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Intracellular infections as well as changes in the cell nutritional environment

are main events that trigger cellular stress responses. One crucial cell

response to stress conditions is autophagy. During the last 30 years, several

scenarios involving autophagy induction or inhibition over the course of an

intracellular invasion by pathogens have been uncovered. In this review, we

will present how this knowledge was gained by studying different microorgan-

isms. We intend to discuss how the cell, via autophagy, tries to repel these

attacks with the objective of destroying the intruder, but also how some path-

ogens have developed strategies to subvert this. These two fates can be com-

pared with a Tango, a dance originated in Buenos Aires, Argentina, in which

the partner dancers are in close connection. One of them is the leader,

embracing and involving the partner, but the follower may respond escaping

from the leader. This joint dance is indeed highly synchronized and controlled,

perfectly reflecting the interaction between autophagy and microorganism.
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Autophagy is a highly dynamic process classically

involved in the delivery of unwanted intracellular cyto-

plasmic components, and aged, nonfunctional or excess

organelles, to lysosomal degradation and subsequent

recycling of their basic components. Three main types

of autophagy have been described in mammalian

cells: microautophagy, chaperone-mediated autophagy

(CMA), and macroautophagy. Each one of these pro-

cesses has a different mechanism to deliver the cargo to

lysosomal vesicles for breaking up and recycling of the

generated molecules. In microautophagy, the cytoplas-

mic components are directly captured by lysosomes via

the invagination of their limiting membrane. In CMA,

proteins with a specific target sequence are recognized

by a chaperone machinery and the lysosomal-associated

membrane protein 2A (LAMP2A) and transported

through the lysosomal membrane. During macroauto-

phagy, cytoplasmic material is trapped by double mem-

brane vesicles known as autophagosomes, which finally

fuses and deliver their cargo into lysosomes.

Macroautophagy and in particular autophagosome

generation, is regulated by the autophagy-related (ATG)

proteins, which are organized in 6 functional groups: the

unc-51 like (ULK) kinase complex, the ATG9A-positive

vesicles, the autophagy-specific class III phosphatidylino-

sitol 3-kinase (PtdIns3K) complex I, the ATG2-WIPI4

complexes, and the ubiquitin-like ATG12 and LC3 conju-

gation systems [1-3]. The ULK kinase complex (composed

by ULK1 or ULK2, ATG13, FIP200, and ATG101) plays

a central role in regulating the initiation of autophago-

some formation and its activity, and thus autophagy, is

inhibited by active mechanistic target of rapamycin kinase

complex 1 (mTORC1), a nutrient sensor [4-7], and acti-

vated by AMP-activated kinase 1 (AMPK1), a sensor of

the cellular levels of ATP [8]. The ULK kinase complex,

together with the ATG9A-positive vesicles and the class

III PtdIns3K complex I [formed by ATG14L, BECLIN1

(BECN1), phosphatidylinositol 3-kinase catalytic subunit

type 3 (PIK3C3/VPS34), phosphoinositide-3-kinase regu-

latory subunit 4 (PIK3R4/VPS15) and autophagy and

BECN1 regulator 1 (AMBRA1)], cooperates in the gener-

ation of the phagophore, the precursor structure of autop-

hagosomes [1]. The class III PtdIns3K complex II is

important for the generation of phosphatidylinositol

3-phosphate (PtdIns3P), a lipid that is essential for the

elongation and closure of the phagophore into an autop-

hagosome [1]. While the ATG2-WIPI4 complex (com-

posed by ATG2A or ATG2B and WIPI4) appears to be

central in the transfer of lipids from the endoplasmic retic-

ulum necessary for the expansion of the phagophore, the

two ubiquitin-like conjugation systems are more critical

for the phagophore closure and cargo selection [1]. Those

two systems are interconnected. In the first, ubiquitin-like

ATG12 is activated by E1-like ATG7 and then transferred

to the E2-like ATG10, which covalently conjugates it to

ATG5. The ATG12–ATG5 conjugate binds the pool of

ATG16L1 recruited to the phagophore membrane by

interacting with both the PtdIns3P-binding protein WIPI2

and the ULK kinase complex via FIP200. In the second

system, members of the Atg8 protein family (LC3A,

LC3B, LC3C, GABARAP, GABARAPL1 and GABAR-

APL2) are conjugated to either phosphatidylethanolamine

(PE) [9-11] or phosphatidylserine (PS) [11] via the consecu-

tive action of ATG7, the E2-like ATG3 and the ATG5–-
ATG12-ATG16L1 complex, which acts as an E3 ligase

[1,12].

Autophagy can be both a non-selective and

selective degradation mechanisms [13]. The so-called

selective autophagy receptors (SARs) play a central

role in selective types of autophagy since they bind on

the one hand the cargo and the other hand compo-

nents of ATG machinery, thereby mediating the spe-

cific cargo sequestration within autophagosomes [14].

In particular, all the SARs binds to members of the

LC3 protein family via an Atg8/LC3-interacting

motifs/regions (AIM/LIR) and/or the ubiquitin-

interacting motif (UIM)-like sequence [14]. While some

SARs are embedded in protein complex and organ-

elles, others, such as sequestosome 1 (SQSTM1/p62),

nuclear dot protein 52 kDa (NDP52/CALCOCO2)

and optineurin (OPTN), are soluble and bind to ubi-

quitinylated cargoes, to specifically target them to lyso-

somal degradation.

For a long time, autophagy was merely considered a

degradative mechanism enhanced during nutrient scarcity

to provide energy for cell survival. However, our knowl-

edge about this pathway has grown enormously over the

past decades, and now we know that autophagy is

involved in a large number of physiological processes in

eukaryotic organisms. One of these processes is the com-

plex interplay with intracellular pathogens, which has

become a critical component of both innate and adaptive

immunity [15-17]. In this review, we will focus on innate

immunity. A large number of researchers have focused on

the mechanism of selective autophagy delivering patho-

gens into the lysosomes by the host for elimination, a pro-

cess also known as xenophagy. However, cumulative

evidence indicates that pathogens have evolved strategies

to manipulate or subvert xenophagy, reducing the efficacy

of this defense mechanism and allowing the intruder to

survive (for comprehensive reviews on the topic, see [17-

21]). Thus, like dancing a Tango, some pathogens are effi-

ciently restrained and “hugged” by autophagosomes,

whereas others manage to escape from their dancer escort

to survive and replicate in the cytoplasm or other intracel-

lular compartments.
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Bacteria and autophagy

Bacteria that modulate autophagy to their

advantage

Very early studies on the pathogen–autophagy interac-

tion highlighted the modulation of the autophagy by

pathogens for their own advantage. This was the case

for the virulent Brucella abortus, a facultative intracellu-

lar Gram-negative bacterium, in HeLa cells, which, in

contrast to attenuated B. abortus, distributed within

autophagosome-like compartments that avoided fusion

with lysosomes [22]. Likewise, Porphyromonas gingiva-

lis, a Gram-negative oral anaerobe, localized in vacuoles

resembling autophagosomes, which seemed to include

cytoplasmic components and also eluded fusion with

cathepsin L (CTSL)-positive lysosomal compartments

in human coronary artery endothelial cells [23]. In these

pioneering studies, it was postulated that these bacteria

might manipulate autophagy to establish a favorable

shelter niche. Indeed, when autophagy was inhibited

with 3-methyladenine or wortmannin, internalized

P. gingivalis was delivered and eliminated in a compart-

ment containing the mannose-6-phosphate receptor

(M6PR) and CTSL [23].

When the conserved molecular components of the

autophagy-related (ATG) machinery were uncovered

[1], the members of a family of homologous key pro-

teins, the ATG8/microtubule-associated protein

1A/1B-light chain 3 (LC3) proteins, became the tool of

choice to label autophagic intermediates [24]. In our

laboratory, we demonstrated that the large replicative

acidic vacuole developed in non-professional phago-

cytes by the intracellular bacterium Coxiella burnetii, a

Gram-negative intracellular bacterium, was pro-

nouncedly labeled by LC3 but also RAB7 and

RAB24, two small GTPases that have been involved

in the maturation of autophagosomes [25,26]. More-

over, we demonstrated for the first time that autop-

hagy induction by either starvation or overexpression

of proteins involved in the autophagy such as LC3,

BECN1, or RAB24 positively regulates the replication

of this bacterium, resulting in a persistent infection

[26,27]. Indeed, C. burnetii controls both autophagy

and apoptotic pathways by inhibiting the BECN1-

BCL2 (B-cell lymphoma 2) interaction, preventing host

cell apoptosis to establish a successful and long-lasting

infection [28]. It was demonstrated that this bacterium

exploits cAMP-dependent protein kinase (PKA) signal-

ing in host cells to inhibit macrophage apoptosis [29].

Several Coxiella effector proteins negatively regulate

cell death, both apoptosis and pyroptosis [30]. How-

ever, there is no evidence so far if Coxiella also

modulates autophagic cell death. Interestingly, Winch-

ell and co-workers demonstrated that C. burnetii type

IV-mediated secretion is key for the recruitment of

autophagosomes in macrophages [31], which is critical

to provide both nutrients and membranes necessary

for the expansion of the Coxiella vacuoles [32]. Like-

wise, Francisella tularensis, an intracellular Gram-

negative bacterium, takes advantage of autophagy

since it requires autophagy-generated nutrients such as

amino acids, for intracellular growth and consistent

inhibition of host autophagy results in diminished bac-

terial replication. However, autophagy induced by

F. tularensis is ATG5-independent [33].

Staphylococcus aureus, a Gram-positive coccus, also

co-opts autophagy for survival. Early after internaliza-

tion in non-professional phagocytic cells, S. aureus tran-

sits to LC3-labeled autophagic-like compartments,

some of which have double or multilamellar membrane

characteristic of autophagosomes [34]. These vacuoles

neither acidify nor acquire lysosomal-associated mem-

brane protein 2 (LAMP2), indicating that fusion with

lysosomes is prevented. Of note, S. aureus is not able to

replicate in atg5�/� knockout (KO) mouse embryonic

fibroblasts (MEFs), underlying the notion that this bac-

terium requires an intact autophagy for replication [34].

Indeed, as determined by electron microscopy studies,

S. aureus replicates in these autophagosome-like com-

partments before escaping into the cytoplasm. This

transit is governed by one or more bacterial gene prod-

ucts that depend on the global regulator agr. In our lab-

oratory, we demonstrated that one of the factors

secreted by S. aureus that is required to stimulate autop-

hagy is the toxin alfa-hemolysin [35]. The induction of

autophagy by this toxin is independent of PIK3C3 acti-

vation and is negatively modulated by both cAMP and

the exchange protein activated by 30-50-cAMP (EPAC)

[36]. In addition, alfa-hemolysin triggers the formation

of LC3-positive tubules emerging from the S. aureus-

containing vacuoles, and these tubules appear to be crit-

ical for pathogen survival, although the reason for this

beneficial effect is presently unknown [37]. More

recently, we have shown that the S. aureus-containing

phagosomes recruit protein kinase C-alpha (PKCa), a
specific member of the protein kinase C family. Interest-

ingly, overexpression of this kinase interferes with bacte-

rial replication by inhibiting autophagy, suggesting that

its activity, when associated to the bacteria-containing

phagosomes, may be critical for bacterial survival. The

molecular mechanism involved in this process, however,

is currently unknown [38]. Intriguingly, autophagy is

induced upon infection likely to defend cells against

pathogen infection, but the generated autophagic com-

partments seem to serve as a shelter for bacterial
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infection. Amano and co-workers found that autopha-

gic degradation was effective against methicillin-

sensitive S. aureus but not against a methicillin-resistant

strain, indicating that these strains produce factors that

may differentially affect host autophagy [39]. Interest-

ingly, Liu and collaborators have revealed that the viru-

lence factor IsaB is elevated in a methicillin-resistant

strain, and it inhibits the autophagic flux, allowing bac-

terial survival and the transmission of the bacterium in

both macrophage-like cells and in vivo [40]. In another

report, it was shown that S. aureus is trapped in autop-

hagosomes positive for WIPI1, also a protein involved

in autophagy. In cells treated with the lysosomal proton

pump inhibitor Bafilomycin A1, the number of WIPI1-

positive autophagosome-like vesicles containing

S. aureus markedly increase, letting the authors infer-

ring that part of these vesicles are destined for lysosomal

degradation [41]. Despite all these observations, the

relationship and the specific mechanism behind the

interaction between S. aureus and autophagy are far

from being fully understood.

The opportunistic human pathogen Serratia marces-

cens, a rod-shaped Gram-negative bacterium, prolifer-

ates in large vacuoles that are positive for autophagy

marker proteins, including LC3 and RAB7, upon

internalization. These vacuoles do not fuse with lyso-

somes since they are non-acidic and non-degradative.

In addition, functional autophagy is required for

S. marcescens to grow inside host cells as its prolifera-

tion is abrogated in Atg5�/� KO MEFs, indicating

that ATG5-dependent autophagy is required for

S. marcescens to multiply intracellularly [42].

Taken together, all these reports and other ones

show that specific intracellular pathogens, by secreting

bacterial effectors, manipulate autophagy for their

own benefit (Table 1). In several cases, these processes

also involve the regulation of host survival to avoid

premature cell death and ensure intracellular pathogen

propagation.

The other side of the coin: the bacterium uses

disguising strategies to avoid elimination by

autophagy

Virtually at the same time of our pioneering

investigations on the interaction between C. burnetii

and autophagy, the study of Mycobacterium tuberculo-

sis, an acid-fast weakly Gram-positive (due to their lack

of an outer cell membrane) bacterium, uncovered a

completely different scenario. That is, autophagy does

not favor M. tuberculosis survival, but rather the activa-

tion of this degradative pathway results in increased

killing of the bacterium [43]. Upon autophagy induction

by starvation or treatment with rapamycin, a mTORC1

inhibitor, M. tuberculosis variant bovis BCG was local-

ized in acidic compartments positive for LC3, the lyso-

somal proteins lysosomal associated membrane protein

1 (LAMP1) and cathepsin D (CTSD), in RAW 264.7

macrophages, indicating that autophagy induction cir-

cumvents the phagosome maturation halt imposed by

M. tuberculosis. Almost at the same time, it was

reported that during invasion of epithelial cells, Strepto-

coccus pyogenes (Group A Streptococcus; GAS), a

Gram positive coccus, escapes from phagosomes but

when in the cytoplasm, this bacterium is recognized and

sequestered by autophagomes before being degraded in

lysosomes [44]. These two seminal papers revealed that

autophagy is a central player in the autonomous cellular

innate immunity by defending cells against invading

microorganisms, through xenophagy [45,46]. In the case

of M. tuberculosis, it was shown that the interferon

gamma (IFNc), a critical cytokine involved in immune

defense against pathogens [47], was able to stimulate

autophagy in uninfected cells and increase the localiza-

tion of pathogens within autophagy-related compart-

ments similarly to rapamycin or starvation treatments

[43]. Autophagy induction under these conditions

appears to be mediated by the immunity-related

GTPase M (IRGM1/LRG47), which participates in

intracellular mycobacteria elimination [48].

It is interesting to mention that in monocytes

obtained from patients affected by tuberculosis, T cells

produced significant IFNc when monocytes were

exposed to M. tuberculosis antigens, leading to autop-

hagy induction [49]. A positive correlation between

IFNc and LC3-II levels was observed as well. However,

IFNc is not the only cytokine required to ensure bacte-

rial eradication by autophagy. Interleukin 17 (IL17A),

another cytokine, augmented autophagy in infected

monocytes from patients with strong immune responses

to M. tuberculosis, leading to the killing of the bacteria

[50]. These two publications as well as others, highlight

the importance of cytokines in modulating autophagy,

which is integrated and participates to the general host

response against pathogens. For a complete overview

on the immune response against bacteria, please see

other reviews about this central issue in the interplay

between bacteria and host cells [51-54].

Study of M. marinum, a close relative of

M. tuberculosis, revealed that LC3 recruitment to the

M. marinum-containing phagosomes in RAW 264.7

macrophages depends on the functional ESX-1 type VII

secretion system [55]. These LC3-positive M. marinum-

containing phagosomes, however, do not present the

characteristics of late endolysosomal compartments

since CTSD is not present in their interior and they do
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not display degradative activity. However, those are not

classical autophagosomes since their ultrastructural

analysis showed that most of the bacteria-containing

phagosomes have a single membrane (see the next sec-

tion about LAP). Of note, this maturation block was

bypassed by rapamycin treatment but not by starvation,

suggesting the involvement of a different molecular

mechanism than in the case of M. tuberculosis. None-

theless, M. marinum infection induces an autophagic

response although the autophagic flux seems to be nega-

tively regulated [55]. This inhibition in the autophagic

flux was clearly demonstrated by investigating the viru-

lent M. tuberculosis strain H37Rv in dendritic cells,

which also depend on the ESX-1 system for successful

infection [56]. In contrast, attenuated strains such as the

avirulent M. tuberculosis strain H37Ra or M. bovis

BCG, which both lack the ESX-1 secretion system, were

incapable of hampering autophagosome maturation

[56]. The inhibited autophagic flux induced by

M. tuberculosis was also circumvented by rapamycin

treatment, suggesting the participation of mTORC1 in

this process [56]. In another study, it was shown that the

EXS-1 system is required to prevent M. marinum ubi-

quitinylation in the cytoplasm and subsequent targeting

into LAMP1-positive compartments [57]. Interestingly,

M. marinum infection in the ameba Dictiostelium discoi-

deum initially activates autophagy by upregulating the

transcription of ATG genes in an ESX-1-dependent

manner, but the autophagic flux is then inhibited by

modulating mTORC1 [58].

It has also been reported that M. tuberculosis sur-

vival in cultured cells is increased when typical pro-

teins involved in autophagy such as ATG5, ATG7,

ULK1, and SQSTM1 are depleted [2,59,60,61]. Indeed,

SQSTM1 is required for the bactericidal activity of the

M. tuberculosis-containing phagosome [62]. This SAR

appears to mediate the delivery of ubiquitinated cyto-

solic proteins to the phagosomes, where they are

cleaved and converted into bactericidal peptides that

contribute to eliminate the pathogen. In vivo, it was

found that Atg5 has a specific antibacterial and anti-

inflammatory role [63]. Thus, it was suggested that

autophagy has a protective role against active tubercu-

losis [64]. However, it has been revealed that the spe-

cific deletion of critical ATG proteins such as Atg14,

Atg12, Atg16L1, Atg7, and Atg3 in the myeloid com-

partment did not affect the outcome or severity of

tuberculosis, suggesting that autophagy is not critically

involved in the progression of this disease [65]. In

agreement with previous reports, however, the same

study showed that mice specifically lacking Atg5 in

myeloid-derived cells, develop a more severe disease

and die earlier when infected with M. tuberculosis [65].T
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Altogether, these results suggest that ATG5 has a spe-

cific autophagy-independent function in controlling

tuberculosis in vivo [16]. Indeed, a very recent publica-

tion has shown that the absence of Atg5 in a murine

experimental model of tuberculosis, leads to exocytosis

of lysosomes and secretion of extracellular vesicles in

various cell types, as well as a marked degranulation

in neutrophils [66]. This increased exocytosis of vesicles

could contribute to seal plasma membrane damages by

adding new membrane.

Infection with Listeria monocytogenes, a facultative,

intracellular, Gram-positive rod, also leads to autop-

hagy induction in macrophages [67]. The intracellular

bacterium initially localizes to LC3-positive compart-

ments before escaping into the cytoplasm and uses

multiple factors to avoid destruction by autophagy.

L. monocytogenes nucleates actin filaments via the bac-

terial protein ActA to mediate bacterial motility in the

cytoplasm and efficiently elude autophagy [68,69].

Interestingly, independently of its actin nucleating

activity, ActA allows bacteria to avoid recognition by

autophagy, by preventing its ubiquitinylation and the

subsequent binding to SQSTM1 and LC3, indicating

that this is a specific camouflage adopted by this bacte-

rium to avoid autophagy degradation [70].

Other bacteria have devised other strategies to

avoid destruction by autophagy. For example, Shigella

flexnery, a Gram-negative nonmotile rod, secretes the

factor IcsB through the type 3 secretion system (T3SS)

to elude autophagic degradation by interfering with

the binding of the bacterial surface protein VirG to

ATG5 [71]. Likewise, Salmonella thypimurium, a

Gram-negative flagellated bacillus, secretes the viru-

lence factor SseL, a deubiquitinase, which decreases

bacterium’s ubiquitination, impairing the binding of

SARs such as SQSTM1 to escape killing by autophagy

[72]. Similarly, group A GAS degrades the SARs

SQSTM1 and NDP52 using its virulence factor SpeB,

a cysteine protease, to avoid lysosomal turnover by

autophagy [73]. In a very recent publication about

GAS, it has been revealed that the bacterial

interleukin-8 protease SpyCEP stimulates the activa-

tion of calpains, which in turn also repress autophagy

by cleaving proteins like BECN1 and ATG5 leading to

a significant decrease in the bacterium being captured

by autophagosomes [74].

Another pathogen that disrupts autophagy is Legio-

nella pneumophila, a Gram-negative bacillary and aero-

bic bacterium, which secretes the virulence factor RavZ

via its type IV secretion system Dot/Icm [75]. The RavZ

protease irreversibly processes LC3 on its terminus,

making it not conjugable to PE or PS anymore and

consequently unable to associate to autophagosomal

membranes, allowing L. pneumophila to avoid autopha-

gic degradation [75,76]. Moreover, L. pneumophila can

prevent xenophagy by inhibiting the recruitment of

Table 2. LAP and pathogen interactions described in the review.

Pathogens & LAP

Pathogen Subversion References Destruction References Evasion References

S. enterocolitica LAP restricts

intracellular

replication

[84,86]

C. trachomatis LC3A and LC3B knockdown

diminished chlamydial infectivity

[87]

B. pseudomallei BopA is required for

LAP evasion

[88]

L. monocitogenes ROS production is necessary for

the formation of spacious Listeria-

containing phagosomes

[89]

A. fumigatus p22phox subunit is

excluded from

phagosomes

[105]

L. major LAP and VAMP8

downmodulation

[107]

M. tuberculosis CpsA impairs NOX

recruitment to

phagosomes

[108]

H. capsulatum Replication in LAP structures [109,110]

Y. pseudotuber-

culosis

Replication in LAP structures [111]
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SARs to the bacteria-containing vacuoles in a RavZ-

independent manner through a strategy that is not

clearly defined yet [77]. Finally, L. pneumophila via its

effector Lpg1137 inhibits autophagy by degrading syn-

taxin 17 (STX17), a SNARE involved in autophago-

some fusion with endo-lysosomal compartments [78].

Thus, L. pneumophila appears to have developed a

series of stratagems to counteract autophagy.

Interestingly, several bacteria cause amino acid deple-

tion in the host cells, which in some cases is transient

over the course of S. typhimurium infection [15,79]. In

the case of S. flexneri, however, a persistent decrease is

observed, which likely leads to autophagy activation via

a starvation-dependent mechanism [79]. It is known that

mTORC1 is translocated from the cytosol to the mem-

branes of late endosomes/lysosomal compartments

upon activation by amino acids. A marked redistribu-

tion of mTORC1, which loses its association with

lysosomes and becomes dispersed in the cytoplasm, has

been observed in S. typhimurium-infected cells [80]. This

change in mTORC1 localization is accompanied by a

reduction in the phosphorylation and thus inactivation

of its targets such as the ribosomal S6 Kinase (S6K1)

and the eukaryotic translation initiation factor 4E

(eIF4E)-binding protein 1 (4E-BP1). Thus, modulation

of mTORC1 subcellular distribution is another mecha-

nism used by certain bacteria.

The number of strategies and the diversity of the

effectors produced by different pathogens to modulate

autophagy and survive intracellularly that have been

identified, has increased enormously in the past years

(Table 1). In some cases, those were unpredicted. For

example, InlK is a virulence factor anchored on the

L. monocytogenes surface, produced mainly in vivo,

which interacts with the major component of the cyto-

plasmic ribonucleoproteic particles called vaults. The

major vault protein (MVP) is recruited to the bacteria

via InlK, acting like a cage that shields the bacterium

from autophagy recognition allowing it to survive in

the host cells [81]. It is expected that many other unan-

ticipated molecular components from the host cell,

governed and usurped by different bacteria to replicate

and grow successfully, will be uncovered in the future.

LC3-associated phagocytosis, an
alternative process for killing
microorganisms

As mentioned above, members of the LC3 protein play

a key role in the formation, elongation, and closure of

phagophores. Their discovery in 2000 was a significant

advance in the study of autophagy in mammalian cells

and tissues [24], and paved the way for additional

research into the physiological functions of this

pathway. Later, however, LC3 was observed in

autophagy-unrelated structures, including cytoplasmic

LC3-decorated vesicles with ultrastructural characteris-

tics distinct from the classical double membrane

autophagosomes. The findings revealed that, in addi-

tion to autophagy, LC3 proteins participated in other

cellular processes. Because of its ability to bind mem-

branes following lipidation, it has been theorized that

Atg8-like proteins covalently alter membranes similarly

as ubiquitin through a process known as atg8ylation

[82]. This novel perspective has the potential to eluci-

date Atg8-like proteins involvement in a variety of

processes, of which conventional autophagy represents

just one of them. A work published in 2007 demon-

strated that opsonized latex beads and zymosan, which

are phagocytosed via interactions with toll-like recep-

tors (TLRs), end up inside vesicles decorated with LC3

that have a single membrane [83]. The anchoring of

LC3 still depends on the ATG5–ATG12-ATG16L1

complex and PIK3C3 activity, and it appears to be

essential for vesicle acidification, suggesting a critical

role of the LC3 modification in phagosome matura-

tion. Soon after, it was also found that phagocytosis

of IgG-opsonized latex beads via binding to the Fc

receptor in macrophages also resulted in the recruit-

ment of LC3 to the particle-containing vesicles [84].

This recruitment required the production of reactive

oxygen species (ROS) [84] (see below). Since this

observation, it has been documented that several bac-

teria transit intracellularly in a single membrane vesicle

that harbor LC3 [85], including Escherichia coli [83],

Salmonella enterocolitica [84,86], Chlamydia trachoma-

tis [87], Burkholderia pseudomallei [88], M. marinum

[55], and L. monocitogenes [89].

To differentiate this process from conventional

autophagy, the term LC3-associated phagocytosis

(LAP) was coined, and the vesicles involved became

known as LAPosomes [90]. In addition, this pathway

was also linked to the internalization of non-

pathogenic cargos such as dead cells [91]. LAP is dis-

tinguished from the conventional autophagy by the

lack of requirement on the ULK kinase complex,

WIPI proteins and possibly a few other ATG proteins

[91-93]. Consistently, mTORC1 and AMPK, which

regulate the initial steps of autophagy, do not seems to

modulate LAP [94]. ROS production requirement is

another key feature of LAP of for LAPosome forma-

tion [95]. ROS generation in the phagosome is medi-

ated by nicotamide adenine dinucleotide phosphate

(NADPH) oxidase-2 (NOX2) [95]. The multiprotein

complex NOX2 associates with the phagosome mem-

brane and is composed by p67, p22, Rac family small
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GTPase 1 (RAC1) and p40, the last with the capacity

to bind PtdIns3P-containing membranes [92,96,97].

Therefore, the function of class III PtdIns3K complex

II is necessary prior to both ROS generation and LC3

recruitment. The class III PtdIns3K complex II partici-

pating in LAP is formed by BECN1, PIK3C3/VPS34,

PIK3R4/VPS15, UVRAG and rubicon autophagy reg-

ulator (RUBCN) [95,98]. Moreover, in contrast to its

inhibitory role in autophagy [99], RBCN promotes the

maturation of LAPosomes by stabilizing the enzyme

NOX2 and thereby increasing ROS production

[100,101], which in turn enhances LC3 recruitment

[84,95]. Since the ULK kinase complex and WIPI2 are

not involved in LAP, it remains unknown the mecha-

nism of recruitment of the LC3 conjugation machinery

in this process, although the ATG16L1 determinants

essential for LAP are different than those required for

autophagy [94,95]. LC3 plays a role in LAP’s down-

stream events, including stimulating both phagosome-

endosome and phagosome-lysosome fusion [95,102].

This notion is supported by the observation that

recruitment of LC3 to phagosomes enhance its matu-

ration and microbial clearance capacity [83,84,91,103].

Moreover, the presence of LC3 is required for the

interaction of TLR-phagocytosed particles with lyso-

somes [83].

Another aspect still unclear is the signal that initi-

ates the LAP. Pattern recognition receptors (PRRs)

such as toll-like receptors (TLR1–TLR2, the TLR2–
TLR6 and TLR4), immunoglobulin (Ig) receptors, and

receptors mediating the clearance of cell corpses such

as T cell immunoglobulin- and mucin domain-

containing molecule-4 (TIM4), are involved in the rec-

ognition of LAPosome cargos [83,91,100,102,104,105].

However, it is still unknown how the binding to these

receptors results in the recruitment of LAP regulators

to the phagosome.

In recent years, the list of microorganisms targeted by

LAP has expanded, including bacteria, viruses, fungi,

and protozoa [106]. In addition, evasion mechanisms of

LAP by microorganisms such as Aspergillus fumigatus,

Leishmania major, L. pneumophila, M. tuberculosis,

B. pseudomallei, Histoplasma capsulatum, and Yersinia

pseudotuberculosis have been described. One of the main

microorganism strategies to prevent LAP degradation is

the inhibition of NOX2 activity. The p22phox subunit

is excluded from the phagosome as a consequence of

melanin expression by A. fumigatus [105], while L. major

trough the metalloprotease GP63 activity down modu-

lates VAMP8, a protein required to NOX2 assembly

[107], and the protein CpsA from M. tuberculosis has the

capacity to impair NOX2 recruitment to phagosomes

[108]. In other instances, blocking the acidification of

LAPosomes through a not defined mechanism allows the

replication of microorganisms such as H. capsulatum

[109,110] and Y. pseudotuberculosis [111].

In the interplay between autophagy and microorgan-

isms, the primary function of LC3 proteins is the recog-

nition of the pathogen trough their direct interaction

with the LIR domains of SARs such as p62, CAL-

COCO2 (calcium binding and coiled-coil domain 2, also

known as NDP52), OPTN (optineurin), and specific

galectins [106,112]. While SARs recognize the ubiquitin

chains on bacteria appended in the cytoplasm, galectins

bind to carbohydrates that are exposed from the interior

of damaged phagosomes ruptured by bacteria [106,113].

Some examples of these phenomena have been reported

during the infection of M. tuberculosis [114] or

S. typhimurium [112], and even some viruses [115-117].

In the case of LAP, however, microorganisms are not

exposed to the cytoplasm because the LAPosome mem-

brane appears to be intact, and ubiquitination and

SARs are not implicated [118-120].

Recently, an alternative pathway to LAP has been

described. This new pathway, termed pore-forming

toxin-induced non-canonical autophagy (PINCA), is

analogous to LAP in that LC3 is recruited to the

bacteria-containing phagosome in a way independent

of the ULK kinase complex. However, unlike LAP, in

this pathway ROS production by NOX2 is not

required [121]. In PINCA, which was described during

L. monocytogenes infection, the mechanism of LC3

recruitment is triggered by the damage of the phago-

some membrane caused by the pore forming toxin

secreted by the bacterium [121]. Similar to LAP,

PINCA promotes the fusion between lysosomes and

L. monocytogenes-containing phagosomes, but this did

not significantly contribute to the anti-listeria activity

of bone marrow derived macrophages (BMDM). Inter-

estingly, in PINCA LC3-positive phagosomes gener-

ated by PINCA pathway were less frequently damaged

than LC3-negative phagosomes [121]. This suggests

that the targeting of phagosomes by PINCA may be

associated with a membrane damage repair program.

Notably, injury caused by S. flexneri or

S. typhimurium’s needle-like T3SS did not result in

PINCA in macrophages [121], suggesting that this

mechanism is not universal. Perhaps the expression of

additional bacterial virulence factors is necessary to

induce PINCA [122,123].

Parasites and autophagy

Intracellular protists are a group of pathogens that

require the interaction with host cells for the comple-

tion of their biological cycle. They are responsible for
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causing many of the most widespread infectious dis-

eases in the world. Paludism, toxoplasmosis, leishmani-

asis, and Chagas disease are caused by Plasmodium

spp., Toxoplasma gondii, Leishmania spp. and Trypa-

nosoma cruzi, respectively, and are severe, life-

threatening illnesses with limited treatments, which is

why they are considered orphan or neglected diseases.

In contrast to bacteria, protists are eukaryotic cells

that possess many processes like mammalian cells,

including autophagy in some cases (parasite autophagy

will not be covered in this review; see [124]). Neverthe-

less, mammalian cells represent an excellent niche for

the nutrition, replication, and immune system evasion

of these parasites. These advantages have induced

some protists to develop mechanisms to gain access

and propagate inside host cells. Thus, they actively

interact with several host pathways including host

autophagy.

A brief introduction to the intracellular cycle of

pathogenic protists

Trypanosoma cruzi can infect both professional and

non-professional phagocytic cells under both trypo-

mastigote and amastigote forms. After a transitory

stage in a membrane-bound compartment known as

the T. cruzi parasitophorous vacuole (TcPV), T. cruzi

accesses the host cell cytosol, where it replicates in the

amastigote form. Amastigotes can either egress via

accidental cell rupture or transform back into trypo-

mastigotes that also exit the cell by inducing cell lysis

and start a new infective cycle. Heart, esophagus and

colon are the main target organs of T. cruzi [125].

Leishmania spp. only infects phagocytic cells, and

into the phagolysosome the promastigote form evolves

into amastigote form. To survive intracellularly, the

parasite has developed a few mechanisms to block

the maturation of phagolysosome. Leishmania spp.

amastigotes disseminate after his multiplication to

other macrophages in the bone marrows and reticulo-

endothelial system [126].

Toxoplasma gondii actively invades many types of

nucleated mammalian cells, including non-professional

and professional phagocytes. Invasion occurs with the

formation of a special structure known as the moving

junction, a tight apposition between the invading para-

site and the host plasma membrane trough a receptor-

ligand-mediated binding [127]. This junction starts at

the apical pole and progressively moves to the poste-

rior end of the parasite as it forcibly enters the cell

through the plasma membrane invagination of the host

[128]. The resulting parasitophorous vacuole (PV) is a

specialized non-fusogenic intracellular compartment

where the parasite avoids degradation by lysosome

fusion, in the early steps [129]. Thereafter, the PV is

modified by the parasite secretion of lipids and pro-

teins and its intracellular replication is promoted.

In the case of Plasmodium spp., the productive infec-

tion is produced when sporozoites, the infective form

of these parasites, induce their invagination at the host

cell plasma membrane to form a specialized and stable

compartment, also called PV, in which the parasite

reproduces [130]. Like T. gondii, the PV membrane

integrity is crucial for the successful development of

Plasmodium, promoting the uptake of nutrients and

the release of waste products, and generating a tubular

vesicular network that functions as a reproductive

niche for the parasite [131].

Through the course of these 30 years, the perception

about the interplay between host autophagy and path-

ogenic protists evolved from earlier works describing

the beneficial effect of autophagy for the parasite life

cycle to an opposite view, 10 years later, in which

autophagy is seen more as a component of the innate

immune response against the parasites. This apparent

discrepancy is due to different reasons, including the

pathogen virulence, the host cell background, and even

the stage of the infection that is analyzed. As a sort of

general rule, for parasites that can infect several differ-

ent types of cells, it has been observed that autophagy

is responsible for the parasite death in professional

phagocytes, while this process is subverted or evaded

in non-immune cells. The following sections present

the experimental evidence for each protist that has led

to this general rule.

Parasite subversion of host autophagy

One of the first observations about the interplay

between host autophagy and intracellular protists was

about the interaction of the parasites with ATG pro-

teins, mainly LC3, and the utilization of the autopha-

gic response for their own benefit. During T. cruzi

invasion of CHO cells, an epithelial-derived cell line,

GFP-LC3, was found to be recruited onto the mem-

brane that both envelops the internalizing parasites

and surrounds the TcPV. Since induction of autophagy

prior to infection increased the percentage of infected

cells and the localization of lysosomal markers to the

TcPV, these findings were associated with a lysosomal-

dependent mechanism for T. cruzi entry into host cells

[132]. During invasion, trypomastigotes of T. cruzi

damage the host cell plasma membrane, triggering the

calcium-dependent exocytosis of lysosomes to repair

the plasma membrane and thus promoting T. cruzi

infection [133,134]. Therefore, the increment in the
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number of degradative compartments, i.e., lysosomes

and autolysosomes, in the host cell upon autophagy

induction explained the major rate of T. cruzi infection

observed under these conditions [135]. Increased para-

site burden upon autophagy induction was also found

in macrophages from Balb/c mice infected with Leish-

mania amazonensis. This autophagy-related beneficial

effect correlated with an enhancement in lipid body

and prostaglandin E2 production, and a decrease in

nitric oxide (NO) production by the infected macro-

phages [136]. Subsequent studies performed in vitro

and in vivo indicated that upon cell entry, infected cells

display an activation of autophagy. L. amazonensis-

infected macrophages have an increased generation of

LC3-II accompanied by a major uptake of the

lysosome-specific dye lysotracker, and the formation of

myelin-like structures [137]. Importantly, leishmaniasis

skin samples were found positive for LC3-II by immu-

nocytochemistry analysis. These findings, which may

indicate an autophagy induction, suggested a beneficial

role of this process for the infection, since the autop-

hagy inhibitor 3-methyladenine (3MA) reduced the

infection index [137]. A major expression of the genes

Lc3B and Atg5 was also observed in BMDMs after

Leishmania major infection [138] and a greater survival

of this parasite was detected in macrophages from

CBA mice after exogenous stimulation of autophagy

[139]. Other studies also revealed an induction of

autophagy during Leishmania spp. infection, although

the effect of this process yields contradictory results,

i.e., beneficial versus detrimental, and the autophagy

role for the infection outcome remains unclear [140-143].

To support its growth, T. gondii very efficiently

intercepts and subverts host organelles shortly after

invasion, during PV establishment. A few hours

after invasion, HeLa cells and primary fibroblasts

showed a significant recruitment of LC3-positive vesi-

cles and a localization of BECN1 around the TgPV

[144]. A subsequent study showed that T. gondii infec-

tion triggers lipophagy to provide the free fatty acids

required for the parasite development [145]. These

observations suggested that in the absence of IFNc
host cell autophagy is exploited by T. gondii to acquire

nutrients to sustain its growth and propagation.

Autophagy was also highlighted as a potential impor-

tant source of nutrients for the Plasmodium spp. in the

liver. Like T. gondii, LC3-positive vesicles surrounded

the parasites from early time points after invasion and

throughout infection, and colocalized with its PV

membrane. Moreover, genetic inhibition of autophagy

by LC3B, BECN1, VPS34 or ATG5 depletion, led to

a reduction in the size of parasites [146]. This growth

defect could be partly compensated by supplementing

extra amino acids to infected Atg5�/� KO MEFs

[147]. These data were also supported by in vivo exper-

iments showing that parasite liver loads were signifi-

cantly reduced in Atg5-deficient mice [146]. Moreover,

pharmacological and physiological activation of autop-

hagy resulted in an extraordinary increased parasite

loads in vivo, characterized by a significant enhance-

ment in the parasite size and survival [147]. However,

it is important to note that the increased growth of

parasites in rapamycin-treated mice could be due to

the immunosuppressive effect of this compound [148].

Parasiticidal functions of host autophagy

In contrast to non-professional phagocytic cells in

which autophagy does significantly modify T. cruzi

load at the advanced infection stages [132,149], see

also below), this pathway plays an important role in

controlling T. cruzi infection in macrophages. That is,

T. cruzi-infected macrophages showed formation of

autophagosomes and autolysosomes, and the NLR

family pyrin domain-containing 3 (NLRP3) inflamma-

some protein is required for autophagy induction and

elimination of the parasites [150]. The function of

autophagy as a defense against T. cruzi was also dem-

onstrated in in vivo experiments with Becn1+/� hetero-

zygous KO mice [151]. These animals displayed higher

parasitemia and early mortality compared to the wild-

type animals. Additionally, higher levels of infection

were found in peritoneal cells obtained from both

Becn1+/�or Becn1+/+ mice treated with the autophagy

inhibitor chloroquine [151] or diphuoromethyl orni-

thine (DFMO) [152], confirming the function of autop-

hagy in the inhibition of parasite growth. Interestingly,

recent findings revealed an increment in the clearance

of amastigotes by xenophagy in RAW 264.7 macro-

phages and H9C2 cardiac cell line when treated with

the autophagy inducer ursolic acid, supporting the role

of autophagy in containing T. cruzi intracellular infec-

tion [153]. Like for T. cruzi, autophagy can also be

involved in the intracellular elimination of Leishmania

spp. Infection of L. major increased the autophagic

compartments (e.g. autophagosomes and myelin-like

structures), concurrently with the elimination of amas-

tigotes in macrophages from Balb/c mice [138]. Macro-

phages from C57BL/6 mice infected with L. major also

display higher autophagy, which probably accounted

for the restriction of the parasite replication. Signaling

by endosomal TLRs is required for this effect because

macrophages lacking Tlr3, Tlr7 and Tlr9 did not

exhibit L. major-induced autophagy [142]. Similarly,

shRNA-mediated suppression of Atg5 impaired the

restriction of L. major replication. Collectively, these
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observations led to the conclusion that autophagy

operates downstream of TLR signaling and is a rele-

vant immune response against L. major infection in

macrophages [142].

In the case of T. gondii, members of the LC3 protein

family were found in the parasitophorous vacuole mem-

brane in macrophages, showing the recognition of the

invader by the host autophagy. However, this mecha-

nism was described as a LAP-like process due to lipi-

dated LC3 was directly anchored in the vacuole

membrane in the absence of fusion of LC3-positive

autophagosomes [154]. Downstream of LC3, two mech-

anisms, both connected to autophagy or the ATG pro-

teins, mediate the parasiticidal response against

T. gondii in macrophages. In the first one, the CD40

receptor of macrophages, and its main ligand, CD154,

lead to ULK1 activation and upregulation of BECN1,

promoting the arrival and fusion of host lysosomes to

the PVs that lead their destruction [155-157]. When

expose to T. gondii, Cd40�/� or Cd154�/� KO mice

showed a higher susceptibility to toxoplasmosis than the

controls confirming in vivo that CD40- restricts infection

of T. gondii [158,159]. Consistently, the Becn1+/� mice

as well as those lacking Atg7 in myeloid cells are more

sensitive to cerebral and ocular toxoplasmosis in com-

parison to the WT animals [158]. The other mechanism

is carried out by IFNc. In mouse-derived cells; IFNc
induces the recruitment of IFN-regulated GTPases

(IRGs) and guanylate-binding proteins (GBPs) to

TgPVs [160,161]. These proteins disrupt the TgPV mem-

brane thereby exposing the denuded T. gondii to the

capture by autophagosomes [162]. In human epithelial

cells, IFNc induces the association of ubiquitin,

NDP52, SQSTM1, and LC3, which promote the envel-

opment of TgPVs in a multilayer structure, which

appears to be bacteriostatic, restricting parasite growth

[163]. In human endothelial cells, in contrast, ubiquitin,

NDP52 and SQSTM1 recruitment onto TgPVs is fol-

lowed by the one of RAB7, which induced the parasite

killing by fusion of TgPV with lysosomes [164].

The autophagy-related pathways against Plasmodium

spp. can be divided into three different responses: the

Plasmodium-associated autophagy-related (PAAR)

response; the LAP-like response; and the PtdIns3P-

associated sporozoite elimination (PASE). Within the

PAAR response, LC3 proteins are rapidly conjugated to

the parasite’s PV membrane through a mechanism that

does not require the ULK kinase and PtdIns3K com-

plexes. Although the PAAR response can target almost

all the liver-stage P. berghei, only 50% gets eliminated

[147,165]. The degree of parasite elimination by the

PAAR response was the same in fip200�/� and wild-

type cells, indicating that this process does not involve

canonical autophagy [147,165]. The PAAR response is

principally triggered by P. berghei and P. yoelii inva-

sion. In P. vivax-infected cells, LC3 association to the

PVs resembles to the LAP process and depends on the

formation of PtdIns3P by the class III PtdIns3K com-

plex II. This LAP-like response occurs after IFNc stim-

ulation and is effective in eliminating 30% of liver-stage

P. vivax [166].

Finally, PASE occurred against the transient vacu-

oles formed by transmigrating sporozoites during the

non-productive invasion of P. berghei. When sporozo-

ites transmigrate the cells without forming a moving

junction, they can disrupt the vacuole membrane and

escape into the cytosol. Parasites deficient in perforins

like protein-1 (PLP-1/SPECT2) are not able to exit

their transient vacuoles, which are thus successfully

acidified by lysosomal fusion and the parasites are

destroyed [167].

Parasite evasion from the autophagy response

A third class of interaction between host autophagy

and pathogenic protists comprises cases in which para-

site actively evade the parasiticidal actions of autop-

hagy and related processes. Although still unclarified,

these mechanisms are probably key in allowing the

parasites to survive intracellularly and establish persis-

tent infections, at least in some host cell types.

The inhibitory action of T. cruzi on the formation

of autolysosomes to avoid the destruction of its amas-

tigotes is an example of such evasion mechanism. In

the non-professional phagocytic fibrosarcoma cell line

HT1080, despite T. cruzi activating autophagosome

formation, autolysosomes were not observed in the

infected cells, suggesting that this parasite probably

blocks the fusion of autophagosomes with the degra-

dative compartments [149].

In the case of T. gondii, it was shown that < 10% of

PVs, are decorated by LC3. One process to avoid host

autophagy involves the stimulation of epidermal

growth factor receptor (EGFR)/PtdIns3K/RAC (Rho

family)-alpha serine/threonine-protein kinase (Akt) sig-

naling axis. Extracellular T. gondii releases proteins,

known as microneme proteins (MICs), from the apical

secretory organelles, which are called micronemes.

Gliding motility is supported by these proteins facili-

tating cell invasion. Several MICs contain domains

with homology to the epidermal growth factor (EGF)

and therefore that also act as EGFR ligands [168].

MICs binding to EGFR triggers the downstream acti-

vation of the kinase Akt, which in turn stimulates

mTORC1 to suppress host autophagy [169]. The rhop-

tries (ROPs), secreted from the rhoptry organelles, are
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other Toxoplasma’s proteins that modulate host autop-

hagy. For instance, ROP17 binds to BCL2 and inhibits

the interaction between BCL2 and BECN1, and aug-

ments LC3B and SQSTM1 expression [170]. Moreover,

ROP16 enhances the focal adhesion kinase (FAK)/-

signal transducer and activator of transcription 3

(STAT3) signaling cascade, which promotes expression

of key molecules that reduce autophagy response,

impairing the clearance of intracellular Toxoplasma by

autophagy [171].

In conclusion, subversion, inhibition or destruction

are three actions that can be found in the pathogenic

protist-host autophagy interplay (Table 3). The out-

come of the infection, however, seems to depend on

different factors, including pathogen virulence, host

cell background, infection stage, etc. A better knowl-

edge of the interaction between autophagy and para-

sites will help to uncover the different interplay

mechanisms and possibly find new therapeutic inter-

ventions against the various parasites.

Virus and autophagy

Viruses are symbionts that have co-evolved with nearly

all forms of cellular life and have different types of

genomes, i.e., single-stranded positive-sense, negative-

sense, or double-stranded RNA (+sRNA, �sRNA,

and dsRNA, respectively) or single or double-stranded

DNA (ssDNA, and dsDNA, respectively), which deter-

mine the pathway of viral replication and protein

expression. Numerous RNA and some DNA viruses

replicate and transcribe their genomes in cytoplasmic

membranous or non-membranous organelle-like com-

partments, where they also establish a molecular shield

from the host defenses to favor efficient genome repli-

cation. Autophagy represents a threat to virus survival

and consequently multiple viruses have evolved strate-

gies to subvert autophagy. The first evidence of an

interaction between viruses and autophagy was pub-

lished almost 23 years ago by the group of Karla Kir-

kegaard [172]. Based on the double-membraned

morphology, the cytoplasmic content, the labeling with

LC3 and the apparent ER origin, they proposed that

the membranous-replication niches of poliovirus (PV),

an enveloped +sRNA virus belonging to the Picorna-

viridae family have an autophagy-related origin [172].

Since then, there have been a multitude of reports

showing the interplay between viruses from practically

all virus families and autophagy.

Viral subversion of the protective function of

autophagy

Upon virus infection, PRRs, including the retinoic acid-

inducible I (RIG-I)-like receptors (RLRs), recognize

pathogen-associated molecular patterns (PAMPs) and

Table 3. Autophagy and parasite interactions described in the review.

Parasites & autophagy

Pathogen Subversion References Destruction References Evasion References

T. cruzi Increment of infection at

early times in non-

professional phagocytic

cells

[132,135] Clearance of amastigotes at

later times of infection in

phagocytic cells

[150–153] Autophagy

inhibition at later

times of infection

in non-

professional

phagocytic cells

[149]

Leishmania

sp.

Increase in parasite burden

in L. amazonensis- and

L. major-infected

macrophages from Balbc

and CBA mice respectively

[136,139] Clearance of L. major

amastigotes in macrophages

from Balb/c and C57BL/6

mice

[138,142]

T. gondii Source of nutrients at early

times of infection in the

absence of INFc

[144,145] LAP-like process and vacuole

degradation in CD40- and

INFc- stimulated cells

[154–164] Autophagy

inhibition by

Toxoplasma

derived MICs and

ROPs proteins

[169,171]

Plasmodium

sp.

Increase in parasite size in

vitro and parasite load in

vivo

[146–148] PAAR response against

P. berghei and P. yoelii, LAP-

like response in P. vivax and

PASE during non-productive

P. berghei invasion

[147,165,

166,167]
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active downstream signal cascades that lead to the pro-

duction of interferons (IFNs) and cytokines, which are

part of the first line of innate defense against viruses

[173-176]. In recent years, autophagy has emerged as a

mechanism to downregulate RLRs-mediated antiviral

signaling [177]. In this context, acceleration of autop-

hagy appears to be a beneficial strategy for viruses to

evade antiviral defenses. Indeed, the role of autophagy

in the negative regulation of RLRs-mediated antiviral

immune response was initially revealed by measuring an

enhancement of the RLRs-mediated IFN response in

Atg5�/� KO MEFs infected with vesicular stomatitis

virus (VSV), a �sRNA virus belonging to the Rhabdo-

viridae family [178]. PRRs are sensing molecules local-

ized in the cytosol and on the surface of membranous

compartments [179]. Thus, mitochondria and the associ-

ated ER serve as a platform for the assembly and signal

transduction of specific players of RLRs-mediated anti-

viral immunity [180-182]. Tal et al. [183] were the first to

reveal that inhibition of autophagy increases the type I

IFN response that is characterized by an accumulation

of mitochondria, inferring that autophagy negatively

regulates RLRs-mediated antiviral immunity by selec-

tively removing ROS-producing dysfunctional mito-

chondria. ROS induce the overproduction of the

mitochondrial antiviral-signaling protein (MAVS) and

the hyperactivation of RLRs signaling. Enhanced

autophagy also inhibits hepatitis C virus (HCV), an

enveloped +sRNA virus belonging to the Flaviviridae

family. HCV, however, subverts autophagosomal mem-

branes to favor various aspects of its viral life cycle.

This virus induces autophagy through ER stress and

more in particular the unfolded protein response (UPR)

[184]. Autophagosomal membranes are used by HCV as

platforms for RNA replication [13,14,185]. HCV also

uses autophagosomal membranes to promote the inter-

action between its E2 envelope protein and apolipopro-

tein E (ApoE), which is necessary for the assembly of

infectious HCV particles [186]. Finally, HCV-triggered

autophagy impair the innate immune response through

the turnover of the tumor necrosis factor receptor

(TNFR)-associated factor 6 (TRAF6), a key signal

transducer that activates the nuclear factor kappa B

(NF-kB) signaling pathway and the downstream expres-

sion of proinflammatory cytokines [184,187].

Mitophagy is likely to be either promoted by viruses

to either suppress antiviral immunity or inhibited to

accumulate mitochondria, which results in a robust

immune response and severe injury of the host. Indeed,

human immunodeficiency virus 1 (HIV-1), an envel-

oped +sRNA virus belonging to the Retroviridae fam-

ily [188-190], herpes simplex virus-1 (HSV-1), a

dsDNA virus belonging to the Herpesviridae family

[191], influenza virus (IAV), an enveloped -sRNA virus

belonging to the Orthomyxoviridae family [192,193],

Epstein–Barr virus (EBV), another member of the Her-

pesviridae family [194], human parainfluenza virus type

3 (HPIV3), an enveloped -sRNA virus belonging to

the Paramyxoviridae family [195], senecavirus A

(SVA), a non-enveloped +sRNA virus belonging to the

Picornaviridae family [196] and SARS-CoV-2, an

enveloped +sRNA virus belonging to the Coronaviridae

family [21-23], all appear to have evolved strategies

targeting mitochondria. In the case of EBV for exam-

ple, the viral BHRF1 protein inhibits IFN-response

induction by stimulating autophagy and mitochondrial

fission via dynamin 1 (DNM1) and/or dynamin-related

protein 1 (DRP1) [194]. In particular, BHRF1 pro-

motes the reorganization of the mitochondrial network

to form juxtanuclear mitochondrial aggregates, while

numerous mitochondria are also found inside the

autophagosomes and acidic compartments. Thus,

BHRF1 can counteract the activation of innate immu-

nity by inducing mitochondrial fission to facilitate

their sequestration into mitophagosomes and degrada-

tion [194].

A study on HSV-1 was the first to report the inhibi-

tion of autophagy as a result of a viral infection [197].

Since then, and based on the notion that autophagy is

a component of the intracellular innate defense against

viruses, a number of strategies adopted by viruses to

directly stop this pathway have been uncovered.

Autophagy initiation and autophagosome-lysosome

fusion are the two steps in the pathway that are

mainly targeted by viruses. HSV-1 blocks autophagy

upregulation with its Us11 protein, which directly

interacts and inhibits eukaryotic translation initiation

factor 2-alpha kinase 2 (EIF2AK2), but also disrupts

the tripartite motif containing 23 (TRIM23), which is

a key regulator of autophagy-mediated antiviral

defense mediated by TANK binding kinase 1 (TBK1).

Us11 disrupts the TRIM23-TBK1 complex by binding

to the ADP-ribosylation factor (ARF) domain in

TRIM23, spatially excluding TBK1 from the TRIM23

complex [198,199]. HSV-1 also inhibits the early steps

of autophagosome formation through the binding of

viral ICP34.5 to BECN1. As in the case of cellular

BCL2, ICP34.5 association to BECN1 impair the

assembly of the class III PtdIns3K complex I and

PtdIns3P biosynthesis [200]. Interestingly, the genome

of herpesviruses belonging to the Gammaherpesvirinae

subfamily, including Kaposi’s sarcoma-associated virus

(KSHV) and murine gammaherpesvirus-68 (MHV68),

encode for BCL2 homologs that also downregulation

through an inhibitory binding to BECN1 [201-203].

Human cytomegalovirus (HCMV), a herpesvirus
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belonging to the Betaherpesvirinae subfamily, carries

two homologs of HSV-1 ICP34.5, called TRS1 and

IRS1, which affect the formation of both class III

PtdIns3K complex I and II [98,204,205]. In fact, the

targeting of BECN1 by viral BCL2 homologs is a

mechanism acquired by several viruses to subvert

autophagic pressure, highlighting the strong threat that

autophagy is for virus survival [98]. The human papil-

lomavirus type 16 (HPV16), a double-stranded DNA

virus belonging to the Papillomaviridae family,

employs a two-arm strategy to block autophagy. On

the one hand, this virus stimulates the cell surface

EGFR, while on the other hand, it inhibits phospha-

tase and tensin homolog (PTEN), resulting in the

induction of the class I PtdIns3K-AKT-mTORC1 sig-

naling cascadethat leads to an inhibition of autophagy

[206,207]. Finally, the foot and mouth disease virus

(FMDV), a +sRNA virus belonging to Picornaviridae

family, downregulates autophagy by processing and

thus inactivating the ATG5-ATG12 complex using its

viral protease 3CPRO [208].

The block of fusion between autophagosome and

lysosome, in contrast, prevents the degradation of

viruses or viral components within lysosomes. For

example, HIV-1 Nef protein impairs this step of

autophagy by interfering with the assembly of the

UV radiation resistance associated (UVRAG)-

containing class III PtdIns3K complex II and the

RUBCN-positive class III PtdIns3K complex II,

which are required for autophagosome maturation

[98,209,210]. Similarly, IAV blocks autophagy matu-

ration using its matrix protein M2 [211], while

HPIV3 utilizes its phosphoprotein (P) that competi-

tively binds to synaptosome-associated protein 29

(SNAP29), to prevent the formation of the SNARE

complex with STX17 that mediates autophagosome

fusion with lysosomes [212]. Consistently, knock

down of SNAP29 increases the yield of extracellular

HPIV3 viral particles [212]. Thus, a plausible sce-

nario is that by hampering fusion, the concomitant

autophagosome accumulation might serve as a car-

rier for viral egression. This is an important concept

since similar observations have been made for other

viruses such as coxsackievirus B3 (CVB3), a +sRNA

virus belonging to the Picornaviridae family

[213,214]. In a parallel line of evidence, EBV, which

is known to inhibit the autophagic flux [215], sub-

verts the ATG machinery or at least part of it, to

generate the viral envelope, which, as a result, con-

tains lipidated LC3 [216]. HCMV, which initially

induces the formation of autophagosomes and then

prevents their fusion with lysosomes, was found to

exhibit a similar pattern as EBV [204,217]. Thus, the

inhibition of autophagosome-lysosome fusion may

offer the double advantage of avoiding degradation

concomitantly with the generation of a network of

membranes necessary for the progression of the viral

cycle.

Viral hijacking of the autophagosomal

membranes

Within the virosphere, +sRNA viruses replicate their

genomes in the cytosol of host cells. Current evidence

indicates that the optimal production of several

+sRNA viruses depends on the stimulation of autop-

hagy, a quite astonishing notion given that autophagy

is specifically dedicated to degrade cytosolic compo-

nents, including viral material. The majority of

+sRNA viruses also induce massive membrane remo-

deling in infected host cells, resulting in the formation

of membranous structures often referred to as replica-

tion factories (RFs). According to their ultrastruc-

tural morphology, these RFs are generally classified

as spherules or double membrane vesicles (DMVs)

[218]. Since the original studies indicating a possible

autophagosomal contribution to the generation of

DMVs induced by PV [172,219,220], this type of

membrane rearrangements has been connected to the

ATG machinery only in a few viral infections.

Indeed, autophagosomes and DMVs are both double-

membrane structures, but differ in the membrane

remodeling processes. A shared characteristic of these

DMVs is the recruitment of LC3, but not necessarily

its autophagy-competent form conjugated to PE. For

instance, it has been observed the presence of DMVs

in CVB3-infected cells, which increase in number as

the infection progresses [221]. However, autophagy is

not required as the membrane source of these DMVs

is variable and autophagosomal membrane may be

only one of these sources [222].

Infections with coronaviruses (CoVs) such as the

mouse hepatitis virus (MHV) [223], the Middle East

respiratory syndrome coronavirus (MERS-CoV) [224],

the severe acute respiratory syndrome coronavirus

(SARS-CoV) [225] and SARSCoV-2 [226,227], leads to

the formation of a reticulovesicular network consisting

of DMVs connected to a complex of convoluted mem-

branes (CMs), which are derived from the ER. Newly

synthesized viral RNAs and the dsRNA intermediate

generated by the replication of the genomic RNA are

mostly localized within these DMVs, indicating that

DMVs represent the main center of viral RNA synthe-

sis but also a way to both protect viral RNA from

destruction and avoid activation of an immune

response. Despite an important interplay between
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CoVs and the ATG machinery, DMVs in cells infected

with CoVs, such as MHV, SARS-CoV and SARS-

CoV-2, are not generated by the canonical ATG

machinery [223,228,229]. The current idea about the

relationship between CoVs and autophagy, mostly

coming from recent studies on SARSCoV-2, is that

autophagy is induced, but CoVs subvert this pathway

by avoiding the autophagosome-lysosome fusion,

hence lysosomal degradation [230].

The afore mentioned cases are just mere examples

(Table 4); for exhaustive recent revisions on the topic,

including plant viruses, please refer to [224-239].

Concluding remarks

Autophagy is an important degradative pathway to clear

intracellular microorganisms, including bacteria, viruses,

and parasites. However, several of them have success-

fully developed molecular strategies to avoid and/or sub-

vert autophagy to their own advantage, promoting their

intracellular survival and propagation. This may repre-

sent a xenophagy Tango dance, in which both partners

fight persistently with the final purpose of gaining the

competition (Fig. 1). However, all three classes of patho-

gens have intrinsically unique capacities to react (or take

the lead in the dance) when the autophagy is activated.

For example, bacteria manipulate autophagy by secret-

ing effector proteins whereas viruses relay on their own

proteins that often are multifunctional. Although the

host cell possesses an effective and multilayered defense,

the dance is not always dominated by the host, and the

partner sometimes manages to successfully evade it.

While not comprehensive, we have described in this

review multiple examples of autophagy–pathogen

Table 4. Autophagy and virus interactions described in the review.

Viruses & autophagy

Pathogen Subversion References Destruction References Evasion References

VSV Autophagy enhancement to augment the

downregulation of RLRs-mediated antiviral

signaling

[178]

HCV Autophagy enhancement and inhibition of the

autophagic flux to hijack autophagic

membranes and downregulate antiviral

signaling

[184,186,187]

EBV Mitophagy induction to avoid innate immunity

activation

[194]

HSV-1 Block of autophagy

upregulation

[197-200]

KSHV Block of autophagy

upregulation

[201,203]

MHV68 Block of autophagy

upregulation

[202,203]

HCMV Block of autophagy

upregulation

[98,204,205]

HPV16 Blockof autophagy

upregulation

[206,207]

FMDV Blocks of autophagy

upregulation

[208]

HIV-1 Block of the

autophagosome-

lysosome fusion

[98,209,210]

IAV Block of the

autophagosome-

lysosome fusion

[211]

HPIV3 Block of the

autophagosome-

lysosome fusion

[212]

PV Hijack of the autophagosomal membranes [172,219,220]

CVB3 Hijack of the autophagosomal membranes [221,222]

CoVs Hijack of the autophagosomal membranes [223-230]
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interactions, to emphasize their complexity (Tables 1–4).
Nevertheless, it is important to consider that even

though the specific molecular details have perhaps been

identified for only one defined event, pro- and anti-

pathogen pathways are probably active concurrently in

each host–pathogen interaction situation.

In conclusion, we have gained enormous knowledge

about the interplay between pathogens and autophagy

over the last decades, uncovering multiple subversion

strategies through the identification of several patho-

gens’ effectors and ATG machinery targets. Impor-

tantly, this area of investigation has also contributed

to the discovery of alternative autophagic mechanisms,

but also non-conventional types of autophagy and

novel functions of the classical molecules involved in

autophagy. Although the knowledge about the interac-

tion between autophagy and pathogens has grown

exponentially, this probably represents just the tip of

the iceberg and future investigations will uncover new

interplay mechanisms. This will not only characterize

better the life cycle of the studied microorganisms but

also possibly provide new therapeutic targets to fight

some of the devastating disease caused by them.

Acknowledgements

Work of the authors in this field is supported by

grants PICT 2018-04427 and PICT 2020-00106 from

the National Agency for Scientific and Technological

Promotion, Ministry of Science and Project 12

06/JOI2-Tl. SIIP (Secretar�ıa de Investigaci�on, Interna-

cionales y Posgrado de la UNCuyo) to MIC, PICT

2019-01038 from the National Agency for Scientific

and Technological Promotion, Ministry of Science to

MOA, the National Agency for Scientific and Techno-

logical Promotion, Ministry of Science, Technology

and Innovation, through grant PICT 2019-01324 to

LRD, the National Scientific and Technical Research

Council through grant 2021-2123 11220200103139CO

to LRD and the National University of Cuyo through

grants SIIP M-012-T1 to LRD. FR is supported by

SNSF Sinergia (CRSII5_189952), Novo Nordisk

Foundation (0066384) and Lundbeck Foundation

(R383-2022-180) grants. FR has also received funding

from the European Union’s Horizon 2020 research

and innovation program under the Marie Skłodowska-
Curie grant agreement 754513 and Aarhus University

Research Foundation. PR is supported by grants

PICT2019-00640 from the National Agency for Scien-

tific and Technological Promotion, Ministry of Sci-

ence, Technology and Innovation and SIIP2022-2024

06/J046-T1 from National University of Cuyo.

Data accessibility

Data sharing is not applicable to this manuscript as

no new data were created in this article.

References

1 Mizushima N, Yoshimori T and Ohsumi Y (2011) The

role of Atg proteins in autophagosome formation.

Annu Rev Cell Dev Biol 27, 107–132.

Fig. 1. Schematic representation showing

the possible interactions (subversion,

inhibition, or destruction) between various

intracellular microorganisms and

autophagy. In the article, we cover the

wide range of intricate interactions that

take place between those players.

17FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

M. O. Aguilera et al. Autophagy interplay with intracellular pathogens

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2 Yin Z, Pascual C and Klionsky DJ (2016) Autophagy:

machinery and regulation. Microb Cell 3, 588–596.
3 Suzuki H, Osawa T, Fujioka Y and Noda NN (2017)

Structural biology of the core autophagy machinery.

Curr Opin Struct Biol 43, 10–17.
4 Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao

J, Kundu M and Kim DH (2009) ULK-Atg13-FIP200

complexes mediate mTOR signaling to the autophagy

machinery. Mol Biol Cell 20, 1992–2003.
5 Ganley IG, Lam DH, Wang J, Ding X, Chen S and

Jiang X (2009) ULK1.ATG13.FIP200 complex

mediates mTOR signaling and is essential for

autophagy. J Biol Chem 284, 12297–12305.
6 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura

A, Miura Y, Iemura SI, Natsume T, Takehana K,

Yamada N et al. (2009) Nutrient-dependent mTORCl

association with the ULK1-Atg13-FIP200 complex

required for autophagy. Mol Biol Cell 20, 1981–1991.
7 Petiot A, Ogier-Denis E, Blommaart EFC, Meijer AJ

and Codogno P (2000) Distinct classes of

phosphatidylinositol 30-kinases are involved in

signaling pathways that control macroautophagy in

HT-29 cells. J Biol Chem 275, 992–998.
8 Kim J, Kundu M, Viollet B and Guan KL (2011)

AMPK and mTOR regulate autophagy through direct

phosphorylation of Ulk1. Nat Cell Biol 13, 132–141.
9 Ichimura Y, Kirisako T, Takao T, Satomi Y,

Shimonishi Y, Ishihara N, Mizushima N, Tanida I,

Kominami E, Ohsumi M et al. (2000) A ubiquitin-like

system mediates protein lipidation. Nature 408, 488–492.
10 Lystad AH, Carlsson SR, de la Ballina LR, Kauffman

KJ, Nag S, Yoshimori T, Melia TJ and Simonsen A

(2019) Distinct functions of ATG16L1 isoforms in

membrane binding and LC3B lipidation in autophagy-

related processes. Nat Cell Biol 21, 372–383.
11 Durgan J, Lystad AH, Sloan K, Carlsson SR, Wilson

MI, Marcassa E, Ulferts R, Webster J, Lopez-Clavijo

AF, Wakelam MJ et al. (2021) Non-canonical

autophagy drives alternative ATG8 conjugation to

phosphatidylserine. Mol Cell 81, 2031–2040.e8.
12 Mizushima N (2020) The ATG conjugation systems in

autophagy. Curr Opin Cell Biol 63, 1–10.
13 Mizushima N and Komatsu M (2011) Autophagy:

renovation of cells and tissues. Cell 147, 728–741.
14 Wirth M, Zhang W, Razi M, Nyoni L, Joshi D,

O’Reilly N, Johansen T, Tooze SA and Mouilleron S

(2019) Molecular determinants regulating selective

binding of autophagy adapters and receptors to ATG8

proteins. Nat Commun 10, 1–18.
15 Siqueira MS, Ribeiro RM and Travassos LH (2018)

Autophagy and its interaction with intracellular

bacterial pathogens. Front Immunol 9, 353689.

16 Kimmey JM and Stallings CL (2016) Bacterial

pathogens versus autophagy: implications for

therapeutic interventions. Trends Mol Med 22, 1060–
1076.

17 Riebisch AK, M€uhlen S, Beer YY and Schmitz I

(2021) Autophagy—a story of bacteria interfering with

the host cell degradation machinery. Pathogens 10, 1–
24.

18 Kirkegaard K, Taylor MP and Jackson WT (2004)

Cellular autophagy: surrender, avoidance and

subversion by microorganisms. Nat Rev Microbiol 2,

301–314.
19 Escoll P, Rolando M and Buchrieser C (2016)

Modulation of host autophagy during bacterial

infection: sabotaging host munitions for pathogen

nutrition. Front Immunol 7, 183105.

20 Huang J and Brumell JH (2014) Bacteria–autophagy
interplay: a battle for survival. Nat Rev Microbiol 12,

101–114.
21 Thomas DR, Newton P, Lau N and Newton HJ

(2020) Interfering with autophagy: the opposing

strategies deployed by legionella pneumophila and

Coxiella burnetii effector proteins. Front Cell Infect

Microbiol 10, 599762.

22 Pizarro-Cerd�a J, Moreno E, Sanguedolce V, Mege JL

and Gorvel JP (1998) Virulent Brucella abortus

prevents lysosome fusion and is distributed within

autophagosome-like compartments. Infect Immun 66,

2387–2392.
23 Dorn BR, Dunn J and Progulske-Fox A (2001)

Porphyromonas gingivalis traffics to autophagosomes

in human coronary artery endothelial cells. Infect

Immun 69, 5698–5708.
24 Kabeya Y, Mizushima N, Ueno T, Yamamoto A,

Kirisako T, Noda T, Kominami E, Ohsumi Y and

Yoshimori T (2000) LC3, a mammalian homologue of

yeast Apg8p, is localized in autophagosome

membranes after processing. EMBO J 19, 5720–5728.
25 Ber�on W, Gutierrez MG, Rabinovitch M and

Colombo MI (2002) Coxiella burnetii localizes in a

Rab7-labeled compartment with autophagic

characteristics. Infect Immun 70, 5816–5821.
26 Gutierrez MG, V�azquez CL, Munaf�o DB, Zoppino

FCM, Ber�on W, Rabinovitch M and Colombo MI

(2005) Autophagy induction favours the generation

and maturation of the Coxiella-replicative vacuoles.

Cell Microbiol 7, 981–993.
27 Romano PS, Gutierrez MG, Ber�on W, Rabinovitch M

and Colombo MI (2007) The autophagic pathway is

actively modulated by phase II Coxiella burnetii to

efficiently replicate in the host cell. Cell Microbiol 9,

891–909.
28 V�azquez CL and Colombo MI (2009) Coxiella burnetii

modulates Beclin 1 and Bcl-2, preventing host cell

apoptosis to generate a persistent bacterial infection.

Cell Death Differ 17, 421–438.

18 FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

Autophagy interplay with intracellular pathogens M. O. Aguilera et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



29 Macdonald LJ, Graham JG, Kurten RC and Voth DE

(2014) Coxiella burnetii exploits host cAMP-dependent

protein kinase signalling to promote macrophage

survival. Cell Microbiol 16, 146–159.
30 Cordsmeier A, Wagner N, L€uhrmann A and Berens C

(2019) Focus: death: defying death – how Coxiella

burnetii copes with intentional host cell suicide. Yale J

Biol Med 92, 619–628.
31 Winchell CG, Dragan AL, Brann KR, Onyilagha FI,

Kurten RC and Voth DE (2018) Coxiella burnetii

subverts p62/Sequestosome 1 and activates Nrf2

signaling in human macrophages. Infect Immun 86,

e00608-17.

32 Newton HJ, Kohler LJ, McDonough JA, Temoche-

Diaz M, Crabill E, Hartland EL and Roy CR (2014)

A screen of Coxiella burnetii mutants reveals important

roles for dot/Icm effectors and host autophagy in

vacuole biogenesis. PLoS Pathog 10, e1004286.

33 Steele S, Brunton J, Ziehr B, Taft-Benz S, Moorman

N and Kawula T (2013) Francisella tularensis harvests

nutrients derived via ATG5-independent autophagy to

support intracellular growth. PLoS Pathog 9,

e1003562.

34 Schnaith A, Kashkar H, Leggio SA, Addicks K,

Kr€onke M and Krut O (2007) Staphylococcus aureus

subvert autophagy for induction of caspase-

independent host cell death. J Biol Chem 282, 2695–
2706.

35 Mestre MB, Fader CM, Sola C and Colombo MI

(2010) a-Hemolysin is required for the activation of

the autophagic pathway in Staphylococcus aureus-

infected cells. Autophagy 6, 110–125.
36 Mestre MB and Colombo MI (2012) cAMP and

EPAC are key players in the regulation of the signal

transduction pathway involved in the a-hemolysin

autophagic response. PLoS Pathog 8, e1002664.

37 de Armentia MML, Gauron MC and Colombo MI

(2017) Staphylococcus aureus alpha-toxin induces the

formation of dynamic tubules labeled with LC3 within

host cells in a Rab7 and rab1b-dependent manner.

Front Cell Infect Microbiol 7, 288789.

38 Gauron MC, Newton AC and Colombo MI (2021)

PKCa is recruited to Staphylococcus aureus-containing

phagosomes and impairs bacterial replication by

inhibition of autophagy. Front Immunol 12, 662987.

39 Amano A, Nakagawa I and Yoshimori T (2006)

Autophagy in innate immunity against intracellular

bacteria. J Biochem 140, 161–166.
40 Liu PF, Cheng JS, Sy CL, Huang WC, Yang HC,

Gallo RL, Huang CM and Shu CW (2015) IsaB

inhibits autophagic flux to promote host transmission

of methicillin-resistant Staphylococcus aureus. J Invest

Dermatol 135, 2714–2722.
41 Mauthe M, Yu W, Krut O, Kr€onke M, Gtz F,

Robenek H and Proikas-Cezanne T (2012) WIPI-1

positive autophagosome-like vesicles entrap pathogenic

Staphylococcus aureus for lysosomal degradation. Int J

Cell Biol 2012, 1–13.
42 Fedrigo GV, Campoy EM, Di Venanzio G, Colombo

MI and V�escovi EG (2011) Serratia marcescens is able

to survive and proliferate in autophagic-like vacuoles

inside non-phagocytic cells. PLoS One 6, e24054.

43 Gutierrez MG, Munaf�o DB, Ber�on W and Colombo

MI (2004) Rab7 is required for the normal progression

of the autophagic pathway in mammalian cells. J Cell

Sci 117, 2687–2697.
44 Nakagawa I, Amano A, Mizushima N, Yamamoto A,

Yamaguchi H, Kamimoto T, Nara A, Funao J,

Nakata M, Tsuda K et al. (2004) Autophagy defends

cells against invading group a Streptococcus. Science

306, 1037–1040.
45 Levine B (2005) Eating oneself and uninvited guests:

autophagy-related pathways in cellular defense. Cell

120, 159–162.
46 Mao K and Klionsky DJ (2017) Xenophagy: a

battlefield between host and microbe, and a possible

avenue for cancer treatment. Autophagy 13, 223–224.
47 Vergne I, Chua J, Singh SB and Deretic V (2004) Cell

biology of Mycobacterium tuberculosis phagosome.

Annu Rev Cell Dev Biol 20, 367–394.
48 Singh SB, Davis AS, Taylor GA and Deretic V (2006)

Human IRGM induces autophagy to eliminate

intracellular mycobacteria. Science 313, 1438–1441.
49 Rovetta AI, Pe~na D, Hern�andez Del Pino RE, Recalde

GM, Pellegrini J, Bigi F, Musella RM, Palmero DJ,

Gutierrez M, Colombo MI et al. (2014) IFNG-

mediated immune responses enhance autophagy

against Mycobacterium tuberculosis antigens in patients

with active tuberculosis. Autophagy 10, 2109–2121.
50 Tateosian NL, Pellegrini JM, Amiano NO, Rolandelli

A, Casco N, Palmero DJ, Colombo MI and Garc�ıa

VE (2017) IL17A augments autophagy in

Mycobacterium tuberculosis-infected monocytes from

patients with active tuberculosis in association with the

severity of the disease. Autophagy 13, 1191–1204.
51 Levine B, Mizushima N and Virgin HW (2011)

Autophagy in immunity and inflammation. Nature

469, 323–335.
52 Cui B, Lin H, Yu J, Yu J and Hu Z (2019) Autophagy

and the immune response. Adv Exp Med Biol 1206,

595–634.
53 Deretic V (2012) Autophagy as an innate immunity

paradigm: expanding the scope and repertoire of

pattern recognition receptors. Curr Opin Immunol 24,

21–31.
54 Pradel B, Robert-Hebmann V and Espert L (2020)

Regulation of innate immune responses by autophagy:

a goldmine for viruses. Front Immunol 11, 578038.

55 Lerena MC and Colombo MI (2011) Mycobacterium

marinum induces a marked LC3 recruitment to its

19FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

M. O. Aguilera et al. Autophagy interplay with intracellular pathogens

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



containing phagosome that depends on a functional

ESX-1 secretion system. Cell Microbiol 13, 814–835.
56 Romagnoli A, Etna MP, Giacomini E, Pardini M,

Remoli ME, Corazzari M, Falasca L, Goletti D, Gafa

V, Simeone R et al. (2012) ESX-1 dependent

impairment of autophagic flux by Mycobacterium

tuberculosis in human dendritic cells. Autophagy 8,

1357–1370.
57 Collins CA, De Mazi�ere A, Van Dijk S, Carlsson F,

Klumperman J and Brown EJ (2009) Atg5-

independent sequestration of ubiquitinated

mycobacteria. PLoS Pathog 5, e1000430.

58 Cardenal-Mu~noz E, Arafah S, L�opez-Jim�enez AT,

Kicka S, Falaise A, Bach F, Schaad O, King JS,

Hagedorn M and Soldati T (2017) Mycobacterium

marinum antagonistically induces an autophagic

response while repressing the autophagic flux in a

TORC1- and ESX-1-dependent manner. PLoS Pathog

13, e1006344.

59 Jayaswal S, Kamal MA, Dua R, Gupta S, Majumdar

T, Das G, Kumar D and Rao KVS (2010)

Identification of host-dependent survival factors for

intracellular Mycobacterium tuberculosis through an

siRNA screen. PLoS Pathog 6, 1–15.
60 Watson RO, Manzanillo PS and Cox JS (2012)

Extracellular M. tuberculosis DNA targets bacteria for

autophagy by activating the host DNA-sensing

pathway. Cell 150, 803–815.
61 Seto S, Tsujimura K, Horii T and Koide Y (2013)

Autophagy adaptor protein p62/SQSTM1 and

autophagy-related gene Atg5 mediate autophagosome

formation in response to mycobacterium tuberculosis

infection in dendritic cells. PLoS One 8, e86017.

62 Ponpuak M, Davis AS, Roberts EA, Delgado MA,

Dinkins C, Zhao Z, Virgin HW, Kyei GB, Johansen

T, Vergne I et al. (2010) Delivery of cytosolic

components by autophagic adaptor protein p62

endows autophagosomes with unique antimicrobial

properties. Immunity 32, 329–341.
63 Castillo EF, Dekonenko A, Arko-Mensah J, Mandell

MA, Dupont N, Jiang S, Delgado-Vargas M, Timmins

GS, Bhattacharya D, Yang H et al. (2012) Autophagy

protects against active tuberculosis by suppressing

bacterial burden and inflammation. Proc Natl Acad Sci

USA 109, E3168–E3176.
64 Golovkine GR, Roberts AW, Morrison HM, Rivera-

Lugo R, McCall RM, Nilsson H, Garelis NE, Repasy

T, Cronce M, Budzik J et al. (2023) Autophagy

restricts mycobacterium tuberculosis during acute

infection in mice. Nat Microbiol 8, 819–832.
65 Kimmey JM, Huynh JP, Weiss LA, Park S, Kambal

A, Debnath J, Virgin HW and Stallings CL (2015)

Unique role for ATG5 in neutrophil-mediated

immunopathology during M. tuberculosis infection.

Nature 528, 565–569.

66 Wang F, Peters R, Jia J, Mudd M, Salemi M, Allers

L, Javed R, Duque TLA, Paddar MA, Trosdal ES

et al. (2023) ATG5 provides host protection acting as

a switch in the atg8ylation cascade between autophagy

and secretion. Dev Cell 58, 866–884.e8.
67 Birmingham CL, Canadien V, Gouin E, Troy EB,

Yoshimori T, Cossart P, Higgins DE and Brumell JH

(2007) Listeria monocytogenes evades killing by

autophagy during colonization of host cells. Autophagy

3, 442–451.
68 Pistor S, Chakraborty T, Walter U and Wehland J

(1995) The bacterial actin nucleator protein ActA of

Listeria monocytogenes contains multiple binding sites

for host microfilament proteins. Curr Biol 5, 517–525.
69 Auerbuch V, Loureiro JJ, Gertler FB, Theriot JA and

Portnoy DA (2003) Ena/VASP proteins contribute to

Listeria monocytogenes pathogenesis by controlling

temporal and spatial persistence of bacterial actin-

based motility. Mol Microbiol 49, 1361–1375.
70 Yoshikawa Y, Ogawa M, Hain T, Yoshida M,

Fukumatsu M, Kim M, Mimuro H, Nakagawa I,

Yanagawa T, Ishii T et al. (2009) Listeria

monocytogenes ActA-mediated escape from autophagic

recognition. Nat Cell Biol 11, 1233–1240.
71 Ogawa M, Yoshimori T, Suzuki T, Sagara H,

Mizushima N and Sasakawa C (2005) Escape of

intracellular Shigella from autophagy. Science 307,

727–731.
72 Mesquita FS, Thomas M, Sachse M, Santos AJM,

Figueira R and Holden DW (2012) The Salmonella

deubiquitinase SseL inhibits selective autophagy of

cytosolic aggregates. PLoS Pathog 8, e1002743.

73 Barnett TC, Liebl D, Seymour LM, Gillen CM, Lim

JY, Larock CN, Davies MR, Schulz BL, Nizet V,

Teasdale RD et al. (2013) The globally disseminated

M1T1 clone of group a Streptococcus evades

autophagy for intracellular replication. Cell Host

Microbe 14, 675–682.
74 Bergmann R, Gulotta G, Andreoni F, Sumitomo T,

Kawabata S, Zinkernagel AS, Chhatwal GS, Nizet V,

Rohde M and Uchiyama S (2022) The group a

Streptococcus interleukin-8 protease SpyCEP promotes

bacterial intracellular survival by evasion of

autophagy. Infect Microbes Dis 4, 116–123.
75 Choy A, Dancourt J, Mugo B, O’Connor TJ, Isberg

RR, Melia TJ and Roy CR (2012) The Legionella

effector RavZ inhibits host autophagy through

irreversible Atg8 deconjugation. Science 338, 1072–
1076.

76 Horenkamp FA, Kauffman KJ, Kohler LJ,

Sherwood RK, Krueger KP, Shteyn V, Roy CR,

Melia TJ and Reinisch KM (2015) The legionella

anti-autophagy effector RavZ targets the

autophagosome via PI3P- and curvature-sensing

motifs. Dev Cell 34, 569–576.

20 FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

Autophagy interplay with intracellular pathogens M. O. Aguilera et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



77 Omotade TO and Roy CR (2020) Legionella

pneumophila excludes autophagy adaptors from the

ubiquitin-labeled vacuole in which it resides. Infect

Immun 88, e00793-19.

78 Arasaki K and Tagaya M (2017) Legionella blocks

autophagy by cleaving STX17 (syntaxin 17).

Autophagy 13, 2008–2009.
79 Tattoli I, Sorbara MT, Vuckovic D, Ling A, Soares F,

Carneiro LAM, Yang C, Emili A, Philpott DJ and

Girardin SE (2012) Amino acid starvation induced by

invasive bacterial pathogens triggers an innate host

defense program. Cell Host Microbe 11, 563–575.
80 Wu S, Shen Y, Zhang S, Xiao Y and Shi S (2020)

Salmonella interacts with autophagy to offense or

defense. Front Microbiol 11, 515222.

81 Dortet L, Mostowy S, Louaka AS, Gouin E, Nahori

MA, Wiemer EAC, Dussurget O and Cossart P (2011)

Recruitment of the major vault protein by InlK: a

Listeria monocytogenes strategy to avoid autophagy.

PLoS Pathog 7, e1002168.

82 Kumar S, Jia J and Deretic V (2021) Atg8ylation as a

general membrane stress and remodeling response. Cell

Stress 5, 128–142.
83 Sanjuan MA, Dillon CP, Tait SWG, Moshiach S,

Dorsey F, Connell S, Komatsu M, Tanaka K,

Cleveland JL, Withoff S et al. (2007) Toll-like receptor

signalling in macrophages links the autophagy

pathway to phagocytosis. Nature 450, 1253–1257.
84 Huang J, Canadien V, Lam GY, Steinberg BE,

Dinauer MC, Magalhaes MAO, Glogauer M,

Grinstein S and Brumell JH (2009) Activation of

antibacterial autophagy by NADPH oxidases. Proc

Natl Acad Sci USA 106, 6226–6231.
85 Lai SC and Devenish RJ (2012) LC3-associated

phagocytosis (LAP): connections with host autophagy.

Cell 1, 396–408.
86 Kageyama S, Omori H, Saitoh T, Sone T, Guan JL,

Akira S, Imamoto F, Noda T and Yoshimori T (2011)

The LC3 recruitment mechanism is separate from

Atg9L1-dependent membrane formation in the

autophagic response against Salmonella. Mol Biol Cell

22, 2290–2300.
87 Al-Younes HM, Al-Zeer MA, Khalil H, Gussmann J,

Karlas A, Machuy N, Brinkmann V, Braun PR and

Meyer TF (2011) Autophagy-independent function of

MAP-LC3 during intracellular propagation of

Chlamydia trachomatis. Autophagy 7, 814–828.
88 Gong L, Cullinane M, Treerat P, Ramm G, Prescott

M, Adler B, Boyce JD and Devenish RJ (2011) The

Burkholderia pseudomallei type III secretion system and

BopA are required for evasion of LC3-associated

phagocytosis. PLoS One 6, e17852.

89 Lam GY, Cemma M, Muise AM, Higgins DE and

Brumell JH (2013) Host and bacterial factors that

regulate LC3 recruitment to Listeria monocytogenes

during the early stages of macrophage infection.

Autophagy 9, 985–995.
90 Sanjuan MA, Milasta S and Green DR (2009) Toll-

like receptor signaling in the lysosomal pathways.

Immunol Rev 227, 203–220.
91 Martinez J, Almendinger J, Oberst A, Ness R, Dillon

CP, Fitzgerald P, Hengartner MO and Green DR

(2011) Microtubule-associated protein 1 light chain 3

alpha (LC3)-associated phagocytosis is required for the

efficient clearance of dead cells. Proc Natl Acad Sci

USA 108, 17396–17401.
92 Heckmann BL, Boada-Romero E, Cunha LD, Magne

J and Green DR (2017) LC3-associated phagocytosis

and inflammation. J Mol Biol 429, 3561–3576.
93 Kim JY, Zhao H, Martinez J, Doggett TA,

Kolesnikov AV, Tang PH, Ablonczy Z, Chan CC,

Zhou Z, Green DR et al. (2013) Noncanonical

autophagy promotes the visual cycle. Cell 154, 365–
376.

94 Heckmann BL and Green DR (2019) LC3-associated

phagocytosis at a glance. J Cell Sci 132, jcs222984.

95 Martinez J, Malireddi RKS, Lu Q, Cunha LD,

Pelletier S, Gingras S, Orchard R, Guan JL, Tan H,

Peng J et al. (2015) Molecular characterization of

LC3-associated phagocytosis reveals distinct roles for

Rubicon, NOX2 and autophagy proteins. Nat Cell

Biol 17, 893–906.
96 Bedard K and Krause KH (2007) The NOX family of

ROS-generating NADPH oxidases: physiology and

pathophysiology. Physiol Rev 87, 245–313.
97 Tian W, Li XJ, Stull ND, Ming W, Sun CI,

Bissonnette SA, Yaffe MB, Grinstein S, Atkinson SJ

and Dinauer MC (2008) Fc gamma R-stimulated

activation of the NADPH oxidase: phosphoinositide-

binding protein p40phox regulates NADPH oxidase

activity after enzyme assembly on the phagosome.

Blood 112, 3867–3877.
98 Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T,

Kurotori N, Maejima I, Shirahama-Noda K, Ichimura

T, Isobe T et al. (2009) Two Beclin 1-binding proteins,

Atg14L and Rubicon, reciprocally regulate autophagy

at different stages. Nat Cell Biol 11, 385–396.
99 Zhong Y, Wang QJ, Li X, Yan Y, Backer JM, Chait

BT, Heintz N and Yue Z (2009) Distinct regulation of

autophagic activity by Atg14L and Rubicon associated

with Beclin 1–phosphatidylinositol-3-kinase complex.

Nat Cell Biol 11, 468–476.
100 Tam JM, Mansour MK, Khan NS, Seward M,

Puranam S, Tanne A, Sokolovska A, Becker CE,

Acharya M, Baird MA et al. (2014) Dectin-1–
dependent LC3 recruitment to phagosomes enhances

fungicidal activity in macrophages. J Infect Dis 210,

1844–1854.
101 Yang CS, Lee JS, Rodgers M, Min CK, Lee JY, Kim

HJ, Lee KH, Kim CJ, Oh B, Zandi E et al. (2012)

21FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

M. O. Aguilera et al. Autophagy interplay with intracellular pathogens

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Autophagy protein Rubicon mediates phagocytic

NADPH oxidase activation in response to microbial

infection or TLR stimulation. Cell Host Microbe 11,

264–276.
102 Henault J, Martinez J, Riggs JM, Tian J, Mehta P,

Clarke L, Sasai M, Latz E, Brinkmann MM, Iwasaki

A et al. (2012) Noncanonical autophagy is required

for type I interferon secretion in response to DNA-

immune complexes. Immunity 37, 986–997.
103 Ma J, Becker C, Reyes C and Underhill DM (2014)

Cutting edge: FYCO1 recruitment to dectin-1

phagosomes is accelerated by light chain 3 protein and

regulates phagosome maturation and reactive oxygen

production. J Immunol 192, 1356–1360.
104 Segawa K and Nagata S (2015) An apoptotic “eat

me” signal: phosphatidylserine exposure. Trends Cell

Biol 25, 639–650.
105 Akoumianaki T, Kyrmizi I, Valsecchi I, Gresnigt MS,

Samonis G, Drakos E, Boumpas D, Muszkieta L,

Prevost MC, Kontoyiannis DP et al. (2016) Aspergillus

cell wall melanin blocks LC3-associated phagocytosis

to promote pathogenicity. Cell Host Microbe 19, 79–
90.

106 Upadhyay S and Philips JA (2019) LC3-associated

phagocytosis: host defense and microbial response.

Curr Opin Immunol 60, 81–90.
107 Matte C, Casgrain PA, S�eguin O, Moradin N, Hong

WJ and Descoteaux A (2016) Leishmania major

promastigotes evade LC3-associated phagocytosis

through the action of GP63. PLoS Pathog 12,

e1005690.

108 K€oster S, Upadhyay S, Chandra P,

Papavinasasundaram K, Yang G, Hassan A, Grigsby

SJ, Mittal E, Park HS, Jones V et al. (2017)

Mycobacterium tuberculosis is protected from NADPH

oxidase and LC3-associated phagocytosis by the LCP

protein CpsA. Proc Natl Acad Sci USA 114, E8711–
E8720.

109 Huang JH, Liu CY, Wu SY, Chen WY, Chang TH,

Kan HW, Hsieh ST, Ting JPY and Wu-Hsieh BA

(2018) NLRX1 facilitates Histoplasma capsulatum-

induced LC3-associated phagocytosis for cytokine

production in macrophages. Front Immunol 9,

404923.

110 Eissenberg LG, Goldman WE and Schlesinger PH

(1993) Histoplasma capsulatum modulates the

acidification of phagolysosomes. J Exp Med 177,

1605–1611.
111 Ligeon LA, Moreau K, Barois N, Bongiovanni A,

Lacorre DA, Werkmeister E, Proux-Gillardeaux V,

Galli T and Lafont F (2014) Role of VAMP3 and

VAMP7 in the commitment of Yersinia

pseudotuberculosis to LC3-associated pathways

involving single- or double-membrane vacuoles.

Autophagy 10, 1588–1602.

112 Thurston TLM, Wandel MP, 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.
113 Hong MH, Weng IC, Li FY, Lin WH and Liu FT

(2021) Intracellular galectins sense cytosolically

exposed glycans as danger and mediate cellular

responses. J Biomed Sci 28, 1–9.
114 Bell SL, Lopez KL, Cox JS, Patrick KL and Watson

RO (2021) Galectin-8 senses phagosomal damage and

recruits selective autophagy adapter tax1bp1 to control

Mycobacterium tuberculosis infection in macrophages.

MBio 12, 1871–1891.
115 Daussy CF and Wodrich H (2020) “Repair me if you

can”: membrane damage, response, and control from

the viral perspective. Cell 9, 2042.

116 Montespan C, Marvin SA, Austin S, Burrage AM,

Roger B, Rayne F, Faure M, Campell EM, Schneider

C, Reimer R et al. (2017) Multi-layered control of

Galectin-8 mediated autophagy during adenovirus cell

entry through a conserved PPxY motif in the viral

capsid. PLoS Pathog 13, e1006217.

117 Staring J, Von Castelmur E, Blomen VA, Van Den

Hengel LG, Brockmann M, Baggen J, Thibaut HJ,

Nieuwenhuis J, Janssen H, Van Kuppeveld FJM et al.

(2017) PLA2G16 represents a switch between entry

and clearance of Picornaviridae. Nature 541, 412–416.
118 Lam GY, Fattouh R, Muise AM, Grinstein S, Higgins

DE and Brumell JH (2011) Listeriolysin O suppresses

phospholipase C-mediated activation of the

microbicidal NADPH oxidase to promote Listeria

monocytogenes infection. Cell Host Microbe 10, 627–
634.

119 Shahnazari S, Yen WL, Birmingham CL, Shiu J,

Namolovan A, Zheng YT, Nakayama K, Klionsky DJ

and Brumell JH (2010) A diacylglycerol-dependent

signaling pathway contributes to regulation of

antibacterial autophagy. Cell Host Microbe 8, 137–
146.

120 Hubber A, Kubori T, Coban C, Matsuzawa T, Ogawa

M, Kawabata T, Yoshimori T and Nagai H (2017)

Bacterial secretion system skews the fate of legionella-

containing vacuoles towards LC3-associated

phagocytosis. Sci Rep 7, 44795.

121 Gluschko A, Farid A, Herb M, Grumme D, Kr€onke

M and Schramm M (2022) Macrophages target

Listeria monocytogenes by two discrete non-canonical

autophagy pathways. Autophagy 18, 1090–1107.
122 Birmingham CL, Smith AC, Bakowski MA,

Yoshimori T and Brumell JH (2006) Autophagy

controls Salmonella infection in response to damage to

the Salmonella-containing vacuole. J Biol Chem 281,

11374–11383.
123 Dupont N, Lacas-Gervais S, Bertout J, Paz I, Freche

B, Van Nhieu GT, van der Goot FG, Sansonetti PJ

22 FEBS Letters (2023) ª 2023 Federation of European Biochemical Societies.

Autophagy interplay with intracellular pathogens M. O. Aguilera et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14788 by U

N
C

U
 - U

niv N
acional de C

uyo, W
iley O

nline L
ibrary on [27/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and Lafont F (2009) Shigella phagocytic vacuolar

membrane remnants participate in the cellular

response to pathogen invasion and are regulated by

autophagy. Cell Host Microbe 6, 137–149.
124 Romano PS, Akematsu T, Besteiro S, Bindschedler A,

Carruthers VB, Chahine Z, Coppens I, Descoteaux A,

Duque TLA, He CY et al. (2023) Autophagy in

protists and their hosts: when, how and why?

Autophagy Rep 2, 2149211.

125 Tyler KM and Engman DM (2001) The life cycle of

Trypanosoma cruzi revisited. Int J Parasitol 31, 472–
481.

126 Kaye P and Scott P (2011) Leishmaniasis: complexity

at the host–pathogen interface. Nat Rev Microbiol 9,

604–615.
127 Shen B and Sibley LD (2012) The moving junction, a

key portal to host cell invasion by Apicomplexan

parasites. Curr Opin Microbiol 15, 449–455.
128 Besteiro S, Dubremetz JF and Lebrun M (2011) The

moving junction of Apicomplexan parasites: a key

structure for invasion. Cell Microbiol 13, 797–805.
129 Clough B and Frickel EM (2017) The toxoplasma

parasitophorous vacuole: an evolving host-parasite

frontier. Trends Parasitol 33, 473–488.
130 Loubens M, Vincensini L, Fernandes P, Briquet S,

Marinach C and Silvie O (2021) Plasmodium

sporozoites on the move: switching from cell traversal

to productive invasion of hepatocytes. Mol Microbiol

115, 870–881.
131 Spielmann T, Montagna GN, Hecht L and

Matuschewski K (2012) Molecular make-up of the

plasmodium parasitophorous vacuolar membrane. Int

J Med Microbiol 302, 179–186.
132 Romano PS, Arboit MA, V�azquez CL and Colombo

MI (2009) The autophagic pathway is a key

component in the lysosomal dependent entry of

Trypanosoma cruzi into the host cell. Autophagy 5, 6–
18.

133 Tan H and Andrews NW (2002) Don’t bother to

knock – the cell invasion strategy of Trypanosoma

cruzi. Trends Parasitol 18, 427–428.
134 Andrews NW (2019) Solving the secretory acid

sphingomyelinase puzzle: insights from lysosome-

mediated parasite invasion and plasma membrane

repair. Cell Microbiol 21, e13065.

135 Romano PS, Cueto JA, Casassa AF, Vanrell MC,

Gottlieb RA and Colombo MI (2012) Molecular and

cellular mechanisms involved in the Trypanosoma

cruzi/host cell interplay. IUBMB Life 64, 387–396.
136 Parihar SP, Hartley MA, Hurdayal R, Guler R and

Brombacher F (2016) Topical simvastatin as host-

directed therapy against severity of cutaneous

Leishmaniasis in mice. Sci Rep 6, 33458.

137 Cyrino LT, Ara�ujo AP, Joazeiro PP, Vicente CP and

Giorgio S (2012) In vivo and in vitro Leishmania

amazonensis infection induces autophagy in

macrophages. Tissue Cell 44, 401–408.
138 Frank B, Marcu A, De Oliveira A, Petersen AL,

Weber H, Stigloher C, Mottram JC, Scholz CJ and

Schurigt U (2015) Autophagic digestion of Leishmania

major by host macrophages is associated with

differential expression of BNIP3, CTSE, and the

miRNAs miR-101c, miR-129, and miR-210. Parasit

Vectors 8, 404.

139 Dias BRS, de Souza CS, Almeida NJ, Lima JGB,

Fukutani KF, dos Santos TBS, Franc�a-Cost J,
Brodskyn CI, de Menezes JPB, Colombo MI et al.

(2018) Autophagic induction greatly enhances

Leishmania major intracellular survival compared to

Leishmania amazonensis in CBA/j-infected

macrophages. Front Microbiol 9, 1890.

140 Veras PST, de Menezes JPB and Dias BRS (2019)

Deciphering the role played by autophagy in

Leishmania infection. Front Immunol 10, 2523.

141 Pinheiro RO, Nunes MP, Pinheiro CS, D’Avila H,
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