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BACKGROUND AND PURPOSE

Interstitial lung disease accounts for a group of chronic and progressive disorders associated with severe pulmonary vascular
remodelling, peripheral vascular rarefaction and fibrosis, thus limiting lung function. We have previously shown that Akt is
necessary for myofibroblast differentiation, a critical event in organ fibrosis. However, the contributory role of the Akt-mTOR
pathway in interstitial lung disease and the therapeutic benefits of targeting Akt and mTOR remain unclear.

EXPERIMENTAL APPROACH

We investigated the role of the Akt-mTOR pathway and its downstream molecular mechanisms in chronic hypoxia- and
TGFB-induced pulmonary vascular pruning and fibrosis in mice. We also determined the therapeutic benefits of the Akt
inhibitor triciribine and the mTOR inhibitor rapamycin for the treatment of pulmonary fibrosis in mice.

KEY RESULTS

Akt7~~ mice were protected from chronic hypoxia-induced peripheral vascular pruning. In contrast, hyperactivation of Akt1
induced focal fibrosis similar to TGFB-induced fibrosis. Pharmacological inhibition of Akt, but not the Akt substrate mTOR,
inhibited hypoxia- and TGFfB-induced pulmonary vascular rarefaction and fibrosis. Mechanistically, we found that Akt1
modulates pulmonary remodelling via regulation of thrombospondin1 (TSP1) expression. Hypoxic Akt7~~ mice lungs
expressed less TSP1. Moreover, TSP1~~ mice were resistant to adMyrAkt1-induced pulmonary fibrosis.

CONCLUSIONS AND IMPLICATIONS
Our study identified Akt1 as a novel target for the treatment of interstitial lung disease and provides preclinical data on the
potential benefits of the Akt inhibitor triciribine for the treatment of interstitial lung disease.
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Abbreviations

ECM, extracellular matrix; FHLF, fibrotic human lung fibroblast; FN, fibronectin; ILD, interstitial lung disease; IPF,
idiopathic pulmonary fibrosis; mTOR, mammalian target of rapamycin; PH, pulmonary hypertension; PTEN,
phosphatase and tensin homologue; SRF, serum response factor; TCBN, triciribine; TSP1, thrombospondinl; oSMA,

o-smooth muscle cell actin
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Interstitial lung disease (ILD) is characterized by reduced lung
volume due, in part, to progressive hypertrophic scar forma-
tion leading to fibrosis and vascular remodelling (McLaughlin
et al., 2009; King et al., 2011; Raghu et al., 2011; Hinz et al.,
2012; Meyer, 2014). Although its pathogenesis is multifacto-
rial, persistent myofibroblast accumulation and excess depo-
sition of extracellular matrix (ECM) proteins are critical
events in this fibro-proliferative process. Thus, identifying
novel pathways is important in the hopes of devising new
targeted therapeutics for pulmonary remodelling.

Research from our laboratory has established the central
role of Aktl, a serine-threonine protein kinase Bo, in ECM
assembly and secretion (Somanath et al., 2007; Somanath
and Byzova, 2009; Goc et al., 2011). We previously reported
that genetic ablation of Aktl in mice resulted in impaired
secretion and assembly of ECM proteins and enhanced angio-
genesis leading to vascular leakage and skin abnormalities
(Chen et al., 2005a). Genetic knock-down of Aktl, not Akt2,
resulted in impaired angiogenesis in cutaneous wound
healing (Somanath et al., 2008). We also demonstrated that
sustained hyperactivation of Aktl resulted in increased
myofibroblast differentiation via increased o-smooth muscle
cell actin (o«SMA) synthesis involving serum response tran-
scription factor (SRF) and myocardin (Abdalla et al., 2013).
Furthermore, pharmacological inhibition of Akt or genetic
ablation of Aktl impaired myofibroblast differentiation and
ED-A fibronectin (ED-A-FN) synthesis in vitro (Abdalla et al.,
2013).

Myofibroblasts are the hallmark of pulmonary fibrosis
(Raghu etal., 2011; Hinz etal., 2012). Pulmonary vascular
remodelling in pulmonary hypertension (PH) has also been
demonstrated to be mediated by adventitial myofibroblasts
(Barman et al., 2014). Our previous findings on the role of
Akt-mTOR pathway in extracellular remodelling and myofi-
broblast differentiation suggest that Akt and/or mTOR may
be potential targets for therapeutic interventions in ILD.
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Other studies have also reported a possible correlation
between Akt hyperactivation and fibrotic diseases. Mice defi-
cient in the protein PTEN (phosphatase and tensin homo-
logue), an endogenous inhibitor of Akt pathway, developed a
fibroproliferative response consistent with fibrosis (Xia et al.,
2010). Interestingly, Akt expression has been found to be
elevated in fibrotic lung tissues from patients with idiopathic
pulmonary fibrosis (IPF) (Xia et al., 2008). However, the
precise role of the Akt-mTOR pathway in the pathogenesis of
pulmonary fibrosis and the therapeutic benefits of targeting
Akt and mTOR in ILD remain unknown.

In this study, we investigated the contributory role of Akt
in general, and Aktl in particular, in pulmonary tissue
remodelling. We identified that AktI”~ mice are protected
from hypoxia-induced pulmonary fibrosis and vascular
remodelling and that adenovirus-mediated overexpression of
hyperactive Aktl (adMyrAktl) in mouse lungs resulted in
increased fibrosis. Pharmacological inhibition of Akt using
triciribine (TCBN) significantly reversed TGFB- and chronic
hypoxia-induced pulmonary fibrosis. However, targeting
mTOR using rapamycin did not yield therapeutic benefits on
chronic hypoxia- or TGFB-induced pulmonary vascular rar-
efaction and fibrosis. Mechanistically, we found that genetic
ablation of Aktl and pharmacological inhibition of Akt were
associated with impaired thrombospondinl (TSP1) expres-
sion by the fibroblasts in vitro and in the lung tissues in vivo.
Furthermore, TSP17~ mice were protected from adMyrAktl-
induced fibrosis. Collectively, we identified Aktl as a novel
target in ILD as it is a critical mediator of hypoxia- and
TGFB-induced pulmonary remodelling, in part through TSP1
regulation.

Methods
Antibodies

Anti-aSMA, anti-TSP1 and anti-fibronectin antibodies were
purchased from Sigma (St Louis, MO, USA). GAPDH,
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phosphoAkt-S473, phosphoT37/46-4E-BP1 and anti-SRF anti-
bodies were purchased from Cell Signaling (Boston, MA,
USA). Anti-myocardin antibodies were purchased from R&D
Systems (Minneapolis, MN, USA). Collagens type I and III
antibodies were purchased from Rockland (Gilbertsville, PA,
USA). Antibodies for ED-A-FN, collagen VI and aSMA were
purchased from Abcam (Cambridge, MA, USA).

Cell culture

Normal and fibrotic human lung fibroblasts (FHLFs) and
FGM™.-2 fibroblast growth medium-2 were purchased from
Lonza (Walkersville, MD, USA). Normal human lung fibro-
blasts were cultured on a 6-well plate. After reaching 70% of
confluence, cells were subjected to serum starvation in the
presence or absence of 100 pM TGFf (R&D Systems) for 48 h
(Goc et al., 2011). This was followed by co-treatment for 24 h
(total 72h) with inhibitors of PI3 kinase (25uM
LY294002), Akt (10 nM TCBN; 1,5-dihydro-5-methyl-1-B3-D-
ribofuranosyl-1,2,5,6,8-pentaazaacenaphthylen-3-amine) or
mTOR (25 nM rapamycin), all of which are obtained from
Calbiochem (Millipore, Billerica, MA, USA). Cells were sub-
jected to Western analyses as described below. For FHLFs, cells
were cultured in serum starvation in a 6-well plate and treated
with inhibitors of Akt (10 nM TCBN) or mTOR (25 nM rapa-
mycin) for 24 h.

Western blot analysis

Cell lysates were prepared using lysis buffer [20 mM Tris-HClI,
pH 7.4; 1% Triton X-100, 3 mM EGTA, 5 mM EDTA, phos-
phatase inhibitors (10 mM sodium pyrophosphate, 5 mM
sodium orthovanadate, 5 mM sodium fluoride and 10 uM
okadaic acid), protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland) and 1 mM PMSF]. SDS-PAGE and Western
blotting were performed as described previously (Abdalla
etal., 2013).

Animals

All animal care and experimental procedures were approved
by the Charlie Norwood VAMC Institutional Animal Care
and Use Committee. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 230 animals were used
in the experiments described here.

Akt1”7~ mice were generated as previously described (Chen
et al., 2005b) and were maintained in the C57BL/6 back-
ground. Age-matched male Akt17*and Akt17~ (8-12 weeks old)
mice were utilized for the chronic hypoxia and TGFp-induced
pulmonary fibrosis models. Eight-week-old male TSP1”~ mice
were purchased from Jackson mice (Bar Harbor, ME, USA).

Chronic hypoxia model

Akt1** and AktI”~ mice were subjected to normoxia or
hypoxia (10% O,) (Biospherix, New York, NY, USA) for 7 and
14 days (1 = 2-6 mice per group). Noteworthy, high mortality
was observed in AktI”~ mice exposed to hypoxia longer than
14-16 days. For pharmacological inhibition studies, Akt1”*
mice, subjected to normoxia or chronic hypoxia for
14 days, received daily i.p. injection of saline, TCBN
(0.5 mg-kg'-day') or rapamycin (1.5 mg-kg'-day') for 7
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days, and the total continuous exposure to hypoxia or nor-
moxia was 21 days (n = 6-8 mice per group). Pharmacological
inhibitors were administered daily while the mice were main-
tained in the hypoxia chamber to minimize exposure to air
and spontaneous reversal of pulmonary remodelling. After
lung isolation, the left lung was subjected to histology for
haematoxylin and eosin (H&E), Masson’s trichrome and
immunofluorescence staining against aSMA (to elucidate vas-
cular remodelling) and fibronectin (to elucidate vascular and
peripheral fibrosis). The right lung was subjected to Western
analyses against various proteins including TGFB, aSMA,
myocardin, SRE, fibronectin, specialized fibronectin (ED-A),
collagen (I, IlI, VI), phosphorylated Akt, mTOR, 4EBP, TSP1
and GAPDH.

Adenovirus administration

Mice were treated with intratracheal (i.t.) control adenovirus
(adControl) or adenovirus TGFp (adTGFp) at a concentration
of 1 x 10° pfu. Saline, TCBN or rapamycin was administered
i.p. on days 7-10 (n = 6-8 mice per group). For the Akt-
induced fibrosis experiment, TSP1** and TSPI”7~ mice were
subjected to i.t. administration of control vector or adenovi-
rus expressing constitutively active-Aktl (adMyrAktl) two
times on days O and 7. Mice were killed and lungs were
collected on day 14.

Vascular Microfil® casting

Following completion of adenovirus or hypoxia studies, mice
were anesthetized and given 50 uL of heparin (50 mg-mL™)
subcutaneously. Microfil (FlowTech, Inc., Carver, MA, USA)
casting agent (1:2 dilution + 3.2% curing agent) was infused
through the right ventricle at a perfusion rate of 1 mL-min™".
After curing for approximately 30 min, lungs were isolated,
fixed in 4% paraformaldehyde overnight, and cleared with
ethanol and methyl salicylate per the manufacturer’s manual.
After approximately 2 months of vascular clearing, the
peripheral vasculature was imaged using confocal microscopy
(n = 5-8 mice per group).

Histological and immunohistochemical
assessments

Left lung lobe, heart and liver tissues were fixed in 4% para-
formaldehyde, embedded in paraffin and sectioned at 5 pym
thickness. Quantitative and qualitative evaluation of fibrotic
changes was obtained as follows: Using Image] software
(National Institutes of Health, Bethesda, MD, USA), the
threshold percentage area for each field was averaged and
presented as percentage of fibrosed area (3-6 fields per lung
section per mouse). The severity of pulmonary fibrosis was
scored (0-8 scale; O for normal and 8 for total fibrosis) in lung
sections stained for collagen with Masson’s trichrome stains
using the grading system described previously (Ashcroft et al.,
1988). Immunostaining for aSMA and fibronectin was per-
formed using specific antibodies. For vascular remodelling
studies, lung sections from each animal were stained with
H&E and Masson’s trichrome and examined by digital pho-
tomicroscopy at various magnifications to determine the
severity of the disease. Peripheral pulmonary vessels were
examined to determine the medial wall/lumen diameter
ratio, and the right ventricular wall thickness was measured
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in heart sections (average of 8-10 measurements per animal
per group) to determine right ventricular hypertrophy.
Finally, liver morphology was assessed semi-quantitatively
using the threshold in Image] software in 5 fields per liver
section per mouse per group. All quantitative vascular remod-
elling assessments following Microfil casting were performed
on binary images.

Quantitative RT-PCR arrays

Control pBabe (retroviral) and DN-Aktl (Aktl K179M)
expressing NIH-3T3 fibroblasts and FHLFs were used for the
gRT-PCR arrays. Briefly, cells were lysed and RNA was isolated
using RNAase Mini plus Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Next, cDNA
was generated by RT2 First Strand Kit (SABiosciences, Valen-
cia, CA, USA), mixed with qPCR Sybr Green master mix and
loaded into fibrosis RT2 Profiler PCR Array plates (SA Bio-
sciences). Reading was completed in Eppendorf Mastercycler
realplex-2 equipment (Hamburg, Germany).

Data analysis

Data are presented as means = SD. Statistical analysis was
performed using two-way ANovA on the ranks of the data that
were used to compare control, insult (chronic hypoxia or
adTGFp or adMyrAktl), and control or insult, plus TCBN or
rapamycin. Student’s t-tests with a two-tailed distribution
were used to compare control and treated as well as Akt1™*
and Akt17~ mice on all variables. Statistical significance was
determined at P < 0.05.

Results

Akt17~ mice are resistant to chronic
hypoxia-induced pulmonary remodelling
To examine whether Akt is required for pulmonary
remodelling, AktI** and Akt1”~ mice were subjected to nor-
moxia, short-term hypoxia (7 days) or chronic hypoxia (14
days), and morphological alteration due to hypoxia was
assessed. The results showed that Akt1** mice subjected to
chronic hypoxia developed patterns consistent with the
disease progression as evidenced by patchy lesions, mild
vessel luminal narrowing and medial thickening on day 7
that progressed to diffuse interstitial lesions and significant
vascular remodelling on day 14 (Figure 1A and B). In con-
trast, hypoxic Akt1”~ mice showed histopathological pat-
terns similar to normoxic AktI¥* mice on days 7 and 14
(Figure 1A and B). Despite chronic hypoxia exposure,
AktI7~ mice had minimal fibronectin accumulation in the
interstitial space (Figure 1C and E). Furthermore, 14d-
hypoxic Akt1”~ mice had normal appearing pulmonary
arterioles as evidenced by the absence of any medial thick-
ening and luminal narrowing, decreased oSMA assembly
and decreased fibronectin deposition compared with Akt1**
mice lungs (Figure 1D and F). Thus, results suggest that
absence of Aktl impedes hypoxia-induced pulmonary
remodelling.

Interestingly, normoxic AktI7~ mice exhibited morpho-
logical features similar to 14d-hypoxic AktI** mice on tissue
remodelling (Figure 1A-C) and vascular wall thickening as
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well as aSMA expression (Figure 1D-F). Compared with nor-
moxic Akt1”* mice, genetic ablation of Aktl was associated
with increased interstitial thickening, oSMA and fibronectin
deposition.

Akt inhibition reverses chronic
hypoxia-induced pulmonary remodelling

in vivo

Hypoxic vasoconstriction and vascular remodelling are one
of the contributing factors in the pathogenesis of
pulmonary fibrosis (Strange and Highland, 2005). In our
study, severe chronic hypoxia (21 days) induced medial
thickness of peripheral pulmonary arterioles, which corre-
lated with increased collagens, fibronectin and aSMA depo-
sition as demonstrated by H&E, Masson’s trichrome and
immunofluorescence staining respectively (Figure 2A). This
was also confirmed at the protein level where hypoxia
increased the levels of oSMA and its transcription factors,
SRF and myocardin, and various ECM proteins (Figure 2C).
TCBN treatment, administered for 7 days after 14 days of
hypoxia until 21 days of hypoxia is reached, reversed the
vascular thickening as shown by immunohistochemistry
and Western analyses (Figure 2A-C). On the other hand,
rapamycin treatment did not prevent hypoxia-induced pul-
monary alveolar haemorrhage and congestion (Figure 2A-
C). Noteworthy, under normoxic conditions, rapamycin
alone induced mild tissue and vascular remodelling in the
lungs (Figure 2A).

Akt inhibition reverses adTGF-induced
pulmonary fibrosis in vivo

Next, we sought to investigate the effects of Akt inhibition
using TCBN and mTOR inhibition using rapamycin on TGFg-
induced model of pulmonary remodelling. Administration of
adTGFp (i.t.) to mouse lungs induced significant damage in
the normal pulmonary architecture that correlated with an
Ashcroft fibrosis score of ~7.6 (categorized as severe fibrosis).
Administration of adTGFp resulted in a heterogeneous
pattern consistent with advanced stage IPF (Figure 3A) with
substantial interstitial fibrosis, ECM deposition, loss of alveo-
lar parenchyma, microscopic honeycomb foci and an
increase in the percentage of fibrosed area. This was also
associated with marked increase in fibronectin and aSMA
deposition and assembly as demonstrated by immunofluores-
cence staining (Figure 3A). Akt inhibition using TCBN
blunted adTGFf-induced fibrosis correlating to an Ashcroft
fibrosis score of ~1.2 (categorized as minimal fibrosis)
(Figure 3A-C). This is evidenced by markedly decreased
fibrotic patches, ECM deposition and oSMA expression
(Figure 3A-C). In contrast, although rapamycin-treated
animals had decreased fibrotic patches and improved Ash-
croft fibrosis score of ~5 (categorized as moderate fibrosis)
(Figure 3A-C), they also demonstrated thickening of the
alveolar space, diffuse alveolar micro-haemorrhage, capillary
congestion and dense inflammatory infiltrates as evidenced
by H&E and Masson’s trichrome staining (Figure 3A).
Notably, even in the absence of adTGFp, control mice treated
with rapamycin exhibited aberrant pulmonary morphologi-
cal features (Figure 3A-C).
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Figure 1

Akt1 deficiency protects against hypoxia-induced pulmonary remodelling. (A) Masson’s trichrome stained section of the pulmonary interstitium
(left) and peripheral pulmonary arterioles (right) of Akt1** and Akt1~~ mice subjected to normoxia or chronic hypoxia for 7 and 14 days
(n = 3-5 mice/group). (B) Histogram showing quantification of the fibrosed area in Akt7** and Akt1~~ mice lungs after 14 day hypoxia compared
with normoxia. (C) Immunostaining of frozen sections of 14 day hypoxia and normoxia Akt7** and Akt~ mice lungs showing fibronectin
expression in the interstitium. (D) Fibronectin and o.SMA immunofluorescence staining in and around small pulmonary arteries of normoxic and
14d-hypoxic Akt1** and Akt1~~ mice. (E) Histogram showing reduced fibronectin expression in Akt~ mice hypoxic lung sections compared with
Akt1** mice lungs (n = 4-5 mice/group). (F) Histogram showing vascular wall to lumen ratio in Akt7** and Akt~ mice lung hypoxic sections
measured from oSMA immunofluorescence (n = 3-5 mice/group). V, vasculature; B, bronchiole. #P < 0.01, 4P < 0.001.
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Figure 2

TCBN reverses hypoxia-induced pulmonary fibrosis and vascular remodelling in vivo. (A) H&E staining, Masson'’s trichrome staining, fibronectin
and oSMA immunofluorescence staining of lung sections subjected for normoxia and 21 day chronic hypoxia. (B) Histogram showing vascular
wall to lumen ratio (n = 6-8 mice/group). (C) Western analysis of aSMA and its transcription factors SRF and myocardin, ECM proteins including
ED-A-FN, collagen types I, Il and VI in TCBN, and rapamycin-treated lungs compared with vehicle-treated lungs after 21 days of hypoxia. (D)
Histograms showing the densitometry analysis of Western protein bands showing changes in the expression of aSMA, SRF, myocardin, ED-A-FN,
collagen types I, Il and VI in control, TCBN and rapamycin-treated 21 day hypoxic lungs. *P < 0.05, *P < 0.01 (n = 6-8 mice/group).
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TCBN ameliorates adTGFB-induced pulmonary fibrosis in vivo. (A) H&E staining, Masson'’s trichrome staining, fibronectin and aSMA immuno-
fluorescence staining of lung sections subjected for adControl and adTGFp treatments. (B) Histogram showing quantification of the fibrosed area
in adControl and adTGFf-expressing mice lungs (n = 6-8 mice/group). (C) Histogram showing Aschroft fibrosis score in adControl and
adTGFB-expressing mice lungs (n = 6-8 mice/group). *P < 0.05, #*P < 0.01, 4P < 0.001.

Akt inhibition ameliorates hypoxia-

and adTGFB-induced peripheral

vascular rarefaction

The above findings prompted us to examine the effects of Akt
inhibition on the aberrant peripheral vascular rarefaction
that occurs during PH and pulmonary fibrosis (PF). To do this,
we utilized arterial casting to visualize the vascular tree of
mouse lungs subjected to 21d-chronic hypoxia and/or
adTGFp. First, compared with the diffuse vascular blush
observed in the normoxic lung, chronic hypoxia resulted in
significant vascular pruning as demonstrated by binary
images of peripheral vessels (Figure 4A and B). TCBN partially
inhibited progressive pruning of the vasculature (Figure 4A
and B), which supports our previous finding that TCBN alle-

viates vessel occlusion in microcapillaries. In contrast, rapa-
mycin treatment did not significantly reverse the reduced
vascular density due to chronic hypoxia and had no signifi-
cant effect on pruning of small vessels (Figure 4A and B).
Noteworthy, while TCBN did not modulate vascular density
in normoxic mice, rapamycin was associated with vascular
filling and increased vessel pruning (Figure 4A and B).

Next, we subjected mice to the adTGFB-induced pulmo-
nary fibrosis and the lung tissues were analysed for vascular
rarefaction. Expression with adTGFp leads to significant
pruning of small vessels on day 8 compared with adControl
(Figure 4C and D). TCBN treatment maintained the vascula-
ture even in the presence of adTGFp whereas rapamycin-
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Figure 4

TCBN reverses hypoxia- and adTGFB-induced vascular rarefaction. (A) Representative images showing vascular branching of the left lobe after
Microfil casting of mice subjected to normoxia or chronic hypoxia and treated with saline, TCBN or rapamycin. (B) Histogram showing vascular
density (%) in mouse lungs subjected to normoxia or chronic hypoxia and treated with saline, TCBN or rapamycin, and calculated using Image]
software (n = 3-5 mice/group). (C) Representative images showing vascular branching of the left lobe after Microfil casting of mice subjected to
adControl or adTGFp, and treated with saline, TCBN or rapamycin. Arrows indicate increase in microvascular branching in TCBN-treated group.
(D) Histogram showing vascular density (%) in mouse lungs subjected to adControl or adTGFp treated with saline, TCBN or rapamycin, and
calculated using Image] software (n = 3-5 mice/group). *P < 0.01, 4P < 0.001. Scale bar in order 500, 200 and 50 pum.
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treated mice did not show a beneficial effect on peripheral
vasculature protection (Figure 4C and D).

Akt inhibition ameliorates chronic
hypoxia-induced right ventricular remodelling
and hepatotoxicity

The hypoxia-induced pulmonary vasculopathies often lead to
right ventricular hypertrophy (Voelkel et al., 2012). We deter-
mined the effects of inhibiting Akt or mTOR on right ven-
tricular wall thickness in mice subjected to 21 day hypoxia.
Under normoxic conditions, neither TCBN nor rapamycin
induced any discernible effects on wall thickness (Figure 5SA
and B). The modest but significant increase in right ventricu-
lar wall thickness in hypoxic compared with normoxic mice
was reversed by TCBN treatment (Figure 5A and B). However,
rapamycin treatment did not induce a significant reduction
in right ventricular wall thickness (Figure 5A and B).

Next, we assessed the safety profile of both drugs in the
liver of mice subjected to chronic hypoxia. Compared with
normoxia control, liver sections from 21 day chronic hypoxic
mice exhibited significantly higher percentage of gap areas
between the cells indicating significant liver damage due to
hypoxia (Figure 5C and D). This is evident from the marked
degeneration and atrophy of hepatic cords and the associated
sinusoidal dilation. Liver histology also revealed that treat-
ment with TCBN, but not rapamycin, blunted liver damage
due to chronic hypoxia (Figure 5C and D). No significant
difference in the ratio between lung, liver, heart or kidney
weights and total body weight was observed, thus suggesting
that both TCBN and rapamycin had no severe toxic effects on
mice (Supporting Information Fig. S1).

Akt1 inhibition attenuates pulmonary
remodelling through inhibition of

TSP1 expression

To identify the signalling molecules downstream of Akt1 acti-
vation in pulmonary fibrosis, we performed gene arrays for
fibrosis-related genes in both NIH-3T3 and FHLFs expressing
inactive mutant of Aktl (DN-Akt1; Aktl K179M). A common
target identified from gene arrays performed in both the cells
after Aktl inhibition was reduced expression of TSP1
(Figure 6A). Indeed, Western analyses revealed that the TSP1
expression in 14d-hypoxic AktI** mice was blunted in 14d-
hypoxic AktI7- mice, which was also correlated with signifi-
cantly reduced fibronectin expression (Figure 6B and C).

To further confirm our previous in vivo and in vitro find-
ings, we subjected FHLFs isolated from an IPF patient to
serum starvation and treated with 10 nM TCBN or 25 nM
rapamycin for 24 h, and analysed oSMA, fibronectin and
TSP1 expression levels. Inhibiting Akt, but not mTOR, signifi-
cantly reduced aSMA, fibronectin and TSP1 expressions in
FHLFs (Figure 6D and E). The results were confirmed in vivo
using Western analysis of the adControl and adTGFf express-
ing mice lung tissues. Our analysis indicated that the lungs
expressing adTGFp expressed significantly higher concentra-
tions of TSP1 along with the expression of increased expres-
sion of myofibroblast markers such as aSMA, ED-A-FN and
ECM proteins, and that treatment with TCBN, but not rapa-
mycin, significantly reversed their expression (Figure 7A
and B).

Akt1 in pulmonary remodelling

TSP17~ mice are protected from
adMyrAkt1-induced pulmonary fibrosis

To further confirm the causal role of Akt1-TSP1 signalling axis
in PF and lung tissue remodelling, we subjected TSP1** and
TSP17~ mice to i.t. administration of adenovirus-mediated
gene transfer of control vector or adenovirus-mediated
expression of constitutively active Aktl (adMyrAktl). Admin-
istration of adMyrAktl in mice resulted in significant inter-
stitial fibrosis. TSP1** lung tissues expressing adMyrAktl
exhibited significant increase in tissue remodelling correlat-
ing an Aschroft scale of ~7 (Figure 8A-C). Although mild
tissue remodelling was already present in TSP17~ mice lungs,
compared with control-TSP1** mice, TSPI7~ mice did not
exhibit significant histological alterations with adMyrAktl
expression (Figure 8A-C), thus indicating that TSP17~ mice
are resistant to adMyrAktl-induced pulmonary fibrosis
(Figure 7A-C).

Discussion and conclusions

Although Akt is hyperactivated in the fibroblastic foci in
human IPF lungs (Xia et al., 2008), a causal link between Akt
activation and the events leading to IPF has not been estab-
lished. Further, the therapeutic benefits of targeting Akt for
IPF have not yet been investigated. Our major findings from
the current study are: (i) Aktl7mice are protected from
chronic hypoxia-induced pulmonary vascular and tissue
remodelling; (ii) Akt inhibitor TCBN ameliorates progressive
chronic hypoxia- and adTGFf-induced pulmonary fibrosis,
peripheral vascular remodelling and rarefaction; (iii) target-
ing Akt substrate mTOR using rapamycin did not reverse
chronic hypoxia- and adTGFp-induced peripheral vascular
remodelling and rarefaction, and pulmonary fibrosis, respec-
tively; (iv) genetic ablation of Akt1l and pharmacological inhi-
bition of Akt both resulted in significantly reduced expression
of TSP1, a matricellular protein known to be involved in the
hypoxia-induced pulmonary remodelling (Ochoa et al., 2010)
as well as fibrosis progression (Bussolati et al., 2006; Xie et al.,
2010); (v) sustained hyperactivation of Akt1 in the mice lungs
through expression of adMyrAktl-induced severe pulmonary
fibrosis even in the absence of any TGFJ stimuli; and (vi)
TSP17~ mice are protected from adMyrAktl-induced pulmo-
nary fibrosis. Our study demonstrates the integral role of Aktl
in the disease progression of IPF through development of
fibrotic foci and vascular rarefaction, partly through modu-
lation of TSP1, ED-A-FN and collagen type I expression, in
addition to its role in the expression of oSMA via a SRF/
myocardin pathway. To our knowledge, these findings are
novel and have not been reported previously.

The origin of the events leading to the development of IPF
is still not clearly understood. This also became the bottle-
neck in the development of the appropriate treatment strat-
egy for pulmonary fibrosis patients. A variety of theories such
as ‘vascular’, ‘plasticity/growth factor receptor’, ‘inflamma-
tion’ and ‘matrix’ hypotheses have been proposed for the
development of IPF (Bringardner et al., 2008). Others have
argued that profound inflammation in the alveoli and the
interstitium is the major cause of IPF (Gauldie, 2002; Strieter,
2002). However, clinical trials on anti-inflammatory agents
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*P < 0.05, P < 0.01, 4P < 0.001.

for the treatment of IPF patients did not yield beneficial
effects (Rafii ef al., 2013). Even though thrombin and tissue
factor expression was enhanced in IPF lungs suggesting a role
for platelets in the disease progression, heparin or warfarin
provided no therapeutic benefits (Kubo etal., 2005).
Although vascular remodelling occurs in fibrosis (Barman
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etal., 2014), the VEGF inhibitor SU5416 (SUGEN) induces
pulmonary vascular injury and remodelling leading to PH
(Mendel et al., 2000). Although PH has been linked to the
development of ILD, its management has proven ineffective
in IPF patients. Clinical trials of the endothelin receptor
antagonist bosentan used in the management of PH failed
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TSP1 expression is decreased in Akt1-deficient NIH 3T3, IPF fibroblasts and 14 day hypoxic mice. (A) Gene expression profiles of NIH 3T3 and IPF
fibroblasts (FHLFs) expressing DN-Akt1 (dominant negative, inactive Akt1) (n = 3). (B and C) Western blot image and histogram showing total
fibronectin and TSP1 expression levels normalized to GAPDH levels in 14 day hypoxic Akt1** and Akt1~~ mice lungs (n = 3-5 per group). (D)
Images of Western blots showing the effect of TCBN and rapamycin on the expression of aSMA and TSP1 expression in FHLFs. (E) Histogram
showing densitometry analysis of the Western blot bands indicating changes in the expression levels of aSMA and TSP1, normalized to GAPDH
after treatment with TCBN and rapamycin in FHLFs (n = 3). *P < 0.01, 4P < 0.001.
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*P < 0.05, *P < 0.01.

clinical trials in IPF patients (Rafii et al., 2013). In contrast,
nintedanib, a broad spectrum receptor tyrosine kinase inhibi-
tor, improved the quality of life for IPF patients (Richeldi
et al., 2014). On the other hand, the pathological hallmark of
fibrosis is the persistent myofibroblast differentiation and
ECM deposition. TGFp is the major mediator of tissue fibrosis
through promotion of myofibroblast differentiation and
ECM deposition (Tomasek et al., 2002; Hinz et al., 2012). A
recent clinical trial on pirfenidone, an inhibitor of TGE,
demonstrated very similar efficacy to that of nintedanib in
IPF patients (Takeda et al., 2014). Although these two studies
demonstrated improvement in the forced vital capacity in IPF
patients leading to its approval for use in the USA by the Food
and Drug Administration in 2014, unfortunately neither of
these had any significant effect on the overall patient mor-
tality. These clinical trials provided important clues that a
multifactorial disease such as IPF cannot be treated by target-
ing just one arm of the disease.

Intracellular signalling molecules such as the PI3 kinase-
Akt pathway, Ras-mitogen activated kinase (MAPK) pathway
and Rho-GTPase signalling are activated by various receptor
tyrosine kinases, GPCRs and TGFf family of growth factors
(Massagué, 2012). Among these, Akt is a potential target for
IPF therapy due to its involvement in various processes
leading to the development of IPE. We have previously dem-
onstrated that Aktl, the predominant Akt isoform in

4184 British Journal of Pharmacology (2015) 172 4173-4188

endothelial cells and fibroblasts, is responsible for the promo-
tion of angiogenesis and vascular protection (Chen etal.,
2005a), wound healing (Somanath etal., 2008), and
fibroblast-mediated ECM secretion (Goc etal., 2011) and
assembly (Somanath etal.,, 2007; Somanath and Byzova,
2009). Aktl has also been implicated in the regulation of
pulmonary artery neointimal proliferation through smooth
muscle cell activation (Tang et al., 2015). In pathological con-
ditions, Aktl also promoted myofibroblast differentiation in
vitro (Abdalla et al., 2013) and post-ischaemic cardiac fibrosis
in vivo (Ma et al., 2014). Furthermore, whereas Aktl inhibi-
tion has been shown to induce vascular permeability, specific
role for each of the Aktl, Akt2 and Akt3 isoforms has been
implicated in platelet activation and thrombosis (Chen et al.,
2004; Woulfe et al., 2004; O’Brien et al., 2011). Akt1 has also
been shown to promote inflammation (Di Lorenzo etal.,
2009). Several lines of evidence have reported that PI3K/Akt
pathway is hyperactivated during fibrosis in general (Xia
et al., 2010) and pulmonary fibrosis in particular (Xia et al.,
2008). As events leading to the vascular complications and
pulmonary tissue remodelling are consistent with deregu-
lated Akt-mediated cellular and molecular processes, we
hypothesized that hyperactivation of Akt would lead to
pathological pulmonary tissue remodelling, and that phar-
macological inhibition of Akt might be a logical solution for
the treatment of IPF patients. Our data from Akt17~ mice
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lungs showing impaired chronic hypoxia-induced pulmo-
nary tissue and vascular remodelling evidenced by reduced
interstitial lesions associated with decreased expression of
fibronectin and oSMA further supported this hypothesis.
Currently, TCBN, an Akt inhibitor, is in clinical trials for
the management of various types of cancers, and initial
reports indicate no serious adverse events (Garrett et al.,
2011). Its specificity and efficacy in cancer prompted us to
test this drug in comparison with the anti-inflammatory
mTOR inhibitor rapamycin. Our study identified anti-fibrotic
and anti-remodelling properties of TCBN as evident by the
reduced fibrotic lesions, oSMA and matrix deposition,
decreased medial thickening of pulmonary arterioles, reduced
vascular pruning and right ventricular thickening. In
contrast, rapamycin exacerbated the conditions through
increased alveolar congestion and micro-haemorrhage, severe
pulmonary vascular rarefaction, right ventricular thickening
and hepatotoxicity. Rapamycin did not induce anti-fibrotic
and anti-remodelling response as previously reported in
rodent models (Paddenberg etal., 2007; Korfhagen et al.,
2009). Whereas one potential reason for this discrepancy
could be due to the use of supra-optimal doses of rapamycin
(4 and 3 mg-kg'-day' respectively) in these studies, our
results are consistent with clinical reports of pulmonary tox-

icities associated with two rapamycin derivatives, sirolimus
and everolimus (Buhaescu et al., 2006; Damas et al., 2006;
Khalife et al., 2007; Feagans et al., 2009; Depuydt et al., 2012).
Importantly, this finding sheds light on the adverse effects of
everolimus observed in IPF patients (Malouf etal., 2011).
Mechanistically, the adverse effects of rapamycin could be
attributed, at least in part, to the rebound Akt activation as
reported by several laboratories (Sun et al., 2005; Breuleux
et al., 2009; Zakikhani et al., 2010; Soares et al., 2013). On the
other hand, TCBN exhibits dual role by targeting both myofi-
broblast differentiation and the ECM deposition, in addition
to increasing vascular perfusion, platelet inactivation and
reduced inflammation as reported in the literature. This sug-
gests that targeting Akt, not mTOR, may serve as a favourable
therapeutic strategy in IPE.

Our previous study has identified that Aktl is directly
involved in TSP1 expression by the vascular cells, and Akt17~
mice skin and lung endothelial cells express reduced levels of
TSP1 (Chen et al., 2005b). Interestingly, it has been shown
that TSP1 deficiency protects against hypoxia-induced PH
(Ochoa et al., 2010), but not in bleomycin-induced pulmo-
nary fibrosis (Ezzie et al., 2012). Increased TSP1 has also been
shown to promote vascular rarefaction (Gonzalez-Quesada
etal., 2013). Incidentally, our gene array analysis in two
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different fibroblast cell lines, murine NIH 3T3 and human
pulmonary fibrosis patient lung fibroblasts, also identified
decreased TSP1 gene expression upon overexpression with
DN-Akt1 (Akt1K179M inactive mutant). This was further con-
firmed at the protein level in AktI”~ mice lungs and human
fibrotic lung fibroblasts. As overexpression with adMyrAktl
in lungs was sufficient to cause fibrosis, and because bleomy-
cin was able to induce fibrosis TSP17~ mice lungs, we deter-
mined whether TSP17~ mice lungs will be resistant to
pulmonary fibrosis induced by adMyrAktl overexpression.
We found that TSP1-deficient mice are protected from
adMyrAktl-induced pulmonary fibrosis. The reason that
TSP17~ mice lungs were resistant to bleomycin-induced pul-
monary fibrosis, but not to adMyrAktl-induced pulmonary
vascular remodelling along with our observation of pulmo-
nary tissue remodelling in AktI”~ mice lungs in normoxic
conditions, suggests the existence of Akt-independent path-
ways in the regulation of TGFB-induced pulmonary fibrosis.
Collectively, our results provide direct evidence on the causal
role of Aktl in disease onset and progression in pulmonary
fibrosis by promoting myofibroblast differentiation and ECM
deposition, in part, through TSP1 regulation. Our study indi-
cates potential therapeutic benefits of the Akt inhibitor TCBN
for the treatment of ILD, particularly IPE.
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Figure S1 Effect of triciribine and rapamycin on organ and
body weight during hypoxia. The ratio of organ to body
weight was quantified for the lung, heart, liver and kidney
(n = 6-8 mice/group).
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