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Summary

The macrophage is a key component of host defense mecha-
nisms against pathogens. In addition to the phagocytosis of bacte-
ria and secretion of proinflammatory mediators by macrophages,
autophagy, a process involved in turnover of cellular material, is
a recently identified component of the immune response to bacte-
rial infection. Despite the bactericidal effect of autophagy, some
species of intracellular bacteria are able to survive by using one
or more strategies to avoid host autophagic attack. Here, we
review the latest findings on the interactions between bacteria
and autophagy in macrophages. � 2012 IUBMB
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INTRODUCTION

Macrophages, together with other professional phagocytic

cells including neutrophils and monocytes, play a crucial role in

the host-defense system through recognition and elimination of

invading pathogenic bacteria (1). Macrophages have the means

to destroy pathogens directly or indirectly via innate and adapt-

ive immune responses, respectively (2). The direct bactericidal

features of these cells include the generation of reactive oxygen

species (ROS) and phagocytosis, a process involving the engulf-

ment of bacteria into phagosomes. The bacteria-containing

phagosomes fuse with late endosomes or lysosomes in a process

of ‘‘maturation’’ leading to the eventual degradation of the bac-

teria (3). The indirect macrophage immune response involves

inflammation, a process characterized by the increased produc-

tion of many inflammatory cytokines and chemokines, which to-

gether promote the recruitment of blood leukocytes to the site

of infection and the activation of additional immune cells (4).

In certain cases, the protective responses of the host are over-

come by the invading pathogen triggering the death of activated

macrophages. As a front-line component of host defense

macrophages represent a useful model to study host-pathogen

interactions.

Autophagy is a degradation and recycling system conserved

amongst eukaryotes that eliminates unwanted and damaged cel-

lular components including proteins and organelles. Autophagy

plays an important role in many physiological and pathological

pathways, including the cellular response to starvation, cell de-

velopment, and tumor suppression (5, 6). More recently,

autophagy has been recognized as a key component of host

immune defense, and responsible for eliminating intracellular

pathogens including bacteria, viruses, fungi, and parasitic proto-

zoa (7, 8) in a process termed xenophagy (9).

Although three forms of autophagy, macroautophagy, micro-

autophagy, and chaperone-mediated autophagy (6), have been

described in mammalian cells, only macroautophagy has to-date

been associated with the elimination of intracellular bacteria

(10). Macroautophagy (hereafter referred to as autophagy or ca-

nonical autophagy) involves the sequestration of a portion of

the cell cytoplasm into a double-membrane vesicle or autopha-

gosome. The process is regulated by a number of autophagy-

related genes (ATGs) including those that encode proteins

required for signaling (Beclin 1) and autophagosome formation/

cargo recognition (LC3) [for details of the different mechanisms

see reviews (11, 12)]. Autophagosomes fuse with lysosomes,

forming single-membraned autolysosomes, in which the con-

tents are degraded by lysosomal acid hydrolases (6).

To survive and proliferate in macrophages, some intracellular

bacteria have developed different strategies to evade or with-

stand host defense systems. These strategies include: (i) escape

from the phagosome into the cytosol to avoid lysosomal killing

as exemplified by Listeria monocytogenes, Shigella flexneri,
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Burkholderia pseudomallei, and Streptococcus pyogenes (13);

(ii) remodeling of the phagosomal compartment to block phago-

somal maturation and fusion with lysosomes as exemplified by

Mycobacterium tuberculosis, Legionella pneumophila, Salmo-

nella typhimurium, and Brucella abortus (14); and (iii) remodel-

ing of the phagosomal compartment to allow survival and repli-

cation in acidic phagolysosomes as exemplified by Coxiella

burnetii. Moreover, many bacterial pathogens have developed

the ability to either evade autophagic attack or manipulate the

autophagy pathway for their own benefit (15).

Here, we review the latest findings related to autophagy in

bacteria-infected macrophages. In particular, we focus on how

autophagy is triggered in response to invading bacteria, and

how intracellular bacteria deal with autophagic attack (Table 1).

AUTOPHAGY INDUCTION IN INFECTED
MACROPHAGES

As a housekeeping activity, autophagy plays a cytoprotective

role to enable cellular homeostasis (47). In this process, autoph-

agy is activated in response to many cellular stresses including

starvation, endoplasmic reticulum stress, oxidative stress, and

exposure to certain chemicals, radiation, and hypoxia (48). Sim-

ilarly, bacterial infection and inflammation are stressors that

trigger autophagy in macrophages and other immune cells (49).

Autophagy when induced in infected macrophages promotes the

clearance of pathogenic bacteria including S. typhimurium and

S. flexneri (50).

Pathogenic bacteria induce autophagy in macrophages via

virulence factors that fall into one of three categories: (i) patho-

gen associated molecular patterns (PAMPs), (ii) toxins, and (iii)

secreted effector proteins (Fig. 1). Toll-like receptors (TLRs)

represent host-surface PAMP recognition receptors (PRRs) that

are activated by their cognate PAMPs (51). It has been reported

that activation of TLR4 and TLR7 by bacterial lipopolysaccha-

ride (LPS) and single-stranded DNA, respectively, induced

autophagy in mouse macrophages (52, 53). In these cells, TLR4

activation enhances the interaction of the TLR adaptors MyD88

and Trif with Beclin 1. Consequently, the binding of Beclin 1

by Bcl-2 is reduced leading to an increase in autophagy (54).

Pseudomonas aeruginosa LPS and pili also are able to induce

autophagy in macrophages via TLRs (22). Other PRRs/PAMP

interactions are able to induce autophagy (55). For instance,

activation of both nucleotide-binding oligomerization domain 1

(NOD1) and NOD2 by NOD-like receptors (NLRs) activates

autophagy by recruiting Atg16L1 to the plasma membrane at

the entry site of the invading S. flexneri and L. monocytogenes

leading to their efficient sequestration in autophagosomes and

subsequent killing (56). The bactericidal effect of autophagy in

macrophages can be induced by other TLR-activated immune

signals including cytokine interferon c (IFN-c) (16), p47

GTPase (mouse LRG-47 or human IRGM) (17), and ATP (via

the P2X7 receptor) (57). Interestingly, it has been reported that

compared with macrophage cell lines the level of autophagy

induced by T helper 1 (Th1) cytokine IFN-c in primary macro-

phages is lower. This observation is likely due to the inhibition

of IFN-c-induced autophagy by Th2 cytokines interleukin 4 (IL-

4) and IL-13 suggesting that Th1-Th2 polarization differentially

affects the adaptive immune control of pathogens by fine-tuning

autophagic activity (58). Taken together, these findings indicate

that autophagy in macrophages can be stimulated directly via

PRRs and indirectly by specific cytokines induced upon PRR

activation.

The second category of virulence factors able to induce

autophagy includes certain bacterial toxins. Helicobacter pylori

vacuolating toxin VacA induces autophagy which in turn has

been proposed to serve as a mechanism of protecting infected

host cells from VacA toxin-induced cell death (20). Induction

of autophagy is also observed as a consequence of expression

of Bacillus anthracis anthrax lethal toxin (LT) (44), Bacillus

sphaericus binary toxin (59), as well as some pore forming tox-

ins including Vibrio cholera cytolysin (VCC) (46), L. monocyto-

genes listeriolysin O (LLO) (25), S. aureus a-toxin, streptolysin

O, and Escherichia coli hemolysin (60). These pore forming

toxins can activate AMP-activated protein kinase, and thereby

downregulate target of rapamycin complex 1 (TORC1), a con-

trol node in the regulation of starvation-induced autophagy (60).

It was recently reported that B. anthracis Edema toxin and

V. cholera cholera toxin are able to inhibit antibacterial autophagy

in macrophages by stimulating cAMP production (45). Because

both B. anthracis and V. cholera each express at least one other

toxin, which can induce autophagy, LT and VCC, respectively

(44, 46), it is suggested that these bacteria use different toxins at

different stages of infection to regulate host autophagy (45).

The third category of virulence factors able to induce

autophagy in macrophages are some effector proteins secreted

by the type III (T3SS), or type IV (T4SS) bacterial secretion

systems. The S. typhimurium (SPI-1) T3SS effectors SipB and

SopB are involved in autophagy induction (30, 31). The T3SS

effector VopQ from Vibrio parahaemolyticus induces phosphati-

dylinositol-3-kinase (PI3K)-independent autophagy to limit

phagocytosis (41). Increased autophagic activity has also been

reported as a consequence of T3SS activity in S. flexneri

infection (23) and of T4SS activity in L. pneumophila (38) and

C. burnetii (61) infections. Although the mechanism by which

S. flexneri T3SS function mediates autophagy induction is

poorly understood, it is suggested to be linked to the escape of

bacteria from the phagosome into the cytosol. An S. flexneri

T3SS mutant unable to escape from phagosomes does not

stimulate autophagy in macrophages (23).

RECOGNITION AND MODES OF AUTOPHAGIC
ATTACK ON BACTERIA

Following autophagy induction, host recognition of invading

bacteria as an autophagy target is another major step in anti-

bacterial autophagy or xenophagy. Xenophagy is regarded as a

selective form of autophagy, which relies on specific signals,

741AUTOPHAGY AND INFECTION OF MACROPHAGES



Table 1

Interaction between autophagy and bacteria

Bacteria Host autophagy response Bacterial response Reference

Mycobacterium

tuberculosis

Bacteria-containing phagosomes are

targeted to autophagosomes.

Lipoprotein LpqH activates autophagy via

TLR. Eis protein suppresses autophagy.

(16–19)

Helicobacter pylori Infection-induced autophagy targets to

bacteria-containing phagosomes.

Vacuolating toxin VacA is required for

autophagy induction.

(20, 21)

Pseudomonas

aeruginosa

Infection-induced autophagy targets to

bacteria-containing phagosomes.

P. aeruginosa LPS and pili are involved

in autophagy induction.

(22)

Shigella flexneri Bacteria-induced autophagy prevents

pyroptotic cell death. However, bacteria

can block autophagy recognition.

TTSS effector IcsB masks recognition of

VirG by Atg5 to avoid anti-microbial

autophagy.

(23, 24)

Listeria

monocytogenes

Cytosolic bacteria are targeted by

autophagosomes; however, bacteria are

able to avoid autophagic sequestration

by recruiting host proteins on their

surface.

Listeriolysin O (LLO), phospholipase C,

actin polymerization protein ActA, and

internalin InlK are involved in

autophagy evasion.

(25–29)

Salmonella

typhimurium

Damaged bacteria-containing phagosomes

are targeted by autophagosomes.

Ubiquitination, NDP52, and p62 are

involved in autophagy recognition.

SPI-1 T3SS effectors SipB and SopB are

involved in bacterial invasion,

cytoskeletal rearrangement, autophagy

induction, and cell death.

(30–33)

Burkholderia

pseudomallei

Bacteria-containing phagosomes recruit

LC3.

T3SS and its effector BopA are required

for escape from phagosomes and LC3-

associated phagocytosis.

(34, 35)

Francisella

tularensis

Cytosolic bacteria are targeted to

autophagosomes containing MHC class

II.

Bacteria downregulate autophagy genes to

avoid anti-microbial autophagy.

(36)

Yersinia

enterocolitica

b1 integrin-dependent engulfment of

bacteria is coupled to the activation of

anti-microbial autophagy.

Adhesins invasin and YadA induce

autophagy; however, bacteria globally

suppress autophagy by T3SS effectors.

(37)

Legionella

pneumophila

Bacteria modify the phagosomes by

blocking their maturation via fusion

with autophagosomes.

dot/icm T4SS effectors are involved in

autophagy induction and inhibition of

autophagosome maturation.

(38)

Brucella abortus Bacteria develop autophagosomes without

fusion with lysosomes to support their

replication.

Two-component regulatory system BvrS-

BvrR and T4SS effector VirB are

involved in autophagy subversion.

(39)

Burkholderia

cenocepacia

Bacteria linger in autophagosomes without

fusion with the lysosomes.

B. cenocepacia downregulate autophagy

genes, leading to the deterioration of

autophagy.

(40)

Vibrio

parahaemolyticus

Infection-induced autophagy prevents

phagocytosis to benefit bacterial

survival.

T3SS effector VopQ is involved in

autophagy induction in infected cells.

(41)

Anaplasma

phagocytophilum

Bacteria replicate in early autophagosomes

with blocked maturation.

Unknown. (42)

Yersinia

pseudotuberculosis

Bacteria survival in modified

autophagosomes without fusion with

lysosomes.

Unknown. (43)

Bacillus anthracis Autophagy targets and degrades anthrax

lethal toxin.

Lethal toxin induces autophagy, whereas

Edema toxin inhibits it.

(44, 45)

Vibrio cholerae Autophagy targets and degrades cholerae

toxin.

Cytolysin induces autophagy, whereas

cholerae toxin inhibits it.

(46, 45)
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adaptors, and receptors to deliver cargo into autophagosomes

(8, 9). Host ubiquitination of targets is a known autophagic sig-

nal that together with the adaptor protein p62 facilitates selec-

tive autophagy of many substrates including protein aggregates,

peroxisomes, mitochondria (62), and bactericidal peptides (63).

Ubiquitination also serves as a signal for recognition of cyto-

solic bacteria such as S. typhimurium (64). Following escape

from phagosomes to the cytosol bacterial components which

remain poorly defined become associated with ubiquitin. Ubiq-

uitin separately recruits the autophagy adaptors p62 and NDP52

(32), and in turn LC3 promoting sequestration by autophago-

somes (33, 65). It was recently reported that membrane rem-

nants of damaged phagosomes from which internalized bacteria

including S. typhimurium, L. monocytogenes, and S. flexneri

have escaped are also polyubiquitinated following the recruit-

ment of p62 and NDP52 (66, 67). These ubiquitinated mem-

brane remnants also recruit the galectins 3, 8, and 9. Galectins,

a family of glycan-binding proteins, carry out a range of intra-

cellular and extracellular functions through glycoconjugate-

mediated recognition (68). Galectin-8 is required for recognition

of bacteria by the autophagic machinery suggesting this galectin

acts as a general danger sensor to facilitate the elimination of

bacteria that escape from the phagosome (67).

Autophagy in macrophages targets invading bacteria using a

number of different modes (Fig. 1). For bacteria unable to

escape phagosomes after infection, such as M. tuberculosis and

H. pylori, bacteria-containing phagosomes are sequestered by or

fused with autophagosomes to form double-membrane or multi-

membrane compartments (Fig. 1, mode E) (16, 21). Bacteria

such as S. flexneri and L. monocytogenes that have escaped the

Figure 1. Interactions between intracellular bacteria and components of the autophagic machinery. Host autophagy and/or LC3-

associated phagocytosis (LAP) are induced by three categories of bacterial virulence factors (A) including PAMPs (via PRRs such

as TLRs), toxins, and T3SS/T4SS effectors. Following autophagy induction bacteria are targeted by a number of different cellular

host cell strategies. Bacteria unable to escape phagosomes are degraded by phagocytosis (B), or subjected to LAP requiring recruit-

ment of LC3 to phagosomal membranes (C). Some bacteria survive in phagosomes by blocking phagosome maturation (D). Some

bacteria-containing phagosomes are targeted and degraded by canonical autophagy (E). For bacteria that have escaped from phago-

somes, they may be recognized by canonical autophagy via ubiquitination and recruitment of adaptor proteins p62 and NDP52 (F),

or reside in the cytosol and replicate there (G). Some bacteria entrapped in autophagosomes are able to survive there by blocking

autophagosome maturation (H), or even escape into the cytosol (I). The membrane remnants of damaged phagosomes may also be

targeted of autophagy via ubiquitination and recruitment of galectins, p62 and NDP52 (J). Examples of bacteria targeted by the

strategies described in this figure are: B. pseudomallei, (C); L. pneumopilia (D); M. tuberculosis, (E); S. typhimurium, (F); S. flex-

neri, (G); B. abortus, (H); L. monocytogenes, (I), and S. typhimurium, (J).
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phagosome to the cytosol can be engulfed by autophagosomes

directly (Fig. 1, mode F; 23, 26). We have reported that B.

pseudomallei is targeted by a process called LC3-associated

phagocytosis (LAP), in which the autophagy-related protein

LC3 is recruited directly to single-membrane phagosomes which

stimulates phagosome maturation to kill the bacteria (Fig. 1,

mode C; 34). However, the majority of B. pseudomallei bacteria

can escape to the cytosol from phagosomes, and intriguingly,

are resistant to attack from canonical autophagy (Fig. 1, mode

G; 34). The mechanism by which B. pseudomallei evades LAP

and canonical autophagy is presently under investigation in our

laboratory.

LAP was first reported for experiments where macrophages

infected with Saccharomyces cerevisiae or E. coli (69). In addi-

tion to inducing autophagy, many PAMP ligands such as LPS

also induce LAP by triggering receptors such as TLR4, leading

to the rapid translocation of Beclin 1 and LC3 to the pathogen-

containing phagosomes (70). LAP in common with canonical

autophagy requires a number of autophagy-related proteins

including Beclin 1 and is inhibited by the PI3K inhibitor wort-

mannin, but lacks the formation of the characteristic double-

membrane autophagosomes; accordingly, it is considered a non-

canonical form of autophagy (69, 71). In another study, it was

reported that ULK1, a protein kinase required for canonical

autophagy, plays no role in LAP, suggesting that distinct differ-

ences exist in regulation of these two pathways (72). Although

details of the molecular mechanism responsible for triggering

LAP remains unclear, one report suggests that it is dependent

on the generation of ROS by TLR-activated NOX2 NADPH ox-

idase (73). Proteomic analysis of isolated phagosomal mem-

branes from naı̈ve uninfected macrophages revealed the pres-

ence of LC3, the level of which increases in response to starva-

tion-induced autophagy. This result suggests a direct

relationship between phagocytosis and autophagy, and possibly

a more general role for LAP in the physiology of macrophages

(74). Indeed, LAP plays an important role in the autoimmune

response by efficient phagocytic clearance of apoptotic cells

(72). A process involving the formation of single-membrane

vesicles and recruitment of both Beclin 1 and LC3 was reported

to be important in macrophages for engulfment of extracellular

fluid in macropinocytosis, and engulfment and clearance of liv-

ing cells by epithelial cells in a process called entosis (75).

Apart from the sequestration of bacteria in autophagosomes

via canonical autophagy or in phagosomes via LAP, autophagy

plays additional roles in the innate immune system. Host

autophagy uses the adaptor protein p62 to deliver ubiquitinated

cytosolic proteins to autolysosomes, where they are converted

into neo-bactericidal peptides that efficiently kill the entrapped

M. tuberculosis (63, 76). Furthermore, autophagy facilitates

adaptive immune responses such as MHC class II antigen pre-

sentation (77), although this process might be more important

in dendritic cells than in macrophages. Taken together, autoph-

agy in macrophages represents a series of defense mechanisms

against pathogens in inflammatory process.

BACTERIAL EVASION OF AUTOPHAGY

Some host-adapted intracellular bacteria including S. flexneri,
L. monocytogenes, B. pseudomallei, and S. typhimurium have

developed one or more strategies to avoid entry into the host

autophagic pathway (Table 1). These strategies include damage

of sequestering (phagosome or autophagosome) membranes,

masking to prevent recognition by the autophagy machinery,

transcriptional control of ATGs, and formation of replicative

niches.

Cytosolic L. monocytogenes use three PrfA-regulated viru-

lence factors [listeriolysin O (LLO), phospholipase C (PLC),

and actin polymerization protein ActA] to avoid entrapment in

autophagosomes (26). In this process, LLO and PLC damage

the membrane of phagosomes or autophagosomes. Expression

of ActA on the bacterial surface recruits the host cell proteins

Arp2/3 complex, VASP, and actin, which help prevent marking

of the bacteria by ubiquitination and recognition by components

of the autophagic pathway (27, 28). Other bacterial factors

appear to be involved in disguising L. monocytogenes from

autophagic recognition. Most recently it was reported that

L. monocytogenes uses internalin InlK to recruit the host major

vault protein to the bacterial surface, which prevents their ubiq-

uitination and recognition by p62 (29).

The T3SS effector protein IcsB of cytosolic S. flexneri com-

petes with Atg5 for binding to the actin polymerization protein

IcsA (VirG), and in doing so masks recognition of bacteria by

the autophagic machinery (24). Additionally, IcsB plays a role

in preventing accumulation of ubiquitin proteins and the recruit-

ment of p62 and NDP52 (78). Thus, only a small portion of S.

flexneri in the cytosol are recognized by autophagy via polyubi-

quitination and p62/NDP52 recruitment in a process that

requires IcsA-mediated actin polymerization and the assembly

of bacteria-containing cages from septin, a component of the

host cytoskeleton (23, 78). Other bacteria such as B. pseudomal-

lei may be killed by LAP, but can escape into the cytosol, a

process facilitated by the T3SS effector BopA (34). Once in the

cytosol B. pseudomallei escape recognition by the autophagic

machinery using a mechanism yet to be elucidated (34, 35).

Bacteria may also manipulate autophagy regulation at the

level of gene transcription (Table 1). For example, cytosolic

Francisella tularensis can downregulate the transcription of six

autophagy related genes including Beclin 1, and as a result

evade autophagic killing by the host macrophage (36). Simi-

larly, Burkholderia cenocepacia are able to significantly reduce

autophagic activity in murine macrophages by downregulating

the transcription of four ATGs including the gene encoding

LC3 (40). In Yersinia enterocolitica-infected macrophages, b1

integrin-dependent engulfment of bacteria is coupled to the

anti-microbial autophagy that requires bacterial adhesins invasin

and YadA. However, wild-type bacteria are able to globally

suppress host autophagy (as assessed by the accumulation of

LC3-positive vesicles) via secretion of several T3SS effectors

including YopE (37). The M. tuberculosis lipoprotein LpqH has

been shown to be required for activating autophagy via TLR2/
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1/CD14 (18), whereas another bacterial protein Eis inhibits

autophagy through redox-dependent signaling and alterations in

gene expression (19). The strategy of using toxins produced by

a single species to differentially manipulate host autophagy at

different stages of infection has also been noted for B. anthracis

and V. cholera (45).

Autophagy has a role in the regulation of macrophage cell

death (79). Accordingly, some bacteria are able to manipulate

host cell death pathways through their regulation of autophagy

thereby favoring bacterial survival (Table 1). For example,

autophagy induction in S. flexneri-infected macrophages is nega-

tively regulated by caspase-1 and the NLR Ipaf, and prevents

pyroptotic cell death, providing a bacterial replication niche

(23). Details of the mechanism are not known. Autophagy

induced by V. parahaemolyticus TTSS effector VopQ has been

proposed to inhibit phagocytosis in macrophages by sequester-

ing the necessary membrane components required for phagocy-

tosis, which favors bacterial survival by minimizing the phago-

cytic uptake of extracellular V. parahaemolyticus (41).

Unlike M. tuberculosis and H. pylori that are vulnerable to

autolysosomal killing once entrapped in autophagosomes some

bacteria enter the autophagic pathway but are able to stall fur-

ther progress creating an intracellular niche compatible with

survival of the pathogen (Table 1) (80). L. pneumophila (38),

B. abortus (39), C. burnetii (61), Anaplasma phagocytophilum

(42), and Yersinia pseudotuberculosis (43) are able to modify

the autophagosome by preventing acidification and fusion with

lysosomes, allowing bacterial replication. Although poorly

understood, it has been suggested that this process requires bac-

terial virulence factors such as the T4SS effector VirB and the

two-component regulatory system BvrS-BvrR in B. abortus

(39), the dot/icm T4SS effectors in L. pneumophila (38), and

the T4SS effectors in C. burnetii (61).

CONCLUDING REMARKS

Recent studies suggest that autophagy in macrophages plays

an important role in host immune response against invading

bacteria. Host autophagy is induced by various bacterial viru-

lence factors including PAMPs, toxins, and the T3SS/T4SS

effectors. Once stimulated, the autophagic machinery then rec-

ognizes and targets bacteria in different patterns. In addition to

direct killing of bacteria in autophagosomes (xenophagy),

autophagy also regulates many immune functions including

inflammatory process, phagocytosis (LAP), antigen presentation,

and the release of bactericidal factors (ROS, NO). The impor-

tance of autophagy in innate immunity makes it a potential

drug target for anti-infection treatment. However, it is difficult

to determine whether autophagy induction or inhibition favors

infection due to the complexity of autophagy-mediated immune

regulation and the versatility of bacterial strategies dealing with

autophagy. Therefore, more comprehensive investigation, espe-

cially through in vivo studies, will complete our understanding

of the interactions between macrophage autophagy and bacterial

infection, and provide better therapeutic strategies against the

problematic pathogens.

ACKNOWLEDGEMENTS

Our work is supported by grants from the Australian Research

Council and the National Health and Medical Research Council,

Australia. We apologize to authors whose work has not been

cited due to space limitations.

REFERENCES
1. Mosser, D. M. and Edwards, J. P. (2008) Exploring the full spectrum of

macrophage activation. Nat. Rev. Immunol. 8, 958–969.

2. Soehnlein, O. and Lindbom, L. (2010) Phagocyte partnership during the

onset and resolution of inflammation. Nat. Rev. Immunol. 10, 427–439.

3. Karavitis, J. and Kovacs, E. J. (2011) Macrophage phagocytosis: effects

of environmental pollutants, alcohol, cigarette smoke, and other external

factors. J. Leukoc. Biol. 90, 1065–1078.

4. Flannagan, R. S., Cosio, G., and Grinstein, S. (2009) Antimicrobial

mechanisms of phagocytes and bacterial evasion strategies. Nat. Rev.

Microbiol. 7, 355–366.

5. Mizushima, N. and Levine, B. (2010) Autophagy in mammalian devel-

opment and differentiation. Nat. Cell Biol. 12, 823–830.

6. Klionsky, D. J. (2010) The molecular machinery of autophagy and its

role in physiology and disease. Semin. Cell Dev. Biol. 21, 663.

7. Levine, B., Mizushima, N., and Virgin, H. W. (2011) Autophagy in im-

munity and inflammation. Nature 469, 323–335.

8. Deretic, V. (2011) Autophagy in immunity and cell-autonomous defense

against intracellular microbes. Immunol. Rev. 240, 92–104.

9. Knodler, L. A. and Celli, J. (2011) Eating the strangers within: host

control of intracellular bacteria via xenophagy. Cell Microbiol. 13,

1319–1327.

10. Harris, J., Hanrahan, O., and De Haro, S. A. (2009) Measuring autoph-

agy in macrophages. Curr. Protoc. Immunol. 14, Unit 14.14.

11. Rubinsztein, D. C., Shpilka, T., and Elazar, Z. (2012) Mechanisms of

autophagosome biogenesis. Curr. Biol. 22, R29–R34.

12. Yang, Z. and Klionsky, D. J. (2009) An overview of the molecular

mechanism of autophagy. Curr. Top Microbiol. Immunol. 335, 1–32.

13. Ray, K., Marteyn, B., Sansonetti, P. J., and Tang, C. M. (2009) Life on

the inside: the intracellular lifestyle of cytosolic bacteria. Nat. Rev.
Microbiol. 7, 333–340.

14. Meresse, S., Steele-Mortimer, O., Moreno, E., Desjardins, M., Finlay,

B., et al. (1999) Controlling the maturation of pathogen-containing

vacuoles: a matter of life and death. Nat. Cell Biol. 1, E183–E188.

15. Lerena, M. C., Vazquez, C. L., and Colombo, M. I. (2010) Bacterial

pathogens and the autophagic response. Cell Microbiol. 12, 10–18.

16. Gutierrez, M. G., Master, S. S., Singh, S. B., Taylor, G. A., Colombo,

M. I., et al. (2004) Autophagy is a defense mechanism inhibiting BCG

and Mycobacterium tuberculosis survival in infected macrophages. Cell

119, 753–766.

17. Singh, S. B., Davis, A. S., Taylor, G. A., and Deretic, V. (2006) Human

IRGM induces autophagy to eliminate intracellular mycobacteria. Sci-
ence 313, 1438–1441.

18. Shin, D. M., Yuk, J. M., Lee, H. M., Lee, S. H., Son, J. W., et al.

(2010) Mycobacterial lipoprotein activates autophagy via TLR2/1/CD14

and a functional vitamin D receptor signalling. Cell Microbiol. 12,

1648–1665.

19. Shin, D. M., Jeon, B. Y., Lee, H. M., Jin, H. S., Yuk, J. M., et al.

(2010) Mycobacterium tuberculosis Eis regulates autophagy, inflamma-

tion, and cell death through redox-dependent signaling. PLoS Pathog. 6,

e1001230.

745AUTOPHAGY AND INFECTION OF MACROPHAGES



20. Terebiznik, M. R., Raju, D., Vazquez, C. L., Torbricki, K.,

Kulkarni, R., et al. (2009) Effect of Helicobacter pylori’s vacuolat-

ing cytotoxin on the autophagy pathway in gastric epithelial cells.

Autophagy 5, 370–379.

21. Wang, Y. H., Wu, J. J., and Lei, H. Y. (2009) The autophagic induction

in Helicobacter pylori-infected macrophage. Exp. Biol. Med. (Maywood)

234, 171–180.

22. Yuan, K., Huang, C., Fox, J., Laturnus, D., Carlson, E., et al. (2012)

Autophagy plays an essential role in the clearance of Pseudomonas aer-

uginosa by alveolar macrophages. J. Cell Sci. 125, 507–515.

23. Suzuki, T., Franchi, L., Toma, C., Ashida, H., Ogawa, M., et al. (2007)

Differential regulation of caspase-1 activation, pyroptosis, and autoph-

agy via Ipaf and ASC in Shigella-infected macrophages. PLoS Pathog.

3, e111.

24. Ogawa, M., Yoshimori, T., Suzuki, T., Sagara, H., Mizushima, N., et al.

(2005) Escape of intracellular Shigella from autophagy. Science 307,

727–731.

25. Meyer-Morse, N., Robbins, J. R., Rae, C. S., Mochegova, S. N., Swan-

son, M. S., et al. (2010) Listeriolysin O is necessary and sufficient to

induce autophagy during Listeria monocytogenes infection. PLoS One 5,

e8610.

26. Birmingham, C. L., Canadien, V., Gouin, E., Troy, E. B., Yoshimori,

T., et al. (2007) Listeria monocytogenes evades killing by autophagy

during colonization of host cells. Autophagy 3, 442–451.

27. Ogawa, M., Yoshikawa, Y., Mimuro, H., Hain, T., Chakraborty, T.,

et al. (2011) Autophagy targeting of Listeria monocytogenes and the

bacterial countermeasure. Autophagy 7, 310–314.

28. Yoshikawa, Y., Ogawa, M., Hain, T., Yoshida, M., Fukumatsu, M.,

et al. (2009) Listeria monocytogenes ActA-mediated escape from auto-

phagic recognition. Nat. Cell Biol. 11, 1233–1240.

29. Dortet, L., Mostowy, S., Louaka, A. S., Gouin, E., Nahori, M. A., et al.

(2011) Recruitment of the major vault protein by InlK: a Listeria mono-

cytogenes strategy to avoid autophagy. PLoS Pathog. 7, e1002168.

30. Hernandez, L. D., Pypaert, M., Flavell, R. A., and Galan, J. E. (2003) A

Salmonella protein causes macrophage cell death by inducing autoph-

agy. J. Cell Biol. 163, 1123–1131.

31. Patel, J. C., Hueffer, K., Lam, T. T., and Galan, J. E. (2009) Diversifi-

cation of a Salmonella virulence protein function by ubiquitin-dependent

differential localization. Cell 137, 283–294.

32. Cemma, M., Kim, P. K., and Brumell, J. H. (2011) The ubiquitin-bind-

ing adaptor proteins p62/SQSTM1 and NDP52 are recruited independ-

ently to bacteria-associated microdomains to target Salmonella to the

autophagy pathway. Autophagy 7, 22–26.

33. Zheng, Y. T., Shahnazari, S., Brech, A., Lamark, T., Johansen, T., et al.

(2009) The adaptor protein p62/SQSTM1 targets invading bacteria to

the autophagy pathway. J. Immunol. 183, 5909–5916.

34. Gong, L., Cullinane, M., Treerat, P., Ramm, G., Prescott, M., et al.

(2011) The Burkholderia pseudomallei type III secretion system and

BopA are required for evasion of LC3-associated phagocytosis. PLoS

One 6, e17852.

35. Cullinane, M., Gong, L., Li, X., Lazar-Adler, N., Tra, T., et al. (2008)

Stimulation of autophagy suppresses the intracellular survival of Bur-

kholderia pseudomallei in mammalian cell lines. Autophagy 4, 744–753.

36. Butchar, J. P., Cremer, T. J., Clay, C. D., Gavrilin, M. A., Wewers, M.

D., et al. (2008) Microarray analysis of human monocytes infected with

Francisella tularensis identifies new targets of host response subversion.

PLoS One 3, e2924.

37. Deuretzbacher, A., Czymmeck, N., Reimer, R., Trulzsch, K., Gaus, K.,

et al. (2009) Beta1 integrin-dependent engulfment of Yersinia enteroco-

litica by macrophages is coupled to the activation of autophagy and

suppressed by type III protein secretion. J. Immunol. 183, 5847–5860.

38. Amer, A. O. and Swanson, M. S. (2005) Autophagy is an immediate

macrophage response to Legionella pneumophila. Cell Microbiol. 7,

765–778.

39. Celli, J., de Chastellier, C., Franchini, D. M., Pizarro-Cerda, J., Moreno,

E., et al. (2003) Brucella evades macrophage killing via VirB-dependent

sustained interactions with the endoplasmic reticulum. J. Exp. Med.

198, 545–556.

40. Abdulrahman, B. A., Khweek, A. A., Akhter, A., Caution, K., Kotrange,

S., et al. (2011) Autophagy stimulation by rapamycin suppresses lung

inflammation and infection by Burkholderia cenocepacia in a model of

cystic fibrosis. Autophagy 7, 1359–1370.

41. Burdette, D. L., Seemann, J., and Orth, K. (2009) Vibrio VopQ induces

PI3-kinase-independent autophagy and antagonizes phagocytosis. Mol.

Microbiol. 73, 639–649.

42. Niu, H., Yamaguchi, M., and Rikihisa, Y. (2008) Subversion of cellular

autophagy by Anaplasma phagocytophilum. Cell Microbiol. 10, 593–605.

43. Moreau, K., Lacas-Gervais, S., Fujita, N., Sebbane, F., Yoshimori, T.,

et al. (2010) Autophagosomes can support Yersinia pseudotuberculosis

replication in macrophages. Cell Microbiol. 12, 1108–1123.

44. Tan, Y. K., Kusuma, C. M., St. John, L. J., Vu, H. A., Alibek, K., et al.

(2009) Induction of autophagy by anthrax lethal toxin. Biochem. Bio-

phys. Res. Commun. 379, 293–297.

45. Shahnazari, S., Namolovan, A., Mogridge, J., Kim, P. K., and Brumell,

J. H. (2011) Bacterial toxins can inhibit host cell autophagy through

cAMP generation. Autophagy 7, 957–965.

46. Gutierrez, M. G., Saka, H. A., Chinen, I., Zoppino, F. C., Yoshimori,

T., et al. (2007) Protective role of autophagy against Vibrio cholerae

cytolysin, a pore-forming toxin from V. cholerae. Proc. Natl. Acad. Sci.

USA 104, 1829–1834.

47. Moreau, K., Luo, S., and Rubinsztein, D. C. (2010) Cytoprotective roles

for autophagy. Curr. Opin. Cell Biol. 22, 206–211.

48. Mizushima, N. and Komatsu, M. (2011) Autophagy: renovation of cells

and tissues. Cell 147, 728–741.

49. Saitoh, T. and Akira, S. (2010) Regulation of innate immune responses

by autophagy-related proteins. J. Cell Biol. 189, 925–935.

50. Deretic, V. and Levine, B. (2009) Autophagy, immunity, and microbial

adaptations. Cell Host Microbe. 5, 527–549.

51. Delgado, M., Singh, S., De Haro, S., Master, S., Ponpuak, M., et al.

(2009) Autophagy and pattern recognition receptors in innate immunity.

Immunol. Rev. 227, 189–202.

52. Xu, Y., Jagannath, C., Liu, X. D., Sharafkhaneh, A., Kolodziejska, K.

E., et al. (2007) Toll-like receptor 4 is a sensor for autophagy associated

with innate immunity. Immunity 27, 135–144.

53. Delgado, M. A. and Deretic, V. (2009) Toll-like receptors in control of

immunological autophagy. Cell Death Differ. 16, 976–983.

54. Shi, C. S. and Kehrl, J. H. (2008) MyD88 and Trif target Beclin 1 to

trigger autophagy in macrophages. J. Biol. Chem. 283, 33175–33182.

55. Into, T., Inomata, M., Takayama, E., and Takigawa, T. (2012) Autoph-

agy in regulation of Toll-like receptor signaling. Cell Signal. 24, 1150–

1162.

56. Travassos, L. H., Carneiro, L. A., Ramjeet, M., Hussey, S., Kim, Y. G.,

et al. (2010) Nod1 and Nod2 direct autophagy by recruiting ATG16L1

to the plasma membrane at the site of bacterial entry. Nat. Immunol. 11,

55–62.

57. Biswas, D., Qureshi, O. S., Lee, W. Y., Croudace, J. E., Mura, M.,

et al. (2008) ATP-induced autophagy is associated with rapid killing of

intracellular mycobacteria within human monocytes/macrophages. BMC

Immunol. 9, 35.

58. Harris, J., De Haro, S. A., Master, S. S., Keane, J., Roberts, E. A., et al.

(2007) T helper 2 cytokines inhibit autophagic control of intracellular

Mycobacterium tuberculosis. Immunity 27, 505–517.

59. Opota, O., Gauthier, N. C., Doye, A., Berry, C., Gounon, P., et al.

(2011) Bacillus sphaericus binary toxin elicits host cell autophagy as a

response to intoxication. PLoS One 6, e14682.

60. Kloft, N., Neukirch, C., Bobkiewicz, W., Veerachato, G., Busch, T.,

et al. (2010) Pro-autophagic signal induction by bacterial pore-forming

toxins. Med. Microbiol. Immunol. 199, 299–309.

746 GONG ET AL.



61. Colombo, M. I., Gutierrez, M. G., and Romano, P. S. (2006) The two

faces of autophagy: Coxiella and Mycobacterium. Autophagy 2,

162–164.

62. Kirkin, V., McEwan, D. G., Novak, I., and Dikic, I. (2009) A role for

ubiquitin in selective autophagy. Mol. Cell 34, 259–269.

63. Ponpuak, M., Davis, A. S., Roberts, E. A., Delgado, M. A., Dinkins, C.,

et al. (2010) Delivery of cytosolic components by autophagic adaptor

protein p62 endows autophagosomes with unique antimicrobial proper-

ties. Immunity 32, 329–341.

64. Randow, F. (2011) How cells deploy ubiquitin and autophagy to defend

their cytosol from bacterial invasion. Autophagy 7, 304–309.

65. Thurston, T. L., Ryzhakov, G., Bloor, S., von Muhlinen, N., and

Randow, F. (2009) The TBK1 adaptor and autophagy receptor NDP52

restricts the proliferation of ubiquitin-coated bacteria. Nat. Immunol. 10,

1215–1221.

66. Dupont, N., Lacas-Gervais, S., Bertout, J., Paz, I., Freche, B., et al.

(2009) Shigella phagocytic vacuolar membrane remnants participate in

the cellular response to pathogen invasion and are regulated by autoph-

agy. Cell Host Microbe. 6, 137–149.

67. Thurston, T. L., Wandel, M. P., von Muhlinen, N., Foeglein, A., and

Randow, F. (2012) Galectin 8 targets damaged vesicles for autophagy

to defend cells against bacterial invasion. Nature 482, 414–418.

68. Di Lella, S., Sundblad, V., Cerliani, J. P., Guardia, C. M., Estrin, D. A.,

et al. (2011) When galectins recognize glycans: from biochemistry to

physiology and back again. Biochemistry 50, 7842–7857.

69. Sanjuan, M. A., Dillon, C. P., Tait, S. W., Moshiach, S., Dorsey, F.,

et al. (2007) Toll-like receptor signalling in macrophages links the

autophagy pathway to phagocytosis. Nature 450, 1253–1257.

70. Sanjuan, M. A., Milasta, S., and Green, D. R. (2009) Toll-like receptor

signaling in the lysosomal pathways. Immunol. Rev. 227, 203–220.

71. Codogno, P., Mehrpour, M., and Proikas-Cezanne, T. (2012) Canonical

and non-canonical autophagy: variations on a common theme of self-

eating? Nat. Rev. Mol. Cell Biol. 13, 7–12.

72. Martinez, J., Almendinger, J., Oberst, A., Ness, R., Dillon, C. P., et al.

(2011) Microtubule-associated protein 1 light chain 3 alpha (LC3)-asso-

ciated phagocytosis is required for the efficient clearance of dead cells.

Proc. Natl. Acad. Sci. USA 108, 17396–17401.

73. Huang, J., Canadien, V., Lam, G. Y., Steinberg, B. E., Dinauer, M. C.,

et al. (2009) Activation of antibacterial autophagy by NADPH oxidases.

Proc. Natl. Acad. Sci. USA 106, 6226–6231.

74. Shui, W., Sheu, L., Liu, J., Smart, B., Petzold, C. J., et al. (2008) Mem-

brane proteomics of phagosomes suggests a connection to autophagy.

Proc. Natl. Acad. Sci. USA 105, 16952–16957.

75. Florey, O., Kim, S. E., Sandoval, C. P., Haynes, C. M., and Overholt-

zer, M. (2011) Autophagy machinery mediates macroendocytic process-

ing and entotic cell death by targeting single membranes. Nat. Cell

Biol. 13, 1335–1343.

76. Alonso, S., Pethe, K., Russell, D. G., and Purdy, G. E. (2007) Lysoso-

mal killing of Mycobacterium mediated by ubiquitin-derived peptides is

enhanced by autophagy. Proc. Natl. Acad. Sci. USA 104, 6031–6036.

77. Munz, C. (2010) Antigen processing via autophagy—not only for MHC

class II presentation anymore? Curr. Opin. Immunol. 22, 89–93.

78. Mostowy, S., Sancho-Shimizu, V., Hamon, M. A., Simeone, R., Brosch, R.,

et al. (2011) p62 and NDP52 proteins target intracytosolic Shigella and Lis-

teria to different autophagy pathways. J. Biol. Chem. 286, 26987–26995.

79. Xu, Y., Kim, S. O., Li, Y., and Han, J. (2006) Autophagy contributes to

caspase-independent macrophage cell death. J. Biol. Chem. 281, 19179–

19187.

80. Campoy, E. and Colombo, M. I. (2009) Autophagy subversion by bacte-

ria. Curr. Top Microbiol. Immunol. 335, 227–250.

747AUTOPHAGY AND INFECTION OF MACROPHAGES


