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AQX-1125, small molecule SHIP1 activator
inhibits bleomycin-induced pulmonary fibrosis
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BACKGROUND AND PURPOSE
The phosphatase SHIP1 negatively regulates the PI3K pathway, and its predominant expression within cells of the haematopoietic
compartment makes SHIP1 activation a novel strategy to limit inflammatory signalling generated through PI3K. AQX-1125 is the
only clinical-stage, orally administered, SHIP1 activator. Here, we demonstrate the prophylactic and therapeutic effects of AQX-
1125, in a mouse model of bleomycin-induced lung fibrosis.

EXPERIMENTAL APPROACH
For prophylactic evaluation, AQX-1125 (3, 10 or 30 mg·kg�1·d�1, p.o.) or dexamethasone (1 mg·kg�1·d�1, i.p.) were given to
CD-1 mice starting 3 days before intratracheal administration of bleomycin (0.1 IU per mouse) and continued daily for 7 or
21 days. Therapeutic potentials of AQX-1125 (3, 10 or 30mg·kg�1·d�1, p.o.) or pirfenidone (90mg·kg�1·d�1, p.o.) were assessed
by initiating treatment 13 days after bleomycin instillation and continuing until day 28.

KEY RESULTS
Given prophylactically, AQX-1125 (10 and 30 mg·kg�1) reduced histopathological changes in lungs, 7 and 21 days following
bleomycin-induced injury. At the same doses, AQX-1125 reduced the number of total leukocytes, neutrophil activity, TGF-β im-
munoreactivity and soluble collagen in lungs. Administered therapeutically, AQX-1125 (10 and 30 mg·kg�1) improved lung
histopathology, cellular infiltration and reduced lung collagen content. At 30 mg·kg�1, the effects of AQX-1125 were similar to
those of pirfenidone (90 mg·kg�1) with corresponding improvements in disease severity.

CONCLUSIONS AND IMPLICATIONS
AQX-1125 prevented bleomycin-induced lung injury during the inflammatory and fibrotic phases. AQX-1125, given therapeu-
tically, modified disease progression and improved survival, as effectively as pirfenidone.

Abbreviations
BAL, bronchoalveolar lavage; IPF, idiopathic pulmonary fibrosis; MPO, myeloperoxidase; SHIP1, Src-homology 2 domain-
containing inositol-5-phosphatase
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Introduction
Fibrosis occurs in the end stage of many pathological, inflam-
matory conditions as the result of an excessive accumulation
of collagen-rich, extracellular matrix in inflamed or damaged
tissues leading to organ failure and death (Wynn and
Ramalingam, 2012). Idiopathic pulmonary fibrosis (IPF) is a
chronic, progressive lung disease with a median survival time
of 2.5 years from diagnosis (Mura et al., 2012). While idio-
pathic in nature, the prevailing hypotheses regarding the
pathogenesis of this condition are focused on dysfunctional
interactions between the epithelium and mesenchyme, pro-
moting continued epithelial injury and fibroblast activation.
The disease is likely to be multi-factorial in nature with
dysregulation occurring within multiple biological pathways
affecting inflammation, chemotaxis, wound healing and
tissue remodelling (Todd et al., 2012).

The phosphatase Src-homology 2 domain-
containing inositol-5-phosphatase 1 (SHIP1;
INPP5D) is a 145 kDa intracellular enzyme predominantly
expressed in cells of the haematopoietic lineage. The enzymic
function of SHIP1 is to degrade phosphatidylinositol (3,4,5)-
trisphosphate, the product of PI3K and a key signalling
molecule that promotes cellular survival and growth via
recruitment and activation of downstream effector kinases
such as Akt and Btk. By opposing PI3K signalling in
immune cells, SHIP1 can dampen processes contributing to
inflammation and cell migration (Krystal et al., 1999). Mice
deficient in SHIP1 are prone to autoimmune reactions and
develop a pulmonary inflammatory disease leading to pulmo-
nary fibrosis (Oh et al., 2007).

Small molecule compounds originally isolated from
marine natural extracts have been found to act as activators
of SHIP1, possessing anti-inflammatory activity both in vitro
and in vivo (Yang et al., 2005; Ong et al., 2007; Stenton et al.,
2013a,b). Thus, in recent years, pharmacological activation
of SHIP1 has emerged as a novel approach for the
experimental therapy of various inflammatory diseases.
AQX-1125 ((1S,3S,4R)-4-[(3aS,4R,5S,7aS)-4-(aminomethyl)-
7a–methyl-1-methylidene-octahydro-1H-inden-5-yl]-3-(hy-
droxymethyl)-4-methylcyclohexan-1-ol; acetic acid salt) is a
novel, clinical-stage, low MW activator of SHIP1 that has
shown promising anti-inflammatory effects in a number of
animal models of pulmonary inflammation (Stenton et al.,
2013a) and reduced the late response to allergen challenge,
with a trend towards reducing sputum inflammatory cell
numbers, in asthmatic human subjects (Leaker et al., 2014).

The model of pulmonary injury induced by bleomycin
has been extensively used as a model for evaluating the
anti-fibrogenic potential of compounds (Moeller et al.,
2007). It is characterized by an initial acute inflammatory
phase marked by extensive leukocyte infiltration and the
production of pro-inflammatory cytokines including
interleukin-1, interleukin-6, interferon-γ and tumour necro-
sis factor-α. The resolution of the inflammatory phase is
followed by an increase in the levels of pro-fibrotic markers,
such as transforming growth factor-β1, fibronectin and
procollagen-1. The timing of compound administration can
be used to distinguish therapeutic agents with anti-
inflammatory as distinct from anti-fibrotic, potential
(Chaudhary et al., 2006). The current study was designed to

characterize the effects of AQX-1125 on pulmonary inflam-
mation and fibrosis in comparison to either a standard anti-
inflammatory drug, dexamethasone, or pirfenidone, a
clinically relevant compound with anti-fibrotic activity
approved for treatment of IPF.

Methods

Animal studies
All animal care and experimental procedures were in compli-
ance with guidelines approved by the Institutional Animal
Care and Use Committee (IACUC) following the guidance
of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC). Animal studies are re-
ported in compliance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath and Lilley, 2015). A total of 400 adult
(6–8 weeks old), male CD-1 mice weighing between 27 and
32 g (Harlan Nossan, Milan, Italy) were used in the studies.
Mice were housed in groups of three in polycarbonate cages
(300 × 180 mm × 150 mm) with corn cob bedding, within
laminar flow rooms, and were allowed free access to a diet of
standard laboratory chow and water. A 12 h light/dark cycle
was maintained, with controlled temperature (20–26°C) and
humidity (40–70%).

Bleomycin induces a severe pulmonary injury with high
morbidity or mortality, similar to IPF in humans and is the
most widely acceptable model for this disease. The
bleomycin-induced model of lung injury and fibrosis in
rodents has been extensively characterized and is commonly
used to test the anti-fibrotic potential of novel drugs to treat
IPF (Moeller et al., 2007), justifying the choice of species for
these studies. The CD-1 strain used in the study are com-
monly used in research for efficacy and safety testing and
are susceptible to bleomycin-induced pulmonary fibrosis
(Raisfeld, 1979). All efforts were made to minimize animal
suffering and distress and humane endpoints were used in
compliance with IACUC guidelines. Welfare checks occurred
daily with assessments of body weight, general appearance
and behaviour. Any animal exhibiting progressive deteriora-
tion or in distress prior to the study end was humanely eutha-
nized, and the study day where this occurred was recorded.

Bleomycin -induced pulmonary injury and
treatment
Mice were randomly allocated to treatment groups, and
bleomycin (Santa Cruz, Italy) was administered once by a sin-
gle intra-tracheal instillation at 0.1 IU per mouse in 0.9%
saline in a volume of 100 μL (n = 15 or 40 for prophylactic
or therapeutic models respectively), whereas the sham con-
trol groups (n = 5 or 10 for prophylactic or therapeutic models
respectively) received an instillation of 0.9% saline only,
without bleomycin. In the prophylactic model, animals were
orally dosed, once daily, with vehicle (saline, n = 15) or AQX-
1125 (3, 10 or 30 mg·kg�1 in saline, n = 15 per group) starting
3 days prior to administration of bleomycin and continuing
to the end of the study (Day 7 or 21). The reference control
drug, dexamethasone (dissolved in saline), was given by daily
intraperitoneal injection at 1 mg·kg�1 (n = 15). For the thera-
peutic model, mice were dosed orally, once per day, with
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AQX-1125 (3, 10 or 30 mg·kg�1 in saline, n = 40), or saline
vehicle (n = 40) starting 13 days after the bleomycin chal-
lenge. The reference control compound, pirfenidone
(n = 40), was given three times per day (in saline) to achieve
a total daily dose of 90 mg·kg�1 up until the end of the study
(Day 28). At the end of the study, animals were killed by
pentobarbitone overdose. Lung tissue was collected and used
for assessment of oedema, myeloperoxidase, histology,
soluble collagen and/or hydroxyproline content, depending
on the study.

Bronchoalveolar lavage (BAL)
At the end of the studies, tracheas were immediately cannu-
lated with an i.v. polyethylene catheter (Neo Delta Ven 2,
Delta Med, Viadana, Italy) equipped with a 24-gauge needle
on a 1 mL syringe. Lungs were lavaged once with 0.5 mL
D-PBS (GIBCO, Paisley, UK). In >95% of the mice, the recov-
ery volumes were over 0.4 mL. The BAL fluid was centrifuged
at 500× g, the supernatants were stored and the pelleted cells
were collected. Total BAL cells were enumerated by counting
on a haemocytometer in the presence of Trypan blue.
Cytospins were prepared from resuspended BAL cells.
Cytospins of BAL cells were made by centrifuging 50 000 cells
onto microscope slides using a Shandon Cytospin 3
(Shandon, Astmoore, UK). Slides were allowed to air dry and
were then stained with Diff-Quick Stain Set (Diff-Quick;
Baxter Scientific, Miami, FL, USA). A total of 400 cells were
counted from randomly chosen high powermicroscope fields
for each sample.

Measurement of lung oedema
The wet lung tissue weights were measured by careful exci-
sion of the lung from other adjacent extraneous tissues. The
tissues were exposed for 48 h at 180°C, and the dry weight
was subsequently measured. Water content of the lungs was
subsequently calculated as the ratio of wet : dry weight of
the tissue.

Histological examination
Lung biopsies were fixed at room temperature in buffered
formaldehyde solution (10% in phosphate buffered saline),
and histological sections were prepared and stained with
van Giessen trichrome stain or by haematoxylin–eosin and
evaluated using an Axiovision Zeiss (Milan, Italy) micro-
scope. The severity of lung fibrosis was scored on a scale from
0 to 8 by examining randomly chosen sections, with 5 fields
per sample at a magnification of 100×. Criteria for grading
lung fibrosis were as follows: grade 0, normal lung; grade 1,
minimal fibrous thickening of alveolar or bronchiolar walls;
grade 3, moderate thickening of walls without obvious dam-
age to lung architecture; grade 5, increased fibrosis with defi-
nite damage to lung structure and formation of fibrous bands
or small fibrous masses; grade 7, severe distortion of structure
and large fibrous areas; grade 8, total fibrous obliteration of
fields (Ashcroft et al., 1988).

Myeloperoxidase (MPO) assay
Lung tissue was removed, weighed, homogenized in a
solution containing 0.5% hexa-decyl-trimethyl-ammonium
bromide dissolved in 10 mM potassium phosphate buffer
(pH 7) and centrifuged for 30 min at 20 000× g at 4°C. An

aliquot of the supernatant was then allowed to react with a
solution of tetra-methyl-benzidine (1.6 mM) and 0.1 mM
H2O2. The rate of change in absorbance was measured spec-
trophotometrically at 650 nm. MPO activity was defined as
the quantity of enzyme degrading 1 μmol of peroxide per
min at 37°C and was expressed in units per gram weight of
wet tissue (Mullane et al., 1985).

Soluble collagen assay
The total lung collagen content was measured by performing
the Sircol Soluble Collagen Assay (Biocolor, Newtownabbey,
Northern Ireland), based on a modification of the Sirius Red
method, following the manufacturer’s instructions.
Explanted lung tissue was homogenized, and samples were
then incubated at 4°C for 2 h and centrifuged at 15 000× g.
Supernatants (20 mL) were diluted five times in lysis buffer,
added to 1 mL of Sircol Dye Reagent and then mixed for
30 min at room temperature in a mechanical shaker. The
collagen–dye complex was precipitated by centrifugation at
10 000× g for 10min. Theunbounddye solutionwas thencare-
fully removed. The precipitated complex was resuspended in
1 mL of alkali reagent. The obtained solution was finally
placed in a96-wellflat-bottomedplate and evaluated in aplate
reader (absorbance = 540 nm). Absolute collagen content was
calculated by comparing sample values to a standard curve.

Immunohistochemical localization of TGF-β
and collagen-1
Lung tissues were fixed in 10% (w/v) PBS-buffered formalde-
hyde, and 8 μm sections were prepared from paraffin embed-
ded tissues. After deparaffinization, endogenous peroxidase
was quenched with 0.3% (v/v) hydrogen peroxide in 60%
(v/v) methanol for 30 min. The sections were permeabilized
with 0.1% (w/v) Triton X-100 in PBS for 20 min. Non-specific
adsorption was minimized by incubating the section in 2%
(v/v) normal goat serum in PBS for 20 min. Endogenous
biotin or avidin binding sites were blocked by sequential in-
cubation for 15 min with biotin and avidin (DBA, Milan,
Italy) respectively. Sections were incubated overnight with
anti-TGF-β antibody (1:500 v/v in PBS, Santa Cruz Biotech-
nology, CA, USA) or anti-collagen-1 (1:400 v/v in PBS, Santa
Cruz Biotechnology, CA), washed with PBS and incubated
with secondary antibody. Specific labelling was detected with
a biotin-conjugated goat anti-rabbit or anti-mouse IgG and
avidin-biotin peroxidase complex (DBA, Milan, Italy).

The counter stain was developed with DAB (brown
colour) and nuclear fast red (red background). A positive
staining (brown colour) was found in the sections, indicating
that the immunoreactions were positive. To verify the bind-
ing specificity for TGF-β, some sections were also incubated
with primary antibody only (no secondary antibody) or with
secondary antibody only (no primary antibody). In these
situations, no positive staining was found in the sections
indicating that the immunoreactions were positive in all the
experiments carried out. No positive staining (pink colour)
was observed in the sections indicating that the
immunoreactions were negative.

Immunohistochemical images were collected using a
Zeiss microscope and Axio Vision software. For graphic dis-
play of densitometric analyses, the intensity of positive
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staining (brown staining) was measured by computer-assisted
colour image analysis (Leica QWin V3, UK). The percentage
area of immunoreactivity (determined by the number of
positive pixels) was expressed as percent of total tissue area
(red staining).

Hydroxyproline quantification
Twenty-eight days after intratracheal instillation of
bleomycin or saline, mice were killed. Tissue from the left
lung of each animal was used for hydroxyproline quantifica-
tion as described previously (Christensen et al., 1999). Briefly,
the explanted tissue was washed in PBS, weighed,minced and
diluted in 10 mL PBS per mg lung. Samples (100L) were
hydrolyzed in 12 M HCl in duplicate. Samples were analysed
for hydroxyproline content, expressed as μg hydroxyproline
per mg of lung tissue.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Results are expressed as the
mean ± SEM with n representing the number of individual
animals per experimental cohort. Statistical analysis was
performed by ANOVA followed by Dunnett’s post hoc test.
Survival was compared using a log-rank test on the
Kaplan–Meier curves. All statistical analyses were performed
using GraphPad Prism® Version 6.07 software. Probability
values of P ≤ 0.05 were considered statistically significant.

Materials
All materials, unless otherwise indicated, were obtained from
Sigma-Aldrich (Poole, UK). AQX-1125 was prepared from
commercially available 5-dehydroepiandrosterone as
described (Raymond et al., 2014).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked
to the corresponding entries in http://guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY (Southan et al., 2016), and are perma-
nently archived in the Concise Guide to PHARMACOLOGY
2015/16 (Alexander et al., 2015a,b).

Results

Prophylactic effects of AQX-1125 on
bleomycin-induced pulmonary inflammation
and fibrosis
A single intratracheal administration of bleomycin induces
acute lung inflammation leading to fibrosis (Izbicki et al.,
2002). In rats, the initial inflammation is characterized by
an influx of leukocytes, particularly neutrophils, into the air-
ways and an elevation in pro-inflammatory cytokines and
gene expression of pro-fibrotic markers. After Day 9, the
inflammatory cytokine levels begin to resolve and markers
associated with fibrosis, such as TGF-β, and collagen synthesis
and deposition increase (Chaudhary et al., 2006). In mice,
similar phases have been identified by gene signatures with
an active inflammation phase (Days 1–2), an active fibrosis

phase (Days 7–14) and a late fibrosis phase (Days 21–35)
(Peng et al., 2013). Accordingly, in this model, the anti-
inflammatory potential of AQX-1125, given before the
bleomycin challenge, was tested in the acute
inflammatory/initial fibrotic phase (7 days), into the late
fibrotic phase (21 days).

Bleomycin-instillation resulted in substantial histological
tissue damage in the bleomycin-treated animals, character-
ized by consolidation of the parenchyma and the presence
of an extensive inflammatory infiltrate at both 7 and 21 days
(Figure 1A, B respectively). In contrast, mice treated with
AQX-1125 at 10 and 30 mg·kg�1, starting 3 days before
challenge, appeared to show less tissue damage and a greater
preservation of pulmonary architecture (Figure 1A, B respec-
tively). Fibrosis, graded histologically according to the Ash-
croft criteria (Ashcroft et al., 1988), was also increased with
bleomycin instillation as compared to the sham-treated
group. The bleomycin group had an average score of 6.4 on
Day 7 and 6.8 and Day 21, indicative of severe damage to
the lung structure and the presence of large fibrous areas even
during the early inflammatory and fibrotic stage. At both 7
and 21 days (Figures 1C, D respectively), these scores were sig-
nificantly reduced to 3–4 by the highest doses of AQX-1125,
with only moderate thickening of the alveolar or bronchiolar
walls without obvious damage to the lung architecture.

Extensive increases in BAL cellularity (Figure 2A, B) and
neutrophil activity, as measured by myeloperoxidase (MPO)
levels (Figure 2C, D), occurred at Days 7 and 21, in the
bleomycin-treated mice as compared to sham controls. Even
at Day 21, the bleomycin-treated group had an increase in
BAL leukocytes as compared to the sham control
(Figure 2B), similar to previous studies in this strain of mice
(Kakugawa et al., 2004; Lee et al., 2010). AQX-1125 at 10 and
30 mg·kg�1, significantly reduced the total number of BAL
leukocytes in bleomycin-challenged mice, up to a maximum
of 60% at 7 days (Figure 2A) and 63% at 21 days at 30mg·kg�1

(Figure 2B). In contrast, dexamethasone at 1 mg·kg�1 reduced
BAL leukocytes by 83 and 82%, at Days 7 and 21 respectively.
The maximal reduction was similar across all cell types, the
majority of which were macrophages and neutrophils
(Table 1). At 30 mg·kg�1 AQX-1125 reduced MPO activity by
54% at Day 7 (Figure 2C) and by 74% at Day 21 (Figure 2D)
where the corresponding reductions by dexamethasone were
87% and 94%. In addition to the influx of leukocytes, the
inflammatory phase of BLM is also characterized by substan-
tial lung oedema, as measured by the ratio of wet : dry lung
weight, which was significantly diminished by AQX-1125
(10 and 30 mg·kg�1), and dexamethasone, at both 7 and
21 days (Figure 2E, F respectively).

TGF-β is an importantmediatoroffibrosis and is thought to
contribute to the pathogenesis of IPF (Fernandez and
Eickelberg, 2012). Instillation of bleomycin dramatically in-
creased TGF-β immunoreactivity in the lungs of treated mice
at Day 21, during the fibrotic phase of the disease. In accor-
dance with the observed attenuation of inflammation and
the reduced Ashcroft fibrotic score, AQX-1125 (10 and
30 mg·kg�1) also significantly reduced TGF-β detected in the
lung (Figure 3A, B) by up to 97%, similar to dexamethasone.
The anti-fibrotic effect of AQX-1125 was further supported by
adecrease insoluble lungcollagen,byupto60%,at30mg·kg�1

(Figure 3C). We did not measure lung mechanical changes in
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these studies; however, the collagen content has been shown
to correlate with the dynamic parameters of resistance and
elastance in this model (Dolhnikoff andMauad, 1999).

The severe lung injury induced by bleomycin results in a
loss of body weight and decreased survival. AQX-1125-treated
animals were partly protected from bleomycin-induced body
weight loss, and at 10 and 30 mg·kg�1, a small weight gain
was observed in these groups at Day 21 (Figure 3D). Similarly,
these same treatment groups had an increase in the percent of
surviving animals from 33% in the bleomycin-treated group
to 60 and 73% at 10 and 30 mg·kg�1 groups respectively. The
dexamethasone-treated group had a survival of 73%, the same
as the 30 mg·kg�1 AQX-1125-treated group.

Effect of AQX-1125 administered
therapeutically following bleomycin exposure
Many anti-inflammatory drugs have shown benefit in the
bleomycin model when given prophylactically, potentially

by interfering with the induction of the response (Chaudhary
et al., 2006). In order to separate the anti-inflammatory activ-
ity of AQX-1125 from its anti-fibrotic potential, we initiated
daily treatment, therapeutically, beginning 13 days following
BLM exposure. Corticosteroids do not prevent fibrosis when
given therapeutically (Chaudhary et al., 2006; Cortijo et al.,
2009), and therefore, pirfenidone, a clinically relevant anti-
fibrotic compound approved for treatment of IPF (Noble
et al., 2015), was selected as a reference control.

As observed after prophylactic treatment, therapeutic ad-
ministration of AQX-1125 (10 and 30 mg·kg�1) was still able
to attenuate the bleomycin-induced changes to the lung
(Figure 4A). A significant reduction in the Ashcrift fibrosis
score (Figure 4B), pulmonary neutrophil activity (Figure 4C)
and BAL cell counts (Table 2) were still observed at both 10
and 30 mg·kg�1. At 30 mg·kg�1, AQX-1125 reduced the Ash-
croft score from 7, indicative of large fibrotic areas and severe
distortion of pulmonary architecture, to a 2.5, reflective of
thickening of walls but without damage to lung structure.

Figure 1
Effects of prophylactic AQX-1125 on bleomycin-induced changes in lung histology and fibrosis. Mice were treated prophylactically with either
saline vehicle (sal, p.o., daily), AQX-1125 (3, 10 or 30 mg·kg�1·d�1, p.o.) or dexamethasone (dex, 1 mg·kg�1·d�1, i.p.) for 3 days prior to receiv-
ing a single intratracheal administration of bleomycin (BLM). The sham-treated group received intratracheal saline. Histology and Ashcroft scores
were performed on Day 7 (A, C) and Day 21 (B, D) on haematoxylin and eosin stained sections. *P < 0.05, significantly different from vehicle.
Results are given as mean ± SEM from n = 5–15 (surviving animals from bleomycin-treated groups) or n = 5 (sham-treated group) (C, D).
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These results were equal to those obtained with the
90 mg·kg�1 daily dose of pirfenidone.

At 28 days post-challenge, extensive TGF-β (Figure 5A, C)
and collagen I immunoreactivity (Figure 5B, D, respectively)
were detectable in lung sections from the bleomycin animals.
AQX-1125, administered therapeutically at 10 and
30 mg·kg�1, retained its ability to significantly reduce the tis-
sue area positive for TGF-β (Figure 5A, C) and collagen I
(Figure 5B, D). These doses also resulted in significant de-
creases in both soluble collagen (Figure 5E), as measured
using the Sircol assay, and this effect was mirrored in the
hydroxyproline content, which was included as a measure
of total collagen (Figure 5F). The 30 mg·kg�1 dose of AQX-
1125 was nearly equivalent to pirfenidone, effecting reduc-
tions of 82 and 78% for soluble collagen and hydroxyproline

content, respectively, as compared to decreases of 92 and 84%
for these markers in the pirfenidone group.

Prior to therapeutic treatment with AQX-1125 on Study
Day 13, the body weight decreases observed in the pretreat-
ment phase was either partly (3 mg·kg�1) or fully reversed
(10 and 30 mg·kg�1) during Study Days 14–28 in surviving
animals. The saline control group continued to lose body
weight during the same period (Figure 6A). Kaplan–Meier
survival plots show treatment with AQX-1125 had a dose-
dependent effect on survival across all dose levels with signif-
icant results at 10 and 30 mg·kg�1 , compared with saline
vehicle control (Figure 6B). The efficacy observed with AQX-
1125 at 30 mg·kg�1 was considered equivalent to the
pirfenidone treatment. The survival rates from Day 0 to 13
were similar between all groups, but following treatment

Figure 2
Effects of prophylactic AQX-1125 on bleomycin-induced cell influx, myeloperoxidase activity (MPO) and pulmonary oedema. Mice were treated
prophylactically with either saline vehicle (sal, p.o., daily), AQX-1125 (3, 10 or 30mg·kg�1·d�1, p.o.) or dexamethasone (dex, 1mg·kg�1·d�1, i.p.)
for 3 days prior to receiving a single intratracheal administration of bleomycin (BLM). The sham-treated group received intratracheal saline.
Cells recovered from the bronchoalveolar lavage fluid on Day 7 (A) and Day 21 (B) were counted by haemocytometry. MPO activity was mea-
sured in homogenized lung tissue on Day 7 (C) and Day 21 (D). Lung oedema at Day 7 (E) and Day 21 (F) was measured as a ratio of wet to dry
weight of excised lung tissue. *P < 0.05, significantly different from vehicle. Results are given as mean ± SEM from n = 5–15 (surviving animals
from bleomycin-treated groups) or n = 5 (sham-treated group).
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initiation on Day 13, the number of surviving animals was
stabilized in all AQX-1125-treated groups compared to the
saline vehicle, and no additional deaths occurred in the
30 mg·kg�1 AQX-1125 and pirfenidone groups (Figure 6C).

Discussion
AQX-1125 is a novel, clinical-stage compound that activates
the SHIP1 lipid phosphatase. In vitro, AQX-1125 suppressed
chemotaxis in human neutrophils and lymphocytes and
reduced pro-inflammatory cytokine release from murine
splenocytes (Stenton et al., 2013b). Across several in vivo
rodent models of pulmonary inflammation, induced by LPS,
ovalbumin or cigarette smoke, AQX-1125 consistently
reduced BAL leukocyte influx (Stenton et al., 2013a). Simi-
larly, we have now shown that AQX-1125 is able to reduce cel-
lular influx and neutrophil activity in bleomycin-induced
lung injury, and this resulted in improved outcomes through
the fibrotic phase (up to Day 21) including a reduction in the
pro-fibrotic mediator, TGF-β.

Many anti-inflammatory drugs, when administered in a
preventative regime, have shown promising anti-fibrotic
results in the bleomycin model, but have failed to show sub-
stantial clinical benefit in IPF, including prednisone and
etanercept (Veeraraghavan, 2015). In studies where glucocor-
ticoids have been administered 9 days following bleomycin,
after the acute inflammatory phase, they have failed to dem-
onstrate any effect on fibrosis (Chaudhary et al., 2006; Cortijo
et al., 2009), and the evidence supporting the clinical benefits
of steroid use in IPF patients is correspondingly weak
(Veeraraghavan, 2015). The advantages conferred by prophy-
lactic administration of these compounds in the bleomycin
model are most likely a result of the reduction in the acute
inflammation. Dexamethasone treatment initiated 3 days af-
ter bleomycin reduced excess collagen deposition but did not
significantly affect BAL infiltration or BAL levels of TGF-β
(Dik, 2003), consistent with other work using corticosteroids,
showing that inhibition of total lung TGF-β in the bleomycin
model was a result of the reduction in BAL leukocytes (Khalil
et al., 1993) and not a direct effect on mediator release. In
contrast to steroids, pirfenidone, a clinically approved com-
pound for the treatment of IPF, inhibits induction of TGF-β
by bleomycin, at the transcriptional level (Iyer et al., 1999),

and this may be one of the mechanisms by which
pirfenidone mediates its anti-inflammatory and anti-fibrotic
effects.

One of the major criticisms of the bleomycin model is
that it does not reproduce many aspects of the human condi-
tion in a clinically meaningful way. Unlike bleomycin, the
initial inflammatory insult leading to IPF in patients is
unknown, and, at the time of clinical presentation, IPF man-
ifests as chronic, progressive fibrosis. This disparity between
the animal model and IPF may be a cause of the lack of clini-
cal translation of many anti-inflammatory drugs, and it has
been suggested that compounds that are able to show a bene-
fit when administered therapeutically in the bleomycin
model are more likely to result in clinical benefit (Chaudhary
et al., 2006; Moeller et al., 2007). Therefore, we sought to test
if the activity of AQX-1125 was due strictly to its anti-
inflammatory properties by giving it at Day 13, following
the initial inflammatory burst. At this time, AQX-1125 main-
tained the ability to suppress indicators of fibrosis, such as
TGF-β and the increased lung collagen, and reversed the body
weight loss while stabilizing mortality levels. At the highest
dose tested (30 mg·kg�1), the anti-fibrotic, anti-inflammatory
effects and survival rates were similar to that of pirfenidone at
90 mg·kg�1.

More recently, gene expression signatures from the
bleomycin model show that there are three distinct temporal
phases of the response, an initial inflammatory phase (Days
1–2), an active fibrosis phase (Days 7–14) and a late fibrosis
phase (Days 21–35). The gene signature obtained during the
inflammatory phase was not the same as that in lung tissue
from IPF patients, further supporting the notion that drugs
that strictly target the inflammation are unlikely to translate
into clinical benefit. However, there was a high correlation
between the gene signature obtained from the lung tissue of
bleomycin-challenged mice collected during the active
fibrotic phase and that obtained from IPF fibroblasts collected
from patients with a rapidly progressing disease (Peng et al.,
2013). These data indicate that the bleomycin model used
here is in fact relevant to IPF, with similarities to the subset
of patients with a faster course of disease, and they under-
score the potential for clinical translation of AQX-1125.

The anti-fibrotic actions of AQX-1125 are supported by
recent literature highlighting a role for the PI3K–SHIP1 path-
way in fibrosis. As a negative regulator of the PI3K pathway,

Table 1
Differential leukocyte counts in the BALF of mice at 7 and 21 days in prophylactic model

Neutrophils (×106) Macrophages (×106) Lymphocytes (×106)

Day 7 Day 21 Day 7 Day 21 Day 7 Day 21

Sham 0.00 ± 0.00* 0.00 ± 0.00* 0.22 ± 0.02* 0.21 ± 0.01* 0.00 ± 0.00* 0.00 ± 0.00*

Bleomycin 0.29 ± 0.03 0.12 ± 0.02 0.60 ± 0.03 0.66 ± 0.05 0.11 ± 0.01 0.23 ± 0.02

AQX-1125 3 mg·kg�1 0.27 ± 0.02 0.11 ± 0.01 0.58 ± 0.04 0.57 ± 0.05 0.10 ± 0.01 0.23 ± 0.02

AQX-1125 10 mg·kg�1 0.10 ± 0.02* 0.05 ± 0.01* 0.40 ± 0.07* 0.38 ± 0.01* 0.05 ± 0.01* 0.10 ± 0.01*

AQX-1125 30 mg·kg�1 0.09 ± 0.01* 0.05 ± 0.01* 0.40 ± 0.02* 0.35 ± 0.02* 0.04 ± 0.01* 0.10 ± 0.01*

Dexamethasone 1 mg·kg�1 0.04 ± 0.01* 0.03 ± 0.00* 0.28 ± 0.01* 0.28 ± 0.01* 0.03 ± 0.00* 0.04 ± 0.01*

Data are the mean ± SEM of the absolute leukocyte counts (×106 cells) (n = 5–15).
*P < 0.05 shows a significant effect of AQX-1125 or dexamethasone, compared to the vehicle-treated bleomycin group.
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SHIP1 can modulate immune cell activation, phagocytosis
(Kerr, 2010) and neutrophil chemotaxis (Nishio et al., 2006;
Mondal et al., 2012). The role of SHIP1 in pulmonary inflam-
mation and fibrosis was first established in the SHIP1�/�

mice. These mice show a progressive pulmonary infiltration
of leukocytes where the severity of the phenotype is influ-
enced by the genetic background (Helgason et al., 1998; Liu
et al., 1998; Maxwell et al., 2011), and they also develop spon-
taneous intestinal inflammation leading to fibrosis
(McLarren et al., 2011). Clinically, pathological conditions

like scleroderma (Yan et al., 2016) and the progression of lung
fibrosis in patients with systemic sclerosis (Christmann et al.,
2016) are associated with high levels of mIR-155, a negative
regulator of SHIP1 expression. A decrease in SHIP1 levels in
whole blood has been shown to inversely correlate with the
histological stage of liver fibrosis (Katsounas et al., 2011),
further linking immune regulation by SHIP1 to fibrotic
outcomes.

One avenue by which SHIP1 could affect the develop-
ment of fibrosis is via negative regulation of cytokine and

Figure 3
Effects of prophylactic AQX-1125 on bleomycin -induced up-regulation of TGF-β, soluble collagen and body weight loss. Mice were treated pro-
phylactically with either saline vehicle (sal, p.o., daily), AQX-1125 (3, 10 or 30mg·kg�1·d�1, p.o.) or dexamethasone (dex, 1mg·kg�1·d�1, i.p.) for
3 days prior to receiving a single intratracheal administration of bleomycin (BLM). The sham-treated group received intratracheal saline. At Day
21, lung tissues were processed for immunohistochemical detection of TGF-β (A), and the total area positive for TGF-β was calculated by densi-
tometry (B). Total soluble lung collagen (C) was measured using the Sircol assay. Body weight loss (D) was calculated by taking the difference
in mouse weights on Day 0 and Day 21. The percent of each group remaining at Day 21 were also calculated (E). *P < 0.05, significantly different
from vehicle. Results are given as mean ± SEM from n = 5–15 (surviving animals from bleomycin-treated groups) or n = 5 (sham-treated group).
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chemokine production. Bone marrow-derived macrophages
from SHIP1�/� mice secrete enhanced levels of cytokines
and chemokines upon stimulation, including the chemokine
CCL2 (Gabhann et al., 2010), which plays an important role

in the recruitment of immune cells and fibrocytes. CCL2 defi-
ciency is protective in the bleomycin model (Gharaee-
Kermani et al., 2003), and its levels are significantly elevated
in the BAL fluid of IPF patients (Suga et al., 1999). Although

Table 2
Differential leukocyte counts in the BALF of mice at 28 days in therapeutic model

Neutrophils (×106) Macrophages (×106) Lymphocytes (×106)

Sham 0.00 ± 0.00* 0.18 ± 0.01* 0.00 ± 0.00*

Bleomycin 0.30 ± 0.02 0.60 ± 0.02 0.10 ± 0.00

AQX-1125 3 mg·kg�1 0.28 ± 0.02 0.54 ± 0.02* 0.09 ± 0.00*

AQX-1125 10 mg·kg�1 0.13 ± 0.01* 0.39 ± 0.01* 0.05 ± 0.00*

AQX-1125 30 mg·kg�1 0.05 ± 0.00* 0.26 ± 0.01* 0.03 ± 0.00*

Pirfenidone 90 mg·kg�1 0.05 ± 0.00* 0.25 ± 0.01* 0.03 ± 0.00*

Data are the mean ± SEM of the absolute leukocyte counts (×106 cells) (n = 10–29).
*P < 0.05 shows a significant effect of AQX-1125 or pirfenidone, compared to the vehicle-treated bleomycin group.

Figure 4
Therapeutic effects of AQX-1125 on bleomycin-induced changes in lung histology and fibrosis. Mice were treated with either saline vehicle (sal, p.
o., daily), AQX-1125 (3, 10 or 30 mg·kg�1·d�1, p.o.) or pirfenidone (pirf, 90 mg·kg�1·d�1, p.o., three times daily) starting on Day 13 after receiv-
ing a single intratracheal administration of bleomycin (BLM). The sham-treated group received intratracheal saline. Lung tissue was sectioned and
stained with haematoxylin and eosin (A), and Ashcroft scores were calculated (B) at Day 28 as described in the Methods. MPO activity (C) was
measured in homogenized lung tissue Day 28. *P < 0.05, significantly different from vehicle. Results are given as mean ± SEM from n = 11–29
(animals surviving to Day 28 in each of the bleomycin-treated groups) or n = 10 (sham-treated group) (B, C).
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CCL2 was not measured specifically in this study, AQX-1125
has previously been shown to be able to decrease levels of
CCL2 in the BAL fluid of LPS-mediated pulmonary inflamma-
tion in rats (Stenton et al., 2013a). Therefore, one possible
mechanism by which SHIP1 activators like AQX-1125 could
limit fibrosis is by limiting the production of profibrotic me-
diators that drive the recruitment of leukocytes and
fibrocytes.

In vitro, bleomycin-induced growth and collagen produc-
tion in fibroblasts is dependent on PI3K/Akt activation (Lu
et al., 2009). In vivo, PI3Kϒ�/� mice have attenuated pulmo-
nary fibrosis and mortality following bleomycin challenge
(Russo et al., 2010), while sustained activation of the PI3K
pathway exacerbates bleomycin-induced pulmonary fibrosis
(Kral et al., 2016). Prophylactic administration of the PI3Kϒ
inhibitor, AS605240, can attenuate bleomycin-induced lung

Figure 5
Therapeutic effects of AQX-1125 on bleomycin-induced parameters of lung fibrosis. Mice were treated with either saline vehicle (sal, p.o., daily),
AQX-1125 (3, 10 or 30 mg·kg�1·d�1, p.o.) or pirfenidone (pirf, 90 mg·kg�1·d�1, p.o.) starting on Day 13 after receiving a single intratracheal ad-
ministration of bleomycin (BLM). The sham-treated group received intratracheal saline. Lung tissue collected at Day 28 was sectioned and stained
with antibodies to either TGF-β (A) or collagen-1 (B), and the relative positive immunoreactive areas for TGF-β (C) and collagen-1 (D) were quan-
tified by densitometry. Soluble collagen was quantified using the Sircol assay (E), and the hydroxyproline content (F) was assessed. *P < 0.05, sig-
nificantly different from vehicle. Results are given as mean ± SEM from n = 11–29 (animals surviving to Day 28 in each of the bleomycin-treated
groups) or n = 10 (sham-treated group).
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inflammation and collagen deposition in rats (Wei et al.,
2010). Beyond bleomycin, the PI3Kϒ isoform has uniquely
been shown to be up-regulated in IPF lung tissues, and the
use of either siRNA or low MW inhibitors can reduce prolifer-
ation and fibrogenic activities in IPF-derived fibroblasts
(Conte et al., 2013).

These studies highlight the critical role of the PI3K/Akt
pathways, especially PI3Kϒ, in pulmonary fibrosis and have
spurred great interest in designing isoform specific inhibitors
of this isoform as therapeutic agents. However, the clinical
advancement of PI3Kϒ-specific inhibitors for inflammatory
and fibrotic diseases has been limited, possibly in part due
to the difficulty in achieving the degree of selectivity required
to circumvent toxicities such as disturbed glucose/insulin ho-
meostasis, which occurs when the p110α isoform is inhibited
(Lamb et al., 2013). Activation of SHIP1 represents a novel
mechanism to suppress PI3K signalling, and AQX-1125 has
been generally well-tolerated across three Phase II trials, with
adverse event rates similar to placebo (Nickel et al., 2016;
Vestbo et al., 2016). Therefore, suppression of the PI3K path-
way, via SHIP1 activation, may provide an alternative thera-
peutic strategy in the treatment of fibrosis with a more
favourable safety profile.

In summary, the current report describes the in vivo anti-
inflammatory and anti-fibrotic effects of the SHIP1 activator
AQX-1125, in a murine model of bleomycin-mediated
pulmonary inflammation and fibrosis. The effects of AQX-
1125 were demonstrated both prophylactically and therapeu-
tically. AQX-1125 has good oral bioavailability, a terminal
half-life suited to once per day dosing and distributes to the
lung at high concentrations (Stenton et al., 2013b). AQX-
1125 also has a novel mechanism of action that is distinct

from anti-inflammatory compounds, such as steroids, and
functions to down-regulate the PI3K/Akt pathway without
side effects of hyperglycaemia or neutropenia, as seen with
PI3K inhibitors (Akinleye et al., 2013). Therefore, the current
anti-fibrotic data, coupled with previously published data
demonstrating the efficacy of this compound in rodent
models of inflammation (Stenton et al., 2013a), support the
view that SHIP1 activators, such as AQX-1125, may have
significant therapeutic potential for amelioration of inflam-
matory and fibrotic disease.
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