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Carbon Monoxide Confers Protection in Sepsis by Enhancing
Beclin 1-Dependent Autophagy and Phagocytosis
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Abstract

Aims: Sepsis, a systemic inflammatory response to infection, represents the leading cause of death in critically ill
patients. However, the pathogenesis of sepsis remains incompletely understood. Carbon monoxide (CO), when
administered at low physiologic doses, can modulate cell proliferation, apoptosis, and inflammation in pre-clinical
tissue injury models, though its mechanism of action in sepsis remains unclear. Results: CO (250 ppm) inhalation
increased the survival of C57BL/6J mice injured by cecal ligation and puncture (CLP) through the induction of
autophagy, the down-regulation of pro-inflammatory cytokines, and by decreasing the levels of bacteria in blood
and vital organs, such as the lung and liver. Mice deficient in the autophagic protein, Beclin 1 (Becn1+/ - ) were
more susceptible to CLP-induced sepsis, and unresponsive to CO therapy, relative to their corresponding wild-type
(Becn1+/+) littermate mice. In contrast, mice deficient in autophagic protein microtubule-associated protein-1 light
chain 3B (LC3B) (Map1lc3b - / - ) and their corresponding wild-type (Map1lc3b+/+) mice showed no differences in
survival or response to CO, during CLP-induced sepsis. CO enhanced bacterial phagocytosis in Becn1+/+ but not
Becn1+/ - mice in vivo and in corresponding cultured macrophages. CO also enhanced Beclin 1-dependent induction
of macrophage protein signaling lymphocyte-activation molecule, a regulator of phagocytosis. Innovation: Our
findings demonstrate a novel protective effect of CO in sepsis, dependent on autophagy protein Beclin 1, in a
murine model of CLP-induced polymicrobial sepsis. Conclusion: CO increases the survival of mice injured by CLP
through systemic enhancement of autophagy and phagocytosis. Taken together, we suggest that CO gas may
represent a novel therapy for patients with sepsis. Antioxid. Redox Signal. 20, 432–442.

Introduction

Sepsis, a systemic inflammatory response to an infectious
insult, represents the leading cause of death in critically ill

patients (19). Intra-abdominal infections, often leading to
polymicrobial sepsis, account for 20% of sepsis cases, which
have substantial mortality of approximately 60% (2). Sepsis-
associated mortality primarily results from multiple organ
dysfunction with subsequent organ failure (5). Invading mi-
croorganisms can activate immune cells, resulting in the
production of pro-inflammatory mediators that trigger cel-
lular defense mechanisms to fight the infection (5). If therapy

is not initiated in the first incipient stage, and the pathogen is
not eliminated, multiple organ dysfunction ensues, followed
by refractory hypotension and hemodynamic abnormalities,
which lead to decreased oxygen delivery to tissues and death
(4, 33, 34). Therefore, additional investigation is urgently nee-
ded to understand the mechanisms underlying the pathogen-
esis of sepsis and to develop new therapeutic alternatives.

Autophagy, an evolutionarily conserved cellular process,
facilitates the turnover of damaged proteins and organelles
such as mitochondria and plays an important role in the
clearance of intracellular pathogens, including bacteria,
viruses, and protozoa (25, 42). During autophagy, cytosolic
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constituents are engulfed into double membrane-bound ves-
icles called autophagosomes, which are subsequently deliv-
ered to the lysosomes for degradation (16). Autophagic
dysfunction is associated with aging and human diseases,
including cancer and neurodegenerative disorders (25).
Moreover, autophagy affects innate and adaptive immunity
such as antigen presentation, lymphocyte development, and
cytokine secretion by immune cells (42).

To date, a number of genes that are critical for the regula-
tion of autophagy (Atg) have been identified in mammals,
each with distinct roles in the regulation of the autophagic
pathway (28). Of these, Beclin 1, the mammalian homolog of
yeast Atg6, plays a critical upstream regulatory function in the
initiation of the autophagic pathway. Beclin 1 forms a multi-
protein complex that includes the Vps34 class III phosphati-
dylinositol 3-kinase (PI3KC3), Atg14L, and p150. On cellular
stimulation, the increased production of phosphatidylinositol-
3-phosphate by PI3KC3 regulates the formation of nascent
autophagosomes. The conversion of microtubule associated
protein-1 light chain 3B (LC3B) from LC3B-I (free form) to
LC3B-II (phosphatidylethanolamine-conjugated form) repre-
sents another major step in autophagosome formation (7, 28).
Moreover, Beclin 1 is involved in diverse biological effects.
Beclin 1 binds to Bcl-2, an important regulator of apoptosis,
and this interaction results in inhibition of autophagy. The
biallelic loss of Beclin 1 results in early embryonic lethality,
which demonstrates that Beclin 1 is essential for early em-
bryonic development (49). Beclin 1 is well characterized as a
haplo-insufficient tumor suppressor gene in humans and mice
(1, 26). In the nervous system, Beclin 1 can activate autophagy
and death of cerebellar Purkinje cells through complex for-
mation with the glutamate receptor d2 (48).

Phagocytosis is a vital process by which macrophages elim-
inate microorganisms after recognition by pathogen sensors
(40). Recent studies have shown that a subset of autophagy-
related proteins, including Beclin 1 (Atg6) and LC3 (Atg8), are
also involved in the regulation of phagocytosis (3, 27, 38, 45).

Carbon monoxide (CO), a low-molecular-weight diatomic
gas, can cause clinical toxicity such as hypoxemia as the re-
sult of competitive binding to the heme-iron centers of the
oxygen carrier protein, hemoglobin, and inhibition of mito-
chondrial respiratory chain enzymes (i.e., cytochrome c ox-
idase) by complex formation at heme-copper centers at a
high concentration. However, recent studies have revealed
the cytoprotective effects of CO when applied at low doses in
animal models of acute inflammation and lung injury caused

by hyperoxia, mechanical ventilation, and ischemia/
reperfusion (I/R) (13, 30, 50). Inhaled CO enhances bacterial
clearance as well as mitochondrial energy metabolism and
confers anti-inflammatory effects through the modulation of
p38 MAPK and NF-jB signaling in rodent models of sepsis
(10, 30, 46). These numerous biological effects of CO are
associated with cell-type specific responses and molecular
targets depending on the physiological state of the cells and
tissues (47).

We describe here that CO rescues mice from cecal ligation
and puncture (CLP)-induced sepsis through the systemic in-
duction of autophagy and enhancement of phagocytosis. The
induction of autophagy and phagocytosis by CO was de-
pendent on the autophagic protein, Beclin 1.

Results

CO rescues mice from CLP-induced sepsis
through systemic enhancement of autophagy

We determined the effect of CO on the survival rate of
C57BL/6J mice subjected to CLP, a murine model of perito-
nitis-induced polymicrobial sepsis. CO (250 ppm) was ad-
ministered by inhalation in mice for 24 h before CLP surgery,
or, alternatively, was post-administered to mice continuously
after CLP surgery. Both pre- and post-administration of CO
significantly improved the survival rates of mice subjected to
CLP-induced sepsis compared with room air exposure of
CLP-treated mice (Fig. 1A, B).

Sepsis or lipopolysaccharide (LPS)-induced autophagy can
protect against cell death in the liver (6). Since we have previ-
ously shown that CO can induce autophagy in cultured endo-
thelial cells and mice (12, 24), we hypothesized that autophagy
could play a role in the protective effects of CO in CLP. First, we
confirmed that CO inhalation can induce autophagy proteins in
various mouse tissues. We exposed C57BL/6J mice to CO
(250 ppm) for 24 and 72 h and determined the expression level
of autophagy proteins by western blot analysis. CO inhalation
efficiently induced the expression of autophagy proteins, Beclin
1, Atg7, and LC3B, in a time-dependent manner in lung (Fig.
2A), liver (Fig. 2B), and kidney (Fig. 2C) tissue. Furthermore, we
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FIG. 1. CO rescues mice from CLP-induced sepsis
through systemic enhancement of autophagy. C57BL/6J
mice were subjected to CLP surgery. CO (250 ppm) was
administered by inhalation for 24 h before (A) or continu-
ously after (B) CLP surgery. Room air (RA) served as the
control. Rates of survival were determined. n = 6–7 per con-
dition. p < 0.05, log-rank test. CLP, cecal ligation and punc-
ture; CO, carbon monoxide.

Innovation

We have previously shown that carbon monoxide (CO)
may act as a potential therapeutic, which modulates cell
proliferation, cell death, immunity, and autophagy in pre-
clinical models of tissue injury in vitro or in vivo. Here, we
have shown that CO increased the survival of mice injured
by cecal ligation and puncture through systemic enhance-
ment of phagocytosis. These protective effects of CO are
dependent on autophagic protein, Beclin 1. The Beclin 1
dependency also affects the induction of signaling lym-
phocyte-activation molecule and enhancement of phago-
cytosis by CO. Our study suggests that CO gas may
represent a new and powerful therapeutic option for sepsis.
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analyzed the ultrastructure of mouse lung tissue exposed to CO
(250 ppm) using electron microscopic (EM) analysis. Both im-
mature (AVi) and degradative (AVd) autophagic vacuoles were
increased in the lung exposed to CO compared with the nor-
moxic control group (Fig. 2D).

Next, we evaluated whether CO could modulate autop-
hagy proteins in the context of the CLP model in vivo. The
autophagy protein Beclin 1 was not significantly modulated
by CLP in the absence or presence of CO, relative to sham
controls, indicating that Beclin 1 expression was not altered

FIG. 2. CO induces systemic autophagy. The C57BL/6J mice were exposed to 250 ppm CO for 24 and 72 h. The expression
of autophagy proteins was determined in the lung (A), liver (B), and kidney (C) by western blot analysis. b-actin served as the
standard. CO efficiently induced autophagic proteins, Beclin 1, Atg7, and LC3B in a time-dependent manner. (D) The number
of autophagosomes was increased in the lungs of mice exposed to CO by transmission electron microscopy. Representative
micrograph depicts immature (AVi) and degradative (AVd) autophagic vacuoles. Scale bar = 500 nm. Autophagosomes were
quantified per unit area, from n = 25 images (Right) #p < 0.05. (E, F) C57BL/6J mice were exposed to CLP surgery or sham
operation. After 6 h of recovery time, animals were exposed to 250 ppm CO or room air (RA) for 24 h. The expression of
autophagy proteins Beclin 1 and LC3B was determined in lung (E) and liver (F) tissue by western blot analysis. b-actin served
as the standard. LC3B, microtubule associated protein-1 light chain 3B.
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under these experimental conditions. The autophagy protein,
LC3B, and its conversion from the cytosolic form LC3B-1 to its
lipid-conjugated form LC3-II was induced by CO inhalation
(250 ppm) in the mouse lung (Fig. 2E) and liver (Fig. 2F) of
wild-type mice subjected to sham surgery. After CLP, the
accumulation of LC3B was also significantly induced in the
mouse liver relative to sham surgery controls. The levels of
LC3-II remained high in mice treated with CLP with CO, but
were not further increased relative to CLP-treated mice.

CO-dependent autophagy is impaired
in Becn1 + / - mice

We hypothesized that the enhancement of autophagy by
CO was responsible for the increased survival rate after CLP-
induced sepsis in mice. To test this hypothesis, we im-
plemented a functional study using autophagic protein Beclin
1 heterozygous knockout mice (Becn1 + / - ).

We exposed bone marrow-derived macrophage (BMDM)
cells derived from Becn1 + / + and Becn1 + / - mice to CO (250
ppm), and determined whether CO can modulate the function
of autophagy. The monoallelic deficiency of Becn1 was val-
idated in Becn1 + / - BMDM. The Beclin 1 protein was de-
creased by 80% in Becn1 + / - BMDMs (Fig. 3A). To further
confirm the role of Beclin 1 in CO-induced autophagy, we also

assessed the effect of CO on LC3B puncta formation, an in-
dicator of autophagosome formation, in LC3-green fluores-
cence protein (GFP) transfected BMDMs isolated and
differentiated from Becn1 + / + and Becn1 + / - mice. CO sig-
nificantly induced LC3B puncta in Becn1 + / + but not Becn1 + / -

BMDM (Fig. 3B). Autophagosome formation in response to
CO exposure could also be demonstrated in pulmonary vas-
cular cells. The CO effectively increased the number of au-
tophagosomes in both endothelial cells and smooth muscle
cells derived from the pulmonary vasculature (Supplemen-
tary Fig. S1A; Supplementary Data are available online at
www.liebertpub.com/ars). Consistent with the results ob-
served in BMDM, LC3B puncta formation in response to CO
was impaired in Becn1 + / - endothelial cells (Supplementary
Fig. S1B).

CO rescues Becn1 + / + mice, but not Becn1 + / - mice,
from CLP-induced sepsis

CO is known to exhibit biological effects, including the
modulation of vascular tone (37), the inhibition of inflam-
mation by suppressing pro-inflammatory cytokines (e.g.,
TNF-a, IL-1b), and up-regulating the anti-inflammatory cy-
tokine IL-10 (8). Furthermore, our recent study demonstrated
that CO induces autophagy proteins in cultured endothelial

FIG. 3. The Becn1 + / - mice are
autophagy deficient and suscepti-
ble to CLP. The deficiency of
Becn1 was validated in Becn1 + / + or
Becn1 + / - BMDMs via western blot
analysis. *p < 0.05 (A) The effect of
CO on the autophagic function of
isolated Becn1 + / + or Becn1 + / -

BMDMs was determined by asses-
sing GFP-LC3B puncta formation (B)
in transfected cells by confocal mi-
croscopy. BMDM, bone marrow-
derived macrophage; GFP, green
fluorescence protein. To see this il-
lustration in color, the reader is re-
ferred to the web version of this
article at www.liebertpub.com/ars
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cells (24). We have shown here that CO activates autophagy,
and that this response is also enhanced as an endogenous
response to CLP-induced sepsis (Fig. 2). We investigated
whether autophagic deficiency affects CLP mortality. We
performed CLP in wild-type (Becn1 + / + ) and heterozygous
(Becn1 + / - ) littermate mice. The Becn1 + / - mice displayed
higher mortality rates than those of Becn1 + / + after CLP-
induced sepsis (Fig. 4A). Further, we assessed whether CO
would improve the survival rates of Becn1 + / + and Becn1 + / -

mice after CLP-induced sepsis. C57BL/6J mice were exposed
to CO (250 ppm) for 24 h after CLP. The Becn1 + / + mice ex-
posed to CO demonstrated a significant improvement of
survival rate compared with room air-exposed control mice
(Fig. 4A). However, CO failed to rescue Becn1 + / - mice from
CLP-induced sepsis.

We also assessed whether another autophagy protein,
LC3B, could function in the same manner as Beclin 1 during
CO-dependent rescue of CLP. Therefore, LC3B-deficient mice
(Map1lc3b - / - ) were exposed to CO or room air after CLP. The
LC3B-deficient mice showed no difference in survival rate
compared with wild-type littermate mice (Map1lc3b + / + )
during recovery from CLP. In the CO exposure group, the
survival rates of both LC3B-deficient and homozygote wild-
type mice were improved (Supplementary Fig. S2). These

data, taken together, indicate that the protective effects of CO
are dependent on Beclin 1 but independent of LC3B, dem-
onstrating specificity in the physiologic functions of select
autophagy proteins.

CO rescues wild-type mice from CLP-induced sepsis
through enhancement of Beclin 1-phagocytosis

After CLP (24 h), we collected plasma from the mice injured
by CLP and measured the level of cytokines. Mice treated
with CO showed a reduced level of pro-inflammatory cyto-
kine IL-1b in the serum after CLP, relative to the room air-
exposed control group (Fig. 4B). These data indicate that CO
can down-regulate inflammation in the CLP model. To further
elucidate the mechanisms by which CO improves mice sur-
vival rate and the differential mortality between the strains,
we cultured circulating blood and tissue extracts from the
lung and liver after CLP for bacterial count. The number of
bacterial colonies in the blood, lung, and liver from Becn1 + / +

mice were significantly lower than that of Becn1 + / - mice
(Fig. 4C). Interestingly, the bacterial colony number was de-
creased in the blood, lung, and liver of Becn1 + / + mice that
inhaled CO (250 ppm) after CLP (Fig. 4C). In the case of
Becn1 + / - mice subjected to CLP, CO did not reduce the
bacterial number effectively (Fig. 4C). These data suggest that
CO improves survival rate after CLP through enhancement of
bacterial clearance. These data suggest that the efficiency of
phagocytosis is based on Beclin 1-dependent processes pro-
moted by CO.

CO enhances phagocytosis through
up-regulation of SLAM

We next examined the possibility that the Beclin 1-
dependent protective effects of CO in this model also involve
phagocytosis. Phagocytosis is a crucial process by which in-
nate immune cells (e.g., macrophages, neutrophils) eliminate
microorganisms after recognition by pathogen sensors (40).
We have previously reported that CO-releasing molecules
(CORMs) can enhance total phagocytic activity in C57BL/6J
mice (10).

We assessed the effect of CO on phagocytosis activity of
BMDM subjected to LPS stimulation. The phagocytic activity
of BMDM was enhanced by LPS stimulation in a time-
dependent manner (Fig. 5A). CO treatment (250 ppm) further
enhanced the phagocytic activity of LPS-stimulated BMDM
(Fig. 5A).

Recently, it has been shown that the self-ligand and cell-
surface receptor, signaling lymphocyte-activation molecule
(SLAM/CD150), functions not only as a co-stimulatory mol-
ecule but also as a microbial sensor that controls the killing of
Gram-negative bacteria by macrophages. SLAM recruits a
complex containing the intracellular class III phosphatidyli-
nositol kinase Vps34, its regulatory protein kinase Vps15, and
the autophagy-associated molecule Beclin 1 to the phagosome
(3). We, therefore, assessed the role of CO in SLAM induction.
We exposed BMDM stimulated by LPS to room air or CO
(250 ppm) for 8 h. The mRNA level of SLAM was determined
by quantitative polymerase chain reaction (PCR) in the cells
stimulated by LPS. SLAM mRNA was increased fourfold after
LPS stimulation (Fig. 5B). CO exposure significantly induced
SLAM mRNA expression in BMDM compared with that of
room air-exposed BMDM after LPS stimulation (Fig. 5B).
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FIG. 4. CO significantly rescues Becn1 + / + mice from
CLP but not Becn1 + / - mice. (A) Becn1 + / + or Becn1 + / -

mice were subjected to CO that was pre-administrated for
24 h before or continuously after CLP surgery. Rates of sur-
vival were determined. p < 0.05, log-rank test. (B) After CLP,
the plasma levels of inflammatory cytokines in plasma, IL-
1b, and IL-18 were measured by ELISA. (C) For determina-
tion of CFU, blood and organ homogenates (lung and liver)
were serially diluted and then plated on LB plates. The LB
plates were incubated for 24 h at 37�C. Statistical significance
was determined by nonparametric Mann–Whitney U anal-
ysis. *p < 0.05.
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To determine whether CO regulates SLAM protein ex-
pression, we exposed BMDM to CO. CO exposure induced
SLAM protein expression in a time-dependent manner in
BMDM. LPS treatment also induced SLAM protein expres-
sion in a time-dependent manner. When CO exposure was
combined with LPS stimulation, the induction of SLAM was
greatly enhanced (Fig. 5C). These results indicated that CO
exposure enhances macrophage SLAM expression during
LPS stimulation, which may account for CO-induced phago-
cytosis.

CO increases Escherichia coli phagocytosis
in a Becn1-dependent fashion

It has been previously reported that SLAM mediates the
killing of Gram-negative bacteria by macrophages (3).
Therefore, we injected FITC-labeled Escherichia coli and En-
terococcus faecalis into the peritoneum of Becn1 + / + and
Becn1 + / - mice to determine whether a difference was evi-
dent in the ability of inflammatory cells to sense and phago-
cytose the bacteria. After 24 h, peritoneal lavage was
performed and phagocytic rates were determined using flow
cytometry. The phagocytosis was not different between
Becn1 + / + and Becn1 + / - mice exposed to both E. faecalis and
E. coli in the room air group. However, CO exposure caused a
*15% increase in phagocytosis in Becn1 + / + mice exposed to
Gram-negative E. coli (Fig. 6A), with no apparent effect
against E. faecalis.

In vitro, the phagocytosis activity of Becn1 + / + BMDM was
increased after LPS stimulation. CO exposure increased
phagocytosis *25% in Becn1 + / + macrophages but not in
Becn1 + / - macrophages (Fig. 6B).

We also checked the expression of SLAM in Becn1 + / + and
Becn1 + / - macrophages. First, we evaluated the mRNA levels
of SLAM via quantitative PCR. When Becn1 + / + cells stimu-
lated by LPS were exposed to CO, SLAM expression was in-
creased threefold (Fig. 6C). However, this induction of SLAM
by CO was attenuated by Beclin 1 deficiency (Fig. 6C). SLAM
protein was also up-regulated by LPS and by the addition of
CO in Becn1 + / + macrophages; however, Becn1 deficiency
abolished SLAM protein expression under these conditions
(Fig. 6D).

Discussion

In this study, we have demonstrated a protective effect of
CO against sepsis-induced mortality using a murine model of
CLP-induced polymicrobial sepsis. Our findings emphasize
the potential of CO as a new therapeutic option for sepsis. CO
increases the survival of mice injured by CLP, in part, through
the systemic enhancement of autophagy and phagocytosis.

Gaseous compounds such as CO and nitric oxide (NO) are
important physiological mediators that have been implicated
in progression of clinical illness such as sepsis and I/R injury.
Both CO and NO share similar properties, such as activation
of soluble guanylate cyclase to increase cyclic GMP, resulting
in the inhibition of platelet aggregation, and regulation of
vascular tone. Despite these similarities, CO is preferred as a
therapeutic method because of its chemical properties, in-
cluding high diffusivity, portability (via hemoglobin), and
biochemical stability (integrity). The underlying mechanism
for the therapeutic effect of CO in sepsis, where high levels of
endogenous NO may be present, remains incompletely un-
derstood. Further studies are needed to determine the relative
role of guanylate cyclase activation in our model.

The therapeutic effects of CO related to the modulation of
inflammation, pro-/anti-apoptotic effects, pro-/anti-oxidative
effects, and effects on systemic circulation (21, 22, 35, 43) have
been previously studied in models of acute lung injury and
inflammation, I/R injury, endotoxemia, organ transplanta-
tion, and others (13, 31, 50). Specifically, inhaled CO shows
remarkable effects on the regulation of innate immunity in a
murine sepsis model. CO enhances anti-inflammatory re-
sponses and inhibits pro-inflammatory signaling. These effects
may be driven by redox modulation in certain cell types,
though other mechanisms cannot be excluded. Furthermore,
CO can enhance the anti-bacterial response, by augmenting
bacterial clearance through TLR4-dependent pathways, lead-
ing to rapid resolution of infection (32).

CO can also be produced systemically from heme degra-
dation by the heme oxygenase (HO) enzyme system (39). The
inducible form of HO-1, a major cellular protein, has a pro-
tective function under chemical and physical stress, such as
induced by xenobiotics, hyperoxia, pro-inflammatory cyto-
kines, and bacterial endotoxin (17, 18, 20). Chung et al. pre-
viously demonstrated that HO-1-derived CO and treatment
with CORMs promote host defense responses to sepsis
through enhancement of bacterial clearance by increasing
phagocytosis and the endogenous antibacterial response (10).
Furthermore, Carchman et al. reported that HO-1 protects

FIG. 5. CO enhances phagocytosis by up-regulation of
SLAM/CD150. (A) BMDM isolated from wild-type C57BL/
6J mice were stimulated with 100 ng/ml LPS, in the absence
and presence of CO (250 ppm) at the indicated times. Pha-
gocytosis of Escherichia coli by BMDM was determined by
spectrofluorometry after exposure to FITC-labeled E. coli for
1 h. (B, C) The expression of SLAM/CD150 was evaluated at
the mRNA level by quantitative PCR (B) and at the protein
level by western blot analysis. b-actin served as the standard.
(C) Results shown are the mean – SD of three experiments
*p < 0.05. LPS, lipopolysaccharide, polymerase chain reaction;
SLAM/CD150, signaling lymphocyte-activation molecule.
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against hepatocyte death and hepatic injury from infection/
sepsis in mice through induction of autophagy via the p38
MAPK pathway (6). This study indicated that endogenous
CO produced by HO-1 is potentially involved in autophagy.

To explore the role of autophagy in CO-dependent protec-
tion against sepsis, we used Beclin 1 heterozygous knockout
mice (Becn1 + / - ). Yue et al. have shown that heterozygous
deletion of Beclin 1 is critical for not only spontaneous tumor
formation but also autophagy in vivo (49). We report here that
Becn1 + / - mice were much more susceptible than wild-type
littermate mice (Becn1 + / + ) during CLP-induced sepsis. How-
ever, CO inhalation enhanced the survival of Becn1 + / +

wild-type littermate mice injured with CLP through the in-
duction of autophagy, the down-regulation of inflammation,
and the decreased level of bacteria in blood and vital organs,
such as lung and liver. These salutary effects of CO did not
work effectively in Beclin 1-deficient mice.

Recent studies have elucidated that autophagy contributes
to the regulation and function of innate and adaptive immu-
nity. During infection, autophagic processes target intracellu-
lar bacteria and viruses to autophagosomes for degradation
and also regulate an unconventional pathway for secretion of
cytokines (e.g., IL-1b) (14). Autophagy also plays critical roles
in adaptive immunity such as antigen presentation and lym-
phocyte development. Autophagosomes can fuse with major-
histocompatibility-complex class II loading compartments
(11). Furthermore, macrophage-specific deletion of Atg5 in
mice increases their susceptibility to Mycobacterium tuberculosis

infection (45). On the other hand, IL-1b and IL-18 were ex-
cessively produced in response to LPS and other pathogen-
associated molecular patterns in Atg16L1-deleted mice (36).
Furthermore, depletion of the autophagy proteins LC3B and
Beclin 1 enhanced the activation of NLRP3 inflammasome and
secretion of IL-1b and IL-18 in stimulated macrophages (29).

In the current study, we demonstrate a differential sensi-
tivity of Becn1 + / - mice to CLP mortality that was not evident
in Map1lc3b - / - mice. Although both Beclin 1 and LC3 repre-
sent core autophagy proteins, they differ substantially in their
relative role in autophagy regulation (16, 28). Beclin 1 repre-
sents a critical upstream signaling mediator of autophagosome
nucleation, which interacts with a multi-protein regulatory
signalosome, whereas LC3B acts downstream of these events
by participating in autophagosome elongation, a function that
may be potentially compensated by other ATG8 homologues
(16, 28). We also cannot exclude the possibility that the phe-
notypes observed in association with Becn1 heterozygous mice
are related to loss of cellular functions of Beclin 1 that are
independent of its role in autophagic regulation.

In this study, we also demonstrated Beclin 1-dependent
enhancement of phagocytosis by CO. Interestingly, in the
current study, the protective effects of CO, which depended
on Beclin 1, and the induction of macrophage phagocytosis,
had an apparent selectivity for Gram-negative bacteria. We
hypothesized that the selectivity for Gram-negative bacteria
in CO-treated macrophages was caused by induction of
SLAM, which was induced by CO in wild-type but not Beclin

FIG. 6. CO increases phagocytosis of E. coli in a Becn1-dependent fashion. The Becn1 + / - and Becn1 + / + mice were injected
with FITC-labeled Enterococcus faecalis (A, left) or E. coli (A, right). Subsequently, mice (n = 6, injected with E. faecalis; n = 8,
injected with E. coli) were exposed to CO (250 ppm) or RA. After 24 h, phagocytosis was analyzed. (B) BMDM isolated from
Becn1 + / - or Becn1 + / + mice were stimulated with 100 ng/ml LPS, in the absence and presence of CO (250 ppm) at the
indicated times. Phagocytosis of E. coli by BMDM was determined by spectrofluorometry after exposure to FITC-labeled
E. coli for 1 h. The expression of SLAM/CD150 was evaluated at the mRNA level (C) by quantitative PCR, and at the protein
level (D) by western blot analysis. b-Actin served as the standard. Results shown are the mean – SD of three experiments,
*p < 0.05, NS, non significance; RA, room air; PCR, polymerase chain reaction.
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1-deficient macrophages. The current work differs from that
of Chung et al., which noted preferential protection in vivo
against E. faecalis but not E. coli-induced sepsis in HO-1 ex-
pressing transgenic mice (10). Although HO-1 produces en-
dogenous CO as one of its biological products, HO-1
overexpression cannot be directly compared with inhalation
of CO, as it may involve additional factors (e.g., changes in
iron and redox status).

In general, bacteria are recognized by low-specificity, high-
affinity receptors such as integrins, lectins, and scavenger
receptors that initiate the formation of the phagocytic synapse
and intracellular signaling events. However, SLAM recog-
nizes bacterial surface proteins that are embedded in the outer
membrane of most Gram-negative bacteria such as OmpC
and OmpF. Once SLAM engages the bacteria, it is actively
incorporated into the developing phagosome, where it is re-
sponsible for recruiting a complex containing Vps34, Vps15,
and Beclin 1 to the early phagosome. Thus, SLAM supports
phagosome maturation by sharing the ubiquitous autophagy
machinery. There is also an overlap between the elements
used in phagosome maturation and autophagy, as TLR-
dependent triggering of phagocytosis recruits the autophagy
proteins Beclin 1 and LC3B to the phagosome (3).

Here, we uncovered the fact that CO enhances phagocy-
tosis through up-regulation of SLAM. Interestingly, the in-
duction of SLAM by CO was depending on Becn1. Recent
studies suggest that LC3-associated phagocytosis (41) and
enhancement of resolution of inflammation and macrophage
efferocytosis by inhaled CO (9) support our finding. Further
studies are needed to determine the relative role of Beclin 1-
dependent autophagy versus phagocytosis in the protective
effects of CO, as both processes can contribute to bacterial
clearance. Furthermore, we suggest that induction of autop-
hagy in systemic tissues by CO may contribute to organ
preservation during sepsis.

We conclude that CO gas has a protective effect in a murine
model of CLP-induced polymicrobial sepsis. CO increases the
survival of mice injured by CLP through systemic enhance-
ment of autophagy and phagocytosis. The autophagic protein,
Beclin 1 is crucial for induction of autophagy and enhancement
of phagocytosis by CO. Beclin 1-dependent SLAM induction
and enhancement of phagocytosis were also up-regulated by
CO. SLAM provides selectivity for Gram-negative bacteria.
Taken together, these data strongly suggest that CO gas may
present a new and powerful therapeutic option for sepsis
through modulation of bacterial autophagy and phagocytosis.

Materials and Methods

Reagents

Rabbit anti-mouse Beclin 1 and anti-mouse ATG7 were
purchased from Santa Cruz Biotechnology, Inc. Rabbit anti-
mouse LC3B and anti-b-actin were from Sigma-Aldrich.
Sheep anti-mouse SLAM was from R&D Systems. LPS (E. coli)
was from Invivogen. GFP-LC3B expression plasmid was a gift
of Dr. Noboru Mizushima (Tokyo Medical and Dental Uni-
versity). All other reagents were from Sigma-Aldrich.

Cell isolation and culture

BMDMs were isolated and cultured as previously de-
scribed (28). Bone marrow collected from mouse femurs and

tibias was plated on sterile Petri dishes and was incubated for
7 days in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% (vol/vol) heat-inactivated FCS, penicillin and
streptomycin, and 25% (vol/vol) conditioned medium from
L929 mouse fibroblasts. Mouse lung endothelial cells
(mLECs) were isolated and cultured as previously described
(43, 44).

Animals

All animals were housed in accordance with the guidelines
from the American Association for Laboratory Animal Care.
The Animal Research Committee of Brigham and Women’s
Hospital approved all protocols. Becn1 + / - mice were obtained
from Beth Levine (UT Southwestern Medical Center) (26).

CLP model of polymicrobial sepsis

The CLP model of polymicrobial sepsis was performed with
10–12 week-old mice. Anesthesia was induced in mice by i.p.
administration of 100 mg/kg ketamine HCl and 43 mg/kg
xylazine HCl. The mouse cecum was exposed through a 1.5-cm
incision, and 60% of the cecum was ligated below the ileocecal
valve. Once ligated, the cecum was punctured once with a 23-
gauge needle. A 23-gauge, one-hole injury was performed in
studies using Becn1 + / + and Becn1+ / - mice, respectively. The
cecum was repositioned, and the abdominal incision was closed
in layers with 6-0 surgical sutures. Sham-operated mice un-
derwent the same procedure, including opening of the perito-
neum and exposing the bowel, but without ligation and needle
perforation of the cecum. After surgery, the mice were injected
with 1 ml of physiologic saline solution subcutaneously for fluid
resuscitation. No antibiotics were administered to the mice after
surgery to assess the effect of Beclin 1 on bacterial levels in blood
and organs. Survival rates were determined over an 8-day pe-
riod, with assessment every 12 h. Pre- and post-operatively, all
mice had unlimited access to food and water.

CO administration

Air containing CO (250 ppm) was administrated to animals
for 24 h before CLP (pre-administration). After CLP, the ani-
mals were exposed to CO again in exposure chambers as
described (23). For post-administration, the animals were
exposed to CO (250 ppm) immediately after CLP surgery until
the end of the observation period. For in vitro experiments,
cells were exposed to CO (250 ppm) in air containing 5% CO2

in exposure chambers as previously described (24).

FITC labeling of E. coli and E. faecalis
and phagocytosis assay

E. coli and E. faecalis were heat inactivated and incubated at
a concentration of 6 · 109–8 · 109 CFU/ml with 0.2 mg FITC/
ml (Sigma-Aldrich) in phosphate-buffered saline (PBS) for 1 h
at room temperature in the dark, as described (15). The bac-
teria were then washed five times with 1 ml PBS to remove
free FITC, resuspended in 1 ml PBS, and stored at - 80�C. The
6 · 108–8 · 108-CFU nonlabeled or FITC-labeled E. coli or
E. faecalis were injected into the peritoneum of Becn1 + / + and
Becn1 + / - mice. After 24 h, mouse peritoneal polymorphonu-
clear cells were isolated using 15 ml of DMEM cell culture
media with 10% fetal bovine serum (FBS), 10,000 U/ml pen-
icillin, 10,000 mg/ml streptomycin, 29.2 mg/ml l-glutamine,
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and 10 U/ml heparin and then incubated for 1 h at 37�C. At-
tached cells were washed thrice with warm PBS and then
treated with 0.2% Trypan blue for 1 min at room temperature
to quench extracellular fluorescence. The cells were washed
twice, treated with a 5-mM EDTA PBS solution, scraped, and
then centrifuged for 5 min at 2147 g. The pellet was re-
suspended with 400 ll of 4% FBS and 0.009% sodium azide
containing PBS. Total cells were counted, and 1 · 106 cells
were scanned by flow cytometry (15).

In vitro phagocytosis assay

In vitro phagocytosis assays were performed using the
Vybrant phagocytosis assay kit from Invitrogen Life Tech-
nologies, according to the manufacturer’s instructions.
BMDM, seeded into a 96-well ELISA plate at a concentration
of 1–2 · 105 cells/well, were allowed to adhere for 4 h to the
bottom of the well, and then treated with LPS for the indicated
times. FITC-conjugated E. coli bioparticles were added, and
phagocytosis was allowed to proceed for 1 h. The bioparticles
were removed, and Trypan blue was added to the wells for
2 min to quench extracellular bioparticles. The Trypan blue
was then removed, and the amount of bioparticles engulfed
by the cells was quantitatively measured using SpectraMax
Gemini EM ELISA plate reader (Molecular Devices), at
480 nm excitation and 520 nm emission.

Bacteria culture from blood and tissues

Serial log 10 dilutions of whole blood (from the right atrium
of heart) and homogenized tissues (left lung, liver left medial
lobe, and whole spleen) were made, and aliquots were cul-
tured on LB agar plates overnight at 37�C. CFUs of bacteria
were counted and calculated.

Transmission electron microscopy

For EM, tissue sections were fixed in 2.5% glutaraldehyde
in PBS after experimental manipulations. These tissues were
photographed using a JEOL JEM 1210 transmission electron
microscope ( JEOL) at 80 or 60 kV onto EM film (ESTAR thick
base; Kodak) and printed onto photographic paper.

GFP-LC3 assay

mLEC or BMDM cells were seeded at 1 · 105 cells/well in
12-well dishes. After 24 h, each well was *80%–90% conflu-
ent, and refed with complete media. GFP-LC3B expression
plasmid (2 lg) was incubated with Lipofectamine� LTX (In-
vitrogen) for 1 h and then added to each well 3 h after media
change. After 6–8 h, the media was aspirated and complete
growth media was replaced in each well. Exposure to CO was
initiated 24 h post-transfection. To examine the distribution of
GFP-LC3B, cells were observed under a fluorescence micro-
scope, and digital images were acquired for analysis (SPOT;
Diagnostic Instruments, Inc.).

Western immunoblot analysis

Western blotting was performed as previously described
(21). Protein concentrations of cell lysates and frozen tissue
homogenates were determined using Coomassie plus protein
assay (Thermo Fischer Scientific). An equal volume of protein
was boiled for 5 min in sample buffer and resolved by SDS/

PAGE using NuPage Novex Bis-Tris 4%–12% polyacrylamide
gels. Proteins were transferred to polyvinylidene difluoride
membranes by electroblotting, and then probed with the in-
dicated antibodies. Blots were developed with enhanced
chemiluminescence reagents (Thermo Fischer Scientific).

Cytokine measurements

Mouse IL-1b cytokine in plasma were measured with
ELISA kit (R&D Systems). Mouse IL-18 in plasma was mea-
sured by ELISA (MBL International).

Real-time PCR

Total RNA was extracted from tissues using TRIZOL reagent
(Invitrogen), and converted to cDNA using high-capacity
cDNA archive kit (Applied Biosystems). Quantitative real-time
PCR was performed as described (23). Primers for SLAM and
TaqMan Master Mix for gene expression assays were purchased
from Applied Biosystems. Conditions were as follows: hold
2 min at 50�C and 10 min at 95�C, followed by two-step PCR for
40 cycles of 95�C for 15 s followed by 60�C for 1 min. Gene
expression was analyzed by the comparative threshold cycle
method, using GUS-b rRNA as the internal standards.

Statistics

Data are expressed as mean – SEM. For comparisons be-
tween two groups, we used two-tailed unpaired Student’s
t-test. For comparison among more than two groups and
multiple comparisons, we used an ANOVA test. Analysis
of bacterial cultures was made by nonparametric Mann–
Whitney U analysis. Comparisons of mortality were made by
analyzing Kaplan–Meier survival curves, and then, the log-
rank test was used to assess for differences in survival.
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