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Key message
PI3K3 contributes to TDI-induced airway neutrophilic and eosinophilic inflammation, while PI3Ky

offers protection against TDI-induced asthma.

Abstract
Background: TDI-induced asthma is characterized by neutrophil-dominated airway inflammation
and often associated with poor responsiveness to steroid treatment. Both PI3K6 and PI3Ky have been

demonstrated to play important proinflammatory roles in ovalbumin-induced asthma. We’ve already
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reported that blocking pan PI3K effectively attenuated TDI-induced allergic airway inflammation.
Yet the specific functions of PI3K6 and PI3Ky in TDI-induced asthma are still unclear.

Methods: Male BALB/c mice were first dermally sensitized and then challenged with TDI to
generate an asthma model. Sellective inhibitors of PI3Ko (IC-87114, AMG319) and PI3Ky
(AS252424, AS605240) as well as prednisone were respectively given to the mice after each airway
challenge.

Results: Treatment with IC-87114 or AMG319 after TDI exposure led to significantly decreased
airway hyperresponsiveness (AHR), less neutrophil and eosinophil accumulation, attenuated airway
smooth muscle (ASM) thickening, less M1 and M2 macrophages in lung, as well as lower levels of
IL-4, IL-5, IL-6 and IL-18 in bronchoalveolar lavage fluid (BALF) and recovered IL-10 production.
While mice treated with AS252424 or AS605240 had increased AHR, more severe ASM thickening,
larger numbers of neutrophils and eosinophils, more M1 but less M2 macrophages, and higher BALF
levels of IL-4, IL-5, IL-6, IL-10, IL-12, IL-18 when compared with those treated with vehicle.
Conclusion: These data revealed that pharmacological inhibition of PI3Kd attenuates TDI-induced
steroid insensitive airway inflammation while PI3Ky inhibition exacerbates TDI-induced asthma,
indicating distinct biological functions of PI3K$ and PI3Ky in TDI-induced asthma.
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Introduction

As one of the most commonly reported causes of asthma, toluene diisocyanate (TDI) induces airway
inflammation characterized by a large number of neutrophils and a smaller number of eosinophils [1].
Upon a long-term exposure to TDI, the incidence of asthma increases to nearly 15% and an
accelerated decline in lung function can be observed [2]. Evidence from human and animal models
revealed that TDI-induced asthma responds poorly to steroid treatment and complete removal from
exposure is often the only effective approach to prevent asthma attacks [3-5]. Therefore, elucidating
of the pathogenesis of TDI-induced asthma is necessary for prevention and treatment.

The family of lipid kinases termed phosphoinositide-3-kinase (PI3K) is known to contribute at
multiple levels to innate and adaptive immune responses, and is hence an attractive target for drug

discovery in inflammatory and autoimmune diseases. PI3Ks can be divided into 3 classes according



to their structures and functions: class I, II, and III. Among these, class I is the most widely studied,
which is subdivided into class Ia (p110a, p110p and p110 isoforms) and class Ib (p110y only) [6, 7].
The ubiquitously expressed p110a and p110p catalytic subunits make it particularly difficult to study
them individually, because mice deficient of p110a or p110p have been proved to be lethal at the
embryonic stage, suggesting central roles for these isoforms in cell proliferation during development
[8, 9], while p110d and pl10y are expressed predominantly (but not exclusively) in leucocytes,
leading to the speculation that they are the dominant isoforms involved in PI3K-mediated innate and
adaptive immune responses [10]. Recent studies supported that both p1106 and p110y are critically
involved in asthma pathogenesis. Genetic knockout or inhibition of either pl1106 or pl10y
dramatically decreased ovalbumin (OVA)-induced airway hyperreactivity and inflammation [11-15].
Moreover, treatment with a dual PI3K6/y inhibitor also led to a significant reduction of allergic
symptoms in OVA-exposed rats [16]. We’ve previously reported that blocking pan PI3K effectively
attenuated TDI-induced steroid-insensitive airway inflammation [17, 18]. Yet, the separate functions
of different isoforms of PI3K have not been assessed. Therefore in this study we intended to
investigate the roles of PI3Kd and PI3Ky in TDI-induced asthma model.

Methods

Ethics statement

All animal experiments described here complied with the guidelines of the Committee of Guangzhou
Medical University on the use and care of animals and were approved by the Animal Subjects
Committee of Guangzhou Medical University.

Mice, allergen and treatments

6~8-week-old male BALB/c mice purchased from Guangdong Medical Laboratory Animal Center
were housed under specific pathogen-free conditions and had free access to food and water on a
12-hour light-dark cycle. Mice were randomized to the following groups: (1) vehicle-sensitized,
vehicle-challenged, and DMSO-treated (control group); (2) TD-sensitized, TDI-challenged, and
DMSO-treated (TDI group); (3) TD-sensitized, TDI-challenged, and prednisone-treated (TDI+Pred
group); (4) TD-sensitized, TDI-challenged, and IC87114-treated (TDI+IC87114 group); (5)
TD-sensitized, TDI-challenged, and AMG319-treated (TDI+AMG319 group); (6) TD-sensitized,
TDI-challenged, and AS252424-treated (TDI+AS252424 group); (7) TD-sensitized, TDI-challenged,
and AS605240-treated (TDI+AS605240 group).



A TDI-induced asthma model was prepared based on our previous work [18]. In short, BALB/c mice
were dermally sensitized with 0.3% TDI on the dorsum of both ears (20 pL per ear) on days 1 and 8.
On days 15, 18 and 21, the mice were placed in a horizontal rectangle chamber and challenged for 3
h each time with 3% TDI through compressed air nebulization (NE-C28, Omron). TDI was dissolved
in a mixture of 3 volumes of olive oil and 2 volumes of acetone for sensitization and 4 volumes of
olive oil and 1 volume of acetone for challenge. Control mice were sensitized and challenged with
the same amount of vehicle. IC-87114 (PI3K$ inhibitor, Selleck, Shanghai, China), AMG319 (PI3K56
inhibitor, Selleck), AS252424 (PI3Ky inhibitor, Selleck), or AS605240 (PI3Ky inhibitor, Selleck)
was dissolved in sterile 2% DMSO in PBS with 0.05% Tween-80. IC-87114 (1mg/kg) [19, 20] or
AMG319 (2mg/kg) [21] was administered intratracheally (i.t.) in mice lightly anesthetized with
isofluorane. Prednisone (Pred, SigmaAldrich, 5 mg/kg), AS252424 (10mg/kg) [22], or AS605240
(10mg/kg) [22] was administered separately via the intraperitoneal (i.p.) route. All inhibitors were
given once immediately after each inhalation, while Pred were administrated once daily beginning
after the first challenge to the last day of challenge for a consecutive of one week.

Airway responsiveness measurements

As previously described [18], one day after the last inhalation, airway responsiveness was assessed
by lung resistance (R;) measurement (Buxco Electronics, Troy, NY, USA) in mice receiving
increasing doses of aerosolized methacholine (6.25, 12.5, 25 and 50 mg/mL). R; was recorded every
five minutes following each nebulisation step until a plateau phase was reached. Results were
expressed as percentage of baseline value (value at 0 mg/mL methacholine) for each concentration of
methacholine.

Analysis of bronchoalveolar lavage fluid (BALF)

After measuring airway parameters, the lungs were lavaged in situ, twice with 0.8 mL prewarmed
normal saline, and the recovered fluid was pooled. BALF total cells were counted. As soon as the
fluids were centrifuged (1000x g, 5 min), the cell pellets were used for cytospin preparation, which
was then stained with haematoxylin and eosin (H&E) for blinded assessment of differential cell
percentages, while the supernatants were stored for further detection of IL-4, IL-5, IL-6, IL-18, IL-10
and IL-12 using multiplex immunoassay or ELISA kits (eBioscience) according to the
manufacturer’s instructions.

Histopathological analysis



The left lung lobes were harvested, inflated/fixed overnight in 4% neutral formalin, embedded in
paraffin, and then sectioned. Prepared lung slides (4 um) were subjected to H&E staining to show
morphological changes and inflammation. Airway inflammation and cellular infiltrates were scored
by a blinded observer, and were semi-quantified as previously described [23]. Epithelial denudation
was measured by assessing the percentage of the denuded area in the entire circumference of the
bronchus [23]. Thickness of airway smooth muscle and epithelia was measured as previously
reported [18]. 20~24 image fields of eight sections from 8~10 mice per group were analyzed.
Immunohistochemistry

For immunohistochemistry of p110d and p110y, deparaftinized lung sections (4 pm) were submerged
in citrate buffer (pH 6.0) for antigen retrieval. Samples were treated with H202 for 15 min to block
endogenous peroxidase, and then incubated overnight at 4°C in recommended dilutions of anti-p1103
and anti-p110y antibodies. After washing with PBS, slices were incubated with a secondary antibody
for 30 min at room temperature. Signals were visualized with a diaminobenzidine (DAB) peroxidase
substrate kit (Zhongshan Jingiao, Beijing, China).

For staining of different macrophage subsets (M1/M2), a general macrophage marker Mac3 (rat
anti-Mac3, BD Biosciences) was used, in combination with phenotype-specifific markers by
standard immunohistochemical procedures. To visualize Mac3, an immunoalkaline phosphatase
procedure was used with Fast red (Zhongshanjingiao, Beijing, China) as chromogen. M1-dominant
macrophages were determined by double staining of Mac3 and IRFS5 (rabbit anti-IRFS5; Proteintech,
Manchester, UK); M2-dominant macrophages were determined by double staining of Mac3 and
ECFL [goat anti mouse eosinophil chemotactic factor (ECFL), R&D Systems]; IRF5 and ECFL were
visualized with DAB as chromogen.

Statistics

Data are expressed as mean &+ SD. Results were interpreted using one-way ANOVA and Bonferroni’s
difference post hoc test with SPSS 22.0. Differences were considered statistically significant when p
<0.05.

Results

Pulmonary expression of p1106 and p110y in TDI-indued asthma

Pulmonary expression of pll0d and pllO0y was analysed in TDI asthmatic mice.

Immunohistochemistry revealed that expression of p1105 and pl110y in the airway epithelia varies



among different treatment groups (Figl). TDI exposure dramatically increased airway epithelial
expression of both p1105 and p110y, paralleled by recruited inflammatory cells with rich staining of
p1105 and p110y, together contributing to their increased total levels in lung. However, there were no
significant changes in p1103 and p110y expression in the alveolar region, for all groups.

PI3K4 inhibitors prevented TDI-induced AHR and pathological changes

As previously reported [4], TDI-induced airway responses was insensitive to steroid treatment
(supplementary Fig2 and 3). Fortunately, we found that these can be suppressed by PI3K4 inhibition.
As shown in Fig2, treatment with IC-87114 (Img/kg) or AMG319 (2mg/kg) per time after each TDI
challenge for a total of 3 times resulted in dramatically decreased airway inflammation and AHR,
extensively compromised epithelial injury, ASM and epithelial thickening, as well as significantly
smaller numbers of neutrophils and eosinophils in BALF (Fig2). At the same time, treatment with
either IC-87114 or AMG319 also inhibited the release of IL-4, IL-5, IL-6, IL-10 and IL-18 in BALF
(Fig3). The effects of PI3Ko inhibitors on naive mice were shown in supplementary Figl.

PI3KYy inhibitors excerbated TDI-induced allergic airway inflammation

Compared with PI3K$6 inhibition, blocking PI3KYy is proved to be detrimental in TDI-induced asthma.
Both antagonists used (AS252424 and AS605240) exacerbated TDI-induced airway
hyperresponsiveness and inflammation, led to more severe epithelial injury and remodeling, and
drove greater numbers of neutrophils and eosinophils into the airway lumen (Fig4), coupled with
markedly enhanced secretion of 1L-4, IL-6, IL-10, IL-12 and IL-18 in BALF (Fig5). These results
suggest that PI3Ky is restraining TDI-induced airway hyperreactivity and allergic responses. The
effects of PI3Ky inhibitors on naive mice were shown in supplementary Figl.

Blocking PI3Ké and PI3Ky showed different effects on M1 and M2 macrophages in
TDI-exposed mice

M1 is believed to be the major effector macrophages in non-allergic asthma and linked with the
pathophysiology of severe steroid-insensitive asthma, whereas M2 predominates in allergic asthma
[24, 25]. To assess the presence of M1 and M2 macrophages in lung tissue after TDI exposure, lung
sections were stained with a general macrophage marker (MAC3) in combination with more specific
markers for macrophage subsets. M1 was identifified as IRFS MAC3+; M2 was identifified as
ECFL MAC3+. As can be seen in Fig6, compared with control, mice sensitized and challenged with

TDI had greater numbers of M1 and M2 cells in both the airway and alveolar regions, which were



significantly suppressed by treatment with IC87114 or AMG319. Interestingly, selective blockade of
PI3Ky with AS252424 or AS605240 in TDI-exposed mice led to an increased number of Ml
macrophages but less M2 macrophages in the lung.

Discussion

Although eosinophilic airway inflammation is recognized as a hallmark feature of most patients with
chronic, stable asthma, evidence indicates that neutrophils also play an important role, especially in
steroid resistant asthma [26]. As one of the most commonly reported causes of occupational asthma
[27], TDI drives neutrophil dominated airway inflammation that often responds poorly to steroid
treatment, and is associated with poor prognosis even after cessation of the exposure [28]. As
previously reported [4], we prepared a TDI-induced asthma model that is neutrophil predominant and
steroid insensitive. Blocking neutrophils by antibodies can prevent TDI-induced airway
hyperresponsiveness (AHR) and lung epithelial injury, and dramatically reduce airway inflammation
[29], supporting that neutrophils may be a therapeutic target in TDI-induced asthma.

Members of the PI3K family, including PI3Kd and PI3Ky, are known to have a preeminent role in
neutrophil migration and activation [30]. They facilitate neutrophil chemotaxis by catalyzing the
synthesis of phosphatidylinositol (3,4,5) trisphosphate (PIP3), which is required for asymmetric
F-actin synthesis and cell polarization [30]. Blocking PI3K$ significantly inhibited polarized
morphology of neutrophils, fMLP-stimulated PIP3 production and chemotaxis [31]. We’ve already
demonstrated an important role of PI3K in TDI-induced asthma [17]. In the present study, we used
selective pharmacological inhibitors to study the independent functions of PI3Kd and PI3Ky. As
expected, treatment with PI3Ko6 inhibitors markedly decreased TDI-induced neutrophil and
eosinophil aggregation in the airway, AHR and Th2/Th17 responses, as well as epithelial injury and
thickening. Intriguingly, we detected a higher level of IL-12 in TDI sensitized and challenged mice
that can not be suppressed by PI3K3 inhibition, which is in disagreement with the finding that atopic
asthmatic patients usually have lower IL-12 compared with healthy volunteers [32]. It is generally
thought that TDI-induced asthma is mediated by a mixed Th1, Th2 and Th17 response [4]. Enhanced
cytokines specifically responsible for Thl differentiation and expression (including IL-12, TNF-a
and IFN-y) were also found to be enhanced in neutrophilic asthma [33]. Likewise, an increased
number of CD4 IFNy+ cell in TDI-induced asthma was reported previously [4]. Therefore it’s
reasonable that the TDI-exposed mice had higher IL-12. Yet IC87114 or AMG319 had no effects on



BALF IL-12 production. These data suggest that PI3Kd contributes to TDI-induced neutrophilc and
eosinophilic airway inflammation as well as other pathological changes.

In contrast to the effects of PI3K6 inhibition, blocking PI3Ky with AS252424 or AS605240 revealed
completely different outcomes. As mentioned above, PI3Ky is also capable of driving neutrophilc
inflammation [30]. Loss, inhibition or mutation of pl110y would impair PIP3 production, Akt
phosphorylation, and therefore hamper neutrophil migration in response to GPCR activation [34].
Giovanna B et al. reported that PI3Ky is engaged in Th17 cell differentiation [35], a critical process
involved in neutrophilic asthma [4]. In the airway, genetic and pharmaceutical PI3Ky inhibition
significantly limited neutrophil recruitment and lung injury induced by different insults [36-38]. Here,
we detected an increased expression of pl10y in the airway after mice were sensitized and
challenged with TDI. Yet, to our surprise, treatment with PI3Ky antagonists AS252424 or AS605240
not only failed to confer protection for TDI-exposed mice, but also augmented airway neutrophil and
eosinophil infiltration, exacerbated epithelial injury and airway remodeling, and enhanced the
production of IL-4 and IL-6 despite the recovered IL-10 in BALF. These were opposite to the
findings in OVA-induced asthma [15], suggesting that PI3Ky functions to counteract TDI-induced
allergic airway inflammation.

Though a large list of studies support that PI3Ky is responsible for neutrophil migration, there’s also
increasing evidence demonstrating its antagonistic role in inflammation. Early investigations
revealed that mice lack of p110y exhibit greater numbers of neutrophil in response to S. pneumoniae
or E. coli infection and more severe lung injury compared with wild-type [39, 40]. Additionally, in
2017 Bucher K and colleagues discovered that double deficiency of p1106/y in mice would result in
significantly spontaneous neutrophilia in blood, spleen and lung [41]. These findings indicate that
PI3Ky functions to limit TDI-induced airway inflammation partly through interrupting neutrophil
invasion.

Besides modulating neutrophils, PI3Ky also controls macrophage switch between immune
stimulation and suppression. Researchers observed that mice lacking pl110y mounted exaggerated,
macrophage-mediated pro-inflammatory responses upon exposure to pathogenic stimuli [42]; in vitro,
p110y deficient macrophages produced elevated IL-12 and IL-23 upon TLR stimulation [43]. Indeed,
macrophages are an extremely heterogeneous population, displaying a combination of inflammatory

and anti-inflammatory functions that are represented by the classically activated (M1) and



alternatively activated (M2) phenotypes [24]. In asthma, macrophage polarization is thought to have a
profound impact [44]. M1 acts as the major effector macrophages in non-allergic asthma and
participates in the pathophysiology of severe steroid-insensitive asthma, whereas M2 predominates
in allergic asthma [24, 25]. In our study, both M1 and M2 macrophages were increased in
TDI-exposed mice, coupled with pronounced Thl (IL-12) and Th2 responses. Sellective PI3Ky
inhibition increased the number of M1 macrophage and IL-12 production in TDI-exposed mice but
decreased M2 macrophage count, implying that PI3Ky restrains TDI-induced airway inflammation
by orchestrating macrophage polarization.

In conclusion, we found that PI3KYy restricts TDI-induced steroid-insensitive airway inflammation
through regulating neutrophil migration macrophage polarization, while PI3K3 contributes to
TDI-induced airway neutrophilic inflammation and bronchial hyperresponsiveness, which might be
effective therapeutic targets for severe asthma in the future.
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FIGURES

Figl. Pulmonary expression of pl1105, pl10y. Representative immunohistochemical staining of

pl105 (A) and pl110y (B) in the bronchial and alveolar region of mice from different treatment

groups. Scale bar = 50 um.

A control TDI TDI+IC87114 TDI+AMG319
PERY B SR |

o

Sl < f.;;a'-_}. .
SSSNE A A~ g 4

p1105



Fig2. PI3K6 inhibition attenuated TDI-induced airway hyperresponsiveness (AHR) and airway
inflammation. A, AHR was measured by lung resistance (R;). Results were shown as percentage of
baseline value. n=4~5. B-F, Representative H&E-stained lung sections, and semiquantification of
peribronchial inflammation and epithelial denudation, as well as analysis of airway smooth muscle
and epithelial thickness. Scale bar = 100 um. n=8~10. G-I, Total cell counts, as well as the numbers
of neutrophils and eosinophils in BALF. n=8~10. *p<0.05; **p<0.01; ***p<0.001. NS represents

none significant differences.
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Fig3. The effects of PI3Ko inhibition on TDI-induced cytokine secretion in BALF. Levels of 1L-4

IL-5, IL-6, IL-10, IL-12 and IL-18 in BALF. n=8~10. *p<0.05; **p<0.01; ***p<0.001. NS
represents none significant differences.
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Fig4. PI3Ky inhibition exacerbated TDI-induced AHR and airway inflammation. A, AHR was
measured by lung resistance (Rz). Results were shown as percentage of baseline value. n=4~5. B-F,
Representative H&E-stained lung sections, and semiquantification of peribronchial inflammation and
epithelial denudation, as well as analysis of airway smooth muscle and epithelial thickness. Scale bar
= 100 pum. n=8~10. G-I, Total cell counts, as well as the numbers of neutrophils and eosinophils in

BALF. n=8~10. *p<0.05; **p<0.01; ***p<0.001. NS represents none significant differences.
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FigS. The effects of PI3Ky inhibition on TDI-induced cytokine secretion in BALF. Levels of 1L-4,

IL-5, IL-6, IL-10, IL-12 and IL-18 in BALF. n=8~10. *p<0.05; **p<0.01; ***p<0.001. NS

represents none significant differences.
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Fig6. Representative immunohistochemical staining of M1 [IRF5 (brown) + MAC3 (red)] (A) and
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