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Summary

Autophagy is a highly conserved catabolic process for the degradation of cytosolic

components including damaged organelles, protein aggregates, and intracellular bacteria
through a lysosome-dependent pathway. Autophagy can be induced in response to stress
conditions. Furthermore, autophagy has been described as involved in both innate and
adaptive immune responses, and several studies have shown that certain microorganisms
can be eliminated by the autophagic route in a process known as xenophagy. However,
several pathogens have developed different strategies to evade or exploit autophagy to
ensure their survival. Here, we review the role of autophagy in response to bacterial

pathogens.
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1. Introduction

The catabolic pathway of autophagy is essential for
homeostasis, acting as a mechanism for cell survival
during stress and maintaining cellular integrity by
regenerating metabolic precursors and removing
subcellular components (/-3). In the cell, the
autophagic pathway has several functions including
selective degradation of intracellular pathogens,
removal of damaged organelles or excess thereof, and
elimination of potentially toxic protein aggregates. The
pathway is also involved in the degradation of proteins
and other macromolecules to deliver essential anabolic
nutrients under conditions of nutritional stress or
inanition. Autophagy is closely related to maintaining
the health of the organism and that its malfunction
or absence contributes to the development of certain
diseases like cancer, Huntington's disease, Parkinson's
disease, and cardiomyopathy-related myodegeneration
(4). Several studies have linked autophagy with the
innate and adaptive immune responses, including roles
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in regulatory and effector functions, tolerance and
inflammation. The peptides produced by autophagic
degradation can be presented to T cells through major
histocompatibility complex class I (MHC I) and MHC
II molecules (5). Furthermore, autophagy is an effector
in Th1/Th2 polarization (6-8). In innate immunity,
autophagy is the effector response of activation
receptors such as Toll-like receptors (TLRs) and
NOD-like receptors (NLRs) in response to pathogens
and damage-associated molecular pattern molecules
(DAMPs) (9-14).

Initially, autophagy was considered to be a
nonselective process. However, it has been shown that
this process can selectively remove protein aggregates
(aggrephagy); organelles such as peroxisomes
(pexophagy), mitochondria (mitophagy), endoplasmic
reticulum (reticulophagy), and ribosomes (ribophagy);
lipids (lipophagy); and bacteria and viruses (xenophagy)
(4,15-20). Selective autophagy can act as a quality-
control mechanism in the cell, ensuring the degradation
of cytoplasmic components or microorganisms that
escape canonical autophagy (21,22).

The autophagy is in some cases an efficient pathway
to degradation of microorganisms but, several pathogens
have taken advantage the autophagy machinery to
survive and replicate. Here, we will review these dual
functions of autophagy in the bacterial infections.
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Figure 1. Schematic representation of autophagy. Non selective autophagy is a bulk degradation system that involves the isolation
and elongation membrane to form a specialized double-membrane vesicle called the autophagosome. The autophagosome envelops
target cytosolic materials and fuses with lysosome to give rise to a structure of enzymatic degradation known as autolysosome.
Selective autophagy is a process that involves the specific degradation of targets as aggregated proteins, mitochondria and pathogens.
The ubiquitination of substrates and the cargo adaptor proteins play an important role in selective autophagy.

2. Nonselective autophagy

The main feature of autophagy is the formation of
membranous organelles called autophagosomes
(Figure 1). The formation of these structures is
controlled by proteins encoded by autophagy-related
genes (ATGs). In total, 37 ATG proteins have been
described in yeast, of which ATG 1-10, ATG 12-14,
ATG 16-18, and ATG 17, 29, and 31 are essential in
the formation of autophagosomes (23). These proteins
are hierarchically organized into functional complexes
that regulate several steps of the autophagic process.
The formation of autophagosomes can be divided into
three stages: initiation, nucleation and elongation (2).
At the transcriptional level, the regulation of autophagy
is coupled to the lysosomal pathway by transcription
factor EB (TFEB) (24) and to other proteolytic
systems via FOXO3a (25). However, autophagy is
activated through fast signaling pathways in response
to stress conditions and membrane remodeling in the
cytoplasm and these signals occur more rapidly than
the transcriptional changes in the nucleus do (26). The
molecular machinery used in autophagosome formation
can be divided into four groups: i) the UNCS51-like
kinase (ULK) complex, which includes UNC51-
like Ser/Thr kinases ULK1 and ULK2, ATG 13, FAK
family kinase-interacting protein of 200 kDa (FIP200)
and ATG101 which is activated by mTORCI1; ii) the
complex formed by the phosphatidylinositol 3-kinase
class III (PI3K) Vps34 and BECNI1, which labels
the site of autophagosome generation by increasing
the local concentration of phosphatidylinositol
3-phosphate; iii) the transmembrane proteins ATG9
and VMP1, which are involved in recruiting membrane
for autophagosome formation; and iv) two systems of

ubiquitin conjugation, or ATG12-like and MAP1LC3
(also known as LC3, GABARAP and GATE-16).

3. Selective autophagy

Approximately 1-1.5% of cellular proteins are
catabolized by autophagy every hour. Under homeostatic
conditions, the proportion of basal autophagy that
contributes to synthesis and energy production is not
clear. However, it is known that basal autophagy acts as a
quality-control mechanism for cytoplasmic components
and is crucial in several postmitotic cells, such as
neurons and hepatocytes. Although this quality control
is partly achieved by nonselective autophagy, increasing
evidence suggests that under special conditions,
autophagy can selectively degrade aberrant proteins,
lipids, dysfunctional organelles, and microorganisms
(Figure 1). Selective autophagy can occur constitutively
and can also be induced in response to cellular stress (2).
This type of autophagy can be classified according to
the substrate degraded: protein aggregates (aggrephagy)
(27,28); peroxisomes (pexophagy) (19,29); mitochondria
(mitophagy) (/8,30); glycogen (glycophagy) (317);
endoplasmic reticulum (reticulophagy) (15); zymogen
granules (zymophagy) (32); lipids (lipophagy) (20);
ribosomes (ribophagy) (33); and bacteria, viruses and
protozoa (xenophagy) (34).

Selective autophagy is based on the recognition
of specific substrates for degradation. This process
is dependent on receptors that bind to LC3 through a
small motif called an LC3-interacting region (LIR). The
motif LIR is a degenerate sequence of amino acids with
a core corresponding to W/F/Y-XX-L/I /V (where X
can be any amino acid) (35). The receptors involved in
selective autophagy recognize ubiquitinated substrates,
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Figure 2. The role of autophagy in bacterial infections. (A) In some bacterial infections autophagy plays a role as a defense
mechanism. Some bacteria (for example S. pyogenes, GAS) induce the selective autophagy when disrupt membrane of the
endocytic vacuole and escape to cytosol. Another bacterium, like M. tuberculosis, is sequestered in autophagosome and the
autophagosome maduration and fusion with lysosome are allowed. In both cases, pathogens are eliminated in autolysosome by
enzymatic degradation (Xenophagy). (B) In contrast, L. monocytogenes avoid autophagy and survives into cell. P. gingivalis and
C. burnetti, use the autophagy pathway to generate a replicative niche in which they can survive and replicate actively. These
pathogens take advantage of the host intracellular trafficking pathway and autophagy.

and this recognition is mediated by adaptor molecules
that are attached to ubiquitin at one end and to other
members of the LC3 family (LC3/GABARAP/GATE-
16) on the other end (36) (Figure 2). The first receptor
involved in selective autophagy to be identified was
p62 (also known as sequestosome-1 (SQSTM1))
(27,28,37). 1t is well known that p62 is a scaffold
protein that has an important role in signaling pathways
involving NF-kB (38). However, p62 colocalizes with
protein inclusions in diseases such Alzheimer's disease,
Pick's disease, Lewy body dementia, and Parkinson's
disease (39,40). Studies with autophagy-knockout
mice have shown that p62 plays an important role in
regulating the formation of protein aggregates, and the
binding of this receptor allows LC3 protein degradation
by the autophagic pathway (37). These studies showed
that if autophagy is blocked, p62 cannot be degraded,
leading to excessive accumulation of aggregated
proteins and severe hepatomegaly and liver dysfunction
(37). After the discovery of p62, it was demonstrated
that nuclear dot protein, 52 kDa (NDP52) is another
receptor involved in the autophagic process. Studies by
Thurston and colleagues in 2009 showed that NDP52
is a receptor involved in autophagy that, similar to
p62, binds to ubiquitinated S. typhimurium. In this
same study, it was shown that the binding of ubiquitin
to NDP52 depends on the receptor's zinc fingers'
detection of polyubiquitinated bacteria. Cells infected

with S. typhimurium and lacking NDP52 showed an
accumulation of ubiquitinated bacteria in the cytosol,
thus demonstrating the importance of this receptor in
xenophagy (417).

A receptor that was recently described as a selective
autophagy receptor is optineurin (OPTN) (42). Wild
and collaborators demonstrated that Sa/monella
enterica coated with ubiquitin is recognized by OPTN,
promoting xenophagy. Moreover, they showed that the
protein TBK1 phosphorylates OPTN at Serine 177,
enhancing the binding affinity for LC3 and removing
bacteria from the cytosol. Mutant TBK or OPTN in
cells or silenced TBK or OPTN resulted in increased
intracellular bacterial growth (42). Although the precise
molecular mechanisms of selective autophagy have
not been established, a growing number of receptors
responsible for the recognition of specific substrates
have been identified.

Moreover, recent studies have shown that
phagosomes containing bacteria, dead cells and latex
particles can recruit LC3. This is another type of
selective autophagy, in which LC3 can be conjugated to
phagosomes. The association of LC3 with phagocytosis
(LC3-associated phagocytosis, or LAP) promotes
degradation of the material containing-phagosome by
induction of phagolysosomal fusion. In both LAP and
autophagy, the presence of LC3 is necessary for the
degradation of cargo by lysosomal enzymes. In contrast
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to canonical autophagy, defined by the formation of
a double-membrane autophagosome, in LAP, LC3 is
recruited directly to the phagosome (and is conjugated
to phosphatidylethanolamine in this compartment)
(12,43). LC3 can also be conjugated directly to entotic
vacuoles, macropinosomes, or phagosomes harboring
apoptotic cells, and this conjugation is dependent on
ATG7, ATGS, and class III Vps34 (44).

4. Xenophagy

The exact mechanism of bacterial recognition by
autophagy has not been elucidated. However, it is
known that this process requires ubiquitination (4J).
Autophagy receptors such as p62 (SQSTM1), neighbor
of BRCA1 gene 1 (NBR1), NDP52 and OPTN are a
subset of pattern recognition receptors (PRRs) called
SQSTM1/p62-like receptors (SLRs). These receptors
recognize ubiquitinated substrates, recruit membrane to
autophagosomes and interact with LC3 (26).

The first report indicating that bacteria could be
eliminated by autophagy was published three decades
ago. In 1984, Rikihisa observed autophagosome
formation in polymorphonuclear cells from guinea pigs
infected by Rickettsia conorii (46). Before the discovery
of the components of the autophagic machinery, it was
difficult to unequivocally identify autophagosomes
due to a lack of markers. It was also complicated to
follow the dynamics and fate of intracellular bacteria,
and it was difficult to determine the importance of the
association of autophagosomal membranes and bacteria
in host defense (4). However, with new tools available
to identify autophagosomes and to block autophagy in
infected cells, it has become clear that autophagy has a
crucial role in the elimination of pathogens (7,47).

4.1. Streptococcus pyogenes

The capacity to eliminate bacteria by the autophagic
pathway was initially demonstrated in S. pyogenes, also
known as Group A Streptococcus (GAS). Streptolysin
O (SLO), a member of the family of cytolysins, which
are pore forming and dependent on cholesterol, is a
major virulence mechanism of GAS (48). SLO allows
the bacteria to escape from the endosome and into the
cytosol. In 2004, Nakagawa and colleagues showed that
in a GAS-infected HeLa cell line, 80% of the bacteria
were captured by autophagosomes and were eliminated
after the fusion of the autophagosomes with lysosomes.
In contrast, in GAS-infected ATGS-/- cells (deficient in
autophagy), the bacteria survived and multiplied within
the cells (47). It was also demonstrated that SLO was
necessary for the autophagic process. Assays showed
that SLO-mutant bacteria were not sequestered in
autophagic structures and survived longer than the wild-
type strain did. It was also shown that GAS-infected
HelLa cells deficient in SLO remained in endosomes and

did not escape to the cytosol, suggesting that bacterial
exposure to the cytosol can function as the activation
signal for autophagy. Additionally, the researchers
demonstrated that the CD46 receptor induces autophagy
and GAS removal by activated BECNI1 and PtdIns3K
(48). In addition to the ATG proteins, members of
Rab GTPase family are located in autophagosomes
containing GAS and are involved in autophagosome
formation. For example, Rab7 mediates late endosome
formation, and Rab23 regulates intracellular vesicle
transport (48,49). Rab9A is required for the fusion of
lysosomes with autophagosomes, and this GTPase
is involved in the transport of proteins from late
endosomes to the trans-Golgi (50). Rab9A and Rab23
are not involved in autophagy induced by starvation
(classical or canonical autophagy), suggesting that they
have a unique role in xenophagy (51).

Studies in human oropharyngeal keratinocytes
infected with GAS showed that GAS uses both SLO
(required for association with ubiquitin) and streptolysin
S (SLS, which is required for association with galectin
8) to damage the vacuolar membrane. Consequently,
adapters bind ubiquitin or galectin 8, and autophagy is
induced. However, although autophagy is induced, this
study showed that SLO promotes bacterial survival in
human oropharyngeal keratinocytes and, together with
NAD glycohydrolase (a toxin that is encoded in the
same operon), inhibits the fusion of GAS containing-
autophagosomes with lysosomes (52). Therefore, in
human oropharyngeal keratinocytes, GAS infection
does not induce a xenophagic response, and bacterial
toxins inhibit the formation of mature autolysosomes
and allow bacterial survival. In the keratinocyte, the
cell-bacterium interaction is more complex than that
observed in HeLa cells, in which autophagy kills
most GAS bacteria during early infection (47). GAS
is a model of intracellular bacteria whose strategy to
manipulate the host autophagy pathway is currently
under investigation. Recently, Barnett and colleagues
provide evidence about the ability of GAS to produce a
protease that degrades host proteins that target bacteria
to autophagy in order to evade autophagy and replicate
efficiently in the cytosol of infected epithelial cells (53).

4.2. Salmonella typhimurium

Other studies have shown that Salmonella enterica
serovar Typhimurium (S. typhimurium) is also
eliminated by the autophagic pathway. S. typhimurium
is a facultative intracellular bacterium that usually
resides in a Salmonella-containing vacuole (SCV). A
unique feature of cells infected by Salmonella is the
presence of tubular structures from the SCV, which
are often spread throughout the cytosol of the cell.
These tubules include Salmonella-induced filaments
(SIFs) and sorting nexin3 (SNX3) (54,55). In this
compartment, S. typhimurium can replicate and modify
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the fate of the SCV through its type III secretion
system (T3SS, encoded in Salmonella pathogenicity
islands 1 and 2 (SPI-1 and SPI-2)) and is capable
of damaging the eukaryotic cell membranes. This
pathogen forms a pore in the SCV via SPI-1 T3SS to
escape into the cytosol, where it obtains nutrients for
its growth (56). In the cytosol, S. typhimurium is coated
by polyubiquitinated proteins, which are detected by
the p62 adapter, after which p62 colocalizes with LC3
and LAMP1, resulting in infection control (57,58).
Another adapter protein that has an important role
in the control of S. typhimurium infection is OPTN.
Wild and colleagues demonstrated that activation of
the kinase TBK1 (which activates the transcription
of type I interferons (IFNs)) phosphorylates Serine
177 of OPTN, enhancing the affinity of LC3 for
the binding site of OPTN and, as a consequence,
the removal of bacteria. In addition, the researchers
showed that mutants of OPTN and OPTN silencing
or TBK1 defects lead to intracellular proliferation of
S. typhimurium (42). Sugars such as -galactoside
are other host molecules that are also involved in the
interaction of bacteria with the autophagy receptors.
Under normal conditions, B-galactoside is located at
the luminal surface of the endosome, and when damage
occurs in the SCV, this sugar molecule is exposed to
the cytosol. This B-galactoside is then recognized by
its cytosolic receptor galectin 8, which binds to NDP52
and recruits LC3 to the damaged SCV. It is noteworthy
that the recruitment of NDP52 to the bacteria is through
NDP52 binding to galectin 8, and not to ubiquitin (59).
Therefore, ubiquitin signals and sugar contribute to
the xenophagy of bacteria in damaged vacuoles. The
existence of three adapters (p62, OPTN, and NDP52)
ensures the elimination of bacteria present into the host
cell cytosol, although the process of pathway activation
is not clear at this time (517).

4.3. Mycobacterium tuberculosis

In M. tuberculosis infection, autophagy seems to be a
mechanism contributing to this bacterium's elimination.
One of the main features of the pathogenesis of
tuberculosis is the ability of M. tuberculosis to infect
and survive in alveolar macrophages. Intracellular
bacilli are able to arrest phagosome maturation and
phagolysosomal fusion (60), inhibiting bactericidal
activity and the processing and presentation of
mycobacterial antigens (6/). Numerous bacterial
lipids and proteins have been implicated in the arrest
of the phagosome and are involved in the modulation
of cytokine secretion (62,63). Infection by M.
tuberculosis induces granuloma formation, and within
this structure, MTB can be maintained in a dormant
state for a long time (latency). Latency is the state
in which M. tuberculosis persists asymptomatically
in billions of people (64). Most infected individuals

remain asymptomatic and do not get sick. In the
latent state, a large number of immune mediators are
produced, and particularly IFN-y, TNF-a, and IL-
12 (65), and different T cells are activated, including
CD4+, CD8+, T vyo, NKT, T reg and Th17 cells (66-
68). This immunological control can be damaged with
aging, nutritional changes, environmental changes,
HIV infection, or immunosuppressive treatments (69).
Several research groups have shown that autophagy
has an important role in the control of tuberculosis. In
2004, Gutierrez and colleagues showed that autophagy
induced by starvation, pharmacologically induced
by rapamycin, or immunologically induced by IFN-y
had the ability to efficiently inhibit the intracellular
replication of tuberculous bacilli in macrophages (7).
These results were corroborated in different contexts
by several groups, which also confirmed that M.
tuberculosis can be eliminated by stimulating the
autophagic pathway. Two different research groups
showed that stimulating MTB-infected cells with
different TLR agonists decreased the survival of M.
tuberculosis (10,13). Moreover, Alonso and colleagues
showed that autolysosomes containing ubiquitinated
fragments could act as mycobactericidal peptides (70).
Biswas and colleagues reported that autophagy induced
by ATP/P2X7 leads to the elimination of mycobacteria
(9). As mentioned above, IFN-y has a valuable role in
the response to M. tuberculosis because this cytokine
induces a protective response. IFN-y may also induce
xenophagy and, in conjunction with the GTPase LRG-
47 in mice (IRGM in humans), contribute to controlling
mycobacterial infection in macrophages treated with
IFN-y compared with mice deficient in LRG-47, which
quickly succumb to bacterial infection (77). It is also
known that vitamin D is important in mycobacterial
infection, that low levels of vitamin D in the serum
are associated with reactivation of disease and that
peripheral blood cells treated with vitamin D ex vivo
can enhance immunity (72,73). In 2009, Yuk and
colleagues showed that the active form of vitamin D, or
1, 25-dihydroxyvitamin D (1,25D3), induced autophagy
in human monocytes via cathelicidin, which activated
transcription of the autophagy-related genes BECN1
and Atg5. 1,25D3 also induced the colocalization of
mycobacterial phagosomes with autophagosomes
in human macrophages in a cathelicidin-dependent
manner (74).

A recent study showed that approximately 30%
of M. tuberculosis-containing phagosomes were
selectively labeled by LC3 and ATG12 at 4 h post-
infection. Evidence indicates that M. tuberculosis
causes damage to the phagosomal membrane via ESAT-
6 and ESX-1 type VII secretion systems. Autophagy is
induced following the phagosomal membrane damage,
which allows selective autophagy adapters such as
p62, NDP52 and LC3 to access the mycobacteria-
containing phagosome. In the same study, it was
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shown that M. tuberculosis DNA may function as a
signal to activate selective autophagy, possibly after
activation of TBK1 and STING, molecules required
for ubiquitin-mediated autophagy (75). In an in vivo
model consisting of Atg5fl/fl LysM-Cre transgenic
mice (deficient in autophagy), it was demonstrated
that these mice are highly susceptible to mycobacterial
infection, highlighting autophagy as a determinant of
host resistance to M. tuberculosis infection in vivo (76).

4.4. Legionella pneumophila

Certain bacteria inhibit autophagy by interfering directly
with components of autophagy. An example is Legionella
pneumophila, a bacterium that induces autophagy type
IV system secretion (T4SS, also known as the secretion
system Dot/Icm)-dependent manner. Moreover, this
pathogen continuously replicates within acidic lysosomal
vacuoles in macrophages and inhibits immediate
delivery to the lysosomes, thus persisting in immature
autophagosomal vacuoles (77). Legionella is internalized
into a phagosome enveloped by endoplasmic reticulum
structures (a mechanism that favors bacterial replication),
to which components of autophagy such as ATG7
and LC3 are recruited sequentially to be eventually
eliminated by lysosomes. However, it has recently been
shown that L. pneumophila can evade autophagy during
infection of human embryonic kidney 293 cells through
the secretion of T4SS and the effector protein RavZ.
RavZ is a cysteine protease with ATG4-like function
whose direct target is the amide bond between tyrosine
and glycine at the carboxyl terminus of LC3, which is
covalently bonded to phosphatidylethanolamine (PE)
when autophagy is induced. Then, RavZ irreversibly
separates LC3 of PE and the autophagosome formation
is inhibited (78). This is the first evidence of an effector
protein can mimic the function of the components of
autophagy in a host to modify a protein critical for
autophagy.

4.5. Shigella flexneri

S. flexneri is another example of a bacterium that
interferes with components of autophagy. S. flexneri is
a gram-negative pathogen that has the ability to escape
from the endosome and into the cytosol. In the cytosol,
Shigella uses the surface protein IcsA to recruit N-WASP
and the Arp2/3 complex to form actin tails for motility
(79). Autophagy is activated by the recognition of IcsA
by ATGS, mediated by tectonic beta-propeller repeat-
containing protein 1 (TECPR1), which binds to ATGS
and promotes autophagosome-lysosome fusion (80,81).
Shigella can manipulate the autophagic pathway by
secreting factors via T3SS. Among these factors, IcsB
and IcsA (VirG) are essential molecules that play a
crucial role in bacterial escape from autophagy. IcsB
competitively binds to IcsA, reducing binding of

ATGS and recruitment of TECPRI1. This disables the
recognition of Shigella by the autophagic machinery
(81,82). In studies with mutant IcsB (-/-), it has been
demonstrated that LC3 is efficiently recruited and that
intracellular bacterial replication decreases with respect
to the wild-type strain (82). TECPR1 has an important
role in autophagy; TECPR 1-deficient mouse embryonic
fibroblasts were defective for selective autophagy
and supported increased intracellular multiplication
of Shigella. Furthermore, depolarized mitochondria
and misfolded protein aggregates accumulated in
the TECPR1-knockout cells. A TECPR1-dependent
pathway is important in targeting bacterial pathogens
for selective autophagy (87). Furthermore, it is known
that the Shiga toxin induces autophagy in THP-1
cells and human macrophages and promotes death of
kidney epithelial cells through a mechanism dependent
on autophagy. In toxin-sensitive cells, toxins are
translocated to the endoplasmic reticulum, and calpain,
caspase-3 and caspase-8 are activated, resulting in the
cleavage of ATGS5 and beclin-1 (83). Moreover, it is
known that Shigella encodes another effector protein,
VirA. VirA plays an important role in the evasion
of autophagy, functioning as an inhibitor of GTPase
-Rabl (a small GTPase that has an important role in
the formation of autophagosomes), so the suppression
of autophagy contributes to the intracellular survival
of Shigella (84). To restrict bacterial motility and
escape autophagy, the septins (in contrast to actin and
microtubules, septins assemble into nonpolar filaments,
and they associate with cellular membranes, actin
filaments and microtubules), regarded as the fourth
component of the cytoskeleton (85,86), are recruited to
IcsA-induced actin polymerization sites to form septin
cage-like structures with ubiquitinated proteins and
autophagy receptors (p62, NBR1 and NDP52) (87,88).
Shigella provides an example of a bacterium that can be
a target for autophagy through an ubiquitin-independent
(recognized by ATGS5-TECPR1) or ubiquitin-dependent
(recognized by autophagy receptors) mechanism (89).

4.6. Listeria monocytogenes

L. monocytogenes is another example of a pathogen that
can evade recognition by the autophagic machinery. In
mouse macrophages, L. monocytogenes is internalized
by phagocytosis. Inside the phagosome, the bacterium
forms pores by secreting listeriolysin O (LLO),
and it replicates in the cytosol after escaping from
the phagosome (90). Phospholipase C (PLC) of L.
monocytogenes, in the form of PI-PLC and PC-PLC
works synergistically with LLO to lyse phagosomes and
to promote invasion of the bacterium into the cytosol,
and PLC also inhibits autophagy (97,92). During the
initial phase of infection by Listeria (approximately 2
h post-infection), autophagy plays a crucial role in host
immune defense. L. monocytogenes replicates efficiently

www.biosciencetrends.com



155 BioScience Trends. 2015, 9(3):149-159.

in mouse embryonic fibroblasts deficient in ATGS
compared with the wild type, suggesting a vital role for
autophagy in inhibiting intracellular replication (917,92).
In 2008, Zhao and colleagues showed that the ATGS
protein is essential for immunity to Listeria infection
in vivo (93). In the cytosol, Listeria uses its surface-
expressed ActA protein to directly recruit the Arp2/3
complex and to form actin tails for motility, conferring
the ability to spread to other cells (94). At the same
time, ActA prevents ubiquitination and the recruitment
of autophagy receptors (p62 and NDP52) to Listeria
(89,95).This mechanism has been proposed to help the
bacteria to escape autophagy (91,96). ActA-deficient
L. monocytogenes is not able to recruit the Arp2/3
complex; instead, ActA binds p62 and LC3, and finally,
the bacteria are removed by xenophagy (95). Another
protein that acts similarly to Act A is InIK (97). ActA-
deficient L. monocytogenes increases the expression
of InIK, allowing the bacteria to survive compared
with the wild type. The InIK protein has a redundant
role in ActA-deficient L. monocytogenes, replacing
ActA, which enables the bacteria to escape autophagy.
Together, these studies indicate that L. monocytogenes
has dual mechanisms to regulate autophagy. Although
activation of autophagy in an LLO-dependent manner
is an important mechanism in defense against infection,
L. monocytogenes has developed diverse mechanisms
of evasion involving several virulence factors, such as
PLCs, ActA and InIK.

4.7. Coxiella burnetii

In contrast to bacteria that try to evade autophagy,
certain bacteria exploit autophagy and promote the
formation of autophagic vacuoles in which to multiply.
Coxiella burnetii, the etiologic agent of Q fever, is an
obligate intracellular bacterium. This microorganism
has efficiently adapted to survive and replicate in the
harsh environment of large, acidified phagolysosome-
like vacuoles, although the mechanism of its resistance
to acid hydrolases is largely unknown. The metabolism
of C. burnetii is activated, at least in part, by the
low pH found within the phagolysosome (98). Once
internalized, Coxiella begins to accumulate along with
LC3 in vacuoles called Coxiella-containing vacuoles
(CCVs) (98,99). For LC3 to remain in the CCV,
bacterial protein synthesis is required; Romano and
colleagues showed that treatment with chloramphenicol
prevents the association of LC3 (100). Coxiella requires
the T4SS to create specialized lysosome-vacuoles to
allow bacterial replication (/01,102). Furthermore, it is
known that Coxiella delays endosome-lysosome fusion,
enabling the bacterium to replicate. When autophagy
is induced by starvation conditions or treatment with
rapamycin, surprisingly, the percentage of infected cells
and the size and development of the CCV increase, as
does C. burnetii replication, indicating that autophagy

promotes these phenomena (/00,103). Coxiella uses
the autophagic process to its advantage and survives in
cells.

4.8. Porphyromonas gingivalis

P gingivalis is a periodontal pathogen that is also
associated with cardiovascular disease. P. gingivalis
activates autophagy after being internalized. Although
this bacterium is sequestered in autophagosomes, it
evades the formation of autolysosomes. In human
coronary artery endothelial cells (HCAECSs),
numerous intracellular P. gingivalis bacteria were
located in multimembranous vacuoles resembling
autophagosomes. Vacuoles containing P. gingivalis
colocalize with Rab5 and HsGsa7p (ATG7) early after
internalization. At later times, P. gingivalis colocalizes
with BiP (Binding immunoglobulin protein) and
then progresses to a vacuole that contains BiP and
lysosomal glycoprotein 120. Late endosomal markers
and lysosomal cathepsin L do not colocalize with P.
gingivalis. The intracellular survival of P. gingivalis
decreases with pretreatment with the autophagy
inhibitors 3-methyladenine and wortmannin, resulting
in a marked decrease in bacterial survival with
respect to untreated cells. These results suggest that P
gingivalis requires the induction of autophagy to avoid
lysosomal degradation and remain in cells (104,105).

5. Conclusions

In the xenophagy, the pathogens elimination is
mediated by lysosomal pathway. Some bacterial
pathogens, such as C. burnetti and P. gingivalis
inhibit the autolysosome formation, take advantage
of autophagy and use the autophagy machinery to
establish a replicative niche in autophagosomes. In
contrast, M. tuberculosis is eliminated efficiently
when autophagy is induced. However, pathogens have
developed several mechanisms to avoid autophagy
(Figure 2). Some intracellular pathogens have the
ability to escape from endosome to cytosol. In this
context, the autophagy can be induced by different
signal: i) the bacterial cytosolic location, ii) the
phagosomal membrane damage, or iii) the bacterial
protein secretion. In the cytosol, the pathogens as S.
typhimurium can be a target of autophagy through
ubiquitin-dependent mechanism mediated by p62,
NDP52 and OPTN or ubiquitin independent process
through ATGS-TECPRI1 as described to S. flexneri. The
induction of autophagy results in the clearance of some
pathogens, but in other cases, the pathogens evade the
autophagy through virulence factors production, which
prevent the ubiquitination or degrade key proteins of
autophagy. Thus, autophagy plays an important role in
the immune response of the infected cells. Like a coin,
autophagy could be showing two faces; 7) an efficient
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mechanism to kill and eliminate intracellular pathogens,
and ii) a modulated pathway by pathogens to survive
and replicate.

Based on these studies, it is evident that autophagy
can be an effective immune response for the
elimination of intracellular bacteria. Recent studies
suggest that induction of autophagy could function as
a treatment for certain infectious diseases and could
be an effective strategy in vitro and in vivo (106,107).
However, only few pathogenic bacteria have been
studied in detail, and it is currently unclear whether
this can be widely applied to a variety of different
bacteria. It is known that a variety of different stimuli
can activate xenophagy, such as treatment with IFN-y
and stimulation of TLRs (10,13,108). Considering the
variety of mechanisms that allow certain pathogens to
prevent autophagy, it is necessary to better understand
these mechanisms to determine an effective strategy
for manipulating autophagy to counteract bacterial
invasion in different diseases. In summary, there are
currently more questions than answers in the field of
autophagy, so more research is needed to clarify the
role of autophagy in eliminating pathogens.
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