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Autophagy is a catabolic process that can degrade worn-out organelles and invading pathogens. The activation of autophagy
regulates innate and adaptive immunity, playing a key role in the response to microbial invasion. Microbial infection may cause
different consequences such as the elimination of invaders through autophagy or xenophagy, host cell death, and symbiotic
relationships. Pathogens adapt to the autophagy mechanism and further relieve intracellular stress, which is conducive to host cell
survival and microbial growth. The regulation of autophagy forms a complex network through which host immunity is modulated,
resulting in a variety of pathophysiological manifestations. Modification of the autophagic pathway is an essential target for the

development of antimicrobial drugs.
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Introduction

Microbial pathogens include protozoa, fungi, bacteria, and
viruses (Manzanillo et al., 2012; Oikonomou et al., 2016;
Maronek et al., 2020). Their invasion alters the local environ-
ment in the context of host—pathogen, leading to a series of
changes such as reactive oxygen species (ROS) production,
endoplasmic reticulum (ER) stress, unfolded protein response
(UPR), autophagy, and immunomodulation (Huangetal., 2013a;
Liang et al., 2019a). Intracellular stress interferes with protein
synthesis, energy metabolism, cell cycle, and cytokinesis. When
detrimentalinsults are accumulated to reach a critical threshold,
cell death may occurin different ways such as apoptosis, necrop-
tosis, and necrosis (Liang et al., 2014; Wang et al., 2020). Clin-
ically, microbial infection manifests diverse characteristics due
to the comprehensive effect of different mechanisms such as au-
tophagy, antimicrobial immunity, inflammation, and apoptosis.

Autophagy consists of four basic steps, including initia-
tion, membrane elongation, maturation/fusion, and degrada-
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tion (Figure 1A; Tanida, 2011). Functional autophagy can be
roughly classified into nonselective autophagy and selective au-
tophagy (Periyasamy et al., 2020). Nonselective autophagy is a
bulk degradation mechanism, which sequesters a portion of the
cytoplasm into autophagosome and mediates global turnover of
cytoplasmic components. Selective autophagy recruits specific
cargoes that may be tagged with matched ubiquitin, recognized
by autophagy adaptor molecules, and then incorporated into au-
tophagosomes for degradation (Sharma et al., 2018; Johansen
and Lamark, 2020). Selective autophagy is involved in the regu-
lation of antimicrobial immune processes, including inflamma-
tion and cell death. In the autophagy pathway, there are various
regulators, such as ATG proteins, Beclin-1/Bcl-2, and ubiquitin-
binding adaptors. Accompanied by microbial infection, the acti-
vation of autophagy modulates the defense mechanism of host
cells, which may increase, decrease, or even skew the immune
response. It is worth noting that the induction of autophagy
can promote or hinder antimicrobial immunity, showing a dual
effect.

Regulators of functional autophagy

The functional activity of autophagy relies upon autophagy-
related proteins and/or their complexes, which are regulated
by an intricate network composed of signal constituents and
mediators. Several regulators of functional autophagy are sum-
marized as follows.
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Figure 1 Microbial invasion and activation of autophagy (xenophagy). Autophagy activation consists of several stages such as phagophore
formation, fusion with lysosome, and degradation. (A) The inaugural phagophore describes a sac-like membrane structure formed in the early
stage of autophagy. Phagophore elongation undergoes a sequence of ubiquitination-like reactions. The closed sequestration membrane
leads to the formation of a vesicle or autophagosome, which then attaches or fuses with the lysosome. Lysosomal enzymes degrade the
content of the autophagosome through a series of hydrolysis reactions. It has been demonstrated that many subcellular compartments, such
as the ER-Golgi intermediate compartment (ERGIC), play a role in autophagosome biogenesis during pathogen infection. For example, the
ERGIC serves as the membrane source for WIPI2 recruitment and light chain 3 (LC3) lipidation, leading to the formation of autophagosomes
that target cytosolic DNA or DNAviruses for degradation by the lysosome. (B) ATG proteins and their complexes are involved in different stages.
In the initiation of autophagy, the unc-51-like kinase 1 (ULK1) complex (ULK1, ATG101, ATG13, and FIP200) is translocated into the ER, which
recruitsthe ATG14L1 complex (Beclin-1, ATG14L, VPS34, and VPS15). These complexes participate in autophagosome formation and generate
ER-associated curly structure to surround invading pathogens. Elongation and closure require the ATG16L1 complex (ATG16L1, ATG12, and
ATG5) to specify the site of LC3 lipidation for membrane biogenesis. The autophagosome is fused with the lysosome for further degradation.
The Beclin-1/VPS34/VPS15/UVRAG complex involves a hydrolysis process. (C) Autophagy-mediated antimicrobial immunity is regulated by
different pathways, such as phosphoinositide 3-kinase (PI3K) (I), adenosine monophosphate-activated protein kinase (AMPK) (Il), Janus
kinase/signal transducer and activator of transcription (JAK/STAT) (lll), and ER stress/UPR/pattern recognition receptor (PRR) signaling (V).
The PI3K pathway is activated by type | interferon (IFN), phosphorylated insulin receptor substrate 1 (p-IRS1), and p-IRS2. Its downstream
substrate AKT further acts on mammalian target of rapamycin (mTOR) complex 1 (mTORC1). The latter can inhibit autophagy by reducing
ULK1 complex recruitment. Rapamycin induces autophagy through the inhibition of mTOR. The activation of AMPK stimulates autophagy by
inhibiting mTOR. CD40-mediated autophagy involves the phosphorylation of AMPK at Thr172 and the AMPK-dependent phosphorylation of
ULK1 at Ser555. When IFNs bind to membrane receptors, JAKs phosphorylate the tyrosine residue and further STATs are translocated into
the nucleus. This process can induce the transcription of IFN-stimulated genes (ISGs) for pathogen killing in the infected cell. ER stress
can stimulate UPR signaling. Chronic UPR signaling may involve immunomodulatory crosstalk through pathways such as mitogen-activated
protein kinases (MAPKs), JNK, and p38/NF-kB. PRRs recognize antigenic proteins on special epitopes for consequent sequestration and
presentation. STING, stimulator of IFN genes; PAMP, pathogen-associated molecular pattern.
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ATG proteins

Based on genetic hierarchy, there are multiple ATG proteins
to modulate the autophagic process. These proteins generally
appear as conjugation or complex to perform functional activ-
ities (Mizushima, 2019). In mammals, the ULK1 complex com-
posed of ULK1, FIP200, ATG13, and ATG101 is activated in the
initial stage of autophagy, which binds to and phosphorylates
ATG9 on the vesicle (Figure 1B). Then, the complex is translo-
cated into the ER to join the ATG14L1 complex composed of
ATG14L, Beclin-1, VPS34, and VPS15. After the ATG14L1 com-
plex is recruited to the phagophore assembly site, the ATG12-
ATG5-ATG16L1 complex further combines ATGS8 (LC3) with phos-
phatidylethanolamine (PE) (Li and Zhang, 2019). ATG8 and
ATG12 are covalently conjugated to PE and ATG5, respectively,
which develops an ATG conjugation to take part in the forma-
tion of an autophagosome (Mizushima, 2019). ATG conjuga-
tion affects antimicrobial immunity by reorganizing intracellular
membranes and targeting downstream effectors, which involves
canonical and noncanonical autophagy pathways (Choi et al.,
2014; Selleck et al., 2015). Of note, the roles of some signal
molecules such as ATG5 and ATG8 have been well known in
the autophagic process, but ATG proteins have a non-autophagy
function as well (Subramani and Malhotra, 2013; Choi et al.,
2014; Mizushima, 2019).

Beclin-1/Bcl-2

Essential Beclin-1 interacts with Bcl-2 to mediate the integra-
tion between autophagy and antimicrobial immunity (Casalino-
Matsuda et al.,, 2015). Bcl-2 negatively regulates Beclin-1-
dependent autophagy, which determines the fate of host cells
(Pattingre and Levine, 2006). Bcl-2 binds to NAF-1 that is in-
terrelated with Beclin-1 in the lumen of the ER. Beclin-1 is dis-
sociated from Bcl-2 to initiate autophagy. Thus, Bcl-2 inhibits
Beclin-1-mediated autophagy only in the ER. There is a molec-
ular crosstalk between autophagy and apoptosis, which pro-
vides mechanistic insights under ER stress (Maiuri et al., 2010;
Wang, 2016). Beclin has a binding domain to interact with the
cell-death regulator Bcl-2, which plays an antiviral role in host
defense against Sindbis virus infection (Liang et al., 1998).
Beclin-1 also binds to the infected cell protein 34.5 (ICP 34.5) of
herpes simplex virus type 1 (HSV-1) to mediate innate immunity
and fatal infection (Leib et al., 2009).

RUN domain Beclin-1-interacting cysteine-rich
domain-containing protein

RUN domain Beclin-1-interacting cysteine-rich domain-
containing (Rubicon) protein is a binding partner of the
Beclin-1-VPS34-containing complex negatively to regulate
the maturation step of autophagy as well as to mediate the
activation of phagocytic nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Yang et al., 2012a). Upon
microbial infection or the activation of toll-like receptors
(TLRs), Rubicon interacts with p22"h°" of the NADPH oxidase
complex to induce the blowout of antimicrobial ROS and
inflammatory cytokines. Therefore, Rubicon may be required to

embody optimal immunity against microbial infection. Rubicon
is also a feedback inhibitor of CARD9-mediated innate immunity
(Yang et al., 2012b). Rubicon acts on autophagy complex
and phagocytosis complex, which is mainly related to LC3-
associated phagocytosis (LAP). Rubicon may thus be pivotal to
targeting intracellular signaling complexes and generating an
optimal immune response against microbial infections (Yang
etal.,, 2012a, b; Liang et al., 2014).

Redox regulation

The autophagic process is modulated by nitric oxide, hydro-
gen peroxide, electrophiles, etc. These regulators form intra-
cellular redox networks via covalently binding to the domains
of cysteine-containing and redox-sensing proteins, including
the Keap1-Nrf2 pathway and thiol-electrophile interactions
(Levonen et al., 2014). Redox regulation mediates the interac-
tion between Nrf2/Keap1 antioxidant and p62/sequestosome 1
(5QSTM1)-associated autophagy. p62 adapts oxidized Keap1
to autophagic degradation, thereby quickly recovering the
Nrf2/Keap1 system (Levonen et al., 2014). Besides, the cysteine
protease ATG4 is involved in the conversion of LC3I to LC3II.
ATG5 and ATG7 are redox-dependent during the shear stress-
mediated autophagic activity (Liu et al., 2015). Cysteine-rich
autophagy proteins can be modified by reactive species such
as —SOH, -S0,/3H, -S-lipid, —-SSG, and —SNO (Levonen et al.,
2014). Redox regulation modulates the autophagy pathway, as
revealed in the pathogenesis of certain diseases (Rose and
Hoffmann, 2015; Fertan etal., 2019). Redox regulation mediates
ROS production, oxidative stress, energy metabolism, and so
forth, which may indirectly influence the host innate and adap-
tive immunity.

DNA sensors

Upon binding to microbial DNA, cyclic guanosine
monophosphate—adenosine monophosphate (cGAMP)
synthase (cGAS) produces cGAMP to induce the LC3 lipidation
through WIPI2- and ATG5-dependent pathways (Gui et al.,
2019). The cytosolic sensor cGAS is enhanced by Escherichia
coli DNA treatment, which promotes autophagic response
through the MyD88-independent TLR4 signaling pathway
(Wang et al., 2019a). The cGAS-Beclin-1 interaction increases
the autophagic degradation of invader DNA to maintain an
appropriate balance during antimicrobial immunity (Liang et al.,
2014). The sensor cGAS can bind to Mycobacterium tuberculosis
DNA in macrophages, which induces IFN production via the
STING/TANK-binding kinase 1 (TBK1)/IFN response factor 3
(IRF3) pathway against M. tuberculosis (Watson et al., 2015).
Other double-strand DNA sensors such as IFI204 and AIM2 also
take part in the regulation of autophagy-involved immunity as
indicated by IFN-B release or interleukin-1p (IL-1B) production
during Mycobacterium bovis infection (Chunfa et al., 2017).

Inhibitor of apoptosis proteins
In cytokinesis, survivin/BIRC5 can bind to ATG5 to inter-
fere with the correct assembly of the chromosome passenger
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complex (Simon and Friis, 2014). AKT/mTOR/survivin signal-
ing may reverse the autophagy-induced survival mechanism
(Pei et al., 2015). X-linked inhibitor of apoptosis protein (XIAP)
can be directly targeted by miR-192-3p at the 3’-untranslated
region. The miR-192-3p/XIAP axis promotes hepatitis B virus
(HBV) replication via autophagy activation (Wang et al., 2019b).
Phosphorylated XIAP controls the starvation-caused autophagy
downstream of the PI3K/AKT pathway. There is a novel XIAP-
Mdm2-p53 pathway to inhibit autophagy (Huang et al., 2013b).
The NOD2-RIPK2-XIAP pathway regulates antibacterial au-
tophagy in patients with Crohn’s disease (Schwerd et al., 2017).
Both XIAP and clAP1 can activate NF-kB signaling by binding
p65 to the promoterof Beclin-1 fortranscriptional regulation (Lin
etal., 2015).

Immune factors

Autophagy activation modulates antimicrobial immunity,
which is regulated by the feedback of immunological factors (i.e.
immunoglobulins and cytokines). Intravenous immunoglobulin
increases the formation of autophagosomes to kill multidrug-
resistant E. coli and Pseudomonas aeruginosa in the cytoplasm
of neutrophils (Matsuo et al., 2015; Das et al., 2020). Th1 cells
produce the cytokine IFN-y to inhibit bacterial infection via the
activation of autophagy (Ohshimaetal., 2014). During the infec-
tion of M. tuberculosis in macrophages, the Th1 cytokine IFN-y
stimulates autophagy, whereas Th2 cytokines IL-4 and IL-13
suppress autophagic activity (Ghadimi et al., 2010). In addition,
the antimicrobial LL-37 peptide stimulates autophagy activation
in macrophages infected with M. tuberculosis (Rekha et al.,
2015). The release of IFN-B is associated with immunoevasion
adopted by M. tuberculosis for its intracellular survival (Sabir
etal., 2017).

NOD-like receptors

NOD-like receptors (NLRs) have diverse functions in microbial
sensing and antimicrobial immunity by sharing NBD, LRR, and
TLR domains (Elinav et al., 2011). The inhibition of the NLRP3
inflammasome involves IFN-B-mediated immunoevasion during
M. tuberculosis infection (Sabir et al., 2017). The activation of
NLRP3 regulates noncanonical fungal autophagy through the
IFN-y-mediated ATF6—C/EBP-B—DAPK1 axis (Oikonomou et al.,
2016). The extracellular leucine-rich domain of TLRs belonging
totype ltransmembrane proteins triggers the initiation of antimi-
crobial immunity. TLR homologs or heterodimers recruit different
adaptors to the intracellular TIR domain (Everts et al., 2014).
Therefore, the TLR family plays a critical role in the recognition
and autoregulation of PAMPs and damage-associated molecular
patterns. TLR4 ligation is related to p62/LC3 recruitment and
canonical autophagosome formation, which contributes to bac-
terial clearance in the infection of enteropathogenic E. coli and
Shigella flexneri (Lee et al., 2017).

Autophagy regulates antimicrobial immunity
The interaction between pathogen and host may result in
different consequences, such as the elimination of microbial

pathogens, host cell death, and symbiosis. Meanwhile, the ac-
tivation of autophagy is pivotal to the pathogenesis of microbial
infection, which involves the regulation of innate and adaptive
immunity. Antimicrobial immunity is the resistance to microbial
invasion, primarily composed of the intracellular degradation of
phagosomes, antigen presentation, and the extracellular secre-
tion of antibiotic peptides.

Autophagy and innate immunity

During microbial infection, activated autophagy regulates in-
nate immunity as reflected by (i) the recognition of antigen
components via PRRs or cargo receptors (Delgado et al., 2009),
(i) the sequestration of special constituents into a sac-like
membrane structure and subsequent degradation in autolyso-
somes (Seay and Dinesh-Kumar, 2007), and (iii) the activation
of antimicrobial effectors for the induction of immune response
(Delgado et al., 2009).

Cargo receptors perform selective autophagy by sensing cy-
tosolic pathogens or their metabolic products for lysosomal
degradation and antigen processing. Common cargo receptors
are recapitulated as follows.

p62/SQSTM1. The affinity of p62 for ubiquitin is enhanced
when Ser403 of the ubiquitin-associated (UBA) motif is phos-
phorylated (Matsumoto et al., 2011). The oligomeric p62 prefers
Lys63-linked chains as well as mono-ubiquitin (Wurzer et al.,
2015). The cooperation between the oligomerization of p62 and
the dimerization of the UBA domain may obtain the selectivity
for ubiquitinated cargos (Wurzer et al., 2015).

Calcium-binding and coiled-coil domain-containing protein 2
(CALCOCO2)/nuclear dot protein 52 (NDP52). The coiled-coil
region of NDP52 mediates a C-terminal ubiquitin-binding zinc-
fingerdomain (Xie etal.,2015). NDP52 is accumulated on cargos
to modify multiple chains, but there is a decreased affinity for
Lys48-linked di-ubiquitin chains (Walinda et al., 2014; Xie et al.,
2015).

Tax1-binding protein 1 (TAX1BP1). TAX1BP1 participates in
the sequestration of xenophagy, which can negatively regu-
late NF-xB by editing the ubiquitination of target molecules
(Verstrepen et al., 2011; Nakano et al., 2013). TAX1BP1 inter-
acts with A20 or binds to TRAF6 to suppress NF-kB transcrip-
tional activation, thereby establishing a mechanistic linkage
between autophagy-mediated regulation and inflammatory re-
sponse (Nakano et al., 2013).

Neighbor of BRCA1 gene 1 (NBR1). The NBR1 receptor con-
tains LC3- and ubiquitin-binding domains to recruit protein ag-
gregates for autophagic degradation. Also, NBR1 can interact
with p62 to form oligomers. Adapter proteins NBR1 and p62
modulate the selective degradation of ubiquitinated targets
(Kirkin et al., 2009a, b).

Optineurin (OPTN). OPTN recognizes ubiquitinated mitochon-
dria to facilitate their degradation via mitophagy. The phospho-
rylation of OPTN enhances the efficiency of selective autophagy
(Richter et al., 2016). In response to viral RNA, OPTN is translo-
cated into perinuclear vesicles that are positive for ATGIA,
which dampens NF-kB and IRF3 signaling pathways through the
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sequestration of the ubiquitin assembly complex and alters the
secretion of downstream proinflammatory cytokines (O’Loughlin
et al., 2020). Moreover, OPTN amplifies cargo recognition and
prolongs the time interval of cargo degradation (Herhaus and
Dikic, 2015).

Other cargo receptors or sensors. In mammalian cells, there
are diverse receptors or sensors, including BNIP3L or NIX, PEX5,
ATG8/LC3/GABARAP, SQST-1, and SEPA-1 (Wu and Cui, 2019;
Johansen and Lamark, 2020). BNIP3L is specific for mitophagy
(Yao et al., 2021). PEX5 is involved in pexophagy (Zhang et al.,
2015). Sometimes, different receptors take part in the joint
action of selective autophagy. Forinstance, ATG8/LC3/GABARAP
isabletonucleate the autophagosometo facilitate the formation
of autophagosomes (Betin and Lane, 2009).

Particular recognition receptors mediate the autophagic re-
sponse and further control the intracellular survival of infec-
tious microbes such as M. tuberculosis, Salmonella, Listeria,
Shigella, human immunodeficiency virus 1 (HIV-1), and Sindbis
virus (Ponpuak and Deretic, 2011; Deretic, 2012). The activation
of autophagy eliminates microbial pathogens via direct capture
and/orthe generation of antimicrobial peptides (Ponpuak et al.,
2010). The expansion of PRRs is demonstrated by the antimicro-
bial effect of vitamin D3 on tuberculosis and acquired immunod-
eficiency syndrome (AIDS) (Deretic, 2012). The multiple types of
cargo receptors determine the diversity of selective autophagy,
which is associated with the initiation of antimicrobial reaction,
the elimination of microbial pathogens, and the balance of the
immune response.

During cargo-mediated selective autophagy against micro-
bial invasion, E3 ubiquitin ligase catalyzes ubiquitin trans-
fer to the target substrate, which is called ubiquitination (or
ubiquitylation). Ubiquitinated components are then recognized
by adapter molecules to facilitate their subsequent delivery
to the lysosomes for degradation. The features of E3 ligases
would be easily explained using the ubiquitin ligases Parkin and
Smurf-1 as examples (Lietal., 2019; Bu etal., 2020). The ubiqui-
tination step of E3 ligases is related to the structural features of
adaptor molecules, which are connected to Lys29 or Lys48 with
four or more ubiquitin molecules (Ponder and Bogyo, 2007).

Antimicrobial proteins are produced through autophagy-
mediated machinery. Bactericidal cryptides are made from
cytosolic proteins via the autophagic adaptor p62/SQSTM1
against M. tuberculosis (Ponpuak et al., 2010; Ponpuak and
Deretic, 2011). Virus-infected cells can produce IFNs, which
further activate natural killer cells and macrophages to enhance
host defense by upregulating the expression of major histo-
compatibility complex (MHC) antigens. When STING/TBK1/LC3-
associated autophagy in macrophages is inhibited during M.
bovis infection, the production of IFN-B is also suppressed
(Chunfa et al., 2017). IFN- is linked with the immune evasion
adopted by M. bovis, which counteracts the effects of IL-1f
and IL-18 by increasing the production of IL-10. Moreover,
autophagy can affect overlapping signal molecules to me-
diate innate immunity, including HMGB1, IL-1B, TLRs, and
NLRs. Autophagy as an innate immunity paradigm is extend-

ing its functional scope through the repertoire of PRRs, E3
ubiquitin ligases, and the secretion of antimicrobial proteins
(Deretic, 2012).

Xenophagy

Xenophagy is the essential process toward eliminating
intracellular pathogens through autophagy machinery. Cellular
xenophagyis an innate component of the immune response that
degrades microbial invaders through cargo receptors/adaptors,
such as p62/SQSTM1, CALCOCO2/NDP52, TAX1BP1, NBR1,
and OPTN (Birgisdottir et al., 2013; Periyasamy et al., 2020). In
general, the xenophagy process is considered to share similar
signaling pathways to autophagy (Sharma et al., 2018). Cargo
receptors can sense cytosolic pathogens or their metabolic
products for subsequent ubiquitination. For example, TAX1BP1
acts, along with the ubiquitin-editing enzyme A20, negatively to
regulate NF-kB and IRF3 signaling in innate antiviral immunity
(Gao et al.,, 2011; Verstrepen et al,, 2011). The residual
recruitment of TAX1BP1 to M. tuberculosis can be mediated
by ubiquitin-binding zinc fingers, an LC3-interacting region
(LIR), or endogenous domain oligomerization (Bell et al., 2021).
The oligomerization of receptor p62/SQSTM1 stabilizes its
interaction with LC3B and linear ubiquitin (Wurzer et al., 2015).
p62 interacts with viral protein VP2 through the ubiquitination at
Lys411 for selective autophagic degradation, thereby inhibiting
the replication of Avibirnavirus (Li et al., 2020). The NBR1 recep-
tor contains LC3- and ubiquitin-binding domains, which can in-
teract with p62 to form oligomers. NBR1 and p62 recruit protein
aggregates forthe selective degradation of ubiquitinated targets
(Kirkin et al., 2009a). In addition to NBR1, other receptors,
including p62, OPTN, and NDP52, also possess the binding motif
for LC3 or ubiquitin. Furthermore, p62 and NDP52 participate in
mitophagy and other types of selective autophagy. Collectively,
the ubiquitination as the ‘eat-oneself’ signal is a critical mech-
anism in cargo receptor-mediated selective autophagy. In turn,
not all selective autophagy pathways require ubiquitination
(Padman et al., 2019). Moreover, deubiquitination is implicated
in selective autophagy as well (Magraoui et al., 2015). The
exact mechanism of cargo receptor-mediated innate immunity
remains under investigation. The surface protein Rv1468c of
M. tuberculosis conducts direct binding of ubiquitin to p62 and
takes part in the delivery of mycobacteria into LC3-associated
autophagosomes (Chai et al., 2019). Rv1468c/TAX1BP1 is
involved in the interaction between autophagy degradation
and antigen presentation in infected macrophages (Bell et al.,
2021). Further, cargo receptors mediate the secretion of
cytokines, including the production of antimicrobial cryptides
via p62/SQSTM1 against M. tuberculosis and the secretion of
IFNs through TRIM21/IRF3 for antiviral action (Ponpuak and
Deretic, 2011; Kimura et al., 2015). The capacity of autophagy-
related endosomes and lysosomes to generate MHC class
II-peptide complexes can coordinate antigen acquisition, the
formation of T-cell receptor (TCR) ligands, and the subsequent
immune response (Inaba et al., 2000). As mentioned earlier,
xenophagy/autophagy is regulated by the functional activities
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of cargo receptors. These receptors can conjugate to ubiquitous
LC3 protein for the upcoming formation of autolysosomes.
Meanwhile, the LIR motif ensures the targeting of cargo
receptors to LC3 anchored in the phagophore membrane.
Comprehensively, LC3-mediated antibacterial effects are mainly
modulated by the LAP machinery, although it is also related
to canonical autophagy. LC3 interacts with p62 to promote
the autophagic degradation of ubiquitinated ‘cargoes’. The LIR
motif of p62 forms an intermolecular parallel B-sheet with the
B2 strand of LC3B, which reveals a core consensus W-x-x-L motif
(Birgisdottiretal., 2013). NBR1 can be recognized by autophagy
effectors through the canonical W-x-x-L sequence. The presence
of a tryptophan residue in the LIR motif enhances the binding
affinity. Different LIRs can interact with LC3B and show unique
binding properties (Rozenknop et al., 2011). In addition, NDP52
contains the tripeptide Leu—Val-Val as an atypical LIR motif,
which can specifically bind to LC3C for efficient recruitment of
ATG8 members to bacteria-degrading autophagosomes (von
Muhlinenetal., 2012). TAX1BP1 homologous to NDP52 includes
the same atypical LIR motif as NDP52 to bind to ubiquitin
(Newman et al., 2012). The additional recruitment of OPTN and
NDP52 can amplify mitophagy through an ATG8-dependent
positive feedback loop (Padman et al., 2019).

Autophagy and adaptive immunity

Microbial pathogens are phagocytosed and degraded via the
autophagy recycling. Acquired antigens are loaded into MHC-II
molecules (Figure 2A). An MHC-1l molecule with antigenic pep-
tide is transferred onto the surface by which the antigen is
presented to a helper T cell. Activated helper T cells release
various cytokines to combat extracellular pathogens. There-
upon, the autophagy machinery functions as an antimicrobial
regulator. Autophagy signaling controls the development of
adaptive immunity as follows.

The selection of T cell repertoires in the thymus. The presen-
tation of endogenous antigens is regulated by the autophagy
pathway, which determines the selective survival of some CD4 ™"
T cells in the thymus. Organ transplantation has demonstrated
that mice bearing an ATG5-deficient thymus develop severe au-
toimmune disease (Pua et al., 2007). Autophagy conserves the
MHC class Il-peptide repertoire of thymic epithelial cells (TECs).
Self-antigenic epitopes are presented by MHC class Il molecules
on TECs, which generate a functional and self-tolerant CD4™ T
celllineage. Autophagy is essential for endogenous MHC class Il
loading and T cell selection (Nedjic et al., 2008). The autophagy
machinery can skew the immune response as well. Th1 or Th2
bias plays a vital role in the context of immune-related diseases
(Shakya et al., 2018).

The homeostasis of mature T cells. Autophagy induction in T
lymphocytes promotes T cell clonal expansion following antigen
stimulation, which is suppressed by the negative feedback loop
involving FAS-associated death domain (FADD) and caspase-8.
Otherwise, hyperactive autophagy during T cell mitogenesis
leads to programmed necrotic death (Walsh and Bell, 2010).

Beclin-1 deficiency impairs T cell differentiation and reduces
Th1 and Th17 cells (Liu et al., 2013). The autophagy gene ATG5
is necessary for T lymphocyte survival and proliferation (Pua
etal., 2007). In ATG5~/~ chimeric mice, the cell death of CD8* T
lymphocytes is significantly exacerbated. Moreover, CD4™ and
CD8™ T cells fail to proliferate effectively subsequent to TCR
stimulation. ATG7- and ATG3-deficient T cells display pheno-
types similar to that of ATG5-deficient T lymphocytes, charac-
terized by increased cell death and the defective homeostasis
of organelles such as mitochondria and ER (Jia and He, 2011).
The deletion of gene ATG16L1 in mouse macrophages alters the
production of IL-1B, which affects the derivation of naive T cells
into Th17 (Kaser and Blumberg, 2011).

Antigen presentation. Antigenic peptides generated from
autophagic degradation can be presented by MHC class Il
molecules. CD4™ T cells classically recognize these surface
antigens that are degraded and processed in lysosomes. In
Epstein—Barr virus (EBV) infection, CD4™ T cell recognition is
sensitized by EBV nuclear Ag (EBNA) epitopes. The suppres-
sion of autophagy decreases the recognition by EBNA1-specific
CD4™ T cell clones (Taylor et al., 2006). In addition, autophagy-
mediated antigens modulate adaptive immunity by altering the
net outcome for CD4™ helper and CD8* cytotoxic T cell re-
sponses (Figure 2A; Munz, 2016). M. tuberculosis can escape
the immune defense of host cells. The mechanism is that the
expression of PE_PGRS47 protein inhibits the autophagy of
infected phagocytes and diminishes the presentation of MHC
class ll-restricted antigens (Saini et al., 2016). In HIV-1 target
cells, both canonical autophagy and noncanonical autophagy
are involved in the presentation of virus-derived antigens. HIV-1
specifically encodes Tat, Nef, and Vpu proteins, which perturb
the autophagy mechanism and evade the antiviral responses
(Leymarie et al., 2017).

The development of B cells. The maintenance of the B-1a B cell
number needs the adequate expression of ATG5 during efficient
B cell development. ATG5~/~ progenitors show a substantial
defect in the transition from pro-B to pre-B cells. While ATG5 is
deleted in B lymphocytes, there is a dramatic decline in the num-
ber of B-1 B cells (Miller et al., 2008). ATG5~/~ differentiating
plasma cells have high expression of the transcriptional repres-
sor Blimp-1 and enhanced immunoglobulin synthesis, which
results in autophagy-dependent cell death in mutant plasma
cells. A knockout mouse with conditional deficiency of ATG5 in B
cells exhibits a small number of long-lived plasma cells and de-
fective antibody response (Pengo et al., 2013). In addition, the
survival of memory B cells and their differentiation into plasma
cells are affected by autophagic defect in the autophagosome—
lysosome fusion as evidenced in Vici syndrome (Piano Mortari
etal., 2018).

The efficiency of vaccines. Some conjugate vaccines have
a high antigen-presenting ability to T cells when processed
by autophagy. The enhancement of autophagy has been used
as an optimized strategy for the development of new vac-
cines against Japanese encephalitis virus (Zhao et al., 2019).
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regulate the production of antimicrobial factors ((3).

When the mycobacterial antigen Ag85B was overexpressed in
bacillus Calmette—Guérin vaccine, the vaccine efficacy was im-
proved by augmenting autophagy-mediated antigen presenta-
tion (Jagannath et al., 2009). The SIVgag-LC3b fusion antigen
could be processed by autophagy-mediated degradation and
further presented to the MHC-Il compartment, which elicited
a strong antigen-specific CD4" T cell response and provided
an alternative strategy for the development of an effective HIV
vaccine (Jin et al., 2014).

Signaling pathways for autophagy to regulate antimicrobial
immunity

Autophagy regulates antimicrobial immunity through multi-
ple pathways and involves different mechanisms such as ge-
netic traits, inflammation, oxidation, apoptosis, and energy
metabolism. For example, microbial invasion can cause the re-
lease of inflammatory cytokines and ROS generation (Tse et al.,
2004; Levonen et al., 2014; Figure 2B). TNF-a, IL-1B, NO3, and
03 participate in the coupling of innate and adaptive immunity
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(Tse et al., 2004). Programmed cell death or apoptosis elimi-
nates intracellular pathogens, which is regulated by IAPs, Bcl-2,
caspases, nuclear factors, and so forth (Liang et al., 1998;
Lin et al., 2015). There is a complicated network to regulate
autophagy-mediated antimicrobial activity, which is validated
by representative pathways (Figure 3).

PI3K/AKT/mTOR pathway

PI3K phosphorylates downstream signal transducers to me-
diate cell proliferation, differentiation, and intracellular traf-
ficking. The activation of the Beclin-1/PI3KC3 complex recruits
ATG proteins onto the isolation membrane in response to
stress signals such as starvation, cytokines, and pathogens
(Li and Zhang, 2019). The combination of the Beclin-1/PI3KC3
complex and Rab7 can control the fusion of the autophago-
some/parasitophorous vacuole with lysosome for the intracellu-
lar killing of Toxoplasma gondii (El-Awady et al., 2015). The PI3K
pathway is activated by innate type | IFN to promote autophagy,
which can convert LC3-I to LC3-II for the formation of autophago-
somes (Schmeisseretal., 2014). AKT is a downstream substrate
of PI3K. PI3K/AKT activation stimulates viral replication and de-

lays virus-induced apoptosis by modulating the autophagy ma-
chinery (Schmeisser et al., 2014). PI3K is also activated through
p-IRS1 and p-IRS2, which results in the subsequent induction
of mTORC1 (Zoncu et al., 2011). The PI3K/mTOR/autophagy
pathway participates in host defense against microbial infec-
tion. The inhibition of mTOR by rapamycin induces autophagy
and incurs immunosuppression (Fabri et al., 2011). mTOR can
repress autophagy by phosphorylating ATG proteins. Besides,
the PI3K/AKT/mTORC1 pathway is required for the transcription
and/or mRNA translation of ISGs, which modulates autophagy
and plays an important role in virus clearance and antigen pre-
sentation (Schmeisser et al., 2014; Figure 1C). PI3K/AKT/mTOR
signaling regulates B lymphocyte proliferation and humoral im-
munity, as well as T cell activation and cytokine balance (Ma
etal., 2019).

AMPK-mTOR-ULK1 axis

AMPK is a key energy sensor to integrate intracellular energy
metabolism. AMPK signaling is activated by ATP depletion or
glucose starvation, which can induce autophagy through the
inhibition of mMTORC1 and direct phosphorylation of the protein
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kinase Unc-51 ULK1 (Kim et al., 2011). Both the phosphorylation
of AMPK at Thr172 and the AMPK-dependent phosphorylation
of ULK1 at Ser555 can mediate CD40-stimulated autophagy and
intracellular killing of T. gondii in the infected cells (Liu et al.,
2016). AMPK-activated autophagy contributes to antibacterial
defense against M. tuberculosis by inhibiting the phosphory-
lation of mTOR in macrophages. AMPK-mediated antimicrobial
activity requires the participation of peroxisome proliferator-
activated receptor-y, coactivator 1a (PPARGC1A) that involves
the fusion of phagosomes with LC3B autophagosomes (Yang
et al.,, 2014). In macrophages infected with M. tuberculosis,
AMPK and PtdIns3K pathways take part in the activation of
autophagy induced by antimicrobial LL-37 peptide (Rekha et al.,
2015). During hepatitis C virus (HCV) infection, the net strength
of autophagy depends on the inhibitive effect of AKT on AMPKa.
HCV-induced ER stress impedes the AKT-TSC—mTORC1 path-
way, contributing to autophagy enhancement (Huang et al.,
2013a). Mechanistic investigation has demonstrated that the
activation of AMPK as a new mechanism is influenced by TDRD7
(Subramanian et al., 2018).

JAK/STAT pathway

JAK/STAT signaling joins autophagy-mediated antimicrobial
immunity against microbial pathogens such as West Nile virus,
HCV, Mycobacteria, Shigella, and Listeria (Figure 1C; Ambrose
and Mackenzie, 2011; Holla et al.,, 2014). The inhibition of
JAK/STAT signaling decreases sensitivity to internal modulators
and contributes to the evasion of autophagy (Holla et al., 2014).
A signaling cascade is initiated after external cytokines such as
IFNs and ILs as ligands bind to membranous receptors. Receptor-
associated JAKs phosphorylate tyrosine residues and then ac-
tivate STATs to induce the transcription of target genes (Jatiani
etal., 2010). There is a cross-regulation between autophagy and
type | IFN signaling during host defense. The JAK/STAT pathway
is modulated by IFN-induced autophagy, leading to the upregu-
lation of numerous ISGs and virus killing within infected cells.
In contrast, many viruses have evolved extraordinary strategies
to counteract host immunity by targeting the JAK/STAT pathway
(Fleming, 2016). HCV structural proteins block the JAK/STAT
pathway, by which IFN-a-mediated STAT activation and the an-
tiviral effect are suppressed. HCV infection can disturb IFN-a
signaling and facilitates the escape of HCV from the IFN system,
resulting in the persistence of virus infection (Luquin et al.,
2007). A similar phenomenon is also found in West Nile virus
infection. The viral proteins NS4A and NS4B display a high
correlation by inhibiting JAK/STAT signal transduction to IFN-a
(Ambrose and Mackenzie, 2011). The JAK/STAT pathway partic-
ipates in the replication of Orf virus in keratinocytes, which can
cause acute pustular skin lesions. Potential mechanisms involve
the inhibition of ISGs (e.g. GBP1 and MxA) and the dephospho-
rylation of STAT1 (Harvey et al., 2015). The JAK/STAT signaling
regulates the positive feedback loop for the production of type |
IFN, which mediates autophagy induction and virus clearance
(Schmeisseretal., 2014).JAK2/STAT1 activation involves HSV-1-
induced cellular inflammation that is related to the interaction

between IFN-y and the autophagy mechanism (Chang et al.,
2010). Also, JAK/STAT signaling is altered in response to my-
cobacterial infection that is reported in patients with IFN-yR1
deficiency (Korol et al., 2020).

ER stress/UPR/PRR signaling

ER stress/UPR/PRR signaling is a network involved in the
regulation of autophagy. The vita-PAMP of Gram-positive bac-
teria mediates ER stress via the innate sensor STING, which
triggers autophagy activation to engage immune defense and
the homeostatic mechanism (Figure 1C; Moretti et al., 2017). If
sustained, the UPR can exacerbate inflammation and it has been
implicated in pathologies such as obesity, type 1 and type 2
diabetes, cancer, as well as neurodegenerative and autoimmune
diseases. In some cases, ER stress is relieved by microbial in-
fection as revealed in the HCV-infected liver (Dash et al., 2016).
HCV infection stimulates autophagic activity and improves the
survival of host cells by inhibiting apoptosis. ER stress-induced
cellular apoptosis is also ameliorated by activating autophagy
in the macrophages infected by M. tuberculosis (Liang et al.,
2019b; Sathkumara et al., 2021). ER stress-associated UPR
signaling can be elicited by different stimuli such as hypoxia,
ischemia, low calcium, and glucose depletion (Malhi and Kauf-
man, 2011; Wang and Kaufman, 2014; Dash et al., 2016). The
extent and type of UPR signaling usually depend on pathogen
species during the infection (He, 2006). Acute UPR signaling is
characterized by returning to baseline level within a short pe-
riod. Chronic UPR signaling often involves immunomodulatory
crosstalk, which may cause an inflammatory response through
related pathways such as MAPKs, JNK, and p38/NF-kB (Malhi
and Kaufman, 2011; Wang and Kaufman, 2014). Chronic UPR
signaling can maintain a persistent state by regulating the ex-
pression levels of some genes. Meanwhile, selective autophagy
mediated by PRRs plays a crucial role (Fan et al., 2020). PRRs
recognize antigenic proteins on special epitopes for consequent
sequestration and presentation. During the maturation of T cells,
the autophagy machinery loads MHC class l:peptide through ER
stress/UPR/PRR signaling, which does not activate cytotoxic T
cell response. However, the extracellular part of an MHC class
I molecule (i.e. microbial antigens) can be targeted by CD4T T
cells, which results in the pathogen being killed. PRR-mediated
degradation improves the efficiency of autophagy, which is the
most economical way of the development of adaptive immu-
nity (Lin et al., 2018). There is a sequential interplay among
ER stress/UPR/PRR signaling, which actually is a compensatory
mechanism under stressful conditions. If compensation fails,
ER stress-induced apoptosis may be instigated by activating
caspase-12 (Szegezdi et al., 2006).

The paradoxical role of autophagy in antimicrobial immunity
Microbial pathogens induce ER stress and UPR signaling,
which may interact with innate sensors to activate selective
autophagy and further regulate the immune defense. Therefore,
the intracellular fate of invading pathogens is determined by
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the autophagy-mediated antimicrobial immunity (Ponpuak and
Deretic, 2011; Deretic, 2012). The autophagy-dependent eradi-
cation of intracellular T. gondiiis induced by CD4™" cell-mediated
immunity via CD40/CD154 binding, which is accomplished
through the vacuole-lysosome fusion within macrophages
(Subauste et al., 2007). Microbial invasion activates autophagy
to sequestrate adherent-invasive E. coli via the interaction of
ATG16L1 with the complement component C3, resulting in the
degradation of pathogens (Viret et al., 2020). In response to
microbial invasion, vital autophagy can shape the host’s immu-
nity to mediate the killing of intracellular pathogens. Instead,
certain microbial pathogens may adapt autophagy machinery
to favor their survival and growth. At this moment, autophagy
becomes a protective mechanism for invading microbes. In host
cells infected with M. tuberculosis, autophagic adapter pro-
tein p62 delivers cytosolic components into autophagosomes
(Ponpuak et al., 2010). M. tuberculosis can block the fusion of
phagosome with lysosomes to keep pathogen survival within
conventional phagolysosomes (Vergne et al., 2004). The virulent
strains of tuberculosis can boost the production of archetypal
Th2 cytokines such as IL-4 and IL-13 to inhibit autophagy in
monocytes/macrophages (Harris et al., 2009). Conversely, the
autophagy can be stimulated by reducing cytokines IL-4 and
IL-13 in response to M. tuberculosis antigens (Ghadimi et al.,
2010). Also, IFN-B-associated immunoevasion is adopted by
M. tuberculosis, which protects intracellular bacilli. Evidently,
autophagy activity regulated by different cytokines affects the
survival of pathogens within host cells (Sabir et al., 2017).
Certain bacteria such as S. flexneri and Salmonella typhimurium
can escape antibacterial autophagy and immunity by decreasing
the level of cytoplasmic C3-ATG16L1 (Sorbara et al., 2018).
Invasive Shigella secretes IcsB that competitively inhibits the
binding of VirG to ATG5, and thus can avoid autophagic degrada-
tion (Ogawa et al., 2005). Intracellular Listeria monocytogenes
produces pore-forming toxins to impede the maturation of au-
tophagic vacuoles, through which the bacterial pathogen can
replicate in vacuoles and establish persistent infection within
host macrophages (Birmingham et al., 2008). Autophagy activa-
tion may favor the replication of certain viruses. In HCV-infected
hepatocytes, autophagy activity is linked to virus replication as
reflected by the expression of related proteins such as Beclin-1,
ATG4B, ATG5, ATG7, and ATG12 (Ke and Chen, 2014). Autophagy
activation alleviates ER stress and regulates the assembly of
infectious virions in host cells (Ke and Chen, 2014). Autophagy
isavital mechanism responsible forimmunomodulation and im-
munoevasion (Dash et al., 2016). Moreover, autophagy machin-
ery promotes hepatocyte growth by enhancing phospho-mTOR
and 4EBP1 expression. There is a fine balance between HCV
invasion and host cell survival, in which autophagy facilitates
HCV replication in hepatocytes and develops infectious per-
sistence and pathogenicity (Aizawa et al., 2015). Additionally,
HSV-1 protein ICP34.5 binds to Beclin-1 to inhibit the au-
tophagic response. Autophagy inhibition enables viruses to
evade innate immunity and causes lethal encephalitis (Orvedahl
et al., 2007). Dengue virus can usurp autophagy machinery to

acquire free fatty acids from lipid droplets, by which a high
level of adenosine triphosphate is provided for virus replica-
tion (Heaton and Randall, 2010). Autophagy exerts its unique
role to regulate immune homeostasis, which may alter cellular
susceptibility to certain pathogens. Intracellular pathogens can
exploit host cells and escape antimicrobial degradation, leading
to persistent infection and cell death (El-Awady et al., 2015).
Obviously, the activation of autophagy acts as double-edged
sword, contributing to not only the elimination of pathogens but
also immunoevasion and pathogen survival.

Overall, microbial invasion triggers ER stress/UPR signaling
and activates autophagy/xenophagy. The perplexing interaction
between microbial invasion and autophagic adaptation governs
the immunoregulation and controls the final outcome of the
host—microbe encounter (Deretic and Levine, 2009). During mi-
crobial infection, the host cell adjusts its biomass and function
by regulating the autophagy machinery, which involves energy
supplementation, modification of innate and adaptive immu-
nity, proliferation, apoptosis, etc. Intracellular pathogens may
be eradicated via the autophagic defense mechanism. Alterna-
tively, autophagy machinery can be adapted or subverted to
cause persistent infection. By altering or evading autophagy, in-
tracellular invaders can cause host cell death. The pathophysio-
logical manifestations depend on the comprehensive regulation
between autophagy and antimicrobial immunity (Yordy et al.,
2013).

Challenge and perspective
Dual effect and coinfection

The duality of autophagy means that it may have beneficial
and harmful effects on the process of antimicrobial immunity.
The dual effect of autophagy depends on the trait or nature
of microbial pathogens, which has been characterized in the
pathogenesis of certain chronic infections such as hepatitis,
AIDS, and tuberculosis. When those diseases are treated using
autophagy-related medicines, the option of treatment protocols
should consider different stages or conditions. Forinstance, HBV
or HBV X protein can activate autophagy in the initial stage,
but inhibits subsequent degradation by impairing lysosomal
acidification (Khabir et al., 2020). When the autophagy strategy
is utilized to treat HBV infection, the pros and cons of autophagy
must be weighed. During the coinfection of HBV and hepatitis
delta virus (HDV), autophagy proteins such as ATG7, ATG5, and
LC3 are implicated in the mutuality of HBV/HDV (Khabir et al.,
2020). HDV can alter the autophagic process in the elongation
stage to promote genome replication. Therefore, the application
of autophagy-related drugs should be cautious in the treatment
of HBV/HDV coinfection. Also, the pathophysiological charac-
teristics of clinical disease should be considered. For example,
the stable knockdown of several autophagy factors can achieve
synergistic inhibition on HIV-1 replication (Eekels et al., 2012).
Autophagy thus is a therapeutic target against HIV-1 infection.
However, HIV-mediated autophagy/xenophagy flux facilitates
the intracellular survival of M. tuberculosis or opportunistic
pathogens. It is necessary to explore novel strategies under
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the coinfection of HIV-1 and M. tuberculosis. A few drugs such
as vitamin D3, trehalose, and phenylbutyrate may be helpful
(Rekha et al., 2015; Afsal and Selvaraj, 2016; Sharma et al.,
2021).

Cell death

Essential autophagy modulates both cell survival and death
as evidenced through mitochondrial mediation. Mitophagy is a
selective degradation of old or damaged mitochondria to main-
tain survival state. The mitochondrion-dependent pathway is
also a well-known mechanism for apoptotic cell death (Wang,
2014). There is a negative feedback loop including FADD and
caspase-8, which modulates autophagic response (Walsh and
Bell, 2010). Anti-apoptotic Bcl-2 negatively regulates Beclin-1-
mediated autophagy and modifies antimicrobial immunity
(Casalino-Matsuda et al., 2015). Certain signal molecules are
shared by apoptotic and autophagic pathways, including p53,
ATG5, caspase-8, Beclin-1/Bcl-2, and IAPs (Miller et al., 2008;
Jia and He, 2011; Liu et al., 2013; Pengo et al., 2013; Levonen
et al., 2014; Piano Mortari et al., 2018). Autophagy takes part
in the degradation of pathogens and subsequent antigen pre-
sentation. Apoptosis signaling can provide feedback regulation
forautophagicresponse. The interaction between apoptosis and
autophagy is a critical modulator for the functional state of host
cells. Excessive apoptosis caused by microbial infection can
impair organ function. Therefore, autophagy affects functional
maintenance of the infected organ. Autophagic response can
activate or antagonize apoptosis, obviously, playing a dual role
(Wang, 2015). Necroptosis and pyroptosis are implicated in cell
death as well. The enhanced macroautophagic/autophagic ac-
tivity may be accompanied by necroptosis. The immunogenicity
of necroptotic death is a novel strategy for developing cancer
vaccines (Lin et al., 2018). The autophagy machinery partici-
pates in cytokine storm that destroys a lot of cells in a short
time during chimeric antigen receptor T-cell therapy or COVID-19
infection (DeFrancesco, 2014; Meftahi et al., 2020).

The complexity of regulation network

Specialized autophagy can manipulate self-antigens and mi-
crobial antigens, which mediates antigenic epitope presenta-
tion and the functional activity performed by MHC class I/CD8*
T cells and MHC class 1I/CD4™ T cells, respectively. The au-
tophagy pathway modulated by diverse factors such as IFNs,
NLRs, downstream effectors, and substrates may skew the im-
mune response to induce immunoevasion and immunosuppres-
sion. There is a complex network to regulate autophagy, which
impacts on the performance of antimicrobial immunity. If we
consider microbialinvasion as the initial input and antimicrobial
immunity as the integrative output, the regulation of autophagy
is pivotal to controlling the host—pathogen balance. Up to now,
the regulation of the autophagic process is not fully understood.
Moreover, autophagy is related to distinct mechanisms such
as oxidative stress, energy metabolism, protein synthesis, and
apoptosis. All those mechanisms should be comprehensively

considered since they are not in vectorial or parallel ways. A
long-term effort is needed to clarify the details of autophagy
regulation.

Perspective

The invasion of microbial pathogens activates autophagy in
host cells. Autophagy activation modifies downstream immune
responses. Due to the duality of autophagy, antimicrobial immu-
nity may be enhanced orweakened. The outcomes of autophagy-
mediated immune response are varied, depending on the cat-
egories of microbial pathogens and the types of infected cells.
Therefore, the antimicrobial application of the autophagy mech-
anism must consider pathogen characteristics as well as cell
types. According to the pathological condition of microbial infec-
tion, different schemes of autophagic enhancement/inhibition
are carried out. The administration of autophagy modulators
(e.g. chloroquine and hydroxychloroquine) has shown therapeu-
tic benefits in certain infectious diseases (e.g. malaria, amebia-
sis, and Q fever). Furthermore, the mTOR pathway is the poten-
tialtarget against viral pathogens. Yet, mnTOR also participatesin
the replication and release of virions (Maiese, 2020). Autophagy
modulators can be combined with immunomodulators based on
the mechanistic autophagy—immunity axis (Wang et al., 2018).
Hopefully, the best therapeutic effect may be achieved through
drug combination.

Summary

Autophagy is the core mechanism of regulating antimicrobial
immunity. Functional analysis shows that autophagy can control
pathophysiological manifestations of microbial infection and
determine the choice of clinical treatment protocols, especially
in the case of coinfection. Different infections or different stages
of the same infection require respective protocols, considering
the dual nature of autophagy. A few therapeutic agents, based
on the autophagy mechanism, have been used in clinical prac-
tice. The accumulated evidence confirms their positive effects.
Thereis a bright future forthe development of autophagy-related
drugs against microbial infections.

Funding

This work was supported by grants from Beijing Natural Sci-
ence Foundation (517100), National Key Research and Devel-
opment Project (2017YFA0105200), and Chinese Academy of
Medical Sciences (CAMS) Innovation Fund for Medical Sciences
(CIFMS, 2016-12M-2-006).

Conflict of interest: none declared.

Author contributions: C.Q. and K.W. conceived and designed
the manuscript. Y.L., L.B., and K.W. were responsible for data
collection and analysis. Additional data were provided by Y.L.
and L.B. K.W. wrote the first draft, which was revised by C.Q. All
authors approved the manuscript.

Page 11 of 15



Qin et al., J. Mol. Cell Biol. (2022), 14(4), mjac015

References

Afsal, K., and Selvaraj, P. (2016). Effect of 1,25-dihydroxyvitamin D3 on
the expression of mannose receptor, DC-SIGN and autophagy genes in
pulmonary tuberculosis. Tuberculosis 99, 1-10.

Aizawa, Y., Seki, N., Nagano, T., et al. (2015). Chronic hepatitis C virus
infection and lipoprotein metabolism. World J. Gastroenterol. 21, 10299-
10313.

Ambrose, R.L., and Mackenzie, .M. (2011). West Nile virus differentially mod-
ulates the unfolded protein response to facilitate replication and immune
evasion. J. Virol. 85, 2723-2732.

Bell, S.L., Lopez, K.L., Cox, J.S., et al. (2021). Galectin-8 senses phagosomal
damage and recruits selective autophagy adapter TAX1BP1 to control My-
cobacterium tuberculosis infection in macrophages. MBio 12, e0187120.

Betin, V.M., and Lane, J.D. (2009). Caspase cleavage of Atg4D stimulates
GABARAP-L1 processing and triggers mitochondrial targeting and apopto-
sis. ). Cell Sci. 122(Pt 14), 2554-2566.

Birgisdottir, A.B., Lamark, T., and Johansen, T. (2013). The LIR motif—crucial
for selective autophagy. J. Cell Sci. 126(Pt 15), 3237-3247.

Birmingham, C.L., Canadien, V., Kaniuk, N.A., et al. (2008). Listeriolysin O al-
lows Listeria monocytogenes replication in macrophage vacuoles. Nature
451,350-354.

Bu, L., Wang, H., Hou, P, et al. (2020). The ubiquitin E3 ligase parkin inhibits
innate antiviral immunity through K48-linked polyubiquitination of RIG-I
and MDAS. Front. Immunol. 11, 1926.

Casalino-Matsuda, S.M., Nair, A., Beitel, G.J., et al. (2015). Hypercapnia
inhibits autophagy and bacterial killing in human macrophages by increas-
ing expression of Bcl-2 and Bcl-xL. J. Immunol. 194, 5388-5396.

Chai, Q., Wang, X., Qiang, L., et al. (2019). A Mycobacterium tuberculosis
surface protein recruits ubiquitin to trigger host xenophagy. Nat. Commun.
10, 1973.

Chang, Y.P., Tsai, C.C., Huang, W.C., et al. (2010). Autophagy facilitates IFN-y-
induced Jak2—-STAT1 activation and cellular inflammation. J. Biol. Chem.
285, 28715-28722.

Choi, J., Park, S., Biering, S.B., et al. (2014). The parasitophorous vacuole
membrane of Toxoplasma gondii is targeted for disruption by ubiquitin-
like conjugation systems of autophagy. Immunity 40, 924-935.

Chunfa, L., Xin, S., Qiang, L., et al. (2017). The central role of IFI204 in IFN-B
release and autophagy activation during Mycobacterium bovis infection.
Front. Cell. Infect. Microbiol. 7, 169.

Das, M., Karnam, A., Stephen-Victor, E., et al. (2020). Intravenous im-
munoglobulin mediates anti-inflammatory effects in peripheral blood
mononuclear cells by inducing autophagy. Cell Death. Dis. 11, 50.

Dash, S., Chava, S., Aydin, Y., etal. (2016). Hepatitis Cvirus infection induces
autophagy as a prosurvival mechanism to alleviate hepatic ER-stress re-
sponse. Viruses 8, 150.

DeFrancesco, L. (2014). CAR-T cell therapy seeks strategies to harness cy-
tokine storm. Nat. Biotechnol. 32, 604.

Delgado, M., Singh, S., De Haro, S., et al. (2009). Autophagy and pattern
recognition receptors in innate immunity. Immunol. Rev. 227, 189-202.
Deretic, V. (2012). Autophagy as an innate immunity paradigm: expanding
the scope and repertoire of pattern recognition receptors. Curr. Opin.

Immunol. 24, 21-31.

Deretic, V., and Levine, B. (2009). Autophagy, immunity, and microbial adap-
tations. Cell Host Microbe 5, 527-549.

Eekels, ).J., Sagnier, S., Geerts, D., etal. (2012). Inhibition of HIV-1 replication
with stable RNAi-mediated knockdown of autophagy factors. Virol. J. 9,
69.

El-Awady, A.R., Arce, R.M., and Cutler, C.W. (2015). Dendritic cells: microbial
clearance via autophagy and potential immunobiological consequences
for periodontal disease. Periodontol. 2000 69, 160-180.

Elinav, E., Strowig, T., Henao-Mejia, ., et al. (2011). Regulation of the antimi-
crobial response by NLR proteins. Immunity 34, 665-679.

Everts, B., Amiel, E., Huang, S.C., et al. (2014). TLR-driven early glycolytic
reprogramming via the kinases TBK1-1KKe supports the anabolic demands
of dendritic cell activation. Nat. Immunol. 15, 323-332.

Fabri, M., Realegeno, S.E., Jo, E.K., et al. (2011). Role of autophagy in the
host response to microbial infection and potential for therapy. Curr. Opin.
Immunol. 23, 65-70.

Fan, S., Wu, K., Zhao, M., et al. (2020). The role of autophagy and autophagy
receptor NDP52 in microbial infections. Int. J. Mol. Sci. 21, 2008.

Fertan, E., Rodrigues, G.J., Wheeler, R.V., et al. (2019). Cognitive decline,
cerebral-spleen tryptophan metabolism, oxidative stress, cytokine pro-
duction, and regulation of the Txnip gene in a triple transgenic mouse
model of Alzheimer disease. Am. J. Pathol. 189, 1435-1450.

Fleming, S.B. (2016). Viral inhibition of the IFN-induced JAK/STAT signalling
pathway: development of live attenuated vaccines by mutation of viral-
encoded IFN-antagonists. Vaccines 4, 23.

Gao, L., Coope, H., Grant, S., et al. (2011). ABIN1 protein cooperates with
TAX1BP1 and A20 proteins to inhibit antiviral signaling. J. Biol. Chem. 286,
36592-36602.

Ghadimi, D., de Vrese, M., Heller, K.J., et al. (2010). Lactic acid bacteria
enhance autophagic ability of mononuclear phagocytes by increasing Th1
autophagy-promoting cytokine (IFN-y) and nitric oxide (NO) levels and
reducing Th2 autophagy-restraining cytokines (IL-4 and IL-13) in response
to Mycobacterium tuberculosis antigen. Int. Inmunopharmacol. 10, 694—
706.

Gui, X.,Yang, H., Li, T., etal. (2019). Autophagy induction via STING trafficking
is a primordial function of the cGAS pathway. Nature 567, 262-266.

Harris, J., Master, S.S., De Haro, S.A., et al. (2009). Th1-Th2 polarisation and
autophagy in the control of intracellular mycobacteria by macrophages.
Vet. Immunol. Immunopathol. 128, 37-43.

Harvey, R., McCaughan, C., Wise, L.M., et al. (2015). Orf virus inhibits inter-
feron stimulated gene expression and modulates the JAK/STAT signalling
pathway. Virus Res. 208, 180-188.

He, B. (2006). Viruses, endoplasmic reticulum stress, and interferon re-
sponses. Cell Death Differ. 13, 393-403.

Heaton, N.S., and Randall, G. (2010). Dengue virus-induced autophagy regu-
lates lipid metabolism. Cell Host Microbe 8, 422-432.

Herhaus, L., and Dikic, I. (2015). Expanding the ubiquitin code through post-
translational modification. EMBO Rep. 16, 1071-1083.

Holla, S., Kurowska-Stolarska, M., Bayry, J., et al. (2014). Selective inhibition
of IFNG-induced autophagy by Mir155- and Mir31-responsive WNT5A and
SHH signaling. Autophagy 10, 311-330.

Huang, H., Kang, R., Wang, J., et al. (2013a). Hepatitis C virus inhibits AKT-
tuberous sclerosis complex (TSC), the mechanistic target of rapamycin
(MTOR) pathway, through endoplasmic reticulum stress to induce au-
tophagy. Autophagy 9, 175-195.

Huang, X., Wu, Z., Mei, Y., et al. (2013b). XIAP inhibits autophagy via XIAP—
Mdm2-p53 signalling. EMBO J. 32, 2204-2216.

Inaba, K., Turley, S., lyoda, T., et al. (2000). The formation of immunogenic
major histocompatibility complex class Il-peptide ligands in lysosomal
compartments of dendritic cells is regulated by inflammatory stimuli. J.
Exp. Med. 191, 927-936.

Jagannath, C., Lindsey, D.R., Dhandayuthapani, S., et al. (2009). Autophagy
enhances the efficacy of BCG vaccine by increasing peptide presentation
in mouse dendritic cells. Nat. Med. 15, 267-276.

Jatiani, S.S., Baker, S.J., Silverman, L.R., et al. (2010). JAK/STAT pathways
in cytokine signaling and myeloproliferative disorders: approaches for
targeted therapies. Genes Cancer 1, 979-993.

Jia, W., and He, Y.W. (2011). Temporal regulation of intracellular organelle
homeostasis in T lymphocytes by autophagy. J. Immunol. 186, 5313-
5322.

Jin, Y., Sun, C., Feng, L., et al. (2014). Regulation of SIV antigen-specific
CD4™ T cellular immunity via autophagosome-mediated MHC Il molecule-
targeting antigen presentation in mice. PLoS One 9, e93143.

Johansen, T., and Lamark, T. (2020). Selective autophagy: ATG8 family pro-
teins, LIR motifs and cargo receptors. J. Mol. Biol. 432, 80—-103.

Kaser, A., and Blumberg, R.S. (2011). Autophagy, microbial sensing, endo-
plasmic reticulum stress, and epithelial function in inflammatory bowel
disease. Gastroenterology 140, 1738-1747.

Page 12 of 15



Qin et al., J. Mol. Cell Biol. (2022), 14(4), mjac015

Ke, P.Y., and Chen, S.S. (2014). Autophagy in hepatitis C virus—host interac-
tions: potential roles and therapeutic targets for liver-associated diseases.
World ). Gastroenterol. 20, 5773-5793.

Khabir, M., Aliche, A.Z., Sureau, C., et al. (2020). Hepatitis delta virus alters
the autophagy process to promote its genome replication. J. Virol. 94,
€01936-19.

Kim, J., Kundu, M., Viollet, B., et al. (2011). AMPK and mTOR regulate au-
tophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132—
141.

Kimura, T., Jain, A., Choi, S.W., et al. (2015). TRIM-mediated precision au-
tophagy targets cytoplasmic regulators of innate immunity. J. Cell Biol.
210, 973-989.

Kirkin, V., Lamark, T., Johansen, T., et al. (2009a). NBR1 cooperates with
p62 in selective autophagy of ubiquitinated targets. Autophagy, 5,
732-733.

Kirkin, V., Lamark, T., Sou, Y.S., et al. (2009b). A role for NBR1 in au-
tophagosomal degradation of ubiquitinated substrates. Mol. Cell, 33,
505-516.

Korol, C.B., Shallom, S.)., Arora, K., et al. (2020). Tissue specific diversifica-
tion, virulence and immune response to Mycobacterium bovis BCG in a
patient with an IFN-yR1 deficiency. Virulence 11, 1656-1673.

Lee, P.P, Lobato-Marquez, D., Pramanik, N., et al. (2017). Wiskott-Aldrich
syndrome protein regulates autophagy and inflammasome activity in in-
nate immune cells. Nat. Commun. 8, 1576.

Leib, D.A., Alexander, D.E., Cox, D., et al. (2009). Interaction of ICP34.5 with
Beclin 1 modulates herpes simplex virus type 1 pathogenesis through
control of CD4* T-cell responses. J. Virol. 83, 12164-12171.

Levonen, A.L., Hill, B.G., Kansanen, E., et al. (2014). Redox regula-
tion of antioxidants, autophagy, and the response to stress: im-
plications for electrophile therapeutics. Free Radical Biol. Med. 71,
196-207.

Leymarie, O., Lepont, L., and Berlioz-Torrent, C. (2017). Canonical
and non-canonical autophagy in HIV-1 replication cycle. Viruses 9,
270.

Li, H., Cui, Y., Wei, J., et al. (2019). VCP/p97 increases BMP signaling by
accelerating ubiquitin ligase Smurfl degradation. FASEB J. 33, 2928-
2943.

Li, W., and Zhang, L. (2019). Regulation of ATG and autophagy initiation. Adv.
Exp. Med. Biol. 1206, 41-65.

Li, Y., Hu, B., Ji, G., et al. (2020). Cytoplasmic cargo receptor p62 inhibits
Avibirnavirus replication by mediating autophagic degradation of viral
protein VP2. ). Virol. 94, e01255-20.

Liang, Q., Seo, G.J., Choi, Y.J., et al. (2014). Crosstalk between the cGAS
DNA sensor and Beclin-1 autophagy protein shapes innate antimicrobial
immune responses. Cell Host Microbe 15, 228-238.

Liang, S., Wang, F., Bao, C., et al. (2019b). BAG2 ameliorates endoplasmic
reticulum stress-induced cell apoptosis in Mycobacterium tuberculosis-
infected macrophages through selective autophagy. Autophagy 16, 1453—
1467.

Liang, S., Zhong, Z., Kim, S.Y., et al. (2019a). Murine macrophage autophagy
protects against alcohol-induced liver injury by degrading interferon regu-
latory factor 1 (IRF1) and removing damaged mitochondria. J. Biol. Chem.
294,12359-12369.

Liang, X.H., Kleeman, L.K., Jiang, H.H., et al. (1998). Protection against fatal
Sindbis virus encephalitis by Beclin, a novel Bcl-2-interacting protein. J.
Virol. 72, 8586-8596.

Lin, F., Ghislat, G., Luo, S., etal. (2015). XIAP and clAP1 amplifications induce
Beclin 1-dependent autophagy through NFkB activation. Hum. Mol. Genet.
24,2899-2913.

Lin, S.Y., Hsieh, S.Y., Fan, Y.T., et al. (2018). Necroptosis promotes autophagy-
dependent upregulation of DAMP and results in immunosurveillance.
Autophagy 14, 778-795.

Liu, E., Lopez Corcino, Y., Portillo, J.A., et al. (2016). Identification of signaling
pathways by which CD40 stimulates autophagy and antimicrobial activity
against Toxoplasma gondii in macrophages. Infect. Immun. 84, 2616—
2626.

Liu, G., Bi, Y., Wang, R., et al. (2013). Self-eating and self-defense: autophagy
controls innate immunity and adaptive immunity. J. Leukocyte Biol. 93,
511-519.

Liu, J., Bi, X., Chen, T., et al. (2015). Shear stress regulates endothelial cell
autophagy via redox regulation and Sirt1 expression. Cell Death Dis. 6,
el827.

Luquin, E., Larrea, E., Civeira, M.P., et al. (2007). HCV structural proteins
interfere with interferon-alpha Jak/STAT signalling pathway. Antiviral Res.
76,194-197.

Ma, R.J., Tan, Y.Q., and Zhou, G. (2019). Aberrant IGF1-PI3K/AKT/MTOR
signaling pathway regulates the local immunity of oral lichen planus.
Immunobiology 224, 455-461.

Magraoui, F.E., Reidick, C., Meyer, H.E., et al. (2015). Autophagy-related
deubiquitinating enzymes involved in health and disease. Cells 4, 596—
621.

Maiese, K. (2020). The mechanistic target of rapamycin (mTOR): novel
considerations as an antiviral treatment. Curr. Neurovasc. Res. 17,
332-337.

Maiuri, M.C., Criollo, A., and Kroemer, G. (2010). Crosstalk between apoptosis
and autophagy within the Beclin 1 interactome. EMBO ). 29, 515-516.
Malhi, H., and Kaufman, R.J. (2011). Endoplasmic reticulum stress in liver

disease. J. Hepatol. 54, 795-809.

Manzanillo, P.S., Shiloh, M.U., Portnoy, D.A., et al. (2012). Mycobacterium
tuberculosis activates the DNA-dependent cytosolic surveillance pathway
within macrophages. Cell Host Microbe 11, 469-480.

Maronek, M., Link, R., Ambro, L., et al. (2020). Phages and their role in
gastrointestinal disease: focus on inflammatory bowel disease. Cells 9,
1013.

Matsumoto, G., Wada, K., Okuno, M., et al. (2011). Serine 403 phosphoryla-
tion of p62/SQSTM1 regulates selective autophagic clearance of ubiquiti-
nated proteins. Mol. Cell 44, 279-289.

Matsuo, H., Itoh, H., Kitamura, N., et al. (2015). Intravenous immunoglob-
ulin enhances the killing activity and autophagy of neutrophils isolated
from immunocompromised patients against multidrug-resistant bacteria.
Biochem. Biophys. Res. Commun. 464, 94-99.

Meftahi, G.H., Jangravi, Z., Sahraei, H., et al. (2020). The possible patho-
physiology mechanism of cytokine storm in elderly adults with COVID-19
infection: the contribution of ‘inflame-aging’. Inflamm. Res. 69,
825-839.

Miller, B.C., Zhao, Z., Stephenson, L.M., et al. (2008). The autophagy gene
ATG5 plays an essential role in B lymphocyte development. Autophagy 4,
309-314.

Mizushima, N. (2019). The ATG conjugation systems in autophagy. Curr. Opin.
Cell Biol. 63, 1-10.

Moretti, J., Roy, S., Bozec, D., et al. (2017). STING senses microbial viability
to orchestrate stress-mediated autophagy of the endoplasmic reticulum.
Cell 171, 809-823.e13.

Munz, C. (2016). Autophagy beyond intracellular MHC class Il antigen presen-
tation. Trends Immunol. 37, 755-763.

Nakano, S., Ikebe, E., Tsukamoto, Y., et al. (2013). Commensal microbiota
contributes to chronic endocarditis in TAX1BP1 deficient mice. PLoS One
8, e73205.

Nedjic, J., Aichinger, M., Emmerich, J., et al. (2008). Autophagy in thymic
epithelium shapes the T-cell repertoire and is essential for tolerance.
Nature 455, 396-400.

Newman, A.C., Scholefield, C.L., Kemp, A.J., et al. (2012). TBK1 kinase addic-
tion in lung cancer cells is mediated via autophagy of Tax1bp1/Ndp52 and
non-canonical NF-kB signalling. PLoS One 7, e50672.

Ogawa, M., Yoshimori, T., Suzuki, T., et al. (2005). Escape of intracellular
Shigella from autophagy. Science 307, 727-731.

Ohshima, J., Lee, Y., Sasai, M., et al. (2014). Role of mouse and human
autophagy proteins in IFN-y-induced cell-autonomous responses against
Toxoplasma gondii. J. Immunol. 192, 3328-3335.

Oikonomou, V., Moretti, S., Renga, G., et al. (2016). Noncanonical fungal
autophagy inhibits inflammation in response to IFN-y via DAPK1. Cell Host
Microbe 20, 744-757.

Page 13 of 15



Qin et al., J. Mol. Cell Biol. (2022), 14(4), mjac015

O’Loughlin, T., Kruppa, A.)., Ribeiro, A.L.R., et al. (2020). OPTN recruitment to
a Golgi-proximal compartment regulates immune signalling and cytokine
secretion. J. Cell Sci. 133, jcs239822.

Orvedabhl, A., Alexander, D., Talloczy, Z., et al. (2007). HSV-1 ICP34.5 confers
neurovirulence by targeting the Beclin 1 autophagy protein. Cell Host
Microbe 1, 23-35.

Padman, B.S., Nguyen, T.N., Uoselis, L., et al. (2019). LC3/GABARAPs drive
ubiquitin-independent recruitment of Optineurin and NDP52 to amplify
mitophagy. Nat. Commun. 10, 408.

Pattingre, S., and Levine, B. (2006). Bcl-2 inhibition of autophagy: a new
route to cancer? Cancer Res. 66, 2885-2888.

Pei, F., Lin, H., Liu, H., et al. (2015). Dual role of autophagy in
lipopolysaccharide-induced preodontoblastic cells. ). Dent. Res. 94,
175-182.

Pengo, N., Scolari, M., Oliva, L., et al. (2013). Plasma cells require au-
tophagy for sustainable immunoglobulin production. Nat. Immunol. 14,
298-305.

Periyasamy, K.M., Ranganathan, U.D., Tripathy, S.P., et al. (2020). Vitamin
D—a host directed autophagy mediated therapy for tuberculosis. Mol.
Immunol. 127, 238-244.

Piano Mortari, E., Folgiero, V., Marcellini, V., et al. (2018). The Vici syndrome
protein EPG5 regulates intracellular nucleic acid trafficking linking au-
tophagy to innate and adaptive immunity. Autophagy 14, 22-37.

Ponder, E.L., and Bogyo, M. (2007). Ubiquitin-like modifiers and their decon-
jugating enzymes in medically important parasitic protozoa. Eukaryot. Cell
6,1943-1952.

Ponpuak, M., Davis, A.S., Roberts, E.A., et al. (2010). Delivery of cytosolic
components by autophagic adaptor protein p62 endows autophagosomes
with unique antimicrobial properties. Immunity 32, 329-341.

Ponpuak, M., and Deretic, V. (2011). Autophagy and p62/sequestosome 1
generate neo-antimicrobial peptides (cryptides) from cytosolic proteins.
Autophagy 7, 336-337.

Pua, H.H., Dzhagalov, I., Chuck, M., et al. (2007). A critical role for the
autophagy gene Atg5 in T cell survival and proliferation. J. Exp. Med. 204,
25-31.

Rekha, R.S., Rao Muvva, S.S., Wan, M., et al. (2015). Phenylbutyrate induces
LL-37-dependent autophagy and intracellular killing of Mycobacterium
tuberculosis in human macrophages. Autophagy 11, 1688-1699.

Richter, B., Sliter, D.A., Herhaus, L., et al. (2016). Phosphorylation of OPTN by
TBK1 enhancesits binding to Ub chains and promotes selective autophagy
of damaged mitochondria. Proc. Natl Acad. Sci. USA 113, 4039-4044.

Rose, A.H., and Hoffmann, P.R. (2015). Selenoproteins and cardiovascular
stress. Thromb. Haemostasis 113, 494-504.

Rozenknop, A., Rogov, V.V., Rogova, N.Y., et al. (2011). Characterization of the
interaction of GABARAPL-1 with the LIR motif of NBR1. J. Mol. Biol. 410,
477-487.

Sabir, N., Hussain, T., Shah, S.Z.A., et al. (2017). IFN-B: a contentious player
in host-pathogen interaction in tuberculosis. Int. J. Mol. Sci. 18, 2725.
Saini, N.K., Baena, A., Ng, T.W.,, et al. (2016). Suppression of autophagy and
antigen presentation by Mycobacterium tuberculosis PE_PGRS47. Nat.

Microbiol. 1, 16133.

Sathkumara, H.D., Eaton, J.L., Field, M.A., et al. (2021). A murine model
of tuberculosis/type 2 diabetes comorbidity for investigating the micro-
biome, metabolome and associated immune parameters. Animal Model.
Exp. Med. 4, 181-188.

Schmeisser, H., Bekisz, J., and Zoon, K.C. (2014). New function of type | IFN:
induction of autophagy. J. Interferon Cytokine Res. 34, 71-78.

Schwerd, T., Pandey, S., Yang, H.T., et al. (2017). Impaired antibacterial
autophagy links granulomatous intestinal inflammation in Niemann-Pick
disease type C1 and XIAP deficiency with NOD2 variants in Crohn’s dis-
ease. Gut 66, 1060-1073.

Seay, M.D., and Dinesh-Kumar, S.P. (2007). Autophagy takes its TOLL on
innate immunity. Cell Host Microbe 2, 69-70.

Selleck, E.M., Orchard, R.C., Lassen, K.G., et al. (2015). A noncanonical
autophagy pathway restricts Toxoplasma gondii growth in a strain-specific
manner in IFN-y-activated human cells. MBio 6, €01157-15.

Shakya, A.K., Lee, C.H., Uddin, M.]., etal. (2018). Assessment of Th1/Th2 bias
of STING agonists coated on microneedles for possible use in skin allergen
immunotherapy. Mol. Pharmaceutics 15, 5437-5443.

Sharma, V., Makhdoomi, M., Singh, L., et al. (2021). Trehalose limits oppor-
tunistic mycobacterial survival during HIV co-infection by reversing HIV-
mediated autophagy block. Autophagy 17, 476-495.

Sharma, V., Verma, S., Seranova, E., et al. (2018). Selective autophagy and
xenophagy in infection and disease. Front. Cell Dev. Biol. 6, 147.

Simon, H.U., and Friis, R. (2014). ATG5: a distinct role in the nucleus.
Autophagy 10, 176-177.

Sorbara, M.T., Foerster, E.G., Tsalikis, J., et al. (2018). Complement C3 drives
autophagy-dependent restriction of cyto-invasive bacteria. Cell Host
Microbe 23, 644-652.e5.

Subauste, C.S., Andrade, R.M., and Wessendarp, M. (2007). CD40-
TRAF6 and autophagy-dependent anti-microbial activity in macrophages.
Autophagy 3, 245-248.

Subramani, S., and Malhotra, V. (2013). Non-autophagic roles of autophagy-
related proteins. EMBO Rep. 14, 143-151.

Subramanian, G., Kuzmanovic, T., Zhang, Y., et al. (2018). A new mecha-
nism of interferon’s antiviral action: induction of autophagy, essential for
paramyxovirus replication, is inhibited by the interferon stimulated gene,
TDRD7. PLoS Pathog. 14, e€1006877.

Szegezdi, E., Logue, S.E., Gorman, A.M., et al. (2006). Mediators of endoplas-
mic reticulum stress-induced apoptosis. EMBO Rep. 7, 880—-885.

Tanida, I. (2011). Autophagy basics. Microbiol. Immunol. 55, 1-11.

Taylor, G.S., Long, H.M., Haigh, T.A., et al. (2006). A role for intercellular
antigen transfer in the recognition of EBV-transformed B cell lines by EBV
nuclear antigen-specific CD4™ T cells. ). Immunol. 177, 3746-3756.

Tse, H.M., Milton, M.J., and Piganelli, J.D. (2004). Mechanistic analysis
of the immunomodulatory effects of a catalytic antioxidant on antigen-
presenting cells: implication for their use in targeting oxidation-reduction
reactions in innate immunity. Free Radical Biol. Med. 36, 233-247.

Vergne, I., Chua, J., Singh, S.B., et al. (2004). Cell biology of Mycobacterium
tuberculosis phagosome. Annu. Rev. Cell Dev. Biol. 20, 367-394.

Verstrepen, L., Verhelst, K., Carpentier, I., et al. (2011). TAX1BP1, a ubiquitin-
binding adaptor protein in innate immunity and beyond. Trends Biochem.
Sci. 36, 347-354.

Viret, C., Rozieres, A., Duclaux-Loras, R., et al. (2020). Regulation of anti-
microbial autophagy by factors of the complement system. Microb. Cell 7,
93-105.

von Muhlinen, N., Akutsu, M., Ravenhill, B.J., et al. (2012). LC3C, bound se-
lectively by a noncanonical LIR motifin NDP52, is required for antibacterial
autophagy. Mol. Cell 48, 329-342.

Walinda, E., Morimoto, D., Sugase, K., et al. (2014). Solution structure of the
ubiquitin-associated (UBA) domain of human autophagy receptor NBR1
and its interaction with ubiquitin and polyubiquitin. J. Biol. Chem. 289,
13890-13902.

Walsh, C.M., and Bell, B.D. (2010). T cell intrinsic roles of autophagy in
promoting adaptive immunity. Curr. Opin. Immunol. 22, 321-325.

Wang, F., Cao, M., Fan, M., et al. (2020). AMPK-mTOR-ULK1 axis activation-
dependent autophagy promotes hydroxycamptothecin-induced apoptosis
in human bladder cancer cells. J. Cell. Physiol. 235, 4302-4315.

Wang, J., Chen, J., Liu, Y., et al. (2019b). Hepatitis B virus induces autophagy
to promote its replication by the axis of miR-192-3p—XIAP through NFkB
signaling. Hepatology 69, 974-992.

Wang, K. (2014). Molecular mechanisms of hepatic apoptosis. Cell Death Dis.
5,e996.

Wang, K. (2015). Autophagy and apoptosis in liverinjury. Cell Cycle 14, 1631-
1642.

Wang, K. (2016). Molecular mechanism of hepatic steatosis: pathophysiolog-
ical role of autophagy. Expert Rev. Mol. Med. 18, el4.

Wang, K., Wang, W., and Li, M. (2018). A brief procedure for big data analysis
of gene expressions. Animal Model. Exp. Med. 1, 189-193.

Wang, M., and Kaufman, R.J. (2014). The impact of the endoplasmic reticulum
protein-folding environment on cancer development. Nat. Rev. Cancer 14,
581-597.

Page 14 of 15



Qin et al., J. Mol. Cell Biol. (2022), 14(4), mjac015

Wang, R., Wang, W., Li, A., et al. (2019a). Lipopolysaccharide enhances DNA-
induced IFN-B expression and autophagy by upregulating cGAS expression
in A549 cells. Exp. Ther. Med. 18, 4157-4164.

Watson, R.O., Bell, S.L., MacDuff, D.A., et al. (2015). The cytosolic sensor
cGAS detects Mycobacterium tuberculosis DNA to induce type | interferons
and activate autophagy. Cell Host Microbe 17, 811-819.

Wu, Y., and Cui, J. (2019). Selective autophagy regulates innate immunity
through cargo receptor network. Adv. Exp. Med. Biol. 1209, 145-166.
Wurzer, B., Zaffagnini, G., Fracchiolla, D., et al. (2015). Oligomerization of p62
allows for selection of ubiquitinated cargo and isolation membrane during

selective autophagy. elLife 4, e08941.

Xie, X., Li, F., Wang, Y., et al. (2015). Molecular basis of ubiquitin recognition
by the autophagy receptor CALCOCO2. Autophagy 11, 1775-1789.

Yang, C.S., Kim, J.)., Lee, H.M., et al. (2014). The AMPK-PPARGC1A pathway is
required for antimicrobial host defense through activation of autophagy.
Autophagy 10, 785-802.

Yang, C.S., Lee, J.S., Rodgers, M., et al. (2012a). Autophagy protein Ru-
bicon mediates phagocytic NADPH oxidase activation in response to

microbial infection or TLR stimulation. Cell Host Microbe 11, 264—
276.

Yang, C.S., Rodgers, M., Min, C.K., et al. (2012b). The autophagy regulator
Rubicon is a feedback inhibitor of CARD9-mediated host innate immunity.
Cell Host Microbe 11, 277-289.

Yao, R.Q., Ren, C., Xia, Z.F., et al. (2021). Organelle-specific autophagy in in-
flammatory diseases: a potential therapeutic target underlying the quality
control of multiple organelles. Autophagy 17, 385-401.

Yordy, B., Tal, M.C., Hayashi, K., et al. (2013). Autophagy and selective
deployment of Atg proteins in antiviral defense. Int. Inmunol. 25, 1-10.

Zhang, J., Tripathi, D.N., Jing, J., etal. (2015). ATM functions at the peroxisome
to induce pexophagy in response to ROS. Nat. Cell Biol. 17, 1259-1269.

Zhao, F., Zhai, Y., Zhu, J., et al. (2019). Enhancement of autophagy as a
strategy for development of new DNA vaccine candidates against Japanese
encephalitis. Vaccine 37, 5588-5595.

Zoncu, R., Efeyan, A., and Sabatini, D.M. (2011). MTOR: from growth signal
integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol. 12,
21-35.

Page 15 of 15



