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Regulation of Innate Immune
Responses by Autophagy: A
Goldmine for Viruses

Baptiste Pradel, Véronique Robert-Hebmann and Lucile Espert*

IRIM, University of Montpellier, CNRS UMR 9004, Montpellier, France

Autophagy is a lysosomal degradation pathway for intracellular components and is highly
conserved across eukaryotes. This process is a key player in innate immunity and its
activation has anti-microbial effects by directly targeting pathogens and also by regulating
innate immune responses. Autophagy dysfunction is often associated with inflammatory
diseases. Many studies have shown that it can also play a role in the control of innate
immunity by preventing exacerbated inflammation and its harmful effects toward the host.
The arms race between hosts and pathogens has led some viruses to evolve strategies
that enable them to benefit from autophagy, either by directly hijacking the autophagy
pathway for their life cycle, or by using its regulatory functions in innate immunity. The
control of viral replication and spread involves the production of anti-viral cytokines.
Controlling the signals that lead to production of these cytokines is a perfect way for
viruses to escape from innate immune responses and establish successful infection.
Published reports related to this last viral strategy have extensively grown in recent years.
In this review we describe several links between autophagy and regulation of innate
immune responses and we provide an overview of how viruses exploit these links for
their own benefit.
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INTRODUCTION

Cellular catabolism is ensured by both the Ubiquitin Proteasome System and the process of
autophagy acting in a coordinated manner in order to maintain homeostasis (1). However,
some specificities exist between both mechanisms; the Ubiquitin-Proteasome System is mainly
responsible for the degradation of short-lived proteins, while autophagy is able to degrade several
kinds of substrates, such as long-lived proteins, aggregates, or entire organelles. Among their
cellular functions both systems are highly involved in the regulation of innate immune responses
upon pathogenic infection.

Upon viral infection, host cells possess an arsenal of innate responses to protect themselves
and their neighbors, counteracting pathogen replication and spread. Pattern Recognition Receptors
(PRRs) orchestrate the detection of Pathogen-Associated Molecular Patterns (PAMPs), triggering
an anti-microbial response by an important shift in transcriptional activity (2). Upon stimulation
of PRRs, several transcription factors are activated and translocate to the nucleus. This leads to
the transcription and expression of hundreds of genes, particularly pro-inflammatory cytokines,
including Interleukin-1;—6;—18 (IL-1; IL-6; IL-18), Tumor Necrosis Factor a (TNF-a), and type
I Interferon (type I IFN) (3). These cytokines contribute to the induction of a local inflammatory
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state and are able to trigger the expression of anti-viral genes,
such as Interferon-Stimulated Genes (ISGs) (4).

Autophagy is involved in major biological processes, for
instance in development (5), cellular homeostasis (6), and anti-
microbial immunity (7). Hence, autophagy is important for
several features in physiological settings, and its dysregulation
is found in physiopathological conditions (8). Autophagy is
described as a major anti-viral mechanism capable of targeting
viral components in a process called virophagy (9). Accordingly,
viruses have evolved and found ways to inhibit autophagy,
but also to use autophagy for their own benefit. Targeting the
regulation of the innate immune response by autophagy is an
interesting way for viruses to escape from it themselves. Indeed,
viruses have been described to have both positive and negative
regulatory functions on a growing number of innate immune
sensors. It is important to note that these regulatory effects
may be linked to autophagy per se, but also to autophagy-
independent functions of autophagy-related proteins. Thus, even
if autophagy is not the only regulatory pathway involved, it is
now considered an important regulator of the innate immune
response. In this review, we describe the different innate immune
signaling pathways that can be counteracted or used by viruses
for their own benefit.

OVERVIEW OF THE PROCESS OF
AUTOPHAGY

The term autophagy refers to “self-eating” and is the lysosomal
degradation of intracellular components. It includes three
distinct mechanisms: microautophagy, Chaperone Mediated-
Autophagy (CMA), and macroautophagy (Figure 1).

Microautophagy is a process involving the protrusion or
invagination of lysosomal membranes, leading to engulfment
of cytosolic components directly into the lysosome for their
subsequent degradation (Figure 1A) (10). CMA is responsible
for the degradation of KFERQ-containing proteins (11). This
peptide motif is required for binding to the Heat shock cognate
71 kDA protein (Hsc70) (12), a cytosolic chaperone that
delivers these protein into the lysosome via its interaction with
Lysosome-Associated Membrane Protein type 2A (LAMP2A)
(Figure 1B) (13). Despite increasing knowledge over recent years
on these two mechanisms, the most well-characterized process of
autophagy remains macroautophagy, thus hereafter referred to
as autophagy.

Historically deciphered in yeast models, autophagy involves
more than 40 AuTophaGy-related (ATG) genes. Eighteen of
them are highly conserved among eukaryotes and comprise
the core autophagy machinery (14-16). Briefly, autophagy is
characterized by the formation of double-membrane vesicles
that engulf cytoplasmic portions and ultimately fuse with
lysosomes responsible for the degradation of sequestered
material (Figure 1C). The process can be delineated into three
distinct steps:

(i) The initiation step: This is dependent on two main
complexes: the uncoordinated-51-like protein kinase (ULK)
complex. This is composed of ULK1 or ULK2, ATGI13,

(ii)

(iii)

Focal adhesion kinase family Interacting Protein 200
(FIP200), and ATG101 (17). The second complex is the
class III phosphatidylinositol 3-kinase (PtdIns3K)/BECLIN
1 (BECNI1) complex composed of Vacuolar Protein
Sorting 34 (VPS34), VPS15, ATG14, Nuclear Binding
Receptor Factor-2 (NBRF2), Activating-Molecule in Beclin-
1 Regulated Autophagy protein (AMBRAL1), and BECNI.
Upon induction of autophagy, the ULK1 complex is able to
activate the class III PtdIns3K/BECN1 complex, leading to
Phosphatidylinositol-3-phosphate (PI3P) production; this
is an important lipid for the subsequent recruitment of
other ATGs and the formation of a cup-shaped membrane
called the phagophore (18). The origin of the phagophore
membrane can depend on various factors, such as cell
type and physiological conditions (19). There has been
reports so far on the implication of the endoplasmic
reticulum (20), Golgi apparatus (21), plasma membranes,
and mitochondria via ER contact sites (22, 23) and the ER-
Golgi Intermediate Compartment (ERGIC) (24). Among
the ATG proteins, ATG9A is the only transmembrane
protein within the autophagy core machinery and it is
essential for the initiation of autophagosome formation.
Even if its precise role in autophagy remains elusive, it is
thought to act by supplying components, such as proteins
and lipids, to the autophagosomal membranes (15, 25).

The elongation step: This corresponds to phagophore
expansion, in which two sophisticated ubiquitination
(Ub)-like conjugation complexes are involved. The first
one is responsible for the conjugation between ATG5
and ATGI12, mediated by the El-activating enzyme
ATG7 and the E2-conjugating enzyme ATGI10. Then,
ATGI16L1 binds to ATG5-ATGI12 conjugates in a non-
covalent manner (26). The second conjugation system
involves ATG7, then the E2-conjugating enzyme ATG3,
and finally the ATG5-ATG12-ATGI16L1 complex. This
behaves as an E3 ligase enzyme for the conjugation
of ATG8 to a lipid called a Phosphatidylethanolamine
(PE). The ATGS8 family is composed of seven homologs:
Microtubule-Associated Protein 1 Light Chain 3 A, Bl,
B2, C (MAPLC3A, MAPLC3B1, MAPLC3B2, MAPLC3C),
Gamma-AminoButyric Acid Receptor-Associated Protein
(GABARAP), and GABARAP-like 1, 2 (GABARAPLI,
GABARAPL2). These are subjected to an ATG4 cleavage
before conjugation to PE (26). ATG8-PE conjugates are
anchored onto elongating autophagic membranes, leading
to the formation of a closed double-membrane vesicle called
the autophagosome that engulfs its substrates (26).

The maturation step: This consists in the fusion between
the autophagosome and the lysosomal compartment. This
step is achieved by the UV Resistance-Associated Gene
(UVRAG)-containing class III PtdIns3K complex. Many
other actors are also involved, such as the Rab7 GTPase and
the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex. This is composed of
Syntaxin 17 (STX17), SyNaptosomal-Associated Protein 29
(SNAP29), and Vesicle-Associated Membrane Protein 8
(VAMPS) (27).
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FIGURE 1 | Different processes of autophagy and associated pathways. The lysosome is a central organelle for the processes of autophagy and associated
pathways. (A) Microautophagy is characterized by the lysosomal degradation of cytosolic components through a direct invagination of lysosomal membranes.
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(B) Chaperone-Mediated Autophagy (CMA) is responsible for the degradation of KFERQ-containing proteins through their interaction with Hsc70 and the lysosomal
receptor LAMP2A. (C) Macroautophagy is characterized by the formation of double-membrane vesicles (autophagosomes) which ultimately fuse with the lysosome.
Several complexes are involved in this process: the ULK complex and the ClassllIPISK/BECLIN1 complex for the initiation step, the Ub-like conjugation complexes,
and the ATG9 complex for the elongation step. (D) LC3-associated Phagocytosis (LAP) shares signaling complexes with macroautophagy and leads to the
degradation of phagocytosed components. (E) LC3-associated endocytosis (LANDO), similar to LAP, shares signaling complexes with macroautophagy and leads to

the degradation of endocytosed components.

Fusion leads to the formation of a structure called the
autolysosome, in which the degradation of the sequestered
materials occurs by lysosomal hydrolases. It is noteworthy
that the ATG8-PE conjugate is present on autophagosomes
throughout the entire process of autophagy and is degraded
in the lysosome, making it a good marker for monitoring
autophagic flux. Finally, resulting metabolites are transported
into the cytosol in a recycling step (28).

Although initially considered a random mechanism, it is
now well-established that autophagy can be highly specific
through the action of selective autophagy receptors (SARs)
(29). These proteins are able to target highly variable yet
specific cargos and recruit the autophagy machinery for their
degradation (30). For instance, autophagy can selectively degrade
aggregated proteins, damaged organelles (e.g., mitochondria
or peroxisomes), viral proteins, and even entire intracellular
pathogens. Mitophagy is one of the most well-described and
selective processes of autophagy. For example, one mitophagy
pathway involves the PTEN-Induced Kinase/Parkin E3 ubiquitin
ligase (PINK/PARKIN) protein pair. This pathway starts with
the accumulation of PINK1 on damaged mitochondrial outer
membranes. This leads to the recruitment and the activation of
PARKIN and the massive ubiquitination of several mitochondrial

outer membrane proteins. These ubiquitinated proteins are
recognized by autophagy receptors, triggering the engulfment of
mitochondria in autophagosomes (31).

SARs are able to bind substrates and lead them to the
expanding phagophore. On one hand, substrates are often
ubiquitinated and therefore recognized by the ubiquitin-binding
domain present on most SARs. On the other hand, SARs
contain an LC3-Interacting Region which allows the targeting of
selected substrates to phagophores (30). Many SARs have been
identified in mammals (32). The p62/SQSTM1-Like Receptors
(SLRs), which are the most studied SAR family, include
p62/SeQueSTosoMel (SQSTM1), Neighbor of BRCA1 gene 1
protein (NBR1), OPTiNeurin (OPTN), Nuclear Dot Protein 52
(NDP52), Tax1-Binding Protein 1 (TAX1BP1), and Coupling of
ubiquitin conjugation to ER degradation protein 5 (Cue5). All
these SLRs have their own selective cargo (33). In addition, there
are other proteins involved in selective autophagy, such as NIP-
3 like protein X (NIX) in mitophagy (34). More recently, the
TRIpartite Motif (TRIM) proteins have been linked to autophagy.
For the vast majority, TRIMs are multi-functional proteins that
contain an N-Terminal RING-finger domain that acts as an
E3 ubiquitin ligase. They also contain one or two zinc finger
domains, B1 and B2 boxes, and finally a coiled-coiled domain
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(35). Recently, several TRIM proteins have been described as
both SARs and autophagy platforms, enabling the assembly of the
ULK1 complex, in turn describing a new process called “precision
autophagy” (36).

ATG8 proteins, hereafter referred to as LC3 (eg.,
MAPILC3B1), are present on autophagic membranes from
the elongation to the degradation step in their conjugated form
(LC3-PE known as LC3-II). Therefore, monitoring LC3-II
protein expression is a classic approach in studying autophagic
flux (37). However, LC3 is also involved in non-canonical
autophagy. It is now well-established that components of
autophagy can intersect with the phagocytosis pathway in a
process called LC3-Associated Phagocytosis (LAP) (Figure 1D)
(38). The anchoring of LC3 on phagosomes is thought to favor
phagosome fusion with lysosomes, even if the role of LC3 is
still debated. Many others ATGs are implicated in this pathway,
though RUn domain BECNI-Interacting and cysteine-rich
domain-CONTtaining protein (RUBICON) is indispensable. This
protein is a negative regulator of autophagy and behaves as a
LAP activator. The class IIT PtdIns3K/BECN1 and ATG5-ATG12
complexes are also involved in LAP but not the ULK1/2 complex
(39). Recently, LC3 has been found associated with Rab5
and Clathrin-positive endosomes. This new process is called
LC3-Associated eNDOcytosis (LANDO) (40). Similar to LAP,
LANDO requires Rubicon and ATG5 activity but not FIP200.
Interestingly, a recent study has shown the ability of LC3 to
be conjugated to another lipid, phosphatidylserine, expanding
the possible roles of non-canonical autophagy pathways (41).
Further studies are required to understand the role and the
mechanism of these processes.

MODULATION OF ANTIVIRAL INNATE
IMMUNITY BY AUTOPHAGY

Autophagy is an intrinsic pathway of innate immunity.
Consequently, autophagy intersects with all the innate immune
signaling pathways activated upon viral infection. Indeed, it
favors the innate immune response by participating in cytokine
secretion and by down-regulating the immune response to
prevent deleterious effects of prolonged immune activation.
Figure 2 recapitulates the intersections between autophagy and
the major innate signaling pathways activated following viral
infection. The different signaling mechanisms are detailed below.

Toll-Like Receptors (TLRs)

TLRs are classified in two subfamilies based on their localization
(42): those expressed at the plasma membrane, encompassing
TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, and the
intracellular ones expressed on endosomes, including TLR3,
TLR7, TLR8, TLR9, TLRI11, TLR12, and TLR13. Each TLR
interacts with a specific PAMP, and these interactions increase
with the formation of TLR homo or heterodimers. TLR3,
TLR7, TLRS, and TLRY, which recognize double-stranded RNA
(dsRNA) (TLR3), single-stranded RNA (ssRNA) (TLR7/8), and
CpG DNA (TLRY), are mainly involved in viral infections (43).
In addition, TLR2 and TLR4 contribute to anti-viral immunity by

the recognition of viral proteins (44). Following PAMP detection,
TLRs transduce a signal through two distinct pathways: (i) the
recruitment of a signaling platform called the “Myddosome.”
This contains the Myeloid Differentiation Primary Response 88
(Myd88) and IL-1 Receptor-Associated Kinase (IRAK) protein
family members (45). Downstream of the Myddosome structure,
TNF Receptor-Associated Factor 6 (TRAF6) is activated,
triggering the Nuclear Factor-Kappa B (NF-kB) pathway
involved in the expression of pro-inflammatory cytokines
(45). (ii) The activation of the “Triffosome.” Here intervene
Toll/interleukin-1 Receptor domain-containing adaptor protein
inducing InterFeron-f (TRIF), TRAF3/6, and Tank-Binding
Kinase 1 (TBK1). This induces the nuclear translocation of
the Interferon Regulatory Factor 3 (IRF3) transcription factor,
leading to the transcription of type I IFN (42).

Autophagy is important for both the regulation and the
activation of the TLR/NFkB signaling pathway by TLRs.
Indeed, several TLRs are found in endosomes, and therefore
the presence of PAMPs in these compartments is crucial for
their stimulation. Autophagy plays a key role in this process
and it has been implicated in the recognition of Vesicular
Stomatis Virus (VSV) (46) and Human Immunodeficiency Virus
(HIV) (47) via TLR7 activation. Furthermore, non-canonical
autophagy, in particular LAP, seems involved in TLR9 activation
in several cell types. Indeed, in mouse plasmacytoid dendritic
cells (pDCs) treated with DNA-immunoglobulin complexes,
TLR9 trafficking, and activity is dependent on autophagy proteins
without the requirement of ULKI (48). In macrophages, TLR9
stimulation with CpG dinucleotides leads to LC3B and inhibitor
of nuclear factor kappa-B (IKK-B) recruitment on TLR9-positive
endosomes, in turn allowing the expression of type I IFN
(49). However, several studies have also shown a negative
regulatory function of autophagy on these signaling pathways.
For example, upon TLR stimulation autophagy can be activated
in order to decrease pro-inflammatory cytokine expression (50,
51) and several factors involved in TLR signaling are targeted
for autophagic degradation. This has been shown for TRIF
filaments, formed upon TLR activation, that can be degraded by
p62/SQSTM1 and TAX1BP1-mediated selective autophagy (52,
53). Moreover, in Lipopolysaccharide (LPS) or polyIC-treated
macrophages, TRIM32 is responsible for the ubiquitination of
TRIF, leading to its degradation by TAX1BP1-mediated selective
autophagy (54). In addition, NF-kB pathway components can
intersect with autophagy downstream of the TLR signaling
platform. IKK-B is a target of p62/SQSTM1-mediated selective
autophagy via its interaction with S-phase Kinase-associated
Protein 2 (SKP2) (55). This autophagic degradation can be
induced when SKP2 is ubiquitinated by TRIM21 (56) or when
its phosphorylation is inhibited (57). Interestingly, Kenny, the
NF-kB Essential MOdulator (NEMO) ortholog in Drosophila,
acts as a selective autophagy receptor for IKK-f in order to
negatively regulate NF-kB responses and prevent constitutive
inflammation. However, although NEMO in Drosophila contains
a LC3-Interacting Region, it is not the case for its mammalian
orthologs and they are therefore not involved in IKK-f-selective
degradation, showing an evolutionary divergence in NEMO
function (58). In addition, p65/RelA, one of the two NF-kB
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FIGURE 2 | Autophagy and ATGs are Master regulators of immune sensing pathways following pathogen infection. Upon viral infection, various PRRs are activated
depending on the type of PAMPs. Autophagy can favor the innate immune response by facilitating PAMP recognition (green), participating in cytokine secretion
(green), or by down-regulating the immune response to prevent deleterious effects of prolonged immune activation (red).

transcription factor subunits, is subject to lysosomal degradation.
Indeed, LRRC25 is involved in its p62/SQSTMI1-mediated
selective autophagic degradation (59), while the KFERQ motif
in p65/RelA also allows Hsc70 binding and subsequent CMA-
mediated degradation (60). Finally, a recent study has shown that
autophagy is also involved in the regulation of a non-canonical
NF-kB pathway. It has been demonstrated that in TNFa-
prolonged treatment of bone marrow-derived macrophages, the
NEF-kB p100/p52 dimers are targeted by p62/SQSTMI1, leading to
their autophagic degradation (61).

NLRPs and Inflammasomes

Nucleotide-binding  oligomerization domain, Leucine-rich
Repeat and Pyrin domain-containing (NLRP) receptors are
PRRs belonging to the NOD-Like Receptor (NLRs) family. Their
stimulation with a specific PAMP leads to the formation of a
structure named the “inflammasome.” Upon activation, NLRPs
recruit Apoptosis-associated Speck-like protein-containing a
CARD (ASC) proteins and mediate their binding with Caspase-1
(CASP1). In turn, the inflammasome triggers the catalytic
activity of CASP1, which is able to cleave pro-interleukins, such
as pro-IL-18 and pro-IL-18, leading to their release (62). The
inflammasome is also involved in a specific type of cell death
called “pyroptosis,” in which cytosolic components are released
in the extracellular matrix upon plasma membrane rupture
contributing to local inflammation (63).

Several NLRs have the ability to form inflammasomes,
such as NLRP1, NLRP3, and NLR family CARD domain-
containing protein 4 (NLRC4). Some additional sensors have
the same ability, including the Absent In Melanoma 2 (AIM2)
protein or pyrin (62). During viral infection, inflammasomes
are activated by either Microbial-Associated-Molecular-Patterns
(MAMPs), such as viral RNA or DNA, but also by Damaged-
Associated-Molecular-Patterns (DAMPs), which are released
following infection (64). Examples of DAMPs are extracellular
ATP produced by damaged cells or mitochondrial DNA released
into the cytosol (65).

Regulation of inflammasomes by autophagy is an important
process for the control of inflammation given dysfunctional
autophagy has been involved in several inflammatory diseases
(66). In this context, lupus and rheumatoid arthritis are
associated with Atg5 genetic variants and Crohn’s disease is
associated with Atg1611 and Irgm1I genetic variants. First evidence
of arole for autophagy in inflammasome activation was described
in Dextran Sulfate Sodium (DSS)-treated mice and LPS-treated
macrophages both depleted of ATG16L1 expression. The absence
of ATG16L1 led to an increase in inflammasome activation,
higher levels of IL1B, and enhanced acute colitis in mice (67). This
observation has been confirmed in other mouse inflammation
models, including sepsis (68) and uveitis (69).

The regulation of inflammasome activation by autophagy
involves several mechanisms. Firstly, inflammasome components
can be directly targeted by autophagy. In macrophages,
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inflammasome activation by poly dA:dT triggers autophagy,
which in turn acts as a negative feedback regulation by targeting
poly-ubiquitinated ASC to lysosomal degradation (70). Likewise
in macrophages, TRIM20 can act as an autophagy receptor
for NLRP1, NRLP3, and pro-caspase 1, and TRIM21 for the
phosphorylated form of IRF3 (71). In the same cell type, TRIM11
can additionally interact with the AIM2 inflammasome and
this leads to its p62/SQSTMI1-mediated selective degradation
(72). Lastly, recent work has shown a role of IRGM1, another
susceptibility factor for Crohn’s disease, in inflammasome control
by autophagy. IRGM1 is able to directly bind to NLRP3 and ASC
which prevents their oligomerization. This process is essential
for their activation and subsequently leads to their autophagic
degradation (73).

Secondly, autophagy can selectively degrade DAMPs
involved in inflammasome activation, therefore reducing pro-
inflammatory cytokine production. In this process, mitophagy
is an important mechanism. Indeed, damaged mitochondria are
potent inducers of inflammation through mitochondrial ROS or
mitochondrial DNA release into the cytosol. The disruption of
autophagy leads to an accumulation of damaged mitochondria,
increasing inflammasome activation and therefore pro-
inflammatory cytokine production (74). In contrast, in mouse
colitis the induction of mitophagy can reduce NLRP3 activation
in order to limit inflammation (75). Other studies have suggested
a role of PINK/PARKIN-mediated mitophagy in inflammasome
activation. For example, depletion of PINK/PARKIN proteins
leads to the accumulation of damaged mitochondria and
increased inflammasome activation in a mouse model of sepsis
(76). It is important to note that mitochondrial quality control
by autophagy can occur in a negative retro-control of PRR
activation. Indeed, upon TLR2 or TLR4 stimulation, the serine
protease Plasminogen Activator Inhibitor-2 (PAI-2) induces
autophagy and reduces mitochondrial ROS (77).

RIG-I-Like Receptors (RLRs)

The sensing of foreign cytosolic RNA is mediated by RLRs.
Retinoic acid-Inducible Gene-I (RIG-I) and Melanoma
Differentiation-Associated 5 (MDA-5) are the two mains
sensors involved in this recognition. They are structurally
composed of a DExD/H-box helicase and a C-terminal domain,
both important for RNA recognition (78). RIG-I recognizes
sSRNA or dsRNA exposing a 5/ di-or-triphosphate moiety
found in both positive and negative ssRNA viruses (79). MDA-5
binds long dsRNA and is mainly involved in positive ssRNA
and dsRNA viral infections (80). Upon RNA binding, RLRs
undergo conformational changes that expose their Caspase
Activation and Recruitment Domains (CARDs), crucial for the
activation of downstream signaling pathways. Afterwards, RLRs
translocate to the mitochondrial membrane and bind to the
Mitochondrial AntiViral-Signaling (MAVS) adaptor protein by
CARD-CARD interactions. This allows the recruitment of TRAF
proteins, triggering TBK1 kinase activity, and leading to the
activation of several transcription factors, including IRF3 and
IRF7 (78). MAVS is also found on peroxisomes, where RIG-I
interaction with peroxisomal MAVS activates IRF1, leading to
the production of type III IFN or ISGs (81).

The first report demonstrating crosstalk between components
of autophagy and the RIG-I/MAVS signaling pathway involved
the ATG5-ATGI12 complex independently of autophagy. This
complex is able to prevent RIG-I/MAVS association by binding
to their CARD domains, resulting in the inhibition of their
activation (82). BECNI1 is also able to block the interaction
between RIG-I and MAVS (83). Furthermore, RIG-I can be
negatively regulated by its conjugation with ISG15. This negative
feedback is mediated by the proteasomal degradation of ISG-
15-RIG-I conjugates (84). However, recent investigations show
that autophagic degradation implicating Leucine-Rich Repeat
containing (LRRC) proteins is also involved. While LRRC25
binds ISG15-RIG-I conjugates, targeting them for p62/SQSTM1-
mediated autophagic degradation (85), LRRC59 prevents the
interaction of LRRC25 with ISG15-RIG-I and therefore promotes
type I IEN production (86). Following infection, MAVS activation
is dependent on its aggregation. In uninfected conditions, the
expression of truncated forms of MAVS prevents the aberrant
aggregation of full-length MAVS. In the absence of these
truncated forms, the autophagy receptor NIX is able to target
aberrant MAVS aggregates for autophagic degradation (87).
Type I IFN treatment can also lead to MAVS degradation.
Indeed, the IGS Tetherin has been shown to induce MAVS
ubiquitination via the E3 ubiquitin ligase MARCHS, leading to
NDP52-mediated autophagic degradation (88). Moreover, MAVS
can be found on mitochondria, resulting in autophagy-regulated
mitochondrial dynamics having a crucial role in its activation.
The mitochondrial fusion protein mitofusin has been described
as important for MAVS aggregation and activation (89), and
as a result also for type I IFN production (90). In opposition,
mitochondrial fragmentation and mitophagy are able to disrupt
MAVS signaling (91, 92).

To conclude, a recent study has shown that the RIG-I pathway
induction is able to induce autophagy in several cell types. Indeed,
upon RIG-I activation, BECNI1 interacts with TRAF6 located
on mitochondria and undergoes a K63-polyubiquitination that
triggers autophagy. This process could reveal a negative feedback
regulation of RIG-I/MAVS activation (93), however further
studies are required to understand the role of this process.

Cytosolic DNA Recognition by the
cGAS/STING Pathway

DNA is normally found in the nucleus or mitochondria of
eukaryotes. Therefore, the presence of DNA in the cytosol
manifests either microbial infection or cell damage. One of the
main cytosolic DNA detection pathways depends on the cyclic
GMP-AMP Synthase (cGAS) sensor. DNA binding of ¢cGAS
triggers conformational changes and activates its enzymatic
activity (94). cGAS catalyzes the conversion of GTP and ATP into
a dinucleotide second messenger: cyclic GMP-AMP (cGAMP)
(95). Afterwards, cGAMP binds to the ER-located adaptor
STimulator of INterferon Genes (STING) (96), which undergoes
conformational changes and traffics from the ER to the ERGIC,
and finally to the Golgi apparatus. Once located in the Golgi
apparatus, STING binds to and activates TBK1. Phosphorylated
STING acts as a “dock,” recruiting IRF3 which is subsequently
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phosphorylated by TBK1 (97). Phosphorylated IRF3 dimerizes
and translocates to the nucleus where it induces the transcription
of type I IFN.

Activation of the cGAS-STING signaling pathway leads to
relocation of STING from the ER to the ERGIC and Golgi
apparatus. Components of autophagy are crucial to prevent its
aberrant activation. Indeed, STING is found on single-membrane
ATGY and LC3B-positives vesicles after double-stranded DNA
treatment and this location is essential for the regulation of
its activity (98). Besides, STING has been shown to be a
target for autophagic degradation in several studies. It has
been found that dinucleotides are able to induce autophagy via
the dephosphorylation of ULKI1, which switches on its kinase
activity. ULKI1 is then responsible for STING phosphorylation
on serine 366, leading to autophagic degradation of STING
(99). Another study also identified the p62/SQSTMI autophagy
receptor in STING degradation (100). Autophagy is also able to
regulate cGAS. Its interaction with BECN1 leads to a dampened
production of cGAMP (101) and p62/SQSTM1 has been shown
to bind cGAS, leading to its autophagic degradation (102).

Additional regulatory pathways can be found in autophagic
degradation of cytosolic DNA. Accumulated damaged DNA in
Dnase II-depleted cells is directed to lysosomal degradation
preventing STING activation (103). In addition, disrupted
mitophagy in PARKIN-depleted mice leads to accumulation
of cytosolic release of mitochondrial DNA, triggering pro-
inflammatory cytokine release in a STING-dependent manner
(104). Finally, recent studies have shown a negative feedback
loop involving STING-dependent activation of autophagy. Upon
DNA stimulation, activated STING triggers a non-canonical
autophagy, which is dependent on ATG5 but not ULKI. This
autophagic process is shown to lead STING to either degradation
(105) or DNA clearance (106).

Other Intersections

Autophagy has been shown to interplay with other components
of the innate immune response. For example, the phosphorylated
form of IRF1 can be degraded by a p62/SQSTMI1-mediated
autophagy pathway in macrophages, inhibiting pro-
inflammatory cytokine production (107). More interestingly,
autophagy has been shown to have a direct effect on IL1f
secretion, representing an unconventional secretory pathway
(108). Autophagy can also dampen cytokine signaling by
degrading their receptors, as shown for the TNF-a (109) and
IFNa/p receptors (110).

VIRAL MANIPULATION OF
AUTOPHAGY-DEPENDENT REGULATION
OF INNATE IMMUNITY

The co-evolution of viruses with their hosts has resulted
in the development of various viral strategies to hijack
autophagy during innate immune response control. The Table 1
recapitulates the different viral manipulations of autophagy to
dampen antiviral innate immune responses.

Manipulation of the Autophagy-Regulated
TLR Signaling Pathway

We previously mentioned that viral infections can trigger
an autophagy-dependent activation of TLRs. In VSV (46),
HIV-1 (47), and Paramyxovirus Simian Virus 5 (SV5) (111)
infection of pDCs, autophagy is crucial for TLR7 activation
and the subsequent production of antiviral cytokines. In
contrast, TLR activation can be negatively regulated by viral
infection-induced autophagy. For example, in a bronchial
epithelial cell line infected by the Enterovirus 71 (EV71)
and the Coxsackievirus (CA16), autophagy is shown to
decrease TLR7 activation. This is associated with a decreased
type 1 IFN production (112). Moreover, viral proteins are
able to drive actors of the TLR signaling pathway toward
autophagic degradation. This is the case for the M45 protein
from Murine CytoMegaloVirus (MCMYV), which is shown to
bind NEMO and target it for autophagic degradation (113).
Another interesting study shows that M45 is in fact able
to induce NEMO and Receptor-Interacting serine/threonine
Protein Kinase-1 (RIPK1) aggregation; RIPK1 being a key
player in necroptosis. Following aggregation, M45 is able to
recruit an LC3-Interacting Region-containing protein TBC1D5,
which allows the autophagic degradation of induced aggregates.
Moreover, ICP6 of Herpes Simplex Virus (HSV) type I
is also able to induce RIPKI1 aggregation and degradation.
It is noteworthy that the aggregation process is dependent
on the presence of a peptide motif called Induce Protein
Aggregation Motif (IPAM) in these viral proteins. IPAM-
containing proteins are also conserved in other herpesviruses
(114), suggesting that several viruses of this family can
trigger the aggregation of host proteins and their degradation
by autophagy. Finally, TRAF6 degradation by p62/SQSTMI1-
mediated autophagy can decrease innate responses during
late stages of Hepatitis C Virus (HCV) infection. This
mechanism could play a role in establishing persistent HCV
infection (115).

Manipulation of the Autophagy-Regulated

Inflammasome Pathway

The interplay between inflammasomes and autophagy
during viral infection relies mainly on mitophagy. Several
viruses are able to induce mitophagy to moderate innate
immunity and avoid chronic activation of the immune
system. Hence, disrupting autophagy or mitophagy can
affect the replication of viral RNA and DNA, of which is
the case for HCV (137), Transmissible GastroEnteritis Virus
(TGEV) (138), Newcastle Disease Virus (NDV) (139), Human
Paralnfluenza Virus type 3 (HPIV3) (140), and Hepatitis B
Virus (HBV) (141). First evidence of mitophagy regulation
of the inflammasome during viral infection was obtained in
the context of Influenza A Virus (IAV) infection. Indeed,
IAV recognition by the NOD receptor induces mitophagy,
therefore restraining inflammasome activation (116). During
HIV-1 infection, abortive infection of astrocytes or infection
of microglial cells triggers inflammasome activation (142).
However, in productive infection of astrocytes, mitophagy
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TABLE 1 | Viral manipulation of autophagy-regulated anti-viral innate immune responses.

Viruses Mechanisms of autophagy manipulation References

TLR AND NF-«xB SIGNALING PATHWAY

VSV, SV5, HIV-1 Autophagy is crucial for TLR7 activation in pDCs (46, 47, 111)

Enterovirus 71 (EV71); Coxsackievirus (CA16) Autophagy diminishes TLR7 signaling (112)

MCMV; HSV-1 The MCMV M45 protein induces NEMO and RIPK1 aggregation and targeting for autophagy (113, 114)
through a conserved IPAM motif

HCV p62/SQSTM1-mediated selective autophagy targets TRAF6 which dampens the innate (115)
immune response

INFLAMMASOME SIGNALING PATHWAY

1AV IAV recognition by NOD receptors induces mitophagy which lowers inflammasome activation (116)

HIV-1 Mitophagy is induced in productive-infected astrocytes which reduces inflammasome activation (117)

RIG-I/MAVS SIGNALING PATHWAY

VSV The ATG5-ATG12 conjugate interacts with RIG-I and MAVS CARD domains which prevents (82)
their association and their signaling

VSV RNF34 ubiquitinates MAVS which leads to its NDP52-mediated selective degradation by (118)
autophagy

CSFV The NS5A viral protein triggers the BECN1/MAVS interaction which dampens type | IFN (119)
production

HRV16 Trehalose-induced autophagy triggers the ATG5-MAVS-RIG-I interaction which reduces IFNx (120)
production

JEV Inhibiting autophagy increases MAVS aggregation and innate responses (121)

MeV (EDM strain) Mitophagy is induced in infected cells which downregulates the RIG-I/MAVS signaling pathway 92)
and type | IFN production

EBV The BHRF1 viral protein induces mitophagy which dampens the MAVS signaling pathway (122)

1AV The M2 viral protein inhibits autophagy and interacts with MAVS which triggers innate immune (123)
responses

1AV The PB1-F2 viral protein induces mitophagy which leads to MAVS degradation and reduced (124)
type I IFN production

Picornaviruses The 3A viral protein induces G3BP1 degradation via autophagy by increasing LRRC25 (125)
expression which leads to reduced levels of type | IFN

SeV; VSV RUBICON binds to CARD9 preventing its interaction with 14-3-3 scaffolding proteins which (126)
dampens pro-inflammatory cytokine production

cGAS/STING SIGNALING PATHWAY

HSV-1; MCMV p62/SQSTM1 targets STING for autophagic degradation (100)

HSV-1 The activation of STING triggers ATG5-dependent non-canonical autophagy which leads to (105)
STING degradation

HSV-1 STING is targeted by CMA (127)

HPV-16 The E7 viral protein triggers NLRX1-mediated autophagic degradation of STING (128)

Betacoronaviruses PLP2-TM viral proteins induce the interaction of BECN1 with STING which leads to reduced (129)
type I IFN production

Dengue The NS2B protease cofactor binds cGAS and mediates its autophagic degradation (130)

EBV The BHRF1 viral protein induces mitophagy which dampens the STING-signaling pathway (122)

OTHERS

VSV; IAV (H1N1 strain) RUBICON binds to IRF3 which leads to decreased production of type | IFN (131)

HBV The BPLF1 viral protein induces the formation of TRIM25 aggregates which are degraded by (132)
p62/SQSTM1, decreasing activation of IRF3

HSV-1; PRV The UL50 viral protein triggers IFNAR lysosomal degradation (133)

HCV IFNAR is degraded by autophagy (110)

™V Autophagic degradation of RNA-silencing pathway components: SGS3 and RDR6 (134)

RSV The NSvc4 viral protein triggers remorin lysosomal degradation (135)

SeV NDP52 targets ubiquitinated IRF3 (136)

is induced and regulates this process (117). Lastly, in
PARKIN-depleted mice, VSV infection leads to increased
activation of NLRP3 and consequently higher pro-inflammatory

cytokine levels. In this context, VSV replication is dramatically
reduced and is accompanied with a higher survival rate of
mice (143).
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Manipulation of the Autophagy-Regulated
RIG-I/MAVS Signaling Pathway

MAVS are often targeted by viruses in order to counteract
their associated innate responses. Some viral proteins have been
shown to interact with MAVS proteins and dampen their activity.
Viral proteases can also cleave MAVS (144). Recently, miR-22
was found to inhibit MAVS expression at the RNA level (145).
Viral-induced autophagy has been shown to target MAVS. For
example, in VSV-infected cells, the interaction of the ATGS5-
ATGI12 conjugate with RIG-I and MAVS CARD domains has
been shown to reduce their downstream signaling pathways
(82). Additionally, RING Finger protein 34 (RNF34) induces
MAVS ubiquitination leading to its NDP52-mediated autophagic
degradation (118). The Classical Swine Fever Virus (CSFV)
NS5A protein is able to induce a BECN1/MAVS interaction
that reduces type I IFN production (119). Likewise, Trehalose,
a molecule constituted of glucose, has a pro-viral role in Human
RhinoVirus 16 (HRV-16)-infected primary airway cells. Indeed,
by inducing autophagy this component is responsible for the
interaction between ATG5 and RIG/MAVS that reduces IFN\
production (120). In Japanese Encephalitis Virus (JEV) infected-
cells, inhibiting autophagy is associated with higher levels of
MAVS aggregates and thus pro-inflammatory cytokines (121).

MAVS, being a mitochondria-associated protein, is sensitive
to mitochondrial dynamics and as a result to mitophagy.
The measles virus Edmonson strain viral vaccine is shown
to induce p62/SQSTMI1-mediated mitophagy that leads to
the downregulation of RIG-I/MAVS-dependent type I IFN
production (92). In addition, the Epstein-Barr Virus (EBV)
encodes BHRF1, a B-Cell Lymphoma-2 (Bcl-2) viral homolog.
This is able to induce mitochondrial fission and mitophagy,
leading to reduced type I IFN expression via signaling pathway
activation, including that of MAVS (122). IAV infection is
interesting given IAV expresses two viral proteins harboring
opposite effects. On one hand, the M2 protein is a potent
inhibitor of autophagy and promotes innate responses by
inducing mitochondrial ROS and interacting with MAVS (123).
On the other hand, the PB1-F2 protein is able to bind to the
mitochondrial protein Elongation factor TU (TUFM) known
to induce mitophagy by an interaction with the ATG5-ATG12
conjugate. In this context, PB1-F2-mediated mitophagy leads to
MAVS degradation and reduced production of type I IFN (124).

Autophagy can act upstream of the RIG-I/MAVS complex.
Indeed, the 3A proteins of several picornaviruses induce
LRRC25 expression. LRRC25 binds and induces the Ras-
GTPase-activating protein (SH3 domain) binding protein 1
(G3BP) degradation by autophagy. A recent study established
that picornaviruses dampen type I IFN production (125) by
inducing autophagic degradation of G3BP1 involved in RIG-I
signaling (146). Furthermore, RUBICON is able to reduce RIG-
I signaling in Sendai virus and VSV infections independently
of its regulatory role in autophagy. Mechanistically, RUBICON
binds to CARDY, preventing it binding to 14-3-3 proteins. Given
14-3-3 protein interaction with CARD?9 is a positive regulator
of RIG-I signaling, RUBICON plays an important role in its
regulation (126).

Manipulation of the Autophagy-Regulated

cGAS/STING Signaling Pathway

Many studies on STING regulation by autophagy have been
carried out in the HSV-1 infection model. Correspondingly,
in infected macrophages STING is targeted to p62/SQSTM1-
mediated autophagic degradation, a process responsible for
decreasing the levels of pro-inflammatory cytokines (100).
This degradation is also observed in MEF cells. Here, ATG5-
dependent non-canonical autophagy is responsible for the
negative feedback of STING activation by degrading STING
itself (105). CMA also targets STING during late infection stages
in HEK293T cells. This is due to the presence of the KFERQ
motif in STING, allowing its interaction with Hsc70 required
for CMA targeting (127). Other viruses are also able to block
STING activity. For example, the E7 protein from the oncogenic
Human Papilloma Virus (HPV) 16 induces NLRX1-mediated
autophagic degradation of STING (128). It is worth noting that
this event is not linked to a pro-viral but to a pro-tumoral
effect. Indeed, abolishment of STING-mediated production of
type I IFN leads to decreased T-cell infiltration in head and neck
squamous cell carcinoma and therefore contributes to immune
escape in tumors.

PLP2-TM viral proteins from several betacoronaviruses, such
as SARS COV-1 and MERS, induce the interaction of STING with
BECNI. This complex negatively regulates STING activity and
therefore type I IFN production (129). Additional targeting of
cGAS by autophagy in Dengue-Virus (DENV)-infected cells, in
which the DENV NS2B protease cofactor binds to cGAS, leads
to cGAS lysosomal degradation. Therefore, production of type
I IFN in DENV-infected cells is dampened since cGAS is no
longer able to recognize mitochondrial DNA which is potentially
released into the cytosol during DENV infection of HEK293T
cells (130). Finally, acting on the RIG-I/MAVS signaling pathway,
autophagy can also alter the cGAS/STING pathway response. We
previously mentioned that the EBV-encoded BHRF1 protein is
able to induce mitophagy, inhibiting MAVS signaling and leading
to reduced type I IFN expression. In this compelling work, the
authors also showed that BHRF1-induced mitophagy is also able
to diminish the STING-signaling pathway (122).

Other Manipulations of Innate Immune
Responses

Other components of innate immune responses are also targeted
by autophagy during viral infections. For example, RUBICON
is able to bind to IRF3, a process that inhibits its activation
and favors the replication of several viruses, such as VSV and
the HINI strain of IAV (131). During HBV infection, the
viral protein BPLF1 is able to target TRIM25 degradation by
p62/SQSTM1-mediated autophagy. This results in decreased
IRF3 activation and subsequently lower levels of type I IFN
production (132). Moreover, UL50 proteins from HSV-1 and
PseudoRabies Virus (PRV) induce the lysosomal degradation
of the Type I IFN receptor 1 (133). Although the mechanism
is not yet deciphered, it also occurs in HCV infection (110).
Interestingly, manipulation of autophagy for escaping immune
responses is also found among plant viruses. Indeed, the RNA
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silencing pathway is dampened by the turnip Mosaic virus
via autophagic degradation of Supressor of Gene Silencing
3 (SGS3) and RNA-Dependent RNA polymerase 6 (RDR6)
(134). Likewise, the rice stripe virus protein NSvc4 induces and
mediates lysosomal degradation of the plant immune response
component, remorin (135). These findings show that control of
immune responses by autophagy is a common mechanism used
by viruses to enhance their replication and to escape antiviral
machinery. To conclude, a recent study has shown that IRF3
is targeted by NDP52-mediated selective autophagy following
sendai virus infection in a virus load-dependent manner. The
authors suggest that this process could precisely regulate IRF3
activity and consequently the type I IFN response to viral
infection (136).

DISCUSSION

A constant selective pressure is imposed on viruses by their
hosts, leading pathogens to adapt in order to replicate efficiently.
Consequently, even if autophagy is known to be an important
process in fighting viruses, some viruses have evolved various
strategies to exploit it for their own benefit. In recent years, an
increasing number of studies have reported a role of autophagy
in the regulation of the immune system and how this can be
hijacked by pathogens. Interestingly, this hijacking seems to be
a common feature between pathogenic viruses independently of
their genomic structures or their specific hosts, likely because
autophagy is occurring in all eukaryotic cells. We describe in this
review the current knowledge still expanding in the field. The
description of the regulation of innate immunity by autophagy is
often focused on one single innate immune pathway. However,
several reports indicate a cross-talk between multiple cellular
immune responses (147), showing that autophagy could regulate
several different innate immune pathways during the same
infection (122, 148). Therefore, the targeting of one innate
immune sensor by ATGs or SARs could affect more than just its
related pathway. This theory should be taken in consideration in
future works.

It is well-known that innate responses can be deleterious
by inducing an uncontrolled inflammation in many viral

REFERENCES

1. Dikic I. Proteasomal and autophagic degradation systems. Annu Rev
Biochem. (2017) 86:193-224. doi: 10.1146/annurev-biochem-061516-044908

2. Smale ST. Selective transcription in response to an inflammatory stimulus.
Cell. (2010) 140:833-44. doi: 10.1016/j.cell.2010.01.037

3. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines:
at the crossroads of cell signalling and inflammatory disease. Biochim Biophys
Acta. (2014) 1843:2563-82. doi: 10.1016/j.bbamcr.2014.05.014

4. Schoggins JW, Rice CM.

Interferon-stimulated ~ genes  and

their  antiviral effector functions. Curr Opin  Virol.  (2011)
1:519-25. doi: 10.1016/j.coviro.2011.10.008
5. Cecconi F Levine B. The role of autophagy in mammalian

development: cell makeover rather than cell death. Dev Cell. (2008)
15:344-57. doi: 10.1016/j.devcel.2008.08.012

infections, leading to severe symptoms and sometimes death.
This is particularly well-illustrated in the case of the SARS-
CoV2 infection, responsible for the COVID-19 pandemic. In
this context, autophagy could be considered as an important
process regulating both viral replication and the innate immune
response. Only a few studies have been conducted to study
the link between the control of innate responses by autophagy
and the outcome of the infection in vivo. Many studies remain
descriptive and further work is required to decipher the related
mechanisms. It would be particularly important to characterize
the effect of autophagy-modulating drugs during viral infections.
Moreover, the recently discovered LAP and LANDO processes
suggest that there is still a great deal to discover with respect to
co-evolution between viruses and their hosts.

Humanity is facing the emergence of a large number of
new pathogens, including zoonoses, particularly due to climate
change and human activity. In this light, we will undoubtedly
face many new viral emergences in the future. Therefore, the
study of infectious diseases is essential to anticipate these
future challenges.

Overall, this review shows that autophagy plays a central
role in host/pathogen interactions, in particular in the immune
response and its hijacking by viruses. Thus, it seems essential
to develop our knowledge in this field in order to be able to
uncover new therapeutic strategies that combine effects on both
viral replication and on the host immune response to infections.

AUTHOR CONTRIBUTIONS

BP, VR-H, and LE have all contributed to the writing of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by institutional funds from the Centre
National de la Recherche Scientifique (CNRS) and Montpellier
University, as well as grants from the Agence Nationale de
Recherches sur le SIDA et les Hépatites Virales (ANRS, LS
213255) and Sidaction (213920).

6. Ryter SW, Cloonan SM, Choi AMK. Autophagy: a critical
regulator of cellular metabolism and homeostasis. Mol Cells. (2013)
36:7-16. doi: 10.1007/s10059-013-0140-8

7. Deretic V, Saitoh T, Akira S. Autophagy in infection, inflammation
and immunity. Nat Rev Immunol. (2013) 13:722-37. doi: 10.1038/
nri3532

8. Dikic 1, Elazar
mammalian autophagy. Nat Rev Mol
64. doi: 10.1038/s41580-018-0003-4

9. Sharma V, Verma S, Seranova E, Sarkar S, Kumar D. Selective autophagy
and xenophagy in infection and disease. Front Cell Dev Biol. (2018)
6:147. doi: 10.3389/fcell.2018.00147

10. Oku M, Sakai Y. Three distinct types of microautophagy based on membrane
dynamics and molecular machineries. BioEssays. (2018) 40:1800008.
doi: 10.1002/bies.201800008

and medical
Cell Biol.

Z. Mechanism implications  of

(2018) 19:349-

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 578038


https://doi.org/10.1146/annurev-biochem-061516-044908
https://doi.org/10.1016/j.cell.2010.01.037
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1016/j.devcel.2008.08.012
https://doi.org/10.1007/s10059-013-0140-8
https://doi.org/10.1038/nri3532
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.3389/fcell.2018.00147
https://doi.org/10.1002/bies.201800008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pradel et al.

Viral Hijaking of Autophagy-Regulated Immunity

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kaushik S, AM. The
mediated autophagy. Nat Rev
81. doi: 10.1038/s41580-018-0001-6
Chiang H-L, Terlecky SR, Plant CP, Dice JF. A role for a 70-kilodaton heat
shock protein in lysosomal degradation of intracellular proteins. Science.
(1989) 246:382-5. doi: 10.1126/science.2799391
Cuervo AM, Dice JF. A receptor for the
and degradation of proteins by lysosomes.
273:501-3. doi: 10.1126/science.273.5274.501

Xie Z, Klionsky DJ. Autophagosome formation: core machinery and
adaptations. Nat Cell Biol. (2007) 9:1102-9. doi: 10.1038/ncb1007-1102
Gomez-Sanchez R, Rose J, Guimardes R, Mari M, Papinski D, Rieter
E, et al. Atg9 establishes Atg2-dependent contact sites between the
endoplasmic reticulum and phagophores. J Cell Biol. (2018) 217:2743-
63. doi: 10.1083/jcb.201710116

Mizushima N, Yoshimori T, Ohsumi Y. The role of Atg proteins in
autophagosome formation. Annu Rev Cell Dev Biol. (2011) 27:107-
32. doi: 10.1146/annurev-cellbio-092910-154005

Jung CH, Jun CB, Ro S-H, Kim Y-M, Otto NM, Cao J, et al. ULK-Atgl3-
FIP200 complexes mediate mTOR signaling to the autophagy machinery.
Mol Biol Cell. (2009) 20:1992-2003. doi: 10.1091/mbc.e08-12-1249

Hurley JH, Young LN. Mechanisms of autophagy initiation. Annu Rev
Biochem. (2017) 86:225-44. doi: 10.1146/annurev-biochem-061516-044820
Wei Y, Liu M, Li X, Liu J, Li H. Origin of the autophagosome membrane in
mammals. BioMed Res Int. (2018) 2018:1012789. doi: 10.1155/2018/1012789
Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL,
Habermann A, et al. Autophagosome formation from membrane
compartments enriched in phosphatidylinositol ~3-phosphate and
dynamically connected to the endoplasmic reticulum. J Cell Biol. (2008)
182:685-701. doi: 10.1083/jcb.200803137

Orsi A, Razi M, Dooley HC, Robinson D, Weston AE, Collinson LM, et al.
Dynamic and transient interactions of Atg9 with autophagosomes, but not
membrane integration, are required for autophagy. Mol Biol Cell. (2012)
23:1860-73. doi: 10.1091/mbc.e11-09-0746

Nascimbeni AC, Giordano E Dupont N, Grasso D, Vaccaro MI, Codogno
P, et al. ER —-plasma membrane contact sites contribute to autophagosome
biogenesis by regulation of local PI 3P synthesis. EMBO J. (2017) 36:2018—
33. doi: 10.15252/embj.201797006

Hamasaki M, Furuta N, Matsuda A, Nezu A, Yamamoto A, Fujita N, et al.
Autophagosomes form at ER-mitochondria contact sites. Nature. (2013)
495:389-93. doi: 10.1038/nature11910

Ge L, Melville D, Zhang M, Schekman R. The ER-Golgi intermediate
compartment is a key membrane source for the LC3 lipidation step of
autophagosome biogenesis. eLife. (2013) 2:¢00947. doi: 10.7554/eLife.00947
Nishimura T, Tooze SA. Emerging roles of ATG proteins and
membrane lipids in autophagosome formation. Cell Discov. (2020)
6:32. doi: 10.1038/s41421-020-0161-3

Abounit K, Scarabelli TM, McCauley RB. Autophagy in mammalian cells.
World ] Biol Chem. (2012) 3:1-6. doi: 10.4331/wjbc.v3.i1.1

Zhao YG, Zhang H. Autophagosome maturation: an epic journey from the
ER to lysosomes. J Cell Biol. (2019) 218:757-70. doi: 10.1083/jcb.201810099
Perera RM, Zoncu R. The lysosome as a regulatory hub. Annu Rev Cell Dev
Biol. (2016) 32:223-53. doi: 10.1146/annurev-cellbio-111315-125125
Behrends C, Fulda S. Receptor proteins in selective autophagy. Int J Cell Biol.
(2012) 2012:673290. doi: 10.1155/2012/673290

Zaffagnini G, Martens S. Mechanisms of selective autophagy. J Mol Biol.
(2016) 428:1714-24. doi: 10.1016/j.jmb.2016.02.004

Gkikas I, Palikaras K, Tavernarakis N. The role of mitophagy in innate
immunity. Front Immunol. (2018) 9:1283. doi: 10.3389/fimmu.2018.01283
Behrends C, Sowa ME, Gygi SP, Harper JW. Network
organization of the human autophagy system. Nature. (2010)
466:68-76. doi: 10.1038/nature09204

Kirkin V, Rogov VV. A diversity of selective autophagy receptors determines
the specificity of the autophagy pathway. Mol Cell. (2019) 76:268—
85. doi: 10.1016/j.molcel.2019.09.005

Novak I, Kirkin V, McEwan DG, Zhang J, Wild P, Rozenknop A, et al. Nix is a
selective autophagy receptor for mitochondrial clearance. EMBO Rep. (2010)
11:45-51. doi: 10.1038/embor.2009.256

Cuervo of chaperone-

(2018)  19:365-

coming of age
Mol  Cell Biol.

selective
Science.

uptake
(1996)

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hatakeyama S. TRIM family proteins: roles in
immunity, and carcinogenesis.  Trends
42:297-311. doi: 10.1016/j.tibs.2017.01.002
Kimura T, Mandell M, Deretic V. Precision autophagy directed by receptor
regulators — emerging examples within the TRIM family. J Cell Sci. (2016)
129:881-91. doi: 10.1242/jcs.163758

Klionsky DJ, Abdelmohsen K, Abe A, Abedin M]J, Abeliovich H,
Acevedo Arozena A, et al. Guidelines for the use and interpretation of
assays for monitoring autophagy (3rd edition). Autophagy. (2016) 12:1-
222. doi: 10.1080/15548627.2015.1100356

Galais M, Pradel B, Vergne I, Robert-Hebmann V, Espert L, Biard-Piechaczyk
M. La phagocytose associée a LC3 (LAP): phagocytose ou autophagie? Med
Sci. (2019) 35:635-42. doi: 10.1051/medsci/2019129

Martinez J, Malireddi RKS, Lu Q, Cunha LD, Pelletier S, Gingras S, et al.
Molecular characterization of LC3-associated phagocytosis reveals distinct
roles for Rubicon, NOX2 and autophagy proteins. Nat Cell Biol. (2015)
17:893-906. doi: 10.1038/ncb3192

Heckmann BL, Teubner BJW, Tummers B, Boada-Romero E, Harris L,
Yang M, et al. LC3-associated endocytosis facilitates p-amyloid clearance
and mitigates neurodegeneration in murine Alzheimer’s disease. Cell. (2019)
178:536-51.e14. doi: 10.1016/j.cell.2019.05.056

Durgan ], Lystad AH, Sloan K, Carlsson SR, Wilson MI, Marcassa E,
et al. Non-canonical autophagy drives alternative ATG8 conjugation to
phosphatidylserine. BioRXiv (2020). doi: 10.1101/2020.05.14.096115

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. (2010) 11:373-
84. doi: 10.1038/ni.1863

Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity.
Cell. (2020) 180:1044-66. doi: 10.1016/j.cell.2020.02.041

Lester SN, Li K. Toll-like receptors in antiviral innate immunity. ] Mol Biol.
(2014) 426:1246-64. doi: 10.1016/j.jmb.2013.11.024

Balka KR, Nardo D. Understanding early TLR
through  the Myddosome. ] Leukoc Biol. (2019)
51. doi: 10.1002/JLB.MR0318-096R

Lee HK, Lund JM, Ramanathan B, Mizushima N, Iwasaki A. Autophagy-
dependent viral recognition by plasmacytoid dendritic cells. Science. (2007)
315:1398-401. doi: 10.1126/science.1136880

Zhou D, Kang KH, Spector SA. Production of interferon o by human
immunodeficiency virus type 1 in human plasmacytoid dendritic cells
is dependent on induction of autophagy. J Infect Dis. (2012) 205:1258-
67. doi: 10.1093/infdis/jis187

Henault J, Martinez J, Riggs JM, Tian ], Mehta P, Clarke L, et al
Noncanonical autophagy is required for type I interferon secretion
in response to DNA-immune complexes. Immunity. (2012) 37:986-
97. doi: 10.1016/j.immuni.2012.09.014

Hayashi K, Taura M, Iwasaki A. The interaction between IKKa and
LC3 promotes type I interferon production through the TLR9-containing
LAPosome. Sci Signal. (2019) 11:eaan4144. doi: 10.1126/scisignal.aan4144
Lee H-M, Shin D-M, Yuk J-M, Shi G, Choi D-K, Lee S-H, et al
Autophagy negatively regulates keratinocyte inflammatory responses
via scaffolding protein p62/SQSTM1. ] Immunol. (2011) 186:1248-
58. doi: 10.4049/jimmunol.1001954

Chang C-P, Su Y-C, Hu C-W, Lei H-Y. TLR2-dependent selective
autophagy regulates NF-kB lysosomal degradation in hepatoma-
derived M2 macrophage differentiation. Cell Death Differ. (2013)
20:515-23. doi: 10.1038/cdd.2012.146

Gentle IE, McHenry KT, Weber A, Metz A, Kretz O, Porter D, et al. TIR-
domain-containing adapter-inducing interferon-g (TRIF) forms filamentous
structures, whose pro-apoptotic signalling is terminated by autophagy. FEBS
J. (2017) 284:1987-2003. doi: 10.1111/febs.14091

Samie M, Lim J, Verschueren E, Baughman JM, Peng I, Wong A, et al.
Selective autophagy of the adaptor TRIF regulates innate inflammatory
signaling. Nat Immunol. (2018) 19:246-54. doi: 10.1038/s41590-017-
0042-6

Yang Q, Liu T-T, Lin H, Zhang M, Wei J, Luo W-W, et al. TRIM32-
TAX1BP1-dependent selective autophagic degradation of TRIF negatively
regulates TLR3/4-mediated innate immune responses. PLoS Pathog. (2017)
13:e1006600. doi: 10.1371/journal.ppat.1006600

autophagy,

Biochem  Sci.  (2017)

signaling
105:339~

Frontiers in Immunology | www.frontiersin.org

11

October 2020 | Volume 11 | Article 578038


https://doi.org/10.1038/s41580-018-0001-6
https://doi.org/10.1126/science.2799391
https://doi.org/10.1126/science.273.5274.501
https://doi.org/10.1038/ncb1007-1102
https://doi.org/10.1083/jcb.201710116
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1091/mbc.e08-12-1249
https://doi.org/10.1146/annurev-biochem-061516-044820
https://doi.org/10.1155/2018/1012789
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1091/mbc.e11-09-0746
https://doi.org/10.15252/embj.201797006
https://doi.org/10.1038/nature11910
https://doi.org/10.7554/eLife.00947
https://doi.org/10.1038/s41421-020-0161-3
https://doi.org/10.4331/wjbc.v3.i1.1
https://doi.org/10.1083/jcb.201810099
https://doi.org/10.1146/annurev-cellbio-111315-125125
https://doi.org/10.1155/2012/673290
https://doi.org/10.1016/j.jmb.2016.02.004
https://doi.org/10.3389/fimmu.2018.01283
https://doi.org/10.1038/nature09204
https://doi.org/10.1016/j.molcel.2019.09.005
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1242/jcs.163758
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1051/medsci/2019129
https://doi.org/10.1038/ncb3192
https://doi.org/10.1016/j.cell.2019.05.056
https://doi.org/10.1101/2020.05.14.096115
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.1002/JLB.MR0318-096R
https://doi.org/10.1126/science.1136880
https://doi.org/10.1093/infdis/jis187
https://doi.org/10.1016/j.immuni.2012.09.014
https://doi.org/10.1126/scisignal.aan4144
https://doi.org/10.4049/jimmunol.1001954
https://doi.org/10.1038/cdd.2012.146
https://doi.org/10.1111/febs.14091
https://doi.org/10.1038/s41590-017-0042-6
https://doi.org/10.1371/journal.ppat.1006600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pradel et al.

Viral Hijaking of Autophagy-Regulated Immunity

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Liu K, Zhang L, Zhao Q, Zhao Z, Zhi E, Qin Y, et al. SKP2 attenuates NF-kB
signaling by mediating IKKp degradation through autophagy. ] Mol Cell Biol.
(2018) 10:205-15. doi: 10.1093/jmcb/mjy012

Niida M, Tanaka M, Kamitani T. Downregulation of
IKKB by Ro52-mediated autophagy. Mol  Immunol.
47:2378-87. doi: 10.1016/j.molimm.2010.05.004

Kim J-E, You D-J, Lee C, Ahn C, Seong JY, Hwang J-I. Suppression of
NF-kB signaling by KEAP1 regulation of IKKp activity through autophagic
degradation and inhibition of phosphorylation. Cell Signal. (2010) 22:1645-
54. doi: 10.1016/j.cellsig.2010.06.004

Tusco R, Jacomin A-C, Jain A, Penman BS, Larsen KB, Johansen T,
et al. Kenny mediates selective autophagic degradation of the IKK
complex to control innate immune responses. Nat Commun. (2017)
8:1264. doi: 10.1038/s41467-017-01287-9

Feng Y, Duan T, Du Y, Jin S, Wang M, Cui J, et al. LRRC25 functions as an
inhibitor of NF-kB signaling pathway by promoting p65/RelA for autophagic
degradation. Sci Rep. (2017) 7:13448. doi: 10.1038/541598-017-12573-3
Tang ], Zhan M-N, Yin Q-Q, Zhou C-X, Wang C-L, Wo L-L, et al
Impaired p65 degradation by decreased chaperone-mediated autophagy
activity facilitates epithelial-to-mesenchymal transition. Oncogenesis. (2017)
6:¢387. doi: 10.1038/0oncsis.2017.85

Chen M, Zhao Z, Meng Q, Liang P, Su Z, Wu Y, et al. TRIM14 promotes
noncanonical NF-kB activation by modulating p100/p52 stability via
selective autophagy. Adv Sci. (2020) 7:1901261. doi: 10.1002/advs.201901261
Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and
signalling. Nat Rev Immunol. (2016) 16:407-20. doi: 10.1038/nri.2016.58
Man SM, Karki R, Kanneganti T-D. Molecular mechanisms and functions
of pyroptosis, inflammatory caspases and inflammasomes in infectious
diseases. Immunol Rev. (2017) 277:61-75. doi: 10.1111/imr.12534

Chen I-Y, Ichinohe T. Response of host inflammasomes to viral infection.
Trends Microbiology. (2015) 23:55-63. doi: 10.1016/j.tim.2014.09.007

Liu Q, Zhang D, Hu D, Zhou X, Zhou Y. The role of mitochondria
in NLRP3 inflaimmasome activation. Mol Immunol. (2018) 103:115-
24. doi: 10.1016/j.molimm.2018.09.010

Deretic V, Levine B. Autophagy balances inflammation in innate immunity.
Autophagy. (2018) 14:243-51. doi: 10.1080/15548627.2017.1402992

Saitoh T, Fujita N, Jang MH, Uematsu S, Yang B-G, Satoh T, et al. Loss of the
autophagy protein Atgl6L1 enhances endotoxin-induced IL-1p production.
Nature. (2008) 456:264-8. doi: 10.1038/nature07383

Kim M-], Bae SH, Ryu J-C, Kwon Y, Oh J-H, Kwon J, et al
SESN2/sestrin2  suppresses sepsis by inducing mitophagy and
inhibiting NLRP3 activation in macrophages. Autophagy. (2016)
12:1272-91. doi: 10.1080/15548627.2016.1183081

Santeford A, Wiley LA, Park S, Bamba S, Nakamura R, Gdoura A, et al.
Impaired autophagy in macrophages promotes inflammatory eye disease.
Autophagy. (2016) 12:1876-85. doi: 10.1080/15548627.2016.1207857

Shi C-S, Shenderov K, Huang N-N, Kabat J, Abu-Asab M, Fitzgerald KA, etal.
Activation of autophagy by inflammatory signals limits IL-18 production
by targeting ubiquitinated inflammasomes for destruction. Nat Immunol.
(2012) 13:255-63. doi: 10.1038/ni.2215

Kimura T, Jain A, Choi SW, Mandell MA, Schroder K, Johansen T,
et al. TRIM-mediated precision autophagy targets cytoplasmic regulators of
innate immunity. J Cell Biol. (2015) 210:973-89. doi: 10.1083/jcb.201503023
Liu T, Tang Q, Liu K, Xie W, Liu X, Wang H, et al. TRIM11 suppresses AIM2
inflammasome by degrading AIM2 via p62-dependent selective autophagy.
Cell Rep. (2016) 16:1988-2002. doi: 10.1016/j.celrep.2016.07.019

Mehto S, Jena KK, Nath P, Chauhan S, Kolapalli SP, Das SK, et al. The
Crohn’s disease risk factor IRGM limits nlrp3 inflammasome activation by
impeding its assembly and by mediating its selective autophagy. Mol Cell.
(2019) 73:429-45.€7. doi: 10.1016/j.molcel.2018.11.018

Nakahira K, Haspel JA, Rathinam VAK, Lee S-J, Dolinay T, Lam HC, et al.
Autophagy proteins regulate innate immune responses by inhibiting the
release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat
Immunol. (2011) 12:222-30. doi: 10.1038/ni.1980

Guo W, Sun Y, Liu W, Wu X, Guo L, Cai P, et al. Small molecule-
driven mitophagy-mediated NLRP3 inflammasome inhibition is responsible
for the prevention of colitis-associated cancer. Autophagy. (2014) 10:972-
85. doi: 10.4161/aut0.28374

active
(2010)

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

93.

94.

95.

96.

Kang R, Zeng L, Xie Y, Yan Z, Zhou B, Cao L, et al. A novel PINKI-
and PARK2-dependent protective neuroimmune pathway in lethal sepsis.
Autophagy. (2016) 12:237485. doi: 10.1080/15548627.2016.1239678

Chuang S-Y, Yang C-H, Chou C-C, Chiang Y-P, Chuang T-H, Hsu L-C.
TLR-induced PAI-2 expression suppresses IL-1 processing via increasing
autophagy and NLRP3 degradation. Proc Natl Acad Sci USA. (2013)
110:16079-84. doi: 10.1073/pnas.1306556110
Chan YK, Gack MU. RIG-I-like receptor
infection and immunity. Curr  Opin
14. doi: 10.1016/j.coviro.2015.01.004

Kell AM, Gale M. RIG-I in RNA virus recognition. Virology. (2015) 479-
480:110-21. doi: 10.1016/j.virol.2015.02.017

Schlee M. Master sensors of pathogenic RNA - RIG-I like receptors.
Immunobiology. (2013) 218:1322-35. doi: 10.1016/j.imbi0.2013.06.007

Dixit E, Boulant S, Zhang Y, Lee ASY, Odendall C, Shum B, et al. Peroxisomes
are signaling platforms for antiviral innate immunity. Cell. (2010) 141:668-
81. doi: 10.1016/j.cell.2010.04.018

Jounai N, Takeshita FE Kobiyama K, Sawano A, Miyawaki A,
Xin K-Q, et al. The Atg5 Atgl2 conjugate associates with innate
antiviral immune responses. Proc Natl Acad Sci USA. (2007)
104:14050-5. doi: 10.1073/pnas.0704014104

Jin S, Tian S, Chen Y, Zhang C, Xie W, Xia X, et al. USP 19 modulates
autophagy and antiviral immune responses by deubiquitinating Beclin-1.
EMBO J. (2016) 35:866-80. doi: 10.15252/embj.201593596

Kim M-J, Hwang S-Y, Imaizumi T, Yoo J-Y. Negative feedback regulation
of RIG-I-mediated antiviral signaling by interferon-induced ISG15
conjugation. J Virol. (2008) 82:1474-83. doi: 10.1128/JVI1.01650-07

Du Y, Duan T, Feng Y, Liu Q, Lin M, Cui J, et al. LRRC25 inhibits type I IFN
signaling by targeting ISG15-associated RIG-I for autophagic degradation.
EMBO J. (2018) 37:351-66. doi: 10.15252/embj.201796781

Xian H, Yang S, Jin S, Zhang Y, Cui J. LRRC59 modulates type I interferon
signaling by restraining the SQSTM1/p62-mediated autophagic degradation
of pattern recognition receptor DDX58/RIG-I. Autophagy. (2020) 16:408-
18. doi: 10.1080/15548627.2019.1615303

QiN, Shi Y, Zhang R, Zhu W, Yuan B, Li X, et al. Multiple truncated isoforms
of MAVS prevent its spontaneous aggregation in antiviral innate immune
signalling. Nat Commun. (2017) 8:15676. doi: 10.1038/ncomms15676

Jin S, Tian S, Luo M, Xie W, Liu T, Duan T, et al. Tetherin suppresses
type I interferon signaling by targeting MAVS for NDP52-mediated
selective autophagic degradation in human cells. Mol Cell. (2017) 68:308-
22.e4. doi: 10.1016/j.molcel.2017.09.005

Onoguchi K, Onomoto K, Takamatsu S, Jogi M, Takemura A, Morimoto S,
et al. Virus-infection or 5 ppp-RNA activates antiviral signal through
redistribution of IPS-1 mediated by MFN1. PLoS Pathog. (2010)
6:¢1001012. doi: 10.1371/journal.ppat.1001012

Koshiba T, Yasukawa K, Yanagi Y, Kawabata SI. Mitochondrial membrane
potential is required for MAVS-mediated antiviral signaling. Sci Signal.
(2011) 4:ra7. doi: 10.1126/scisignal.2001147

Castanier C, Garcin D, Vazquez A, Arnoult D. Mitochondrial dynamics
regulate the RIG-I-like receptor antiviral pathway. EMBO Rep. (2010)
11:133-8. doi: 10.1038/embor.2009.258

regulation in virus
Virol.  (2015)  12:7-

. Xia M, Gonzalez P, Li C, Meng G, Jiang A, Wang H, et al. Mitophagy

enhances oncolytic measles virus replication by mitigating DDX58/RIG-
I-like receptor signaling. J Virol. (2014) 88:5152-64. doi: 10.1128/JVL
03851-13

Inn K-S. Activation of RIG-I-mediated antiviral signaling triggers autophagy
through the MAVS-TRAF6-Beclin-1 signaling axis. Front Immunol. (2018)
9:14. doi: 10.3389/fimmu.2018.02096

Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-
STING pathway in health and disease. Nat Rev Genet. (2019) 20:657-
74. doi: 10.1038/s41576-019-0151-1

Wu J, Sun L, Chen X, Du E Shi H, Chen C, et al. Cyclic GMP-
AMP is an endogenous second messenger in innate immune signaling
by cytosolic DNA. Science. (2013) 339:826-30. doi: 10.1126/science.12
29963

Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Rohl I, et al. cGAS
produces a 2 -5 -linked cyclic dinucleotide second messenger that activates
STING. Nature. (2013) 498:380-4. doi: 10.1038/nature12306

Frontiers in Immunology | www.frontiersin.org

12

October 2020 | Volume 11 | Article 578038


https://doi.org/10.1093/jmcb/mjy012
https://doi.org/10.1016/j.molimm.2010.05.004
https://doi.org/10.1016/j.cellsig.2010.06.004
https://doi.org/10.1038/s41467-017-01287-9
https://doi.org/10.1038/s41598-017-12573-3
https://doi.org/10.1038/oncsis.2017.85
https://doi.org/10.1002/advs.201901261
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1111/imr.12534
https://doi.org/10.1016/j.tim.2014.09.007
https://doi.org/10.1016/j.molimm.2018.09.010
https://doi.org/10.1080/15548627.2017.1402992
https://doi.org/10.1038/nature07383
https://doi.org/10.1080/15548627.2016.1183081
https://doi.org/10.1080/15548627.2016.1207857
https://doi.org/10.1038/ni.2215
https://doi.org/10.1083/jcb.201503023
https://doi.org/10.1016/j.celrep.2016.07.019
https://doi.org/10.1016/j.molcel.2018.11.018
https://doi.org/10.1038/ni.1980
https://doi.org/10.4161/auto.28374
https://doi.org/10.1080/15548627.2016.1239678
https://doi.org/10.1073/pnas.1306556110
https://doi.org/10.1016/j.coviro.2015.01.004
https://doi.org/10.1016/j.virol.2015.02.017
https://doi.org/10.1016/j.imbio.2013.06.007
https://doi.org/10.1016/j.cell.2010.04.018
https://doi.org/10.1073/pnas.0704014104
https://doi.org/10.15252/embj.201593596
https://doi.org/10.1128/JVI.01650-07
https://doi.org/10.15252/embj.201796781
https://doi.org/10.1080/15548627.2019.1615303
https://doi.org/10.1038/ncomms15676
https://doi.org/10.1016/j.molcel.2017.09.005
https://doi.org/10.1371/journal.ppat.1001012
https://doi.org/10.1126/scisignal.2001147
https://doi.org/10.1038/embor.2009.258
https://doi.org/10.1128/JVI.03851-13
https://doi.org/10.3389/fimmu.2018.02096
https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.1126/science.1229963
https://doi.org/10.1038/nature12306
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pradel et al.

Viral Hijaking of Autophagy-Regulated Immunity

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation.
Science. (2015) 347:aaa2630. doi: 10.1126/science.aaa2630

Saitoh T, Fujita N, Hayashi T, Takahara K, Satoh T, Lee H, et al
Atg9a controls dsDNA-driven dynamic translocation of STING and the
innate immune response. Proc Natl Acad Sci USA. (2009) 106:20842-
6. doi: 10.1073/pnas.0911267106

Konno H, Konno K, Barber GN. Cyclic dinucleotides trigger ULK1 (ATG1)
phosphorylation of STING to prevent sustained innate immune signaling.
Cell. (2013) 155:688-98. doi: 10.1016/j.cell.2013.09.049

Prabakaran T, Bodda C, Krapp C, Zhang B, Christensen MH, Sun C,
et al. Attenuation of ¢ GAS - STING signaling is mediated by a p62/
SQSTM 1-dependent autophagy pathway activated by TBK1. EMBO J. (2018)
37:€97858. doi: 10.15252/emb;j.201797858

Liang Q, Seo GJ, Choi Y], Kwak M-], Ge J, Rodgers MA, et al. Crosstalk
between the cGAS DNA sensor and beclin-1 autophagy protein shapes
innate antimicrobial immune responses. Cell Host Microbe. (2014) 15:228-
38. doi: 10.1016/j.chom.2014.01.009

Chen M, Meng Q, Qin Y, Liang P, Tan P, He L, et al. TRIM14
inhibits c¢GAS degradation mediated by selective autophagy receptor
p62 to promote innate immune responses. Mol Cell. (2016) 64:105-
19. doi: 10.1016/j.molcel.2016.08.025

Lan YY, Londofo D, Bouley R, Rooney MS, Hacohen N. Dnase2a deficiency
uncovers lysosomal clearance of damaged nuclear DNA via autophagy. Cell
Rep. (2014) 9:180-92. doi: 10.1016/j.celrep.2014.08.074

Sliter DA, Martinez J, Hao L, Chen X, Sun N, Fischer TD, et al. Parkin
and PINK1 mitigate STING-induced inflammation. Nature. (2018) 561:258—-
62. doi: 10.1038/541586-018-0448-9

Liu D, Wu H, Wang C, Li Y, Tian H, Siraj S, et al. STING directly activates
autophagy to tune the innate immune response. Cell Death Differ. (2019)
26:1735-49. doi: 10.1038/s41418-018-0251-z

Gui X, Yang H, Li T, Tan X, Shi P, Li M, et al. Autophagy induction via STING
trafficking is a primordial function of the cGAS pathway. Nature. (2019)
567:262-6. doi: 10.1038/s41586-019-1006-9

Liang S, Zhong Z, Kim SY, Uchiyama R, Roh YS, Matsushita H,
et al. Murine macrophage autophagy protects against alcohol-induced
liver injury by degrading interferon regulatory factor 1 (IRF1) and
removing damaged mitochondria. J Biol Chem. (2019) 294:12359-
69. doi: 10.1074/jbc.RA119.007409

Claude-Taupin A, Bissa B, Jia J, Gu Y, Deretic V. Role of autophagy in
IL-1B export and release from cells. Semin Cell Dev Biol. (2018) 83:36-
41. doi: 10.1016/j.semcdb.2018.03.012

Bachetti T, Chiesa S, Castagnola P, Bani D, Di Zanni E, Omenetti A,
et al. Autophagy contributes to inflammation in patients with TNFR-
associated periodic syndrome (TRAPS). Ann Rheum Dis. (2013) 72:1044-
52. doi: 10.1136/annrheumdis-2012-201952

Chandra PK, Bao L, Song K, Aboulnasr FM, Baker DP, Shores N,
et al. HCV infection selectively impairs type i but not type III IFN
signaling. Am ] Pathol. (2014) 184:214-29. doi: 10.1016/j.ajpath.2013.
10.005

Manuse M]J, Briggs CM, Parks GD. Replication-independent activation
of human plasmacytoid dendritic cells by the paramyxovirus SV5
Requires TLR7 and autophagy pathways. Virology. (2010) 405:383-
9. doi: 10.1016/j.virol.2010.06.023

Song J, Hu Y, Li J, Zheng H, Wang ], Guo L, et al. Suppression
of the toll-like receptor 7-dependent type I interferon production
pathway by autophagy resulting from enterovirus 71 and coxsackievirus
A16 infections facilitates their replication. Arch Virol. (2018) 163:135-
44. doi: 10.1007/s00705-017-3592-x

Fliss PM, Jowers TP, Brinkmann MM, Holstermann B, Mack C,
Dickinson P, et al. Viral mediated redirection of NEMO/IKKy to
autophagosomes curtails the inflammatory cascade. PLoS Pathog. (2012)
8:€1002517. doi: 10.1371/journal.ppat.1002517

Muscolino E, Schmitz R, Loroch S, Caragliano E, Schneider C, Rizzato M,
et al. Herpesviruses induce aggregation and selective autophagy of host
signalling proteins NEMO and RIPK1 as an immune-evasion mechanism.
Nat Microbiol. (2020) 5:331-42. doi: 10.1038/s41564-019-0624-1

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Chan ST, Lee J, Narula M, Ou J-HJ. Suppression of host innate immune
response by hepatitis C virus via induction of autophagic degradation of
TRAF6. ] Virol. (2016) 90:10928-35. doi: 10.1128/JV1.01365-16

Lupfer C, Thomas PG, Anand PK, Vogel P, Milasta S, Martinez ],
et al. Receptor interacting protein kinase 2-mediated mitophagy regulates
inflammasome activation during virus infection. Nat Immunol. (2013)
14:480-8. doi: 10.1038/ni.2563

Ojeda DS, Grasso D, Urquiza J, Till A, Vaccaro MI, Quarleri J. Cell death
is counteracted by mitophagy in HIV-productively infected astrocytes but
is promoted by inflammasome activation among non-productively infected
cells. Front Immunol. (2018) 9:2633. doi: 10.3389/fimmu.2018.02633

He X, Zhu Y, Zhang Y, Geng Y, Gong ], Geng J, et al. RNF 34 functions
in immunity and selective mitophagy by targeting MAVS for autophagic
degradation. EMBO J. (2019) 38:e100978. doi: 10.15252/embj.2018100978
Xie B, Zhao M, Song D, Wu K, Yi L, Li W, et al. Induction of autophagy
and suppression of type I IFN secretion by CSFV. Autophagy. (2020) 1-
23. doi: 10.1080/15548627.2020.1739445

Wu Q, Jiang D, Huang C, van Dyk LE Li L, Chu HW. Trehalose-mediated
autophagy impairs the anti-viral function of human primary airway epithelial
cells. PLoS ONE. (2015) 10:e0124524. doi: 10.1371/journal.pone.0124524
Jin R, Zhu W, Cao S, Chen R, Jin H, Liu Y, et al. Japanese encephalitis virus
activates autophagy as a viral immune evasion strategy. PLoS ONE. (2013)
8:¢52909. doi: 10.1371/journal.pone.0052909

Vilmen G, Glon D, Siracusano G, Lussignol M, Shao Z, Hernandez E, et
al. BHRF1, a BCL2 viral homolog, disturbs mitochondrial dynamics and
stimulates mitophagy to dampen type I IFN induction. Autophagy. (2020)
12:1-20. doi: 10.1080/15548627.2020.1758416

Wang R, Zhu Y, Lin X, Ren C, Zhao J, Wang E et al. Influenza M2
protein regulates MAVS-mediated signaling pathway through interacting
with MAVS and increasing ROS production. Autophagy. (2019) 15:1163-
81. doi: 10.1080/15548627.2019.1580089

Wang R, Zhu Y, Ren C, Yang S, Tian S, Chen H, et al. Influenza A
virus protein PB1-F2 impairs innate immunity by inducing mitophagy.
Autophagy. (2020) 1-16. doi: 10.1080/15548627.2020.1725375

Yang W, Li D, Ru Y, Bai J, Ren J, Zhang J, et al. Foot-and-mouth disease
virus 3A protein causes upregulating of autophagy-related protein LRRC25
to inhibit the G3BP1-mediated RLH signaling pathway. ] Virol. (2020)
94:02086-19. doi: 10.1128/JV1.02086-19

Yang C-S, Rodgers M, Min C-K, Lee J-S, Kingeter L, Lee J-Y, et al.
The autophagy regulator rubicon is a feedback inhibitor of CARDY-
mediated host innate immunity. Cell Host Microbe. (2012) 11:277-
89. doi: 10.1016/j.chom.2012.01.019

Hu M-M, Yang Q, Xie X-Q, Liao C-Y, Lin H, Liu T-T, et al. Sumoylation
promotes the stability of the DNA sensor cGAS and the adaptor STING to
regulate the kinetics of response to DNA virus. Immunity. (2016) 45:555-
69. doi: 10.1016/j.immuni.2016.08.014

Luo X, Donnelly CR, Gong W, Heath BR, Hao Y, Donnelly LA, et al. HPV16
drives cancer immune escape via NLRX1-mediated degradation of STING. ]
Clin Invest. (2020) 130:1635-52. doi: 10.1172/JCI129497

Chen X, Wang K, Xing Y, Tu J, Yang X, Zhao Q, et al. Coronavirus
membrane-associated papain-like proteases induce autophagy through
interacting with Beclinl to negatively regulate antiviral innate immunity.
Protein Cell. (2014) 5:912-27. doi: 10.1007/s13238-014-0104-6

Aguirre S, Luthra P, Sanchez-Aparicio MT, Maestre AM, Patel ], Lamothe
E et al. Dengue virus NS2B protein targets cGAS for degradation and
prevents mitochondrial DNA sensing during infection. Nat Microbiol. (2017)
2:17037. doi: 10.1038/nmicrobiol.2017.37

Kim J-H, Kim T-H, Lee H-C, Nikapitiya C, Uddin MB, Park M-E,
et al. Rubicon modulates antiviral type I interferon (IFN) signaling by
targeting IFN regulatory factor 3 dimerization. J Virol. (2017) 91:¢00248-
17. doi: 10.1128/JV1.00248-17

Gupta S, Yla-Anttila P, Sandalova T, Sun R, Achour A, Masucci MG. 14-3-
3 scaffold proteins mediate the inactivation of trim25 and inhibition of the
type I interferon response by herpesvirus deconjugases. PLoS Pathog. (2019)
15:e1008146. doi: 10.1371/journal.ppat.1008146

Zhang R, Xu A, Qin C, Zhang Q, Chen S, Lang Y, et al. Pseudorabies
virus dUTPase UL50 induces lysosomal degradation of type I interferon

Frontiers in Immunology | www.frontiersin.org

13

October 2020 | Volume 11 | Article 578038


https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1073/pnas.0911267106
https://doi.org/10.1016/j.cell.2013.09.049
https://doi.org/10.15252/embj.201797858
https://doi.org/10.1016/j.chom.2014.01.009
https://doi.org/10.1016/j.molcel.2016.08.025
https://doi.org/10.1016/j.celrep.2014.08.074
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1038/s41418-018-0251-z
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1074/jbc.RA119.007409
https://doi.org/10.1016/j.semcdb.2018.03.012
https://doi.org/10.1136/annrheumdis-2012-201952
https://doi.org/10.1016/j.ajpath.2013.10.005
https://doi.org/10.1016/j.virol.2010.06.023
https://doi.org/10.1007/s00705-017-3592-x
https://doi.org/10.1371/journal.ppat.1002517
https://doi.org/10.1038/s41564-019-0624-1
https://doi.org/10.1128/JVI.01365-16
https://doi.org/10.1038/ni.2563
https://doi.org/10.3389/fimmu.2018.02633
https://doi.org/10.15252/embj.2018100978
https://doi.org/10.1080/15548627.2020.1739445
https://doi.org/10.1371/journal.pone.0124524
https://doi.org/10.1371/journal.pone.0052909
https://doi.org/10.1080/15548627.2020.1758416
https://doi.org/10.1080/15548627.2019.1580089
https://doi.org/10.1080/15548627.2020.1725375
https://doi.org/10.1128/JVI.02086-19
https://doi.org/10.1016/j.chom.2012.01.019
https://doi.org/10.1016/j.immuni.2016.08.014
https://doi.org/10.1172/JCI129497
https://doi.org/10.1007/s13238-014-0104-6
https://doi.org/10.1038/nmicrobiol.2017.37
https://doi.org/10.1128/JVI.00248-17
https://doi.org/10.1371/journal.ppat.1008146
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pradel et al.

Viral Hijaking of Autophagy-Regulated Immunity

134.

135.

136.

137.

138.

139.

140.

141.

142.

receptor 1 and antagonizes the alpha interferon response. J Virol. (2017)
91:e01148-17. doi: 10.1128/JV1.01148-17

Cheng X, Wang A. The potyvirus silencing suppressor protein VPg mediates
degradation of SGS3 via ubiquitination and autophagy pathways. J Virol.
(2017) 91:e01478-16. doi: 10.1128/JVI1.01478-16

Fu S, Xu Y, Li C, Li Y, Wu J, Zhou X. Rice stripe virus
interferes with S-acylation of remorin and induces its autophagic
degradation to facilitate virus infection. Mol Plant. (2018)
11:269-87. doi: 10.1016/j.molp.2017.11.011

Wu Y, Jin S, Liu Q, Zhang Y, Ma L, Zhao Z, et al. Selective autophagy
controls the stability of transcription factor IRF3 to balance type I
interferon production and immune suppression. Autophagy. (2020) 1-
14. doi: 10.1080/15548627.2020.1761653

Kim S-], Syed GH, Khan M, Chiu W-W, Sohail MA, Gish RG, et al.
Hepatitis C virus triggers mitochondrial fission and attenuates apoptosis
to promote viral persistence. Proc Natl Acad Sci USA. (2014) 111:6413-
8. doi: 10.1073/pnas.1321114111

Zhu L, Mou C, Yang X, Lin J, Yang Q. Mitophagy in TGEV infection
counteracts oxidative stress and apoptosis. Oncotarget. (2016) 7:27122-
41. doi: 10.18632/oncotarget.8345

Meng G, Xia M, Wang D, Chen A, Wang Y, Wang H, et al. Mitophagy
promotes replication of oncolytic Newcastle disease virus by blocking
intrinsic apoptosis in lung cancer cells. Oncotarget. (2014) 5:6365-
74. doi: 10.18632/oncotarget.2219

Ding B, Zhang L, Li Z, Zhong Y, Tang Q, Qin Y, et al. The
matrix protein of human parainfluenza virus type 3 induces mitophagy
that suppresses interferon responses. Cell Host Microbe. (2017) 21:538-
47.e4. doi: 10.1016/j.chom.2017.03.004

Kim S-J, Khan M, Quan J, Till A, Subramani S, Siddiqui A.
Hepatitis B virus disrupts mitochondrial dynamics: induces fission
and mitophagy to attenuate apoptosis. PLoS Pathog. (2013)
9:€1003722. doi: 10.1371/journal.ppat.1003722

Rawat P, Teodorof-Diedrich C, Spector SA. Human immunodeficiency
virus Type-1 single-stranded RNA activates the NLRP3 inflammasome and

143.

144.

145.

146.

147.

148.

impairs autophagic clearance of damaged mitochondria in human microglia.
Glia. (2019) 67:802-24. doi: 10.1002/glia.23568

Li J, Ma C, Long E Yang D, Liu X, Hu Y, et al. Parkin impairs
antiviral immunity by suppressing the mitochondrial reactive oxygen
species-Nlrp3 axis and antiviral inflammation. iScience. (2019) 16:468-
84. doi: 10.1016/j.is¢i.2019.06.008

Refolo G, Vescovo T, Piacentini M, Fimia GM, Ciccosanti F. Mitochondrial
interactome: a Focus on antiviral signaling pathways. Front Cell Dev Biol.
(2020) 8:8. doi: 10.3389/fcell.2020.00008

Zhou D, Li Q, Jia E Zhang L, Wan S, Li Y, et al. The japanese
encephalitis virus NS1’ protein inhibits type I IFN production by
targeting MAVS. J Immunol. (2020) 204:1287-98. doi: 10.4049/jimmunol.19
00946

Kim SS-Y, Sze L, Lam K-P. The stress granule protein G3BP1 binds viral
dsRNA and RIG-I to enhance interferon-f response. J Biol Chem. (2019)
294:6430-8. doi: 10.1074/jbc.RA118.005868

Zevini A, Olagnier D, Hiscott J. Crosstalk between cytoplasmic RIG-
I and STING sensing pathways. Trends Immunol. (2017) 38:194-
205. doi: 10.1016/j.it.2016.12.004

Cong Y, Dinesh Kumar N, Mauthe M, Verlhac P, Reggiori F. Manipulation
of selective macroautophagy by pathogens at a glance. J Cell Sci. (2020)
133:jcs240440. doi: 10.1242/jcs.240440

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Pradel, Robert-Hebmann and Espert. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

14

October 2020 | Volume 11 | Article 578038


https://doi.org/10.1128/JVI.01148-17
https://doi.org/10.1128/JVI.01478-16
https://doi.org/10.1016/j.molp.2017.11.011
https://doi.org/10.1080/15548627.2020.1761653
https://doi.org/10.1073/pnas.1321114111
https://doi.org/10.18632/oncotarget.8345
https://doi.org/10.18632/oncotarget.2219
https://doi.org/10.1016/j.chom.2017.03.004
https://doi.org/10.1371/journal.ppat.1003722
https://doi.org/10.1002/glia.23568
https://doi.org/10.1016/j.isci.2019.06.008
https://doi.org/10.3389/fcell.2020.00008
https://doi.org/10.4049/jimmunol.1900946
https://doi.org/10.1074/jbc.RA118.005868
https://doi.org/10.1016/j.it.2016.12.004
https://doi.org/10.1242/jcs.240440
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Regulation of Innate Immune Responses by Autophagy: A Goldmine for Viruses
	Introduction
	Overview of the Process of Autophagy
	Modulation of Antiviral Innate Immunity by Autophagy
	Toll-Like Receptors (TLRs)
	NLRPs and Inflammasomes
	RIG-I-Like Receptors (RLRs)
	Cytosolic DNA Recognition by the cGAS/STING Pathway
	Other Intersections

	Viral Manipulation of Autophagy-Dependent Regulation of Innate Immunity
	Manipulation of the Autophagy-Regulated TLR Signaling Pathway
	Manipulation of the Autophagy-Regulated Inflammasome Pathway
	Manipulation of the Autophagy-Regulated RIG-I/MAVS Signaling Pathway
	Manipulation of the Autophagy-Regulated cGAS/STING Signaling Pathway
	Other Manipulations of Innate Immune Responses

	Discussion
	Author Contributions
	Funding
	References


