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Summary

Idiopathic pulmonary fibrosis (IPF) is a devastating lung disorder with increasing incidence.
Mitochondrial oxidative stress in alveolar macrophages is directly linked to pulmonary fibrosis.
Mitophagy, the selective engulfment of dysfunctional mitochondria by autophagasomes, is
important for cellular homeostasis and can be induced by mitochondrial oxidative stress. Here, we
show Aktl induced macrophage mitochondrial reactive oxygen species (ROS) and mitophagy.
Mice harboring a conditional deletion of Akt1 in macrophages (Aktl~/~Lyz2-cre) and Park2~/~
mice had impaired mitophagy and reduced active transforming growth factor-p1 (TGF-f1).
Although Aktl increased TGF-B1 expression, mitophagy inhibition in Aktl-overexpressing
macrophages abrogated TGF-B1 expression and fibroblast differentiation. Importantly, conditional
Akt1™/~ Lyz2-cre mice and Park2~/~ mice had increased macrophage apoptosis and were
protected from pulmonary fibrosis. Moreover, IPF alveolar macrophages had evidence of
increased mitophagy and display apoptosis resistance. These observations suggest that Akt1-
mediated mitophagy contributes to alveolar macrophage apoptosis resistance and is required for
pulmonary fibrosis development.
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Introduction

Pulmonary fibrosis is a devastating disorder that has an increasing prevalence of over 60 per
100,000 persons, and the cost of care has had a dramatic upward trend in recent years
(Collard et al., 2015; Collard et al., 2012). This devastating disease has a median life
expectancy of 3-5 years after diagnosis for certain forms of pulmonary fibrosis, such as
idiopathic pulmonary fibrosis (IPF) (Collard et al., 2012; Raghu et al., 2004; Schwartz et al.,
1994). Unfortunately, there are no current therapies to halt the development and/or
progression of pulmonary fibrosis; thus, understanding the basic molecular mechanisms may
uncover additional therapeutic modalities.

Alveolar macrophages play an integral role in the pathogenesis of pulmonary fibrosis by
initiating an immune response and generating reactive oxygen species (ROS). Lung
remodeling during pulmonary fibrosis is poorly understood, but the generation of ROS,
particularly mitochondrial H,O,, from alveolar macrophages plays an integral role in
fibrosis development by increasing the expression of transforming growth factor-p (TGF-$1)
(He et al., 2011; Jain et al., 2013). The abrogation of mitochondrial oxidative stress reduces
Tgfbl and attenuates the development of pulmonary fibrosis in mice (He et al., 2011,
Osborn-Heaford et al., 2012).

Protein kinase B, or Aktl, a pro-survival kinase, is known to mediate mitochondrial H,O»
generation (Larson-Casey et al., 2014), and mitochondrial ROS plays an important role in
macrophage innate immunity (West et al., 2011). Although mitochondrial ROS is usually
considered toxic, it also has beneficial effects, such as modulating mitochondrial dynamics.
For example, mitophagy, a form of macroautophagy, is the selective engulfment of
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dysfunctional mitochondria by autophagasomes and can be induced by mitochondrial ROS
(Chen et al., 2009; Lee et al., 2011; Patel et al., 2015; Wang et al., 2012). Mitochondrial
dysfunction results in PTEN-induced putative kinase 1 (PINK1) binding to the outer
mitochondrial membrane where it recruits the E3 ubiquitin ligase Parkin (Narendra et al.,
2008). These mitochondria are targeted for mitophagy that is dependent on Parkin-mediated
ubiquitination of mitochondrial proteins. Thus, mitophagy is important for the quality
control of the mitochondrial population and cell homeostasis.

Mitophagy is present in several lung diseases, such as lung cancer, sepsis-induced acute lung
injury, and chronic obstructive pulmonary disease (Chang et al., 2015; Chen et al., 2014;
Mizumura et al., 2014). In type Il alveolar epithelial cells from the IPF lung, PINK1
expression is decreased, while no difference is seen in IPF lung fibroblasts compared to
normal subjects (Bueno et al., 2015). However, PINK1 protein is increased in IPF whole
lung homogenates (Patel et al., 2015). The role mitophagy plays in alveolar macrophages in
pulmonary fibrosis has not been determined. Our data show mitophagy contributes to
alveolar macrophage apoptosis resistance and is required for macrophage-derived Tgfpl
expression and is modulated, in part, by Akt activation.

Alveolar macrophage Aktl is required for the development of pulmonary fibrosis

Because Akt is often altered in human disease and can be activated by many cellular stimuli
or toxic insults (Govindarajan et al., 2007; Larson-Casey et al., 2014), we measured the
expression of Aktl in alveolar macrophages from normal subjects and IPF patients. Alveolar
macrophages showed a 3-fold increase of p-Aktl in IPF patients compared to normal
subjects (Fig. 1A and B).

To investigate the relationship of macrophage Aktl activation to pulmonary fibrosis in vivo,
WT and Akt1*/~ mice were subjected to bleomycin-induced lung injury. Alveolar
macrophages from Akt1*/~ mice had a decrease in p-Aktl expression compared to WT mice
(Fig. 1C). Lungs from WT mice showed widespread destruction of lung architecture and
aberrant collagen deposition (Fig. 1D), whereas Akt1*/~ mice had a marked reduction in
collagen accumulation and preserved lung architecture (Fig. 1E). The histological findings
were verified biochemically by hydroxyproline assay (Fig. 1F).

We assessed if Aktl was activated in alveolar macrophages from fibrotic mice.
Macrophages isolated from the lungs of bleomycin-injured mice had increased p-Aktl
expression (Fig. 1G), which was 5-fold greater compared to control mice (Fig. 1H). The
PI3K inhibitor, LY 294002, inhibited phosphorylation of Aktl and the PI3K regulatory
subunit (p85) at Tyr48, which is necessary for Aktl activation (Fig. S1A). Alveolar
macrophages from bleomycin-injured WT mice had increased phosphorylation of p85 (Fig.
S1B).

To investigate the pathological significance of macrophage Aktl in fibrosis, we generated
mice harboring a conditional deletion of Akt1 in macrophages (Aktl~/~Lyz2-cre). Alveolar
macrophages isolated from Akt1~/~Lyz2-cre mice had a complete absence of p-Aktl and
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Aktl expression, while bleomycin-injured WT mice showed an increase in p-Aktl
expression (Fig. 11). Type Il alveolar epithelial cells isolated from WT and Akt1~/~Lyz2-cre
mice had similar expression of p-Aktl and Aktl, suggesting efficient recombination only in
macrophages (Fig S1C). WT and Aktl~/~Lyz2-cre mice had similar numbers of BAL cells
after bleomycin (Fig. S1D); however, WT mice had greater loss of barrier function,
indicating more lung injury (Fig. S1E).

The conditional deletion of Aktl from alveolar macrophages had no effect on the lung
parenchyma in saline exposed mice (Fig. 1J and K). There was dense collagen deposition in
bleomycin-injured WT mice (Fig. 1L), whereas the Akt1~/~Lyz2-cre mice had essentially
normal lungs (Fig. 1M). The histological findings were confirmed biochemically (Fig. 1N).
These data suggest Aktl activation in alveolar macrophages is required in the pathogenesis
of bleomycin-induced pulmonary fibrosis.

have increased pro-fibrotic alveolar macrophages

Pro-fibrotic macrophages are responsible for the generation of anti-inflammatory cytokines
and are often associated with fibrotic conditions, including pulmonary fibrosis (He et al.,
2013; Redente et al., 2014). We questioned if alveolar macrophages from IPF patients have
a predominant pro-fibrotic phenotype. Mannose receptor (Fig. 2A) and I1L-10 (Fig. 2B)
MRNA expression were more than 6-fold and 300-fold greater in IPF alveolar macrophages.
Moreover, TGF-B1 mRNA expression in alveolar macrophages was greater than 7-fold more
in IPF patients compared to normal volunteers (Fig. 2C).

Because the deletion of Aktl in macrophages in vivo is protective, we hypothesized that
Aktl expression led to the polarization of macrophages to a pro-fibrotic phenotype. The pro-
fibrotic marker, YmZ1, was significantly increased in the BAL fluid from bleomycin-injured
WT mice (Fig. 2D). In contrast, Akt1~/~Lyz2-cre mice had Ym1 concentrations below
controls. Furthermore, active TGF-B1 in the BAL fluid from Aktl~/~Lyz2-cre mice was
similar to saline controls from WT mice (Fig. 2E). The anti-fibrotic markers (TNF-a, IL-1p,
and IL-6) had an opposite expression trend in BAL fluid (Fig. S2A-C).

Because TGF-B1 is known to induce differentiation of fibroblasts to myofibroblasts, we
determined if BAL fluid from mice promoted IPF fibroblast differentiation. IPF fibroblasts
incubated with BAL fluid from WT mice induced an increase in a-smooth muscle actin (a-
SMA) (Fig. 2F and G). The a-SMA expression was less in fibroblasts incubated with BAL
fluid from Akt1~/~Lyz2-cre mice than WT controls suggesting that macrophage-derived
TGF-B1 production is critical for fibroblast differentiation.

The difference in fibroblast differentiation correlated with altered myofibroblast function.
IPF fibroblasts incubated in BAL fluid from bleomycin-injured WT mice showed a 29,000-
fold increase in fibronectin (Fig. 2H) and 400-fold increase in collagen 1o mRNA compared
to IPF fibroblasts incubated in BAL fluid from Aktl~/~Lyz2-cre mice (Fig. 21). Normal
human lung fibroblasts showed a similar trend. (Fig. S2D-E). Taken together, these data
suggest that alveolar macrophages from Aktl~~Lyz2-cre mice are anti-fibrotic and have
reduced production of the pro-fibrotic factor(s) required for myofibroblast function.
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Macrophage-derived TGF-81 is required for pulmonary fibrosis

Based on these observations in fibroblast differentiation and function, we hypothesized these
findings were due to decreased macrophage-derived TGF-B1 in Aktl~~Lyz2-cre mice. To
determine if macrophage TGF-1 mediated these changes, we generated mice harboring a
conditional deletion of Tgfbl in macrophages (Tgfb1~/~ Lyz2-cre). Bleomycin-injured WT
mice had a 4-fold increase in TGF-B1 mRNA expression compared to saline controls, while
TGF-B1 mRNA expression in Tgfb1™/~Lyz2-cre mice was at the limit of detection (Fig. 3A).
Confirming these results, active TGF-B1 measured in BAL fluid in Tgfb1~/~Lyz2-cre mice
was below WT saline controls (Fig. 3B). The total number of BAL cells was increased with
bleomycin exposure (Fig. 3C), and alveolar macrophages were the predominant (>90%) cell
type (Fig. 3D).

To verify that macrophage-derived TGF-B1 mediates lung fibrosis, trichrome staining
revealed deletion of TGF-p1 from alveolar macrophages had no effect on lung parenchyma
(Fig. 3E and F). Bleomycin-injured WT mice had widespread accumulation of collagen in
lungs (Fig. 3G), whereas Tgfb1~/~Lyz2-cre mice had normal lung architecture similar to
saline controls (Fig. 3H). These results were confirmed by hydroxyproline assay (Fig. 31).
Bleomycin increased p-Aktl in alveolar macrophages from WT and Tgfbl~/~Lyz2-cre mice,
although the conditional deletion of Tgf-B1 resulted in greater expression of p-Aktl (Fig.
S3A). Moreover, alveolar macrophages isolated from Tgfbl~/~Lyz2-cre mice polarize to an
anti-fibrotic phenotype, with increased IL-1p, IL-6, and TNF-a and decreased Ym-1 mRNA
expression compared to WT mice (Fig. S3B-E).

Further evidence to support the role of macrophage-derived TGF-$1 in development of a
fibrotic phenotype is that a-SMA was attenuated in IPF fibroblasts incubated in
Tgfb1~/~Lyz2-cre BAL fluid compared to WT saline controls (Fig. 3] and K). These
observations support the notion that macrophage-derived active TGF-1 expression
mediates development of a fibrotic phenotype in vivo.

Mitophagy is increased in IPF alveolar macrophages

Studies have conflicting data on the role of mitophagy in type 1l alveolar epithelial cells and
fibroblasts from IPF patients (Araya et al., 2013; Bueno et al., 2015; Kim et al., 2012; Patel
et al., 2015; Ricci et al., 2013); however, the contribution of mitophagy in alveolar
macrophages to fibrosis development is not known. We found that mitochondria isolated
from IPF alveolar macrophages had greater immunoreactive PINK1 (Fig. 4A and B) and
Parkin expression (Fig. 4A and C) compared to normal subjects. The increase corresponded
to an increase of LC3-1l expression in alveolar macrophages (Fig. 4D and E), suggesting
mitophagy is occurring as indicated by autophagosome formation.

We investigated if macrophage mitophagy was recapitulated in vivo. WT mice with
bleomycin-induced injury had increased PINK1 and Parkin expression in isolated
mitochondria from alveolar macrophages (Fig. 4F-H), and LC3-11 expression was also
increased (Fig. 41 and J). In contrast, Akt1 ™/~ Lyz2-cre mice showed no evidence of PINK1,
Parkin, or LC3-11 expression.
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To determine the effect of Aktl expression in alveolar macrophages visually, we used
transmission electron microscopy to examine alveolar macrophage mitophagy. Bleomycin
increased the presence of vacuoles in alveolar macrophages isolated from bleomycin-injured
WT mice compared to macrophages isolated from saline controls (Fig. 4K). Conversely,
alveolar macrophages isolated from Aktl~/~Lyz2-cre mice had no visualized vacuoles (Fig.
4L). Bleomycin-injured WT alveolar macrophages had mitochondria with an irregular shape
and disorganized cristae (Fig. 4M), whereas alveolar macrophages isolated from
Akt1~/~Lyz2-cre mice had normal mitochondria. To confirm this difference was secondary
to Aktl, overexpression of constitutive active Aktl (Aktlca) in macrophages in vitro
increased the number of vacuoles compared to the saline controls (Fig. S4A and B). The
number increased dramatically in cells expressing Aktlca after bleomycin treatment. These
findings provide direct evidence that Aktl activation in alveolar macrophages induces
mitophagy.

Although increased LC3-11 expression suggests induction of autophagy, we analyzed flux
through the autophagy-lysosome pathway in macrophages by several methods.
Macrophages treated with bafilomycin A (Baf A), an inhibitor of autophagosome fusion
with lysosomes, had increased mitochondrial accumulation of PINK1 and Parkin (Fig. S4C).
The autophagy adaptor protein, p62, and LC3-I1 expression were increased as well.
Overexpression of Aktlca with Baf A treatment showed a further induction (Fig. S4C and
D). The autophagy inhibitor, 3-methyladenine (3-MA), inhibited autophagy flux in
macrophages even in the presence of Aktlca (Fig. S4E and F).

Because mitophagy results in degradation of several mitochondrial proteins, including
TOM20 (Wauer et al., 2015), cells expressing Aktlca treated with vehicle had a decrease in
TOM20, whereas Baf A treatment increased TOM20 expression in the presence or absence
of Aktlca (Fig. S4G). Similar results were obtained with leupeptin, a lysosomal enzyme
inhibitor, (Fig. S4H), providing further evidence that Aktl regulates macrophage mitophagy.

To evaluate the role of Aktl using a genetic approach, mitochondria isolated from Parkin-
deficient macrophages showed an absence of mitophagy with no Parkin and p62 with
Aktlca overexpression (Fig. 40). LC3-11 expression was also absent with Parkin2 silencing
(Fig. 4P). To determine the biological relevance of mitophagy inhibition, alveolar
macrophages isolated from bleomycin-treated Park2 ™/~ mice showed no Parkin or p62 in
isolated mitochondria and no corresponding LC3-11 expression (Fig. 4Q and R).

The deletion of Parkin in vivo did not alter lung architecture (Fig. 4S and T). Bleomycin-
injured WT mice had widespread collagen deposition with destruction of lung architecture
(Fig. 4U), whereas the bleomycin-treated Park2~/~ mice had essentially normal lungs (Fig.
4V). These results were confirmed by hydroxyproline analysis (Fig. 4W). These data
suggest macrophage mitophagy is critical for the pathogenesis of fibrosis.

To determine if inducing mitophagy had the opposite effect, alveolar macrophages isolated
from rapamycin-treated mice had increased expression of PINK1, Parkin, and p62 as well as
LC3-11 (Fig. S41 and J). Moreover, fibrosis development was augmented by rapamycin (Fig.
S4K).

Immunity. Author manuscript; available in PMC 2017 March 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larson-Casey et al.

Page 7

Aktl-mediated mitochondrial ROS in alveolar macrophages induces mitophagy

One measure of mitochondrial dysfunction and an indicator of mitophagy is the loss of
mitochondrial membrane potential (Ayy,) (Narendra et al., 2008; Vives-Bauza et al., 2010).
Macrophages exposed to bleomycin showed a loss in Ay, (Fig. S5A), and increasing
concentrations of bleomycin induced a dose-dependent decrease in Ay, (data not shown).
Overexpression of Aktlca did not reverse or lead to the loss of Ay,

Because mitophagy is induced by ROS and Aktl increases mitochondrial ROS (Chen et al.,
2009; Larson-Casey et al., 2014; Lee et al., 2011; Patel et al., 2015; Wang et al., 2012), we
determined that IPF alveolar macrophages had significantly greater mitochondrial H,O,
produced while normal subjects showed no difference in H,O, produced in membrane or
mitochondrial fractions (Fig. 5A). This was also seen in vivo. Mitochondria isolated from
bleomycin-injured WT mice produced significantly more H,0, than saline controls (Fig.
5B). In contrast, mitochondria isolated from Akt1-/-Lyz2-cre mice had decreased H,0,
production compared to WT mice, and there was no increase in H,O, generation with
bleomycin. Similar observations were seen in the lungs of mice; bleomycin-injured WT
mice had significantly greater percentage of glutathione in its oxidized form, GSSG, than
Akt1~~Lyz2-cre mice (Fig. S5B).

To confirm Aktl mediates mitochondrial ROS, we co-stained macrophages with MitoSOX
red and MitoTracker green to quantitate mitochondrial ROS by flow cytometry. Bleomycin
increased fluorescence in cells expressing an empty vector (Fig. 5C). Overexpression of
Aktlcp increased MitoSOX fluorescence to a greater extent than bleomycin alone, and
bleomycin treatment further enhanced MitoSOX intensity in cells expressing Aktlca (Fig.
5C). These results were confirmed visually by confocal microscopy (Fig. 5D).

Verifying that ROS production induced mitophagy via Aktl, HoO, production in isolated
mitochondria from macrophages expressing Aktlca was significantly inhibited by the
mitochondrial targeted antioxidant, MitoTEMPO (Fig. 5E). Immunoblot analysis showed
MitoTEMPO treatment inhibited mitophagy (Fig. 5F) and reduced LC3-11 expression (Fig.
5G) in the presence of Aktlca. Silencing of Rieske mMRNA, encoding a mitochondrial iron-
sulfur protein, significantly reduced mitochondrial H,O, in the presence or absence of
Aktlca (Fig. 5H). Immunoblot analysis revealed that silencing of Rieske mMRNA abolished
PINK1 and Parkin expression (Fig. 51) and decreased LC3-11 expression (Fig. 5J). The role
of mitochondrial H,O, inducing mitophagy was further confirmed using Antimycin A (Fig.
S5C-E).

Because Aktl induces mitophagy, we assessed if overexpression of Aktlca in Aktl-
deficient cells rescued mitophagy. Silencing of Aktl mRNA resulted in absence of these
markers of mitophagy, whereas Aktlca overexpression partially increased PINK1 and
Parkin (Fig. 5K). These observations suggest Aktl-mediated mitochondrial HoO, modulates
macrophage mitophagy.

Mitophagy is required for active TGF-p1 expression

Because Akt1~/~Lyz2-cre mice have reduced active TGF-B1, we determined if this reduction
was only due to Aktl deficiency. Immunoblot analysis showed overexpression of Aktlca in
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cells with Aktl mRNA silencing partially rescued Aktl expression (Fig. 6A, Inset). Aktlca
overexpression increased TGF-p1 mRNA expression (Fig. 6A) and active TGF-B1 in the
conditioned media (Fig. 6B). Silencing of Aktl mRNA reduced TGF-$1 below control,
whereas Aktlca overexpression partially rescued gene expression and activation of TGF-f1.

We determined if the rescue of Aktl had a physiologic effect on fibroblast differentiation.
IPF fibroblasts incubated in conditioned media from macrophages overexpressing Aktlca
had significantly increased a-SMA, while IPF fibroblasts cultured in conditioned media
from Aktl-deficient macrophages decreased a-SMA expression (Fig. 6C). Conditioned
media from Aktl-deficient macrophages transfected with Aktlcp increased a-SMA
expression in IPF fibroblasts, suggesting Akt1-mediated mitophagy is linked to TGF-f1.

Because Aktl regulates TGF-f1 mRNA expression, we investigated if Aktl modulated
AP-1-driven transcription, as it regulates the promoter of many growth factors, including
TGF-B1 (Birchenall-Roberts et al., 1990; Kim et al., 1990). We determined that Aktl
increased phosphorylation of c-Jun and nuclear localization of c-Fos (Fig. S6A). This was
associated with a significant increase in AP-1-driven luciferase and Tgfb1 promoter activity
(Fig. S6B and C).

Because MitoTEMPO treatment and Parkin2 mRNA silencing inhibited mitophagy in
macrophages, we assessed if macrophage mitophagy was required for TGF-f1 mMRNA
expression. Aktlca overexpression increased TGF-p1 mRNA expression in vehicle-treated
cells, whereas inhibition of mitophagy with MitoTEMPO decreased TGF-f1 mRNA
expression significantly (Fig. 6D). Similarly, Parkin2 mRNA silencing significantly reduced
TGF-B1 mRNA below control in the presence or absence of Aktlca overexpression (Fig.
6E). This was also present in vivo. Active TGF-B1 in BAL fluid from Park2 =/~ mice was
below saline controls (Fig. 6F).

Because mitophagy regulated macrophage-derived TGF-f1 mRNA expression and several
growth factors can induce fibroblast differentiation and myofibroblast function, we
investigated if macrophage-derived TGF-f1 was the responsible for fibroblast
differentiation. Utilizing a TGF-B1 neutralizing antibody, we reduced active TGF-1 in BAL
fluid (Fig. 6G). IPF fibroblasts incubated with neutralized BAL fluid failed to differentiate,
shown by markedly less a-SMA compared to the saline control (Fig. 6H). The quantification
of these observations showed a greater than 75 percent reduction in a-SMA expression in
bleomycin-injured WT mice (Fig. 6l).

This was further confirmed by assessing TGF-B1 signaling. IPF fibroblasts incubated in
BAL fluid from Akt1~/~Lyz2-cre mice lacked p-Smad2 expression compared to cells
exposed to BAL fluid from bleomycin-injured WT mice (Fig. 6J). In fact, p-Smad2
expression in IPF fibroblasts incubated in BAL fluid from Akt1~/~Lyz2-cre mice was similar
to cells treated with SB431542, the TGF- type 1 receptor (ALKD5) inhibitor (Fig. 6K).
Rapamycin-treated mice had increased active TGF-B1 in BAL fluid and bleomycin injury
leading to further induction (Fig. S6D). In aggregate, these data indicate that Aktl-induced
mitophagy in alveolar macrophages is required for macrophage-derived TGF-B1 expression,
which promotes fibrosis development.
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IPF alveolar macrophages have apoptosis resistance

Macrophages in chronic disease typically exhibit apoptosis resistance, which is generally
associated with disease progression (Duffield et al., 2005; Redente et al., 2014). We
determined that IPF alveolar macrophages were resistant to apoptosis with greater than 85
percent less active caspase-3 compared to normal subjects (Fig. 7A). Although alveolar
macrophages were the primary cell type in murine BAL fluid, Akt1~/~Lyz2-cre mice had a
significant reduction in the number of alveolar macrophages compared to WT mice (Fig.
S7A). Moreover, macrophages isolated from bleomycin-injured WT mice had reduced
caspase-3 activity compared to saline controls, whereas caspase-3 activity in macrophages
from Akt1~/~Lyz2-cre mice was significantly increased (Fig. 7B). These observations were
confirmed visually by TUNEL staining alveolar macrophages from WT and Akt1~/~Lyz2-
cre mice (Fig. 7C). Akt1~/~Lyz2-cre alveolar macrophages had a 6-fold increase in TUNEL
positive cells (Fig. 7D). To confirm that the apoptosis was secondary to loss of Akt1,
Aktlca overexpression resulted in apoptosis resistance, which was further increased by
bleomycin treatment (Fig. S7B). These results suggest that apoptosis resistance in alveolar
macrophage promotes the development of a fibrotic phenotype in mice.

To directly determine if mitophagy is necessary for macrophage apoptosis resistance, we
found that alveolar macrophages in Park2~/~ mice were significantly reduced compared to
WT mice (Fig. S7C). Alveolar macrophages isolated from Park2~/~ mice exhibited
increased apoptosis, while bleomycin-injured WT mice had reduced caspase-3 activity (Fig.
7F). These observations were visually confirmed by TUNEL staining (Fig. 7G). Park2~/~
alveolar macrophages had 17-fold greater TUNEL positive cells than WT macrophages (Fig.
7H). Similar finding were found in vitro with Parkin-deficient macrophages (Fig. S7D),
which had 21-fold increase in TUNEL positive cells (Fig. S7E).

Using an inhibitor of mitophagy, caspase-3 activity was significantly increased in
macrophages treated with 3-MA compared to vehicle controls, and Aktlca overexpression
did not alter caspase-3 activity in the presence of 3-MA (Fig. S7F). In contrast, rapamycin
treatment in vivo significantly reduced caspase-3 activity in alveolar macrophages compared
to vehicle-treated mice (Fig. S7G). This reduction in caspase-3 activity was further
enhanced by bleomycin injury. Taken together, these results suggest that mitophagy is
required for apoptosis resistance in macrophages. Moreover, these observations suggest that
Aktl-mediated macrophage mitophagy promotes apoptosis resistance, which regulates
myofibroblast differentiation by modulating macrophage-derived TGF-$1, and thus, has a
critical role in the pathogenesis of pulmonary fibrosis.

Discussion

Macrophages in chronic disease typically exhibit apoptosis resistance and their prolonged
survival is generally associated with disease progression. In fact, conditional macrophage
depletion has been shown to attenuate models of liver and lung injury in vivo (Duffield et
al., 2005; Redente et al., 2014). Phagocytosis of apoptotic cells, which are frequently present
in tissue injury, also augments cell survival (Weigert et al., 2006). Our observations suggest
that dysfunctional mitochondria are removed in alveolar macrophages, promoting apoptosis
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resistance during the fibrotic process and Aktl-mediated mitophagy modulates TGF-$1 and
the effector cells, myofibroblasts.

Mitophagy is a cell survival mechanism that is increased in conditions of stress to attempt to
retain cell homeostasis. Genetic deletion of PINK1 and PARK?2 leads to progressive
mitochondrial damage that is associated with Parkinson’s disease (Lin and Beal, 2006).
Mitophagy is known to play an important role in many physiological processes. It has been
implicated in aging, tumorigenesis, and it contributes to many diseases, including the
neurological diseases Parkinson’s, Alzheimer’s, and Huntington’s, and immunological
disorders (Cui et al., 2006; Inami et al., 2011; Lemasters, 2005; Lin and Beal, 2006; Maurer
et al., 2000; Zhou et al., 2011). Mitophagy is impaired in the IPF lungs, and the role
mitophagy plays in alveolar macrophages in pulmonary fibrosis is not known (Araya et al.,
2013; Bueno et al., 2015; Patel et al., 2015; Ricci et al., 2013). The fact that IPF patients
taking the rapamycin analogue, everolimus, had progression of disease (Malouf et al., 2011)
uncovers the fact that mitophagy contributes to macrophage apoptosis resistance, which
appears to be an important feature in the pathogenesis of the disease.

Akt activation is strongly associated with regulating survival and differentiation of
myofibroblasts in the setting of pulmonary fibrosis, as it is known to regulate many fibrotic
remodeling processes (Xia et al., 2008). Studies indicate TGF-B1 regulates Akt activation in
myofibroblasts, and inhibition of Akt diminishes TGF-p1-induced fibrosis (Horowitz et al.,
2007; Kang et al., 2007). Integrin avp6, expressed on epithelial cells, has been implicated in
regulating the local activity of latent TGF-B1 in response to lung injury (Munger et al.,
1999). 6=/~ mice are protected from bleomycin-induced pulmonary fibrosis due to the
inability to activate TGF-B1. Our results do not refute the necessity of avp6 in activating
latent TGF-B1. Rather, our data demonstrates that alveolar macrophages are the primary
source of TGF-B1. However, no study to our knowledge, has implicated Aktl in regulating
TGF-B1 production in macrophages, especially in the pathogenesis of pulmonary fibrosis.

TGF-B1 is known to decrease autophagy in human lung fibroblasts by activation of Akt in
the IPF lung (Araya et al., 2013; Mi et al., 2011). Studies suggest that mitophagy is induced
in type 1l alveolar epithelial cells treated with TGF-B1, and TGF-B1 increases autophagy in
other cell types as well (Ghavami et al., 2015; Patel et al., 2015). Furthermore, Akt is known
to dampen TGF-B1 signaling by direct interaction with SMAD3 (Conery et al., 2004; Remy
et al., 2004). This diversity in Akt, TGF-B1, and autophagy may be cell type or stimulus
specific; however, our observations show that Aktl regulates the expression of macrophage-
derived TGF-B1 by increasing mitophagy, which results in the development of a fibrotic
phenotype in mice.

Pulmonary fibrosis is characterized by aberrant wound healing leading to collagen
deposition and distortion of normal lung architecture. Macrophages are known to regulate
multiple cell types by secreting growth factors and cytokines (Bitterman et al., 1982;
Lemaire et al., 1986). Macrophages not only initiate an inflammatory response after injury,
but they are also involved in resolution and repair of the injury. These divergent functions of
macrophages are determined by their plasticity and ability to differentiate into distinct
macrophage sub-populations. Anti-fibrotic macrophages generate pro-inflammatory
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cytokines and kill microorganisms and tumor cells, whereas pro-fibrotic macrophages are
anti-inflammatory, promote angiogenesis and tissue remodeling, and can be associated with
fibrotic conditions, including pulmonary fibrosis (He et al., 2013; Nair et al., 2009). In fact,
pro-fibrotic macrophages are often found in the fibrotic tissues (He et al., 2013; Redente et
al., 2014). Studies show that alternatively activated macrophages have a prolonged survival
because they are involved in repair of injured tissue (Duffield et al., 2005; Redente et al.,
2014). In aggregate, these observations in this study suggest that Akt1l-mediated macrophage
mitophagy is linked to apoptosis resistance, pro-fibrotic polarization, and is required for
fibrosis development.

Experimental Procedures

Human Subjects

Mice

Cell Culture

We obtained human alveolar macrophages, as previously described (He et al., 2011), from
normal subjects and IPF patients under an approved protocol by the Human Subjects
Institutional Review Board of the University of lowa Carver College of Medicine and the
University of Alabama at Birmingham. Primary alveolar macrophages and lung fibroblasts
isolated as previously described (Hecker et al., 2009; Osborn-Heaford et al., 2015), from
lung of human subjects with IPF.

Wild-type C57BL/6, Akt1*/~ (B6.129P2-Akt1MIMbb/)) ‘and Park2~/~ (B6.12954-
Park2!™15hn/3 ) mice were purchased from JAX Laboratories. Aktl~/~Lyz2-cre and
Tgfbl~/~Lyz2-cre mice were generated by selective disruption of Akt or Tgfbl gene in the
cells of the granulocyte and/or monocyte lineage. All protocols were approved by the
University of lowa and the University of Alabama at Birmingham Institutional Animal Care
and Use Committee. Mice were intratracheally administered 1.75-2 U/kg of bleomycin or
saline, as a negative control, as previously described.

Human monocyte (THP-1) and mouse alveolar macrophage (MH-S) cell lines were obtained
from American Type Culture Collection. Cell culture maintenance is listed in Supplemental
Experimental Procedures.

Quantitative Real Time PCR

Total RNA was isolated, reverse transcribed, and quantitative real-time PCR was performed
as described previously (Larson-Casey et al., 2014). Data was calculated by the cycle
threshold (A2CT) method, normalized to B-actin or HPRT, and expressed in arbitrary units.
Primer information is listed in Supplemental Experimental Procedures.

Plasmids, Transfections, and Luciferase Assays

The constitutively active Aktl (NM_005163.2) plasmid (Aktlca) was a generous gift from
Rama K. Mallampalli (Department of Medicine, University of Pittsburgh, Pittsburgh, PA).
Human AP-1 and TGF-B1 gene expression were evaluated using a luciferase reporter
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plasmid as previously described (Carter et al., 2001; Jaffer et al., 2015). Cells were
transfected using X-treme GENE 9 Transfection Reagent (Roche Applied Scientific)
according to the manufacturer’s protocol. Renilla and firefly luciferase activity was
determined in cell lysates using the Dual Luciferase reporter assay kit (Promega) and
normalized to control (firefly).

Small Interfering RNA (SiRNA)

Cells were transfected with 100 nM scramble, human Aktl, human Parkin2, or human
Rieske siRNA duplex (IDT), utilizing Dharmafect 2 or Duo (Thermo Scientific) according
to manufacturer’s protocol. 8 h after transfection, media was replaced and cells were
allowed to recover for 24-72 h.

Determination of H202 Generation

H»0, production was determined fluorometrically, as previously described (Larson-Casey et
al., 2014). ROS was also measured in live cells using dihydroethidium derivative
(MitoSOX) (Molecular Probes) at 5 pM. Mitochondrial localization of the staining was
confirmed by colocalization with MitoTracker green (Molecular Probes) at 50 nM. Cells
were imaged using Zeiss LSM 710 confocal microscope; all images were taken at the same
time and same imaging settings. Mitochondrial H,O, was determined using MitoTEMPO
(Enzo) at 10 pM.

Flow Cytometry

Macrophage apoptosis was assessed using annexin V staining (BD Biosciences, San Jose,
CA), according to the manufacturer's recommendations. For determination of mitochondrial
superoxide, cells were incubated with MitoSOX red (5 pM) and MitoTracker green (50 nM)
for mitochondrial localization. Data (30,000 events) were acquired on Becton Dickinson
LSR 1l flow cytometer using FACS Diva software (BD Biosciences, San Jose, CA) and
were further analyzed using FlowJo 8.5 (Tree Star, Ashland, OR).

Assay for a-SMA Expression

Normal or IPF fibroblasts were incubated in equal concentrations of BAL fluid from WT
and Akt1~/~Lyz2-cre or Tgfb1~/~Lyz2-cre mice exposed to saline or bleomycin or
conditioned media from transfected macrophages. Fibroblasts were harvested after 24 h of
incubation with BAL fluid or conditioned media and lysates were analyzed for a-SMA
expression.

TGF-B1 Neutralization

BAL fluid from WT and Aktl1~/~Lyz2-cre mice was incubated with TGF-B1 neutralizing
antibody (clone #9016) or 1gG; control antibody (clone #11711) (R & D Systems) and then
placed on IPF fibroblasts. IPF fibroblasts were incubated with DMSO or SB 431542 (TGF-
type 1 receptor inhibitor) (R & D Systems) and then cultured with BAL fluid from WT and
Akt1~/~Lyz2-cre mice.
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Transmission Electron Microscopy

Macrophages were fixed in 2.5% paraformaldehyde and 2.5% glutaraldehyde in Sorenson's
phosphate buffer at pH 7.4. Cells were processed and sectioned with a diamond knife
(Diatome, Electron Microscopy Sciences, Fort Washington, PA) at 70-80 nm and sections
were placed on copper mesh grids. Sections were stained with uranyl acetate and lead citrate
for contrast and viewed on a Tecnai Twin 120kv TEM (FEI, Hillsboro, OR).

Statistical Analysis

Statistical comparisons were performed using either an unpaired two-tailed t test or one-way
ANOVA with a Tukey’s post hoc test. All statistical analysis was expressed as £S.D. and p
< 0.05 was considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aktl activation in alveolar macrophages is associated with pulmonary fibrosis
(A) Immunoblot and (B) densitometric analysis of alveolar macrophages isolated by BAL

from normal subjects (n = 4) and IPF patients (n = 5), Student’s t-test. (C) Quantitative
analysis and representative immunoblot (Inset) of alveolar macrophages isolated by BAL
from WT (n =5) and Akt1*/~ mice (n =5) exposed to bleomycin (2 U/kg) intratracheally,
Student’s t-test. After bleomycin exposure, mice were euthanized 21 days later and lungs
from (D) WT and (E) Akt1*/~ mice were removed and processed for Masson’s trichrome
staining. Representative micrographs from 1 of 6 mice are shown. Bar, 600 um. (F)
Hydroxyproline assay of lungs removed from WT (n = 5) and Akt1*/~ mice (n = 6) after
bleomycin exposure, Student’s t-test. WT mice were exposed to saline (n = 4) or bleomycin
(n =5) intratracheally, BAL was performed 21 days later. (G) Immunoblot and (H)
densitometry analysis. Student’s t-test. (I) Immunoblot analysis of macrophages isolated by
BAL from WT (n = 4 saline n = 5 bleo) and Akt1~~Lyz2-cre mice (n = 4 saline; n = 6 bleo).
Excised lungs from WT and Akt1~/~Lyz2-cre mice exposed to (J) and (K) saline or (L) and
(M) bleomycin were stained with Sirius red. Representative micrographs from WT (n = 4
saline; n = 5 bleo) and Akt1~/~Lyz2-cre mice (n = 4 saline; n = 7 bleo) are shown. Bar, 500
um. (N) Hydroxyproline of lungs from WT (n = 4 saline; n = 5 bleo) and Akt1~/~Lyz2-cre
mice (n = 4 saline; n = 6 bleo). One-way ANOVA with Tukey’s comparison. *, p < 0.05; **,
p <0.002; *** p < 0.0001. A minumun of three independent experiments were conducted.
Please see Figure S1.

Immunity. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Larson-Casey et al.

Page 18

S 57 Aweor *% %007 pweolar *kk 07
g |macopan . phages . macropnages .
52 <3 %0 531
10 H H *
§ €2 wo 20
€5 ».% 68
s & 200 " 25 s
L]
| LCodhe Q, [
Nomnal P Noma 3 Nom L3
Sibrect e Subects
2010 % BA o
= 20001 -
~ 8 15004 ]
33 32
£ 1000 g
2 e X iz
2 .l g
L 0
oo
pror

F

BALF
WT  Akt1“Lyz2-cre
Saline Bleo Saline Bleo

— e w- gsMA ZEY
3%

W —— (o ctin

ine __Blec Bleo BALF Saine__ Bleo  Salne _ Bleo
IPF Fibroblasts wT Akt1-Lyz2<re wT AktT-Lyzz-cre W AktiLyzz-cre

Figure 2. Alveolar macrophages from IPF patients have a pro-fibrotic phenotype
Total RNA was isolated from alveolar macrophages obtained from normal subjects and IPF

patients by BAL. (A) Mannose receptor (n = 6), (B) IL-10 (n = 7 normal; n = 6 IPF), and
(C) TGF-f1 mRNA (n =5 normal; n = 6 IPF) were measured by quantitative PCR,
Student’s t-test. WT and Aktl~/~Lyz2-cre mice were exposed to saline or bleomycin (bleo)
intratracheally and BAL was performed 21 days later. (D) Ym-1 and (E) Active TGF-f1
were measured in BAL fluid by ELISA. n = 4 saline; n = 5 bleo. (F) Immunoblot and (G)
densitometry analysis of IPF fibroblasts cultured in BAL fluid from exposed WT and
Akt1~~Lyz2-cre mice. n = 3 saline; n = 4 bleo. Total RNA was isolated from IPF fibroblasts
conditioned with BAL fluid from WT and Akt1~/~Lyz2-cre mice. (H) Fibronectin and (1)
collagen 1A mRNA were measured. n = 4 saline; n =5 bleo. *, p < 0.05 vs WT+saline; **, p
<0.001; *** p < 0.0001; & p < 0.05 vs Aktl~/~Lyz2-cre +saline. One-way ANOVA with
Tukey’s comparison. . A minumun of three independent experiments were conducted.
Please see Figure S2.
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Figure 3. Macrophage-derived TGF-B1 is required for pulmonary fibrosis
WT and Tgfbl~/~ Lyz2-cre mice were exposed to saline or bleomycin intratracheally and

BAL was performed 21 days later. (A) Total RNA was isolated from alveolar macrophages
obtained by BAL. TGF-f1 mRNA was measured. (B) Active TGF-B1 was measured in BAL
fluid by ELISA from WT and Tgfb1~/~ Lyz2-cre mice; n = 6. (C) Total number of BAL
cells and (D) cell differential determined using Wright-Giemsa stain from BAL; n = 6.
Lungs were excised from WT and Tgfb1~/~ Lyz2-cre mice exposed to (E) and (F) saline or
(G) and (H) bleomycin and stained using Masson’s trichrome. Representative micrographs
from WT and Tgfb1 ™/~ Lyz2-cre mice; n = 6. Bar, 200 um. (1) Hydroxyproline of lungs
removed from WT and Tgfb1~/~ Lyz2-cre mice; n = 6. (J) Immunoblot and (K)
densitometry analysis of IPF fibroblasts cultured in BAL fluid from exposed WT and
Tgfbl ™/~ Lyz2-cre mice; n = 6. *, p < 0.05 vs WT+saline; ***, p < 0.0001 vs PMN and
Lymph. One-way ANOVA with Tukey’s comparison. . A minumun of three independent
experiments were conducted. Please see Figure S3.
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Figure 4. Mitophagy is enhanced in pro-fibrotic alveolar macrophages
(A) Mitochondria isolated from alveolar macrophages from normal subjects (n = 6) and IPF

patients (n = 7) were subjected to immunoblot analysis. Densitometry analysis of (B) PINK1
and (C) Parkin immunoblots normalized to VDAC, Student’s t-test. Alveolar macrophages
from normal subjects (n = 7) and IPF patients (n = 6) were subjected to (D) immunoblot and
(E) densitometry analysis, Student’s t-test. (F) Macrophages isolated from exposed WT and
Akt1~/~Lyz2-cre mice were subjected to immunoblot analysis. Quantitative analysis of (G)
PINK1 and (H) Parkin immunoblots normalized to VDAC. (1) Immunoblot and (J)
densitometry analysis in alveolar macrophages from exposed WT and Akt1~/~Lyz2-cre
mice. WT (n = 4 saline; n = 5 bleo) and Akt1~/~Lyz2-cre mice (n = 4 saline; n = 6 bleo).
Macrophages isolated from exposed WT and Akt1~/~Lyz2-cre mice were analyzed by
transmission electron microscopy. Images representative of n=5. (K and L) Bar = 1 um.
(M and N) Bar = 100 nm. (O) Mitochondrial Parkin and p62, and (P) p-Aktl, Aktl, LC3-1
and -1l expression were measured in THP-1 cells transfected with scrambled or Parkin
SiRNA in combination with empty or Aktlca vectors. Exposed WT and Park2™~ mice
were subjected to BAL 21. Immunaoblot analysis of (Q) mitochondrial Parkin and p62, (R)
LC3-1 and -11 expression were measured. Lungs were excised from WT and Park2~/~ mice
exposed to (S) and (T) saline or (U) and (V) bleomycin and stained with Masson’s
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trichrome. Representative micrographs of 1 of 5 mice. Bar, 500 um. (W) Hydroxyproline
assay; n =5. *, p < 0.05vs WT+saline. One-way ANOVA with Tukey’s comparison. A
minumun of three independent experiments were conducted. Please see Figure S4.
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Figure 5. Aktl-meditated ROS generation induces mitophagy in macrophages
(A) Ho0O5 production was measured in membrane (mem) and mitochondrial fractions (mito)

from isolated alveolar macrophages from normal subjects (n = 6 mem; n = 5 mito) and IPF
patients (n = 6 mem; n = 7 mito). (B) Mitochondria were isolated from alveolar
macrophages and H,O, production was measured. WT (n = 4 saline; n = 5 bleo) and
Akt1~~Lyz2-cre mice (n = 4 saline; n = 6 bleo). (C) Flow cytometry with MitoSOX
geometric mean and (D) Representative confocal images of MH-S cells transfected with
empty or Aktlca vector treated with saline or bleomycin (12.5 mU/ml). Macrophages were
co-stained with MitoTracker and MitoSOX. Bar = 40 um. n = 5. (E) Mitochondrial H,0,,
(F) PINK, Parkin, p62, and (G) LC3-1 and -11 expression were determined in THP-1 cells
treated with vehicle or MitoTEMPO transfected with empty or Aktlca vectors. Inset, Aktl
immunoblot analysis. n = 5. (H) Mitochondrial H,O,, (1) mitochondrial PINK1 and Parkin,
and (J) LC3-1 and -11 expression were measured in THP-1 cells transfected with scrambled
or Rieske siRNA in combination with empty or Aktlca vectors. Inset, Rieske immunoblot
analysis. n = 5. (K) Mitochondrial PINK1 and Parkin expression were measured in THP-1
cells transfected with scrambled (Scr) or Aktl siRNA in combination with empty or Aktlca
vectors; n = 5. *, p < 0.05 vs Vehicle+empty or Empty+scr; ***, p < 0.0001 vs Empty
+saline; 8, p < 0.05 Akt1~/~Lyz2-cre +saline and Aktl~/~Lyz2-cre+bleo; ~, p < 0.05 vs IPF
+mem; M4, p <0.001 vs Empty+ Bleo; ###, | < 0.0001 vs all other conditions. One-way
ANOVA with Tukey’s comparison. A minumun of three independent experiments were
conducted. Please see Figure S5.
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Figure 6. Macrophage mitophagy regulates TGF-1 gene expression and function
(A) TGF-B1 mRNA was measured in THP-1 cells transfected with scrambled (Scr) or Aktl

SiRNA in combination with empty or Aktlca vectors; n = 5. Inset, Aktl immunoblot
analysis. (B) Active TGF-p1 was measured by ELISA in conditioned media from THP-1
cells transfected with scrambled or Aktl siRNA in combination with empty or Aktlca
vectors; n = 5. (C) a-SMA and B-actin were measured by immunoblot (Inset) and
densitometry analysis in IPF fibroblasts incubated with conditioned media from THP-1 cells
transfected with scramble or Aktl siRNA in combination with empty or Aktlca vectors; n =
5. (D) TGF-f1 mRNA expression were measured in MH-S cells expressing empty or
Aktlca and treated with mitoTEMPO. Inset, Aktl overexpression verified by immunoblot
analysis; n = 5. (E) TGF-1 mRNA expression was measured in THP-1 cells transfected
with scramble or Parkin siRNA in combination with empty or Aktlca vectors. Inset,
Parkin2 mRNA silencing verified by immunoblot analysis; n = 5. (F) Active TGF-p1 was
measured in BAL fluid from exposed WT and Park2~/~ mice; n = 5. (G) Active TGF-p1
was measured in BAL fluid from WT and Akt1~/~Lyz2-cre mice incubated with IgG;control
or TGF-B1 neutralizing antibody; BAL from n = 6. (H) Representative immunoblot and (1)
densitometry analysis of IPF fibroblasts cultured in BAL fluid from saline (S) or bleomycin
(B) from exposed WT and Aktl~/~Lyz2-cre mice. BAL fluid was pre-incubated with 19G;
control or neutralized with TGF-p1 antibody (10 pg/ml); BAL from n = 6 mice for each
group on IPF fibroblasts. (J) Representative immunoblot and (K) densitometry analysis in
IPF fibroblasts pre-treated with vehicle (DMSO) or SB431542 (10 uM) and then incubated
with either rhTGF-p1 (10 ng/ml) or BAL fluid from saline (S) or bleomycin (B) exposed
WT and Aktl~/~Lyz2-cre mice; BAL from n = 6 mice for each group on IPF fibroblasts. *, p
< 0.05 vs Scr+empty, Vehicle+empty, WT+Saline, or WT+Vehicle. One-way ANOVA with
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Tukey’s comparison. A minumun of three independent experiments were conducted. Please
see Figure S6.
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Figure 7. IPF alveolar macrophages have apoptosis resistance
(A) Densitometry analysis in normal subjects and IPF patients (n = 5), Student’s t-test. Inset,

representative immunoblot for cleaved caspase-3 and p-actin. (B) Caspase-3 activity
measured in alveolar macrophages isolated from exposed WT and Akt1~/~Lyz2-cre mice; n
=4 saline, n = 6 bleo. (C) Representative images of TUNEL staining and (D) quantification
from WT and Aktl~/~Lyz2-cre mice exposed to bleomycin or saline; n = 6, each dot
represents 5 analyzed images. Bar = 40 um. (F) Caspase-3 activity measured in alveolar
macrophages isolated from exposed WT and Park2~/~ mice. n = 5. (G) Representative
images of TUNEL staining in BAL cells and (H) quantification from exposed WT and
Park2~~ mice; n = 5, each dot represents 5 analyzed images. Bar = 40 ym. *, p < 0.05 vs
WT+saline; **, p < 0.001 vs WT+saline and WT+bleo; ***, p < 0.0001. 5, p < 0.05 vs
Akt1~/~Lyz2-cre+saline. One-way ANOVA with Tukey’s comparison. A minumun of three
independent experiments were conducted. Please see Figure S7.
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