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Viruses typically hijack the cellular machinery of their hosts for successful infection and
replication, while the hosts protect themselves against viral invasion through a variety of
defense responses, including autophagy, an evolutionarily ancient catabolic pathway
conserved from plants to animals. Double-membrane vesicles called autophagosomes
transport trapped viral cargo to lysosomes or vacuoles for degradation. However, during
an ongoing evolutionary arms race, viruses have acquired a strong ability to disrupt or
even exploit the autophagy machinery of their hosts for successful invasion. In this review,
we analyze the universal role of autophagy in antiviral defenses in animals and plants and
summarize how viruses evade host immune responses by disrupting and manipulating
host autophagy. The review provides novel insights into the role of autophagy in virus—host
interactions and offers potential targets for the prevention and control of viral infection in
both plants and animals.

Keywords: virus-host interaction, immune response, autophagy, virus manipulation, infection

INTRODUCTION

Plant and animal viruses are among the most difficult “foes” to deal with. Plant virus infections can lead
to a substantial decrease in crop yield and represent a serious threat to food security. Global economic
losses due to plant viruses are estimated to be as high as 30 billion dollars annually (Nicaise, 2014). The
damage caused by mammalian viruses is even more widespread, as evidenced by the coronavirus disease
2019 (COVID-19) pandemic, with 200 million cases of infection and more than 4 million deaths being
reported worldwide (Kumar et al., 2021). In addition, viruses such as human immunodeficiency virus
(HIV), influenza virus, and hepatitis virus, among others, are endemic in humans and have long
represented a threat to human health. Viruses are specialized parasites containing genomes with limited
genome coding potential and, consequently, require the host’s intracellular machinery to replicate,
express viral proteins, and establish infection (Cesarman et al,, 2019; He et al., 2020; V’Kovski et al,
2021). In turn, hosts have evolved a variety of defense mechanisms to limit viral replication and spread.
Plants have developed innate pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI),
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effector-triggered immunity (ETT), RNA silencing, and a variety of
other mechanisms to inhibit viral infection (Incarbone and
Dunoyer, 2013; Mandadi and Scholthof, 2013). Similarly, animals
control viral invasion by initiating innate and adaptive immune
responses (Daugherty and Malik, 2012; Mukherjee, 2020).
Interestingly, increasing evidence has shown that autophagic
processes play an indispensable role in host immune responses in
both plants and animals. Autophagy is also known to mediate a
variety of host-virus interactions (Dong and Levine, 2013; Paul and
Munz, 2016; Kushwaha et al,, 2019; Leary et al., 2019).

Macroautophagy (hereinafter referred to as autophagy) is a
conserved intracellular pathway in plants and animals through
which cytosolic contents are encircled by specialized double-
layered membrane vesicles, known as autophagosomes, that then
transported them to lysosomes/vacuoles for degradation. Under
normal conditions, autophagy functions primarily as a housekeeper
in the maintenance of cellular homeostasis. Under conditions of
stress such as starvation, aging, and microbial infections, autophagic
activity is enhanced, and cellular homeostasis is maintained through
the degradation of damaged cellular components in the cytoplasm,
which, in turn, promotes cell and organism survival (Mizushima
and Komatsu, 2011; Marshall and Vierstra, 2018). In animal cells,
autophagy is involved in controlling viral infection not only by
directly degrading viral components but also through regulating the
intensity of the inflammatory response or promoting viral antigen
presentation by major histocompatibility complexes (Choi et al,
2018). The role of autophagy in animal defenses against viral
pathogens in vivo has been extensively studied; however, less is
known about the function of autophagy in plant-virus interactions.
During the long-term “arms race” between viruses and eukaryotes,
autophagy is the “commanding height” that viruses must conquer,
not only because it represents a cell-autonomous defense
mechanism against microbial invasion, but also because it
functions as a scaffold to promote viral replication. Autophagy
also provides lipid membranes, and vectors for viral exit from cells,
and can improve the survival rate of infected cells, thereby
increasing the viral load (Lussignol and Esclatine, 2017; Wang
et al,, 2019; Keller et al,, 2020). Indeed, many viruses have evolved
a variety of strategies to disrupt or manipulate cellular autophagy to
promote their own replication and spread.

Long-term mutual adaptation has resulted in an extremely
complex interaction between hosts and viruses. In this review, we
analyze the universal role of autophagy in antiviral defenses in
animals and plants. We further discuss how viruses hijack host
autophagic pathways to evade immune responses and promote
self-replication and highlight a versatile virus-host autophagy
interaction mechanism that exists in both plants and animals. This
review provides novel insights into the role of autophagy in virus—
host interactions and offers potential targets for the prevention and
control of viral infection in both groups of eukaryotes.

AUTOPHAGY MACHINERY

The core feature of the autophagy machinery is the formation of
autophagosomes. This process is sequentially regulated by

autophagy-related proteins (ATGs) that aggregate into
complexes that hierarchically promote autophagy initiation,
vesicle nucleation, phagosome expansion, cargo uptake,
autophagosome closure, autophagosome-vacuoles/lysosome
fusion, and content degradation (Dikic and Elazar, 2018; Ding
et al., 2018). Many excellent reviews have focused on the
molecular mechanism involved in autophagy (Chen and
Klionsky, 2011; Michaeli et al., 2016; Dikic and Elazar, 2018;
Ding et al., 2018; Soto-Burgos et al., 2018). In this section, we
offer a context-dependent overview of autophagy, thus providing
a basis for subsequent sections.

According to their function and physical interactions, core
autophagy proteins can be divided into several functional units,
namely, the ATG1/ULK1 (Unc-51-like kinase 1) complex; the
ATG6/Beclinl-PI3K (phosphoinositide 3-kinase)/VPS34
(vacuolar protein sorting 34) complex; the ATG9 complex; the
ATGI12/ATG5/ATG16 ubiquitination-like conjunction system,;
and the ATG8/LC3 (microtubule-associated protein 1 light chain
3)-PE (phosphatidylethanolamine) ubiquitination-like
conjunction system (Xie and Klionsky, 2007). The ATG1/
ULK1 complex, consisting of the serine/threonine protein
kinases ATG1/ULK1, ATGI13, ATG101 and ATG11/FIP200
(FAK family-interacting protein of 200 kDa), is central to the
initiation of autophagy (Hurley and Young, 2017). Multiple
kinases upstream of autophagy can induce ATG1/ULKI1
complex assembly and regulate autophagy initiation. For
example, mammalian target of rapamycin kinase complex 1
(mTORC1) becomes inactivated once it senses stress associated
with cellular energy and nutrient deprivation, resulting in the
activation of the autophagy initiators ATG1/ULK1 and the
promotion of the assembly of ATG1/ULK1, ATG13, and
the accessory subunits ATG11 and ATG101 into an active
complex (Hosokawa et al., 2009; Pu et al.,, 2017). This complex
can stimulate several downstream phosphorylation-dependent
autophagic steps, such as the delivery of lipids to constantly
expanding phagocytic vesicles, as driven by the ATG9 complex
composed of the transmembrane protein ATG9 as well as ATG2
and ATGI18, which have been implicated in ATG9 recycling
(Young et al, 2006; Zhuang et al., 2017). Another step, also
phosphorylation-dependent, involves the activation of the
ATG6/Beclinl-PI3K/VPS34 complex, which subsequently
converts phosphatidylinositol (PI) from lipid molecules on the
surface of phagocytic vesicles to phosphatidylinositol-3-
phosphate (PI3P) (Russell et al., 2013). PI3P on isolation
membranes is recognized by PI3P-binding factors (WD-repeat
protein interacting with phosphoinositides [WIPIs, ATGI18
homologous proteins]) that anchor to PI3P-decorated
phagocytic vesicles and then recruit the ATG12-ATG5-ATG16
complex (Polson et al,, 2010; Dooley et al., 2014; Proikas-
Cezanne et al, 2015), which is composed of ATG12, ATGS5,
and ATG16 in a 2:2:2 ratio. Subsequently, ATG7 (E1-like
enzyme) and ATG10 (E2-like enzyme) mediate the attachment
of the C-terminal glycine of ATG12 to a conserved lysine residue
within ATGS5, yielding an ATG12-ATGS5 conjugate, which then
non-covalently binds to the dimeric scaffold protein ATG16 to
form a hexameric complex with ligase activity (Figure 1)
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(Ichimura et al., 2000; Fujita et al., 2008). The ATG8-PE
ubiquitination-like conjunction system plays an important role
in the expansion of phagocytic vesicles, cargo uptake, and
autophagosome closure (Nakatogawa et al., 2007). Inactive
ATGS8/LC3 protein is cleaved by the protease ATG4 to expose
the conserved C-terminal glycine residue, and ATG7 (E1)
transfers the cleaved ATG8 to ATG3 (E2). With the help of
ATGI12-ATG5-ATG16, acting as an E3 ligase, the C-terminal
glycine carboxyl group of ATG8 covalently binds to the N-
terminus of phosphatidylethanolamine components of the
autophagy bilayer membrane, yielding lipidated ATG8/LC3,
which mediates autophagic bilayer membrane expansion,
closure, and autophagic cargo uptake (Figure 1) (Geng and
Klionsky, 2008; Nakatogawa, 2013). Once the autophagosome is
formed, it is transported to the vacuole/lysosome via a
microtubule network controlled by the endosomal sorting
complexes required for transport (ESCRT) machinery (Vietri
et al., 2020). The autophagosome then fuses with the vacuole/
lysosomal membrane, a process that is mediated by factors such
as vesicular soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (v-SNARE) (Itakura et al., 2012).
Autophagy was initially thought to be a bulk catabolic process
involving the re-mobilization of nutrients and the support of energy
requirements, with cellular components being indiscriminately
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phagocytosed into the autophagosome. However, there is
substantial evidence to indicate that autophagy can also degrade
cytoplasmic cargo, such as misfolded/aggregated proteins, damaged
organelles, and invading microorganisms, in a highly selective
manner (Gatica et al, 2018; Marshall and Vierstra, 2018; Ran
et al,, 2020). ATG8/LC3 plays a key role in selective autophagy.
Membrane-anchored ATG8/LC3 not only interacts with ATGI,
ATG6/Beclinl, and other core autophagy proteins to synergistically
regulate the initiation, extension, and maturation of
autophagosomes, but also provides a platform for cargo receptors
to selectively recruit their cargo (Johansen and Lamark, 2020).
Autophagy cargo receptors typically recognize ubiquitinated
substrates through a highly conserved ubiquitin-association
domain (UBA) and anchor to the autophagosome via ATGS-
interacting motifs (AIMs) (W/F/Y-x-x-L/I/W; also known as
LC3-interacting regions [LIR] in animals), thereby recruiting
cargo to the developing autophagosome for degradation
(Johansen and Lamark, 2011; Birgisdottir et al., 2013). Notably,
some autophagy receptors do not contain an AIM/LIR, but rather
mediate selective cargo degradation through interaction with
ATGS8s via a ubiquitin interacting motif (UIM) (Marshall
et al,, 2019).

Selective autophagy can be subdivided into several types,
including mitophagy [the removal of damaged or excessive
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FIGURE 1 | The autophagy machinery and its inhibition by viruses. The ATG1/ULK1 complex, the ATG6/Beclin1-PIBK/VPS34 complex, and the ATG12-ATG5-ATG16
and ATG8-PE conjugation systems, among others, are involved in key steps of the autophagy pathway, including initiation, elongation, completion, and fusion. Viral
proteins block cellular autophagy and promote virus development by activating TOR, a conserved Ser/Thr kinase; interacting with autophagy-related proteins, thereby
inhibiting or promoting their activity; targeting selective autophagy processes; and interfering with autophagosome-lysosome fusion or lysosomal acidification. Blue-grey
ovals represent animal viral proteins. Plant viral proteins are shown in pink. TOR, target of rapamycin; PAS, pre-autophagosomal structure; PI3P, phosphatidylinositol-3-
phosphate; E1/2/3, E1/2/3-like enzyme.
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mitochondria), reticulophagy (degradation of endoplasmic
reticulum (ER)], aggrephagy (the degradation of protein
aggregates), and proteaphagy (degradation of inactive
proteasomes), among others (Gatica et al., 2018). In addition
to maintaining cellular homeostasis, autophagy also participates
in pathogen clearance. Selective autophagy of intracellular
pathogens is called xenophagy, while that of virions or viral
components is known as virophagy (Yla-Anttila, 2021). Selective
autophagy depends on receptor recognition of cargo and the
initiation of autophagosome formation (Huang et al., 2020; Vo
and Choi, 2021). Substrate ubiquitination is often a key
intermediary step in the recognition and degradation of these
cargoes. For instance, in both plants and animals, once protein
aggregates have been labeled through ubiquitination, the
autophagy cargo receptor neighbor of brca 1 (NBR1) acts as a
ubiquitin-binding protein that interacts with ubiquitinated
protein aggregates and the core autophagy protein ATGS,
following which both ubiquitinated proteins and NBR1 are
degraded by autophagy (Kirkin et al., 2009; Jung et al., 2020).

AUTOPHAGY-MEDIATED
ANTIVIRAL RESPONSES

Although studies have shown that autophagy plays distinct roles
in host-virus interaction, corresponding to different viruses and
host cell types, autophagy can be used to degrade viral
components, viral particles, and even host factors required for
viral replication; autophagy is therefore an important innate
antiviral response (Choi et al., 2018; Ismayil et al., 2020; Yang
et al,, 2020). Many studies have confirmed that autophagy plays
an antiviral defense role in host-virus interaction through
silencing or mutating ATGs (Liu et al., 2005; Yordy et al., 2013).

Autophagy as an Antiviral Strategy in
Animal Cells

The autophagy protein ATGS5 is essential for protecting the mouse
central nervous system from lethal infection with Sindbis virus
(SINV). Orvedahl et al. (2010) reported that Atg5 deletion resulted
in the delayed clearance of viral proteins, while also leading to an
increase in neuronal cell death and the cellular accumulation of the
adaptor protein p62 [also known as sequestosome 1 (SQSTM1)].
The authors further found that p62 acts as a cargo receptor
mediating the selective clearance of SINV capsid proteins,
thereby promoting cell survival (Figure 2). High-throughput,
genome-wide, small interfering RNA (siRNA) screening
subsequently identified the host ubiquitin ligase SMURF1 as an
essential factor for the colocalization of p62 and SINV capsid
proteins as well as virophagy. Following the silencing of SMURF1,
P62 lost its ability to target SINV (Figure 2) (Orvedahl etal., 2011).
The Fanconi anemia complementation group C (FANCC) protein
was also found to mediate virophagy by interacting with the SINV
capsid and promoting host antiviral defenses (Figure 2) (Sumpter
etal, 2016). SMURF1 and FANCC also target HSV-1 for selective
degradation, suggesting that these two proteins generally function
as virophagy factors (Orvedahl et al., 2011; Sumpter et al., 2016).

A complex cell type- and infection status-dependent link exists
between HIV-1 and autophagy. (Sagnier et al., 2015) reported that
the HIV-1 reverse transcription activator Tat, a protein essential
for viral transcription and virion production, is recognized by the
adaptor protein p62/SQSTM1 in a ubiquitin-independent manner
in CD*" T-cells, following which it is degraded via selective
autophagy (Figure 2). HIV-1 is a “master” at manipulating host
cellular mechanisms, including autophagy, and facilitates its own
replication and infection through disrupting or hijacking host
cellular autophagic mechanisms. Influenza A virus (IAV) is an
important zoonotic pathogen, causing significant morbidity in
humans and representing an ever-present threat to humanity.
IAV achieves efficient cross-species transmission through
reassortment or directing host adaptation processes
(Taubenberger and Kash, 2010). When IAV containing avian
PB2 infects mammalian cells, viral ribonucleoprotein (vVRNP)
forms aggregates that localize to the microtubule-organizing
center in infected cells (Liu et al,, 2021). Correspondingly, the
selective autophagy receptor p62/SQSTM1 targets newly
synthesized VRNPs through PB2, a viral polymerase subunit,
inducing higher autophagic flux and greater autolysosome
accumulation, which limits viral infection (Liu et al., 2021). p62
can also mediate the degradation of avibirnavirus proteins.
Infectious bursal disease virus (IBDV) capsid protein VP2 is
responsible for virus assembly, maturation, and replication. (Li
et al, 2020c) revealed that p62 recognizes ubiquitinated VP2
proteins and specifically recruits them to autophagosomes
(Figure 2). p62 lacking the UBA or LIR can no longer promote
VP2 degradation, indicating that p62 promotes the selective
autophagic degradation of VP2 in a ubiquitin-dependent
manner (Li et al, 2020c). It has been suggested that the ER-
resident protein SCOTIN may act as a cargo receptor for
virophagy and recruits non-structural 5A (NS5A), a key factor
in hepatitis C virus (HCV) replication, into autophagosomes for
degradation (Figure 2) (Kim et al,, 2016). In animal cells, the
antiviral restriction factors tripartite motif-containing proteins
(TRIMs) comprise a large family of pattern recognition receptors
(PRRs) containing a RING domain, a B box domain, and a coiled-
coil domain at the N-terminus; additionally, most TRIMs contain
a variable C-terminal domain that plays a role in substrate binding
(Kawai and Akira, 2011). TRIMs not only regulate autophagy
initiation and nucleation, but also act as cargo receptors to mediate
the selective autophagy of viral capsid proteins. For example, in
Langerhans cells (LCs), TRIM50. mediates the assembly of
autophagy-activating complexes to turn on the virophagy
machinery (Ribeiro et al, 2016). In addition, TRIM50. recruits
the HIV-1 capsid into autophagosomes for HIV-1 degradation
through directly interacting with the capsid and ATG8s (Figure 2)
(Mandell et al., 2014a; Mandell et al., 2014b) (Table 1).

Autophagy Plays a Role in Resistance to
Plant Viruses

Several studies have provided clear evidence that autophagy can
also serve as an antiviral defense in plants, directly targeting
viruses or individual viral components for degradation. The
cotton leaf curl Multan virus (CLCuMuV) BCI protein is a key
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FIGURE 2 | The antiviral role of autophagy and its manipulation by viruses. The upper panel indicates the antiviral aspects of cellular autophagy (I and Il). Viral
proteins that manipulate host autophagy are shown in the lower part (lll and IV). The left (I and Ill) and right (Il and V) parts represent the interaction of animal viruses
and plant viruses with host autophagy, respectively. Selective autophagy mediated by cargo receptors is an antiviral mechanism common to both animal and plant
cells. Viruses derived from both plants and animals hijack autophagy to degrade factors that positively regulate host immune responses to enhance their self-
proliferation. Blue-grey ovals represent animal viral proteins. Plant viral proteins are shown in pink. The grass-green rectangle with rounded corners represents host
selective autophagy cargo receptors. Factors that positively regulate host immune responses are displayed in red.

TABLE 1 | Autophagy-mediated antiviral immune responses.

Host Virus Viral protein Host protein(s) Functions References
(s)
Animal  SINV Capsid p62; LC3 p62 adaptor protein mediates autophagic viral protein clearance, (Orvedahl et al., 2010)
thus promoting cell survival
SINV Capsid SMURF1 Acts as a mediator of virophagy (Orvedahl et al., 2011)
SINV Capsid FANCC Interacts with the capsid protein, facilitating virophagy (Sumpter et al., 2016)
HIV-1 Tat p62 Selective degradation of Tat in a ubiquitin-independent manner (Sagnier et al., 2015)
IAV containing PB2; vVRNP  p62; LC3 p62 targets VRNP to form an autophagosome through interaction (Liu et al., 2021)
avian PB2 with viral PB2
IBDV VP2 p62; LC3 p62 mediates the selective autophagic degradation of VP2, thus (Li et al., 2020b)
targeting IBDV replication
HCV NS5A Scotin; LC3 Scotin recruits the NS5A protein to autophagosomes for degradation (Kim et al., 2016)
HIV-1 Capsid TRIM50; ATG8s  TRIM5a functions both as a regulator of autophagy and as an (Mandell et al., 2014a; Mandell et al.,

Plant  CLCuMuV BC1

TLCYNnV C1

CaMV P4 and viral
particles

TuMVv HCPro

TuMVv Nib

RSV p3

CMV 2b

ATGSf
ATG8h; XPOT1

NBR1; ATG8a
NBR1; ATG8a

Beclin1; ATG8a
P3IP; ATGSf

rgs-CaM; ATG8

autophagic cargo receptor mediating HIV-1 restriction

ATGS8f targets BC1 for degradation

ATG8h interacts with C1, directing it for degradation in an XPO1-
mediated, nuclear export pathway-dependent manner

NBR1 targets P4 and viral particles, thus mediating their autophagy-
dependent degradation

HCPro is selectively degraded by the autophagy pathway through
binding with NBR1

Beclin1 interacts with Nib, targeting it for selective degradation
P3IP directs the selective autophagic degradation of p3 through
interaction with ATG8, thereby limiting virus infection

rgs-CaM interacts with 2b for autophagy degradation

2014b; Ribeiro et al., 2016)
(Haxim et al., 2017)
(Li et al., 2020a)
(Hafren et al., 2017)
(Hafren et al., 2018)

(Li et al., 2018)
(Jiang et al., 2021)

(Nakahara et al., 2012)
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factor in virus-induced disease symptoms and virus
accumulation in plants (Jia et al., 2016). Haxim et al. (2017)
showed that ATGS directly targets BC1 for degradation, thereby
protecting plants against this geminivirus (Figure 2).
Interestingly, the V32A mutation in BC1 disrupts the
interaction between ATG8 and BCI1, preventing BCl
degradation through autophagy. In Nicotiana benthamiana,
CLCuMuV carrying the BC1V?*** mutation induces severe
symptoms and viral DNA accumulation (Haxim et al., 2017).
Similarly, tomato leaf curl Yunnan virus (TLCYnV)
nucleoprotein C1 undergoes autophagic degradation through
directly interacting with ATG8h (Figure 2). During virophagy,
exportinl (XPOL1) participates in the transfer of C1 from the
nucleus to the cytoplasm and mediates the binding of ATG8h to
C1 (Li et al., 2020b). When the autophagy-related genes ATG8h,
ATG5, and ATG7 are separately knocked out in plants, the
degradation of CI is inhibited, thus promoting TLCYnV
infection (Li et al., 2020b) (Table 1).

In plants, besides the direct targeting of the core autophagy
protein ATG8 to the viral component, virophagy also requires
cargo receptors as intermediaries. Hafren et al. (2017) reported
that selective autophagy limits cauliflower mosaic virus (CaMV)
infection during compatible interactions between CaMV and
host plants. Autophagy-defective Arabidopsis mutants (atg5 and
atg7) develop more severe symptoms after CaMV infection than
their wild-type counterparts. The viral capsid protein P4
specifically accumulates in Atg5 and Atg7 mutant strains,
whereas the levels of other viral proteins remain unchanged.
Furthermore, selective autophagy mediated by the cargo receptor
NBRI inhibits the accumulation of CaMV P4 (Figure 2) (Hafren
et al,, 2017). NBR1-dependent selective autophagy has also been
reported to function as an antiviral mechanism targeting RNA
viruses. NBR1 inhibits turnip mosaic virus (TuMV)
accumulation by targeting the TuMV helper component
protease HCpro, a suppressor of antiviral RNA silencing
(Figure 2) (Hafren et al.,, 2018). Nevertheless, TuMV appears
to antagonize NBR1-dependent autophagy during infection
through the activity of different viral proteins, thus limiting its
antiviral ability (see below). ATG6/Beclinl reportedly acts as a
selective autophagic cargo receptor and interacts with RNA-
dependent RNA polymerase (RdRp) by targeting its GDD motif,
which results in the autophagic degradation of RdRp and the
inhibition of TuMV infection (Figure 2) (Li et al., 2018).
Silencing ATG6/Beclinl or ATG8 to block autophagy can
promote RdRp accumulation and viral infection and vice versa.
That the GDD motif is relatively conserved and is found in the
RdRps of most plant and animal viruses suggests that ATG6/
Beclinl may be a general cargo receptor in virophagic processes
(Li et al,, 2018). Recently, Jiang et al. (2021) identified a novel
cargo receptor, P3IP, which induces and mediates the autophagic
degradation of the rice stripe virus (RSV)-encoded RNA
silencing suppressor (RSS) P3 protein (Figure 2). The
calmodulin-like protein rgs-CaM may also be a selective
autophagic receptor that regulates viral infection. For example,
tomato rgs-CaM can interact with and stimulate the autophagic
degradation of a variety of viral RNA RSSs, including HCpro

from potyvirus as well as the 2b protein from cucumber mosaic
virus (CMV) and tomato aspermy virus (Figure 2) (Nakahara
et al.,, 2012) (Table 1).

In summary, selective autophagy mediated by cargo receptors
has been shown to play a key role in host protection against viral
infection. Meanwhile, this antiviral mechanism is well conserved
in animal and plant cells. The identification of receptors or
adaptors for selective autophagy will greatly advance the
understanding of virophagy and better reveal the biological
processes underlying the role of selective autophagy in host-
virus interactions.

AUTOPHAGY IS SUBVERTED BY VIRUSES

In response to the limiting effects of autophagy on viral infection,
persistent viruses have developed both specific and non-specific
strategies to inhibit or disrupt multiple steps of the autophagy
pathway for effective replication (Table 2) (Choi et al., 2018;
Huang et al., 2020).

Viruses Disrupt Autophagosome Initiation
and Nucleation

The TOR kinase complex functions upstream of autophagy,
controlling autophagosome biogenesis by negatively regulating
the activity of the ATG1/ULK1 complex (Figure 1). Some animal
and plant viruses can activate TOR kinase activity to inhibit
virophagy (Table 2). For example, CaMV, a plant virus, binds to
and activates TOR kinase through the multifunctional protein
P6, which, in turn, blocks cellular autophagy and promotes
CaMV infection (Figure 1) (Zvereva et al, 2016). Regarding
animal viruses, Blanchet et al. (2010) reported that HIV-1
envelope activates the mTORC1 pathway in dendritic cells
(DCs), leading to impaired autophagy and, consequently, the
blocking of autophagosome-mediated degradation (Figure 1).
Autophagy is a powerful inhibitor of herpes simplex virus 1
(HSV-1) pathogenesis in neurons (Yordy et al., 2012). However,
HSV-1 serine/threonine kinase Us3 can antagonize autophagy in
non-neuronal cells by activating mTORCI1 activity and
increasing the phosphorylation level of ATG1/ULKI
(Figure 1) (Rubio and Mohr, 2019). Us3 can also directly
phosphorylate ATG6/Beclinl and inhibit its activity, which
further suppresses cellular autophagy (Figure 1) (Rubio and
Mohr, 2019). Indeed, ATG6/Beclinl is a target of many animal
viral proteins (Table 2). The HSV-1-encoded neurotoxic protein
ICP34.5 binds to ATG6/Beclinl and inhibits its autophagic
function (Figure 1) (Orvedahl et al., 2007). The HSV-1
ICP34.5 mutant lacking the ATG6/Beclinl binding domain
cannot inhibit autophagy in neurons or cause fatal encephalitis
in mice (Orvedahl et al., 2007). Human cytomegalovirus
(HCM1) expresses TRS1, a functional homolog of ICP34.5,
which can also block autophagosome biogenesis (Figure 1)
(Chaumorcel et al.,, 2012). The N-terminal domain of TRS1
contains the Beclinl binding region, which is crucial for
inhibiting Beclinl-mediated autophagy (Chaumorcel et al,
2012). Another HCMV protein, IRS1, has also been reported
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TABLE 2 | Autophagy is subverted by viruses.

Host Virus(s) Viral Host protein(s) Effects on host-virus interactions References
protein(s)
Animal  HIV-1 Envelope  mTORCA The envelope protein activates the mTORC1 pathway, leading to (Blanchet et al., 2010)
autophagy exhaustion
HSV-1 Us3 mTORC1 Us83 activates mTORC1, which inhibits the ULK autophagy-promoting (Rubio and Mohr, 2019)
complex
HSV-1 Us3 Beclin1 Us3 associates with and phosphorylates Beclin1, thus limiting autophagy (Rubio and Mohr, 2019)
and promoting virus replication
HSV-1 ICP34.5 Beclin1 ICP34.5 interacts with Beclin1, thus inhibiting autophagy (Orvedahl et al., 2007)
HCMV TRS1 Beclin1 TRS1 interacts with Beclin1, thus inhibiting autophagy (Chaumorcel et al., 2012)
HCMV IRS Beclini IRS1 blocks host autophagy by interacting with Beclin1 (Mouna et al., 2016)
KSHV ORF16 Beclin1 ORF16 mimics cellular Bcl-2 and attenuates autophagy through direct (Pattingre et al., 2005)
interaction with Beclin1
MHV68 M11 Beclin1 M11 mimics cellular Bcl-2 and attenuates autophagy through direct (Pattingre et al., 2005)
interaction with Beclin1
KSHV; HVS; VFLIPs ATG3 VFLIPs suppresses autophagy by preventing ATG3 from binding and (Lee et al., 2009)
MCV processing LC3
FMDV 3CPre ATG5-ATG12 3CP" suppresses autophagy via the degradation of the ATG5-ATG12 (Fan et al., 2017)
conjugate
IAV M2 LC3 M2 interacts with LC3 and promotes its relocalization to the host’s plasma (Beale et al., 2014)
membrane
DENV; ZIKV NS3 FAM134B NS3 cleaves the FAM134B receptor, thereby suppressing the (Lennemann and Coyne, 2017)
reticulophagy pathway
CB3 2APT p62 2AP™ cleaves p62, resulting in disrupted selective autophagy (Shi et al., 2013; Mohamud
etal., 2019)
EBV BPLF1 p62 BPLF1 targets p62 and decreases its ubiquitination, thus inhibiting (Yla-Anttila et al., 2021)
selective autophagy
SARS-CoV-2 ORF3a VPS39 ORF3a interacts with VPS39 and prevents the assembly of the SNARE (Hayn et al., 2021; Koepke
complex et al., 2021; Miao et al., 2021)
SARS-CoV-2 ORF7a Unknown ORF7a interferes with autophagosome acidification (Hayn et al., 2021; Koepke
et al., 2021)
SARS-CoV-2 ORF3a UVRAG ORF3a interacts with UVRAG to inhibit PI3KC3-C2 and promote the (Qu et al., 2021)
formation of PI3KC3-C1
HPIV3 P SNAP29 P binds to SNAP29 and prevents SNARE proteins from mediating (Ding et al., 2014)
autophagosome-lysosome fusion
1AV M2 TBC1D5 M2 abrogates TBC1D5-Rab7 binding through interaction with TBC1D5 (Martin-Sancho et al., 2021)
HBV HBx Unknown HBx impairs lysosomal acidification (Liu et al., 2014)
PV Unknown  Galectin 8; Galectin 8 initiates the autophagic degradation of viral RNA, the virus uses (Staring et al., 2017)
PLA2G16 PLA2G16 to evade galectin 8-mediated detection
Plant ~ CaMV P6 TOR P6 activates TOR kinase, which blocks cellular autophagy and promotes (2vereva et al., 2016)
CaMV translation
BSMV o ATG7 Yb interacts with ATG7 and disrupts ATG7-ATG8 interaction, thus (Yang et al., 2018)
suppressing autophagy and promoting viral infection
CaMV P6 NBR1 P6 disrupts the interaction between P4 and host NBR1, which protects (Hafren et al., 2017)
viral replication factory inclusions from autophagic degradation
TuMV VPg; 6K2  Unknown VPg and 6K2 antagonize the antiviral capacity of NBR1-dependent (Hafren et al., 2018)
autophagy by blocking NBR1 and HCpro degradation
RSV NSvc4 Type-l J-domain  NSvc4 hijacks UPR-activated type-I J-domain proteins, thus preventing its (Li et al., 2021)

proteins

autophagic degradation

to block autophagy by interacting with Beclinl (Figure 1)
(Mouna et al., 2016).

In yeast and mammalian cells, in addition to its anti-
apoptotic role, B-cell lymphoma 2 (Bcl-2) also exerts anti-
autophagic activity through its interaction with Beclinl
(Pattingre et al., 2005). Some animal viral proteins function in
a manner similar to that of host cell Bcl-2, i.e., they attenuate
autophagy by directly interacting with Beclinl (Table 2). For
example, Kaposi’s sarcoma-associated herpesvirus (KSHV) and
murine gammaherpesvirus 68 (MHV68) encode the Bcl-2
paralogs ORF16 and M11, respectively. These viral Bcl-2 (vBcl-
2) proteins mimic their cellular counterparts (cBcl-2) and inhibit

autophagosome formation (Figure 1) (Pattingre et al., 2005).
Furthermore, structural and biochemical analysis has shown that
vBcl-2 has a significantly higher affinity for Beclinl and inhibits
autophagosome formation to a greater extent than cBcl-2 (Ku
et al., 2008). Because of the lack of a regulatory loop that can
undergo phosphorylation by c-Jun N-terminal kinase (JNK),
vBcl-2 can remain bound to Beclinl, indicating that vBcl-2 has
evolved into a highly effective autophagy inhibitor (Wei et al,,
2008). Whether plant viruses can inhibit the activity of ATG6/
Beclinl through phosphorylation, direct interaction, or any other
mechanisms, thereby blocking autophagosome biogenesis, is
unknown. Moreover, no homolog of yeast and mammalian
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Bcl-2 has been identified in plants, and it is unclear whether a
mechanism similar to the Bcl-2-mediated regulation of the
autophagy pathway exists in plants. More studies investigating
the regulation of host autophagy by plant viral proteins are
needed to elucidate these possibilities.

Viruses Disrupt Phagosome Expansion

The ATGI12-ATG5-ATG16 and ATG8/LC3-PE ubiquitin-like
conjugation systems are essential for autophagosome formation
and may also be a driving force for vesicle membrane
deformation or bending. Some animal and plant viral proteins
bind to certain proteins of these two sets of ubiquitin-binding
systems, thus interfering with autophagosome biogenesis
(Table 2). The FLICE-like inhibitor protein (vFLIP) of KSHYV,
herpesvirus saimiri (HVS), and molluscum contagiosum virus
(MCV) can inhibit autophagy by preventing ATG3 from binding
and processing LC3 (Figure 1) (Lee et al, 2009). Foot-and-
mouth disease virus (FMDV) mediates the degradation of the
ATG5-ATGI12 complex through viral 3CP™ (Figure 1) (Fan
et al., 2017). The siRNA-mediated knockdown of ATGS5-
ATGI2 significantly increases the FMDV load and vice versa
(Fan et al., 2017). Plant viruses also adopt similar strategies to
inhibit virophagy. For example, the yb protein of barley stripe
mosaic virus (BSMV) interferes with the interaction between
ATG7 and ATG8 in a competitive manner and disrupts
autophagy-mediated antiviral defenses (Figure 1) (Yang et al,,
2018). TAV targets ATG8/LC3, the core component of
autophagy, through the multifunctional protein M2, thereby
disrupting autophagy. Beale et al. (2014) found that the
cytoplasmic tail of IAV M2 contains a highly conserved LIR
that mediates a direct interaction between M2 and LC3 in virus-
infected cells and thereby promoting the mislocalization of LC3
to the plasma membrane. Moreover, mutations in M2 abolish
LC3 binding, interfere with virus budding, and reduce the
stability of virus particles.

Viruses Interfere With Selective Autophagy
Interference with cargo receptor-dependent selective autophagy is
a commonly used strategy by animal and plant viruses to
counteract host antiviral responses (Table 2). Some arboviruses,
such as dengue virus (DENV) and Zika virus (ZIKV), use the ER
as a source of membranes to establish replicative organelles and
promote their assembly and final maturation along the secretory
pathway (Welsch et al., 2009). Correspondingly, host cells have
evolved reticulophagy to cope with this stress. For example, the
ER-localized cargo receptor FAM134B can limit the replication of
DENV and ZIKV (Khaminets et al., 2015). However, these virus-
encoded NS3 proteases specifically block reticulophagy by cleaving
FAM134B at a single site in its reticular homology domain (RHD)
(Figure 1) (Lennemann and Coyne, 2017). p62/SQSTM1 plays an
important role in mediating virophagy. For instance, p62/
SQSTM1 can directly interact with the coxsackievirus B3
(CVB3) capsid protein VP1 and recruit it for autophagic
degradation, which reduces intracellular viral protein production
(Shi et al,, 2013). Interestingly, CVB3 viruses use viral protease
2AP™ to cleave p62/SQSTMI, disrupting its function in selective

autophagy (Figure 1) (Shi et al., 2013; Mohamud et al., 2019).
In contrast, Epstein-Barr virus (EBV) targets p62/SQSTM1 via the
deubiquitinase BPLF1, which inhibits selective autophagy and
promotes EBV replication and transmission (Figure 1) (Yla-
Anttila et al,, 2021). Plant viruses employ a similar strategy to
inhibit selective autophagy. For example, NBR1 targets the viral
capsid protein P4 and mediates its autophagic degradation, which
inhibits CaMV infection (Hafren et al., 2017). However, the P6
protein of CaMV can disrupt the interaction between host NBR1
and P4 and protect the inclusion bodies of viral replication
factories from autophagic degradation (Figure 1) (Hafren et al,
2017). In addition, TuMV VPg and 6K2 can reportedly antagonize
the antiviral ability of NBR1-dependent autophagy by blocking the
degradation of HCpro by NBRI; however, the molecular
mechanism underlying this inhibition of autophagy remains
unclear (Figure 1) (Hafren et al,, 2018).

Viruses Block

Autophagosome-Lysosome Fusion

In addition to activating the TOR kinase complex,
inhibiting autophagic core protein activity, and disrupting
selective autophagy, animal viruses can also interfere with
autophagosome maturation and block autophagosome-lysosome
fusion, thus suppressing antiviral autophagic activity (Figure 1).
SARS-CoV-2 restricts autophagy-associated signaling and blocks
autophagic flux. Cells infected with SARS-CoV-2 show an
accumulation of key metabolites, the activation of autophagy
inhibitors such as AKT and SKP2, and a reduction in the levels
of several proteins responsible for processes spanning from
autophagosome formation to autophagosome-lysosome fusion
(Gassen et al,, 2021). In a recent study, the effect of individual
SARS-COV-2 proteins on autophagy was systematically analyzed,
and the authors found that E, M, ORF3a, and ORF7a promoted
autophagosome accumulation, while also reducing autophagic flux
(Hayn et al,, 2021; Koepke et al., 2021). Additionally, ORF3a and
ORF7a were reported to block autophagy by respectively
interfering with autophagosome-lysosome fusion and lysosomal
acidification (Hayn et al., 2021; Koepke et al., 2021). Miao et al.,
(2021) conducted an in-depth analysis of the mechanism by which
ORF3a prevents autophagosome-lysosome fusion. ORF3a
strongly interacts with VPS39, a component of the tethering
factor HOPS (homotypic fusion and protein sorting) complex.
The binding of ORF3a to VPS39 disrupts the assembly of the
HOPS complex, which is followed by the failure of STX17-
SNAP29-VAMP8 SNARE complex assembly. As the SNARE
complex mediates autophagosome-lysosome fusion, this effect of
ORF3a leads to the inhibition of autophagosome-lysosome fusion
and the complete blockage of autophagic flux (Miao et al., 2021;
Yim and Mizushima, 2021). Qu et al. (2021) showed that ORF3a
has another effect associated with host autophagy. The core
autophagy protein ATG6/Beclinl is known to regulate lipid
kinase Vps34 (PI3KC3) and to interact with mammalian
ATG14 or UVRAG to form two phosphatidylinositol 3-kinase
complexes with significantly distinct functions. The PI3KC3-C1
(ATG6/Beclinl-Vps34-Atgl4) complex positively regulates
autophagosome formation while the PI3KC3-C2 complex
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(ATG6/Beclinl-Vps34-UVRAG) mediates autophagosome
maturation by promoting autophagosome-lysosome fusion
(Levine et al,, 2015). ORF3a interacts with the autophagy
regulator UVRAG to selectively inhibit PI3KC3-C2 and promote
the formation of PI3KC3-Cl, thus inducing incomplete autophagy
(Qu et al., 2021). It is not clear whether SARS-CoV-2 protein is
normally targeted for autophagic degradation. If so, blocking
fusion will allow SARS-CoV-2 to avoid lysosomal degradation
and prevent the degradation products from being used for antigen
presentation to T cells. If not, the accumulation of membrane-
related components caused by incomplete autophagy may exert a
positive effect on SARS-CoV-2 replication. Interestingly, several
other intractable viruses adopt similar strategies to avoid
autophagosome-lysosome fusion. Human parainfluenza virus
type 3 (HPIV3) phosphoprotein (P) binds to SNAP29 and
inhibits its interaction with STX17, thus preventing
autophagosome-lysosome fusion mediated by these two host
SNARE proteins (Ding et al,, 2014). IAV utilizes M2 to block
fusion, resulting in autophagosome accumulation. M2 physically
interacts with TBCID5 through its cytoplasmic tail, thereby
abrogating TBC1D5-Rab7 binding, which is critical for
autophagosome-lysosome fusion (Martin-Sancho et al., 2021).
Hepatitis B virus (HBV) is one of the most successful human
pathogens. Liu et al. (2014) showed that the HBV X protein (HBx)
significantly impairs lysosomal acidification and affects lysosomal
maturation, thereby inhibiting autophagic degradation. However,
HBx can also bind to and enhance the enzymatic activity of
PI3KC3, an enzyme vital for initiating autophagy, which, in turn,
promotes autophagosome formation in infected cells (Sir et al,
2010). Consequently, inducing incomplete autophagy may allow
HBV to both avoid autophagic degradation and promote its own
replication through making use of the components of the
autophagy machinery.

There are no reports to date of plant viruses interfering with
the mechanism of autophagy similar to that seen with animal
viruses; however, given that plant viruses may promote
replication through autophagy biogenesis, and because they
must avoid degradation via the autophagy pathway, plant
viruses may “kill two birds with one stone” by blocking the last
link in the autophagic process, that is, the autophagosome
maturation and fusion steps.

Utilizing host proteins to evade being degraded by autophagy
is a versatile mechanism adopted by viruses. Galectin-8 can
detect nucleosomes containing picornaviruses (PVs) and mark
them for autophagic degradation; meanwhile, PVs such as
poliovirus can evade this detection with the aid of the host
protein HRAS-like suppressor 3 (PLA2G16), thus evading
clearance by autophagy and ensuring the delivery of viral
genomes into the cytoplasm (Table 2) (Staring et al., 2017).
Rice streak virus (RSV) can induce an unfolded protein response
(UPR) in both rice and tobacco. In turn, RSV-induced UPR
activates the host’s autophagy pathway, targeting the RSV-
encoded motor protein NSvc4 for autophagic degradation and
inhibiting RSV movement between cells. Correspondingly, RSV
NSvc4 hijacks UPR-activated type I J-domain proteins in plants
to evade autophagic degradation (Table 2) (Li et al., 2021).

AUTOPHAGY IS MANIPULATED
BY VIRUSES

Animal Viruses Hijack Autophagy, Leading
to Weakened Immunity

Besides directly disrupting host autophagy, some plant- or
animal-derived viruses can also hijack host cell autophagy,
which leads to weakened host antiviral defense responses
(Table 3). Recently, Hou et al. (2021) found that CCDC50
negatively regulates the type I interferon (IFN) signaling
pathway that is activated by animal RNA viral sensor RIG-I-
like receptors (RLRs). Interestingly, in human monocytes
(THP-1) infected with RNA viruses such as Sendai virus (SeV),
vesicular stomatitis virus (VSV), or encephalomyocarditis virus
(EMCV), CCDC50 expression is significantly enhanced, and
CCDC50 specifically recognizes polyubiquitinated RLRs,
resulting in the delivery of activated RIG-I/MDAS5 into
autophagosomes for degradation (Figure 2) (Hou et al,, 2021).
Histone deacetylase 6 (HDACS6), a component of viral RNA-
induced stress granules, acts as an antiviral immune complex and
plays an active role in the type I IFN responses (Zheng et al.,
2020). Coxsackievirus A16 (CA16) triggers p62-mediated
selective autophagic degradation of HDACS, inhibits type I
IEN responses, and promotes viral replication (Figure 2)
(Zheng et al., 2020). Some viral proteins act directly as cargo
receptors and manipulate selective autophagy to inhibit host
antiviral responses. For example, human parainfluenza virus type
3 (HPIV3) matrix protein (M) translocates to host mitochondria
and induces mitophagy through interacting with Tu translation
elongation factor, mitochondrial (TUFM) and the autophagy
protein LC3 (Figure 2) (Ding et al., 2017). M-mediated
mitophagy leads to the inhibition of type I IFN responses. The
IAV PB1-F2 protein functions in a similar manner to HPIV3 M,
simultaneously interacting with TUFM and LC3B to induce
complete mitochondrial autophagy, which promotes the
degradation of mitochondrial antiviral signaling protein
(MAYVS) and suppresses the host’s innate immunity (Wang
et al,, 2021a). Muscolino et al. (2020) detailed a mechanism by
which viruses hijack cellular autophagy to degrade host signaling
proteins and thus evade immunity. The M45 protein of murine
cytomegalovirus induces the degradation of nuclear factor -
light-chain-enhancer of activated B-cells (NF-xB) essential
modulator (NEMO) and receptor-nuclear protein kinase 1
(RIPK1) by first promoting their sequestration as insoluble
protein aggregates and then recruiting the retromer
component vacuolar protein sorting 26B (VPS26B) and the
LC3-interacting adaptor protein TBCID5 to promote the
degradation of the aggregates through selective autophagy
(Figure 2) (Muscolino et al., 2020). Like M45, the HSV-1 ICP6
protein also induces the aggregation and degradation of RIPK1
(Muscolino et al., 2020).

Plant Viruses Manipulate Autophagy to
Counteract Host Antiviral Defenses
siRNA-mediated post-transcriptional gene silencing (PTGS) is a
well-characterized conserved antiviral defense mechanism in higher
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TABLE 3 | Autophagy is manipulated by viruses.

Host Virus(s) Viral Host protein(s) Effects on host-virus interactions References
protein(s)
Animal SeV; VSV; Unknown CCDC50; RIG-I/MDAS Enhances CCDC50 expression, which delivers activated RIG-I/MDA5 for (Hou et al., 2021)
EMCV autophagic degradation
CA16 Unknown  p62; HDAC6 Triggers p62-mediated selective autophagic degradation of HDAC6 (Zheng et al., 2020)
HPIV3 M LC3; TUFM M mediates mitophagy via interactions with TUFM and inhibits the type | (Ding et al., 2017)
interferon response
IAV PB1-F2 LC3; TUFM PB1-F2 interacts with TUFM and LC3B, thus inducing complete (Wang et al., 2021a)
mitochondrial autophagy
MCMV M45 VPS26B; TBC1D5; M45 promotes NEMO and RIPK1 aggregation and recruits VPS26B and Muscolino et al., 2020)
NEMO; RIPK1 TBC1D5 to facilitate the degradation of the aggregates through selective
autophagy
HBV SHBs LC3 SHBs interacts with LC3 and induces autophagy via triggering UPR and (Lietal, 2011)
ER stress
Plant  TuYV PO AGO1; ATIH/2 PO triggers AGO1 degradation by the autophagy pathway (Derrien et al., 2012; Michaeli
et al., 2019)
TuMV VPg SGS3 VPg mediates the degradation of SGS3 by autophagy and ubiquitination (Cheng and Wang, 2017)
TYLCCNB  BCH CaM; SGS3 BC1 upregulates CaM expression and promotes CaM-mediated SGS3 (Li et al., 2014; Li et al.,
degradation 2017)
CMV Unknown  VISP1; SGS3/RDR6 CMV induces VISP1 expression, VISP1 interacts with SGS3 and (Tong et al., 2021)
mediates the autophagic degradation of SGS3/RDR6
RSV NSsv4 REM1 NSsv4 interacts with REM1 and interferes with its S-acylation, inducing (Fuetal, 2018)
the autophagic degradation of unmodified REM1
TuMV VPg REM1.2 VPg interacts with REM1.2 and mediates REM1.2 degradation through (Cheng et al., 2020)
autophagy and ubiquitination pathways
Tumv 6K2; NIb NBR1; ATG8f TuMV activates UPR-dependent NBR1-ATG8f autophagy to target the (Li et al., 2020a)

VRC to the tonoplast, thus promoting viral replication

plants. Key components involved in the PTGS mechanism include
ARGONAUTE1 (AGO1) and the host RNA-dependent RNA
polymerase 6 (RDR6)/suppressor of gene silencing 3 (SGS3)
complex (Ding, 2010). During interaction with their hosts, plant
viruses target these proteins for autophagic clearance to counteract
host-mediated RNA silencing. Derrien et al. (2012) found that
polerovirus PO triggers AGO1 degradation through the autophagy
pathway (Figure 2). Subsequently, Michaeli et al. (2019) showed
that PO and AGO1 are associated with the ER, leading to their
loading into ER-associated vesicles and, subsequently, their vacuolar
degradation in an ATG5- and ATG7-dependent manner. In
addition, ATG8-interacting proteins 1 and 2 (ATI1 and ATI2) are
recruited to the ER and interact with AGO1 to promote the ER-
associated autophagic degradation of AGO1 (Michaeli et al., 2019).
TuMV infection has been reported to reduce the level of SGS3,
which is essential for the biosynthesis of virus-derived small
interfering RNA (vsiRNA) (Cheng and Wang, 2017). TuMV-
encoded viral genomic connexin (VPg) interacts with SGS3 and
induces its degradation and that of its interacting partner RDR6
through both 20S ubiquitin-proteasome and autophagic pathways
(Figure 2) (Cheng and Wang, 2017). Li and co-workers reported
that geminiviruses appear to indirectly utilize the plant endogenous
RNA silencing suppressor calmodulin-like protein (CaM) to inhibit
the siRNA mechanism by promoting the autophagic degradation of
SGS3 (Figure 2) (Li et al,, 2014; Li et al., 2017). Recently, Tong et al.
(2021) identified a novel 71-amino acid virus-induced small peptide
(VISP1) in plants that acts as an autophagy cargo receptor. VISP1
overexpression induces selective autophagy, which attenuates SGS3/
RDR6-dependent viral siRNA amplification and enhances viral
infection; meanwhile, VISP1 mutants display the opposite effect.

Some plant viruses can induce the upregulation of VISP1
expression, thus mediating selective autophagic degradation of
SGS3/RDR6 and, consequently, promoting self-replication and
infection (Figure 2).

Remorins (REMs) are plant-specific membrane-associated
proteins that play an important role in the interaction between
plants and pathogens (Konrad et al, 2014). Fu et al. (2018)
reported that S-acylation is a prerequisite for NbREM1 to target
plasma membrane microdomains and is also required for its
antiviral function, i.e., the inhibition of intercellular virus
transport. Meanwhile, the RSV motor protein NSvc4 interacts
with NbREMI1 and interferes with its S-acylation; accumulated
(untargeted) NbREM1 is degraded by autophagy, leading to the
downregulation of NbREMI. In summary, RSV attenuates
NbREMI1-mediated antiviral activity, which promotes viral
infection (Figure 2) (Fu et al., 2018). Similarly, Cheng et al.
(2020) reported that TuMV VPg interacts with REM1.2 and
mediates its degradation through the 26S ubiquitin-proteasome
and autophagy pathways (Figure 2).

Viruses Exploit the Autophagy Machinery
for Replication

Viruses can also directly use the autophagy machinery to promote
their own replication. For example, TuMV upregulates NBRI-
mediated selective autophagy in a UPR-dependent manner and
targets viral RdRp-containing virus replication complex (VRC) to
the vacuolar membrane, which promotes viral replication and
virion accumulation through cascades of protein-protein
interactions (Table 3) (Li et al., 2020a). Animal viruses also
induce autophagosome accumulation by activating the UPR;
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however, they do not promote the degradation of autophagic
proteins (Sir et al., 2008). Importantly, this autophagosome
accumulation enhances HCV replication, suggesting that HCV
uses an incomplete autophagic response to promote its replication
(Sir et al, 2008). The production and envelopment of another
animal virus, HBV, is also dependent on the host autophagy
machinery. Unsurprisingly, HBV enhances the autophagy process
in host cells without promoting protein degradation. This
enhancement is mediated by HBV small surface protein (SHBs),
which induces autophagy via triggering UPR and ER stress (Li
et al,, 2011).

In summary, plant and animal viruses employ several
strategies to manipulate the autophagy machinery of their
hosts. Viruses promote antiviral factor degradation by
activating selective autophagy receptors or inducing the
expression of negative immune regulators in their hosts.
Additionally, virus-encoded proteins act as selective autophagy
receptors and mediate autophagy, thus obstructing antiviral
responses. Finally, some viruses use their host’s autophagic
process directly, but do not promote autophagic protein
degradation to enhance viral replication.

CONCLUSIONS AND PERSPECTIVES

The past decade has seen significant progress in the study of
autophagy-virus interactions. It is well-established that this
ancient and conserved catabolic pathway is a key element of
antiviral immunity via mediating the selective elimination of
viral proteins and particles. However, in the long-term “arms
race” with their hosts, viruses have evolved a variety of strategies
to inhibit and disrupt the autophagy pathway, thereby limiting
the hosts’ antiviral ability, and even manipulate and use
autophagy to enhance infection. Here, we have reviewed the
research progress related to the interaction between autophagy
and viruses, and summarized the process of virophagy mediated
by a variety of selective autophagy receptors. Moreover, we have
described the similar strategies used by plant and animal viruses,
including the autophagy-induced activation of negative
regulatory signals, direct inhibition of key proteins involved in
autophagosome biogenesis, interruption of selective autophagy,
and use of host proteins to evade autophagic degradation, all of
which disrupt antiviral responses. In addition, we compared the
mechanisms used by plant and animal viruses to manipulate
autophagy and promote self-replication and infection,
highlighting that both plant and animal viruses can manipulate
selective receptors in the host or produce proteins that act as
cargo receptors, thus inhibiting antiviral immune responses.
Although numerous studies have investigated the control of
viral infection by autophagy and how viruses counteract
autophagy-induced adverse consequences, autophagy-virus
interactions remain ill-defined. Additionally, the mechanisms
involved in how viral material is specifically recognized and
targeted for degradation via autophagy remain poorly
understood. A key direction for future research will be to
identify and characterize virophagy receptors that drive host

defense responses as well as the role played by ubiquitination
and/or other post-translational modifications in selectivity and
cargo recognition. These will greatly improve our knowledge of
the mechanisms and functions of autophagy in plant immunity.
Additionally, an interesting balance exists in some viruses,
especially RNA viruses, in that because they can neither survive
nor escape autophagy, they have evolved a mechanism
that blocks only some aspects of autophagy. For example,
herpesviruses can effectively prevent autophagosome maturation;
in turn, autophagosomes represent a source of their outer
membrane. It remains unclear how the virus subtly regulates
autophag signaling during its infection cycle such that it can
simultaneously escape autophagic degradation while exploiting
the structural benefits provided by autophagy.

Compared with plant viruses, substantially more is known
about interactions between animal viruses and host autophagy.
Some directions for research on plant autophagy-virus
interactions can be garnished from our knowledge of animal
viruses, which can be summarized as follows: (1) In animal cells,
autophagy controls viral infection at three levels. At the first level,
autophagy directly mediates the selective degradation of viral
components or particles; the second level involves the
autophagy-mediated initiation of the innate immune response
through synergizing with pattern recognition receptor signaling to
induce IEN production; at the third level, meanwhile, autophagy
activates adaptive immunity by promoting antigen presentation.
Although innate and adaptive immune response mechanisms do
not exist in plant cells, factors such as hormones, PTI, and ETI
play key roles in plant antiviral responses. Studies have shown that
autophagy is associated with the salicylic acid signaling pathway
and programmed cell death; however, the intrinsic crosstalk
mechanisms have not been explored. In addition, it is not
known whether the complex regulatory mechanism, including
negative feedback, found between autophagy and immune
receptors in animals also exists in plants. Yang et al. (2019)
reported that autophagy is involved in the degradation of the
plant immune receptor FLS2, suggesting that such a mechanism
does indeed exist in plants. Revealing the relationship between
autophagy and plant immune signaling will greatly increase our
knowledge of the mechanisms and functions of autophagy in plant
immunity and antiviral responses. (2) Accumulating evidence has
suggested that within animal cells, many components of the
autophagy machinery also mediate autophagy-independent
antiviral functions (Galluzzi and Green, 2019). For example,
ATGI16L1-dependent targeting of LC3 to single-membrane,
non-autophagosome compartments—referred to as non-
canonical autophagy—protects mice from lethal IAV infection
(Wang et al,, 2021b). However, whether ATGs in plant cells also
have autophagy-independent functions remains largely unknown.
(3) There is a unique virophagy pathway controlled by SNX5 in
animal cells. This pathway can activate the autophagy-related
PI3KC3-Cl1 kinase complex and produce the key autophagy
initiation signal PI3P, thus activating autophagy (Dong et al,
2021). Snx5-regulated virophagy has no effect on basic autophagy
and autophagy induced by multiple classical or non-classical
stimuli, and is not related to other cellular pathways, including
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endocytosis and interferon signaling, but rather to a specific viral
defense responses through autophagy (Dong et al., 2021).

It is not known whether plants have a similar virophagy-
specific machinery. (4) Many animal viruses encode proteins that
target ATG6/Beclinl and inhibit its activity, thus blocking
autophagosome nucleation and maturation. This mechanism of
disrupting autophagosome biosynthesis has not been found in
plant viruses. However, given the dual role of ATG6/Beclinl in
mediating antiviral responses, ATG6/Beclinl should be an ideal
target for plant viruses. (5) Animal viruses can also interfere with
the maturation of host autophagosomes and their fusion with
lysosomes, achieving the effect of “killing two birds with one
stone”, whereby they promote their own replication while also
avoiding degradation via the autophagy pathway. No such
reports exist regarding plant viruses. Further in-depth
investigation of the autophagic mechanism in plants and the
strategies used by plant viruses against autophagy may shed light
on these questions. (6) The molecular basis underlying virus-
induced autophagy activation in plants and the role of plant
autophagy proteins and membranes in viral replication, which
have been established in animal systems, is currently unknown.
In summary, further investigation is required to reveal the
specific role of autophagy in antiviral infection as well as the
mechanism by which viruses manipulate autophagy.
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