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Abstract

Virus-infected cells trigger a robust innate immune response and facilitate virus replication. Here,
we review the role of autophagy in virus infection, focusing on both pro-viral and anti-viral host
responses using a select group of viruses. Autophagy is a cellular degradation pathway operated at
the basal level to maintain homeostasis and is induced by external stimuli for specific functions.
The degradative function of autophagy is considered a cellular anti-viral immune response.
However, autophagy is a double-edged sword in viral infection; viruses often benefit from it,

and the infected cells can also use it to inhibit viral replication. In addition to viral regulation,
autophagy pathway proteins also function in autophagy-independent manners to regulate immune
responses. Since viruses have co-evolved with hosts, they have developed ways to evade the
anti-viral autophagic responses of the cells. Some of these mechanisms are also covered in our
review. Lastly, we conclude with the thought that autophagy can be targeted for therapeutic
interventions against viral diseases.
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1. Introduction

Virus infection triggers a robust cellular immune response via activating the pattern
recognition receptors [1-3]. The innate immune response is critical to ensure an immediate
anti-viral response and also to help shape the adaptive immune responses [4,5]. In addition
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to triggering the anti-viral signaling pathways, the virus-infected cells can induce autophagy
in the infected cells [6,7]. Autophagy, which can be translated literally as “self-eating”, is

a cellular catabolic process required to regulate many cellular functions [8]. Basal level
autophagy is required for maintaining cellular homeostasis, and autophagy is often induced
in various disease conditions and infections [9]. The catabolic property of autophagy is
primarily utilized as a cellular immune response to inhibit viral replication by degrading
viral proteins. However, many viruses often exploit autophagy to replicate effectively
within infected cells [10]. Therefore, a careful balance between the pro-viral and anti-

viral functions of autophagy is important. It is also evident that viruses that do not rely

on the machinery of autophagy for replication can still benefit from the components

of the pathway. Moreover, autophagy pathway components can participate in autophagy-
independent cellular functions. The therapeutic targeting of autophagy pathway components
may provide clinical options for the treatment of viral and non-viral diseases [11,12].

2. Autophagy: Activation and Various Forms

2.1. Cellular Autophagy Pathway

Macroautophagy (referred to in this paper as autophagy from this point on), as the name
suggests, signifies self- (auto) eating (phago), and serves as a cellular degradative process.
Autophagy occurs at a basal level in healthy cells but is also activated in response to
stressors, such as nutrient deprivation, organelle damage, oxidative burst, and viral infection.
Autophagy is a cellular pathway that involves four major steps: initiation, nucleation,
elongation, and fusion, as depicted in Figure 1. The various forms of autophagy, as detailed
below, are shown in Figure 2.

Autophagy is induced when AMP-dependent kinase (AMPK) is activated in response to
stressors, leading to the downstream phosphorylation and activation of ULK1 as well as

the inhibition of MTOR [13]. ULK1 functions in a complex with the additional proteins
Fip200, Atg101, and Atg13. This complex leads to the activation of the PI3K complex,
which comprises Beclin-1, Vps34, and Vps15. The activated PI3K complex converts PIP2
to PIP3, which results in the recruitment of human WD-repeat protein interacting with the
phosphoinositide (WIPI) proteins, WIPI1 and WIPI2. The WIPI proteins play an essential
role in recognizing and reading the PtdIns3P signal at the nascent autophagosome. Thus,

the nucleation stage of autophagy begins, during which the phagophore starts to form. The
phagophore is a double-membraned vacuole that encapsulates the proteins to be recycled or
degraded, along with other cytoplasm-derived proteins. Next, the elongation process is an
Atg5-Atgl2-Atgl6-dependent step that results in the formation of an autophagosome, which
is marked by the lipidation of LC3-1 to LC3-11 and involves Atg7 and Atg3. After elongation
of LC3, the autophagosome fuses with a lysosome using the additional proteins, SNARE
and Rab7, which form a structure called the autophagolysosome. Lastly, acidification of the
contents within the autophagolysosome occurs, resulting in the degradation of the protein
content. This step is marked by the degradation of p62, also known as sequestome-like
receptor (SLR), the autophagic adaptor, which binds and packages the cargo into the
autophagolysosome [14]. After the degradation of the proteins, the broken-down cargo is
available for recycling.
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2.2. Mitophagy

There are also selective forms of autophagy that target specific cellular components, such

as particular proteins or intracellular organelles. These selective forms of autophagy rely

on receptor proteins that determine target-specificity [15]. The first selective process of
autophagy to be discussed is mitophagy, which removes the damaged mitochondria for
degradation. This process has been implicated in the pathophysiology of neurodegenerative
diseases and in maintaining critical physiologic functions, such as the differentiation of red
blood cells (RBCs). Mitophagy serves as a quality control mechanism for mitochondria in
various tissues and as a process to remove mitochondrial contents. Interest in mitophagy has
rapidly grown due to various proteins, such as Parkin and PINK1, which are involved in
Alzheimer’s and Parkinson’s diseases [16]. Additional proteins, e.g., BNIP3, FUNDC1, and
MURF1, have also been identified as receptors that mediate mitophagy in both physiological
and stressed conditions [17]. A greater understanding of this process would reveal vital
information regarding the deleterious nature of terminal disease progression.

2.3. Reticulophagy

Like mitophagy, reticulophagy leads to the selective degradation of the endoplasmic
reticulum (ER) upon ER stress, nutrient deprivation, and nitrogen deficiency [18]. Four ER-
resident proteins, FAM134B, RTN3, SEC62, and CCPGL1, have been identified as selective
autophagy receptors in mammals. Viruses have evolved strategies to destroy FAM134B,
avoiding reticulophagy and escaping elimination [19]. Reticulophagy has been involved in
many illnesses caused by the Ebola, Dengue, and Zika viruses. Given the diverse functions
of the ER and its complexity, additional proteins may be involved in reticulophagy. Studying
this process in detail will help to determine potential points of intervention to treat these
harmful viral infections.

2.4. Microautophagy

Unlike macroautophagy, which utilizes an autophagophore to contain the cytoplasm-derived
proteins for degradation, microautophagy involves directly internalizing cytosolic contents
into lysosomal vacuoles by engulfing the invaginations of the lysosomal membrane [20].
Microautophagy can selectively uptake either whole organelles or soluble components

in the cytosol. The process is upregulated under conditions of cellular stress, such as
nutrient deprivation, but studies of this pathway have been limited to yeasts and cell-

free systems. Such studies have described four stages of microautophagy: stages I-111
comprise the invagination of the lysosomal membrane into its lumen, while stage 1V
completes the process of uptake by fusing the membrane of the budding vesicle. The

four stages are distinguished by their sensitivities to various inhibitors and temperatures.
For example, stage | is characterized by its sensitivity to GTP-yS, aristolochic acid, and
nystatin. Stage Il is characterized by its sensitivity to cooling. Stage Il is characterized

by its sensitivity to FCCP/valinomycin. Lastly, stage IV is characterized by its sensitivity

to K252a and rapamycin. Nystatin and a temperature of 0 °C directly interfere with
phospholipid membrane invagination and scission, while valinomycin and rapamycin disrupt
the membrane electrochemical gradient and cell proliferation, respectively [21,22].
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2.5. Lipophagy

This is another way by which autophagy contributes to cellular energy stores. The
contribution of autophagy to cellular energy was thought to only come from free amino
acids (FAAs). However, autophagy can also provide energy through free fatty acids (FFAS).
Lipid droplets (LDs) are dynamic and not inert stores, leading to their classification as

an intracellular organelle [23,24]. One study showed that when hepatocytes were knocked
down for Atg5 and then subjected to an acute oleic acid challenge, there was an overall
increase in the size and number of LDs [25]. As was established through biochemical
analysis, defective macroautophagy was the sole explanation for this phenomenon [25].
However, lipophagy initiation is poorly understood. The aggregation of ubiquitinated
proteins along the surface of LDs, in the presence of proteosomes, has been observed in
Atg7-deficient mice [26,27]. These aggregates were eliminated by autophagy, suggesting
the targeted activation of lipophagy [28]. Defective lipophagy is characteristic of a variety
of pathologies, such as obesity, steatosis, and metabolic syndrome in aging. Animals
exposed to high-fat diets for extended periods of time showed an increase in autophagy
for the first two weeks, followed by a gradual decrease in autophagic activity. Therefore,
this decrease in autophagy predisposes cells to an expansion of the LD compartment,
potentially causing hepatotoxicity and steatosis [28-30]. Studies have shown that the
pharmacological upregulation of autophagy reduced hepatotoxicity in a fatty liver disease
model [31]. Decreased autophagy has been associated with increased age (65) and with
decreased lipophagy, which would contribute to an overall increase in LD content; this
would serve to further reduce autophagy and cause a vicious circle for the development

of hypercholesterolemia and lipid deposits in organs [28]. Lipophagy also has a positive
effect on Flavivirus production through unmodified AUP1 [32]. Further studies are needed
to characterize how lipophagy is initiated and regulated in both normal and diseased states.

2.6. Virophagy (Viral Xenophagy)

Although not entirely understood, virophagy protects against viral infection by linking viral
subunits to autophagosomes [33]. Virophagy entails the engulfment of the entire virion,
which has been reported in the case of SINV [34]. Additionally, this mechanism could

be relevant in anti-viral action against other viruses and warrants further study. Another
factor that is thought to be critical in virophagy is the type of cell involved [35]. The
contribution of cell type to autophagy is another aspect that needs to be better understood.
It is known that this mechanism exists in most cells, but the importance of the activation of
this phenomenon in certain cell types over others, and its role in anti-viral activity, could
improve our understanding of inflammatory response and innate immunity.

3. Autophagy as an Anti-Viral Immune Response

Autophagy is often considered to be an innate immune response, one that is used to control
the early stages of viral infection and form a bridge between innate and adaptive responses
in which the degradative process is required for antigen processing [36]. Virophagy is

an autophagic process that directly degrades intact virions or specific viral proteins. It is
triggered by various mechanisms, depending on the virus at hand, some of which will be
briefly discussed in Table 1.
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For example, upon Sindbis virus (SINV) infection, p62 binds to the viral capsid to activate
virophagy [39]. The p62-mediated clearance of SINV in neurons is a host anti-viral
response, and the absence of autophagy results in increased neurovirulence. In a hepatitis

C virus (HCV) infection, a host ER protein, SHISA5, interacts with the viral nonstructural
protein, NS5A, to transport it into the autophagosomes [37]. Vesicular stomatitis virus
(VSV) infection triggers a decrease in the cellular PI3K-Akt signaling pathway, which
increases autophagy and limits viral replication at the initiation and nucleation stages [40].
During poliovirus infection, the release of viral genome galactosides into the cytoplasm
triggers Galectin 8, which initiates autophagy. The initiation step of autophagy, especially,
exhibits an anti-viral effect against human immunodeficiency virus-1 (HIV-1), in which the
cellular protein, BST2, restricts the viral genome by anchoring it to the cell membrane
[41]. Upon norovirus infection, IFN-y induction and the upregulation of GTPases result

in the recruitment of the Atg5-Atgl12-Atgl6L1 complex, which restricts viral replication
complexes through a non-degradative mechanism [38]. Plasmacytoid dendritic cells (pDCs)
can also detect the presence of a virus without being infected themselves by recognizing
viral genomes within lysosomes that have undergone autophagy. When autophagy is
inhibited in these cells, interferon (IFN)-a. production is also inhibited in response to a range
of viruses, such as VSV, Sendai virus (SeV), Influenza virus, HIV-1, and Herpes simplex
virus (HSV). This indicates that autophagy is a key process in sensing viruses and initiating
an anti-viral response [42].

Autophagy, in addition to its direct anti-viral properties, also plays a role in antigen
presentation. Specifically, the autophagy pathway delivers antigens to MHC class | and |1
molecules, bridging innate and adaptive immune responses. Antigen-presenting cells (APCs)
use the transporter associated with antigen processing (TAP) to internalize proteolyzed
endogenous antigens, whether viral, tumor, or self, into ER phagosomes containing

MHC-I, for presentation to CD8+ T cells. However, studies also implicate autophagy as
another mechanism for exogenous antigen internalization and cross-presentation by MHC-I.
Treating melanoma cells with specific inhibitors of macroautophagy reduced the MHC-I
cross-presentation of the tumor antigen gp100 to corresponding CD8+ cells in vivo [43].

In cases of HIV-1, HSV, or human cytomegalovirus (HCMV) infection, the viral proteins
Gag, Gb, and UL 138, respectively, are presented through MHC-I and are likely aided by
autophagy. Likewise, knocking down Atgl12 in EBV-infected cells results in a hampered
MHC-II uptake of the viral protein antigen EBNAL, thus blocking T-cell activation.
Autophagy also appears to be involved in MHC-11-dependent antigen presentation, even in
the absence of viral infection [14]. The induction of autophagy by nutrient deprivation alters
the types of peptides expressed on MHC-II, such that the displayed peptides are increasingly
derived from intracellular or lysosomal proteins, as opposed to membrane proteins. The
increased occurrence of autophagy in APCs, in turn, alters specificity in the subsequent
activation of T cells [43].

4. Autophagy and the Interferon System

Virus infection triggers a robust host immune response, and the interferon (IFN) system is
the first line of defense against a wide range of viral infections [44]. Virus-infected cells
rapidly induce the production of IFNs, which are secreted and act on neighboring cells via
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the JAK-STAT signaling pathway. The IFN-induced proteins, also known as IFN-stimulated
genes (ISGs), execute the anti-viral action of IFN. ISGs, in addition to directly interfering
with the viral life cycle, also regulate the cellular autophagy pathway to control viral
replication (Figure 3). The IFN-induced protein kinase R (PKR) inhibits HSV-1 replication
in neurons by inducing autophagy; the viral protein ICP34.5 evades PKR-induced autophagy
to facilitate replication [45]. PKR is widely known for phosphorylating elf2a to inhibit viral
protein translation and form intracellular stress granules that enhance anti-viral signaling.
RNase L, another anti-viral ISG known to cleave viral and cellular RNA, induces autophagy
by mediating the role of PKR and amplifies the production of IFN [46,47].

Viperin, the virus-inhibitory protein, which is endoplasmic reticulum-associated and
interferon-inducible, inhibits the replication of many viruses, such as flaviviruses. The
amphipathic nature of viperin allows it to interact with the ER and lipids, diversifying its
anti-viral effects [48]. Keeping this in mind, HCV replicates its RNA on lipid droplets by
interacting with NS5A, a similar viral amphipathic protein. Further along the autophagy
pathway against HCV, viral NS5A is bound by SCOTIN/SHIAS5, another host ISG
localized in the ER, leading to its autophagosomal degradation and the inhibition of HCV
RNA replication [37]. Both points are proposed mechanistic targets of the anti-HCV action
of viperin. Although viperin has been implicated as a therapeutic target against many other
viruses, such as DENV, SINV, influenza A, SeV, VSV, HCMV, WNV, and HIV-1, whether
there is a unified mechanism for its anti-viral action against all these viruses is not known
[48,49]. While we have discussed various ISGs triggered by the presence of viral genomes,
there are also IFN-related proteins that are generated by inflammation in response to viruses.
As modeled by the Drosophila adult brain, the Zika virus (ZIKV) infection of neurons

is modulated by an inflammation-induced protein called a Drosophila stimulator of IFN
genes (dSTING). ZIKV, a flavivirus, initially triggers an NF-kB-dependent inflammatory
cascade in the brain, leading to the production of dSTING, which subsequently stimulates
IFN-regulatory transcription factor 3 (IRF3) and type | IFN production to induce autophagy
and attenuate ZIKV infection in the brain [50].

Another family of immune modulators, known as tripartite motif (TRIM) proteins, often
induced by IFN, are ubiquitin E3 ligases that carry out diverse anti-viral functions by either
directly inhibiting a viral life cycle or by helping to induce the anti-viral autophagy of virus-
infected cells. For instance, TRIM5a interacts with the HIV-1 capsid protein to induce the
disassembly of HIV-1 progeny. TRIM proteins play various roles in autophagy induction by
upregulating IFN transcription and regulating pattern-recognition receptors with anti-viral
signaling cascades. HSV-1, SINV, and adenovirus activate TRIM23’s E3 enzymatic activity,
to ubiquitinate cellular proteins linked to viral cargo for their eventual degradation within
autophagosomes. TRIM23 is unique in that it also serves as a GTPase to regulate TBK1’s
phosphorylation of p62, to enhance cargo recognition in autophagy [51].

In contrast to the various ISGs that induce autophagy to fight against viruses, we have
recently discovered an anti-viral ISG, TDRD7, using a high-throughput screen from a library
of 1ISGs. We showed that TDRD?7 inhibits virus-induced autophagy to block paramyxovirus
replication [6]. Since SeV, RSV, and HPIV3 utilize AMPK, the initiator of the autophagy
pathway, we asked whether TDRD?7 interferes with AMPK activity. Indeed, our results
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showed that TDRD?7 inhibits AMPK activity in terms of its anti-autophagic and anti-viral
functions (Figure 3). We further demonstrated that TDRD?7 inhibits HSV-1 replication by its
anti-AMPK activity [52]. HSV-1 replication is dependent on AMPK but not the autophagy
pathway, and TDRD7 takes advantage of this to inhibit viral replication. We further showed
that the TDRD?7 anti-viral function is dependent on its ability to inhibit AMPK. The anti-
viral function of TDRD?7 is diminished in the AMPK inhibitor-treated cells.

Like TDRD7, promyelocytic leukemia (PML), also known as TRIM19, is another ISG in
mammalian cells that inhibits autophagy by decreasing viral protein expression. TRIM19
forms aggregates into PML nuclear bodies, which also incorporate other cellular anti-viral
restriction factors. TRIM19 has been shown to negatively regulate autophagy in response to
an enterovirus 71 (EV71) infection of HeLa cells, as shown by a decrease in the number

of autophagosomes and a decrease in the LC3-11/LC3-I ratio when compared to TRIM19
knockout cells [53].

Autophagy-dependent degradation mechanisms can be harmful to IFN-mediated cellular
responses. We have recently conducted a high-throughput screen to isolate novel small
molecules that regulate viral apoptosis [54]. The screen also isolated auranofin, which
inhibited the cellular IFN response [55]. We showed that auranofin activates the cellular
autophagy pathway, degrading the IRF3 protein to block the IFN response (Figure 4). The
degradation of IRF3 not only inhibits the transcriptional function but also the pro-apoptotic
function of IRF3. Therefore, autophagy degrades viral components, as well as causing the
degradation of IFN-regulatory proteins [56-59]. The cytoplasmic DNA-sensing pathway by
CGAS/STING depends on the cellular autophagy pathway [60-62]. TBK1, a kinase critical
for inducing IFN, can also act in the autophagy pathway [63,64], thereby regulating the
IFN and autophagy arms of the innate response. Some autophagy pathway proteins can
antagonize the innate immune signaling pathways to further regulate the interferon response
(Figure 4). Therefore, crosstalk between the IFN and autophagy pathways can be a key
regulator of the host response.

5. Autophagy as a Pro-Viral Cellular Response

Several viruses often exploit autophagy to facilitate virus replication. The viruses use either
a specific structure or a component of the autophagy machinery to promote their replication.
HCV uses autophagy in several steps of the viral life cycle; HCV infection activates cellular
autophagy, and the inhibition of this process results in decreased viral production. While
autophagy inhibition does not affect viral entry, it is necessary to replicate viral RNA and
translation [65]. HCV generates autophagosomes, using caveolin 1, caveolin 2, and annexin
AZ2 to generate energy for its replication and promote virion assembly. Additionally, it uses
the exocytosis pathway to release progeny virions [36]. As demonstrated, HCV serves as an
excellent model of autophagy as a pro-viral mechanism, but countless other viruses similarly
utilize parts of the process, many of which are mentioned in this review (Table 2).

Picornaviruses facilitate the formation of autophagosomes to facilitate viral replication, but
they block the binding of lysosomes to these autophagosomes. During poliovirus infection,
the use of rapamycin, an activator of autophagy, results in increased viral replication.
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Encephalomyocarditis virus (EMCV) uses its non-structural proteins 2C and 3D to generate
ER stress, inducing autophagy and promoting its replication [70]. In Coxsackievirus

B3 (CVB3) infection, the inhibition of autophagy by the deletion of Atg5 results in

the inhibition of virus replication, specifically in pancreatic acinar cells [73]. We have
shown that the Sendai virus (SeV), a paramyxovirus, also depends on cellular autophagy
for viral replication [6]. The pharmacological or genetic inhibition of autophagy blocks
SeV replication in vitro. SeV uses AMPK, the kinase required to initiate the autophagy
pathway, to facilitate virus replication. The inhibition of AMPK by chemicals or genetic
approaches blocks SeV replication. We have also shown that AMPK inhibition attenuates
human parainfluenza virus (HPIV3) and respiratory syncytial virus (RSV) replication. The
inhibition of autophagy and AMPK also attenuate RSV replication and pathogenesis in
mice [78]. HPIV3 also triggers mitophagy to inhibit cellular anti-viral responses to IFN,
thus advancing its replication [66,67]. During measles virus (MeV) infection, autophagy
prevents host-cell death, thereby activating pro-survival pathways that favor viral replication
[68]. Coronaviruses also use this autophagic membrane remodeling mechanism to generate
viral membranes, as a crucial step in their life cycle [36]. Dengue virus (DENV) induces
autophagy by the activation of AMPK, ultimately inducing the formation of a double-
membrane vesicle that encloses lipid droplets. This form of autophagy is called lipophagy,
which leads to the degradation of lipid droplets via p-oxidation to generate ATP for viral
replication [36,79]. Lipophagy, a subset of autophagy where lipid droplets are mobilized
within membraned vesicles, serves as a source of energy during infection with flaviviruses
such as DENV and WNV. DENV infection leads to the induction of several innate immune
responses. However, Dengue virus evades recognition by the host PRRs by replicating
within the endoplasmic reticulum, while still using lipids through autophagy and delaying
apoptosis to prevent its clearance [71].

The role of autophagy in herpesvirus replication is complex. Varicella-Zoster virus (VZV)
has been shown to initiate autophagy upon infection; the chemical inhibition of autophagy
or knocking down ATGS5 results in decreased viral titer and viral proteins. Autophagy is thus
required for the VZV life cycle, and this virus-induced autophagy results in enhanced viral
protein synthesis [76]. In contrast to other viruses, HSV-2 does not induce autophagy but
instead uses a basal level of autophagy for its own benefit [75]. The inhibition of autophagy
in the setting of HSV-2 infection has been shown to hamper viral replication; however,

the process is not needed for viral entry into cells. The formation of a double-membrane
autophagosome may serve as a protected environment for the generation of progeny virions.
HSV-1 replication does not depend on the autophagy pathway. We showed that HSV-1
replication remains unaltered in ATG5-knockdown cells [52]. However, the chemical or
genetic inhibition of AMPK attenuates HSV-1 replication. AMPK inhibition in ATG5
knockdown cells also blocks HSV-1 replication. In murine gammaherpesvirus 68 (MHV68)
infection, autophagy supports viral reactivation within macrophages. The induction of
systemic inflammation, mediated by macrophagic IFN-y, results in the suppression of
autophagy genes. Thus, specifically in myeloid cells, Atg genes not only support MHV68
reactivation but also dampen systemic inflammation to curb autophagy inhibition [80].
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6. Viral Antagonism to Autophagy

While autophagy is an effective mechanism against viral infections, many viruses have
evolved to utilize counter-mechanisms that antagonize this anti-viral cellular response.
Influenza A virus (1AV) evades cellular autophagy by using its matrix 2 (M2) proteins [74].
The cytoplasmic tail of viral M2 possesses an interaction motif—the LC3 interaction region
(LIR)—through which the protein binds to LC3. This binding causes LC3 to re-localize

to the plasma membrane, stabilizing influenza virions and facilitating the filamentous
budding of the virion. IAV uses a protein—protein interaction to both inhibit anti-viral
autophagy and promote its replication [74]. HSV-1 inhibits Beclin-1, a component of the
autophagy machinery, to block autophagy induction. The HSV-1 protein ICP34.5 contains
a Beclin-1-binding-domain (BBD), which is critical for inhibiting autophagy. The inhibition
of autophagy by ICP34.5 results in the development of HSV-1 encephalitis [45,81]. HCMV
has two ICP34.5 homologs called TRS1 and IRS1, both of which have BBDs to inhibit
cellular autophagy and evade the anti-viral process [82,83]. Kaposi sarcoma-associated
herpesvirus (KSHV) possesses a viral Bcl2 analog called ORF16 that mimics cellular

Bcl2 and binds Beclin-1, as one of many immune evasion strategies [84]. Although not

a member of the Herpesviridae, HIV has also been shown to use Beclin-1 inhibition as a
viral countermechanism to autophagy. Several of these viral evasion mechanisms are listed
in Table 3.

Viral Antagonism by SARS-CoV-2

It would be remiss to discuss the viral antagonism of host-cell defense mechanisms without
addressing SARS-CoV-2, the beta-coronavirus responsible for the COVID-19 pandemic.
Although much of the exact mechanism by which SARS-CoV-2 affects the autophagic
pathway is yet to be discovered, AMPK has been shown to be a primary target. Upon

the infection of a host cell by the (+)-sense RNA virus, levels of active phosphorylated
AMPK (pAMPK) are reduced. Consequently, there is also a decreased presence of the
active form of downstream target ULK (pULK), suggesting the inhibition of autophagy
initiation as a key mechanism aiding in the CoV-2 evasion of anti-viral defense [90].
Furthermore, accessory factor ORF3a, encoded by the CoV-2 genome, has been identified
as a key antagonist of host-cell autophagy. By binding to VPS39, a crucial facilitator

of vesicle fusion, ORF3a inhibits the recruitment of Rab7 and the subsequent assembly

of the SNARE complex, preventing autophagosome fusion with the lysosome [89]. This
multifaceted inhibition of autophagy by the SARS-CoV-2 virus may explain its persistence
upon infection.

7. Therapeutic Application of Autophagy in Virus Infection

The autophagy pathway can be targeted for therapeutic applications in many diseases,
including viral infection [92]. However, because autophagy plays a dual role in viral
infection and the immune response, it might be complex to target the autophagy pathway for
anti-viral therapy. For example, chloroquine and hydroxychloroquine, originally approved
as COVID-19 treatments, are inhibitors of the autophagy pathway [93]. Numerous reports
suggest that SARS-CoV-2 entry may depend on the autophagy pathway; therefore, these
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autophagy inhibitors may be used to counteract the replication of the CoV-2 virus. We

have shown that auranofin, an anti-rheumatic compound, induces autophagy to degrade
IRF3 [55]. Auranofin has also been shown to inhibit SARS-CoV-2 replication [94]; whether
auranofin degrades a viral protein or a pro-viral host protein in this context will require
future evaluation. Oncolytic viruses, which are often used in anti-cancer therapy, may
function by inducing the autophagy pathway [95]. Anti-retroviral drugs have been shown

to impact the cellular autophagy pathway [96]. For example, it was shown that autophagy-
promoting drugs, such as everolimus (chemotherapy), carbamazepine (anticonvulsant), and
rapamycin (immunotherapy) restricted HIV-1 replication in a cell-specific manner [97]. This
highlights the importance of developing and testing new drugs that act on autophagy and re-
evaluating previously approved drugs that could be repurposed for therapeutic intervention.
We recently characterized a screening strategy that would be useful in repurposing FDA-
approved small compounds [54]. Virus-specific therapeutics that impact the autophagy
pathway will require in-depth investigation before becoming viable treatment options.

8. Conclusions and Future Directions

Autophagy has been studied extensively in virus infection; however, it is not entirely

clear how the viruses specifically utilize or are inhibited by autophagy. Similarly, how
autophagy regulates the cellular responses to virus infection is under-studied. Since many
autophagy-related proteins have roles in regulating ubiquitination, it would be interesting
to assess them in autophagy-independent cellular functions. For example, the Atg5-Atgl2
complex is involved in RLR signaling, independent of autophagy function [98]. Since
viruses have co-evolved along with inhibiting various steps of autophagy, it is considered
an anti-viral response of the host. However, viruses may block parts of the autophagy
machinery while exploiting other proteins involved in autophagy for their own benefit.
Virophagy, the engulfment of the entire virion, although reported in the case of SINV, is
not entirely understood. This mechanism could be relevant in anti-viral action against other
viruses as well and needs to be studied further. Another factor that is thought to be critical
in virophagy is the type of cell involved [99]. The contribution of cell-specific autophagy
is, thus, another aspect that needs to be better understood. It is known that this mechanism
exists in most cells, but the importance of the activation of this phenomenon in certain cell
types over others, and its role in anti-viral activity, could improve our understanding of
innate immunity. Several autophagic proteins have been found to interact with viral proteins,
ranging across five RNA virus families, as part of an interactome study [100]. These have
yet to be studied in terms of a direct role in the restriction of viruses.
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Figure 1.
Virus-induced autophagy pathway. A scheme of the autophagy pathway: mTOR inhibits

the autophagy pathway by negatively regulating the downstream effector protein ULK1
through phosphorylation. Stressful conditions, such as virus infection, activate AMPK,
which inhibits mTOR and promotes the activation of ULK1. Activation of downstream
effectors, such as ULK1 and VVPS34/Beclinl Complex I, induce the formation of an isolation
membrane and initiate the formation and maturation of the autophagosome. VPS34/Beclinl
Complex Il is important in the formation of the autophagosome. The autophagosome then
fuses with the lysosome to form the autolysosome.
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Figure 2.

Various types of autophagy pathways. The diagram shows how the cells activate different
types of autophagy pathways in the uninfected or the virus-infected cells. These pathways
contribute to cellular homeostasis or disease states.
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Figure 3.

Regulation of the autophagy pathway by interferon-stimulated genes. Virus infection and
exposure to PAMPs and DAMPs result in the activation of IRF3, which causes the induction
of type-I interferon (e.g., IFNP) and other IFN-stimulated genes (ISGs) (e.g., TDRD?7,
TRIM19, ISG15, etc.). These ISGs can inhibit viral replication in different ways, including
their ability to inhibit autophagy, which some viruses induce for their own benefit. In this
figure, some ISGs are shown because of their ability to inhibit autophagy. TDRD7 inhibits
autophagy by blocking the activation of AMPK, the kinase that initiates the autophagy
pathway. TRIM19 acts by suppressing virus-induced LC3-1 to LC3-I1 conversion, which

is essential for autophagy. Another ISG, 1SG15, ISGylates BECNL, critical for autophagy,
resulting in its loss of activity and thus inhibiting the induction of autophagy. In contrast,
other ISGs, e.g., PKR, RNase L, can activate the autophagy pathway.
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The role of autophagy in the negative regulation of the innate immune signaling
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pathway. Some examples show that the autophagy machinery or its components inhibit
innate immune-sensing pathways (e.g., RIG-1, MDA5, cGAS-STING) in various ways.

Beclinl interacts with MAVS and interferes with the RIG-1 signaling pathway, thereby

downregulating IFN production. Beclinl also interacts with cGAS, interfering with the

cGAMP synthesis and downstream stimulation of IFN production. The ATG5-ATG12

complex binds to RIG-1 CARD and MAVS CARD and negatively regulates IFN production.

Selective autophagy also directly degrades the PRRs, such as cGAS, and the adaptor
proteins critical in the IFN-I production signaling pathways, such as MAVS, and thus
inhibits IFN-I production. Small molecules, e.g., auranofin, can cause the autophagic
degradation of the IRF3 protein to inhibit IRF3 activation and IFN induction.
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Anti-viral action of autophagy against specific viruses.
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VirusInhibited Autophagy Step M echanism References

Hepatitis C Virus (HCV) Elongation SCOTIN associates with viral NS5A, leading to its degradation [37]
L . Galectin 8 marks permeated endosomes for autophagic destruction of
Poliovirus Cargo Selection the viral genome [10]
Norovirus (NoV) Nucleation IFN-y and GTPases recruit At?hse-,\’-l\itrgulsZ-AtglﬁLl complex to restrict [38]
Sindbis Virus (SINV) Cargo Selection p62 binds to viral capsid protein to target the virus to autophagosome [39]
Vesicular Stomatitis Virus Initiation and VSV-G surface glycoprotein initiates the anti-viral autophagic [40]
(VSV) Nucleation pathway controlled by PI3K/Akt
. . . An LC3 like protein is derived from the viral nucleus to bind to the

Herpes Simplex Virus (HSV) Cargo Selection autophagosome [36]
Human Immunodeficiency Virus BST2 ectodomain anchors the HIV genome to cell membranes, to [41]

(HIV-1) Initiation

restrict virion release
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Virus-induced autophagy as a pro-viral response.

Table 2.
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Virus Viral Protein Mechanism References
Hu\r/r;?lTSI;aEﬂBl;I\L/Jg?za Induces autophagy through AMPK for replication [6,66,67]
MeV binds CD46 to induce initial autophagy
Measles Virus (MeV) MeV-C protein C protein binds host IRGM to induce a second autophagy wave [68,69]
after viral replication, to prevent cell death
Sendai Virus (SeV) Induces autophagy through AMPK for replication [6]
e Non-structural
Encs/[iarualslczré\'{/log/r)(hUS proteins 2C and 3D Induces autophagy through the ER stress pathway [70]
(NS2C/3D)
- Induces ER stress through XBP1 and lipophagy to use the

Dengue Virus (DENV) NS2B/3 resulting ATP [36,71]

West Nile Virus (WNV) NS2B/3 Induces lipophagy to use the resulting ATP [36]
Interacts with host annexin-A2 to use autophagosomal lipid
Hepatitis C Virus (HCV) NS3/4A rafts during viral [36,72]
RNA translation
L Induces autophagy, to use the membrane for viral RNA
Coxsackievirus B replication [73]
- M2 protein LC3- M2 protein interacts with LC3 to relocate the virus to the
Influenza A Virus (IAV) interacting region plasma membrane for budding (74
. — . TAP-blocking Promotes use of autophagosome for protection during antigen

Herpes Simplex Virus-1 (HSV-1) protein presentation [36]
Herpes Simplex Virus-2 (HSV-2) Maintains basal level of autophagy for infection [75]
Varicella Zoster Virus (VZV) Induction of autophagy for viral glycoprotein synthesis [76]
Human Immunodeficiency Virus Viral protein u Removes BST2 from the viral budding sites to allow the spread [77]

(HIV-1) (Vpu)

of new virions
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Table 3.
Viral antagonism to autophagy.
Virus Viral Protein Mechanism References
Induces LC3 lipidation and double-membraned vesicle
2BC, 3A formation for replication [36.85]
Poliovirus
HRAS-like suppressor Escapes autophagic degradation by evading detection of its [36,86]
3 (PLA2G16) genome-containing endosomes ’
RARP NS5B Binds Atg5
. . Induces UVRAG and Rubicon to enhance autophagic flux
Hepatitis C Virus (HCV) NS4B temporarily [36]
Unknown Targets host IRGM to fragment the Golgi apparatus
Foot-and-Mouth Disease Virus . . Associates with p62 to use autophagosomes after the initial
(FMDV) VP1 capsid protein induction of autophagy [36,87]
Zika Virus (ZIKV) NS4A/4B Inhibit AKT phosphorylation and mTOR activation [36,88]
Binds to VPS39 and inhibits recruitment of Rab7 and the
Coronavirus (SARS-CoV-2) ORF3a subsequent assembly of the SNARE complex, preventing [89,90]
autophagosome fusion with the lysosome
Human Simplex L .

Virus 1 (HSV-1) ICP34.5 Inhibits Beclin 1 [36]
Human Cytomegalovirus (HCMV) TRS1, IRS1 Inhibits Beclin 1 [36,82]

Kaposi’s Sarcoma-associated vBcl-2 Inhibits Beclin 1 [84]

Herpesvirus (KSHV) VFLIP Blocks Atg3 E2 enzyme and the lipidation of LC3

Human Immuno-deficiency Virus Nef Inhibits Beclin 1 [36,91]

(HIV-1)
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