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Pseudomonas toxin pyocyanin triggers autophagy: Implications for pathoadaptive
mutations
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ABSTRACT
Pseudomonas aeruginosa can establish life-long chronic infection in patients with cystic fibrosis by
generating genetic loss-of-function mutations, which enhance fitness of the bacterium in the airways.
However, the precise role of the pathoadaptive mutations in persistence in chronic airways infection
remains largely unknown. Here we demonstrate that pyocyanin, a well-described P. aeruginosa virulence
factor that plays an important role in the initial infection, promotes autophagy in bronchial epithelial cells.
Disruption of phzM, which is required for pyocyanin biosynthesis, leads to a significant reduction in
autophagy in Beas-2B cells and lung tissues. Pyocyanin-induced autophagy is mediated by the EIF2AK4/
GCN2-EIF2S1/eIF2a-ATF4 pathway. Interestingly, rats infected with the phzMD mutant strain have high
mortality rate and numbers of colony-forming units, compared to those infected with wild-type (WT) P.
aeruginosa PA14 strain, during chronic P. aeruginosa infection. In addition, the phzMD mutant strain
induces more extensive alveolar wall thickening than the WT strain in the pulmonary airways of rats. As
autophagy plays an essential role in suppressing bacterial burden, our findings provide a detailed
understanding of why reduction of pyocyanin production in P. aeruginosa in chronic airways infections
has been associated with better host adaptation and worse outcomes in cystic fibrosis.
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Introduction

Pseudomonas aeruginosa is a common opportunistic pathogen
found throughout the environment. P. aeruginosa causes infec-
tion in patients with chronic obstructive pulmonary disease
and cystic fibrosis (CF).1 In CF disease, P. aeruginosa is the
most important pathogen associated with mortality. P. aerugi-
nosa initiates infection by secreting a large arsenal of virulence
factors, such as proteases, lipases, phospholipases, and pyocya-
nin (PYO).2 After acute infection, P. aeruginosa can establish
life-long chronic infection and persistent colonization in the
airways of patients by evading immune system detection.3,4

P. aeruginosa adapts by loss-of-function mutations, i.e., the
genetic properties of late P. aeruginosa isolates differ greatly
from the properties of the initially acquired strains during the
course of chronic infections.3,5,6 Mutations in many virulence
genes required for the initiation of acute infection have been
detected at the late stage of chronic infection, indicating that
reduced virulence of the late strains probably leads to more per-
sistent phenotypes.5,7,8 However, the precise role of the pathoa-
daptive mutations in the persistence in chronic airways
infection remains largely unknown.

Autophagy is an evolutionarily conserved catabolic process
that involves the nonspecific bulk degradation of cytoplasmic

components.9 From an evolutionary perspective, autophagy
plays a prominent role in resistance to bacterial, viral and pro-
tozoan infections in metazoan organisms by capturing and
degrading the invading microbes.10-12 Although P. aeruginosa
is traditionally considered as an extracellular bacterium,13 the
bacterium can enter and reside within bronchial epithelial cells
and mast cells.14,15 Recent studies have demonstrated that
P. aeruginosa induces autophagy in macrophages, mast cells,
and bronchial epithelial cells.15-17 Moreover, autophagy con-
tributes to the clearance of intracellular P. aeruginosa in bron-
chial epithelial and mast cells as well as from the lungs of
infected mice in vivo.15,16 P. aeruginosa-induced autophagy in
alveolar macrophages is mediated by the classical BECN1/
Beclin-1-ATG5-ATG7 autophagy pathway.16 Recently, Jabir
et al.17 has revealed that P. aeruginosa infection induces
autophagy via the TLR4 (toll-like receptor 4) and its adaptor
TICAM1/TRIF (toll-like receptor adaptor molecule 1) in bone-
marrow-derived macrophages.

In this report, we identified that PYO, a major component
secreted by P. aeruginosa PA14,2,18 induced autophagy in air-
way epithelial cells. Furthermore, signaling through the
EIF2AK4/GCN2 (eukaryotic translation initiation factor 2 a

kinase 4)-EIF2S1/eIF2a (eukaryotic translation initiation factor
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2 subunit a)-ATF4 (activating transcription factor 4) pathway
was required for PYO-mediated autophagy during P. aerugi-
nosa PA14 infection. When comparing the wild-type and pyo-
cyanin-deficient strains of P. aeruginosa, we found that lack of
pyocyanin caused a higher mortality rate and induced more
extensive alveolar wall thickening in the pulmonary airways of
rats.

Results

PYO secreted by P. aeruginosa promotes autophagy
in bronchial epithelial cells

Recent studies have revealed that P. aeruginosa infection indu-
ces autophagy in bronchial and alveolar epithelial cell lines.15,16

Upon the induction of autophagy, MAP1LC3B/LC3B (microtu-
bule associated protein 1 light chain 3 b) is cleaved at the car-
boxyl terminus and conjugated to phosphatidylethanolamine.19

This conjugated form of LC3B (LC3B-II) becomes associated
with phagophore (the precursor to the autophagosome) mem-
branes. The conversion of cytosolic LC3B (LC3B-I) to phago-
phore-associated LC3B-II is a marker for autophagy. To
examine autophagosome formation after P. aeruginosa PA14
infection, Beas-2B human lung bronchial epithelial cells stably
expressing GFP-LC3B were used. We observed that the

numbers of GFP-LC3B puncta were markedly increased in
Beas-2B cells at 8 h after P. aeruginosa PA14 infection
(Fig. 1A), indicating that LC3B is activated and localized to
autophagosomes. Next, we investigated whether component(s)
secreted by P. aeruginosa PA14 could induce autophagy in
Beas-2B cells. After P. aeruginosa PA14 cultures were grown to
early log phase, the supernatant fractions were collected and
extracted with chloroform. The crude extract was isolated by
silica gel G column chromatography and Sephadex LH-20 col-
umn chromatography. An active candidate that significantly
induced autophagy in Beas-2B cells was isolated by activity-
guided isolation. Mass spectrometry and nuclear magnetic res-
onance analysis identified it as PYO (Fig. 1B and C).

PYO is an important virulence factor in P. aeruginosa.2,18

Two previous studies demonstrate that the concentrations of
PYO in the sputum from patients infected with P. aeruginosa
are up to 130 and 80 mM, respectively.20,21 As PYO induces
apoptosis in human peripheral blood neutrophils,22 we first
determined the effect of PYO on cytotoxicity in Beas-2B cells
using the 3-(4,5 -dimethylthiazol-2-yl)-5- (3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H- tetrazolium inner salt (MTS)
assay. We found that only 0.8 mM of PYO significantly inhib-
ited cell proliferation (Fig. S1). Next, we tested the effect of
PYO (0.01 to 0.5 mM) on autophagy in Beas-2B cells. We
found that the numbers of GFP-LC3B puncta were markedly

Figure 1. Pyocyanin produced by P. aeruginosa induces formation of autophagosomes. (A) Beas-2B cells stably expressing GFP-LC3B were infected with wild-type (WT) P.
aeruginosa PA14, or the phzMD mutant, or treated with pyocyanin (PYO, 0.1 or 0.5 mM) for 8 h. The puncta in each cell were counted (right panel). Values are from 100
cells/sample. Data are expressed as mean § SD of 3 independent experiments. a, P < 0.01 vs. vehicle; b, P < 0.05 vs. WT; c, P < 0.05 vs. phzMD. (B and C) A candidate
compound was obtained by activity-guided isolation, and further identified as pyocyanin by mass spectra (B), and 13C-NMR (C).
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increased in Beas-2B cells at 8 h after treatment of PYO at the
concentrations of 0.05, 0.1, and 0.5 mM (Fig. 1A and Fig. S2A).
Meanwhile, we monitored the levels of the endogenous lipi-
dated LC3B-II form by western blotting. As expected, we
observed a dramatic increase in the protein levels of LC3B-II in
Beas-2B cells infected with treatment of PYO or P. aeruginosa
PA14 (Fig. 2A and Fig. S2B). Preincubation with bafilomycin
A1, a lysosomal proton pump inhibitor,23 increased the accu-
mulation of LC3B-II. In addition, we determined the protein
levels of SQSTM1/p62. SQSTM1 is incorporated into phago-
phores and thus becomes sequestered within the completed
autophagosomes and degraded in autolysosomes; thus,
decreased SQSTM1 levels are positively correlated with auto-
phagy activation.23 We found that treatment of PYO or P.
aeruginosa PA14 infection led to a decrease in SQSTM1 protein
levels (Fig. 2B and Fig. S2D).

In P. aeruginosa PA14, PYO is synthesized from its precur-
sor, phenazine-1-carboxylic acid, a process that is mediated by
phenazine-specific methytransferase, PhzM.18 To further con-
firm the effect of PYO on autophagy, we deleted phzM in
P. aeruginosa PA14 (Fig. S3). The disruption of phzM led to an
approximately 23-fold decrease in the production of PYO
(Fig. S4). Both the numbers of GFP-LC3B puncta and the pro-
tein levels of LC3B-II were significantly decreased in cells
infected with the phzMD mutant, compared with those infected
with the wild-type (WT) PA14 strain (Fig. 1A and Fig. 2A). In
contrast, the protein levels of SQSTM1 in cells infected the
phzMD mutant were higher than those infected with WT PA14
strain (Fig. 2B). However, application of PYO (0.1 mM)
markedly increased the numbers of GFP-LC3B puncta and the
protein levels of LC3B-II, and reduced the protein levels of

SQSTM1 in cells infected with the phzMD mutant (Fig. 1A,
and Fig. 2A and B).

It has been reported that the autophagy gene atg5 is essential
for P. aeruginosa-induced autophagy.15,16 In order to examine
the role of PYO in P. aeruginosa-induced autophagy, endoge-
nous ATG5 expression was significantly ablated by siRNA in
Beas-2B cells (Fig. S5A). As expected, knockdown of ATG5
markedly reduced the numbers of GFP-LC3B puncta in Beas-
2B cells after P. aeruginosa PA14 infection or PYO treatment
(0.1 mM) (Fig. S6). Taken together, these results suggest that
PYO is a major component that induces autophagy in bron-
chial epithelial cells during P. aeruginosa PA14 infection.

PYO induces autophagy in lung tissue of rats

To investigate whether PYO induces autophagy in vivo, we first
examined the lung tissues of rats, using transmission electron
microscopy. Autophagosomes are double-membrane-bound
vesicles characteristic of autophagy (Fig. 3A). The number of
autophagosomes in the lungs of rats inoculated intratracheally
with PYO was markedly higher than that inoculated intratra-
cheally with vehicle (saline) (Fig. 3B). Meanwhile, deletion of
phzM led to a significant decrease in the number of autophago-
somes in the lungs of rats after P. aeruginosa PA14 infection.
Likewise, rats inoculated intratracheally with PYO exhibited
higher protein levels of LC3B-II (Fig. 3C), but had lower
SQSTM1 protein levels (Fig. 3D), than those inoculated with
vehicle. Furthermore, LC3B-II protein levels (Fig. 3E) were
much lower, and SQSTM1 protein levels were higher (Fig. 3F)
in the lung tissues from rats inoculated with the phzMDmutant

Figure 2. Pyocyanin is involved in autophagy in Beas-2B cells after P. aeruginosa infection. (A) After Beas-2B cells were infected with wild-type (WT) P. aeruginosa PA14, or
the phzMDmutant in the presence or absence of pyocyanin (PYO, 0.1 mM), or treated with pyocyanin (PYO, 0.1 and 0.5 mM) for 8 h, the protein levels of LC3B were deter-
mined by western blotting. The blot is representative of 3 experiments. The right panel shows quantification of the ratio of LC3B-II to ACTB. Data are expressed as mean§
SD of 3 independent experiments. Baf A1, bafilomycin A1 (100 nM).

a, P< 0.05 vs. vehicle (V); b, P< 0.05 vs. WT; c, P< 0.05 vs. phzMD. (B) Immunoblot analysis of SQSTM1
in Beas-2B cells. The right panel shows quantification of the ratio of SQSTM1 to ACTB. a, P< 0.05 vs. vehicle (V); b, P < 0.05 vs. WT; c, P < 0.05 vs. phzMD.
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than those from rats inoculated with the WT strain. Thus, PYO
elicits autophagy in rat lung tissue.

PYO activates the EIF2AK4-EIF2S1-ATF4 pathway

It is well established that PYO has a profound impact on airway
epithelial cells. PYO causes ciliary dyskinesia, induces and
releases many proinflammatory cytokines, decreases glutathi-
one contents, and inhibits catalase activity.18 However, PYO-
mediated signaling pathways in airway epithelial cells remain
largely unknown. It has been reported that PYO elicits activa-
tion of the proinflammatory transcription factor NFKB1/NF-
kB (nuclear factor of kappa light polypeptide gene enhancer in
B-cells 1) in a CF airway epithelial cell line, CF15.24 To clarify
whether P. aeruginosa PA14 induces autophagy through
NFKB1 signaling, we tested 2 specific inhibitors of NFKB,
dimethylfumarate (10 mM)25 and parthenolide (0.5 mM).26

However, we found that both the inhibitors failed to suppress
autophagy in Beas-2B cells exposed to PYO (Fig. S7). Further-
more, PYO can activate MAP2K/MEK-MAPK1/ERK2-
MAPK3/ERK1 signaling (known as the mitogen-activated pro-
tein kinase pathway), via oxidative stress.27 We thus tested 2
specific MAP2K inhibitors U0126 (10 mM) and PD98059

(10 mM), and found that neither of the inhibitors affected
PYO-induced autophagy (Fig. S7). These results suggest that
the activation of either NFKB or MAPK is unlikely to be
involved in the induction of autophagy by PYO.

It has been shown that PYO can oxidize NAD(P)H to pro-
duce reactive oxygen species, a process that consumes oxygen.18

As the CF airways are relatively hypoxic,28 we thus tested the
effect of PYO on autophagy at low oxygen concentrations of
12% and 15%. We found that PYO (0.1 mM) could induce
autophagy in alveolar epithelial cells at the oxygen concentra-
tions of 12% and 15%, similar to that observed in normoxia
(21% of oxygen) (Fig. S8). It has been shown that mutations in
phzM result in accumulation of 1-hydroxyphenazine,29 which
affects respiratory epithelia through generation of reactive oxy-
gen. However, we found that 1-hydroxyphenazine (0.05 and
0.1 mM) did not induce autophagy (Fig. S2). Thus, oxidative
stress is not the primary mediator of PYO-induced autophagy.

Recent studies have demonstrated that Shigella infection or
IFNG/INFg (interferon, gamma) treatment activates EIF2AK4,
a kinase of EIF2S1, resulting in the activation of autophagy in
HeLa cells and human kidney epithelial cells, respectively.30,31

These observations prompted us to investigate whether P.
aeruginosa PA14 has an impact on autophagy mediated by the

Figure 3. Pyocyanin induces autophagy in lung tissues. (A) After rats were inoculated intratracheally with wild-type (WT) P. aeruginosa or pyocyanin (50 mg), the lung tis-
sues were collected and fixed, and processed for transmission electron microscopy study. Representative images of the lung tissues from rats treated with WT P.
aeruginosa (left) and pyocyanin (PYO) (right) are shown. (B) The numbers of autophagosomes were counted. Data are expressed as mean § SD of 3 independent experi-
ments. a, P < 0.05 vs. vehicle; b, P < 0.05 vs. WT. (C and D) After rats were inoculated intratracheally with pyocyanin, the protein levels of LC3B (C) and SQSTM1 (D) were
determined in lung tissues by western blotting. The blot is representative of 3 experiments. The lower panels show quantification of the ratio of LC3B-II or SQSTM1 to
ACTB. �, P < 0.05 vs. vehicle. (E and F) After rats were inoculated intratracheally with P. aeruginosa, the protein levels of LC3B (E) and SQSTM1 (F) were determined in
lung tissues. The blot is representative of 3 experiments. The lower panels show quantification of the ratio of LC3B-II or SQSTM1 to ACTB. �, P< 0.05 vs. WT. Bars, 0.5 mm.
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EIF2AK4-EIF2S1 pathway. First, we detected phosphorylation
of EIF2AK4 at residue Thr898, indicative of its activation.32 We
found that application of PYO led to an increase in phosphory-
lation of EIF2AK4 in Beas-2B cells (Fig. 4A). This was
accompanied by an increase in phosphorylation levels of its
substrate, EIF2S1 (Fig. 4B). Consistent with these results, the
phosphorylation levels of EIF2AK4 and EIF2S1 in Beas-2B cells
infected with the phzMD mutant were significantly lower than
those infected with the WT PA14 strain (Fig. 4A and B).

In general, induction of the EIF2AK4-EIF2S1 axis elicits the
reduction of general protein synthesis and induces translation
of specific mRNAs, such as ATF4.33 We found that exogenous
application of PYO augmented the protein levels of ATF4 in
Beas-2B cells (Fig. 4C). The protein levels of ATF4 in Beas-2B
cells exposed to the phzMD mutant were significantly lower
than those exposed to the WT PA14 strain. However, addition
of PYO restored the protein levels of ATF4 in cells exposed to
the phzMD mutant (Fig. 4C). As a stress-dependent transcrip-
tion factor, ATF4 together with its target, DDIT3/CHOP
(DNA damage inducible transcript 3), is required for the tran-
scriptional induction of a set of autophagy genes.34 We found
that the expression of DDIT3 was significantly upregulated in
Beas-2B cells treated with PYO (Fig. S9A and B). Likewise, the
expression of DDIT3 in Beas-2B cells exposed to the phzMD
mutant was significantly lower than those exposed to the WT

PA14 strain. Finally, we determined the mRNA of 3 autophagy
genes (ATG16L1, ATG7, and ATG10), which are targets of
ATF4 and/or DDIT3.34 As show in Figure S9C, exogenous
application of PYO markedly upregulated the mRNA levels of
ATG16L1, ATG7, and ATG10 in Beas-2B cells. As expected, the
expression of these autophagy genes in cells exposed to the
phzMD mutant was significantly lower than those exposed to
the WT PA14 strain.

In order to examine whether EIF2AK4 functions upstream
of EIF2S1 and ATF4, endogenous EIF2AK4 expression was sig-
nificantly ablated by siRNA in Beas-2B cells (Fig. S5B). Knock-
down of EIF2AK4 markedly blocked the phosphorylation levels
of EIF2S1 and protein levels of ATF4 in Beas-2B cells infected
with WT PA14 or treated by PYO (Fig. 4D and E), indicating
that EIF2S1 phosphorylation and ATF4 protein expression are
EIF2AK4-dependent.

Next, we tested whether PYO activated the EIF2AK4-ATF4
signaling in vivo. We found that rats inoculated intratracheally
with PYO exhibited increased phosphorylation levels of
EIF2AK4 and EIF2S1 as well as protein levels of ATF4 in the
lung tissues, compared with those inoculated with vehicle
(Fig. 5A and B). Furthermore, the phosphorylation levels of
EIF2AK4 and EIF2S1, and the protein levels of ATF4 in the
lung tissues of rats infected with the WT PA14 were signifi-
cantly higher than those in rats infected with the phzMD

Figure 4. Pyocyanin activates the EIF2AK4-EIF2S1-ATF4 pathway in Beas-2B cells. (A and B) Beas-2B bronchial epithelial cells were infected with wild-type (WT) P. aerugi-
nosa PA14, or the phzMD mutant, or treated with pyocyanin (PYO, 0.1 mM) for 8 h. The phosphorylation (p-) levels of EIF2AK4 (A) and EIF2S1 (B) were determined by
western blotting. The blot is representative of 3 experiments. The right panels show quantification of phosphorylated EIF2AK4 or EIF2S1. All results are standardized to
ACTB. a, P < 0.05 vs. vehicle (V); b, P < 0.05 vs. WT. (C) The protein levels of ATF4 were determined by western blotting. The lower panel shows quantification of ATF4. a,
P < 0.05 vs. vehicle (V); b, P < 0.05 vs. WT. (D and E) Knockdown of EIF2AK4 by RNAi inhibited protein levels of phosphorylated EIF2S1 (D) and ATF4 (E) in Beas-2B cells
infected with WT PA14 or treated by PYO. The lower panels show quantification of proteins. �, P < 0.05 vs. negative control (NC).
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mutant (Fig. 5C and D). Taken together, these results suggest
that PYO mediates activation of the EIF2AK4-EIF2S1-ATF4
pathway during P. aeruginosa PA14 infection.

The EIF2AK4-ATF4 pathway is required for PYO-induced
autophagy

To address the role of EIF2AK4-ATF4 signaling in autophagy
during P. aeruginosa PA14 infection, endogenous EIF2AK4 or
ATF4 expression was significantly ablated by siRNA in Beas-2B
cells (Fig. S5B and C). We found that knockdown of EIF2AK4
or ATF4 by RNAi significantly suppressed the numbers of
GFP-LC3B puncta as well as the protein levels of LC3B-II in
Beas-2B cells infected with WT P. aeruginosa PA14 (Fig. 6A
and B). Likewise, an increase in the numbers of GFP-LC3B
puncta and LC3B-II levels induced by PYO was also reduced in
Beas-2B cells subjected to EIF2AK4 or ATF4 RNAi. In addition,
knockdown of EIF2AK4 or ATF4 led to the accumulation of
SQSTM1 in cells infected with WT PA14 or treated with PYO
(Fig. 6C). Thus, the EIF2AK4-ATF4 pathway is involved in
PYO-induced autophagy.

PYO contributes to inflammation and inhibits bacterial
clearance during acute P. aeruginosa infection

PYO induces bronchopneumonia with an influx of neutrophils
during the early stage of P. aeruginosa infection.35,36 To investi-
gate the role of PYO in the inflammatory response, rats were
inoculated intratracheally with the WT and mutant strains of
P. aeruginosa or pyocyanin, and alveolar tissues were examined
using hematoxylin and eosin staining. It should be noted that
the deletion of phzM does not influence growth of P. aerugi-
nosa PA14 in Luria-Bertani (LB) medium supplemented with

10% fetal calf serum.37 At the chosen endpoint of 16 h, airway
inflammatory infiltrates classified by a semiquantitative histol-
ogy score were measured. Inoculation with PYO alone induced
neutrophil influx and led to an increase in histology score
(Fig. 7A). Furthermore, histology of the lungs infected with the
WT PA14 strain demonstrated more severe acute pneumonia
than that infected with the phzMD mutant. In addition, we
determined the colony-forming unit (CFU) after infection with
the bacterium. The viable counts of the WT PA14 strain were
20-fold higher than those of the phzMD mutant (Fig. 7B).
These results suggest that PYO mediates the pathology of acute
P. aeruginosa pneumonia.

Loss of PYO aggravates lung damage, development
of animal death and inhibits bacterial clearance during
chronic P. aeruginosa infection

Next, we evaluated the role of PYO in chronic P. aeruginosa
infection. We found that all the animals survived after inocula-
tion of PYO. Interestingly, the survival rate of animals infected
with the WT PA14 strain was significantly higher than that of
animals infected with the phzMD mutant (Fig. 8A). At the cho-
sen endpoint of 15 d, we examined the CFUs and pathologic
changes in all the surviving rats. Compared with 16 h of infec-
tion, viable counts of bacteria were substantially decreased 15 d
after inoculation (Fig. 8B). Interestingly, viable counts of the
WT PA14 strain were 62-fold lower than those of the phzMD
mutant. PYO treatment markedly reduced viable counts of the
bacterium in rats inoculated with phzMD mutant strain. Unex-
pectedly, the thickness of the alveolar septum was increased by
43% in rats inoculated with the phzMD mutant, compared with
those inoculated with the WT P. aeruginosa PA14 (Fig. 8C).

Figure 5. Pyocyanin activates the EIF2AK4-EIF2S1-ATF4 pathway in the lung of rats. (A and B) After rats were inoculated intratracheally with pyocyanin (PYO, 50 mg) for
8 h, the phosphorylation (p-) levels of EIF2AK4 and EIF2S1 (A), and protein levels of ATF4 (B) in the lung were determined by western blotting. The blot is representative
of 3 experiments. The right panels show quantification of protein levels. All results are standardized to the levels of ACTB. �, P < 0.05 vs. vehicle. (C and D) After rats inoc-
ulated intratracheally with the wild-type (WT) P. aeruginosa PA14 or phzMD mutant for 8 h, the phosphorylation levels of EIF2AK4 and EIF2S1 (C), and protein levels of
ATF4 (D) in the lung were determined by western blotting. The right panels show quantification of protein levels. �, P < 0.05 vs. WT.
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To further assess the impact of autophagy inhibition on
chronic lung infection, chloroquine, an autophagy inhibi-
tor,19,23 was used in our experiment. After inoculation with the
WT PA14 or phzMD mutant strains, rats were injected with
chloroquine (60 mg/kg/d) for 15 d or an equivalent volume of
saline as control. Chloroquine treatment significantly acceler-
ated mortality in animals infected with the WT PA14 strain
(Fig. 8A). Furthermore, chloroquine treatment led to a substan-
tial increase in the viable counts of bacteria and the thickness of
the alveolar septum in rats inoculated with the WT PA14 strain
(Fig. 8B and C). In contrast, the mortality rate, the thickness of
the alveolar septum, and the viable counts of bacteria were not
altered by chloroquine in rats inoculated with the phzMD
mutant. Taken together, these results indicate that loss of PYO
results in more severe pathological damage and worse progno-
sis during chronic P. aeruginosa infection, which is associated
with reduced autophagic activity.

Discussion

Our findings provide the first evidence that PYO, an important
virulence factor,18 is involved in P. aeruginosa PA14-induced
autophagy in bronchial epithelial cells. Our results demonstrate
that during P. aeruginosa lung infection, PYO triggers auto-
phagy via the EIF2AK4-EIF2S1 signaling pathway. The molec-
ular mechanisms by which the EIF2AK4-EIF2S1 signaling
pathway promotes autophagy involve the upregulation of
ATF4.34 Consistent with this idea, our results show that knock-
down of ATF4 by RNAi significantly suppresses autophagy

induced by P. aeruginosa PA14 infection or PYO treatment.
ATF4 in turn upregulates the expression of the transcription
factor DDIT3. ATF4 and DDIT3 induce the expression of a set
of autophagy genes, which are involved in the formation, elon-
gation and function of the autophagosome.34 However, the sig-
naling pathways that act upstream of EIF2AK4 to regulate
PYO-mediated autophagy in bronchial epithelial cells remain
unknown. It should be noted that the phzMD mutant also
induced autophagy to some extent although less effectively
than WT does, suggesting that PYO is not the only factor that
induces autophagy in lung bronchial epithelial cells. In bone-
marrow-derived macrophages, the TLR4-TICAM1 signaling is
required for P. aeruginosa-induced autophagy.17 The fact that
LPS induces autophagy through the TLR4-TICAM1 signaling
indicates that LPS is one of the components that mediates
P. aeruginosa-induced autophagy via TLR4 signaling in macro-
phages.38 However, there is currently no evidence that PYO
can activate TLR4-TICAM1 signaling. Therefore, it is not clear
whether PYO promotes autophagy via TLR4.

As a membrane-permeable toxin, PYO is involved in the
acute infection of P. aeruginosa.18,35 In vitro studies have dem-
onstrated that PYO inhibits DUOX (dual oxidase) activity by
competing for intracellular NADPH in airway epithelial cells.39

One of the airway antimicrobial defense systems is the hydro-
gen peroxide-thiocyanate-lactoperoxidase system, which is
essential for airway epithelium defense against pathogens. As
DUOXs serve as the major source of hydrogen peroxide needed
to the activity of the defense system, inhibition of DUOXs can
enhance bacterial survival.39 It has been shown that the viable

Figure 6. The EIF2AK4-ATF4 pathway is required for in pyocyanin-induced autophagy. (A) Knockdown of EIF2AK4 or ATF4 by RNAi inhibited the numbers of GFP-LC3B
puncta in Beas-2B cells infected with WT P. aeruginosa PA14 or treated with pyocyanin (PYO, 0.1 mM). The puncta in each cell were counted (right panel). Data are
expressed as mean § SD of 3 independent experiments. a, P < 0.05 vs. negative control (NC); b, P < 0.05 vs. NC C WT ; c, P < 0.05 vs. NC C PYO. (B and C) Immunoblot
analysis of LC3B and SQSTM1 in cells. The blot is representative of 3 experiments. The lower panels show quantification of the ratio of LC3B-II or SQSTM1 to ACTB. a,
P < 0.05 vs. NC C WT; b, P < 0.05 vs. NC C PYO.
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counts of the PYO-deficient phzM- and phzS (flavin-containing
monooxygenase)- mutant strains are much lower than that of
WT P. aeruginosa PAO1 strain in an acute mouse pneumonia
model of infection.35 Meanwhile, the WT PAO1 strain causes
more severe pneumonia than the PYO-deficient strains in
mice. Our study confirms these observations in rats infected
with the WT and PYO-deficient strains of P. aeruginosa PA14.
These results indicate that PYO confers a survival advantage
for P. aeruginosa and contributes to the bacterial virulence at
the initial infection.

Physiologically relevant concentrations of PYO can promote
neutrophil apoptosis, thus inhibiting host defense and favoring
bacterial persistence.22 However, it has been shown that trans-
poson inactivation of the pilY1 (type 4 fimbrial biogenesis pro-
tein PilY1) gene markedly reduces the secretion of quinolones
and PYO, rendering the bacterial cells of the P. aeruginosa
strain TBCF10839 more resistant to killing by polymorphonu-
clear neutrophils, which is an important host defense against P.
aeruginosa infection.40 As autophagy can promote clearance of
P. aeruginosa by host cells,15,16 PYO appears to be a 2-edged
sword for the bacterium during infection of a host. A similar
case has been seen in the pathogenic bacterium Streptococcus
pneumoniae, where pneumolysin, a virulence factor produced
by the pathogen, can form transmembrane pores in cell mem-
branes, thus contributing substantially to the development of

invasive pneumococcal disease.41 However, TLR4 in mamma-
lian cells can recognize this toxin to initiate innate immune
responses against S. pneumoniae. The phenomenon that the
host is capable of perceiving and responding to a bacterial toxin
seems to be a common consequence of an evolutionary arms
race between pathogens and hosts.

P. aeruginosa can persist continuously in the lungs of
patients with CF for years due to adaptive evolution mediated
by genetic variation.3-6 Many genes used by P. aeruginosa to
invade and injure the host are mutated, resulting in changes or
loss of protein functions, during the chronic infection.4,5 Loss-
of-function mutations in virulence factors and regulators prob-
ably help the bacterium lower innate immune system detection,
as many virulence factors are ligands for the immune system.
For example, alterations in lipopolysaccharide structure of P.
aeruginosa late strains lead to lower leukocyte recruitment in
the lungs than the early strains.3 However, the precise role of
the pathoadaptative mutations associated with the persistent
lifestyle remains largely unknown. Using PCR-based signature-
tagged mutagenesis screening, Bianconi et al.6 have revealed
that compared to the PAO1293 WT strains, the PA4842 signa-
ture-tagged mutagenesis mutant lacking PYO secretion causes
a significant increase in mortality rate of mice after 14 d of
infection, which is probably due to a higher CFU level. Our
data demonstrate that loss of PYO production or treatment

Figure 7. PYO causes severe pneumonia and contributes to high CFU in rats during acute P. aeruginosa infection. (A) After rats were inoculated intratracheally with P. aer-
uginosa or pyocyanin (20 or 50 mg) for 16 h, alveolar tissues were collected and stained by hematoxylin and eosin (left panel). The airway inflammation, classified by the
histology score, was measured (right panel) (n D 10). a, P < 0.05 vs. vehicle; b, P < 0.05 vs. WT. (B) CFUs of the wild-type (WT) and the phzMD mutant strains (n = 10). �,
P < 0.05 vs. WT.
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with chloroquine, an autophagy inhibitor, increases the CFU
counts and the mortality rate in rats during chronic infection
with P. aeruginosa. As an essential component of innate immu-
nity, autophagy is involved in eliminating and clearing patho-
gens. Thus, reduction of PYO production in P. aeruginosa
probably is a strategy to minimize provoking host immune sys-
tem by reducing autophagic responses. However, the increased
CFU counts in rats infected with the phzMD mutant are not
merely due to reduced autophagy. For example, the reduced
secretion of PYO in P. aeruginosa confers resistance to killing
by polymorphonuclear neutrophils.40 These results suggest that
the reduced proinflammatory response in animals infected
with the phzMD mutants probably results in a less effective
clearance of P. aeruginosa by the innate immune system inde-
pendent of autophagy.

Interestingly, reduced PYO production in chronic infections
has been observed in the clinical isolates of P. aeruginosa from
CF patients.4,42 The antineutrophil cytoplasmic antibody-positive
strains, which have much lower levels of PYO than the antineu-
trophil cytoplasmic antibody-negative strains,42 significantly cor-
relate with extensive lung damage and poor prognosis in CF
patients.43,44 These results contradict the observation by Hunter
et al.21 that PYO concentrations in the CF lung negatively corre-
late with lung function. Animal models of chronic lung infection
use the P. aeruginosa strains with a gene mutation that only
influences PYO production or secretion. In contrast, the clinical
isolates of P. aeruginosa from CF patients typically will undergo
genetic adaptations, leading to the accumulation of numerous
mutations. The genetic heterogeneity in these isolates can over-
whelm the effect of a single factor (e.g., PYO) on lung function
and disease severity, thus providing a plausible explanation for
these paradoxical observations in CF patients.

In light of the fact that autophagy is involved in host defense
by augmenting bacterial clearance, the reduction of PYO pro-
duction by P. aeruginosa, which is common in the course of
chronic pulmonary infection, probably represents an adaptive
mechanism of bacterial survival and colonization. Thus, our
findings provide a striking example of the pathoadaptative
mutations associated with persistent infection.

Materials and methods

Reagents and antibodies

Bafilomycin A1 (Santa Cruz Biotechnology, sc-201550) and 1-
hydroxyphenazine (Tokyo Chemical Industry, H0289) were
dissolved in DMSO. For western blotting, the following pri-
mary antibodies were used: anti-phospho-EIF2S1 (rabbit poly-
clonal antibody, 1:1000 dilution; Cell Signaling Technology,
3597s), anti-phospho-EIF2AK4 (mouse monoclonal antibody,
1:1000 dilution; Cell Signaling Technology, 3301), anti-ATF4
(rabbit polyclonal antibody, 1: 1000 dilution; Santa Cruz
Biotechnology, sc-200), anti-LC3B (rabbit polyclonal antibody,
1:3000 dilution; Sigma-Aldrich, L7543), anti-SQSTM1 (rabbit
polyclonal antibody, 1:3000; Santa Cruz Biotechnology,
sc-25575), anti-DDIT3 (mouse monoclonal antibody, 1:1000;
Santa Cruz Biotechnology, sc-7351), and anti-ACTB antibodies
(rabbit polyclonal antibody, 1:3000 dilution; Sigma-Aldrich,
A2066).

Animals

SD rats were obtained from the Animal Center, Kunming
Medical University, China, and used between the ages of 3 to

Figure 8. Rats infected with the phzMD mutant have a high mortality rate and CFU counts, and exhibit severe lung damage during chronic P. aeruginosa infection. (A)
After rats were inoculated intratracheally with pyocyanin alone (PYO, 20 or 50 mg), P. aeruginosa in the presence or absence of PYO (50 mg) or chloroquine (CQ, 60 mg/
kg body weight), the survival rates of rats were determined (n = 14). P< 0.05, phzMD, or wild type (WT) CCQ vs. WT. (B) After 15 d of inoculation, tissues were collected
in the surviving rats. CFUs of the WT and phzMDmutant strains were determined. a, P< 0.05 vs. WT; b, P< 0.05 vs. phzMD. (C) The alveolar tissues were stained by hema-
toxylin and eosin (upper panel). The alveolar septal thickness was measured (lower panel). a, P < 0.05 vs. vehicle; b, P < 0.05 vs. WT.
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4 mo. Animals were kept under a constant 12-h light-dark cycle
and were allowed to eat and drink ad libitum. The investigation
conforms to the Guide for the Care and Use of Laboratory Ani-
mals, published by the US National Institutes of Health. The
protocol of the experiments was approved by the Animal Care
and Use Committee of Yunnan University.

Cell culture

The human lung bronchial epithelial line Beas-2B cells (a gift
from Dr. YG Huang, the Third Affiliated Hospital, Kunming
Medical University, China) were grown in RPMI-1640 medium
(Invitrogen, 11875–093) containing L-glutamine, glucose,
NaHCO3, 10% fetal bovine serum (Invitrogen, 10099–141) and
1% penicillin-streptomycin and maintained in a humidified,
5% CO2:95% air incubator at 37�C. To test the effects of PYO
on autophagy at low oxygen concentrations, Beas-2B cells were
exposed to 10%, 15%, and 21% (normoxia as a control) sup-
plied with 5% CO2 for 8 h.

Transfection

The vector expressing GFP-LC3B (a gift from Dr. Yoshinori
Ohsumi, School of Life Science, The Graduate University for
Advanced Studies, Japan) was transfected into Beas-2B cells
using Lipofectamine 2000 reagent in Opti-MEM medium (Invi-
trogen, 11668–019 and 31985–070, respectively) according to
the manufacturer’s specifications. In control experiments, the
expression vectors were replaced with empty vectors. Stable
Beas-2B cells that express GFP-LC3B were produced by posi-
tive colony selection using G418 (Sigma-Aldrich, A1720) at a
concentration of 500 mg/ml.

GFP-LC3B assay

After Beas-2B cells that express GFP-LC3B were grown to 70%
to 80% confluence on poly-L-lysine coated glass coverslips, cells
were exposed to 50 ml of P. aeruginosa suspensions containing
106 CFU/ml (multiplicity of infection of 10:1) or different con-
centrations of PYO. In some experiments, cells were preincu-
bated for 1 h with 10 mM dimethylfumarate (Sigma-Aldrich,
50744), 0.5 mM parthenolide (Sigma-Aldrich, P0667), 10 mM
U0126 (Sigma-Aldrich, U120), and 10 mM PD98059 (Sigma-
Aldrich, P215), respectively, before treatment with PYO
(0.1 mM). After 8 h of bacterial infection or PYO treatment,
supernatant fractions were removed and cells were fixed in 4%
paraformaldehyde and examined by a Zeiss Axioskop 2 plus
fluorescence microscope (Carl Zeiss, Jena, Germany). The
mean number of LC3B puncta per cell was counted, and at least
100 cells per slide were examined.

Isolation and identification of active compound

P. aeruginosa PA14 was grown in 5 L of LB medium (Sigma-
Aldrich, L9234) on a rotary shaker at 37�C for 24 h, fermenta-
tion supernatant was collected and condensed. The supernatant
fraction was extracted with an equal volume of chloroform. The
chloroform extract was concentrated to produce a crude extract
(8.6 g). Column chromatography was performed on a silica gel

G column eluting with chloroform:acetone (50:1 to 1:1, v/v)
providing fractions A1-A20. Subsequently, these fractions were
tested for their abilities to induce autophagy by counting the
number of LC3B puncta in Beas-2B cells expressing GFP-
LC3B. The active fraction A5 (1.83 g) was further separated and
purified on a Sephadex LH-20 column (600 g) eluting with ace-
tone to yield fractions A5–1-A5–10. Bioassay showed that only
the fraction A5–2 could induce autophagy. Then the active frac-
tion A5–2 (923 mg) was further purified on Sephadex LH-20
(200 g) eluting with acetone to obtain a single candidate active
compound (326 mg). An NMR experiment was carried out on
Bruker Avance III-600 NMR spectrometers with TMS as inter-
nal standard (Bruker Corporation, F€allanden, Switzerland).
ESI-MS profiles were recorded on a Finnigan LCQ-Advantage
mass spectrometer (Thermo Electron Corporation, San Jose,
CA). The concentration of pyocyanin is determined based
upon the absorbance at 520 nm in acidic solution.45

Cytotoxicity assay

The cytotoxic effect of PYO on cells was measured using the
MTS assay (Promega, G5421). Briefly, the 1£105 Beas-2B cells/
well were placed into 96-well plates at 37�C overnight. Then
PYO were added to the plates at the final concentrations of 0.1
to 0.8 mM. After 12 or 24 h of incubation, 20 ml of MTS solu-
tion was added to all the wells and incubated for a further 2 h
at 37�C. The absorbance at OD490 nm was measured using a
microplate reader (Molecular Devices, Sunnyvale, CA).

Deletion of phzM in P. aeruginosa PA14

The P. aeruginosa PA14 phzM knockout vector was con-
structed by using the gene replacement vector pEX18tc vector.
Briefly, A 559-bp fragment upstream of phzM and a 511-bp
fragment downstream of phzM were amplified from P. aerugi-
nosa PA14 genomic DNA using primers phzM-KpnI-F (KO1)
(50-GGG GTA CCG AAA TTT CGC GTT ACA TAT G-30) ,
phzM-Gmrup-R (KO2) (50-TCA GAG CGC TTT TGA AGC
TAA ATC GCT TTT ATT CTC TCT CGT TAC AC-30), and
phzM-Gmrdown-F (KO3) (50-AGG AAC TTC AAG ATC CCC
AAT TCG GTG ATC GAG CGG ACC ATC T-30) and phzM-
HindIII-R (KO4) (50-CCC AAG CTT AAC GCG CTC AAC
CAA CTG G-30), respectively. A 1053-bp fragment carrying
the open reading frame of the Gentamicin resistance gene
(Gmr) was amplified with primers Gm-F (50-CGA ATT AGC
TTC AAA AGC GCT CTG A-30) and Gm-R (50-CGA ATT
GGG GAT CTT GAA GTT CCT-30) from plasmid pPS856.
Equal amounts of 3 fragments were mixed for 3 PCR cycles
without added primers. Primers phzM-KpnI-F and phzM-Hin-
dIII-R were added at the end of third cycle, followed by 30
cycles run to harvest fragment phzMup-Gmr-phzMdown. The
fragment was cloned into the plasmid pMD19T vector by T/A
cloning, the plasmid pMD19T-phzMup-Gmr-phzMdown were
digested with KpnI/HindIII and the fragment phzMup-Gmr-
phzMdown inserted into pEX18tc vector. The final plasmid
pEX18tc-phzM-Gmr (500 ng) was mixed with 100 ml of PA14
cells and transferred to a 2-mm gap width electroporation
cuvette. After applying a pulse (settings: 6ms; 2.5 kV on a BTX
BCM 399 electroporation system), the cells were transferred to
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a polystyrene tube and shaken for 1 h at 37�C. The entire mix-
ture was then plated on LB plates containing 100 mg/ml genta-
micin (Gm100) and 10% sucrose (Shanghai Sangon
Biotechnology, A502792). The plates were incubated at 37�C
until colonies appeared. The colonies on the LB C Gm100 C
10% sucrose plates were then transferred to LB C tetracycline
(50 mg/ml) (Tc50) and LB C Gm100 plates, respectively. Colo-
nies growing on the LB-Gm, but not on the LB-Tc plates were
then identified by colony PCR using primers out-phzM-F (50-
GTA TGC CGG AGA AAC TTT TC-30) , out-phzM-R (50-
CCA CCG CCG AAC TCT ATC-30), and in-phzM-F (50-ATT
TGA TAC AAG TTG TTA CCG G-30), in-phzM-R (50-GCG
ACA GCA GGT AGA TAT CG-30).

Western blotting

For detection of protein expression in the lung tissues, the sam-
ples were homogenized in liquid nitrogen. Then the homoge-
nate was lysed on ice for 30 min in lysis buffer (BioTeke
Corporation, PP1901). For detection of protein expression in
Beas-2B cells, cells were lysed on ice for 30 min in lysis buffer.
The lysates (25 mg) of total protein were loaded per well and
separated on a 10% SDS polyacrylamide gel. Proteins were then
transferred to immobilon-PSQ transfer PVDF membrane
(Millipore, IPVH00010), and probed with the primary antibod-
ies. The secondary antibody was a peroxidase-coupled anti-rab-
bit or mouse IgG (1:5000 dilution; Abmart Incorporation,
M21002 and M21001, respectively). Proteins were detected by
enhanced chemoluminescence (ECL Prime; GE Healthcare,
RPN2232). The membranes were exposed to Kodak X-OMAT
film (Kodak, Xiamen, China), and the film was developed.

Quantitative real-time PCR

Total RNA was isolated from cells and lung tissues with TRIzol
Reagent (Invitrogen, 15596–018). Random-primed cDNAs were
generated by reverse transcription of the total RNA samples with
SuperScript II (Takara Biomedical Technology, RR047A). A real
time-PCR analysis was conducted using the Roche LightCycler
480®System (Roche Applied Science, Penzberg, Germany) using
SYBR®Premix-Ex TagTM GC (Takara Biomedical Technology,
RR071A). The primers used for PCR were as follows: EIF2AK4,
50-AAT GCC CAC CTA CCT ATC C-30 (F) 50-GCT TGT TAT
GCT CGC TGA-30 (R); ATF4, 50-CCA ACA ACA GCA AGG
AGG AT-30 (F), 50-GTG TCA TCC AAC GTG GTC AG-30 (R);
DDIT3, 50- AAC GGC TCA AGC AGG AAA TCG-30 (F);
50- TCT GGG AAA GGT GGG TAG TGT G ¡30(R);
ATG16L1, 50-AGA AGA AGC ACA TGG GCT CC-30 (F), 50-
CAG GGA GGG GTC TGT AGT TC-30 (R); ATG7, 50-CAC
TGT GAG TCG TCC AGG AC-30 (F), 50-CGC TCA TGT CCC
AGA TCT CA-30 (R); ATG10, 50-CCA AGA GTT TAC CTG
GCC AG-30 (F), 50-CCT GGG TTA AAG CCA ACC TC-30 (R);
ACTB, 50-TCC CTG GAG AAG AGC TAC GA-30 (F), 50-AGC
ACT GTG TTG GCG TAC AG-30 (R).

RNA interference

All chemically synthesized siRNAs were obtained from Gene-
Pharma Corporation. To knock down the expression of

EIF2AK4 or ATF4 by RNA interference, Beas-2B cells were
transfected at 50% confluence with 100 nM of EIF2AK4- or
ATF4-specific siRNAs in Opti-MEM medium using Lipofect-
amine 2000 transfection agent. Gene silencing efficiency was
determined by quantitative real-time PCR 72 h post-transfec-
tion. The following siRNAs were used (sequence of the sense
strand): EIF2AK4, 50-GGG AAA UGU AUU GGC AGU GUU-
30 (F), 50- CAC UGC CAA UAC AUU UCC CUU-30(R); ATF4,
50-UCA UCU AAG AGA CCU AGG CTT ¡30(F), 50-GCC
UAG GUC UCU UAG AUG ATT-30 (R); ATG5, 50-CCA UCA
AUC GGA AAC UCA UTT-30 (F), 50-AUG AGU UUC CGA
UUG AUG GTT-30 and negative control 50-UUC UCC GAA
CGU GUC ACG UTT-30 (F) 50-ACG UGA CAC GUU CGG
AGA ATT-30 (R).

Transmission electron microscopy

The lung tissues were fixed in 2.5% glutaraldehyde, postfixed in
1% osmium tetroxide, dehydrated with ethanol, and embedded
in epoxy resin for thin sectioning, sliced on grid, followed by
standard staining in uranium and lead salts. Thin sections were
observed in a JEM-1011 transmission electron microscope
(Japan Electron Optics Laboratory, Tokyo, Japan). Autophago-
somes were identified based on the appearance of their charac-
teristic double membrane, and heterogeneous contents.

Pathohistology for acute lung infection

For the vial count and inflammation assays during acute infec-
tion, animals were inoculated by 20 or 50 mg of PYO, or 1£106

CFU of P. aeruginosa PA14 strains for 16 h. The right lower
lobes were immediately removed and quickly frozen in liquid
nitrogen for the determination of protein expression. The
remaining part of the lung tissues was fixed in formalin, dehy-
drated in graded ethanol, embedded in paraffin, and
stained with hematoxylin and eosin. Inflammation was deter-
mined using a semiquantitative pathohistological score as
described previously.46 The score of airway inflammation was
classified into the following categories: almost not visible (0 to
5); slight (6 to 20); moderate (21 to 40); severe/profound
inflammation (41 to 60). The remaining tissues were homoge-
nized in sterile phosphate-buffered saline (PBS) buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4). For counting bacterial CFU, 10 mL of the
homogenate was spread over LB agar plates, and incubated for
24 h at 37�C.

Bacterial growth in agarose beads

P. aeruginosa-laden agarose beads were prepared as previously
described.47 Briefly, bacteria were grown to an optical density
at 600 nm of 1. A 5-ml aliquot of the bacterial broth was mixed
with 50 ml of 2% agarose (Sigma-Aldrich, A9045) in PBS,
pH7.4. The agarose-broth mixture was added to heavy mineral
oil equilibrated at 50�C to 55�C, rapidly stirred with a magnetic
stirring bar for 6 min at room temperature, followed by cooling
for 15 min. The agarose beads were washed once with 0.5%
deoxycholic acid, sodium salt (Sigma-Aldrich, D6750) in PBS,
once with 0.25% deoxycholic acid, sodium salt in PBS, and
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4 times with PBS. The bead slurry was allowed to settle so that
75% of the final volume consisted of beads. The number of bac-
teria in the beads was determined by homogenizing the bacte-
rium-bead suspension and plating 10-fold serial dilutions on
LB agar plates. Bead diameter was measured using an inverted
light microscope with the software package Image ProPlus
(Media Cybernetics, Baltimore, MD).

Chronic lung infection for morphometry and survival
assays

Rats were inoculated with P. aeruginosa-laden agarose beads, as
previously described.47 Animals were anesthetized using 10%
chloral hydrate (0.25 ml/100 g body weight). The ventral cervical
region was surgically prepared, a 0.5-cm skin incision was made
at the thoracic inlet, and the trachea was visualized by blunt dis-
section. A 27 G 1-in over-the-needle intravenous catheter (angio-
catheter) was used to cannulate the trachea. The average 0.05-ml
bolus contained 1.0 £ 106 CFUs/rats. Meanwhile, some of the
rats were also inoculated with 20 or 50 mg of PYO at 1, 4, 7,
and 10 d. At the same time, some of animals received daily doses
of 60 mg/kg body weight chloroquine (Sigma-Aldrich, C6628)
through intraperitoneal injection for 5 d.

The alveolar septal thickness was determined by linear inter-
cept counting as described previously.48 Briefly, images of the
lung were viewed at 400£ magnification through a superim-
posed test grids. The shortest distance across the alveolar septum
in any direction was determined at the point where an airspace
septum intersected a test line (between alveolar lumen to the left
and alveolar tissue to the right). This yielded "orthogonal inter-
cepts" of the alveolar wall, and the arithmetic mean (la) of the
intercepts was calculated. The mean thickness (Ta) of alveolar
septae was determined by using the following equation:
TaD(p/4) £ la.

Statistical analysis

Data from experiments are expressed as mean § SD. Differen-
ces in survival rates were analyzed using the log-rank test. A
significant difference was determined by a one-way ANOVA
test followed by a Student-Newman-Keuls test. Values of P <

0.05 were considered significant. Data were analyzed using
SPSS11.0 software (SPSS Inc.).

Abbreviations

ATG autophagy related
ATF4 activating transcription factor 4
CF cystic fibrosis
CFU colony-forming unit
DDIT3/CHOP DNA damage inducible transcript 3
DUOX dual oxidase
EIF2S1/eIF2a eukaryotic translation initiation factor 2

subunit a
EIF2AK4/GCN2 eukaryotic translation initiation factor 2 a

kinase 4
GFP green fluorescent protein
LB Luria-Bertani

MAP1LC3B/LC3B microtubule associated protein 1 light
chain 3 b

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt

NFKB1/NF-kB nuclear factor of kappa light polypeptide
gene enhancer in B-cells 1

phzM phenazine-specific methytransferase
PYO pyocyanin
SQSTM1/p62 sequestrosome 1
TLR4 toll-like receptor 4
TICAM1/TRIF toll-like receptor adaptor molecule 1
WT wild type
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