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Summary
Intracellular bacteria have been shown to cause autophagy, which impacts infectious outcomes, whereas extracellular bacteria have not
been reported to activate autophagy. Here, we demonstrate that Pseudomonas aeruginosa, a Gram-negative extracellular bacterium,

activates autophagy with considerably increased LC3 punctation in both an alveolar macrophage cell line (MH-S) and primary alveolar
macrophages. Using the LC3 Gly120 mutant, we successfully demonstrated a hallmark of autophagy, conjugation of LC3 to
phosphatidylethanolamine (PE). The accumulation of typical autophagosomes with double membranes was identified morphologically

by transmission electron microscopy (TEM). Furthermore, the increase of PE-conjugated LC3 was indeed induced by infection rather
than inhibition of lysosome degradation. P. aeruginosa induced autophagy through the classical beclin-1–Atg7–Atg5 pathway as
determined by specific siRNA analysis. Rapamycin and IFN-c (autophagy inducers) augmented bacterial clearance, whereas beclin-1

and Atg5 knockdown reduced intracellular bacteria. Thus, P. aeruginosa-induced autophagy represents a host protective mechanism,
providing new insight into the pathogenesis of this infection.
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Introduction
Pseudomonas aeruginosa accounts for 25% of the Gram-negative

bacteria isolated from hospital environments. P. aeruginosa

frequently infects immunodeficient individuals who are

afflicted with tuberculosis, cancer and particularly cystic fibrosis.

However, traditional antibiotic therapies are inadequate because

P. aeruginosa has become increasingly resistant to antibiotics

(Chastre and Fagon, 2002). P. aeruginosa was classified as an

extracellular pathogen with a spectrum of virulence factors against

host clearance (Sadikot et al., 2005). Alveolar macrophages are the

first line of host defense in the lung and also perform various other

functions, but their role in fighting off this pathogen remains to

be fully defined. Thus, elucidating the macrophage–pathogen

interaction will improve our knowledge of host defense against this

pathogen, ultimately leading to new therapeutic targets.

Autophagy is an intracellular process that delivers cytoplasmic

components to the autophagosome and lysosome for degradation,

a crucial homeostasis mechanism involved in many physiological

and pathological conditions (Cuervo, 2004; Klionsky, 2005).

During this process, cytosolic components, such as organelles

and long-lived proteins, are sequestered into a double-membrane

autophagosome (an autophagic vacuole). The classical

intracellular signaling mechanism of this process relies on two

ubiquitin-like conjugation systems involving autophagy-related

genes: Atg7–Atg12–Atg5 or Atg4–Atg7–Atg8 (Atg8 is also

known as LC3 in mammals) (Ohsumi and Mizushima, 2004).

However, both these systems depend on Atg6 (beclin-1 in

mammals), which is crucial in forming an early complex

containing class III phosphoinositide 3-kinase (PI3K; also

known as VPS34), and eventually forming the autophagosome.

Recently, cumulative publications indicate a essential role of

autophagy in immune response in many diseases including viral

and bacterial infection (Colombo, 2007; Ogawa et al., 2005;

Rioux et al., 2007; Shintani and Klionsky, 2004). Viruses and

bacteria are capable of escaping from phagosomes and entering

autophagosomes for survival and replication (Campoy and

Colombo, 2009; Dorn et al., 2002). Conversely, autophagy

potentially captures bacteria that have escaped from phagosomes

into the cytoplasm, thereby delivering the bacteria into

autophagosomes and autolysosomes where they are destroyed

(Campoy and Colombo, 2009). The outcome of autophagy is

pathogen specific, indicating that subtle and varied mechanisms

exist to counter intracellular bacteria (Ogawa et al., 2005). For

example, mycobacterium tuberculosis and group A streptococci

(GAS) infection also induce autophagy, in the end benefiting host

defense (Nakagawa et al., 2004). However, most studies of

bacterial autophagy only involve intracellular pathogens (Deretic,

2011). Up to now, whether autophagy is a part of P. aeruginosa

pathogenesis has been completely unknown. We have studied

autophagy in P. aeruginosa-infected MH-S cells, and for the first

time reveal the induction of autophagy by P. aeruginosa through

the beclin-1–Atg7–Atg5 canonical pathway. This observation
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could provide useful information for further understanding of the

role of autophagy in airway P. aeruginosa infection.

Results
P. aeruginosa infection induced LC3 punctation

To determine whether infection by P. aeruginosa can induce

autophagy, MH-S cells were transfected with RFP-LC3 plasmids.

After confirming successful transfection, the MH-S cells were

infected with a genome-sequenced strain of P. aeruginosa,

PAO1, in a dose- and time-dependent manner. We observed that

PAO1 infection with a bacteria:cell multiplicity of infection

(MOI) of 10:1 induced the most significant LC3 punctation

in MH-S cells (Fig. 1A,B). To exclude the possibility that

autophagy induction by PAO1 was caused by infection stress,

such as induction of cell death, the levels of cellular apoptosis

and necrosis were also examined. Punctation began after

Fig. 1. P. aeruginosa infection induced RFP-LC3 punctation

in a dose- and time-dependent manner. (A) MH-S cells were

transfected with RFP-LC3 and RFP-LC3 G120A plasmids for

24 hours. Then, the cells were infected with PAO1-GFP for

1 hour (MOI510:1). Before infection, the cells were also

treated with rapamycin (3 mM, 12 hours) and 3-MA (3 mM,

3 hours). (B) The puncta in each cell were counted and cells

with more than 10 punctae were considered as LC3-RFP puncta

cells. Values are from 100 cells/sample. (C) MH-S cells were

infected at different times and with different MOIs. The

percentage of LC3-RFP puncta cells was determined (one-way

ANOVA; Tukey’s post-hoc test, **P,0.01). Data are

representative of three experiments with similar results.
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infection, reached its peak at 1 hour (no appreciable cell death

was observed at this time point; supplementary material Fig. S1),

and thereafter gradually decreased, probably because of increased

cell death caused by infection (Fig. 1C, P,0.05). To confirm

LC3 punctation as a specific autophagic alteration, a mutant

of RFP-LC3, RFP-LC3 G120A, was used to account for

the possibility of non-specific induction of LC3 punctation

by PAO1 infection. Gly120 is evolutionarily conserved in

mammalian cells and is essential for LC3 cleavage by Atg4.

Thus, nascent LC3 G120A mutant cannot be processed into

LC3-I, which, in turn, means it cannot be conjugated to

phosphatidylethanolamine (PE) (Ohsumi and Mizushima,

2004). As expected, LC3 punctation was abolished by

introducing RFP-LC3 G120A into MH-S cells, which serves as

a gold standard for identifying autophagy (Levine et al., 2011).

Transfected MH-S cells were also treated with the autophagy

activator rapamycin and inhibitor 3-MA as positive and negative

controls, respectively (Fig. 1A). The confocal microscopy images

were then used to semi-quantitatively measure the percentage of

cells with significant LC3 punctation staining (100 cells/sample).

The threshold for positive expression was set to 10 visible

LC3 punctae. This analysis confirmed that PAO1 infection

specifically induced LC3 punctation in MH-S cells (P,0.05).

Although P. aeruginosa was considered as an extracellular

bacterium, it could be phagocytosed by macrophages. Thus,

it could induce autophagy through intracellular pathways.

However, many cells were found to show significant LC3

punctation without PAO1 internalization, indicating that

autophagy induction does not require intracellular bacteria

(supplementary material Fig. S2). Moreover, to determine

whether PAO1 could also induce autophagy in vivo, we

isolated primary alveolar macrophages from C57/BL6 mice.

Similarly, the primary alveolar macrophages showed a

substantial increase in LC3 punctation upon PAO1 infection,
whereas cells treated with 3-MA largely exhibited reduction in
LC3 punctation (Fig. 2). To further confirm these data, we

transfected primary alveolar macrophages with the RFP-LC3
plasmid and examined autophagy following infection with PAO1-
GFP. Indeed, punctate staining of LC-3 was induced following

infection (supplementary material Fig. S2). Furthermore,
inhibition with 3-MA reduced the autophagy in primary alveolar
macrophages (data not shown). Our results demonstrate that PAO1

infection induced autophagy in primary alveolar macrophages.

To determine whether autophagy is a general phenomenon in

P. aeruginosa infection, other cell types were also investigated.
We also noted that PAO1 infection induced LC3 punctation in
several cell types, such as normal mouse alveolar epithelial

MLE-12 cells, human alveolar epithelial adenocarcinoma A549
cells and murine macrophage RAW264.7 cells (supplementary
material Fig. S3). Interestingly, cancerous A549 cells appeared to

exhibit more autophagy than normal epithelial MLE-12 cells and
normal RAW264.7 macrophages, which could be due to the
intrinsic characteristics of these cells.

P. aeruginosa infection increased autophagosome
formation

Although we have shown above that PAO1 infection could
specifically induce LC3 punctation, there might still be a
possibility that the punctation flux was caused by transient

overexpression of RFP-LC3 proteins. To determine changes
in autophagosome formation, we detected newly formed
autophagosomes using transmission electron microscopy (TEM)

on PAO1-infected MH-S cells. According to the typical
autophagosomes with double membranes and cellular contents,
vacuole-containing autophagosomes were identified by TEM

(Fig. 3A–D). We found that autophagosomes were significantly
increased in PAO1-infected MH-S cells as compared with
untreated MH-S cells (Fig. 3E, P,0.05). Similarly, rapamycin,
as a positive control, also induced double membrane

autophagosomes (Fig. 3C). Finally, the induction of
autophagosomes by PAO1 infection was blocked by 3-MA
treatment (Fig. 3D). Thus, the morphological evidence obtained

by TEM confirms that autophagosome formation is consistent
with the accumulation of LC3 punctation.

P. aeruginosa infection promoted autophagic degradation

Normally, a specific increase of autophagsome formation

revealed by TEM is recognized as solid proof of autophagy
induction. However, this accumulation of autophagosomes might
be caused by the blockage of autophagosome degradation rather
than induction of autophagosome formation. Thus, we performed

a series of biochemical experiments to examine autophagy
activation at the molecular level (Levine et al., 2011).

Endogenous LC3 transformation into PE-conjugated LC3-II
was dramatically increased by PAO1 infection in a time-

dependent manner (Fig. 4A). This lipidation increase was also
detected in rapamycin-treated MH-S cells (without infection).
Moreover, the transformation was inhibited by 3-MA treatment.

To determine whether the accumulation of LC3-II resulted from
the blockage of degradation, we utilized a lysosome degradation
inhibitor, chloroquine. The inhibition of lysosome degradation

by chloroquine reduced the degradation of LC3-II, thus
enhancing LC3-II accumulation (Fig. 4B). We also studied this
transformation through expression of exogenous GFP-LC3.

Fig. 2. P. aeruginosa infection induced LC3 punctation in mouse primary

alveolar macrophages. Mouse primary alveolar macrophages were isolated

using bronchoalveolar lavage. The cells were infected with PAO1-GFP for

1 hour (MOI510:1). Before infection, the cells were treated with 3-MA

(3 mM, 3 hours). After infection, the cells were fixed and stained with anti-

LC3 antibody. The puncta in each cell were counted and cells with more than

10 punctae were considered as LC3 puncta cells. Representative cells from

each group are shown.
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Consistent with the induction of RFP-LC3 punctation by PAO1

infection, GFP-LC3 showed an increase in lipidation. More

importantly, because of the resistance of GFP to lysosome

hydrolysis, we also detected a time-dependent increase in the

GFP moiety in PAO1-infected MH-S cells, again indicating that

GFP-LC3 was efficiently degraded by lysosomes (Fig. 4C).

Next, we utilized a recently developed tool, the tandem RFP–

GFP–LC3 construct, to further confirm autophagy induction by

PAO1 infection (Fig. 4D,E, P,0.05) (Kimura et al., 2007). This

construct was designed to differentiate two major autophagic

vesicles, the autophagosome and the autolysosome. Similar to the

RFP–LC3 construct, the tandem RFP–GFP–LC3 construct can

Fig. 3. P. aeruginosa infection resulted in elevated autophagosome formation. MH-S cells were transfected with a RFP-LC3 plasmid for 24 hours. The cells

were infected with PAO1 for 1 hour (MOI510:1). Before infection, the cells were also treated with rapamycin (3 mM, 12 hours) and 3-MA (3 mM, 3 hours).

After infection, cells were processed and examined by TEM. (A) Untreated cells (–). (B) Cells infected with PAO1 (PA). (C) Cells treated with rapamycin.

(D) Cells treated with 3-MA and then infected with PAO1. Boxed areas in B and C were further enlarged. Single arrows indicate autolysosomes and double arrows

indicate autophagosomes. (E) The number of autophagic vesicles (AV) in each cells was determined with 20 cells in each sample, respectively (one-way ANOVA;

Tukey’s post-hoc test, *P,0.05). Data are representative of three experiments with similar results.

Fig. 4. P. aeruginosa infection upregulated autophagic degradation. (A) MH-S cells were infected with PAO1 at different times. Before infection, the cells

were also treated with rapamycin (3 mM, 12 hours) and 3-MA (3 mM, 3 hours). (B) Western blotting of LC3 was performed. MH-S cells were treated with

chloroquine (CQ; 40 mM, 6 hours) and then infected with PAO1 for 1 hour (MOI510:1). Western blotting of LC3 was performed. (C) MH-S cells were

transfected with GFP-LC3 plasmids for 24 hours, and then treated as in A. Western blotting of GFP was performed. GAPDH was used as a loading control in A–

C. (D) MH-S cells were transfected with tandem GFP-RFP-LC3 plasmids for 24 hours. Then the cells were infected with PAO1 for 1 hour (MOI510:1). Arrows

indicate LC3 punctae, which could only be detected in RFP channel. (E) Puncta numbers in each cell was determined. The data are representative of 100 cells for

each channel (one-way ANOVA; Tukey’s post-hoc test, *P,0.05). Data are representative of three experiments with similar results.
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form punctae that represent autophagosome formation. When an

autophagosome fuses with a lysosome, the GFP moiety degrades

from the tandem protein, but RFP–LC3 maintains the puncta,

which then tracks the autolysosomes. After transfection with the

tandem construct, we evaluated the successful introduction of the

plasmid showing both fluorescent proteins. Following PAO1

infection, we again demonstrated an increase of LC3 punctation

in both green and red channels. However, there were markedly

more red puncta in infected cells than in the control cells, which

reassuringly confirmed the induction of autolysosome formation.

Taken together, these findings firmly establish that the infection

by PAO1 can specifically induce autophagy in MH-S cells.

P. aeruginosa infection induced autophagy in MH-S cells

through the classical autophagy pathway

Having confirmed autophagy induction, we sought to

characterize the underlying pathways. We first examined

the involvement of several canonical autophagic proteins

(Fig. 5A,D). Consistent with this established model, we found

that beclin-1, an upstream regulator of autophagy, is involved in

initiating the autophagy. We demonstrated that PAO1 infection-

induced autophagy was largely blocked by beclin-1-specific

siRNA (Fig. 5A,B). To further dissect this pathway, we

examined a major downstream autophagy-related protein, Atg7.

As with beclin-1, Atg7-specific siRNA also resulted in a

substantial downregulation of autophagy induced by PAO1

infection (Fig. 5A,C). To determine the involvement of Atg5 in

this pathway, we used Atg5-specific siRNA as well, and showed

that Atg5 is also required for induction of autophagy with PAO1

(supplementary material Fig. S4). Thus, our data identified

that PAO1 infection induces the classical beclin-1–Atg7–Atg5

autophagy pathway in MH-S cells.

Autophagy regulates P. aeruginosa clearance in MH-S cells

P. aeruginosa has long been considered as an extracellular

pathogen, and most autophagy studies thus far have only

involved intracellular pathogens. To define the role of

autophagy, we infected MH-S cells with PAO1-GFP to monitor

internalization and bacterial clearance. After P. aeruginosa

infection and LC3 immunostaining, we utilized Z-stack

confocal images to count the invading bacteria inside the cells.

This approach showed bacterial internalization as well as

the extent of autophagy (Fig. 6A). To determine the role of

autophagy in regulating phagocytosis of P. aeruginosa and

clearance, MH-S cells were pre-treated with rapamycin, 3-MA,

negative siRNA or beclin-1 siRNA before infection. The

intracellular PAO1-GFP count decreased in rapamycin-treated

MH-S cells, indicating that induction of autophagy can increase

host defense against this pathogen. By contrast, the number of

intracellular bacteria was increased by blocking autophagy with

3-MA or beclin-1 siRNA in MH-S cells. In particular, 3-MA

treatment resulted in a marked increase in intracellular bacteria

(P,0.01; Fig. 6B). The data indicate that blocking autophagy

with 3-MA or beclin-1 siRNA reduced P. aeruginosa bacterial

clearance. An autophagy activator, rapamycin, however,

produced the opposite effect, improving bacterial clearance. To

further confirm these results, we examined the effects of another

biological autophagy inducer, IFN-c, which was hypothesized

to provide resistance to the pathogen. As expected, treatment

with IFN-c also resulted in better bacterial clearance following

infection in MH-S cells (supplementary material Fig. S5).

Furthermore, we examined the role of the exoenzyme-S- and

pili-deficient strains and found that whereas the pili-deficient

strain did not induce autophagy, the exoenzyme-S-deficient strain

induced autophagy (supplementary material Fig. S5). Our data

suggest that virulence factors in this bacterium have differential

roles in inducing autophagy. Collectively, our observations

indicate that autophagy might be a major benefit to host

defenses by augmenting bacterial clearance.

Discussion
This study has demonstrated that P. aeruginosa infection

specifically induces autophagy in alveolar macrophages.

Importantly, our observations showed that the autophagy was

Fig. 5. P. aeruginosa infection induced

autophagy through a classical pathway.

(A) MH-S cells were transfected with LC3-

RFP plasmids for 24 hours and then infected

with PAO1 for 1 hour. Before infection, the

cells were also treated with negative control

siRNA, beclin-1 siRNA and Atg7 siRNA.

Confocal images show LC3 puncta induction.

(B) Western blotting of beclin-1. (C) Western

blotting of Atg7. GAPDH was probed as a

loading control in B and C. (D) Puncta

numbers in each cell was determined and cells

with more than 10 punctae were considered as

LC3-RFP puncta cells. The data are

representative of 100 cells (one-way ANOVA;

Tukey’s post-hoc test, *P,0.05). Data are

representative of three experiments with

similar results.
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induced through the classical beclin-1–Atg7–Atg5 autophagy

pathway. Previous studies have shown that several different

bacteria could induce autophagy, although the pathways involved

and the impact on infection outcomes vary with intracellular

bacteria. P. aeruginosa is traditionally considered as an

extracellular pathogen, and many virulence factors, such as

biofilm and type III secretion systems, might contribute to the

extracellular pathogenic features of the bacterium (Cornelis,

2000; Høiby et al., 2011). To our knowledge, prior to the current

study it was not known whether P. aeruginosa infection can

induce autophagy. This study is the first to demonstrate the

induction of autophagy by an extracellular bacterium as well as

its physiological significance in relation to improved bacterial

clearance.

Nascent LC3 is processed at its C-terminus by Atg4 and

becomes LC3-I. Most of the endogenous LC3 proteins maintain

the status of LC3-I and distribute homogenously in the

cytoplasm. However, under starvation or infection, LC3 can

conjugate with PE to form LC3-II (LC3-PE) by ubiquitinylation-

like reactions (Ichimura et al., 2004). In contrast to the

cytoplasmic localization of LC3-I, LC3-II associates with both

the outer and inner membranes of the autophagosome, thereby

being a typical marker of autophagy formation. We identified

LC3 punctation in PAO1-infected MH-S cells. To account for

transient LC3 overexpression, a dominant-negative mutant of

LC3 (LC3 G120A) (Gao et al., 2010; Ichimura et al., 2004) was

used and confirmed the increased autophagosome formation

in PAO1-infected MH-S cells. The elevated autophagosome

formation was also shown to be a result of autophagy induction

rather than of blocked lysosome degradation. Moreover, blocking

the crucial upstream autophagy regulator beclin-1 led to blockade

of autophagy. Rapamycin, a widely used inducer for autophagy

induction, caused similar autophagy. However, 3-MA, a typical

autophagy inhibitor, reduced autophagy following P. aeruginosa

infection.

The classical intracellular signaling mechanism of autophagy

relies on two ubiquitin-like conjugation systems (Deretic and

Levine, 2009; Levine and Deretic, 2007). Atg12 is activated by

Atg7 (a ubiquitin-E1 enzyme) in an ATP-dependent manner.

Atg12 is transferred to Atg10 (an E2 enzyme) and is next

delivered to Atg5 (Mizushima et al., 1998) to form a multimeric

complex with Atg16 (Suzuki et al., 2001). Another system,

involving Atg8 (LC3), is first cleaved by Atg4 to expose its C-

terminal Gly residue. Similar to the first system, processed Atg8

is activated by Atg7 and then transferred to Atg3 (a ubiquitin-2-

like protein). Interestingly, Atg8 forms a final conjugate not with

a protein, but with PE, an abundant membrane phospholipid

(Ichimura et al., 2000). To evaluate a key downstream

autophagy-related protein Atg7, siRNA was used, which

abolished autophagy induction by P. aeruginosa. Similarly,

Atg5 siRNA transfection abolished autophagy induced by PAO1

infection. Taken together, our studies indicate that P. aeruginosa

infection specifically induces autophagy and that this induction

depends on the classical autophagy pathway.

Recently, the role of autophagy in intracellular bacterial

infections has garnered increasing interest (Deretic, 2010), and it

has been shown to play crucial roles in host defense, especially in

immunological cells. Moreover, autophagy has a direct impact on

immunity and inflammatory response within the whole organism.

For example, autophagy might participate in the elimination of

invasive bacteria through autolysosome degradation (Deretic and

Levine, 2009). Autophagy can also serve as an effector and

regulator during immune response against pathogen invasion,

for instance by functioning as downstream factors of pattern

recognition receptors (PPRs, such as TLRs) (Saitoh et al., 2008)

and pathogen-associated molecular patterns (PAMPs) (Delgado

Fig. 6. Autophagy enhanced P. aeruginosa

clearance. (A) MH-S cells were transfected

with LC3-RFP plasmid for 24 hours and then

infected with PAO1-GFP for 1 hour

(MOI510:1). Before infection, the cells were

also treated with rapamycin (3 mM, 12 hours),

3-MA (3 mM, 3 hours), negative siRNA or

beclin-1 siRNA. The confocal Z-stack images

are displayed as orthogonal views to confirm

the internalization of bacteria. (B) The number

of internalized bacteria per cell. The data are

representative of 100 cells (one-way ANOVA;

Tukey’s post-hoc test, *P,0.05, **P,0.01).

Data are representative of three experiments

with similar results.
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et al., 2008). We also noted that P. aeruginosa-induced autophagy
probably needs the participation of TLR-4 (supplementary

material Fig. S5). Blockade of TLR-4 abrogated the autophagy
(supplementary material Fig. S5), whereas the ligand of TLR-4
(LPS) enhanced autophagy (data not shown). However,
LPS-induced autophagy was not as strong as that induced by P.

aeruginosa. Further assessment of TLRs in autophagy is currently
underway. Because alveolar macrophages play a vital role in
innate and adaptive immunity against bacterial infection,

autophagy in macrophage cells could impact the fate of P.

aeruginosa infection. To study whether this autophagy only occurs
in macrophages, we investigated P. aeruginosa infection in

alveolar epithelial A549 and MLE-12 cells. Similar autophagy
induction was observed, despite the inductions being much greater
in A549 cells (supplementary material Fig. S3). Furthermore, we
demonstrated that P. aeruginosa infection also induced autophagy

in primary human alveolar macrophages, suggesting that
autophagy helps in immune defense in the alveolar space.

Autophagy can function as an effector of Th1 and Th2

cytokines in very different ways. Th1 cytokines, such as IFN-c,
induce autophagy to eliminate intracellular pathogens, whereas
Th2 cytokines, such as IL-4 and IL-13, inhibit autophagy (Levine

and Deretic, 2007). Because IFN-c is implicated in immunity
against P. aeruginosa infection (Hazlett et al., 2002; Yamaguchi
et al., 2000), we tested the effect of IFN-c on autophagy and
found increased autophagy by pre-treating cells with IFN-c,

leading to reduced bacterial survival. Even after blocking
the function of autocrine IFN-c in macrophages, the induction
of autophagy was still observed. Previous studies have shown

that polymyxin B might be effective in killing P. aeruginosa

(Giamarellou and Poulakou, 2009), and we found that polymyxin
B induced autophagy in MH-S cells (supplementary material Fig.

S5). These results indicate that autophagy could be a crucial
mechanism against P. aeruginosa infection. To further determine
virulence factors in inducting autophagy, we used the exoenzyme-

S- and pili-deficient strains and found that whereas the
pili-deficient strain failed to induce autophagy, the exoenzyme-
S-deficient strain did induce autophagy (supplementary material
Fig. S5). Exoenzyme S shows anti-phagocytic activity by

inhibiting the small GTPases by ADP ribosylation and GTPase
activity, thereby preventing activation of key regulators of the
actin cytoskeleton (Maresso et al., 2004). Pili are bacterial

structures associated with the inhibition of the initial immune
defense of the host (Zolfaghar et al., 2003). Our observations
indicate that particular virulence factors might involve autophagy

induction. Finally, this bacterially induced autophagy might
depend on the expression of p62 (also known as SQSTM1;
supplementary material Fig. S5), consistent with previous

studies showing that p62 can deliver cytosolic components to
autolysosome in mycobacterial infection (Ponpuak et al., 2010).
These data suggest that autophagy could also contribute to
extracellular bacterial clearance by facilitating the delivery of

bacterial components to lysosomes.

Having successfully demonstrated that P. aeruginosa infection
caused autophagy in MH-S cells and primary alveolar

macrophages, we addressed another important question: what
specific role does autophagy play in the immune response?
Again, we demonstrated that autophagy plays a regulatory role

in bacterial clearance. Autophagy has been found to function
during the bacterial clearance process rather than the early
internalization process (Levine and Deretic, 2007). However,

autophagy could play completely opposite roles with different
pathogens or different cell types (Ogawa et al., 2005). Previous

work has focused on autophagy for intracellular bacterial
pathogenesis (Gutierrez et al., 2004; Nakagawa et al., 2004;
Ogawa et al., 2005), with the exception of a recent report

indicating that extracellular bacteria such as H. pylori might be
involved in autophagy in dendritic cells (Wang et al., 2010).
Our studies herein represent the first compelling evidence
for autophagy induction by an extracellular bacterium. This

suggests that autophagy, as an ancient defense mechanism, plays
a role against extracellular or quasi-extracellular pathogens.
Thus, P. aeruginosa could serve as a model pathogen for

investigating the impact of autophagy on crucial cellular events
such as bacterial entry and clearance.

Materials and Methods
Cells

MH-S, RAW264.7, A549 and MLE-12 cells were obtained from ATCC and
maintained following the supplier’s instructions (Kannan et al., 2008; Kannan
et al., 2009; Wu et al., 2011; Wu et al., 2001b). Isolation of alveolar macrophages
and functional assessment was described previously (Wu et al., 2001a).

Bacteria strains

P. aeruginosa strain PAO1 wild-type (WT) was a gift from Stephen Lory (Harvard
Medical School, Boston, MA). PAO1-GFP and PAK pili-deficient strains were
obtained from Gerald Pier (Channing Laboratory, Harvard Medical School,
Boston, MA) (Kannan et al., 2009). PAO1 exoenzyme S and T (two key
exoenzymes associated with invasion by targeting ADP ribosylation and actin
polymerization) deletion mutant (DExoS and DExoT) strains were obtained from
Joseph Barbieri (Medical College of Wisconsin, Milwaukee, WI).

Infection experiments

Bacteria were grown overnight in Luria–Bertani (LB) broth at 37 C̊ with vigorous
shaking. The next day, the bacteria were pelleted by centrifugation at 8000 g and
resuspended in 10 ml of fresh LB broth, in which they were allowed to grow until
the mid-logarithmic phase (Kannan et al., 2009). Thereafter, the optical density
(OD) at 600 nm was measured, and the density was adjusted to ,0.25 OD (0.1
OD516108 cells/ml). Cells were washed once with PBS after overnight culture in
serum-containing medium and changed to serum-free and antibiotic-free medium
immediately before infection (Kannan et al., 2006a). Bacterial clearance was
determined using the colony forming units (CFU) assay after treating the infected
macrophages with 100 mg/ml polymyxin B (Kannan et al., 2006a).

Cell transfection

MH-S cells were transfected with RFP-LC3, GFP-LC3, RFP-LC3 G120A and
RFP-GFP-LC3 plasmids using Lipofectamine 2000 reagent (Invitrogen) in serum-
free RPMI 1640 medium (Thermofisher Scientific) following the manufacturer’s
instructions (Wu et al., 2009). the RFP-LC3 G120A construct was made by
replacing Gly120 of RFP-LC3 with alanine and was kindly provided by Xiao-min
Yin (Indiana University) (Gao et al., 2010). The tandem RFP-GFP-LC3 plasmid
was created and kindly provided by Tamotsu Yoshimori of Osaka University,
Japan (Kimura et al., 2007).

Cell death assay

Cell death (apoptosis and necrosis) was evaluated using the Vybrant assay
(Invitrogen) following the manufacturer’s instructions. Apoptosis and necrosis
were calculated according to the intensity of YO-PRO1 (green; apoptosis) and
propidium iodide (red; necrosis) staining, respectively.

Western blotting

Rabbit polyclonal Abs against MAP LC3b and goat polyclonal antibodies
against beclin-1 were obtained from Santa Cruz Biotechnology. Rabbit
monoclonal antibody against GAPDH was obtained from Cell Signaling
Technology. The samples from cells were lysed and quantified. The lysates
were boiled for 5 minutes, and protease inhibitor cocktail added. The
supernatants were collected and 30 mg of each sample were loaded onto 10%
SDS-polyacrylamide mini-gels and electrophoresed for protein resolution (Wu
et al., 1995). The proteins were then transferred to polyvinylidine difluoride
membranes (Pierce Biotechnology) and blocked for 2 hours at room temperature
using 5% non-fat milk blocking buffer. Membranes were incubated overnight at
4 C̊ with appropriate first antibodies diluted at 1:1000 in 5% bovine serum
albumin (BSA) western antibody buffer. After washing three times with washing
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solution, the membranes were incubated for 45 minutes at room-temperature
with horseradish peroxidase-conjugated secondary antibody (Rockland
Immunochemicals, Gilbertsville, PA) diluted 1:2000 (Wu et al., 2002). Signals
were visualized using an enhanced chemiluminescence detection kit
(SuperSignal West Pico; Pierce).

Confocal microscopy and indirect immunofluorescence staining

Cells were grown either on coverslips in a 24-well plate or in glass-bottomed
dishes (MatTek, Ashland, MA). For immunostaining, the cells were fixed in 3.7%
paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS and blocked
with blocking buffer for 30 minutes (Kannan et al., 2008). Cells were incubated
with primary antibodies at 1/500 dilution in blocking buffer for 1 hour and washed
three times with wash buffer. After incubation with appropriate fluorophore-
conjugated secondary antibodies, the coverslips were mounted on slides with
Vectashield mounting medium. The images were captured using an LSM 510 Meta
confocal microscope (Carl Zeiss MicroImaging), and processed using the software
provided by the manufacturer (Kannan et al., 2006b).

Transmission electron microscopy (TEM)

TEM was employed for identifying autophagosomes using modified Karnovsky’s
fixative (Karnovsky, 1965). Images were taken and analyzed according to our
previous published methods (Teiken et al., 2008; Wu et al., 2003; Wu et al., 2005).

Statistical analysis

All experiments were performed in triplicate and repeated at least three times. Data
are presented as percentage changes compared with the controls ± s.d. from the
three independent experiments. Group means were compared by one-way ANOVA
(post-hoc), using SPSS software, and differences were accepted as significant at
P,0.05 (Wu et al., 2009).
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Fig. S1. Analysis of cell death with MH-S and primary AM following PA infection. The cells
were infected with PAO1 at the indicated times and cell death (apoptosis and necrosis) was
measured using Vybrant assay (Invitrogen). Apoptosis and necrosis were calculated
according to the intensity of YO-PRO1 (green, apoptosis) and propidium iodide (red,
necrosis) (*p<0.05).
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Supplemental Fig. S2

Fig. S2. PA induced autophagy in primary mouse AM cells. The cells were transiently
transfected with RFP-LC3 plasmid and infected with PAO1-GFP (arrows showing the
puncta that are colocalized with PAO1). Non-infection and vector only control did not
show puncta staining (not shown). To account for the experimental errors, cells were
also pre-treated with either rapamycin (3 mM, 12 h, positive control for induction of
autophagy) or 3-MA (3 mM, 3 h, for blockade of autophagy) before infection (data not
shown).
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Supplemental Fig. S3

Fig. S3. PA infection induces autophagy in MLE-12, A549, and RAW264.7 cells. The
cells were transfected with RFP-LC3 plasmid for 24 h and then infected with PAO1-
GFP for 1 h (MOI=10:1). To account for the experimental errors, cells were also pre-
treated with either rapamycin (3 mM, 12 h, positive control for induction of autophagy)
or 3-MA (3 mM, 3 h, for blockade of autophagy) before infection (data not shown).
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Fig. S4. PA induced-autophagy is dependent on Atg5. After
transfection with a LC-3-RFP plasmid, the cells were also
treated with negative control siRNA or Atg5 siRNA. Confocal
images were presented to show LC3 puncta induction. Western
blotting of Atg5 was performed to show the successful
reduction in Atg5. GAPDH was probed as a loading control.
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Fig. S5. PA induced-autophagy is dependent on its virulence and host factors (IFN-γ and TLR-4). MH-
S cells were pretreated with IFN-γ for 12 h and infected with GFP-PAO1. We also evaluated a variety
of host (TLR-4 and p62) and pathogen factors (exoenzyme S [ExoS PAO1] and pili [Pili PAO1]
deficient strain) for their role in autophagy. Bacterial clearance was evaluated using CFU assay.
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