" (sense) and 5'-AGTTTGGGACCCCTTTACAC-3’
(antisense); and B-actin, 5'-CAGATCATGTTTGAGACCTTC-3' (sense)
and 5'-ACTTCATGATGGAATTGAATG-3’ (antisense). Calculation of
the relative mRNA levels of each sample was performed according to the
manufacturer’s protocol.

Measurement of PTEN activity

PTEN activities were measured using the PTEN malachite green assay
kit according to the protocol provided by the manufacturer (Upstate
Biotechnology).

Measurement of PI3K enzyme activity in lung tissues

PI3K enzyme activity was measured as described previously (19, 25). The
amount of PIP3 produced was quantified by PIP3 competition enzyme
immunoassays (Echelon).

Cytosolic or nuclear protein extractions for analysis of
NF-kB p65

Cytosolic or nuclear extraction was performed as described previously (26,
27). The levels of NF-kB p65 were analyzed by Western blotting using Ab
against NF-«kB p65 (Upstate Biotechnology).

Determination of airway responsiveness to methacholine

Airway responsiveness was assessed as a change in airway function after
challenge with aerosolized methacholine via airways as described else-
where (28). Each mouse was challenged with methacholine aerosol in in-
creasing concentrations (2.5-50 mg/ml in saline). After each methacholine
challenge, the data of airway resistance (R;) was continuously collected.
Maximum values of R; were selected to express changes in airway func-
tion, which was represented as a percentage change from baseline after
administration of the saline aerosol.
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Processing of lungs for histologic and image analysis

At 72 h after the last challenge, lungs were removed from the mice after
sacrifice. The specimens were dehydrated and embedded in paraffin.
After sectioning of the specimens, they were placed on slides, depar-
affinized, and stained sequentially with H&E (Richard-Allan Scientific)
or periodic acid-Schiff (PAS). All stained slides were quantified under
identical light microscope conditions, including magnification (X 20),
gain, camera position, and background illumination (29).

Histology

For histological examination, 4-um sections of fixed embedded tissues
were cut on a Leica model 2165 rotary microtome (Leica Microsystems).
The degree of peribronchial and perivascular inflammation was evaluated
on a subjective scale of 0 to 3, as described elsewhere (30).

Quantitation of airway mucus expression

To quantitate the level of mucus expression in the airway, the number of
PAS-positive and PAS-negative epithelial cells in individual bronchioles
were counted as described previously (29, 31). Results are expressed as the
percentage of PAS-positive cells per bronchiole, which is calculated from
the number of PAS-positive epithelial cells per bronchiole divided by the
total number of epithelial cells of each bronchiole.

Densitometric analyses and statistics

All immunoreactive and phosphorylative signals were analyzed by densi-
tometric scanning (Gel Doc XR; Bio-Rad). Data are expressed as mean *
SEM. Statistical comparisons were performed using one-way ANOVA fol-
lowed by the Scheffe’s test. Significant differences between groups were
determined using the unpaired Student’s 7 test. Statistical significance was
set at p < 0.05.

Results
IL-17 protein levels and mRNA expression increased in
TDI-sensitized and -challenged mice

Western blot analysis revealed that IL-17 protein levels in lung
tissues were increased approximately 1.4-, 1.5-, 1.7-, 3.4-, 5.9-,
and 2.8-fold at 6, 12, 24, 48, 72, and 96 h after challenge with TDI,
respectively, compared with the prechallenge period (Fig. 2, A and
B). In contrast, no significant changes in the IL-17 protein level
were observed after vehicle inhalation. Real-time RT-PCR analy-
sis revealed that IL-17 mRNA expression had increased approxi-
mately 1.1-, 1.4-, 1.7-, 2.3-, 2.5-, and 2.0-fold at 6, 12, 24, 48, 72,
and 96 h after challenge with TDI, respectively, compared with the
prechallenge period (Fig. 2, C and D). In contrast, no significant
changes in IL-17 mRNA expression were observed after vehicle
inhalation.

Effect of wortmannin, LY-294002, or AAPTEN on expression of
IL-17 protein and mRNA in lung tissues of TDI-sensitized and
-challenged mice

To investigate whether the IL-17 expression in lung tissues is reg-
ulated by the PI3K or the PTEN signaling pathway in TDI-inhaled
mice, we used the PI3K inhibitors, wortmannin and LY-294002,
and AdPTEN. The increased IL-17 levels at 72 h after TDI inha-
lation were decreased significantly by the administration of wort-
mannin, LY-294002, or AdPTEN (Fig. 3, A and B). RT-PCR and
real-time RT-PCR analyses showed that the increased IL-17
mRNA expression after TDI inhalation was significantly reduced
by the administration of wortmannin, LY-294002, or AdPTEN
(Fig. 3, C and D).

Effect of AAPTEN on IL-17 protein in BAL fluids of
TDI-sensitized and -challenged mice

To measure extracellular IL-17 protein, BAL fluids were obtained
from the trachea of mice and centrifuged to remove cells. Each
supernatant was recovered and quantified using the Bradford re-
agent (Bio-Rad). The levels of IL-17 protein were analyzed by
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FIGURE 2. Expression of IL-17 protein and mRNA in lung tissues of
TDI-sensitized and -challenged mice. Sampling was performed in lung
tissues from sensitized mice challenged with TDI or vehicle control only.
A, Western blot analyses of IL-17 protein. B, Densitometric analyses are
presented as the relative ratio of IL-17 to actin. The relative ratio of IL-17
in the lung tissues of control mice is arbitrarily presented as 1. C, Repre-
sentative RT-PCR analysis of IL-17 mRNA expression. D, Quantitative
analysis of IL-17 mRNA expression by means of real-time RT-PCR. Data
represent mean = SEM from eight mice per group, and 6, 12, 24, 48, 72,
and 96 h are time periods after the challenge. Control, No treatment; Pre,
1 h before the challenge; EO, vehicle control (ethyl acetate plus olive oil);
EO+TDI, TDI-sensitized and -challenged mice; #, p < 0.05 vs Pre; *, p <
0.05 vs EO.

Western blotting. Western blot analysis revealed that levels of
IL-17 protein in BAL fluids were increased at 72 h after TDI in-
halation compared with the levels in vehicle control mice admin-
istered saline (Fig. 4). The increased IL-17 protein levels after TDI
inhalation were decreased by the administration of AdPTEN.

PTEN protein levels and PTEN activities in lung tissues of
TDI-sensitized and -challenged mice

Western blot analysis revealed that PTEN protein levels were de-
creased significantly 72 h after TDI inhalation compared with the
levels in the vehicle control mice administered saline (Fig. 5, A and
B). The decreased PTEN levels after TDI inhalation were in-
creased substantially by the administration of AAPTEN. Consistent
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FIGURE 3. Effect of wortmannin, LY-294002, or AdPTEN on IL-17
protein and mRNA in lung tissues of TDI-sensitized and -challenged
mice. A, Western blot analysis of IL-17. Sampling was performed 72 h
after the challenge in vehicle control (ethyl acetate plus olive oil (EO))
mice administered saline (SAL) (EO+SAL), TDI-inhaled mice admin-
istered saline (EO+TDI+SAL), TDI-inhaled mice administered drug
vehicle (0.05% DMSO) (EO+TDI+DMSO), TDI-inhaled mice admin-
istered wortmannin (EO+TDI+wortmannin), TDI-inhaled mice admin-
istered LY-294002 (EO+TDI+LY294002), TDI-inhaled mice adminis-
tered AAPTEN (EO+TDI+AdPTEN), and TDI-inhaled mice administered
AdLacZ (EO+TDI+AdLacZ). B, Densitometric analyses are presented as
the relative ratio of IL-17 to actin. The relative ratio of IL-17 in the lung
tissues of EO+SAL is arbitrarily presented as 1. C, Representative RT-
PCR analysis of IL-17 mRNA expression. D, Quantitative analysis of
IL-17 mRNA expression by means of real-time RT-PCR. Data represent
mean * SEM from eight mice per group. #, p < 0.05 vs EO+SAL; *, p <
0.05 vs EO+TDI+SAL.
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FIGURE 4. Effect of AAPTEN on IL-17 protein in BAL fluids of TDI-
sensitized and -challenged mice. A, Western blot analysis of IL-17. Sam-
pling was performed 72 h after the last challenge in vehicle control (ethyl
acetate plus olive oil (EO)) mice administered saline (SAL) (EO+SAL),
TDI-inhaled mice administered saline (EO+TDI+SAL), TDI-inhaled
mice administered AAPTEN (EO+TDI+AdPTEN), and TDI-inhaled mice
administered AdLacZ (EO+TDI+ AdLacZ). B, Densitometric analyses are
presented as the relative ratio of IL-17 levels in all groups to those in
EO+SAL. The IL-17 protein level in BAL fluids of EO+SAL is arbitrarily
presented as 1. Bars represent mean = SEM from five independent exper-
iments. #, p < 0.05 vs EO+SAL; *, p < 0.05 vs EO+TDI+SAL.

with these results obtained from Western blot analysis, PTEN en-
zyme assays revealed that PTEN activity was decreased signifi-
cantly after TDI inhalation compared with the levels in the vehicle
control mice administered saline (Fig. 5C). The decreased PTEN
activity was also increased by the administration of AJPTEN.

Determination of Akt phosphorylation and PI3K enzyme activity
in lung tissues of TDI-sensitized and -challenged mice

To determine an involvement of the PI3K/Akt pathway in TDI-
inhaled mice, we evaluated the effects of PI3K inhibitors and
AdPTEN on p-Akt levels and PI3K enzyme activity. Levels of
p-Akt protein in the lung tissues were significantly increased 72 h
after TDI inhalation compared with the levels in the vehicle con-
trol mice administered saline (Fig. 6, A and B). However, no sig-
nificant changes in Akt protein levels were observed in any of the
groups tested. The increased p-Akt, but not Akt, levels in the lung
tissues after TDI inhalation were significantly reduced by the ad-
ministration of wortmannin, LY-294002, or AJPTEN. Consistent
with these results, PIP3 levels in the lung tissues were increased
after TDI inhalation compared with the vehicle control mice ad-
ministered saline (Fig. 6C). The increased PIP3 levels in the lung
tissues were significantly decreased by the administration of wort-
mannin, LY-294002, or AAPTEN.

Effect of wortmannin, LY-294002, or AAPTEN on NF-kB p65
protein levels in lung tissues of TDI-sensitized and
-challenged mice

We evaluated the effect of wortmannin, LY-294002, or AAPTEN
on NF-«B p65 protein levels in lung tissues of TDI-inhaled mice
to determine whether PI3K inhibitors or AAPTEN down-regulates
NF-kB activity. Western blot analysis revealed that levels of
NF-kB p65 in nuclear protein extracts from lung tissues were in-
creased 72 h after TDI inhalation compared with the levels in the
vehicle control mice administered saline (Fig. 7). The increased
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FIGURE 5. Effect of AAPTEN on PTEN protein expression and
PTEN activity in lung tissues of TDI-sensitized and -challenged mice.
A, Western blotting of PTEN. PTEN protein expression was measured
72 h after the challenge in vehicle control (ethyl acetate plus olive oil
(EO)) mice administered saline (SAL) (EO+SAL), TDI-inhaled mice
administered saline (EO+TDI+SAL), TDI-inhaled mice administered
AdPTEN (EO+TDI+AdPTEN), and TDI-inhaled mice administered
AdLacZ (EO+TDI+AdLacZ). B, Densitometric analyses are presen-
ted as the relative ratio of PTEN to actin. The relative ratio of PTEN in
the lung tissues of EO+SAL is arbitrarily presented as 1. C, PTEN
activity. Data represent mean * SEM from eight mice per group. #, p <
0.05 vs EO+SAL; *, p < 0.05 vs EO+TDI+SAL.

NF-kB p65 levels after TDI inhalation were decreased by the ad-
ministration of wortmannin, LY-294002, or AdPTEN. In contrast,
the levels of NF-«B p65 in cytosolic protein extracts from lung
tissues were decreased after TDI inhalation compared with the
levels in the vehicle control mice administered saline (Fig. 7). The
decreased NF-«kB p65 levels in cytosolic preparations were in-
creased by the administration of wortmannin, LY-294002, or
AdPTEN. These results suggest that a PI3K inhibitor or AAPTEN
inhibits NF-«B activity by preventing the translocation of this tran-
scription factor into the nucleus.

Effect of BAY 11-7085 on IL-17 levels in lung tissues of
TDI-sensitized and -challenged mice

To elucidate whether the IL-17 production in lung tissues is reg-
ulated by NF-kB activation in TDI-inhaled mice, we used an
NF-kB inhibitor, BAY 11-7085. Western blot analysis showed that
IL-17 protein levels in lung tissues were increased significantly
72 h after TDI inhalation compared with the levels in the vehicle
control mice administered saline (Fig. 8). The increased IL-17 lev-
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FIGURE 6. Effect of wortmannin, LY-294002, or AAPTEN on p-Akt,
Akt protein levels, and PI3K enzyme activity. Sampling was performed
72 h after the challenge in vehicle control (ethyl acetate plus olive oil
(EO)) mice administered saline (SAL) (EO+SAL), TDI-inhaled mice
administered saline (EO+TDI+SAL), TDI-inhaled mice administered
drug vehicle (EO+TDI+DMSO), TDI-inhaled mice administered wort-
mannin (EO+TDI+wortmannin), TDI-inhaled mice administered LY-
294002 (EO+TDI+LY294002), TDI-inhaled mice administered
AdPTEN (EO+TDI+AdPTEN), and TDI-inhaled mice administered
AdLacZ (EO+TDI+AdLacZ). A, Western blotting of p-Akt and Akt in
lung tissues. B, Densitometric analyses are presented as the relative
ratio of p-Akt to Akt. The relative ratio of p-Akt in the lung tissues of
EO-+SAL is arbitrarily presented as 1. C, Enzyme immunoassay of PIP3
generation by PI3Ks in lung tissue extracts. Bars represent mean = SEM from
eight mice per group. #, p < 0.05 vs EO+SAL; *, p < 0.05 vs
EO+TDI+SAL.

els after TDI inhalation were significantly reduced by the admin-
istration of BAY 11-7085. These results suggest that NF-kB acti-
vation regulates the expression of IL-17.

Effect of wortmannin, LY-294002, AdPTEN, or anti-IL-17 Ab on
cellular changes in BAL fluids

To determine whether PTEN or inhibition of the PI3K signaling
pathway reduces airway inflammation, we analyzed the changes in
cell numbers in BAL fluids after the administration of wortmannin,
LY-294002, or AAPTEN to TDI-inhaled mice. Additionally, we
examined the cellular changes after the administration of the anti-
IL-17 Ab to investigate whether inhibition of IL-17 activity re-
duces airway inflammation. Numbers of total cells, lymphocytes,
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FIGURE 7. Effect of wortmannin, LY-294002, or AdPTEN on NF-«B p65
expression in lung tissues of TDI-sensitized and -challenged mice. A,
Western blotting of NF-«B p65 in nuclear (Nuc) and cytosolic (Cyt)
protein extracts from lung tissues. B, Densitometric analyses are pre-
sented as the relative ratio of NF-kB p65 levels in all groups to those
in vehicle control (ethyl acetate plus olive oil (EO)) administered saline
(SAL) (EO+SAL). The NF-kB p65 level in nuclear protein extracts of
EO+SAL is arbitrarily presented as 1. Bars represent mean = SEM
from eight mice per group. #, p < 0.05 vs EO+SAL; *, p < 0.05 vs
EO+TDI+SAL.
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FIGURE 8. Effects of BAY 11-7085 on IL-17 expression in lung tissues
of TDI-sensitized and -challenged mice. Sampling was performed at 72 h
after the challenge in vehicle control (ethyl acetate plus olive oil (EO))
mice administered saline (SAL) (EO+SAL), TDI-inhaled mice adminis-
tered saline (EO+TDI+SAL), TDI-inhaled mice administered drug vehi-
cle (EO+TDI+DMSO), and TDI-inhaled mice administered BAY
11-7085 (EO+TDI+BAY 11-7085). A, Western blotting of IL-17 in lung
tissues. B, Densitometric analyses are presented as the relative ratio of
IL-17 to actin. The relative ratio of IL-17 in the lung tissues of EO+SAL
is arbitrarily presented as 1. Bars represent mean = SEM from eight mice
per group. #, p < 0.05 vs EO+SAL; *, p < 0.05 vs EO+TDI+SAL.
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FIGURE 9. Effects of wortmannin, LY-294002, AdPTEN, or anti-1L-17
Ab on total cells and differential cellular components in BAL fluids (A) and
on airway responsiveness (B and C) of TDI-sensitized and -challenged
mice. The number of each component of BAL cells and airway respon-
siveness were measured at 72 h after the challenge in vehicle control (ethyl
acetate plus olive oil (EO)) mice administered saline (SAL) (EO+SAL),
TDI-inhaled mice administered saline (EO+TDI+SAL), TDI-inhaled
mice administered drug vehicle (EO+TDI+DMSO), TDI-inhaled mice
administered wortmannin (EO+TDI+wortmannin), TDI-inhaled mice
administered LY-294002 (EO+TDI+1LY294002), TDI-inhaled mice ad-
ministered APTEN (EO+TDI+AdPTEN), and TDI-inhaled mice admin-
istered AdLacZ (EO+TDI+ AdLacZ), TDI-inhaled mice administered anti-
1L-17 Ab (EO+TDI+anti IL-17 Ab), and TDI-inhaled mice administered
isotype control mAb (EO+TDI+control mAb) as described in Materials
and Methods. Data represent mean = SEM from eight mice per group. #,
p < 0.05 vs EO+SAL; *, p < 0.05 vs EO+TDI+SAL; |, p < 0.05 vs
EO+TDI+control mAb.

neutrophils, and eosinophils in BAL fluids were increased signif-
icantly at 72 h after TDI inhalation compared with the numbers
in the vehicle control mice administered saline (Fig. 94). The
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FIGURE 10. Effects of wortmannin, L'Y-294002, or AJPTEN on patho-
logic changes in lung tissues of TDI-sensitized and -challenged mice. A-E,
Representative H&E-stained sections of the lungs. Sampling was performed
72 h after the challenge in vehicle control mice administered saline (A), TDI-
inhaled mice administered saline (B), TDI-inhaled mice administered wort-
mannin (C), TDI-inhaled mice administered L.Y-294002 (D), and TDI-inhaled
mice administered AAPTEN (E). Bars indicate scale of 50 wm. F, Peribron-
chial lung inflammation and perivascular lung inflammation were measured in
vehicle control (ethyl acetate plus olive oil (EO)) mice administered saline
(SAL) (EO+SAL), TDI-inhaled mice administered saline (EO+TDI+SAL),
TDI-inhaled mice administered drug vehicle (EO+TDI+DMSO), TDI-in-
haled mice administered wortmannin (EO+TDI+wortmannin), TDI-inhaled
mice administered LY-294002 (EO+TDI+LY294002), TDI-inhaled mice ad-
ministered AAPTEN (EO+TDI+AdPTEN), and TDI-inhaled mice adminis-
tered AdLacZ (EO+TDI+AdLacZ). Results are represented as mean = SEM
from eight mice per group. #, p < 0.05 vs EO+SAL; *, p < 0.05 vs
EO+TDI+SAL.

increased numbers of total cells, lymphocytes, neutrophils, and
eosinophils were significantly reduced by the administration of
wortmannin, LY-294002, or AJPTEN. However, no significant
changes were observed in TDI-inhaled mice administered Ad-
LacZ. In addition, the administration of the anti-IL-17 Ab de-
creased the increased numbers of total cells, lymphocytes, neutro-
phils, and eosinophils compared with the numbers in TDI-inhaled
mice administered saline or an isotype control mAb.

PI3K inhibitors, AAPTEN, or anti-IL-17 Ab reduced
TDI-induced airway hyperresponsiveness

To investigate whether airway hyperresponsiveness is decreased
by PTEN or inhibition of PI3K the signaling pathway, we mea-
sured R, after the administration of wortmannin, LY-294002, or
AdPTEN to TDI-inhaled mice. Additionally, we examined the
changes in airway responsiveness after the administration of anti-
IL-17 Ab to determine whether the inhibition of IL-17 activity
reduces TDI-induced airway hyperresponsiveness. Airway respon-
siveness was assessed as a percentage increase of R, in response
to increasing doses of methacholine. In TDI-inhaled mice, the
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FIGURE 11. Effect of wortmannin, LY-294002, AdPTEN, or anti-IL-17
Ab on airway mucus expression in TDI-sensitized and -challenged mice. A-E,
Representative PAS-stained sections of the lungs. Sampling was performed
72 h after the challenge in vehicle control (ethyl acetate plus olive oil (EO))
mice administered saline (SAL) (EO+SAL) (A), TDI-inhaled mice adminis-
tered saline (EO+TDI+SAL) (B), TDI-inhaled mice administered wortman-
nin (EO+TDI+wortmannin) (C), TDI-inhaled mice administered AdPTEN
EO+TDI+AdPTEN) (D), and TDI-inhaled mice administered anti-IL-17 Ab
(EO+TDI+anti IL-17 Ab)) (E). The violet color indicates PAS-positive mu-
cus expression. Bars indicate 50 wm. F, Quantitation of airway mucus expres-
sion. Results are expressed as the percentage of PAS-positive cells per bron-
chiole, which is described in the Materials and Methods. Bars represent
mean = SEM from eight mice per group. #, p < 0.05 vs EO+SAL; *, p <
0.05 vs EO+TDI+SAL; 9|, p < 0.05 vs EO+TDI+control mAb.

dose-response curve of R; shifted to the left compared with that of
the vehicle control mice administered saline (Fig. 9, B and C). In
addition, the percentage of R; produced by methacholine admin-
istration (at doses from 25 mg/ml to 50 mg/ml) increased signif-
icantly in the TDI-inhaled mice compared with the vehicle control
mice administered saline. TDI-inhaled mice administered wort-
mannin, LY-294002, or AJPTEN showed a dose-response curve
of the percentage of R, that shifted to the right compared with that
of TDI-inhaled mice administered saline. In addition, the admin-
istration of anti-IL-17 Ab also shifted a dose-response curve of the
percentage of R; to the right compared with that in TDI-inhaled
mice administered saline or isotype control mAb. These results
indicate that the PI3K inhibitors, AAPTEN, or the anti-IL-17 Ab
treatment reduces TDI-induced airway hyperresponsiveness.

Effect of wortmannin, LY-294002, or AAPTEN on pathological
changes of TDI-induced airway disease

To assess the pathological changes in the lungs of TDI-inhaled
mice by the administration of PI3K inhibitors and AdPTEN, his-
tologic analyses were performed 72 h after TDI inhalation. Histo-
logic analyses revealed typical pathologic features of TDI-induced
airway disease. Numerous inflammatory cells infiltrated around the
bronchioles, the airway epithelium was thickened, and mucus and
debris had accumulated in the lumen of bronchioles (Fig. 10B) as
compared with the control (Fig. 10A). Mice treated with wortman-
nin (Fig. 10C), LY-294002 (Fig. 10D), or AdPTEN (Fig. 10E)
showed marked reductions in the thickening of airway epithelium,
the infiltration of inflammatory cells in the peribronchiolar region,
the number of inflammatory cells, and the amount of debris in the
airway lumen. The scores of peribronchial, perivascular, and total
lung inflammation were increased significantly after TDI inhala-
tion compared with the scores of the vehicle control mice admin-
istered saline (Fig. 10F). The increased peribronchial, perivascu-
lar, and total lung inflammation was significantly reduced by the
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administration of wortmannin, LY-294002, or AAPTEN. These re-
sults suggest that PI3K inhibitors and AJPTEN inhibit Ag-induced
inflammation in the lungs.

Effect of wortmannin, LY-294002, AdPTEN, or anti-IL-17 Ab on
airway mucus expression

For the contention that airway mucus production is reduced by
PTEN or the inhibition of PI3K signaling pathway, we measured
the level of mucus expression in the airway after the administration
of wortmannin, LY-294002, or AAPTEN to TDI-inhaled mice. We
also used anti-IL-17 Ab to determine whether the inhibition of
IL-17 activity decreases TDI-induced airway mucus expression.
The percentage of cells stained with PAS in airway epithelium of
TDI-inhaled mice (Fig. 11, B and F) was significantly greater than
the levels in the vehicle control mice administered saline (Fig. 11,
A and F). The administration of wortmannin (Fig. 11, C and F),
LY-294002 (Fig. 11F), or AdPTEN (Fig. 11, D and F) to TDI-
inhaled mice reduced substantially the percentage of cells stained
with PAS in the airway epithelium compared with the levels in
TDI-inhaled mice administered saline, whereas the administration
of AdLacZ to TDI-inhaled mice did not. In addition, TDI-inhaled
mice administered anti-IL-17 Ab (Fig. 11, E and F) showed a
significant decrease of the percentage of cells stained with PAS in
the airway epithelium compared with the levels in TDI-inhaled
mice administered saline or isotype control mAb.

Discussion

Airway inflammation and remodeling are prominent features of
TDI-induced airway disease and are connected by complex sig-
naling networks. PTEN and IL-17 are thought to contribute to the
pathogenesis of airway disease, but the interrelationship between
these proteins in airway inflammation and remodeling has not been
clarified. Our present study with the TDI-induced murine model of
airway disease has revealed that the numbers of inflammatory cells
of the airways, airway hyperresponsiveness, airway mucus pro-
duction, and the levels of IL-17 protein and mRNA expression
were increased. Administration of PI3K inhibitors or AdPTEN re-
duced the pathophysiological features of TDI-induced airway
disease and decreased the increased levels of IL-17 protein and
mRNA. Our results also showed that PI3K inhibitors or
AdPTEN down-regulated a transcription factor, NF-kB activity,
and the inhibition of NF-kB activation reduced the increase of
IL-17 protein after TDI inhalation. In addition, our data showed
that the inhibition of IL-17 activity with an anti-IL-17 Ab re-
duced airway inflammation and airway hyperresponsiveness.
These findings suggest that a protective role of PTEN in the
pathogenesis of TDI-induced airway disease is mediated in part
through an IL-17-dependent mechanism.

IL-17 is a recently discovered cytokine family, notably charac-
terized by three members IL-17A, IL-17E, and IL-17F, and known
to play a role in tissue inflammation by inducing the release of
proinflammatory and neutrophil-mobilizing cytokines (4). T lym-
phocyte-derived cytokine IL-17 causes an accumulation of neutro-
phils in the airways in part via the release of CXC chemokines (32,
33). Intratracheal stimulation with IL-17 also increases the con-
centration of the neutrophil-derived enzymes neutrophil elastase
and myeloperoxidase in rat airways in vivo (34). Interestingly, the
concentration of IL-17 may also be increased in the airways of
patients with acute severe asthma (35, 36) and in healthy volun-
teers with severe airway inflammation induced by exposure to or-
ganic dust (37). In addition, a blockade of endogenous IL-17 also
inhibits the endotoxin-induced accumulation of neutrophils in ro-
dent airways in vivo (38, 39). Thus, it has been proposed that IL-17
plays a central role in mobilizing neutrophils in the airways and
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lungs (39). IL-17A is able to induce mucin gene expression in vitro
(40) and to enhance it in vivo (41). A recent study of IL-17A-
deficient mice has demonstrated that IL-17A is involved in the
activation of allergen-specific T cells. In those mice, decreased
levels of IL-4 and IL-5, but not IFN-vy, were seen that are associ-
ated with a reduced level of airway hypersensitivity (42). Trans-
genic overexpression of IL-17E results in the induction of airway
hyperresponsiveness, mucus hypersecretion, airway eosinophilia,
and an increase in serum levels of IL-5, IL-13, and IgE (43, 44).
Consistent with these observations, in this study we have found
that IL-17 expression was up-regulated in TDI-induced airway dis-
ease. Interestingly, anti-IL-17 Ab blocked the airway inflamma-
tion, airway hyperresponsiveness, and increased airway mucus
production. These findings suggest that IL-17 plays an important
role in the induction and maintenance of the airway inflammatory
and remodeling responses in TDI-induced airway disorders.

TDI-induced airway disease is an inflammatory disease charac-
terized by airway obstruction and bronchial hyperresponsiveness.
Many inflammatory mediators attract and activate inflammatory
cells via signal transductions involving PI3K (14, 15, 19, 23, 25,
45, 46). Recent studies have demonstrated that PI3K plays a key
role in the pathogenesis of the asthma phenotype such as airway
inflammation, mucus hypersecretion, and hyperresponsiveness
(12-15, 19). Consistent with these observations, we have found
that PI3K activities were increased significantly in a murine model
of TDI-induced airway disease. Administration of wortmannin or
LY-294002, which are potent and selective PI3K inhibitors, re-
duced the airway inflammation, airway hyperresponsiveness, and
increased airway mucus production. In addition, previous studies
have demonstrated that PI3K acts downstream of IL-17 in synovial
cells and airway smooth muscle cells (47-50) but not in other local
tissues such as bronchial epithelial cells (51-53), suggesting that
the involvement of PI3K downstream of IL-17 may be cell type
dependent. In contrast, recent studies have reported that PI3K acts
upstream of 1L-17, indicating that IL-17 production is mediated via
activation of the PI3K/Akt pathway (16, 54, 55). In this present
study, the administration of PI3K inhibitors inhibited the increased
level of IL-17 after TDI inhalation. The use of PI3K inhibitors has
revealed that PI3K may be involved upstream of IL-17 production
as well as in the transduction of activating signals generated by
many inflammatory mediators in inflammatory cells, although a
possibility that PI3K acts downstream of IL-17 could not be ex-
cluded. Therefore, we conclude that PI3K may play an important
role in the induction and maintenance of TDI-induced airway
disease.

PTEN is one of the most frequently mutated tumor suppressors
in human cancer. It is also essential for embryonic development,
cell migration, and apoptosis (17, 56, 57). PTEN has been impli-
cated in regulating cell survival signaling through the PI3K/Akt
pathway (17, 18, 58—60). PTEN dephosphorylates the D3 position
of the key lipid second messenger PIP3 (17). In addition, PTEN
has weak protein tyrosine phosphatase activity, which may target
focal adhesion kinase and/or Shc and thereby modulate other com-
plex pathways. However, the major function of PTEN appears to
be down-regulation of PIP3 produced by PI3K. Recently, we have
reported that PTEN plays a pivotal role in the pathogenesis of the
allergic airway disease in mice (19). A previous study has revealed
that somatic mutation or deletion of PTEN was observed in the
epithelium of patients of chronic airway inflammatory disease
(61). Additionally, our preliminary analysis of BAL fluids from
asthmatic human patients also showed decreased PTEN expression
compared with normal individuals (our unpublished data). In this
study, we have observed that the expression of PTEN protein and
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PTEN activity were decreased in TDI-induced airway disease. In-
tratracheal administration of AJPTEN reduced the airway inflam-
mation, bronchial hyperresponsiveness, increased airway mucus
production, and increased IL-17 expression.

NF-kB is present in most cell types and is known to play a
critical role in immune and inflammatory responses, including
asthma (62-67). As expected, the NF-kB p65 protein level in nu-
clear protein extracts of lung tissues was substantially increased in
the TDI-induced model of airway disease used for the present
study. It is known that activation of this transcription factor in-
duces a variety of inflammatory genes that are abnormally ex-
pressed in asthma. These genes include cytokines (e.g., IL-4, IL-5,
IL-9,IL-11,IL-15, IL-17, and TNF-a), chemokines (e.g., RANTES,
eotaxin, and MCP-3), and adhesion molecules (e.g., I[CAM-1 and
VCAM-1) (16, 68, 69). In addition, recent studies have found that
IL-17 production in CD4™ T cells is mediated via the activation of
Jak2, PI3K/Akt, STAT3, and NF-«B (16, 54, 55). These experi-
ments were performed using CD4™" T cells from peripheral human
blood (16, 55) or from murine spleen (54). Studies with PI3K
inhibitor and NF-«B inhibitor have shown that the PI3K and
NF-«kB signaling pathway is required for IL-17 production in
CD4™ T cells. These in vitro data were consistent with our present
in vivo data. Thus, the results from our present study have revealed
that the expression of IL-17 was increased significantly in a murine
model of TDI-induced airway disease. Administration of PI3K in-
hibitors or AJPTEN resulted in a significant reduction of NF-«B
activity as well as IL-17 expression. In addition, the increased
IL-17 protein levels after TDI inhalation were decreased by the
administration of an inhibitor of NF-kB activation, BAY 11-7085.
Therefore, these results suggest that PI3K inhibitors or AJPTEN
reduces IL-17 expression in TDI-induced airway disease and that
NF-kB may be one of the signaling molecules related to IL-17
expression mediated by PTEN in TDI-induced airway disease.

In summary, we have examined the effect of the PI3K inhibitors
or AdPTEN on the regulation of IL-17 expression in a murine
model of TDI-induced airway disease. Administration of PI3K in-
hibitors or AdPTEN reduced the pathophysiological features of
TDI-induced airway disease and decreased the increased levels of
IL-17 protein and mRNA expression. Moreover, our results also
showed that PI3K inhibitors or AJPTEN down-regulated NF-«B
activity. In addition, inhibition of NF-«B activation decreased the
increase of IL-17 after TDI inhalation. These findings suggest that
a protective role for PTEN in the pathogenesis of TDI-induced
airway disease is mediated through an IL-17-dependent mech-
anism. Our findings may also assist a strategy for the treatment
of airway inflammation and remodeling in occupational airway
disease.
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