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Abstract

Background—Oxidative mitochondrial damage is closely linked to inflammation and to cell
death, but low levels of reactive oxygen and nitrogen species serve as signals that involve
mitochondrial repair and resolution of inflammation. More specifically, cytoprotection relies on
the elimination of damaged mitochondria by selective autophagy (mitophagy) during
mitochondrial quality control.

Objective—To identify and localize mitophagy in mouse lung as a potentially up-regulatable
redox response to S. aureus sepsis.

Methods—Anesthetized C57BL/6 and B6.129X1-Nfe2l2tm1Ywk/J (Nrf2~~) mice had fibrin
clots loaded with S. aureus (1x107 CFU) implanted abdominally. At the time of implantation,
mice were given Vancomycin (6mg/kg) and fluid resuscitation. Mouse lungs were harvested at 0,
6, 24, and 48 hours for bronchoalveolar lavage (BAL), Western blot analysis and gRT-PCR. To
localize mitochondria with autophagy protein LC3, we used lung immunofluorescence staining in
LC3-GFP transgenic mice.

Results—In C57BL/6 mice, sepsis-induced pulmonary inflammation was detected by significant
increases in mMRNA for the inflammatory markers IL-1p and TNF-a at 6h and 24h respectively
hours. BAL cell count and protein increased. Sepsis suppressed lung Beclin-1 protein, but not
MRNA, suggesting activation of canonical autophagy. Notably sepsis also increased the LC3-11
autophagosome marker, as well as the lung’s non-canonical autophagy pathway as evidenced by
loss of p62, a redox-regulated scaffolding protein of the autophagosome. In LC3-GFP mice lungs,
immunofluorescence staining showed co-localization of LC3-11 to mitochondria, mainly in Type 2
epithelium and alveolar macrophages. In contrast, marked accumulation of p62, as well as
attenuation of LC3-I1 in Nrf2 KO mice supported an overall decrease in autophagic turnover.

Conclusions—The down-regulation of canonical autophagy during sepsis may contribute to
lung inflammation while the switch to non-canonical autophagy selectively removes damaged
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mitochondria and accompanies tissue repair and cell survival. Furthermore, mitophagy in the
alveolar region appears to depend on activation of Nrf2. Thus, efforts to promote mitophagy may
be a useful therapeutic adjunct for acute lung injury in sepsis.

Keywords

Acute lung injury; sepsis; autophagy; mitochondria; oxidative stress; Nrf2; inflammation; p62;
LC3; mitophagy

INTRODUCTION

Sepsis is now the leading cause of death in critically ill patients [1] and 40% of these
patients develop acute lung injury (ALI), which is characterized by inflammatory cell
infiltration and loss of type | alveolar epithelium. This leads to pulmonary capillary leak and
acute respiratory failure [2]. ALl is also accompanied by severe inflammation and associated
with oxidative stress caused by excessive reactive oxygen and nitrogen species (ROS/RNS)
production [3]. ROS/RNS at low levels serve as signaling molecules to activate redox-
sensitive genes [4], but uncontrolled ROS generation eventually overwhelms cells, causing
structural damage, particularly to mitochondria. More specifically, this excessive ROS
production directly inhibits oxidative phosphorylation[5]. Furthermore, loss of
mitochondrial function results in epithelial apoptosis causing epithelial barrier breakdown
and ALI [6]. The resolution of mitochondrial oxidative stress is linked directly to survival in
severe sepsis [7].

Mitochondrial-derived reactive oxygen species (MROS) are produced normally as
byproducts of oxidative phosphorylation; however, inflammation leads to excessive mROS
efflux that damages mitochondria [8],[9]. Damaged mitochondria are a primary source of
cellular oxidative stress. In response, nuclear-encoded mitochondrial gene expression is
induced in order to match mitochondrial function with cellular energy demands [10].
Moreover, oxidative mitochondrial damage results in activation of genes that contain
antioxidant response elements (ARE) that contribute to both mitochondrial antioxidant
defense and mitochondrial quality control [11].

Mitochondrial quality control during oxidative stress requires a key transcription factor,
Nrf2 (nuclear factor E2-related factor 2), which is responsible for the expression of SOD2
and more than 100 other cytoprotective genes [12]. Nfe2I2/Nrf2 is part of the major cellular
defenses against oxidative stress after nuclear localization and transcription of ARE-
containing genes by small Maf proteins [13,14]. Nrf2 is normally sequestered in the cytosol
by Keapl (Kelch-like ECH-associating protein 1), which results in its ubiquination and
degradation by the 26S proteasome [15]. During oxidant stress, cysteine residues on Keapl
are oxidized, and allows Nrf2 to translocate to the nucleus and to transcribe ARE-containing
genes including selected mitochondrial quality control genes [16].

Mitochondrial quality control also involves the clearance of irreparably damaged
mitochondria via the process of selective macroautophagy or mitophagy [17]. These
damaged mitochondria are segregated from the functional mitochondrial network, engulfed
in autophagosomes, and then degraded by lysosomal proteases [18].
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Current literature on mitophagy has suggested that autophagy may select mitochondria for
removal through either Atg-dependent or -independent pathways [19,20]. Mitophagy is a
normal physiological processes [21], but also found in aging [22], as well as in
pathophysiological states such as sepsis [23]. Mitophagy in sepsis has been studied
previously in the liver [24,25], and autophagy occurs in the lung in ALI [26], but mitophagy
has not been characterized in the lung in sepsis.

The purpose of this investigation was to test the hypothesis that S. aureus sepsis in murine
peritonitis induces sufficient oxidative stress to damage parenchymal lung mitochondria and
that these mitochondria are removed by mitophagy, which in conjunction with
mitochondrial biogenesis, allows restoration of the lung’s oxidative balance during sepsis
resolution.

METHODS

Materials

Antibodies were purchased as follows: HO-1 (Assay Designs), Beclin-1 (Cell Signaling),
Nrf2 (Santa Cruz), p62 (Abcam), LC3 (Sigma-Aldrich), SOD-2 (Abcam), 8-OhdG
(Genetex). Primers used for quantitative real-time reverse transcriptase polymerase chain
reaction (QRT-PCR) were all obtained from Life Technologies (Atg5, Atg12, Beclin-1,
IL-18, TNF-a, SOD-2, HO-1). Bafilomycin Al (BFA) was purchased from LC
Laboratories.

ssDNA probe—The ssDNA probe used was obtained from Millipore (MAB3299) and has
been used in many previous experiments in multiple tissue types to detect apoptotic cells by
immunohistochemistry [27-30].

Mice
The mouse studies were preapproved by the Duke IAUCUC. C57BI6/J (WT) as well as
B6.129X1-Nfe2l2tm1Ywk/J (Nrf2~~) mice were obtained from Jackson Laboratory (Bar
Harbor, ME). S aureus (clinical isolate; ATCC#25923) was prepared, counted, and
embedded in fibrin clots before being implanted surgically in the abdomen [7]. Wild-type
C57BL/6 mice received 1x107 CFU while Nrf2—/- mice received 5x108 CFU due to their
increased sensitivity to sepsis. Mouse lungs were harvested at indicated times for protein
and RNA and stored at —80°C.

LC3-GFP reporter mice—The mice were purchased from the RIKEN bio-resource center
in Japan (RBRCO00806). A transgenic vector containing an enhanced GFP-LC3 was inserted
between a CAG promoter and the SV40 late polyadenylation signal. The GFP is fused to the
N-terminus to not affect PE conjugation [31]. These mice were also implanted with infected
abdominal clots and the lungs were harvested and inflation-fixed in 10% formalin for
immunofluorescence microscopy.
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Real-time Polymerase Chain Reaction

gRT-PCR was performed with TagMan primers on StepOnePlus (Applied Biosystems). 18s
rRNA was used as endogenous control. Gene expression was determined by relative
quantification.

Protein Methods

Fresh lung tissue was homogenized in RIPA buffer and then sonicated on ice. The samples
were then placed in a Laemelli buffer. Protein content was measured with bicinchoninic acid
using BSA standards. For Western blotting, protein was resolved by gradient and/or non-
gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4-20% or 8%),
transferred to Immobilion P, blocked with 5% nonfat milk and incubated at 4°C overnight
with polyclonal anti-HO-1 (Enzo, ADI-SPA-895-D), Beclin-1 (Cell Signaling 3738S), Nrf2,
p62 (Abcam, ab91526), or LC3a/p (all 1:1000). The membranes were washed in TBST and
incubated with HRP-conjugated secondary antibodies (Santa Cruz at 1:5000). The
membranes were rewashed and developed with chemiluminescence reagents. Digitized
images were quantified in the mid-dynamic range using ImageJ software. Quantified data
was analyzed, and graphed and presented in GraphPad Prism 6.

Immunofluorescence Microscopy

Lung samples from WT and LC3-GFP were inflation-fixed in formalin and embedded in
paraffin, cut into 5-um, mounted on slides, and probed with anti-citrate synthase (GeneTex
GTX110624 1:100) and anti-SOD2 (Abcam 13533 1:100). The slides were incubated in
secondary goat anti-rabbit conjugated to Alexa 594 (Invitrogen) or Alexa 488 (Invitrogen).
For single-stranded DNA (ssDNA), sections were deparaffinized and incubated in 50%
formamide at 60°C for 30 min. Nonspecific binding to primary antibodies was blocked by
incubation in 0.1% bovine serum albumin (BSA) for 15 min. Then the sections were
incubated with anti-ssDNA polyclonal antibody (Dako, diluted at 1:100) overnight. An
additional washing in 0.05 M Tris-buffered saline (TBS) followed, and sections were
incubated with Alexa 594 —immunoglobulin M (IgM) diluted at 1:500 for 30 min. Sections
were rinsed 3 times with 0.05 M TBS for 5 min. The nuclei were counterstained with DAPI
purchased from Molecular Probes. The slides were observed and images captured under a
Nikon Eclipse 50i fluorescence microscope.

For in situ oxidative damage studies, the anti-80h-dG antibody (Genetex GTX10802) was
used. Alexa Fluor 488-labeled secondary antibodies were used to develop the signal for
oxidized necleic acids. Photomicrographs were taken on a Nikon E100 (Nikon Instruments,
Inc., Melville, NY)microscope at 4000pe at 400s, Inc.of nuclei (DAPI blue) and or
cytoplasmic stained (green) cells were counted per four field (n = 3 sections per mouse
strain and treatment group).

TUNEL assay

Using the TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end

labeling) method, lung sections were stained for the detection of fragmented DNA, which is
indicative of apoptotic cells. Sections were incubated with TdT-reaction solution and nuclei
were visualized using TUNEL reagents in a kit (Promega, Madison, WI) and DAPI nuclear
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stain. Fluorescence images were obtained on a Nikon E100 microscope. Quantification of
TUNEL-positive cells was by determining the percentage of TUNEL-positive (red) cells in
multiple high power fields (n = 3 sections per mouse strain and treatment group). Data are
reported as mean percentage of TUNEL-positive cells per lung section £ SEM. Data are
reported as mean percentage of positive cells per lung section + SEM.

Statistical Analysis

Data for quantified protein densitometry and gRT-PCR were expressed as means + SEM for
5 to 6 samples (n = 3 for Nrf2~~ mice). Significance was tested by two-way ANOVA and
the Student’s t test. P<0.05 was accepted as significant.

Results

Pulmonary inflammation and oxidative stress during sepsis

To assess the pulmonary inflammatory responses to S. aureus peritonitis, we measured lung
MRNA levels for the early phase pro-inflammatory cytokines IL-1f and TNF-a at 0, 6, 24
and 48h. The IL-1p and TNF-a mRNA levels increased sharply at 24h to 48h after clot
implantation (Figure 1A&B). Cellular inflammation was also greatly increased as shown by
significantly elevated BAL white blood cell count and BAL protein at 24h (Figure 1C&D).
To indirectly measure levels of oxidative stress, we stained WT mouse lungs for 8-OhdG
which is a well known measure of oxidative damage [32,33]. By 24h after clot implantation,
there were significantly more cells that were 8-OhdG positive compared to Oh control mice
lungs (Figure 2G). By immunofluorescence, ssDNA (red staining) colocalized with SOD2
(green staining) was visualized in WT mice and used to assess the amount of oxidative
damage at 24h after clot implantation. Figure 2A&B indicates that there was significant
cytosolic ssDNA staining after 24h in lungs of sepsis versus control mice, especially in
mitochondria. We also assessed cell death as a measure of severity of the inflammatory
insult. A TUNEL assay was performed and panels in Figure 2E&F were quantified. At 24h
after clot implantation, there is significantly increased DNA fragmentation compared to Oh
WT controls consistent with greater apoptosis.

Lung inflammation induces a strong antioxidant response

To gauge the level of antioxidant response in the mouse lung during sepsis we measured
SOD2 expression. SOD2 mRNA levels were heavily increased at 24h and showed a parallel
significant elevation in protein levels by 48h (Figure 3A&B). The oxidative burden in the
lung induced by S aureus was determined by measuring Nfe2I2/Nrf2 and HO-1 proteins.
Nrf2 was significantly elevated early at the protein level, rising almost 3 fold at 6h after clot
implantation compared to Oh and then decreased to baseline levels by 24h onwards in Figure
3F. HO-1 protein showed significant up-regulation by 24h compared to Oh control levels,
then returned to baseline by 48h as shown in Figure 3D.

Mitochondrial biogenesis is induced in the lung during murine sepsis

Mitochondrial biogenesis involves the up-regulation of several hundred genes; therefore we
assessed carefully selected biomarkers including the PGC1-a co-regulator and the
mitochondrial transcription factor (Tfam) necessary for mitochondrial DNA transcription
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and replication as well as the mitochondrial matrix TCA cycle protein, citrate synthase.
PGC1-a increased more than 6 fold early on at 6h and remained elevated (Figure 4B). The
Tfam mRNA increased 4 fold by 24h then decreased by 48h (Figure 4A). The mitochondrial
citrate synthase protein showed a significant 3 fold increase at 24h that was sustained
through 48h (Figure 4C).

Autophagy induction in the lung during sepsis

To assess autophagy, the canonical autophagy proteins Beclin and LC3-11, were assayed by
western blot analysis. The ARE-regulated gene for the scaffolding protein p62/SQSTM1
was also examined. To validate our findings, we also surveyed these proteins after
administering BFA, a VV-ATPase autophagy inhibitor, to evaluate changes in autophagic flux
[34].

LC3-11, an integral protein of autophagosome biogenesis, showed a 2.5 fold increase at the
protein level at 24h compared to Oh and then returned to baseline by 48h (Figure 5E). When
mice were treated with BFA, a robust elevation of LC3-I1 of almost 3 fold was observed in
treated mice at 24h compared to untreated mice at 24h (Figure 5F).

Beclin 1, an autophagy initiation protein, displayed a steady decrease in protein from Oh by
almost half by 48h (Figure 5A). However, after the mice were treated with BFA, Beclin 1
showed a small increase compared to untreated mice at 24h (Figure 5B).

The protein levels for SQSTM1/p62, a critical redox-sensitive scaffolding protein that
contains a LC3 interacting domain as well as an Nrf2 interaction domain, mirrored Beclin 1
with a significant drop in the protein levels by 48h to almost half of Oh levels (Figure 5C).
When septic mice were treated with BFA, there was an almost 3 fold increase in protein
levels at 24h (Figure 5D).

Mitophagy occurs in key lung cells

To localize the major site of autophagy, we performed immunofluorescence studies in the
sepsis model in LC3-GFP reporter mice. We probed these lungs at 24h for LC3 and for
mitochondria by co-staining for citrate synthase. We observed LC3 sites (puncta) largely in
alveolar type Il cells, but also in macrophages, along with significant co-localization with
citrate synthase staining of the mitochondria (Figure 6C). The number of LC3 puncta was
higher in S. aureus sepsis compared to the control setting (Figures 6A&B). There was also a
noticeable increase in citrate synthase in sepsis compared to control consistent with
mitochondrial biogenesis (Figures 6C&D). When the LC3 signal and citrate synthase signal
were overlaid, there was strong localization of LC3 puncta to mitochondria consistent with
increased mitophagy.

To characterize autophagic flux, we also performed immunofluorescence on LC3-GFP mice
that had been given S aureus and either a saline control injection or Img/kg BFA. There
was a significantly increased number of LC3 puncta, representing autophagosomes, present
in septic mice compared to control mice (Figure 7). Likewise, increased LC3 puncta co-
localizing with citrate synthase was observed in alveolar type Il and macrophages at 24h
supporting a robust activation of mitophagy induced by sepsis (Figure 7).
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Autophagy regulation by the Nrf2 antioxidant response

To ascertain whether redox stress induced mitophagy during sepsis, changes in LC3-1l and
p62 protein expression was measured in Nrf2—/— mice after S. aureus clot implantation.
LC3-11 protein levels were significantly decreased in these mice at 24h compared to wild-
type mice at 24h (Figure 8B). With BFA, a large accumulation of LC3-I1 suggests an overall
decrease in autophagic flux in comparison to WT mice. The scaffolding protein p62 also
showed significant up-regulation at 24h in Nrf2—/- mice compared to Oh and 24h WT septic
mice (Figure 8C). The transcription of the p62 gene assessed by mRNA levels shows a
significant increase at 24h in Nrf2—/— mice compared to Nrf2-/- mice at Oh as well as to
WT mice at Oh (Figure 8D). However, there was a much smaller increase in mRNA levels
compared to 24h WT septic mice indicating that the increase in p62 protein is due mainly to
its accumulation and not to increased.

Discussion

Our data demonstrate for the first time that S aureus sepsis induces mitophagy in the distal
lung by a redox sensitive pathway. Moreover, this redox pathway plays a key role in
intracellular mitochondria quality control, specifically in the turnover of damaged
mitochondria as well as in mitochondrial biogenesis. In our mouse model, we found
increased early-phase inflammatory cytokine elaboration in the lung, i.e. IL-1p and TNF-a,
as well as evidence of end organ inflammation and ALI represented by increased cell count
and protein in BAL fluid at 24h. In response to increased inflammation, the up-regulation of
SOD2 protein indicated a mitochondrial adaptive response to the intracellular oxidative
stress. The early response to oxidative stress as measured by SOD2 protein levels closely
mirrors the ROS-sensitive up-regulation of Nrf2 and the subsequent downstream
transcription of HO-1, further highlighting the lung’s anti-oxidant response to oxidative
stress.

The cell relies on mitophagy to remove damaged mitochondria, which are the major source
of intracellular ROS [35]. This prevents further deleterious ROS production and subsequent
damage to DNA, lipids, and other proteins [36]. Here we found that systemic S. aureus
sepsis produces lung mitochondrial damage as visualized by cytoplasmic ssDNA [37]. In
addition to the removal of these damaged mitochondria, the cell must also replace these
organelles in order to restore cellular bioenergetics. This requires mitochondrial biogenesis.

Earlier studies in this S. aureus model also suggest that sepsis-induced inflammation is
limited by activation of mitochondrial biogenesis in part through up-regulation of the anti-
inflammatory cytokine, IL-10 [13,38,39]. The present work demonstrated significant
increases in a critical co-activator of mitochondrial biogenesis, PGC1-a protein [40], as well
as Tfam, which is necessary for mtDNA replication and transcription. An increase in
mitochondrial density in the distal lung was documented by increases in citrate synthase
protein levels as well as with visual confirmation by in situ staining. Adaptive mitochondrial
biogenesis during sepsis has been reported as an inducible process that rescues mice from
lethal sepsis [11,41]. Recent studies have noted the protective role for mitochondrial
biogenesis and autophagy in murine sepsis [42—44] as well as for mitochondrial biogenesis
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in human sepsis [45]. Our data suggest that mitochondrial biogenesis and autophagy are
very closely linked to bioenergetic homeostasis in the distal lung.

Loss of autophagic regulation has been documented to occur in the settings of nutrient
deprivation, hypoxia, and oxidative stress [46,47]. Recent evidence has highlighted the
importance of p62/sequestosome 1/SQSTML1 protein in the selective degradation of
ubiquinated proteins [48-50]. This protein binds directly to LC3-11 through its LC3-
interacting region (LIR) which ultimately results in lysosomal degradation of proteins [51].
Earlier observations of mitophagy have emphasized that during collapse of membrane
potential and generation of excess ROS, mitochondria are disposed of by p62-dependent
pathways [52,53]. In the setting of S aureus sepsis, it has been noted that damage to
mitochondria results in the deleterious generation of ROS leading to activation of mitophagy
[25,26]. Previous studies on autophagy have described elevations of LC3-11 protein as a
marker for increased autophagosome formation and decreases in p62 protein as a marker for
increases in autophagic turnover [54-56]. The p62 protein has been demonstrated to be an
integral part of intracellular polyubiquinated protein inclusions and as a marker of the
autophagic machinery [57]. Similarly, inhibition of lysosomal degradation of
autophagosomes has been correlated with increased levels of p62 [58]. We demonstrated a
significant increase in LC3-11 protein associated with a significant decrease in p62 protein at
24h of sepsis, which we interpret as enhanced mitochondrial autophagy in the lung.

The proof of principle of redox-regulated mitophagy in sepsis was its significant attenuation
in Nrf2—/- mice. This observation was confirmed by administering BFA, which nullified
this decrease in autophagic induction. BFA inhibits the vacuolar ATPase that governs the
fusion of autophagosomes to lysosomes during autophagy as well as prevents acidification
of lysosomes, which ultimately halts the autophagosome at its degradation state [59]. This
results in intracellular accumulation of proteins involved with autophagic turnover,
including LC3-11 and p62 [60]. BFA is widely used to evaluate autophagic flux since
inhibition of lysosome degradation will allow assessment of autophagosomes either at a
protein level or in situ immunofluorescence [34]. Our data from wild type and Nrf2—/— mice
with and without BFA during S aureus sepsis demonstrate that loss of Nrf2 decreases LC3-
Il production and also leads to a buildup of p62 and Beclin-1 suggesting an overall decrease
in autophagic flux. This effect was reversed with BFA. Although we did not measure the
effect of BFA on survival in the mice here, the literature indicates that this agent has a
negative effect on survival in a CLP sepsis model in mice [26]. Our data showing that Nrf2
knockout produces decreases in LC3-11 as well as in the selective autophagy receptor protein
p62, suggest that Nrf2 plays a key role in the redox-sensitive induction of mitochondrial
biogenesis as well as redox-sensitive mitophagy; however, our findings are associative and
not sufficient for causation.

Nrf2 is responsible for the transcription of many genes with ARE in their promoter regions.
For instance, Komatsu et al. mapped a motif on p62 that allows interaction with Keap1.
Keapl regulates levels of Nrf2 by binding directly to it and causing it to be degraded by the
26s proteasome. The competitive interaction with Keapl increases Nrf2 regulated genes. In
vitro, through a luciferase assay they show decreased transactivation of Nrf2 activity with
increased expression of Keapl while overexpression of p62 nullified this effect. Komatsu et
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al. then demonstrated p62 dependent Nrf2 stabilization by using p62—/— hepatocytes
transfected with p62 and p62 mutants that show increased downstream transcription of Nrf2
target genes with p62 and not the p62 mutants. The authors concluded that p62 activates
Nrf2 through inactivation of Keapl [61].

Jain et al. furtherposited that p62-Nrf2 interactions through Keapl create a feed forward
loop where increased Nrf2 levels will further increase p62 in a p62 dependent fashion. Using
p62-/- MEFs, Jain et al. transfected with a p62-Luc reporter plasmid as well as an
expression vector for Myc-p62. Increased activation of luciferase displayed evidence that
p62 was able to induce its own promoter. Using a mutant that did not interact with Keapl
showed this process occurred in a Keapl-dependent manner [62].

Our data supports this idea of a p62 driven, Nrf2 dependent, p62 expression when
examining our experiments with Nrf2—/— mice. In figure 8C, at Oh there is decreased overall
p62 expression in the Nrf2—/- compared with WT mice. Interestingly, at 24h despite
increased p62 protein (Figure 8C), there is decreased mRNA transcription of p62 (Figure
8D). We interpret this data to show that p62 expression is dependent on Nrf2.

An earlier report from our laboratory suggests a protective role for Nrf2 in the lung during S.
aureus- induced acute lung injury by restoring mitochondrial biogenesis and activation of
key antioxidant response genes [63]. Likewise, it now appears that Nrf2 may also play a
protective role through regulation of lung mitophagy, which allows for the control of excess
ROS as well as activation of mitochondrial biogenesis through the HO-1 system.

In conclusion, this work supports that cellular redox homeostasis involves an equilibrium for
mitophagic flux and mitochondrial biogenesis in S. aureus sepsis-induced lung injury. The
dysregulation of this equilibrium can lead to degradation of mitochondrial quality control,
ultimately resulting in bioenergetic collapse and subsequent cell death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Transcription of inflammatory cytokines and end organ inflammation produced by S. aureus
peritonitis. A&B) Transcription of IL-1f and TNF-a increased significantly post inoculation
in the lung. I1L-1f showed a robust increase at 6h then returned to baseline values while
TNF-a increased significantly by 24h and then returned to base line afterwards. C&D)
Significant increases seen in both cell counts and protein in bronchial alveolar lavage. (* P <

0.05 vs. time Oh)
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Immunofluorescence of WT mice given S. aureus 1x107 CFU at 24h stained for ssDNA. A)
The control mouse shows low fluorescence of ssSDNA (stained red) that is colocalized with
SOD2 (green) B) Sepsis increases the amount of ssSDNA present. C) Control WT mouse
lung stained for 8-OhdG (green) D) WT mouse lung stained for 8-OhdG at 24h after clot
implantation. E) Control WT mouse lung with TUNEL staining at Oh. F) WT mouse lung
with TUNEL staining after 24h after clot implantation. G) Quantified panels C&D for 8-
OhdG positive cells. H) Quantified data from panels E&F for presence of cell death. (* P <

0.05 vs. time 0Oh)
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Figure 3.
Response of ARE regulated gene expression to S. aureus 1x107 CFU murine sepsis in the

lung. A&B) SOD2 mRNA transcription expression increase by 24h with protein levels
following by 48h. C&D) HO-1 mRNA transcription increases significantly by 24h with
subsequent protein increase at 24h. E) mRNA transcription of Nrf2 increases significantly at
24h. F) Nrf2 protein shows early up-regulation by 6h. (* P < 0.05 vs. time 0Oh)
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Activation of PGC1-a co-activator, nuclear encoded Tfam, and resulting increase in
mitochondrial protein citrate synthase over 48h in lung parenchyma after S. aureus sepsis.
A) Tfam mRNA increases in transcription robustly at 24h then starts to decrease by 48h. B)
PGC1-a mRNA transcription increases significantly early on at 6h then remains elevated
throughout 48h C) Mitochondrial protein citrate synthase is significantly increased by 24h
and remains elevated through 48h. D) Western blots of above proteins (* p < 0.05)
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Levels of autophagy proteins and assessment of autophagic flux with Bafilomycin A. A&B)
Beclin protein levels decrease starting at 6h and continue to decrease through 48h, however
Bafilomycin produces nonsignificant increase. C&D) p62 protein levels decrease starting at
6h and reach significance vs. Oh at 48h while inhibition of autophagy with Bafilomycin
shows significant accumulation E&F) LC3-11 protein levels increase significantly at 24h
then return to baseline by 48h. Bafilomycin produces significant accumulation G) Western
blots of above proteins. (* p < 0.05).
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Figure 6.
Immunofluorescence of LC3-GFP reporter mice lungs after S aureus 1x107 CFU at 24

hours as well as Bafilomycin A. A) The control mouse shows a low number of LC3 puncta
B) Citrate synthase is stained red and nuclei are stained blue. C) Sepsis induces more LC3 to
form puncta at 24 hours namely in alveolar type 2 as well as macrophages. D) Sepsis
induces increased citrate synthase as well as a LC3 puncta expression in alveolar type 2 cells
and macrophages. There is more co-localization of LC3 to citrate synthase than in panels A
and B. E) There are definite LC3 puncta in alveolar type 2 cells as well as a macrophage that
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are co-localized with mitochondria as well. F) With Bafilomycin A, there is an increase in
LC3 puncta as well as citrate synthase.
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Figure 7.

Number of autophagic and mitophagic sites (puncta) in LC3-GFP mice during sepsis. Sepsis

causes a significant

increase in GFP puncta per cell. Colocalization of GFP with

mitochondria shows an increase in mitophagic puncta per cell in the setting of sepsis. (* =p

< 0.05 compared to
WT control)

LC3 puncta in WT control; # = p < 0.05 compared to colocalization in
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Figure 8.
Decreased autophagy in Nrf2 deficient mice during S. aureus 5x10 peritonitis. A) HO-1 in

Nrf2 KO mice show an overall diminished response to sepsis. At 24h Nrf2 KO mice had
significantly lower HO-1 levels than WT mice at 24h in the same sepsis model. B) LC3-11 is
significantly decreased in Nrf2 deficient mice at 24h compared to wild-type C57BL/6 mice.
C) p62 levels show accumulation at 24h at the protein level significantly compared to wild-
type mice at 24h. D) p62 mRNA shows increased transcription compared to Oh wild-type
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and Nrf2 deficient mice although decreased copy number compared to wild-type mice at
24h. E) Western blots of above proteins. (* = p < 0.05 compared to WT 24h)
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