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Autophagy is a conserved intracellular degradation process enclosing the bulk of cytosolic components for lysosomal degradation to maintain cellular homeostasis. Accumulating evidences showed that a specialized form
of autophagy, known as xenophagy, could serve as an innate immune response to defend against pathogens
invading inside the host cells. Correspondingly, infectious pathogens have developed a variety of strategies to
disarm xenophagy, leading to a prolonged and persistent intracellular colonization. In this review, we first
summarize the current knowledge about the general mechanisms of intracellular bacterial infections and xenophagy. We then focus on the ongoing battle between these two processes.

1. Introduction

For instance, certain aggregate-prone intracytoplasmic proteins in
multiple neurodegenerative disorders such as α-synuclein (causing
Parkinson’s disease) and Tau (causing Alzheimer disease) can be specifically degraded by autophagosomes [7–9], thus to protect cells
against abnormal accumulation of damaged proteins. Similarly, Liu and
colleagues showed that Q6, a hypoxia-activated prodrug, remarkably
downregulated hypoxia inducible factor 1, α subunit (basic helix-loophelix transcription factor) (HIF1A) through autophagy pathway in a
selective manner [10]. According to the substrates sequestered by autophagosomes, selective autophagy can be classified, but not restricted
to mitophagy (dysfunctional mitochondria), ribophagy (ribosomes),
pexophagy (peroxisomes) and xenophagy (infectious pathogens)
[11–13].
Traced back to at least 1984, when Rikihisa first found that
Rickettsiae were phagocytized in autophagosomes in incubated Guinea
pig polymorphonuclear leukocytes (PMNs) [14], researchers started to
realize that autophagy could serve as an innate immune response,
capturing and eliminating the invasive pathogens via a lysosome-dependent pathway, thereby restraining intracytosolic bacterial proliferation. During the past 3 decades, various human pathogens have
been identified to rapidly initiate the autophagy response involving the

Macroautophagy (hereafter referred to as autophagy) is a conserved
cellular degradation pathway that targets cytoplasmic components,
including misfolded proteins, dysfunctional organelles or invading pathogens, by formation of the double-membrane vesicles, namely autophagosomes (a hallmark of autophagy). With the fusion of lysosomes,
engulfed materials are then degraded by the lysosomal proteases, releasing small-molecule substances such as amino acids and fatty acids
for recycling, so to maintain the cellular homeostasis [1,2]. Autophagy
occurs at low levels under a nutrient-rich context, whereas it is amplified when cells encounter stresses, including hypoxia [3], nutrition
deprivation or attack by microbes [4]. Thus the prime function of autophagy is to protect cells against various adversities.
Autophagy can be non-selective or selective. In the former, when
cells are under nutritional stress, superfluous or unwanted cytoplasmic
cargoes are indiscriminately sequestered and digested by autophagosomes, thereby to supply energy to the cells [5]. However, during selective autophagy with a serial of well-manipulated step-wise processes,
including recognition, ubiquitination and adaptors conjugation, specific
cargoes can be tagged and delivered into lysosomes for degradation [6].
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Fig. 1. An overview of the mechanisms of pathogen entry into phagocytic and non-phagocytic cells. Phagocytosis: pathogens such as Streptococcus pneumoniae are
actively sequestered by phagocytes, such as macrophages, via an actin-based cytoskeleton-arrangement, which is mediated by the ligation of bacteria to the Fcγ
receptor (FcγR). The bacteria-containing phagosomes then fuse with lysosomes to form phagolysosomes, where internalized bacteria are degraded. Early endosome
antigen 1 (EEA1) is membrane-associated protein localized to the early phagosome. Lysosomal associated membrane protein 1 (LAMP1), Cathepsin D, Rab7 and VATPase are markers of late stage of phagosome development (Left panel). “Trigger” mechanism : a prompt cytoskeletal rearrangement occurs in epithelial cells
upon bacteria such as Shigella adhering to the cell surface and delivering cytotoxins into the cells through secretion systems, leading to the formation of “membrane
ruffles” to enclose pathogens into membrane-bound vacuoles. “Zipper” mechanism : the “zipper”-like entry is initiated by the interaction between bacterial surface
ligands and host membrane receptors, resulting in the modest cytoskeletal rearrangement to form the phagocytic cup, thereby internalizing the bacteria (Right
panel).

tuberculosis(M. tuberculosis), S. Typhimurium, and Listeria monocytogenes
(L. monocytogenes) can reside and replicate both outside and inside of
the host cells [18,31–33], whereas obligate intracellular pathogens,
including bacteria such as Ehrlichia chaffeensis, Wolbachia spp., and
protozoa such as Plasmodium spp., and fungi such as Taphrina deformans
and all viruses have lost their capability of replicating outside host cells
[26,34,35].
Intracellular microorganisms can be further subdivided into two
categories – first is pathogens that persist inside the membrane-bound
vesicles, and the other is those replicating within the cytoplasm [36].
Hiding within phagosomal vacuoles is an attempt for the pathogens to
survive. However, bacteria are normally eliminated within 15–30 min if
they are not capable of developing effective strategies to fight against
the intracellular degradation process [22]. Another subset of intracytoplasmic microbes choose to escape the harsh phagosomal vacuoles and proliferate within the host cells cytoplasm upon entry.
Notwithstanding, they still have to overcome other intracellular defense
machanisms to ensure intracellular proliferation. A well-studied example is that S. flexneri, a highly virulent pathogen that causes Shigellosis and bacillary dysentery [37], counteracts the LC3-associated
phagocytosis through secreting the T3SS effector IcsB, thus escaping
from enclosure by LC3-positive vesicles and the ensuing autophagic
degradation [38]. Similar cytosolic replication was observed in Burkholderia pseudomallei and L. monocytogenes [39–41]. However, the
distinction between intracellular and extracellular microorganisms
could be vague. For instance, Streptococcus pneumonia was demonstrated to reside within splenic macrophages, serving as a reservoir for
septicaemia [42], although it was generally considered to be a kind of
extracellular microbe. Another case is H. pylori, one of the most wellknown human pathogens [43] and a strong risk factor for peptic ulcers
and gastric cancer [44,45]. H. pylori is generally considered as an extracellular microbe adhering to the gastric epithelial surface [46,47].
However, we and other researchers demonstrated the facultative intracellular nature of H. pylori in human phagocytes and epithelial cells,
which is important for its persistence and pathogenesis [20,25,48,49].

formation of double-membraned autophagosomes during cell-bacteria
co-culture. Invading bacteria were then captured by autophagosomes
and delivered into lysosomes for degradation [13,15]. However, the
scientific community soon discovered that invasive bacteria could develop a variety of strategies to disarm the xenophagy so as to achieve
intracellular colonization. Accumulating evidences have verified the
extensive interactions between bacteria and host autophagic response.
For instance, Salmonella enterica Serovar Typhimurium (S. Typhimurium) invades intestinal epithelial cells via the type III secretion
systems (T3SSs) encoded by Salmonella pathogenicity island-1 and -2
[16,17]. Multiple virulence effectors essential for intracellular bacterial
survival are translocated by T3SS2 system and remodel the autophagosomes into non-digestive niches for intracytoplasmic Salmonella
proliferation [18,19]. Emerging evidences further revealed interference
with key steps along the autophagic process by Helicobacter pylori (H.
pylori), Staphylococcus aureus (S. aureus) and many other human pathogens [20–25]. Extensive investigation has been performed to elucidate the underlying mechanisms. Nevertheless, the molecular machineries by which bacteria hijack host cells for their own survival still
mostly remains obscure in many cases.
In this review, we focus on the interplay between invasive pathogens and host cells, with an aim to offer an overview of how intracellular microbes are targeted by autophagy for degradation and
how the autophagic process is hijacked by pathogenic bacteria for
promoting their intracellular colonization and growth.
2. Intracellular pathogens
2.1. Definition and classification of intracellular pathogens
Intracellular microorganisms are microbes that are able to reside
and reproduce inside host cells [26,27]. It is now established that infections with intracellular microorganisms underlie many severe
human disorders, leading to high morbidity and mortality [28]. Generally, these intracellular microorganisms are classified into two types –
facultative and obligate intracellular pathogens. Distinction between
these two types depends on the capability of the pathogen to proliferate
outside the host cells [29,30]. Specifically, facultative intracellular
pathogens, including Shigella flexneri (S. flexneri), Mycobacterium

2.2. Bacterial invasion mechanisms
Generally, there are three strategies taken by bacteria to enter
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targeted cells. First, intracytoplasmic bacteria are engulfed by macrophages and neutrophils via phagocytosis [50]. Phagocytosis is initiated
upon the binding of the bacteria to the phagocyte Fcγ receptor (FcγR).
Pathogens have to develop strategies to avoid the ensuing oxidative
burst and pro-inflammatory reaction for their survival [51]. In contrast
to the engulfment by phagocytes, some pathogens can actively invade
into non-professional phagocytes such as epithelial and endothelial
cells via two classical strategies, namely “zipper” and “trigger” mechanisms [52,53] (Fig. 1). These internalization procedures are
achieved by pathogens secreting virulence effectors to remodel the host
cells’ cytoskeleton. The “trigger”-like mechanism is initiated by bacterial surface effectors, such as adhesins, resulting in the formation of
large “membrane ruffles” to enclose pathogens adhering to the center of
folding ruffles. Microbes, such as Shigella and Salmonella, utilize this
mechanism to invade into the host cells [54]. On the contrary, the
“zipper”-type invasion involves continuous sequential interaction between specific ligands on the microbe’s surface and the receptors on the
cell membrane, in which cell entry can roughly be divided into three
successive steps: (i) Bacteria surface proteins contacting and adhering
to the host cell receptors – “Zipper”-type entry is initiated by this step
without involving the transformation of cell cytoskeleton, leading to
receptor clustering. (ii) Formation of phagocytic cup – Distinct from
“trigger”-type entry, this kind of invasion involves modest actin cytoskeletal rearrangement triggered by bacteria-cell interaction. (iii)
Bacteria internalized by phagocytic cup and actin depolymerization –
This type of invasion is adopted by pathogens such as L. monocytogenes
to enter the host cells [55].
Despite the differences between these two types of cell entry, both
of them are initiated by ligand-receptor interaction, triggering downstream signal transduction cascades that lead to the rearrangement of
host cells cytoskeleton and the consequent internalization of pathogens
sequestered inside the membrane-bound vesicles.

formation and expansion, although ATG9 is not necessarily incorporated into the PAS [63]. Autophagosome membrane elongation
requires two ubiquitin-like conjugation systems: the microtubule associated protein 1 light chain 3 α/β (MAP1LC3A/B, short for LC3) and
ATG12 complex systems [64]. The ATG12 complex system includes
ATG5, ATG7, ATG10, ATG12 and ATG16L1. The ATG12 protein is first
activated by the E1-like enzyme ATG7, then transferred to the E2-like
enzyme ATG10, and conjugated to ATG5 and ATG16L1 to form the
complex, thereby elongating the phagophore membrane. The ATG12ATG5 complex is required for the formation of another ubiquitin-like
LC3 conjugation systems, containing ATG3, ATG4, ATG7 and LC3
proteins. Similarly, LC3 is initially processed by ATG4 to cleave the
carboxyl terminus and expose the glycine residue. Next, LC3 is activated by the same E1-like enzyme as in the ATG12 complex system,
ATG7, then delivered to the E2-like enzyme ATG3, finally conjugated
with phosphatidylethanomine (PE), which requires the participation of
ATG12 complex system. Once autophagosome assembling finished,
ATG4 could also serve as a deconjugating enzyme to dissociate the LC3PE complex, thereby facilitating the turnover of LC3 for the next round
of autophagosome formation [65].
Finally, autophagosome maturing into digestive autolysosome requires the fusion with lysosome, and the participation of 4 essential
proteins, including the small GTPase Rab7, the SNARE protein syntaxin
17, the SNARE vesicle-associated membrane protein 8 (VAMP8) and the
lysosomal-associated membrane glycoprotein 2 (LAMP2) [66–68], thus
materials sequestered by autophagosomes could be digested by lysosomal hydrolases.
3.2. Selective xenophagy
In contrast to canonical autophagy, invading pathogens engulfed by
xenophagy are firstly tagged by ubiquitin, which may initiate the intracellular “eating” mechanism. Subsequently, ubiquitinated bacteria
are captured by ubiquitin-binding protein adaptors such as sequestosome 1 (SQSTM1/p62), neighbor of BRCA1 gene 1 (NBR1) and calcium
binding and coiled-coil domain 2 (CALCOCO2, also known as NDP52),
and then delivered to the assembling autophagosomes [69].

3. Mechanisms of xenophagy
Xenophagy is comprised of procedures similar to those of the canonical autophagy, dissected into several steps, including signal initiation, membrane elongation, cargo targeting, autophagosome formation/fusion with lysosome, and substrate degradation/recycling.
Likewise, the hallmark of xenophagy is the formation of double-membraned vesicles named autophagosomes, which is manipulated by
proteins encoded by autophagy-related genes (ATGs) [56]. Until now,
more than 40 ATGs essential for autophagosome formation have been
identified, despite some of them showing non-autophagic function [57].

4. Xenophagy defends against intracellular bacteria
As mentioned above, xenophagy could act as an innate immune
response to eliminate the invading pathogens by entrapping and delivering them to a degradative compartment. Generally, the pathogenassociated molecular patterns (PAMPs) are exposed and rapidly detected by the pattern recognition receptors (PPRs) such as Toll-like
receptors (TLRs), subsequently recruiting autophagic proteins aggregations along with autophagy adaptors to eliminate bacteria. The
contribution of autophagy and PPRs in the setting of intracellular
bacterial infection will be explored below.

3.1. Non-selective canonical autophagy
In eukaryotic cells, autophagosome biogenesis commences at the
phagophore assembly site (PAS). The Unc-51-like kinase (ULK1) complex as the most upstream autophagy signaling initiation complex,
which consists of ULK1, ATG13, ATG101 and FAK family kinase-interacting protein of 200 kDa (FIP200), is responsible for recruiting ATG
proteins to the PAS [58]. In nutrient-rich condition, ULK1 and ATG13
are phosphorylated by the mammalian target of rapamycin complex 1
(mTORC1), which is the major gateway to autophagy [59]. However,
upon nutrient deprivation or rapamycin treatment, mTORC1 activity is
restrained and ULK1 is released. Consequently, FIP200 is phosphorylated and translocated to the PAS to initiate autophagosome biogenesis
[60]. Subsequently, BECN1, ATG14-like (ATG14L), phosphoinositide 3kinase regulatory subunit 4 (PIK3R4) and PtdIns3-kinase class III
(PtdIns3KC3) are further recruited for phagophore membrane assembling [61]. In the quiescent condition, BECN1 directly binds to BH3containing oncogenes and the antiapoptotic proteins BCL-2 and BIM,
whereas starvation drives the dissociation of BCL-2 and BIM, releasing
BECN1 to initiate autophagy [62]. ATG9 and the Vacuole Membrane
Protein 1 (VMP1) are also critical for recruiting membrane for PAS

4.1. Toll-like receptors (TLR)
The intracellular endosomal TLRs exert their anti-bacterial effects
mostly by recruiting myeloid differentiation primary response gene 88
(MyD88) or utilizing another adaptor TIR-domain-containing adaptor
molecule 1 (TICAM1) to activate the nuclear factor (NF)-κB pathway for
pro-inflammatory cytokine production as well as interferon responses.
Autophagy itself and many related processes, including recruitments of
autophagic proteins assembly and the transfer of antimicrobial peptides
to the bacteria-occupied vacuoles as well as guiding the autophagic
effectors to the infection sites, are also activated upon TLR stimulation
during pathogen infection [70].
During the clearance of intracellular bacteria such as M. tuberculosis,
autophagy activation relies on the detection of the bacteria by TLRs
[71]. After recognizing bacterium, the TLR-MyD88-NF-κB signaling axis
is activated, resulting to recruitment of DNA-damage regulated
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autophagy modulator 1 (DRAM1). The antimicrobial activity of DRAM1
is derived from its regulatory functions on both lysosome and autophagosome. The dual role of DRAM1 contributes to the elimination of
Mycobacteria through promoting autophagosomes formation and stimulating neo-antimicrobial peptides to facilitate the engulfment of
Mycobacteria-encapsulated vacuoles by autophagosomes and fusion
with lysosomes [72]. Strikingly, the anti-bacterial function of DRAM1
may extend to a spectrum of gram-negative bacteria due to its inducibility by lipopolysaccharides (LPS), which is a major component of
gram-negative bacterial outer membrane.
Another example is the intracellular L. monocytogenes, in which the
recruitment of histone deacetylase 6 (HDAC6) by TLRs stimulation
contributes to the autophagic antimicrobial responses. Upon the detection of L. monocyotgenesby TLR9, HDAC6 engages in the bacterial
elimination process by serving itself as a sensor platform for assembly
of the autophagic adaptor SQSTM1/p62, recruitment of K63-polyubiquitinated proteins and subsequently transferring the complex for
degradation. Besides, the enzymatic HDAC6 benefits xenophagy by
enhancing the fusion between autophagosome and lysosome via cortactin deacetylation [73]. Intriguingly, HDAC6-deficient cells exhibited
an increased bacterial load with other intracellular infections, such as
uropathogenic Escherichia coli (UPEC) and S. Typhimurium [73,74].

can be summarized as follows: NOD1 or NOD2 activates ULK1 (a core
component in the autophagosome formation) with the assistance of
their adaptor receptor interacting protein-2 (RIP2) and further recruits
ATG16L1 (autophagy-related protein for autophagosome elongation) to
infectious sites for elimination of the intracellular microbes [75,77]. In
parallel, NOD2 interacts with immunity-related GTPase family M protein (IRGM), which serves not only as a scaffold for aggregation of
autophagic core proteins such as ATG16L1, ULK1 as well as ATG14, but
also as an activator of 5′ AMP-activated protein kinase (AMPK) to
further activates ULK1 and BECN1 for autophagosome formation
during infection with adherent-invasive E. coli. Interestingly, NOD2driven K63-linked polyubiquitination of IRGM is required for stabilization of this bulk of autophagic complex [78].
4.3. SQSTM1/p62-like receptors
In addition to PPRs-mediated bacterial autophagic degradation we
mentioned above, pathogens can also be captured by the SQSTM1/p62like receptors (SLRs). In general, members of SLRs consist of two domains – one is cargo recognition domain for galectin or ubiquitin; the
other is the LC3-interacting region for autophagosome formation.
SQSTM1/p62, NBR1, NDP52 and optineurin (OPTN) are the most wellknown SLRs which are extensively involved in autophagic machinery
engagement with invading bacteria. During infection with L. monocytogenes, selective autophagy starts off from tagging L. monocytogens by
SQSTM1/p62, NDP52 as well as OPTN, and subsequently delivers the
SLRs-decorated bacteria to autophagosomes and eventually degradation by autolysosomes. In this process, the binding affinity of OPTN to
LC3 is enriched by the activation of TANK-binding kinase 1 (TBK1) and
in turn, OPTN stimulates the autophagosome formation around the
bacteria [79]. Besides, during the invasion of Group A Streptococcus
(GAS) and Salmonella, NBR1 plays an indispensable function in lateendosome/lysosome adaptor LAMTOR1-mediated autolysosome formation and the defense against bacterial colonization [80].
In addition to SLR-mediated selective autophagy, complement C3
can be co-opted as an alternative machinery in autophagy-driven bacterial elimination. C3 coats the intracellular bacteria such as L.

4.2. Nucleotide-binding oligomerization domain-like receptors (NLRs)
Apart from TLRs, NLRs is another intracellular receptors which also
intersect with the autophagy-mediated antibacterial response. Among
different NLRs, nucleotide-binding oligomerization domain proteins
(NODs) demonstrate a pivotal function in autophagosome formation. In
H. pylori and Pseudomonas aeruginosa (P. aeruginosa) infections (Fig. 2),
immune receptor NOD1 recognizes the peptidoglycan within bacterial
outer membrane vesicles and promotes autophagosome formation and
further activating interleukin (IL)-8 driven inflammatory signaling
[75]. Consistently, overexpressing NOD1 has been shown to up-regulate
autophagosome formation and subsequently attenuate E. coli growth
[76].
The molecular events during NOD-mediated autophagy activation

Fig. 2. Xenophagy targets invasive intracellular bacteria by sequestosome-like receptors (SLRs), complement C3 (C3) as well as tripartite motifs proteins (TRIMs) to
decorate the surface of bacteria. Decorated bacteria are delivered to the phagophore formed by the assembly of the Atg12, Atg5, Atg16L1, LC3-PE and ULK complex.
After the fusion of autophagosome with lysosome, bacteria are degraded by lysosomal hydrolases in the autolysosome. To disarm or subvert xenophagy, intracellular
bacteria release specific effectors (indicated in parentheses) to interfere with the autophagic machinery via escaping the detection by pattern recognition receptors
(PPRs) and/or suppressing autophagosome formation and the fusion between autophagosome and lysosome as well as blocking the retrograde trafficking mannose-6phosphate receptors that results in lysosomal dysfunctions and autophagic flux impairment.
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monocytogenes, and transfers them into the cytosol where C3 directly
binds to the autophagic core proteins Atg16L1, thereby stimulating host
xenophagy to restrict bacteria proliferation and eventually eliminate
them [81].

systematic and comprehensive studies of autophagy proteins in intracellular bacterial infections in the context of RLR-mediated activation of IFN are still limited. In this regards, further investigations are
demanded to provide a holistic understanding of enigmatic cross-talks
between RLRs and autophagy especially on intracellular bacterial infections.

4.4. Tripartite motif
Another paradigm to elucidate selective autophagic degradation for
intracellular bacteria is the family of tripartite motif (TRIM), which has
been shown to possess a pivotal function in both autophagy and immunity. TRIM16 with the assistance of galectin 3 is demonstrated to not
only recruit the assembly of autophagic core proteins including ULK1,
BECN1 and ATG16L1, but also manipulate the nuclear translocation of
transcriptional factor EB (TFEB), which is a key regulator of lysosomal
biogenesis, to combat M. tuberculosis invasion [82]. TRIM5α is structurally comprised of two LIR regions in its coiled-coil domain for interaction with LC3s/GABARAPs and the B-box domain. The coiled-coil
domain and SPBY domain are required for interaction with SQSTM1/
p62 and BECN1 [83]. Interestingly, TRIM16 is structurally similar to
TRIM5α and may share the same interaction with autophagic core
proteins, but more evidences are required to support this hypothesis.

4.6. Cytokines-mediated autophagy activation
Immunomodulatory cytokines, including tumor-necrosis factor
alpha (TNF-α), interferon gamma (IFN-γ) and several IL members, also
showed to participate in defensing against bacterial infection.
Generally, immunomodulatory cytokines are stimulated as bacteria
detected by PPRs. They not only orchestrate a platform for ATGs assembly but also enhance the recognition of bacteria by the innate immune response. Upon S. flexneri infection, TNF-α stimulates septin caging, which is a GTP-binding protein together with actin filaments and
autophagic substrates such as ATG5, ATG6 and ATG7 to form cage-like
structures to sequester the invasive bacteria [93,94], in order to restrict
its replication and cell-to-cell dissemination and delivers the trapped
bacteria to the autophagic pathway for degradation.
CASP4/caspse-11-dependent inflammasome activation is important
for the clearance of various Gram-negative bacteria entering the host
cytosol. IFN-γ mediates a key immune response to eliminate
Burkholderia bacteria. For instance, IFN-γ primes caspase-11 into the
active form for recognition of Burkholderia thailandensis’s LPS and then
triggers pyrotosis to eliminate the intracellular replication niche [95].
During Burkholderia cenocepacia (B. cenocepacia) infection, CASP4 positively regulates autophagosome formation and trafficking to lysosome. Consistently, CASP4 deficiency leads to increased replication of
B. cenocepacia infection both in vitro and in vivo [96]. Similar to host
response to M. tuberculosis, IFN-γ recruits ubiquitin to detect intracellular bacterium by interaction with its surface proteins known as
mycobacterial ubiquitin-interacting proteins (MUPs). Afterwards, as in
canonical selective autophagy, ubiquitin promotes autophagosome
formation and SQSTM1/p62 assembly for bacteria degradation [97].
Recently, another study also showed that the involvement of IL members in M. tuberculosis infection. Co-activation of IL-12 and IL-18 attenuates M. tuberculosis proliferation by activation of p38-MAPK
mediated up-regulation of autophagy and antimicrobial peptide expression [98]. Interestingly, a TNF-α and IFN-γ-mediated backup recognition system namely the ubiquitin-like modifier FAT10 [99] is
evolved to assist the autophagy adaptor SQSM1/p62 for autophagy
activation during Salmonella infection [100].

4.5. Retinoic acid-inducible gene I (RIG-I) like receptors (RLRs)
Unlike the canonical PPRs for recognition of microbial surface features, RLRs detect the pathogen nucleic acid. The underlying mechanisms of RLRs-mediated inflammatory responses are summarized as
follows. Generally, there are two well-known paradigms for IRF3-IFN
activation and eliciting the innate immune system against viral infections. One is mitochondrial activation of IRF3 by RNA sensor RIG-1 and
melanoma differentiation-associated protein 5 (MDA5) accompanied
with the assistance of mitochondrial antiviral-signalling (MAVS).
Another is in the Golgi apparatus, activation of IRF3 is performed by
the DNA sensor GMP-AMP (cGAMP) synthase (cGAS) -mediated activation of stimulator of interferon genes protein (STING). Unlike NLRs
and TLRs, RLRs are negatively regulated by autophagy to prevent
prolonged activation of the innate immune system and even triggered
inevitable detrimental effects on the host, autophagy is an indispensable process to remove excess productions of IFN [84]. In mitochondria, Atg5-Atg12 complex interferes with retinoic acid-inducible
gene I (RIG-I) and IFN-β promoter stimulator 1 (IPS-1) interactions
through binding with mitochondrial Tu translation elongation factor
(TUFM), which subsequently impedes the promoter activity of IFNB-1
and thereby reducing IFN-β and inflammasome during viral infections
[85,86]. In Golgi apparatus, autophagy proteins BECN1 and Atg9a also
halt IFN productions by direct binding with cGAS and abrogating the
assembly of STING separately [87,88]. Specifically, Rubicon is dissociated from the BECN1 complex after interactions with cGAS, further
inducing the autophagy to remove excess DNA sensor and prevent
persistent turning on CARD9-mediated pro-inflammatory responses
[88]. Taken together, autophagy serves as a negative feedback loop of
RLRs-mediated virus clearance for thwarting robust or over-activation
of immune responses.
Intriguingly, accumulating evidences supported that RLRs stimulate
IRF3-IFN productions not only in viral infection but also in intracellular
bacterial colonization. For example, RIG-1 recognizes triphosphorylated RNA and mRNA of L. monocytogenes and Intracellular S.
Typhimurium separately [89,90]. More detailed mechanistic investigations have been reported in L. monocytogenes. Listeria secretes
small bacterial RNA via SecA2 to modulate the host intracellular environment for further bacterial replication [91]. In order to encounter
the virulence, immune non-self RNA sensory receptor RIG-I is recruited
to cooperate with MDA5 as well as activation of STING possibly
through cGAS to promote IFN-β and inflammasome activations [92].
Collectively, the same RLRs-mediated eradication strategy is applied by
the innate system in both viral and bacterial infections, whereas the

5. Subversion of autophagy by intracellular bacteria
To escape the host-mediated autophagy, bacteria have evolved
specialized secretion systems (e.g. type III and type IV) to mediate effectors for disabling autophagy, including disarming the PPRs recognition, inhibiting autophagosome formation, down-regulating lysosomal functions as well as exploiting autophagy as a platform for
bacterial replication (Fig. 2).
5.1. Disarming the recognition of PPRs
As discussed above, PPRs play a pivotal role in autophagy initiation
in the context of innate immune responses. To counteract this, several
bacteria secrete effectors to elude the recognition of immunological
sensors. The first example comes from the intracellular bacterium
Group A Streptococcus (GAS). To evade autophagy and replicate inside
the host, GAS secretes the virulence factor SpeB to proteolytically degrade SLRs, including SQSTM1/p62, NDP52 and NBR1, thereby restraining downstream autophagy activation [101]. Besides antagonizing SLRs, bacteria counteract the functions of TRIMs. Upon
infection with S. Typhimurium, the bacterium releases the effector
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SopA to promote the ubiquitination of TRIM56 and TRIM65 and their
subsequent degradation [102]. Both TRIM56 and TRIM65 are involved
in IFN-γ driven autophagy [103]. Consistently, S. Typhimurium further
exacerbates the impairment of autophagic flux by repressing the type I
IFN-β productions by manipulation of TLR3 and TLR4 [104]. Similarly,
S. flexneri and S. Typhimurium have evolved outer membrane proteases
to thwart the binding of complement C3 to the bacteria, allowing them
to replicate rapidly within the host cells [81] (Fig. 2).

5.3. Alterations of lysosomal functions by intracellular bacteria
Lysosomal enzymes, such as hydrolytic enzymes (cathepsin family),
acid phosphatase as well as α-glucosidase, are essential for eliminating
intracellular bacteria. In order to maintain the degradative function of
the enzymes, lysosomes have to maintain a suitable pH environment
(around 4–5.5) [114].
In order to survive inside the autolysosome, intracellular bacteria
such as H. pylori increases its colonization by impairing both lysosomal
acidification and the retrograde trafficking of mannose-6-phosphate
receptors, the latter of which is responsible for delivering the synthesized lysosomal hydrolases from trans-Golgi network to endolysosome
[20]. Besides, recent evidence also showed that H. pylori virulence
factor vacuolating cytotoxin A (VacA) disrupts endolysosomal trafficking by targeting the lysosomal calcium channel TRPML1, thus
creating a intracellular reservoir to protect bacteria from antibiotics
treatment [115]. Similar to H. pylori, the intracellular bacterium S.
enterica disables the trafficking of mannose-6-phosphate receptors by
secreting its effector SifA. SifA binds to the small guanosine triphosphatase Rab9 and prevents the delivery of mannose-6-phosphate receptors to the lysosome and thus increases the proliferation of Salmonella in lysosomes with the reduced activity of hydrolytic enzymes
[116] (Fig. 2). Another intracellular bacterium UPEC, which causes
urinary tract infections, evades its fate of autophagic degradation by
neutralizing lysosomal pH and activating the lysosome-specific calcium
channels (mucolipin TRP channel 3) which export the calcium ions
from lysosome to cytosol, to trigger lysosome exocytosis, resulting in
expulsion of exosome-encased bacteria [117]. In addition to altering
lysosomal enzyme activity through neutralizing lysosomal pH, certain
intracellular pathogens like Coxiella burnetii was showed to interrupt
the lysosomal functions to restrain the autophagy, thereby evading
elimination. When C. burnetii invades the host, it forms a Coxiellacontaining vacuole (CCV), which is similar to lysosome. The sporadic
damage of CCV triggers recruitment of endosomal sorting complex required for transport (ESCRT) system, which is responsible for repairing
the lysosomal membrane. Upon system activation, galectin (as a sensor
for selective autophagy-driven elimination) is degraded by ESCRT attachment, allowing C. burnetii to continuously replicate inside the host
cell. In line with this hypothesis, functional depletion of ESCRT system
abrogates the intracellular C. burnetii survival [118].

5.2. Inhibition of autophagosome formation
As we mentioned before, phagophore and autophagosome formation are the initial steps of xenophagy in the combat against intracellular bacterial infections. The core autophagic proteins engaged in
this process includes ULK1, ATG5, ATG16L1 and BECN1. Interference
with this fundamental process of autophagy by intracellular bacteria
would lead to evasion of host clearance and bacterial replication.
Intracellular S. aureus escapes autophagy-driven elimination by activation of MAPK14/p38 accompanied by Atg5 phosphorylation to inhibit autophagosome formation in NIH 3T3 cells [105]. In line with
this, another study demonstrated that Atg5 phosphorylation by MAPK/
p38 impaired the autophagic flux through inhibiting the fusion of lysosomes with autophagosomes. Nevertheless, the precise mechanistic
role of phosphorylated Atg5 in autophagy maturation still remains
unknown [106].
Another well-studied paradigm of inhibiting autophagosome maturation is RavZ-mediated dilapidation of LC3. With the infection,
Legionella pneumophila (L. pneumophila) injects its effector protein RavZ
via the type IV secretion system, which interacts with autophagosomal
membrane to delipidate and deconjugate LC3 by cleavage the aminoterminal of conjugation site and thus preventing the further re-conjugation of LC3 to PE (Fig. 2). As a result, RavZ terminates the process
of autophagosome maturation and enhances intracellular L. pneumophila proliferation [107].
Furthermore, bacterial specific secretion systems have an indispensable role in inhibiting autophagosome formation. Salmonella releases the virulence effectors SseF and SseG through the type III secretion system to disrupt the interaction of the small GTPase Rab1A
with its guanine nucleotide exchange factor (GEF) – the TRAPPIII
(transport protein particle III) complex. In turn, these virulence factors
impede ULK1 assembly and reduce the phosphatidylinositol 3 phosphate biogenesis for autophagosome formation [108]. L. pneumophila
persists inside the host cells by secreting virulence factors via the type
IV system to allow them replicate rapidly. During the infection, L.
pneumophila secretes the protein sphingosine-1-phosphate lyase 1
(SGLP1), which structurally mimics the eukaryotic SGPL1 which is responsible for membrane biogenesis during autophagosome formation
by cleaving sphingosine-1-phosphate lyase 1 (SIP) into ethanolamine
phosphate to form PE [109,110]. Collectively, L. pneumophila evades
xenophagy by interfering with the host metabolism of sphingolipid
through its effectors SGLP1 to inhibit the formation of PE [111] (Fig. 2).
Dysregulation of the AMPK-mTOR pathway is increasingly recognized as a mechanism underlying inhibition of autophagosome
formation by bacteria. In brief, activation of AMPK pathway is known
to initiate autophagy by suppressing the mTOR pathway. In this regard,
intracellular S. Typhimurium disrupts the AMPK pathway by promoting
the lysosomal degradation of AMPK/Sirt1/LBK1 complex through the
type III secretion system-mediated effector SrrB. Thus, mTOR is activated by removing the upstream AMPK signals and impedes the host
autophagy-mediated bacterial clearance [112]. It was also reported that
escaped Neisseria gonorrhoeae from the early stage of autophagy activates mTOR pathway to inhibit the autophagosome formation and
subsequently blocks the fusion of autophagosome with lysosome [113].

5.4. Hijacking the autophagy machinery for bacterial replication
The double-membrane autophagosome formed during autophagy is
a perfect shelter for intracellular bacterial survival. The host autophagy
not only provides a platform but also supplies the nutrients for bacterial
growth and replication. H. pylori harnesses the cholesteryl-glucoside
transferase to manipulate the host metabolism of cholesterol to provide
glycosylated or lapidated cholesterol forthe purposes of cell wall
synthesis, therefore to maintain architecture of H. pylori [119]. Furthermore, the modulation of cholesterol metabolism by H. pylori is reported to impair autophagic flux through restraining fusion of lysosomes with autophagosomes. Functionally, knock-down of autophagyrelated proteins such as ATG12, ATG5 and BECN1, abrogates intracellular H. pylori survival [20,120] (Fig. 2). These findings collectively suggest that H. pylori impairs the fusion of lysosomes with autophagosomes and thereby utilizes the autophagosomes as a reservoir
to survive.
The autophagy machinery can be also exploited by intracellular
pathogens to repair bacteria-containing vacuoles. A recent study demonstrated that Mycobacterium marinum (M. marinum) promotes autophagosome formation through increasing the expression of autophagy-related genes while blocking the autophagic flux through a
specific secretion system viz ESX-1. The reason for enhancing autophagosome formation is to exploit autophagy for repairing the
Mycobacteria-containing vacuoles, although it remains elusive
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regarding how M. marinum impairs the lysosomal function [121]. Urinary tract infections caused by intracellular UPEC is the most frequent
infectious disease in women. Recently, UPEC was reported to harness
autophagy for their persistence in the host by hijacking the autophagic
proteins ATG16L1 and ATG7, thereby to subvert the autophagosome
into desirable niches [122]. Consistent with this study, UPEC hijacks
the host autophagy for converting ferritin-bound iron to free iron for
their own growth, while inhibition of autophagy results in an increased
ferritin-bound iron as well as a declined UPEC burden in the host [123].

we demonstrated that H. pylori could lead to a defective autophagy via
reduced lysosomal clearance of autophagosomes and then promotes its
survival and colonization [20]. Our another study further showed that
vitamin D3 can reactivate the lysosome acidification and the degradative function of autolysosomes through the PDIA3/-STAT3MCOLN3–Ca2+ axis [25] and this novel mechanism of action may
provide new therapeutic strategies for H. pylori treatment in the future.
Collectively, autophagy modulators exert enormous advantages on
bacterial infections. Nevertheless, more investigations in pharmacokinetics, pharmacological aspects are still required to obtain the holistic
therapeutic potential of autophagy modulators before clinical trials.

6. Conclusions and future perspectives
Intracellular bacteria invade the host epithelia cells mainly through
either “zipper” or “trigger” mechanisms by direct interaction with
specific receptors and/or activation of downstream signal transduction
cascades, resulting in the rearrangement of host cells’ cytoskeleton and
the subsequent internalization of pathogens sequestered inside the
membrane-bound vesicles. To counter invasion, xenophagy or LC3-associated phagocytosis is activated at multiple levels through guidance
of the PPRs and activation of pro-inflammatory cytokines to restrict the
proliferation of intracellular bacteria and the subsequent degradation.
However, in the struggle to survive, bacteria secrete a myriad of effectors through specific secretion systems to disarm the xenophagy by
regulating the PPRs, thwarting autophagosome formations, forming
bacteria-contained vacuoles to camouflage lysosomes as well as directly
altering lysosomal functions. Taken together, each bacterial species
harnesses unique approaches to regulate the host autophagy in their
favor of providing both resources and nutrients for their replication and
weakening the host defense mechanisms.
These observations have raised important questions for future investigations. For instance, UPEC uses the autophagy-related gene
ATG16L1 to persist in the urothelium by exploiting ferritionophagy to
provide iron for bacterial growths and intracellular trafficking, whereas
ATG16L1 is also a fundamental element for phagophore elongation
during xenophagy [122]. Possibly, UPEC utilizes specific strategies to
facilitate the usage of ATG16L1 in ferritionophagy rather than that in
xenophagy, resulting in exhaustion of ATG16L1, consequently promoting the growth of UPEC in the host. Further research is demanded to
clarify the exact function of autophagic core proteins in the trafficking
of bacteria-encapsulated vacuoles. In addition, the majority of studies
focuses on the process of capturing and killing intracellular bacteria.
How about the role of autophagy in removing the corpses of intracellular bacteria (mainly LPS for gram-negative bacteria)? Would the
secreted LPS or other components by dead bacteria lead to the exhaustion of autophagy so that bacteria subsequently propagate and
cause persistent infection in the host? Besides, most of the research so
far has placed too much emphasis in bacteria-host in vitro system to
elucidate the mechanisms of bacterial interference with host autophagy
and may thus oversimplify the host innate responses and underestimate
the complicated intertwining of autophagy with other host response
signaling pathways. This could be addressed by further studies using in
vivo models of bacterial infection with cell-type specific knockout of
autophagy-related genes.
Finally and most importantly, through defining the exact functions
of autophagic proteins in innate immunity and the mechanisms underlying the subversion of autophagy by intracellular bacteria, knowledge will be translated into the development of novel therapeutic
strategies and the identification of new druggable targets against intracellular bacterial infections. Modulation of the mTORC1 pathway
will be a promising target to combat with intracellular bacterial infection. mTORC1 inhibitors Everolimus and Temisorlimus, which have
been approved for treating a spectrum of cancers [124], might be
beneficial in Salmonella infection through restoring S. Typhimuriumimpaired of AMPK-mTORC1-ULK complex, in turn activating autophagosome formation. Moreover, many bacteria have been shown to
escape xenophagy by abrogating lysosomal acidification. Very recently,
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