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Abstract

Objectives: We investigated the effects of pan-class I PI3K inhibitor,
ZSTK474 on vascular remodeling using a murine model of allergic
vasculitis with eosinophil infiltration. Methods: C57BL/6 mice were
sensitized with OVA. The positive controls were exposed to aerosolized
OVA daily for 7 days. The other group of mice were administered
ZSTK474 (30 mg/kg, p.o. daily) in parallel with daily exposure to
aerosolized OVA for 7 days. On the 3" and 7™ day, bronchoalveolar lavage
(BAL) was performed and the lungs were excised for pathological analysis.
Cell differentials were determined and the concentrations of IL-4, IL-5,
IL-13 and TGF-B in BAL fluid were measured. Results: The total cell
numbers and eosinophil numbers in BALF were greatly reduced in the
ZSTK474 treated group on the 3" and 7" day after exposure to OVA. The
numbers of total white blood cells and eosinophils in the peripheral blood
were significantly reduced in the ZSTK474 treated group on the 3" and 7

day after exposure to OVA. The concentrations of IL-4, IL-5 and IL-13 in
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BAL fluids were also reduced significantly on the 3" day in the ZSTK474

©CoO~NOUTA,WNPE

10 treated group. The concentrations of TGF-3 in BAL fluids were also

13 reduced significantly on the 3™ and 7" day in the ZSTK474 treated group.
16 The pathological scores reduced significantly in the ZSTK474 treated

19 group compared to the control group. Conclusion: The PI3K inhibitor,
ZSTK474 suppressed pulmonary vascular remodeling in the murine model
26 of allergic vasculitis with eosinophil infiltration. PI3K signal transduction
29 may have a critical role in the immunological process that induces allergic

32 vasculitis.

39 Key words: PI3K inhibitor, allergic vasculitis, murine model, IL-4, IL-5,

42 IL-13, TGF-B, C57BL/6, remodeling

48 Abbreviation used in this article
BAL :bronchoalveolar lavage

55 BALF :bronchoalveolar lavage fluid
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p.o. : per os

OVA: ovalbumin

IL-4: interleukin-4

IL-5: interleukin-5

IL-13: interleukin-13

TGF-B: transforming factor 3
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Introduction

Eosinophilic granulomatous polyangitis (EGPA) is characterized by

bronchial asthma, eosinophilia, and systemic necrotizing vasculitis with or

without granulomas (1-3). The main lesions of EGPA are located in

medium and small-sized vessels. The vasculitis of EGPA causes serious

damage to the skins, nerves, digestive canals, lung and other organs.

Although many clinical trials have been performed, an effective therapy for

EGPA has not been established yet.

The mechanism of EGPA remains unclear. Eosinophils are the most

dominant cells in the blood and extravascular tissues in EGPA, and are

known to release cytotoxic products such as major basic protein,

eosinophil-derived neurotoxin, and cytokines including TGF-f (4, 5).

We previously reported a murine model of pulmonary allergic vasculitis,

which was induced by repeated inhalative exposure of OVA to C57BL/6

mice sensitized with OVA (6). We demonstrated that the small pulmonary

arteries of the OVA-exposed mice were occluded with accumulated
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myofibroblasts and collagen deposition on the 7" day.
Phosphatidylinositol-3,4,5-trisphosphate (PIP3), which is generated from
phosphatidylinositol-4,5-bisphosphate by phosphatidylinositol 3-kinase
(PI3K), is known to play important roles in various physiological functions
via PI3K/Akt signaling pathway (7, 8). Since it has been reported that PI3K
is involved in cell growth, cell survival and cell cycle progression, the
inhibitors of PI3K have drawn much attention due to their anti-cancer
actions (9). However, several reports elucidated the anti-inflammatory
actions of the inhibitors of PI3K (10). Palframan et al. reported that
eosinophil recruitment from bone marrow in response to IL-5 was
suppressed by the inhibitors of PI3K through their inhibitory actions on the
expression of chemokines induced by IL-5(11). In addition, Duan et al.
reported that IL-5, IL-13 and eotaxin levels in bronchoalveolar lavage fluid
were suppressed by the inhibitor of PI3K in murine asthma model (12).

In this regard, we examined the effects of pan-class I PI3K inhibitor,

ZSTK474 on the histological changes in our model of allergic pulmonary
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vasculitis. This study may contribute to finding a therapy for allergic

©CoO~NOUTA,WNPE

vasculitis.

16 Methods and Materials

19 Animals

22 Female C57/BL6 mice (6-8 wk old) were purchased from Japan SLC
26 (Shizuoka, Japan). The mice were housed under specific pathogen-free
29 conditions following a 12-hour light-dark cycle and fed a standard

32 laboratory diet and given water ad libitum. The estrous cycle of the female

mice was not synchronized in the present experiment. The obtained results

39 were thought to be the average from the female mice in various stages of

42 the estrous cycle. All experiments described in this study were performed

45 according to the guidelines for the care and use of experimental animals as
48 determined by the Japanese Association for Laboratory Animals Science in

o1 1987.
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Administration of ZSTK474

ZSTK474 was synthesized by the Research Laboratory of Zenyaku Kogyo

Co., Ltd. (Tokyo, Japan). One hundred ul of ZSTK474 (9mg/ml)

suspended in 0.75% hypromellose (Wako, Japan) in water as a solid

dispersion (13) were administered through a flexible feeding tube (for mice,

size:d [1119x70mm, CL-4563)(CLEA Japan, Inc). Therefore, ZSTK474

(30mg/ke) was delivered reliably to the stomach of each mouse. ZSTK474

was administered to mice once daily during 1 week of OVA inhalation in

the ZSTK474-treated mice. Prior to the experiment, we investigated the

optimal dose of ZSTK474 in terms of the relationship between the doses of

ZSTK474 (1~ 100 mg/kg) and their effects on the severity of vasculitis. In

addition, taking into consideration the lethal dose and_the effective dose in

the in vivo study of previous paper (13), we decided to perform the current

experiment using 30 mg/kg of ZSTK474. The hypromellose suspension

without ZSTK474 was administered with a flexible feeding tube to the

control mice.
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Immunization and Aerosolization protocol

The mice were sensitized according to the methods described in a previous
paper (14). Each mouse of the positive control group was placed in a
plastic chamber (10 cm % 15 cm X% 25 ¢m) and exposed to aerosolized OVA
(5 mg/ml in 0.9% saline) for 1 h daily until the 7th day as shown in Figurel.
The  aerosolized OVA was produced by a  Pulmo-Aide
Compressor/Nebulizer (Devilbiss) (Sunrise Medical HHG, Inc. Somerset,
PA, USA) at a flow rate of 5-7 liter/min. The ZSTK474-treated group of
mice was exposed to aerosolized OVA for 1 h daily until the 7th day and in

parallel, administered ZSTK474 as described above (Fig. 1).

Collection and measurement of specimens

After being exposed to aerosolized OVA every day over a period of one
week, the mice with or without ZSTK474 were killed by cutting the
femoral artery on the 3™ and 7™ day, 24 hours after the final inhalation, and

blood, BALF and lung tissue were collected as shown in Figure 1. As a
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control, after being exposed to aerosolized saline instead of OVA every day

over one week, samples were collected.

BALF was collected analyzed according to the methods described in a

previous paper (6). The numbers of cells recovered per mouse were then

expressed as the mean and standard deviation (SD) for each treatment

group.

After harvesting the BALF, the lungs were fixed with 10% neutral buffered

formalin and embedded in paraffin. These 3-um-thick sections were stained

with hematoxylin eosin (HE) and Elastica- Masson (EM).

Semi-quantitative analysis of pathological changes in the pulmonary

arteries

The extent of histological changes in pulmonary arteries was assessed as

described previously (6, 15). In brief, the tissue was cut into sections 3 pm

thick, stained with_ HE and EM, and evaluated by light microscopy.

Histological scores were determined according to the criteria (6,_15). We

scored 5 vessels whose diameters ranged from 20 to 50 um in each of the

10
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lung tissue sections and the average was considered as the histological

index of one mouse.

Immunohistochemical staining for a smooth muscle actin

We adopted the biotin-streptavidin system using a Histofine Kit (Nichirei,

Tokyo, Japan) for the immunohistochemical staining. We used anti- o

smooth muscle actin (a-SMA) (Spring Bioscience, Fremont, CA, USA).

The detail was previously reported (6).

Cytokine measurement

BALF was used for the measurement of 1L-4, IL-5, IL-13 and TGF-f

concentration using a commercially available enzyme-linked

immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN,

USA).

Statistical Analysis

Mann-Whitney U Test was used in the analysis of results. All values are

11
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expressed as means + SD. Values of p< 0.05 were considered statistically

significant.

Results
Effects of ZSKT474 on eosinophil numbers in peripheral blood and in
BALF
The total cell number and the number of eosinophils in BALF on the 3™
day and 7" day were dramatically increased compared with those before
OVA inhalation (Fig.2). The total cell number and the number of
lymphocytes, eosinophils and neutrophils in BALF on the 3™ day were
decreased significantly in the ZSTK474-treated mice compared with those
of the control positive mice (Fig.2).
The number of eosinophils in BALF on the 7" day was decreased
significantly in the ZSTK474-treated mice compared with those of the
positive control mice (Fig.2).

After repetitive exposure to OVA, the total white blood cell numbers in

peripheral blood slightly increased on the 3" day in the positive control

12
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mice. In contrast, the total white blood cell numbers in the
ZSTK474-treated mice were significantly lower on the 3 and 7™ day than
those of the positive control (Fig.3A).

The blood eosinophil counts in the positive control increased after OVA
inhalation. The blood eosinophil counts in the ZSTK474-treated mice were
significantly lower on the 3™ and 7" day than those in the positive control
(P<0.05) (Fig.3B).

Cytokine concentration in BALF

We measured the concentrations of IL-4, IL-5, IL-13, and TGF-p in BALF
on the 3" and 7™ day in the positive control group mice and in the
ZSTK474-treated group mice as described in Methods. As shown in Figure
4A, 4B and 4C respectively, the concentrations of IL-4, IL-5 and IL-13 in
the BALF of the positive control mice peaked on the 3™ day. The
concentrations of IL-4, IL-5 and IL-13 in BALF of the ZSTK474-treated
mice were significantly lower on the 3rd day than those of the positive

control.

13

URL: http://mc.manuscriptcentral.com/uelr Email: giembycz@ucalgary.ca



©CoO~NOUTA,WNPE

Experimental Lung Research

In contrast, the concentration of IL-4, IL-5 and IL-13 in BALF on the 7t
day was rather higher in the ZSTK474-treated group compared with those
of the positive control.

The concentrations of TGF-3 in the BALF of the positive control group
increased until the 7" day after OVA inhalation and the concentrations of
TGF-B in the BALF of the ZSTK474-treated mice decreased significantly
on the 3" and 7™ day compared with those of the positive control (Fig.4D).

Effects of ZSTK474 on the histological changes in pulmonary arteries.

In the positive control group mice, almost all small pulmonary arteries

were highly obstructed due to the accumulation of cellular components

including myofibroblasts proliferation (Fig.5a)(6, 15, 16). In addition of

myofibroblasts, collagenous materials were observed (Fig. 7a).

In contrast, the histological changes of the small pulmonary arteries in the

ZSTK474-treated mice were markedly reduced compared to those of the

positive controls (Fig.5b, Fig.7b ).

Semiquantitative analysis of the histological vascular changes on the 7th

14

URL: http://mc.manuscriptcentral.com/uelr Email: giembycz@ucalgary.ca

Page 14 of 41



Page 15 of 41

©CoO~NOUTA,WNPE

Experimental Lung Research

day in the positive controls and the ZSTK474-treated mice was performed

as described in “Methods” to determine the severity index.

The severity index in the ZSTK474-treated group mice was significantly

reduced compared to that in the positive controls (Fig.6).

o-SMA staining demonstrated myofibroblasts occupied intravascular space

of pulmonary arteries on the 7% day in the positive control (Fig. 7¢). In

contrast, myofibroblasts were not seen on the 7t day in the ZSTK-treated

mice (FIG.7d).

Discussion

We established a murine model with allergic vasculitis with eosinophil

infiltration (6). In this model, we observed prominent eosinophil infiltration

perivascular space of pulmonary arteries and intravascular proliferation of

myofibroblasts (6, 15,16). With this model, we have evaluated inhibitory

effects of imatinib mesylate and rapamaycin on allergic vasculitis by

decrease of TGF—P (15, 16). The present study demonstrated that the PI3K

15
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inhibitor ZSTK474 inhibited the histological changes of vasculitis in the

pulmonary arteries of the OVA-exposed mouse model of AGA and reduced

the number of eosinophils in BALF on the 3rd day after OVA inhalation.

ZSTK474 lowered the TGF-3 concentration in the BALF of

OVA -sensitized mice after OVA inhalation.

IL-4, IL-5 and IL-13 are thought to play critical roles in the

eosinophilopoiesis, and chemotaxis, survival and activation of eosinophils.

Especially, the proliferation and differentiation of eosinophils are known to

be regulated by IL-5 (17- 21). Palframan et al. reported that mobilization of

bone marrow eosinophils is a critical early step in their trafficking to the

lung during an allergic inflammatory reaction. PI3K-I blocked eosinophil

release induced by IL-5 in their perfused bone marrow system (11). In

addition, concerning eosinophil recruitment, Lim et al demonstrated that

PI3Ky-deficient mice challenged with OVA had significantly reduced

numbers of bronchoalveolar lavage and peribronchial eosinophils

compared with wild mice. They also reported that there was no significant

16
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difference in the number of bone marrow or circulating peripheral blood
eosinophils when comparing wild mice and PI3Ky-deficient mice,
suggesting that the trafficking of eosinophils into the lung was reduced in
PI3Ky-deficient mice (22). In contrast to their results, the numbers of
eosinophils in both BALF and peripheral blood were markedly reduced in
the ZSTK474-treated mice compared with those of positive control on the
3" and 7" day (Fig.3B). Lim et al used PI3Ky-deficient mice and we used
pan-class I PI3K inhibitor, ZSTK474. A PI3K pathway other than

PI3Ky may be involved in the trafficking of eosinophils from the bone
marrow to blood or in the proliferation of eosinophils in bone marrow.

In our experiments, the concentrations of [L-4, IL.-5 and IL.-13 in the

BALF of OVA-exposed mice (positive control) increased on the 3 day

and decreased on 7" day. On the other hand, TGF-3 concentration

increased until 7" day. TGF-B has the capacity to suppress the

inflammatory actions of lymphocytes and cytokine production from

immune cells. In this regard, the reduction of Th2 cytokines on the 7h day

17
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may be due to anti-inflammatory cytokines such as TGF-[3 or tolerization in

response to OV A stimulation.

On the other hand, Th2 cytokine concentrations in the BALF of the
ZSTK474-treated mice on the 3™ day were markedly reduced compared
with those of the positive control mice. PI3K plays a pivotal role in the
recruitment and activation of certain inflammatory cells. Lee et al
suggested that the PI3K/Akt pathway was involved in the production of
Th2 cytokines such as IL-4, IL-5, IL-13 in an OV A sensitized murine
asthma model (23). On the other hand, the concentrations of Th2 cytokines
in the BALF of the ZSTK474-treated mice on the 7" day were increased
compared with those of the positive control mice. We also observed similar
results in the case of rapamycin-treated mice in a murine model of

pulmonary allergic vasculitis (15). When the PI3k/Akt/mTOR pathway is

blocked, another pathway might be employed later to induce the Th2

cvtokine production. In addition, it is possible that inhibition of

TGF-B production by PI3k inhibitor might induce an increase of Th2

18
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cvtokines on the 7h day. However, further investigation is needed to

elucidate these mechanisms.

TGF-p is known to be a key molecule involved in tissue fibrosis

including subepithelial fibrosis in asthma and pulmonary fibrosis (24, 25).

In our experimental model, we previously reported a marked increase in the

TGF-f concentration in the BALF of the OVA sensitized mice after OVA

exposure (15). The present study demonstrated that ZSTK474 decreased

the TGF-B1 concentration in the BALF of the OVA sensitized mice after

OVA exposure. Consistent with the present results, Koizumi et al

demonstrated that the mTOR inhibitor, rapamycin reduced the

TGF-B1 concentration in the BALF of the OVA sensitized mice after OVA

exposure (15). In this regard, the PI3K/Akt/mTOR pathway is thought to be

involved in the regulation of the TGF-B1 concentration in the airway of the

murine model with pulmonary allergic vasculitis.

We demonstrated that ZSTK474 strikingly suppressed the vascular

remodeling of pulmonary arteries in the OVA sensitized mice after OVA

19
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exposure. Critical events of the vascular remodeling in allergic vasculitis

with eosinophilia include destruction of the basement membrane and

intraluminal proliferation of myofibroblasts (6). It has been well known

that TGF-f3 plays a pivotal role in pulmonary fibrosis and fibroblast

proliferation (26). In our results, ZSTK474 suppressed the vascular

remodeling through both inhibiting fibroblast proliferation by

PI3K/Akt/mTOR and reducing the collagen production by decreasing

TGF-f expression (27, 28)(Fig.5a,b, Fig.7a,b,c.d) However, it remains still

unclear whether allergic pulmonary vasculitis was actually suppressed or

simply delayed ZSTK474. This needs to be clarified by extension of the

experimental protocol in the next step.

In summary, we speculated on the mechanism of inhibitory effects of
ZSTK474 on allergic pulmonary vasculitis as follows: 1) ZSTK474
suppressed the production of Th2 cytokines such as IL-4, IL-5 and IL-13
from CD4" T lymphocytes sensitized with OVA in our experimental

murine model. 2) The reduced production of Th2 cytokines especially IL-5

20
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caused a decrease of eosinophils recruited into the lung tissue. 3) ZSTK474

©CoO~NOUTA,WNPE

might inhibit eosinophil mobilization from the bone marrow and blood, and
13 recruitment from blood to lung. 4) The vascular remodeling including

16 myofibroblast proliferation and ECM deposition did not progress because
19 of the reduced level of TGF-B concentration in the lung tissue. ZSTK474
22 inhibited the TGF-B induced fibroblast proliferation.

26 In conclusion, ZSTK474 attenuated the vascular remodeling of the murine
29 model with allergic pulmonary vasculitis by reducing the eosinophil

32 recruitment and TGF-B production in the lung.
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Figure Legends

Figure 1: Experimental protocol

Mice were sensitized on days 0 and 5 of the protocol by an intraperitoneal

injection of 0.5 ml aluminum hydroxide-precipitated antigen containing 8

ng OVA. Mice were exposed daily to the aerosolized OVA produced by a

Pulmo-Aide Compressor /Nebulizer at a flow rate of 5-7 liter/min in the

plastic chamber as described in “Methods”. ZSTK474 was administered as

30mg/kg orally once daily during 1 week as described in “Methods”.

Figure 2: The effect of ZSTK474 on cell differentials in BALF

Hatched columns: OVA-sensitized mice (n=12) with exposed to saline

(control). Open columns: OVA-sensitized mice (n=12) with exposed to

OVA (positive control). Closed columns: OVA-sensitized mice (n=12) with

exposed to OVA and treated with ZSTK474. T: total cells; A: alveolar

macrophages; L: lymphocytes; E: eosinophils; N: neutrophils. Data are

means + SD * p<0.01, * * p<0.05
26
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Figure 3A: The effect of ZSTK474 on total white blood cell counts in

13 peripheral blood

16 Open circles: OVA-sensitized mice with exposed to OVA (positive control),
19 Closed circles: OVA-sensitized mice with exposed to OVA and treated with
22 ZSTK474 as described in “Methods”. Samples on the day 0 were collected

26 before OVA exposure. Samples on the 3" and 7" day were collected after

29 OVA exposure. Data are means + SD * p<0.01

Figure 3B: The effect of ZSTK474 on eosinophil counts in peripheral blood
39 Open circles: OVA-sensitized mice with exposed to OVA (positive control),
42 Closed circles: OVA-sensitized mice with exposure to OVA and treated

45 with ZSTK474. * p<0.01

Figure 4: Cytokine concentration in BALF

55 Concentrations of IL-4, IL-5, IL-13, and TGF-f3 in BALF are shown.

59 27

URL: http://mc.manuscriptcentral.com/uelr Email: giembycz@ucalgary.ca



©CoO~NOUTA,WNPE

Experimental Lung Research Page 28 of 41

Figure 4A, IL-4; Figure 4B, IL-5; Figure 4C, 1L-13; Figure 4D, TGF-j3 .
Open circles: OVA-sensitized mice with exposed to OVA (positive control).
Closed circles: OVA-sensitized mice with exposure to OVA and treated

with ZSTK474. Data are means + SD *p<0.01, **p<0.05.

Figure 5. Effects of ZSTK474 on allergic pulmonary vascular remodeling
a: Pulmonary artery totally occluded by intraluminal myofibroblasts (a

yellow arrow head) on the 7™ day in the positive control (HE staining).

Perivascular infiltration including eosinophil was prominent (a yellow
arrow). b. Intraluminal myofibroblast accumulation was not observed (a_

yellow arrow head) on the 7" day in the ZSTK474-treated mice (HE

staining).

Figure 6. Effects of ZSTK474 on severity of vascular changes
Open circles: histological scores of the positive control on the 7" day (n =

6). Closed circles: the ZSTK474-treated mice on the 7" day (n = 6). Data

28
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are given as mean = SD and *p<0.01.
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13 Figure 7. Effects of ZSTK474 on allergic pulmonary vascular pathological

16 changes evaluated with EM staining and Immunostaining for « -SMA

19 a: Intraluminal space of the pulmonary artery was occupied by

myofibroblasts and greenish colagenous material on the 7 day in the

26 positive control (a yellow arrow). The vascular wall was partially disrupted.

29 (EM staining).

32 b: Intravascular myofibroblasts were not seen in the pulmonary artery and

only blood cells were observed in the lumen on the 7h day in the

39 ZSTK474-treated mice (a vellow arrow). The vascular wall was intact.

42 (EM staining)

45 ¢: The intraluminal myofibroblasts on the 7th day in the positive control

48 were positively stained with anti-a-SMA (a vellow arrow). The lumen of

the pulmonary artery was totally occluded by a-SMA-positive

55 myofibroblasts.
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d: No a-SMA positive cells were seen in the lumen of the pulmonary artery

on the 7th day in the ZSTK474-treated mice. Smooth muscle cells in

vascular wall were positively stained. (a yvellow arrow)
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Figure 1

Collection of blood, BALF and lung tissues
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Figure 3A
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Figure 4A
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Figure 4B
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Figure 4C
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Figure 4D
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Figure 5
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Figure 6
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Figure 7
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