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Abstract

Aging is a risk factor for progressive fibrotic disorders involving diverse organ systems,

including the lung. Idiopathic pulmonary fibrosis, an age-associated degenerative lung disorder, is
characterized by persistence of apoptosis-resistant myofibroblasts. In this report, we demonstrate
that sirtuin-3 (SIRT3), a mitochondrial deacetylase, is downregulated in lungs of IPF human
subjects and in mice subjected to lung injury. Over-expression of the SIRT3 cDNA via airway
delivery restored capacity for fibrosis resolution in aged mice, in association with activation of the
forkhead box transcription factor, FoxO3a, in fibroblasts, upregulation of pro-apoptotic members
of the Bcl-2 family, and recovery of apoptosis susceptibility. While transforming growth factor-p1
reduced levels of SIRT3 and FoxO3a in lung fibroblasts, cell non-autonomous effects involving
macrophage secreted products were necessary for SIRT3-mediated activation of FoxO3a.
Together, these findings reveal a novel role of SIRT3 in pro-resolution macrophage functions

that restore susceptibility to apoptosis in fibroblasts v/iaa FoxO3a-dependent mechanism.

Fibrotic disorders span across multiple organs systems?. A consistent pathological finding
in these disorders is the accumulation of activated myofibroblasts and deposition of
mature extracellular matrix (ECM) in association with impaired capacity for epithelial
cell regeneration2. In most species and across organs in humans, regeneration and fibrosis
are antagonistically and inversely related. While impaired regeneration leads to fibrosis, a
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skewing of the tissue repair response to fibrosis may reciprocally dampen latent regenerative
capacityl:3-5. Aging is known to be associated with impaired regenerative capacity, and it is
also an established risk factor for human fibrotic disorders®-8. Idiopathic pulmonary fibrosis
(IPF) is a progressive, age-related lung disorder that is associated with high morbidity and
mortality2. The incidence of IPF increases from 2.6 new cases per 100,000 persons among
individuals less than 45 years of age to 19.3 per year among the 55-64 years old age group®.
There is growing interest in how the biology of aging contributes to risk and progression of
age-related fibrosis, including IPF10:11,

The biology of aging has advanced in recent years and, in addition to the identification

of molecular and cellular hallmarks, several genes have been linked to lifespan2. Multiple
studies have implicated two genes, sirtuin-3 (Sirt3) and the forkhead box (Fox) transcription
factor, FoxO3a, genes with longevity13-16. Members of the SIRT and Fox families are
evolutionarily conserved from bacteria to mammals. Sirtuins are NAD* dependent histone
deacetylases with different subcellular localizations and with broad activities on target
proteins!’ 18, SIRT3 is localized to mitochondrial®. SIRT3 ablation leads to accelerated
aging, cancer and age-related neurodegenerative diseases?9-22, FoxO3a has a conserved
DNA binding domain that serves multiple functions as tumor suppressor genes2324, FoxO3a
regulates the transcription of genes involved in apoptosis, proliferation, oxidative stress,
metabolism and differentiation25:26,

While most published reports of putative anti-fibrotic therapeutic strategies have primarily
focused on the initiation and development of lung fibrosis2’~30, studies exploring pro-
regenerative or anti-fibrotic mechanisms on the resolution and reversal of lung fibrosis

are relatively lacking3l. We propose that aging biology can be leveraged to develop novel
therapeutic strategies that target cellular plasticity and fate in established fibrosis. In this
study, we report that SIRT3 is downregulated in IPF fibroblasts and bleomycin-induced lung
injury in aged mice with persistent, non-resolving fibrosis; restoring SIRT3 expression in the
late reparative phase reverses established lung fibrosis. Furthermore, this study reveals that
the pro-resolution effect of SIRT3 is mediated by macrophage-derived paracrine signaling
that activates FoxO3a in fibroblasts, upregulates pro-apoptotic Bcl2 family proteins, and
induces apoptotic cell death essential for fibrosis resolution.

SIRT3 expression is decreased in human IPF lungs.

We first assessed the levels of the mitochondrial sirtuin, SIRT3, in the age-related lung
disorder, IPF. Immunohistochemical (IHC) analysis showed significantly lower SIRT3
expression in the fibroblastic foci (FF) that are enriched in a-smooth muscle actin (a-
SMA)-expressing myofibroblasts (Figure 1a). To confirm that myofibroblasts are relatively
deficient in SIRT3, we performed immunofluorescence (IF) staining of normal subject
(control) and IPF lung tissues; in markedly remodeled areas of IPF lung that express high
levels of a-SMA, the expression of SIRT3 was almost absent (Figure 1b, top panel). A
higher magnification shows that a-SMA is normally expressed in a small blood vessel

that also expresses SIRT3; in contrast, IPF myofibroblasts do not show an appreciable
expression of SIRT3 (Figure 1b, bottom panel). Quantitative analysis of fluorescence
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intensity and Pearson’s correlation (/) revealed a lower correlation of SIRT3 and a-SMA

in IPF, in comparison to control (r = 0.1 vs. r = 0.4, respectively) (Figure 1c). Quantitative
analysis of IF images from control and IPF lung tissues further supports a markedly reduced
expression of SIRT3 in IPF, while a-SMA is significantly increased (Figure 1d). Next,

we examined the SIRT3 protein expression in isolated fibroblasts from lung explants of

IPF human subjects and control subjects. SIRT3 expression was found to be significantly
downregulated in IPF fibroblasts, as compared to control fibroblasts (Figure 1e). A similar
decrease in the expression of SIRT3 was observed in alveolar mesenchymal cells isolated
from lungs of a cohort of IPF patients with progressive (defined as = 10% decline in

forced vital capacity over the preceding 6 months) and stable (defined as < 5% decline in
forced vital capacity over the preceding 6 months) lung function (Figure 1f). The specificity
of the SIRT3 antibody used in western blots was confirmed by both overexpression and
silencing approaches (Extended figure 1), and the specificity of the same antibody for

IHC and IF studies has been previously reported32. These data collectively indicate that
SIRT3 expression is reduced in IPF, and that its deficiency may identify a subset with more
progressive disease.

SIRT3 expression is downregulated with fibrogenic lung injury and its restitution during
the repair phase restores capacity for fibrosis resolution.

Based on our findings that SIRT3 is decreased in human IPF lung tissues, we examined
levels of SIRT3 expression in lungs of mice subjected to fibrogenic injury. SIRT3 was
down-regulated in a time-dependent manner, at day 7 and 14, in whole lung homogenates
following intra-tracheal administration of fibrogenic chemotherapeutic agent, bleomycin
(Figure 2a). Since young mice are known to resolve fibrosis at later time points33, we
determined if the levels of SIRT3 recover during the late resolution phase. While SIRT3
levels are significantly upregulated at 8 weeks in comparison to the 3-week time-point in
young mice, SIRT3 expression fails to recover at this delayed time-point in aged mice
(Figure 2b). These data indicate that in aged mice that have diminished capacity for fibrosis
resolution, levels of SIRT3 in the lung fail to recover.

Next, we determined whether 7 vivo restitution of SIRT3 in aged mice facilitates resolution
of age-associated lung fibrosis. Aged mice with bleomycin lung injury were treated with
SIRT3 cDNA overexpressing or control (empty) plasmid by oropharyngeal delivery every
other day from week 3 to 6 (Figure 2c; Extended figure 2a). We analyzed cellular expression
of SIRT3 in both bronchoalveolar lavage (BAL) cells and in FACS-sorted cells from whole
lung collagenase digest. We analyzed expression of exogenously delivered cDNA based on
presence of the HA-tag spanning the SIRT3 cDNA sequence. BAL cells of mice treated with
SIRT3 cDNA plasmid had markedly increased expression of SIRT3 mRNA that was almost
fully accounted for by delivery of exogenous SIRT3-HA cDNA (Extended figure 2b). This
suggests that BAL cells are able to efficiently uptake/transcribe the SIRT3 cDNA plasmid by
this route of delivery. To further confirm specific cell types that may preferentially uptake
the plasmid, we FACS sorted whole lung collagenase digest of SIRT3 cDNA or control
plasmid treated mice. As expected, we saw an increase in the recruitment of macrophages
(CD45+/F4 80+/MerTK+) with bleomycin injury (Extended figure 2c, d). These sorted
macrophages express markedly high levels of total SIRT3 and SIRT3-HA mRNA (Extended
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figure 2¢); in contrast, whole lung digest sorted alveolar epithelial cells (CD45-/EpCAM+/
CD31-) did not show a similar increase (Extended figure 2f). Adherence-purified fibroblasts
expressed exogenously delivered SIRT3 cDNA, albeit at much lower levels in comparison
to macrophages (Extended figure 2g). Thus, lung macrophages preferentially uptake/express
exogenous airway delivery of SIRT3 cDNA. Histopathological analysis of lung at 6 weeks
after lung injury and 3 weeks after SIRT3 cDNA treatment revealed significantly decreased
fibrosis, as evidenced by histopathology, Masson’s trichrome staining for collagen, and
reduced a-SMA-expressing myofibroblast accumulation in lungs (Figure 2d). These tissue
remodeling effects were associated with significantly reduced dry lung weights (Figure 2¢)
and hydroxyproline content (Figure 2f) in treated mice. Thus, restoration of SIRT3 was
effective in reversing established and persistent lung fibrosis in aged mice.

SIRT3 expression is downregulated during myofibroblast differentiation.

Since SIRT3 is downregulated in IPF lung tissues and in an /n vivo murine model of

lung fibrosis, we postulated that the pro-fibrotic cytokine, transforming growth factor-g1
(TGF-p1), may contribute to the suppression of SIRT3. TGF-p1 markedly downregulated
the MRNA expression of SIRT3, while not significantly affecting the expression of the
other six mammalian sirtuins in human lung fibroblasts (IMR-90; Affymetrix U133A chip)
(Figure 3a). This suppressive effect of TGF-B1 was confirmed at both the mRNA and
protein levels and was found to occur in a time-dependent manner (Figure 3b; Extended
figure 3). Furthermore, TGF-B1-induced downregulation of SIRT3 is accompanied by an
upregulation of a-SMA, a marker of myofibroblast differentiation, and a relatively delayed
downregulation of FoxO3a, a forkhead transcription factor that regulates oxidative stress and
apoptotic responses (Figure 3c-g; Extended figure 3).

SIRT3 is a known mitochondrial deacetylase®. Subcellular fractionation revealed that
SIRT3 is enriched in the mitochondrial fraction and decreases upon TGF-p1 stimulation of
human lung fibroblasts (Figure 3h). Similar findings were observed by immunofluorescence
staining which showed co-localization of the mitochondrial marker, Mito-Red, with

SIRT3 in unstimulated cells and a marked downregulation of SIRT3 in this subcellular
compartment with TGF-B1 treatment (Figure 3i). Together, these data suggest that

the mitochondrial sirtuin, SIRT3, is selectively downregulated during the process of
myofibroblast differentiation.

The anti-fibrotic effect of SIRT3 overexpression is associated with induced susceptibility
to myofibroblast apoptosis.

Apoptosis of myofibroblasts is a hallmark of fibrosis resolution34. To determine whether
the anti-fibrotic effects of SIRT3 restitution in aged mice is associated with recovery

of apoptosis susceptibility in myofibroblasts, we performed terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL; green) and co-staining for a-SMA (a marker
of myofibroblasts; red) on lung sections of SIRT3 or control plasmid treated mice. A higher
number of apoptotic myofibroblasts was observed in lungs of mice treated with SIRT3
cDNA (Figure 4a, b).
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Since FoxO3a, along with SIRT3, was also downregulated during TGF-B1 induced
myofibroblast differentiation (Figure 3d), we assessed whether /7 vivo SIRT3 restitution
leads to recovery of FoxO3a expression. SIRT3 mediated deacetylation of FoxO3a mediates
its translocation to the nucleus and transcriptional activation?®3%, Analysis of nuclear and
cytoplasmic fractions of lung fibroblasts of mice treated with the SIRT3 cDNA plasmid
showed significantly enhanced presence of FoxO3a in the nuclear fraction, supporting
cytoplasmic-to-nuclear shuttling of FoxO3a (Figure 4c, d).

To determine if the SIRT3-FoxO3a axis regulates fibroblast apoptosis, we independently
overexpressed each of these factors in isolated murine lung fibroblasts and assessed
apoptosis susceptibility. Overexpression of SIRT3 in fibroblasts demonstrated higher
propensity to apoptosis, as evidenced by increased expression of activated caspase-3 and
cleaved PARP; this effect was associated with the upregulation of the pro-apoptotic Bcl-2
family proteins, Bim, Bad and Bid, while expression of the anti-apoptotic Bcl-2 protein
was unchanged (Figure 5a). Similarly, overexpression of the FoxO3a transcription factor
induced fibroblast apoptosis, without affecting Bcl-2 expression but inducing expression of
Bim and Bad; however, unlike SIRT3 overexpression, Bid levels did not show a statistically
significant induction with FoxO3a overexpression (Figure 5b). In IPF lung fibroblasts,
FoxO3a overexpression induced apoptosis, while inducing Noxa and inhibiting Collal
(Extended figure 4). These data suggest that SIRT3, both /n vivoand in vitro, modulates
apoptosis susceptibility of lung fibroblasts, and suggest a potential role of FoxO3a in
mediating the effects of SIRT3. To more directly determine the requirement for FoxO3a in
mediating SIRT3-induced apoptosis, we silenced FoxO3a in human IPF fibrotic fibroblasts
prior to overexpression of SIRT3. FoxO3a silencing reduced apoptosis, as evidenced by
lower levels of cleaved PARP (Figure 5¢), indicating that SIRT3-mediated apoptosis is, at
least partly, dependent on FoxO3a induction/activity.

SIRT3 silencing mediates senescence, apoptosis resistance and induces pro-fibrotic
genes in human lung fibroblasts.

Previous studies have linked senescence to apoptosis resistance33; we explored whether
SIRT3 deficiency is sufficient to induce both senescence and apoptosis resistance of lung
fibroblasts. We depleted SIRT3 in human lung fibroblasts by RNAi and assessed markers
of senescence and apoptosis (Figure 6a). SIRT3 silencing induced expression of p16, while
downregulating phospho-Rb and proliferating cell nuclear antigen (PCNA) (Figures 6a-e)
and cell numbers were concomitantly reduced at 72 hours (Figure 6f), supporting cell cycle
arrest typical of cellular senescence. The pro-fibrotic markers, Collal and CTGF, were
markedly upregulated in SIRT3-silenced fibroblasts (Figure 6g-j), while the pro-apoptotic
protein, Bim, was down-regulated (Figure 6g, k). Staining for SA-B-gal confirmed induction
of senescence in SIRT3 silenced fibroblasts (Figure 61). Fibroblasts in which SIRT3

was suppressed exhibited decreased susceptibility to staurosporine-induced apoptosis as
compared to control fibroblasts (Figure 6m). Together, these data indicate that depletion of
SIRT3 leads to a pro-senescent, anti-apoptotic, and pro-fibrotic phenotype of fibroblasts.
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Macrophage SIRT3 induces Foxo3a activation in fibroblasts via a paracrine mechanism.

To gain additional mechanistic insights into the relationship between SIRT3 and FoxO3a,
SIRT3 was overexpressed in normal and fibrotic lung fibroblasts and FoxO3a levels/
localization were analyzed. Contrary to our expectations, overexpression of SIRT3 cDNA in
IMR-90 or IPF fibroblasts neither enhanced total FoxO3a levels (Extended figure 5a) nor
facilitated nuclear translocation (Extended figure 5b; Figure 7a, b). Next, we overexpressed
SIRT3 in TGF-P1 treated cells to determine if this would result in recovery of FoxO3a levels
downregulated by TGF-p1. However, overexpression of SIRT3 in human lung fibroblasts
followed by TGF-B1 stimulation did not significantly alter levels of FoxO3a expression
(Extended figure 6). These data suggested that the observed effects of SIRT3 overexpression
on lung fibroblast activation of FoxO3a /7 vivo may occur through a non-autonomous
mechanism involving cell-cell interactions.

Next, we explored whether epithelial-fibroblast crosstalk may account for fibroblast FoxO3a
activation in response to SIRT3 cDNA treatment. Using two different epithelial cell lines
(human alveolar epithelial cell line, A549; and murine alveolar epithelial cell line, L2),

we overexpressed SIRT3 cDNA, collected the conditioned media and transferred onto
IMR-90 fibroblasts; this did not result in FoxO3a induction/stabilization (Extended figure 7).
Conditioned media transfer studies using SIRT3 overexpression in two different macrophage
cell lines (human macrophages cell line, THP1; mouse peritoneal macrophages, RAW264.7)
showed similar results (Extended figure 8).

To more closely simulate the paracrine effects of cell-cell communication in vivo, we
utilized a Transwell co-culture system in which continuous release of and stimulation

by paracrine mediators may occur (Figure 7¢). SIRT3 overexpressing L2 epithelial cells
failed to induce FoxO3a nuclear translation in co-cultured fibroblasts (Extended figure

9). However, SIRT3 overexpression in RAW264.7 macrophages revealed enhanced levels
of FoxO3a in nuclear fraction of fibroblasts (Figure 7d-f), supporting FoxO3a activation
by a paracrine mediator released by macrophages. Since we observed an induction of pro-
apoptotic markers of the Bcl-2 family and execution of apoptosis in murine lung fibroblasts
overexpressing FoxO3a (Figure 5a, b), we tested whether these same pro-apoptotic effects
are preserved in this macrophage-fibroblast co-culture system. In concert with FoxO3a
activation/nuclear translocation, the pro-apoptotic proteins, Bim and Bad, along with
increased apoptosis were induced in fibroblasts co-cultured with SIRT3-overexpressing
macrophages (Figure 7g). Although the specific mediator(s) that augment FoxO3a in
fibroblasts are currently unknown, a number of potential candidates were identified by a
cytokine array (Extended figure 10). Together with the finding that macrophages are the
primary cells that uptake airway delivery of SIRT3 cDNA, these data support the concept
that the observed therapeutic effect of SIRT3 requires macrophage-fibroblast crosstalk via
activation of a SIRT3-FoxO3a signaling axis that facilitates fibrosis resolution/reversal
(Figure 7h).

DISCUSSION

Aging is associated with diminished regenerative capacity and clinical syndromes of
persistent or progressive fibrosis that affects diverse organ systems36:37. Animal models have
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traditionally failed to recapitulate this critical aspect of disease progression and have largely
focused on the development of fibrosis. It is biologically plausible that the recalcitrant
nature of these non-resolving fibrotic disorders may be related to the inability to “turn off”
a physiological repair response, in contrast to a heightened fibrotic response to the initial
tissue injury. Our group has previously demonstrated that the non-resolving nature of fibrotic
syndromes can, at least partially, be recapitulated by studying injury-repair responses in
aged mice33, In this study, we investigated a new role of the anti-aging mitochondrial sirtuin,
SIRT3, in promoting resolution of lung fibrosis employing an aging mouse model. We
observed marked reduction of SIRT3 expression in lungs of human subjects with IPF, which
was further reduced in patients with rapid progression. This finding was recapitulated in

the animal model of aged mice that failed to recover SIRT3 levels during the resolution
phase of lung injury, in contrast to gradual recovery in young mice with inherent resolution
capacity. Exogenous restitution of SIRT3 levels in aged mice restored capacity for fibrosis
resolution in association with induced FoxO3a activation in myofibroblasts that recover
susceptibility to apoptosis. In ex-vivo studies, the pro-fibrotic cytokine TGF-B1, at least
partially, accounted for the loss of SIRT3-FoxO3a signaling axis in fibroblasts; however,
reconstitution of SIRT3 in these cells failed to fully account for FoxO3 activation in

a cell autonomous manner. Interestingly, over-expression of SIRT3 in macrophages was
able to more efficiently induce FoxO3a activation in co-cultured fibroblasts, supporting an
additional cell non-autonomous mechanism for modulating fibroblast behavior. Together,
these studies implicate a critical role for SIRT3 in modulating cellular plasticity and tissue
regenerative capacity that involves macrophage-fibroblast crosstalk.

These studies are the first, to our knowledge, to demonstrate a role for SIRT3 in

the resolution of persistent lung fibrosis associated with aging. While several reports

have demonstrated putative anti-fibrotic roles for SIRT3 in multiple organs systems,
including the lung, these studies primarily evaluated effects on the initiation/development
of fibrosis29:30.35.38.39 Oyr studies clearly demonstrate that restitution of SIRT3 /n vivoin
aged mice during the late reparative phase was sufficient to reverse the persistent fibrotic
phenotype. The potential for clinical translation is bolstered by the finding that SIRT3 is
downregulated in alveolar mesenchymal cells of a subgroup of human subjects with rapidly
progressing IPF. Although the number of human subjects studied here are relatively small,
these proof-of-concept studies demonstrating benefits of SIRT3 restitution in an animal
model of non-resolving lung fibrosis should motivate future therapeutic strategies to activate
this pro-regenerative, anti-fibrotic pathway in age-related, progressive fibrotic diseases.

The mechanisms of how SIRT3 mediates its anti-fibrotic effects appears to be related, at
least partly, to the induction/activation of FoxO3a in fibroblasts. FoxO23a, is a pro-longevity
gene and transcription factor that regulates the expression of genes involved in cellular
proliferation, metabolism, differentiation and apoptosis26:40, SIRT3 deacetylates FoxO3a
at specific lysine residues, which facilitates migration of deacetylated (activated) FoxO3a
to the nucleus253°, SIRT3 has been reported to block cardiac hypertrophic response by
augmenting FoxO3a mediated anti-oxidant defenses in mice3®, We have proposed that
apoptotic clearance of (myo)fibroblasts is essential to the resolution of fibrosis33:34.37.41
which may be accomplished by reinstating redox imbalance in these cells33. Our current
studies revealed that exogenous induction of both SIRT3 and FoxO3a was sufficient
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to robustly induce apoptosis in lung (myo)fibroblasts, in association with induction of
pro-apoptotic members of the Bcl-2 family, while the anti-apoptotic Bcl-2 protein was
unchanged. These results are consistent with a critical role for Bcl-2 family proteins

in controlling the apoptosis-resistant phenotype of myofibroblasts in refractory fibrotic
disorders3441-43_Qur data support a role for SIRT3-FoxO3a signaling as a critical regulator
of apoptosis susceptibility ex vivo and fibrosis resolution /n vivo. However, it must be
acknowledged that the complexity of signaling mechanisms regulating FoxO3a nuclear
transfer that may not necessarily involve SIRT3-dependent deacetylation.

Similar to other studies that have shown downregulation or deactivation (nuclear exclusion)
of FoxO3a in fibroblasts by TGF-p127:28:44 we found that this canonical pro-fibrotic
cytokine concordantly decreases both FoxO3a and SIRT3 in stimulated fibroblasts.
However, contrary to our expectation, we were unable to recover FoxO3a induction/activity
by overexpression of SIRT3, both in constitutive (IPF fibroblasts) and TGF-p1 induced
downregulation of SIRT3. This suggested the possibility that the observed in vivo effects

of FoxO3a, specifically in fibroblasts, by airway gene delivery of Sirt3 may be mediated

by an indirect effect on other lung cells. After testing multiple cellular models of alveolar
epithelial cells and macrophages, we concluded that paracrine effects were most likely
mediated by alveolar macrophages. In our ex vivo co-culture model, we detected a
FoxO3a-inducing effect of macrophages over-expressing the Sirt3 gene. Furthermore, our in
vivo studies indicate that macrophages preferentially uptake/express exogenously delivered
SIRT3 cDNA. Thus, in addition to cell autonomous effects of SIRT3-FoxO3a signaling axis
in fibroblasts, our data support the concept that pro-resolution effects of Sirt3gene delivery
is mediated by macrophage-fibroblast crosstalk.

Macrophages mediate pleiotropic effects during tissue injury repair processes*>46. Recent
studies indicate an important role of macrophages in promoting resolution’-49, although
mechanisms are incompletely understood. Our studies support the possibility that SIRT3
may function as a critical switch in determining the pro-fibrotic vs. pro-resolution phenotype
of macrophages. This age-related macrophage dysfunction may be critical not only in
conferring increased susceptibility to fibrosis from noninfectious injury, but also to defective
innate immunity and repair responses to infectious agents such as the novel coronaviruses
that adversely affect the elderly population®®. Together, our studies support a critical role

for SIRT3 and FoxO3a in age-related stress responses and in cell-cell communication to
orchestrate a pro-regenerative response to tissue injury. Therapeutic strategies to restore
these integrated longevity pathways to potentially reverse organ fibrosis deserve further
study.

METHODS

Reagents

Porcine platelet-derived TGF-B1 was purchased from R&D Systems (Minneapolis, MN,
USA). Control vector and SIRT3 over-expressing mouse and human specific vectors were
purchased from Sino Biological Inc. Sources, use and dilutions of antibodies used for the
study are provided in Supplementary table 1. All kits used in this study have been listed in
Supplementary table 2.
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Human lungs

The study protocol was approved by the local ethics committee under the University of
Alabama at Birmingham Institutional Review Board. Lung sections of either healthy or IPF
biopsies were provided by Airway Tissue Procurement Program Facility at the University
of Alabama, Birmingham, and the Pulmonary Hypertension Breakthrough Initiative. Lung
sections were formalin-fixed and paraffin-embedded before being cut into 5 um slices, as
previously described 31,

Lung histology and immunofluorescence staining

Immunofluorescence staining was performed as described previously33. Images were
acquired using a Nikon Al Laser Confocal Microscope at the University of Alabama

at Birmingham (UAB) High Resolution Imaging Facility. The levels of fluorescence
were quantified and displayed as 2-dimensional scattergrams using Hamamatsu software
(Hamamatsu Corporation). We also processed paraffin-embedded tissue sections for lung
histology and immunohistochemical staining, including H&E, Masson’s trichrome or a-
SMA staining as previously described 51,

Murine model of bleomycin lung injury and gene transfer

Aged (18-22 months) male C57BL/6 mice (National Institute on Aging) were used for /n
vivo studies. Mice were subjected to bleomycin treatment as described previously 1. For in
vivo SIRT3 induction, total of 70 ul mixture of TurboFect™ transfection reagent (Thermo
Fisher Scientific) and 20 ug of SIRT3 or control vector was administered to mice via
oropharyngeal route every alternate day. All procedures involving animals were approved
by the Institutional Animal Care and Use Committees at the University of Alabama at
Birmingham, Birmingham, Alabama, USA.

Bronchoalveolar lavage

Mice were sacrificed by cervical dislocation and bled via transection of the abdominal aorta

before perfusion of lungs with 3 ml of ice-cold PBS injected through the right ventricle. The
trachea was then cannulated with a blunt 22-gauge needle and tied in place. Bronchoalveolar
lavage (BAL) was performed with PBS. Aliquots of 0.5 to 1 ml were instilled into the lungs

under direct observation to ensure that all segments of lung were inflated and aspirated back
into the syringe. This was repeated two times per mouse.

FACS sorting

Lungs of bleomycin and control or SIRT3 vector treated mice were perfused with chilled
PBS. Lung were chopped into small pieces and digested with collagenase (1 mg/ml) for

30 min/37 °C. Later, cells were passed through a sieve (70 uM). RBCs were lysed with
ACK lysis buffer. Cells were counted by trypan blue dye-exclusion method. Lung cells

were washed with PBS supplemented with 0.5% BSA and incubated with anti-CD16/32

at dilution of 1:100 in PBS/0.5% BSA at 4°C for 10 minutes. After washing, cells were
incubated with fluorochrome tagged antibodies at 4°C for 30 minutes. Antibodies Panel: anti
CD45-V500, anti-CD31-FITC, anti-F480-APC, anti-MerTK-PE, anti-EPCAM-APC eflour
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780. All cells were subsequently washed with PBS/0.5% BSA and resuspended in 1x PBS.
Cells were sorted in 200ul media, washed with PBs and used for RNA isolation.

Cell culture

Primary lung fibroblasts were isolated and cultured from lung explants of human subjects
undergoing lung transplantation with IPF or failed donors (controls), as previously described
51 All studies were approved by the University of Alabama at Birmingham, Birmingham,
Alabama, USA. Human fetal lung fibroblasts [Institute of Medical Research (IMR)-90] cells
were purchased from Coriell Cell Repositories (Camden, NJ, USA). All cells were cultured
as described earlier 2. Primary fibroblasts were isolated from the lungs of aged or young
C57BL/6 mice +/- bleomycin treatment, as previously described 33,

Western blotting

Cell lysates were prepared in RIPA buffer and Lysates were quantitated using a Micro
BCA™ Protein assay kit (Pierce) according to instructions. Samples were subjected to
SDS-PAGE under reducing conditions and western immunoblotting was performed as
previously described33. Densitometric analyses were performed using ImageJ software
(http://imagej.nih.gov/ij/).

Real-Time PCR

Total RNA from cells was isolated using the RNeasy® Mini Kit (Qiagen, Germantown,
MD, USA), and reverse transcribed to cDNA using Bio-Rad iScript™ cDNA synthesis

kit (catalog n0.1708890; Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
protocol. Real-time PCR procedure and analysis was performed as described previously 33.

RNA interference

Fibroblasts were transfected with 50-100 nM targeting or non-targeting siRNA using
Lipofectamine-RNaiMAX® in Opti-MEM™ medium (both from Life Technologies™),
according to the manufacturer’s instructions. Briefly, cells (2.5 x 105 /well) in 6-well

plates were incubated in Opti-MEM™ medium containing specific or scrambled siRNA

(0.1 uM) for 72 hours. After incubation with siRNA, the cell culture medium was changed to
antibiotic free DMEM medium supplemented and treated as described in figure legends. The
sense sequences used for siRNA are as follows: SIRT3: AAU CAG CUC AGC UAC AUC
CUG CAG G; FoxO3a: UAG UGU GAC ACG GAA GAG AAG GUG G.

Hydroxyproline assay

Lung tissues were dried in an oven at 70°C for 48 h, and then hydrolyzed in 6N HCI at 95°C
for 48 h. Hydroxyproline assay was performed using Hydroxyproline Assay Kit according to
manufacturer instructions (QuickZyme® Biosciences) using hydroxyproline as a standard.

TUNEL assay

For TUNEL assay, cells were cultured followed by inclusion of paraformaldehyde and then
5’-bromo-2’-deoxyuridine (BrdU) assay using In Situ Cell Death Detection Kit, according
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to the manufacturer’s protocol (Roche). Nuclei were stained with DAPI and images were
acquired using a Leica epifluorescence microscope (Leica Microsystems).

In vitro overexpression of SIRT3 and FoxO3a

Cells were grown to 70% confluency and 1-2 micrograms of plasmid were transfected per
well of 6 well plate using FUGENE®6 Transfection Reagent (Catalogue Number:E2693 )
from Promega Corporation, as per manufacturer’s instructions. Macrophages were
transfected using Effectene® transfection reagent from Qiagen, as per the manufacturer’s
instructions. For SIRT3 overexpression, control ()CMV-3-C-HA, Sino biological Inc. Cat#
CVO013) or SIRT3-HA carrying plasmid (pCMV-3-C-mSIRT3-HA, Sino biological Inc. Cat#
MG50478-Cy or pCMV-3-C-hSIRT3-HA, Sino biological Inc. Cat# HG13033-Cy) were
used. hFoxO3a expressing plasmid was purchased from Addgene Inc. HA-FoxO3a-WT Cat#
1787) was used for FoxO3a related overexpression studies.

TGF-B1 treatment of human fibroblasts

At approximately 70% confluency, fibroblasts were serum starved for 24 hours, followed by
treatment with 2.5 ng/ml of TGF-B1 in serum free media for indicated timepoints.

Real-time PCR and transcriptome studies

Total RNA was isolated from lung tissues using the RNeasy® Mini kit (Qiagen) and

reverse transcribed using iScript™ Reverse Transcription Supermix for RT-quantitative PCR
(Bio-Rad). Real-time PCRs were performed using SYBR™ Green PCR Master Mix (Life
Technologies™) and gene-specific primer pairs for Sirt3and 185 rRNA. Primer sequences
used in this study have been provided in Supplementary table 3. Real-time PCR and analysis
were performed as described previously 2. Transcriptome studies (Affymetrix U133A

chip) on TGF-B1 treated IMR-90 cells were processed and analyzed at Sequencing and
Proteomics core facility at University of Alabama at Birmingham, Birmingham, Alabama,
USA.

Isolation of mitochondria and nuclear/cytoplasmic fractions

Cellular mitochondria were isolated according to standard procedures, as described
previously 2. Nuclear and cytoplasmic extracts were isolated with NE-PER™ Nuclear and
Cytoplasmic Extraction Kit available from Thermo Scientific (Catalogue Number:78833).

Statistical analysis and reproducibility

Data are expressed as mean + s.e.m. Statistical analyses were performed using one-or two-
tailed unpaired #test or one-way ANOVA to evaluate differences between groups. Analyses
were performed using GraphPad Prism software (version 8.4.2), and precise P-values are
provided. Values of nare provided for each data set with the appropriate statistical methods,
representing two or more independent sets of data that showed similar results. Western

blot quantification was performed using either ImageQuant TL or ImageJ software (version
1.53a). Graphical drawings were prepared using Adobe Illustrator® (version 2020).
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Sample sizes

No statistical methods were used to pre-determine sample sizes, but our sample sizes are
similar to those reported in previous publications3351:52,

Competing Interests Statement

All authors declare that no conflict of interest exists.

Data distribution

Data distribution was assumed to be normal, but this was not formally tested.

Randomization

Mice of C57BL/6 inbred strain were randomly assigned to various groups.

Blinding

Data collection and analysis were not performed blind to the conditions of experiment.

Data exclusion

No data exclusions from analyses were made.

Study approval

All experiments were conducted in accordance with approved protocols by the University of
Alabama at Birmingham, Institutional Animal Care and Use Committee (IACUC).

Accession code

Microarray data have been deposited in the Gene Expression Omnibus with accession code
number GSE17518.

Data Availability

The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. Extra data are available from the
corresponding author upon request.
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Extended Data

a b

Overexpression Knockdown
SIRT3 cDNA - +  Dpa SIRT3 siRNA - + Da
. . - P
HA SIRT3-HA ~ SIRT3Sees
JE37 —50
SIRT3 - : -~ACHIN PA————
'_—5§IRT3 P
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Extended Data Fig. 1. SIRT 3 antibody specifically recognizes SIRT3 protein.
(a) Western blot showing over expression of HA tagged SIRT3 in human fibroblasts

transfected with control or SIRT3 cDNA plasmid. (b) Western blot showing expression
levels of SIRT3 in human fibroblasts transfected with non-targeting or SIRT3 siRNA. SIRT3
and HA antibodies were used to probe SIRT3 or SIRT3-HA expression levels.
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Extended Data Fig. 2. Exogenous SIRT3 cDNA is preferentially expressed in lung macrophages.
(a) Schematic of experiment design. (b) RT-PCR analysis of total SIRT3 or vector

derived SIRT3-HA mRNA levels in bronchoalveolar lavage (BAL) from mice subjected

to bleomycin injury followed by treatment with control vector (n7=3) or SIRT3 cDNA
plasmid (n7=15), as indicated in the Methods section. Data presented as means + s.e.m.,
*P=0.0357 (unpaired £test, non-parametric, two-tailed). (c) Flow cytometric analysis of
macrophages (CD45+ F4 80+ MerTK+) sorted from collagenase lung digests of naive
mice and mice injured with bleomycin followed by treatment with control vector or SIRT3
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cDNA are shown. (d) Gating strategy: (i) cells were gated for FSC-A against SSC-A,; (ii)
doublets were excluded using FSC-H against FSC-A,; (iii) singlets were gated for CD45
positive/negative population; (iv) within the CD45- population, epithelial cells were gated
as EPCAM+CD31-; and (v) within the CD45+ population, macrophages were gated as
F480+MerTK+. (e-g) RT-PCR analysis of total SIRT3 or vector derived SIRT3-HA mRNA
levels in FACS sorted macrophages (€) and epithelial cells (f), and adherence-purified
fibroblasts (g) from whole lung collagenase digest from mice subjected to bleomycin injury
followed by treatment with control vector (7= 3) or SIRT3 cDNA plasmid (n=5). Data
presented as means + s.e.m., *P = 0.0357 (macrophages;unpaired #test, non-parametric,
two-tailed), A= 0.0052 (fibroblasts; unpaired #test, two-tailed statistical analysis), n.s. = not

significant.
Treatment in human fibroblasts
o] o]
Vehicle TGF-B1 (2.5 ng/ml)
¥ 0-48 hours ¥
Fibroblasts
WB: HA, SIRTS3, FoxO3a, a-SMA
in WCL
Time (Hours) 0 2 4 8 24 48
TGFB1 - -+ + - - + + - - + + - - ++ - - + + - - + +ypa
- ; — —37
SIRT3 s o o o o o
—100
R . T T I T LT
—50
a-SMA —————— - ——— D WD -
—50

B-actin = arw - - - .- . . 0 W e w e = @ w - e w @

Extended Data Fig. 3. TGF-B1 downregulates SIRT3 and FoxO3a levelsin human fibroblasts.
Top panel, schematic diagram showing experiment design. Bottom panel, western blots

demonstrating early and late downregulation of SIRT3 and FoxO3a, respectively, and
upregulation of a-SMA at indicated time points in TGF-B1 treatment of human fibroblasts.
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Extended Data Fig. 4. FoxO3a overexpression in | PF fibroblastsinduces Noxa and inhibits

Collal.

Western blots and quantitative analysis of FoxO3a, cleaved caspase-3, cleaved PARP, Noxa
and Collal protein levels in IPF fibroblasts transfected with control plasmid or FoxO3a
cDNA. n= 3 per group; Data presented as means + s.e.m., Pvalues as indicated by unpaired

Etest, two-tailed statistical analysis.
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Extended Data Fig. 5. The effects of SIRT3 overexpression on FoxO3a levelsin control and | PF

fibroblasts.

(a) Left panel, schematic of experiment design. Right panel, western blot showing levels
of SIRT3 and FoxO3a in IMR-90 fibroblasts and IPF fibroblasts overexpressing control
or SIRT3 plasmid. (b) Left panel, schematic diagram of experiment design. Right panel,
western blot showing SIRT3 and FoxO3a levels in cytoplasmic and nuclear extracts of
human fibroblasts overexpressing SIRT3 at 24 and 48 hours after transfection.
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Extended Data Fig. 6. The effects of SIRT 3 overexpression on FoxO3arecovery in TGF-p1

treated human lung fibroblasts.

(a) Left panel, schematic of the experiment design. Right panel, representative western
blot showing levels of HA tag, SIRT3, FoxO3a and a-SMA in human fibroblasts cells
transfected with SIRT3-HA plasmid followed by treatment with TGF-p1 (2.5 ng/ml)

for 48 hours. (b) Left panel, schematic diagram of the experiment design. Right panel,
representative western blot analyses of HA, SIRT3, FoxO3a and a-SMA in IMR-90 cells
treated with TGF-B1 for 48 hours followed by SIRT3 overexpression.
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Extended Data Fig. 7. Effects of conditioned media from SIRT 3-over expressing human and

mouse lung epithelial cells on FoxO3a levelsin human lung fibroblasts.

(a) Schematic of the experimental design. (b) Left panel, representative western blot
showing overexpression of SIRT3 in A549 cells. Right panel, western blot showing

levels of FoxO3a in human fibroblasts incubated with the conditioned media from SIRT3-
overexpressing A549 cells. Cond. Med. = conditioned media (c) Left panel, western blot
showing overexpression of SIRT3 in L2 mouse epithelial cells. Right panel, representative
western blot showing levels of FoxO3a in IMR-90 fibroblasts incubated with conditioned
media from SIRT3-overexpressing L2 cells at 48 hours. Cond. Med. = conditioned media.
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Extended Data Fig. 8. Effects of conditioned media from SIRT 3-over expressing macrophages
(THP1 or RAW264.7 cells) on FoxO3a levelsin human fibroblasts.

(a) Schematic of the experimental design. (b) Left panel, representative western blot
showing overexpression of SIRT3 in human macrophage line THP1 cells. Right panel,
western blot showing expression of FoxO3a in human fibroblasts incubated with conditioned
media of SIRT3 overexpressing THP1 cells. Cond. Med. = conditioned media. (c) Left
panel, western blot showing overexpression of SIRT3 in RAW264.7 mouse macrophages.
Right panel, western blot showing levels of FoxO3a in fibroblasts incubated with
conditioned media of SIRT3 overexpressing RAW264.7 cells at 48 hours. Cond. Med. =
conditioned media.
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Extended Data Fig. 9. FoxO3a levelsin young and aged mouse fibroblasts co-cultured with
SIRT3 overexpressing L2 cells.

(a) Schematic of the experiment design; FB = fibroblasts. (b) Representative western blots
indicate SIRT3 levels in whole cell lysates of L2 cells (b), FoxO3a levels in the cytoplasm
(c), and in nuclear fractions (d) from young and old mouse fibroblasts. Fibroblasts were
co-cultured with L2 cells that overexpress SIRT3 or control plasmid.
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Extended Data Fig. 10. Cytokine array of secreted factorsby SIRT3 overexpressing
macrophages.

Mouse XL cytokine array and quantitative analysis performed on cell supernatants of co-
cultured SIRT3-overexpressing macrophages and mouse fibroblasts.
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Figure1: SIRT3isdecreased in | PF lungs.
(a) Representative images show SIRT3, a-SMA and control IgG immunostaining (DAB)

of non-IPF control or IPF lung sections. Dashed lines indicate regions that are enlarged
and displayed on the right side. Scale bar 4X images: 400 um, 20X images: 100 um,

40X images: 40 pum. (b) Patterns of SIRT3 and a-SMA immunofluorescence in lung
sections from control and patients with IPF. Dashed boxes are magnified to display merged
regions. SIRT3 -green; a-SMA -red; nuclei -blue. Sacle bar 50 um. (c) Scattergrams
indicate fluorescence intensity and Pearson’s correlation (/) for images depicted in (6).
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(d) Quantitative analysis of SIRT3/nuclei and a-SMA/nuclei fluorescence intensity ratios
from lung sections of control and IPF subjects; 7= 9 representing 3 independent subjects,
each with analysis of 3 random fields. Data presented as means + s.e.m; *P = 0.0482
(unpaired #test, two-tailed); **/~=0.0020 (unpaired #test, two-tailed). (e, f) Western blot
and quantitative analysis of SIRT3 in (€) control and IPF fibroblasts (7=5 per group), *P=
0.0368 (unpaired ttest, two-tailed); and (f) fibroblasts from stable and progressive IPF (n=
7 per group). Data presented as means £ s.e.m; **P=0.0020 (unpaired #test, two-tailed).
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Figure 2: SIRT3issuppressed during the fibrogenic phase of lung injury, and itsrestitution
resolves age associated persistent fibrosis.

(a) Representative western blot and quantitative analysis of SIRT3 in lung homogenates
from young mice that received saline (control) or bleomycin for 1 or 2 weeks; n=3

per group; Data presented as means * s.e.m.; *~< 0.0001 (one-way ANOVA). (b) SIRT3
expression in lungs of young and old mice at baseline (7= 3 per group), at 3 weeks (7
=4 per group) and at 8 weeks (7= 4 in young and n=5 in old). Data presented as
means £ s.e.m.; *£< 0.0001 (one-way ANOVA), n.s. = not significant.. (c) Schematic of
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timing of SIRT3 cDNA plasmid or vector (control) administration in old mice that were
subjected to bleomycin-induced lung injury. (d) Representative H&E, Masson’s trichrome
blue and a-SMA-immunofluorescence images from lung sections of old mice; vector or
SIRT3 cDNA plasmid were injected (i.t.) 2 weeks after bleomycin lung injury; a-SMA —red,
nuclei -blue. H&E images (10X) Scale bar 200 pm; Masson’s trichrome images (20X) Scale
bar 100 pm; Immunofluorescence images (20X) Scale bar 100 um. (e, f) Lung dry weight
(e) and whole lung hydroxyproline content (f) were analyzed from young and old uninjured
mice (n7= 3 per group) and bleomycin-injured mice treated with vector control (7= 6 per
group) and SIRT3 cDNA (n=5 per group). Data presented as means * s.e.m; for (€) *P<
0.001, for (f) *P < 0.0006 (one-way ANOVA).
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Figure 3: Mitochondrial SIRT 3 is decreased in activated myofibroblasts.
(a) Sirtuin family gene expression patterns in human fibroblasts that were treated with or

without TGF-B1 (2.5 ng/ml) for 24 hours. 7= 3 per group; Data presented as means +
s.e.m., *P=10. 0035 (unpaired £test, two-tailed); n.d. -not detected. (b) SIRT3 mRNA levels
(fold change relative to control) in human fibroblasts treated with TGF-p1 for indicated
time. 7= 3 per group; Data presented as means + s.e.m.; *P< 0.0001 (one-way ANOVA).
(c) Representative western blots showing SIRT3 and a-SMA levels in human fibroblasts
stimulated with TGF-p1 (2.5 ng/ml). (d-g) SIRT3, FoxO3a and a-SMA levels in human
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fibroblasts treated with TGF-B1 (0 or 2.5 ng/ml) for 48 hours. 7= 3 per group; Data
presented as means + s.e.m.; for SIRT3 (€) *~= 0.0064 (unpaired *test, two-tailed);
FoxO3a (f) *P=0.0011 (unpaired £test, two-tailed); and a-SMA (g) *P = 0.0365 (unpaired
Etest, two-tailed). (h) Protein levels of SIRT3, a-SMA and COX IV in cytoplasmic and
mitochondrial fractions obtained from human fibroblasts stimulated with TGF-B1 (0 or

2.5 ng/ml) for 24 hours. (i) Immunofluorescence staining of SIRT3 and mitochondria in
human lung fibroblasts treated with TGF-p1 (0 or 2.5 ng/ml) for 24 hours. SIRT3 -green;
mitochondria -mitotracker red; nuclei -blue. Scale bar 10 pm.
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Figure4: SIRT3in vivo overexpression sensitizes myofibroblaststo undergo apoptosis.

Control Empty SIRT3
vector vector

Bleomycin

(a) Immunofluorescence staining of murine lung tissues showing apoptotic cells by TUNEL

staining (green) six weeks following bleomycin injury; a-SMA —red; DAPI -blue.
lines indicate regions selected for higher magnification images in the bottom panel

Dashed
s. Scale

bar 50 um. (b) Quantitative analysis of apoptotic cells from randomly selected regions

of images in mice in control (vector) and SIRT3-treated mice. 3 mice per group; Data
presented as means £ s.e.m., *P=0.0002 (unpaired ~test, two-tailed). (c, d) Western blot
and quantitative analysis of FoxO3a in cytoplasmic and nuclear fractions of lung fibroblasts

isolated from aged mice without injury (7= 3) or subjected to bleomycin followed

by

treatment with empty vector or SIRT3 cDNA (7= 4 in each treated group). Data presented
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as means + s.e.m.; *P=0.0306 (one-way ANOVA, comparing groups indicated in d); *P=
0.0357 (one-way ANOVA, comparing groups indicated in €).

Nat Aging. Author manuscript; available in PMC 2021 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rehan et al.

Page 33
a Mouse fibroblasts P=0.0098 . P =0.0006 F=0.003
SIRT3 overexpression < 300 & 300 T 300
LN 2 &
SIRT3 = ™ & 25 =5
_ =150 + 8 150 | 7 §150
cleaved 20 il sa . S o
-~ &~ ES
Caspase-3 14 B 3 ¥ °
—100 D g - 2 4 - S
cleaved - . o
PARP Control SIRT3 Control SIRT3 Control SIRT3
—37 - a
I . n.s - P=.0103 P=0.0007
- < 300 ¢ 300+ g 30
] M.
25 < 150 Ed < 150 < 150
Bad s - o == £ o B
: —25 a o = @
Bicl - R e U N 0
150 Control SIRT3 Control SIRT3 Control SIRT3
P-RD - - P=00176 P=0.0047
—150 300 300
o < = o e
-50 s x
[B-aCtin g . & 1504 2 150 o
= = 4
@ &
o
0 —71—1— 0 ———7—
Control SIRT3 Control SIRT3
b P=0.0462 P=0.0011 P=0.0201
£300 % 300 - 300
Mouse fibroblasts o @ &
FoxO3a overexpression o5 ac -+ & £ -
~ o ©
- +k0s g150- & 8;150- 5 & 1504 o
oy 3 o O
FoxO3a .‘ Q . % = § - ¥
O -
cleaved ~20 Lo 771 s 0 ——"%—|— © 0 —7T—T1—
Caspase-3 Control FoxO3a Control FoxO3a Control FoxO3a
cleaved ..-100 n.s P=0.0303 p=0.0157
PARP < 300 300 300 —
[ 3 5 = £
BCl-2 - — [d S ]
& % : ° ®
s S50 T == A 150 2150 o,
Bir - Q £ % 5
® o @
—25 0 ° @D g
Bad w——— 07— - Tr T - T T
| . Control FoxO3a Control FoxO3a Control FoxO3a
Bid“ n.s n.s
- —150 300 4 300
P-Rb s -
£ 2z |2
© <
t-Rb.. & 150 § < 150
-50 E o
B-actin m—— o 0 & 0
T T - r 1
C Control FoxO3a Control FoxO3a
SIRT30E  SIRT3 cDNA P=00116 P 0.0074
Foxo3a KD NT SiRNA £300 . 8
k0—337 g_ _;oL < £
S]RT3m- — R3]
= 150 b
I5e] - Qa
FoxO3a o g 8§~
- -~ - K 3
—00
cleaved‘ Control FoxO3a Control FoxO3a
PARP . SiRNA  siRNA SiRNA  siRNA

[B-ACHN qm————————

IPF cells

Figure5: SIRT3 or FoxO3a overexpression promotes apoptosisin murine fibroblasts.
2222(a) Mouse lung fibroblasts were transfected with control or SIRT3 cDNA plasmid

for 48 hours and whole cell lysates were analyzed by western blotting for SIRT3, cleaved
caspase-3, cleaved PARP, Bcl-2, Bim, Bad, Bid, phospho-Rb and total-Rb. 7= 3 per group;
Data presented as means + s.e.m., *Pvalues as indicated by unpaired £test, two-tailed
statistical analysis. (b) FoxO3a, cleaved caspase-3, cleaved PARP, Bcl-2, Bim, Bad, Bid,
phospho-Rb and total-Rb protein levels by western blot analyses in control plasmid or
FoxO3a overexpressing mouse fibroblasts. 7= 3 per group; Data presented as means
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+ s.e.m., Pvalues as indicated by unpaired #test, two-tailed statistical analysis. (c) IPF
fibroblasts were transfected with non-targeting or FoxO3a specific siRNA prior to SIRT3
overexpression; western blot analyses and quantitation of expression levels of FoxO3a and
cleaved PARP are shown. = 3 per group; Data presented as means + s.e.m., P values as
indicated by unpaired £test, two-tailed statistical analysis.
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Figure 6: SIRT 3 deficiency induces fibroblast senescence and resistance to apoptosis and
upregulates pro-fibrotic markers.

(a) Human lung fibroblasts (IMR-90) were treated with non-targeting or SIRT3 siRNA, and
analyzed by western blot analysis for SIRT3, p16, phospho-Rb, total-Rb and PCNA levels.
(b-e) Quantitative analysis of SIRT3 (7= 3), p16 (7= 4), phospho-Rb/total-Rb (7= 4) and
PCNA (n=3) from (a). Data presented as means + s.e.m., Pvalues as indicated by unpaired
ttest, two-tailed statistical analysis. (f) Analysis of cell numbers in human fibroblasts after
96-hour treatment with non-targeting or SIRT3 siRNA. 7= 4 per group; Data presented

Nat Aging. Author manuscript; available in PMC 2021 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rehan et al.

Page 36

as means + s.e.m., Pvalues as indicated by unpaired #test, two-tailed statistical analysis.
(g) Western blot analyses of expression levels of SIRT3, Collal, CTGF and Bim in human
fibroblasts after treatment with non-targeting or SIRT3 siRNA. (h-k) Quantitative analysis
of SIRT3, Collal, CTGF and Bim levels from experiment described in (g). 7= 3 per

group; Data presented as means * s.e.m., Pvalues as indicated by unpaired £test, two-tailed
statistical analysis. (I, m) IMR-90 fibroblasts transfected for 48 hours with non-targeting or
SIRT3 specific siRNA were analyzed for B-galactosidase staining (Scale bar 50 pm) (I) and
for caspase-3 activity (m). 7= 3 per group; Data presented as means * s.e.m., P values as
indicated by unpaired #test, two-tailed statistical analysis.
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Figure 7: SIRT3 overexpression in macrophages activates FoxO3a in fibroblasts via paracrine
signaling mechanism.

(a) Experimental design of studies of SIRT3-HA overexpression in IPF fibroblasts. (b)
Representative western blots showing SIRT3, HA and FoxO3a levels in cytoplasmic and
nuclear fractions of IPF fibroblasts (7= 3 different IPF subjects) overexpressing control

or SIRT3-HA plasmid; ¢ -cytoplasm, n -nuclear fraction. (c) Design of co-culture studies

of SIRT3-HA overexpressing RAW?264.7 macrophages and lung fibroblasts from young or
old mice; WCE -whole cell lysates. (d-f) Western blots showing SIRT3 levels in whole cell
lysates of RAW264.7 (d) or FoxO3a levels in the cytoplasm (€), or FoxO3a levels in nuclear
fractions (f) from young and old mouse fibroblasts. (g) Western blots showing expression
levels of cleaved caspase-3, cleaved PARP, Bcl-2, Bim and Bad in cytoplasmic fractions
from young and old mouse fibroblasts in co-culture with RAW264.7 mouse macrophages, as
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depicted in (c). Co-culture experiments were performed twice with each lane of the western
blots representing pooled wells from each 6-well plate.
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Figure 8: Airway delivery of SIRT3 cDNA resolves age-associated persistent lung fibrosisin
mice.

Aged mice subjected to bleomycin lung injury develop persistent, non-resolving lung
fibrosis. This non-resolving phenotype of lung injury-fibrosis is associated with decreased
lung levels of SIRT3 and persistence of apoptosis-resistant myofibroblasts. Gene delivery of
SIRT3 cDNA via the airway restores capacity for fibrosis resolution, which is associated
with FoxO3 activation/translocation to the nucleus. Our studies support a cell non-
autonomous mechanism by which airway macrophages uptake the SIRT3 cDNA plasmid
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and produce pro-resolution factor(s) that are able to activate FoxO3a in myofibroblasts and
mediate anti-senescent and pro-apoptotic effects in these reparative cells.

Nat Aging. Author manuscript; available in PMC 2021 August 11.



	Abstract
	RESULTS
	SIRT3 expression is decreased in human IPF lungs.
	SIRT3 expression is downregulated with fibrogenic lung injury and its restitution during the repair phase restores capacity for fibrosis resolution.
	SIRT3 expression is downregulated during myofibroblast differentiation.
	The anti-fibrotic effect of SIRT3 overexpression is associated with induced susceptibility to myofibroblast apoptosis.
	SIRT3 silencing mediates senescence, apoptosis resistance and induces pro-fibrotic genes in human lung fibroblasts.
	Macrophage SIRT3 induces Foxo3a activation in fibroblasts via a paracrine mechanism.

	DISCUSSION
	METHODS
	Reagents
	Human lungs
	Lung histology and immunofluorescence staining
	Murine model of bleomycin lung injury and gene transfer
	Bronchoalveolar lavage
	FACS sorting
	Cell culture
	Western blotting
	Real-Time PCR
	RNA interference
	Hydroxyproline assay
	TUNEL assay
	In vitro overexpression of SIRT3 and FoxO3a
	TGF-β1 treatment of human fibroblasts
	Real-time PCR and transcriptome studies
	Isolation of mitochondria and nuclear/cytoplasmic fractions
	Statistical analysis and reproducibility
	Sample sizes
	Competing Interests Statement
	Data distribution
	Randomization
	Blinding
	Data exclusion
	Study approval
	Accession code
	Data Availability

	Extended Data
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	Extended Data Fig. 7
	Extended Data Fig. 8
	Extended Data Fig. 9
	Extended Data Fig. 10
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:

