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Abstract

Oxidative stress resulting from inflammatory responses that
occur during acute lung injury and sepsis can initiate changes in
mitochondrial function. Autophagy regulates cellular processes
in the setting of acute lung injury, sepsis, and oxidative stress by
modulating the immune response and facilitating turnover

of damaged cellular components. We have shown that
mesenchymal stromal cells (MSCs) improve survival in murine
models of sepsis by also regulating the immune response.
However, the effect of autophagy on MSCs and MSC
mitochondrial function during oxidative stress is unknown. This
study investigated the effect of depletion of autophagic protein

from the LC3B™/~ and Becn1™’

~ animals had increased

susceptibility to oxidative stress—induced cell death as compared

microtubule-associated protein 1 light chain 3B (LC3B) and beclin 1

(BECN1) on the response of MSCs to oxidative stress. MSCs were
isolated from wild-type (WT) and LC3B™'~ or Becn1 '~ mice. MSCs

Investigators have begun to explore
cell-based therapies for numerous
disease processes, including sepsis and
lung injury (1). Mesenchymal stromal
cells (MSCs) are known to have
immunomodulatory properties and
are thought to be immune privileged,
making them an attractive candidate
for this type of therapy. In fact,

there is currently an ongoing clinical
trial evaluating the use of MSCs for

acute respiratory distress syndrome
(ARDS) (2).

MSCs are a heterogeneous population
of cells that have been identified in
numerous organs and tissues. They are
plastic-adherent, spindle-shaped,
multipotent adult stem cells that were
originally described in the 1960s (3). Since
their discovery, MSCs have been shown
to play important roles in mediating the
immune response and homing to sites of

with WT MSCs. The MSCs depleted of autophagic proteins also
had impaired mitochondrial function (decreased intracellular

ATP, reduced mitochondrial membrane potential, and increased
mitochondrial reactive oxygen species production) under

oxidative stress as compared with WT MSCs. In WT MSCs,

carbon monoxide (CO) preconditioning enhanced autophagy

and mitophagy, and rescued the cells from oxidative stress-induced
death. CO preconditioning was not able to rescue the decreased
survival of MSCs from the LC3B~'~ and Becn1™’
further supporting the tenet that CO exerts its cytoprotective
effects via the autophagy pathway.

~ animals,
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injury to contribute to tissue repair (4). It
appears that a critical property of MSCs
is regulation of the immune response.
Our laboratory and other groups have
demonstrated that MSCs improve
outcomes in a murine sepsis model by
modulating the immune response (5).

In addition to sepsis, other studies have
demonstrated the beneficial effects of
MSCs given in lung injury, myocardial
infarction, tissue injury, graft-versus-host
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Clinical Relevance

This work supports the idea that
autophagic protein-depleted
mesenchymal stromal cells (MSCs) are
more severely affected by exogenous
oxidative stress as compared to wild-
type MSCs as a result of mitochondrial
dysfunction. These findings indicate
the importance of autophagy in
regulating the response of MSCs to
oxidative stress. We also describe
carbon monoxide as a novel
modulator of autophagy in MSCs.
These findings will provide the basis
for future studies to investigate
autophagy-modulated MSCs in in vivo
models of disease that are associated
with increased oxidative stress and
help shape MSC-based therapy for
acute respiratory distress syndrome

and sepsis.

disease, and autoimmune disorders (6).
Despite their potential as a cell-based
therapy, a limitation to the use of MSCs
in clinical applications is their poor viability
at the site of injury (7). This may be due to
the harsh microenvironment into which
they are introduced.

The disease processes in which
MSCs are being tested for transplantation,
such as ARDS, are characterized by
highly oxidative microenvironments. This
results in oxidative stress and the secondary
cellular production of reactive oxygen
species (ROS). In this context, ROS refers
mainly to hydroxyl radical, superoxide
anion, and hydrogen peroxide (H,O,) (8).
In MSCs, excessive ROS has been shown to
directly damage cell membranes, protein,
and DNA, promote cell senescence,
compromise cell function, and threaten
cell survival (9). ROS have also been
shown to decrease MSC cell adhesion,
migration, and proliferation, and to
impact the mitochondrial function of
MSCs (10). As a result, an oxidizing
exogenous environment likely plays a role
in controlling the immune-regulatory
function and survival of MSCs.

One of the protective processes
that could explain MSC-mediated
immunomodulation and response to
oxidative stress is autophagy. The
process of autophagy is tightly linked
with normal immune function.

Autophagy also regulates cellular function
under conditions of oxidative stress.
Autophagy regulates immune responses by
facilitating the turnover of damaged
proteins and organelles through a lysosome-
dependent degradation pathway (11).
Selective sequestration and subsequent
degradation of dysfunctional mitochondria
is known as mitochondrial autophagy or
mitophagy (12). In the absence of
autophagy and mitophagy, damaged
mitochondria accumulate oxidized
macromolecules and generate excessive
ROS, often leading to release of
mitochondrial DNA into the cytoplasm of
cells. This can result in further oxidative
damage and, ultimately, activation of cell
death (13). Autophagy and mitophagy play
a role in stabilizing the cell’s functional
mitochondrial population (14). In addition,
it has been reported that ROS induce
autophagy, and that autophagy serves to
reduce oxidative damage (15). As a result,
autophagy has a significant impact on the
pathogenesis of many diseases, and defects
in autophagy have been associated with
systemic and lung pathology (16).

The autophagy pathway involves the
concerted action of evolutionarily conserved
gene products involved in the initiation of
autophagy, elongation and closure of the
autophagosome, and lysosomal fusion (17).
Among the numerous autophagy-related
genes that have been identified, beclin 1
(Becnl), plays a critical regulatory function in
the initiation of the autophagic pathway (18).
It is important for the nucleation of
autophagosomes (19). The biallelic loss of
Becn1 results in early embryonic lethality (20).
The conversion of microtubule-associated
protein-1 light chain 3B (LC3B) from
LC3B-1 to LC3B-II represents another major
step in autophagosome formation (21).
Damaged mitochondria can be
sequestered by autophagosomes and
degraded before they trigger cell death. The
phosphatase and tensin homolog-induced
putative kinase 1 (PINK) 1 pathway is
important in regulating mitophagy in cells.
PINK1 is found at very low levels on
intact mitochondria, because it is rapidly
imported and cleaved by mitochondrial
proteases. Upon collapse of the
mitochondrial membrane potential (MMP),
PINK1 accumulates on the outer
mitochondrial membrane and targets the
mitochondria for autophagic degradation (12).
Despite the important functions
autophagy plays in modulating cell survival,
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very little is known about the role of
autophagy in MSCs.

Autophagic pathways can be activated
by different stimuli, including starvation,
DNA damage, ROS, and multiple
pharmaceutical agents (22). Based on our
prior studies in MSCs, we chose to
investigate carbon monoxide (CO) as
a regulator of autophagy in MSCs. This
low-molecular-weight diatomic gas that is
endogenously produced (23) has been
shown to have cytoprotective effects when
applied at low doses in animal models of
inflammation (24). In addition, when
cultured human epithelial cells were
exposed to CO, they showed evidence of
increased autophagy (15). However, the
effect of CO administration on the level
of autophagy in MSCs has never been
reported.

In this study, we describe the effect of
autophagy protein deficiency on the
response of MSCs to exogenous oxidative
stress and the impact on their mitochondrial
function. We demonstrate that CO can
increase autophagy and mitophagy in
wild-type (WT) MSCs, and that this protects
them from oxidative stress—induced injury.

Materials and Methods

See the online supplement for further
MATERIALS AND METHODS, including
chemicals, animals, isolation, and
characterization of murine adipose-derived
MSCs, CO exposure, and statistical analysis.

Treatment with H,0,

MSC survival in response to oxidative stress
was measured after treatment with various
concentrations of H,O,. A dose-response
curve was generated to determine dose
amount. Timing of H,O, treatment was
based upon the assay being performed. For
lactate dehydrogenase (LDH) treatment, an
8-hour time point was chosen, as the half-
life of LDH in media is 8-9 hours. For
survival experiments, 24 hours was used.
For mitochondrial function, a time point
before death was desired, so these
treatments were performed at 6 hours.

3-(4,5-Dimethylthiazol-2-yl)2,5-
Diphenyl-Tetrazolium Bromide Cell
Viability Assay

Cell death was quantified by the 3-(4,5-
dimethylthiazol-2-y1)2,5-diphenyl-
tetrazolium bromide (thiazolyl blue
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tetrazolium bromide; MTT) assay (25).
The reduction of MTT to produce a dark
blue formazan product was assayed,
corresponding to viable cells. MTT was
added to each well 24 hours after the
beginning of the insult. After a 2-hour
incubation, media were removed, and
formazan crystals were solubilized in
DMSO. The formation of formazan was
quantified by measuring absorbance using
a microplate reader (Molecular Devices,
Sunnyvale, CA) at 590 nm. The percentage
of cell viability was determined by
normalizing the optical density value of
the treated group to the corresponding
control group.

Tetraethylbenzimidazolylcarbocyanine
lodide Assay for MMP

MMP was measured using the
tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) assay (Life Technologies,
Carlsbad, CA). Cells were treated with

2 pmol/L JC-1 dye for 20 minutes. A positive
control group was treated with 50 wmol/L
carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) (a known uncoupling agent) for

5 minutes before the addition of the JC-1
dye. Cells were harvested and analyzed on
a flow cytometer (BD Biosciences, San Jose,
CA). The ratio of green (depolarization) to
red (polarized) fluorescence, indicating loss
of MMP, was calculated.

ATP Assay

Cells were plated and then lysed, and
intracellular ATP was measured using

the luminescent ATPlite assay system
(Perkin Elmer, Santa Clara, CA) using

a luminescent plate reader (Perkin Elmer).

Measurement of Mitochondrial ROS
Generation

After respective treatments, cells were
incubated with the MitoSOX red
mitochondrial oxidant indicator (Invitrogen,
Carlsbad, CA) at a final concentration of

5 pmol/L. After a 30-minute incubation,
cells were washed with PBS, and then
harvested and MitoSox fluorescence
analyzed on a flow cytometer. MitoSOX
is very selective for the detection of
superoxide (the main mitochondrial
ROS) in the mitochondria of live cells. It
is readily oxidized by superoxide, but
not by other ROS- or reactive nitrogen
species-generating systems (26).
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Fluorescent Microscopy for Green
Fluorescent Protein-LC3B

MSCs harvested from the green fluorescent
protein (GFP)-LC3 mice were visualized by
fluorescent light microscopy, and digital
images were acquired for analysis. The
percentage of cells exhibiting punctated
GFP-LC3 fluorescence was calculated
relative to all GFP-positive cells. Images
from 15 representative 20X fields were used
for analysis.

Confocal Microscopy

Images were acquired using the Zeiss
LSM700 laser scanning confocal
microscope equipped with the charge
coupled device camera (Zeiss, Dublin, CA).
Optical Z sections (AZ = 1.5 pum) spanning
the sample thickness were projected
into a single plane for each color channel
and merged. Pixel size was 0.14 pm.
Zen 2009 software (Zeiss) was used to
compile images. Original magnification
was X40.

Results

WT MSCs and MSCs Deficient in
Autophagic Proteins Are
Phenotypically Similar

MSCs were harvested from the adipose
tissue of WT or autophagy protein-deficient
(LC3B™'~ or Becnl*’™) mice. The MSCs
were phenotyped by their ability to adhere
to plastic, to express specific cell surface
markers, and to demonstrate multipotent
differentiation potential (see Figures E1 and
E2 in the online supplement). WT MSCs
and autophagic protein-depleted MSCs
showed expression of mesenchymal
markers, including CD90.2, CD73, CD105,
CD29, CD44, and CD140b (Figure E1).
They also expressed stem cells antigen-1,
but not the receptor of stem cell factor,
tyrosine-protein kinase Kit (c-kit or
CD117). There was no evidence for
expression of hematopoietic lineage
markers, such as CD45 and CD11b. A low
percentage of cells also expressed major
histocompatibility complex II. There was
no difference in the cell surface markers
of WT MSCs and MSCs deficient in
autophagic proteins. In addition, both WT
and autophagic protein-depleted MSCs
were able to differentiate in vitro into
osteoblasts, adipocytes, and chondrocytes
(Figure E2).

Autophagic Protein-Depleted MSCs
Show Increased Susceptibility to
Oxidative Stress-Induced Cell Death
As oxidative stress plays a large part in
sepsis, lung injury, and other disease
processes in which MSCs may potentially
be given as a therapeutic, we wanted to
determine the effect of oxidative stress on
WT and autophagy protein—depleted
MSCs. The ROS that are generated by
mitochondrial respiration, including
H,0,, are potentially potent inducers of
oxidative damage (27). Therefore, we used
exogenous H,0, as a source of oxidative
stress, and exposed WT MSCs to various
concentrations of H,O, for 24 hours

to generate a dose-response curve
(Figure E3). Cell survival was measured
using the tetrazolium MTT assay. This
dose-response curve is shown in Figure
E3. After 24 hours, 50% cell death in WT
MSC:s is achieved at a concentration
between 125 and 150 pmol/L. As a result,
we used these concentrations for the
remainder of our experiments.

One method of assaying loss of
membrane integrity is measuring release
into the medium of the cytosolic enzyme,
LDH. It has been shown to be an accurate
marker of cell death (25). WT and
autophagic protein-depleted MSCs were
treated with H,O, for 8 hours. This time
point was chosen, as the half-life of LDH
in media is 8-9 hours (28). When
compared with untreated cells, the
WT cells treated with either 125 or
150 pmol/L H,0, did not have a significant
increase in LDH release into the media
(Figure 1A). These cells exhibit some cell
death at the 24-hour time point (Figure E3),
but, at 8 hours into treatment (time
point chosen based on LDH half-life),
they did not have significant LDH release.
However, MSCs deplete in autophagic
proteins, LC3B and BECN1, had
a significant LDH release compared with
untreated cells after being treated with
either 125 or 150 wmol/L H,0,. In
addition, when compared with the WT
cells treated with the same dose of H,O,,
the MSCs deplete in autophagic proteins,
LC3B and BECNI, had increased LDH
release after 8-hour treatment with 125
and 150 pmol/L H,0, (Figure 1A).

We also used another method for
assaying cell death: the MTT assay. The
MTT assay quantifies cell viability by
measuring the amount of formation of
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Figure 1. Autophagy protein—depleted mesenchymal stromal cells (MSCs) show increased susceptibility to oxidative stress—-induced cell death.

(A) Passage 3 MSCs were plated in 96-well plates. At 24 hours after plating, cells were treated with different concentrations of hydrogen peroxide
(Ho0O,) for 8 hours. A control group was left untreated. After H,O, treatment, media from each sample was aliquoted. The Sigma TOX7 assay kit (Sigma
Aldrich, St. Louis, MO) was used to quantify lactate dehydrogenase (LDH). Data are shown as the fold increase in the measured LDH of the H>O, groups as
compared with wild-type (WT) untreated cells and are expressed as mean = SEM (n =3). *P < 0.001 as compared with WT untreated; *P < 0.001 as
compared with WT H,O, of the same concentration. (B) Passage 3 MSCs were plated in 12-well plates, and 24 hours after plating, cells were treated
with different concentrations of H,O, for 24 hours. A control group was left untreated. 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT)
assay for living cells was performed. MTT was quantified by reading absorbance at 590 nm. Data are shown as MTT absorbance compared with the
absorbance of the untreated cells of each group and expressed as a percentage. Data are expressed as mean + SEM (n = 3-4). *P < 0.001 as compared
with its own untreated group. P < 0.001 as compared with WT H,0, of the same concentration. LC3B, microtubule-associated protein-1 light chain 3B.

formazan product formed by the reduction
of MTT (25). WT MSCs and MSCs from
the LC3B™~ and Becnl™’™ animals were
treated with 125 and 150 pmol/L H,0,
for 24 hours. The MTT assay was then
performed to determine cell survival
(Figure 1B). WT MSCs did show

cell death after exposure to 125 or

150 wmol/L H,0,. After treatment with
125 pmol/L H,0,, 68.8 (+6.3)% of the
WT cells survived at 24 hours. However,
the MSCs depleted in autophagic proteins,
LC3B and BECNI1, were more susceptible
to H,O, induced cell death as compared
with WT cells. After treatment with

125 wmol/L H,0,, MSCs from the LC3B™/~
and Becnl'’~ animals showed decreased
survival (33.3 * 1.4% and 37.5 = 6.5%,
respectively) as compared with WT MSCS
(Figure 1B). This same pattern was seen when
cells were treated with 150 pmol/L H,O,. As
a result, for future experiments, we focused
on one concentration of H,O,: 125 wmol/L.

Autophagic Protein-Depleted MSCs
Show Increased Loss of MMP under
Oxidative Stress

As the reduction of MTT is thought to
mainly occur in the mitochondria (29, 30),
we wanted to evaluate the mitochondrial
function in the WT MSCs and MSCs
deficient in autophagic proteins, LC3B
and BECNI, in response to oxidative
stress. The main event in mitochondrial
signaling and control of cell death is

loss of MMP. To study mitochondrial
function before cell death, assays
evaluating mitochondria were performed
after 6 hours of 125 pmol/L H,0,
treatment. The JC-1 assay is a well
accepted method of studying MMP (31).
JC-1 is a cationic dye that accumulates
in energized mitochondria. At low
concentrations (due to low MMP), JC-1
is predominantly a monomer that yields
green fluorescence. At high concentrations
(due to high MMP), the dye aggregates
yielded a red-to-orange-colored emission
that can be studied using flow cytometry.
Using the JC-1 assay, we were able to study
MMP after 6 hours of 125 wmol/L H,0,
treatment. At this dose of H,O,, there was
no significant change in the MMP of WT
cells after 6 hours. In contrast, both the
MSCs deplete in autophagic proteins LC3B
and BECNI had increased loss of MMP after
the same treatment with H,O, (Figure 2A).

MSCs Deficient in Autophagic
Proteins Show Impaired Intracellular
ATP Generation under Oxidative
Stress

The consequences of loss of MMP include
depletion of ATP. This led us to study
the levels of ATP in WT MSCs and MSCs
from the LC3B~/~ and Becnl™~ animals.
After 6-hour H,O, treatment, cells were
lysed and intracellular ATP was measured.
The WT MSCs did show a significant
decrease in ATP level compared with

Ghanta, Tsoyi, Liu, et al.: Autophagy Protein-Deficient MSCs and Oxidative Stress

untreated cells. However, when compared
with WT MSCs treated with H,O,

(69 = 2.6%), the MSCs from LC3B™/~

and Becn1™~ animals had a much lower
level of intracellular ATP after H,O,
treatment (3.3 = 0.3% and 13 = 3% ATP,
respectively) (Figure 2B). It is interesting to
note that the MSCs deficient in autophagic
proteins, LC3B and BECNI1, had lower
ATP levels, even at baseline, when compared
with the WT untreated MSCs (48 = 2.6%
and 64 = 1% of WT ATP level, respectively).

MSCs Deficient in Autophagic
Proteins Show Increased
Mitochondrial ROS under

Oxidative Stress

Another consequence of loss of MMP
includes increased generation of ROS.

As a result, we wanted to study the
mitochondrial ROS levels in the WT
MSCs and MSCs deficient in autophagic
proteins. MitoSOX Red is a fluorogenic
dye developed and validated for detection of
mitochondrial superoxide anion radical (O, )
that can be detected by flow cytometry (15).
FACS analysis demonstrated a slight increase
of the fluorescence intensity of MitoSOX
Red in the WT MSCs after treatment with
H,0,. The MSCs from the LC3B™/~ and
Becn1™~ animals showed a much greater
increase in intensity of MitoSOX after H,O,
treatment when compared with autophagy
protein—deficient cells not receiving H,0O,
and WT MSCs treated with the same
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Figure 2. Autophagic protein—depleted MSCs show increased loss of mitochondrial membrane
potential (MMP) and impaired intracellular ATP generation under oxidative stress. (A) Passage 3

MSCs were plated in 6-cm dishes and, 24 hours after plating, cells were treated with 125 wmol/L
H>O, for 6 hours. A control group was left untreated. Cells were then treated with 2 umol/L
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye for 20 minutes. A positive control group was
treated with 50 wmol/L carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (a known MMP disruptor) for
5 minutes before the addition of the JC-1 dye. Cells were then harvested and analyzed on a flow
cytometer. Data are shown as the ratio of green to red fluorescence, indicating loss of MMP. They are
expressed as mean + SEM (n=3). *P < 0.05 as compared with its own untreated group; *P < 0.05
versus WT Ho0,. (B) Passage 3 MSCs were plated in 96-well plates. At 24 hours after plating, cells were
treated with 125 wmol/L HoO, for 6 hours. A control group was left untreated. After H,O, treatment,
cells were lysed and intracellular ATP was measured using the luminescent ATPlite assay system.
Data are expressed as the amount of luminescence of each group compared with the luminescence

of the WT untreated cells and expressed as a percentage. Data are shown as mean = SEM (n=3).
*P < 0.001 as compared with WT untreated; *P < 0.001 as compared with WT H,O5.

concentration of oxidant (Figure 3).

Figure 3A shows representative histograms,
and Figure 3B shows the composite of several
experiments. These data indicate that H,O,
exposure in the MSCs deficient in autophagic
proteins leads to increased mitochondrial
ROS production compared with WT cells.

MSCs Deficient in Autophagic
Proteins Are Rescued from Cell Death
by a Mitochondrial-Specific
Antioxidant

We hypothesized that the mitochondrial
ROS production of MSCs deficient in
autophagic proteins, LC3B and BECNI,
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would be significant enough to cause the
increased cell death of these autophagy
protein-deficient MSCs exposed to H,O,.
To test this hypothesis, we pretreated

WT MSCs and MSCs from the LC3B~/~
and Becnl™~ mice with the mitochondria-
targeted triphenylphosphonium-conjugated
antioxidant, MitoTEMPO. We then
exposed cells to 24 hours of 125 pmol/L
H,O, and used the MTT assay to assess
survival. Consistent with the results in
Figure 1B, we again saw that the MSCs
deficient in autophagic proteins had
decreased survival (27 * 2.7% for MSCs
deficient in LC3B and 33 = 3.4% for MSCs

deficient in BECN1) as compared with
WT cells (55 *+ 3%) after treatment with
125 pmol/L H,0, (Figure 4). When

the WT cells were pretreated with
MitoTEMPO, there was no change in
their viability after H,O, treatment. In
contrast, when the MSCs from the
LC3B™'" and Becn1™™ animals were
pretreated with MitoTEMPO, they were
protected from cell death, and cell
viability increased to a level comparable
to WT cells (62 + 5.2% for LC3B™'~ and
70 *= 7.1% for Becnl™'~ MSCs) (Figure 4).
As pretreatment of WT MSCs with
MitoTEMPO did not result in a change
in cell viability after H,O, treatment,

we chose to investigate the effect of

a general ROS scavenger, N-acetylcysteine
(NAC) on WT cells. When pretreated
with NAC, the WT cells had full rescue
in viability to the level of the WT MSCs
not treated with H,0O, (Figure E4). MSCs
from the LC3B™'~ and Becnl ™'~ animals
showed partial protection from cell death
with pretreatment with NAC (Figure E4).

Oxidative Stress Increases
Autophagy and Mitophagy in Cultured
Murine WT MSCs

As mild oxidative stress is known to
increase autophagy in cells (32), we
wanted to study the effect of H,O,
treatment on autophagy in WT MSCs. To
study the effect of H,0, treatment on
WT MSCs, we employed MSCs harvested
from the well described GFP-LC3 reporter
mice (33). These MSCs allowed us to
examine a time course of the level of
autophagy in MSCs in response to H,0,
treatment. H,O, treatment induced the
formation of GFP-LC3 puncta (Figure 5),
a powerful marker of autophagosome
formation (34), in a time-dependent
manner (Figure 5A). Although there was
an initial increase in autophagy 1 hour
after treatment with H,O,, the level of
autophagy quickly returned to baseline
with more prolonged H,0, treatment
(Figure 5A). Quantification of these
results revealed a threefold increase in
the percentage of cells with GFP puncta
after 1-hour H,O, treatment (Figure 5A).
To identify whether general ROS or
mitochondrial ROS was contributing to
the autophagy response, cells were
pretreated with NAC or MitoTEMPO
for 1 hour before H,0, treatment. The
cells that were pretreated with an

American Journal of Respiratory Cell and Molecular Biology Volume 56 Number 3 | March 2017
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Figure 3. MSCs deficient in autophagic proteins show increased mitochondrial reactive oxygen
species under oxidative stress. Passage 3 MSCs were plated in 6-cm dishes and, 24 hours after
plating, cells were treated with 125 pmol/L H>O, for 6 hours. A control group was left untreated. After
treatment, cells were incubated with the MitoSOX red mitochondrial superoxide indicator. Cells were
then harvested and analyzed on a flow cytometer. (A) Representative samples are shown as
histograms. Phycoerythrin (PE) fluorescence represents MitoSox. (B) The composite data are expressed as
the increase in mean fluorescence intensity (MFI) as compared with WT untreated. Data are
expressed as mean * SEM (n =3). *P < 0.001 as compared with WT untreated; "P < 0.001 as
compared with WT H,0,.

antioxidant did not show an increase
in autophagy after H,O, treatment
(Figure 5A).

As loss of MMP and increased
production of mitochondrial ROS are
believed to represent initiating signals
for mitophagy (32), we wanted to
evaluate mitophagy in the WT MSCs
after H,O, treatment. As the increase
in autophagy occurred at the 1-hour
time point, we exposed MSCs harvested
from the GFP-LC3 reporter mouse
to 1 hour of H,O, and then used
immunohistochemistry to evaluate the
expression of PINK1. As previously
demonstrated in Figure 5A, treatment
with 1 hour of H,0, induced the
formation of GFP-LC3 puncta. In
addition, the MSCs treated with 1 hour

of H,0, showed increased staining for
PINK1, a marker of mitophagy (Figure 5B).

CO Increases Autophagy and
Mitophagy in Cultured Murine WT
MSCs

We then wanted to study whether increasing
autophagy in MSCs in a more sustained way
than with H,O, treatment would increase
survival under oxidative stress—induced cell
death. We chose to investigate CO as

a potential regulator of autophagy in MSCs,
because it has been shown to have
cytoprotective effects when applied at

low doses in animal models of acute
inflammation and lung injury (35). In
addition, low-dose CO exposure induces
biochemical markers of autophagy in vivo
and in cultured epithelial cells (15). To
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study the effect of CO preconditioning on
MSCs, we employed MSCs harvested from
GFP-LC3 reporter mice (33). These MSCs
allowed us to examine a time course of the
level of autophagy in MSCs in response to
CO (250 ppm) exposure. CO exposure
induced the formation of GFP-LC3 puncta
(Figure 6A) in a time-dependent manner
(Figure 6B). Although there was increase in
autophagy as early as 4 hours after exposure
to CO, the peak increase from baseline
occurred at 8 hours after exposure, and
persisted with 16-hour exposure.
Quantification of these results revealed

a threefold increase in the percentage of
cells with GFP puncta after 8- and 16-hour
CO exposure (Figure 6B). In addition,
MSC:s treated with 16 hours of CO showed
increased staining for PINK1, a marker of
mitophagy (Figure E5).

CO Pretreatment Rescues WT, but
Not MSCs Deficient in Autophagic
Proteins, from Oxidative
Stress-Induced Cell Death

Finally, we tested our hypothesis that MSCs
with induced autophagy would have
increased survival under oxidative stress.
WT and autophagy protein-deficient MSCs
exposed to ambient air or preconditioned
with CO (250 ppm for 16 h) were treated
with 125 wmol/L H,0,. As seen previously
(Figures 1B and 4), although WT cells had
a level of cell death, the MSCs deficient in
autophagic proteins had decreased survival
as compared with WT cells. The WT MSCs
preconditioned with CO had significantly
increased survival (88.3 = 1.3%) under
oxidative stress compared with WT cells
exposed to ambient air (63 = 2%)

(Figure 7). In fact, there was no significant
difference in their survival as compared
with untreated cells. In contrast, when we
pretreated the MSCs from the LC3B~/~
and Becnl™’™ animals with CO, we were
unable to produce improvements in their
survival under oxidative stress.

Discussion

Mitochondria play an important role

in many cellular processes, including
production of ATP, fatty acid oxidation,
control of cell death, and regulation

of cytosolic Ca™? homeostasis (36).
Mitochondria are the primary source of
ROS production and also a target of
oxidative stress (33). This study showed
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Figure 4. MSCs deficient in autophagic proteins are rescued from cell death by a mitochondrial-
specific antioxidant. Passage 3 MSCs were plated in 12-well plates and, 24 hours after plating, cells
were pretreated with 500 pmol/L MitoTEMPO, a mitochondrial-specific antioxidant, or control
substance for 1 hour. Cells were then treated with 125 pmol/L H,O, for 24 hours. A control group
was left untreated. MTT assay for living cells was performed. MTT was quantified by reading
absorbance at 590 nm. Data are shown as MTT absorbance compared with the absorbance of the
untreated cells of each group and expressed as a percentage. Data are expressed as mean = SEM
(n=3-4). *P < 0.001 as compared with its own untreated group; P < 0.001 as compared with WT
H.0,; *P < 0.001 compared with its own H,O, group without MitoTEMPO. NS, not significant.

a fundamental difference in the
mitochondria of WT MSCs and MSCs
deficient in autophagic proteins when
exposed to oxidative stress. MSCs from
autophagy protein-deficient animals
showed increased mitochondrial
dysfunction under oxidative stress.

This study used exogenous H,O, as
a source of oxidative stress. H,O, has been
demonstrated in numerous cells to cause
cell death by both apoptosis and necrosis
(37). Although there are many shared
pathways between autophagy and cell
death, it is believed that autophagy has
a survival role in halting the occurrence of
death after oxidative exposure. This was
seen in our MSCs, as autophagy protein
depletion led to increased death after
exposure to oxidative stress. However,
autophagy can be a defense mechanism
or a programmed cell death pathway,
depending on the conditions (38).

We used a mitochondrial specific
antioxidant, MitoTEMPO, to further
support the idea that oxidant-induced
mitochondrial dysfunction plays an
important role in the increased death
response of autophagic protein-depleted
MSCs under conditions of oxidative
stress. MitoTEMPO has been identified to
have a preferential mitochondrial location
for its ROS-scavenging effect (39). The
fact that autophagic protein—depleted
MSCs could be rescued from cell death
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by MitoTEMPO supports the strong
impact that mitochondrial ROS and
mitochondrial dysfunction have on the
survival of these cells under oxidative stress.
WT cells had minimal effects from
MitoTEMPO pretreatment, likely because
they only had mild mitochondrial
dysfunction with exposure to H,0,
treatment (no change in MMP, minimal
decrease in ATP, and minimal increase

in mitochondrial ROS). However,

WT MSC survival after exposure to
oxidative stress was increased by

a nonspecific antioxidant, NAC (Figure E4).
Intracellular ROS generation consists

of membrane, cytosolic, and/or
mitochondrial sources. Our results suggest
that membrane and cytosolic sources play
a role in WT MSC injury to oxidative
stress at these doses of H,O,, whereas
mitochondrial ROS has a significant
impact on the survival of autophagy
protein—depleted MSCs.

Our findings also suggest that basal
adenine nucleotide turnover may be
different in the mitochondria of WT MSCs
and MSCs deficient in autophagic proteins.
At baseline, the MSCs from the LC3B™/~
and Becnl™’~ mice had lower intracellular
ATP as compared with the untreated
WT cells (Figure 2B). The levels in MSCs
deficient in autophagic proteins, LC3B
and BECN1, were 40-60% that of WT
ATP levels. This decrease in ATP was
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not enough to cause cell death, as

ATP levels need to drop significantly
lower than 50% to cause cell death (40).
However, when a stressor, such as H,O,,
was added to the MSCs deficient in
autophagic proteins, ATP levels further
plummeted and caused cell death.
Disruption of MMP alone cannot explain
a decrease in ATP in the autophagic
protein-depleted MSCs. Mitochondrial
ATP generation is a crucial cellular
function, so mitochondria have evolved
powerful feedback loops to maintain it in
the face of dysfunction and loss of MMP.
Mitochondria generate ATP by using the
proton electrochemical gradient potential,
which is made up of the MMP and the
mitochondrial pH gradient. As a result,
MMP is only a part of the bioenergetic
driving force for ATP production and
cannot be used to make direct inferences
regarding ATP production (41). However,
taken together, MMP, as well as ATP
production and mitochondrial ROS levels,
provide valuable information about
mitochondrial function. In this study,
these assays demonstrated that autophagy
protein—deficient MSCs had significant
mitochondrial dysfunction under
oxidative stress.

In MSCs deficient in autophagic
proteins in control conditions, there was
only a difference in ATP. This finding
has been seen in other cell lines. T cells
harvested from patients with rheumatoid
arthritis had lower levels of autophagy
and ATP (42). There are several
explanations for the relationship between
autophagy and ATP. The first is that
depletion of ATP might also be due to
inhibition of ATP synthesis (40). For
example, retinal pigment epithelium cells
from aged donors have lower levels of
autophagy than their younger controls, and
there is a decline in the activity of enzymes
involved in ATP synthesis in these cells (40).
Another possibility is that autophagic
degradation of mitochondria, other
organelles, and proteins can yield significant
substrate to provide energy to cells (43).
There were increased levels of glycolysis
in the macrophages from mice deficient
in autophagic protein (autophagy-related
protein 7) suggesting an increased requirement
for ATP to compensate for ATP that is
normally produced from autophagy (44).

The LC3B™/~ mice display the
ability to form residual autophagosomes.
This suggests that LC3B function is
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Figure 5. Oxidative stress increases autophagy and mitophagy in cultured murine WT MSCs. MSCs
harvested from the LC3B-green fluorescent protein (GFP) reporter mice were plated. At 24 hours
after plating, the cells were pretreated with 500 pmol/L MitoTEMPO, 5 mmol/L N-acetylcysteine
(NAC), or vehicle for 1 hour. They were then exposed to 125 pmol/L H,O, for O (control), 1, 6, or 24
hours. Cells were visualized by fluorescence microscopy. (A) The percentage of cells exhibiting
punctated GFP-LC3 fluorescence was calculated relative to all GFP-positive cells. Cells were counted
from 15 randomly selected fields per condition. Data are presented as mean = SEM. *P < 0.001 as
compared with O hours of H,O, and “P < 0.001 compared with 1 hour H,O, with MitoTEMPO or
NAC. (B) A representative field is shown after 1 hour of H,O, exposure. Confocal imaging of
phosphatase and tensin homolog—-induced putative kinase 1 staining (red) is shown, along with the
puncta formation (green), and compared with a cell exposed to 0 hours of H,O,. The cells were
costained with 4’,6-diamidino-2-phenylindole (blue) to identify nuclei. Original magnification, X40.

compensated by other endogenous
proteins, as there are over 13 mammalian
autophagy proteins, in regard to basal
homeostatic processes. As the biallelic
loss of BECN results in embryonic
lethality, we used MSCs from BECN1
heterozygous knockout mice. These mice
have previously been validated to have
impaired autophagy (18, 20). Both LC3B and
BECNI represent core autophagy proteins,
even though they differ in their role in
autophagy regulation. The deficiency of both
of these proteins has shown a clear phenotype
in our work and numerous other studies (45).
MSCs are currently being trialed in
experimental and human diseases, including

ARDS. It was recently reported that a single
intravenous infusion of allogeneic, bone
marrow—derived human MSCs was well
tolerated in patients with moderate to
severe ARDS (2). However, despite their
impressive therapeutic potential, the poor
survival and engraftment of MSCs is a major
obstacle in MSC-based therapy (10).

The inflammatory microenvironment

that can be seen in ARDS and sepsis
plays important roles in regulating the
proliferation, differentiation, and
immunomodulatory properties of MSCs (46).
However, much remains to be learned
about the mechanism by which the
oxidizing potential of the inflammatory
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microenvironment into which MSCs
are given actually modulates the
immunoregulatory function and fate of
MSCs (46). Our study showed that
autophagic proteins play a critical role
in regulating MSC survival under
oxidative stress. Survival of MSCs

after transplantation in damaged
myocardium can be enhanced by
autophagy-activating drugs (47). The
process of autophagy could contribute to
the engraftment of transplanted MSCs
used in therapy, and lends itself to an
application of prolonging survival of
MSCs (47, 48).

WT MSCs demonstrate the ability
to induce autophagy under stress. This
was demonstrated by increase in
autophagosome formation after H,O,
treatment (Figure 5) and CO conditioning
(Figure 6). Pretreating cells with
antioxidants before H,O, treatment
blocked the induction of autophagy,
indicating that both general and
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Figure 6. Carbon monoxide (CO) increases
autophagy in cultured murine MSCs. MSCs
harvested from the LC3B-GFP reporter mice
were exposed to 250 ppm CO for 0-16 hours.
Cells were visualized by fluorescence
microscopy. (A) A representative cell is shown
after CO exposure to illustrate puncta formation
and compared with a cell exposed to room air
(RA). Original magnification, X20. (B) The
percentage of cells exhibiting punctated GFP-
LC3 fluorescence was calculated relative to all
GFP-positive cells. Cells were counted from

15 randomly selected fields per condition.

Data are presented as mean = SEM. *P < 0.001
as compared with 0 hours of CO.
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Figure 7. CO pretreatment does not rescue MSCs deficient in autophagic proteins from oxidative
stress—induced cell death. Passage 3 MSCs were plated in 12-well plates. At 24 hours after plating,
cells were pretreated with 250 ppm CO for 16 hours. Cells were then treated with 125 pmol/L H,O,
for 24 hours. A control group was left untreated. MTT assay for living cells was performed. MTT
was quantified by reading absorbance at 590 nM. Data are shown as MTT absorbance compared
with the absorbance of the untreated cells of each group and expressed as a percentage. Data
are expressed as mean = SEM (n=3-4). *P <0.001 as compared with its own untreated group;
*P < 0.001 as compared with WT H,O,; *P < 0.001 compared with its own H,0, group without CO.

mitochondrial ROS serve to activate
autophagy. Induction of autophagy by
CO via ROS formation was previously
described, although not in MSCs (15).
Several other studies have implicated
intracellular ROS in the regulation of
autophagy. Starvation, a well known
activator of autophagy, is associated with
increased intracellular ROS production
(15). Autophagy is crucial for removal
of damaged mitochondria by mitophagy,
and low levels of ROS are known to
enhance mitophagy (49). This was also
seen in our study, as H,O, and CO
treatment both increased mitophagy in
WT MSCs. The data support the concept
that autophagy is primarily a survival
mechanism in response to ROS (8).

Our study is also the first to examine
the effects of CO on the autophagy

response of MSCs. We found that CO
preconditioning enhances autophagy and
mitophagy (Figure 6 and Figure E5) and
protects WT MSCs from oxidative
stress—induced cell death (Figure 7). In
addition, when we pretreated MSCs
deficient in autophagic proteins with CO,
we could not make any improvements in
their survival under oxidative stress
(Figure 7), further supporting the idea that
CO may exert its cytoprotective benefits
through the autophagy pathway (18).
At longer treatment times of H,O,,
autophagy returned to basal levels
(Figure 5). This indicates that oxidative
stress rapidly enhanced autophagy at an
early stage, but that prolonged oxidative
exposure reduced autophagy and likely
increased cell injury and death (37). The
nonsustained induction of autophagy in

WT MSCs after a short treatment of
H,O, illustrates an important point that
sufficient levels of ROS are needed to
activate autophagy, but excess production
can lead to cell death. Intracellular ROS
at low, controlled levels can act as
important signals for cell protection

and autophagy activation. If autophagy

is not able to be activated, as in our
autophagy protein-deficient MSCs,
uncontrolled ROS generation eventually
overwhelms cells and causes structural
damage, particularly to mitochondria (33).
This study illustrates that low levels of
CO can act as an inducer of autophagy.
This concept is useful for the idea that
MSCs can be preconditioned to have
enhanced autophagy by a steady
inducer, such as CO, before their
injection (50).

In conclusion, this work supports
the idea that autophagic protein-depleted
MSCs are more severely affected by
exogenous oxidative stress as compared
with WT MSCs as a result of mitochondrial
dysfunction. These findings indicate the
importance of autophagy in regulating
the response of MSCs to oxidative
stress. We also describe CO as a novel
modulator of autophagy in MSCs.
These findings will provide the basis for
future studies to investigate autophagy-
modulated MSCs in in vivo models of
disease that are associated with increased
oxidative stress. ll
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