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meostasis  [1, 2] . The past few years have witnessed a 
rapid explosion of studies on autophagy and viral infec-
tions [reviewed in  3–7 ]. Indeed, the interplay between 
autophagy and viruses has been investigated for more 
than 50 virus species in over 20 families of DNA or RNA 
viruses. These studies expand our knowledge of the im-
munological functions of the autophagy machinery as 
well as the molecular mechanisms of viral life cycles and 
pathogenesis. Furthermore, modulation of autophagy 
may represent a novel therapeutic strategy for treating 
diseases caused by medically important viral pathogens 
 [8] .

  The autophagy machinery is highly conserved from 
unicellular eukaryotes to metazoans. The primordial 
functions of autophagy in unicellular organisms are 
thought to include energy homeostasis and protein and 
organelle quality control. Autophagy is likely also one of 
the most ancient cell-autonomous defense mechanisms 
to confront microbial invasion. As viruses began co-
evolving with eukaryotes as early as 1 billion years ago, 
long-term mutual adaptations have shaped an extremely 
complex interplay between autophagy and viruses  [3, 5] . 
For example, the autophagy pathway and/or the autoph-
agy machinery exerts a crucial antiviral role and restricts 
the virulence of some viruses in vivo in organisms rang-
ing from plants to mammals ( table 1 ). In contrast, many 
viruses successfully evade autophagy and even exploit the 
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 Abstract 

 The autophagy pathway is an essential component of host 

defense against viral infection, orchestrating pathogen deg-

radation (xenophagy), innate immune signaling, and certain 

aspects of adaptive immunity. Single autophagy proteins or 

cassettes of the core autophagy machinery can also function 

as antiviral factors independently of the canonical autopha-

gy pathway. Moreover, to survive and propagate within the 

host, viruses have evolved a variety of strategies to evade 

autophagic attack and manipulate the autophagy machin-

ery for their own benefit. This review summarizes recent ad-

vances in understanding the antiviral and proviral roles of 

autophagy and previously unappreciated autophagy-inde-

pendent functions of autophagy-related genes. 
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 Introduction 

 Macroautophagy (herein autophagy) is an evolution-
arily ancient pathway that plays essential roles in multi-
ple fundamental physiological processes, including im-
munity, survival, differentiation, development, and ho-
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Table 1.  Roles of autophagy (or autophagy-related genes) during viral infection in vivo

Virus Host Autophagy- 
related genes

Host-virus interplay Ref.

RNA viruses

Togaviridae

Sindbis virus Mouse beclin 1 Ectopic Beclin 1 expression in Sindbis virus-infected neurons suppresses viral 
replication in the brain and reduces mouse mortality

[30]

Mouse Atg5 Depletion or disruption of Atg5 impairs CNS clearance of Sindbis virus capsid 
and increases the mortality of infected mice

[14]

Chikungunya virus Mouse Atg16L1 Chikungunya virus induces higher levels of apoptosis and increased lethality in 
Atg16L1 hypomorphic (Atg16L1HM) mice

[31]

Caliciviridae
MNV Mouse Atg16L1 MNV infection in Atg16L1HM mice induces Crohn’s disease-like pathological 

features in the intestine
[41]

Dicistroviridae
Drosophila C virus Drosophila Atg18 Atg18 knockdown does not alter Drosophila C virus replication or the survival 

rate of DCV-infected flies
[10]

Orthomyxoviridae
Influenza A virus Mouse Atg5 Atg5 knockdown in the lung reduces influenza virus H5N1-induced 

inflammation, acute lung injury and mouse mortality
[51]

Picornaviridae
Coxsackievirus B3 Mouse Atg5 Pancreatic acinar cell-specific disruption of Atg5 reduces Coxsackievirus B3 

replication in the pancreas and pancreatic dysfunction
[80]

Rhabdoviridae
VSV Drosophila Atg7, Atg12,

Atg18
Silencing these autophagy genes increases VSV replication in vivo and fly 
mortality after VSV infection

[10]

Sigma virus Drosophila p62/Ref(2)P Permissive Ref(2)P alleles increase sigma virus infectivity in flies, whereas 
restrictive or non-functional alleles decrease sigma virus infectivity

[90]

Virgaviridae
 TMV Arabidopsis ATG3, 

BECLIN 1, 
ATG7, 
VPS34

Silencing these autophagy genes increases TMV local replication and the spread 
of hypersensitive-related programmed cell death to uninfected tissues in plants

[29]

DNA viruses

Hepadnaviridae

HBV Mouse Atg5 Liver-specific knockout of Atg5 impairs HBV replication in vivo [81]

Herpesviridae
HSV-1 Mouse beclin 1 An HSV-1 mutant lacking the ability to inhibit Beclin 1 (HSV-1 ICP34.5Δ68-87) 

is attenuated in a intracerabral infection model
[25]

Mouse beclin 1 HSV-1 ICP34.5Δ68-87 is attenuated in a corneal infection model in wild-type 
mice, but not in Rag1–/– mice lacking B and T cells

[28]

 Mouse Atg5 CD4+ T cell priming after HSV-1 mucosal infection is impaired in lethally 
irradiated wild-type mice reconstituted with Atg5–/– hematopoietic cells

[19]

Mouse beclin 1, Atg5 HSV-1 ICP34.5Δ68-87 is attenuated in an intravaginal infection model likely 
due to the antiviral role of autophagy in dorsal root ganglion neurons

[26]

HSV-2 Mouse Atg5 Dendritic cell-conditional deletion of Atg5 impairs CD4+ T cell priming and 
increases mouse susceptibility to HS-2

[19]

-Herpesvirus 68
(HV68)

Mouse beclin 1 HV68 carrying a vBcl2 variant unable to suppress autophagy fails to efficiently 
maintain latent infection in the spleen

[27]
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autophagy machinery to propagate viral replication. Re-
cently, increasing evidence indicates that the antiviral 
and proviral functions of autophagy proteins or the au-
tophagy machinery does not always rely on the canonical 
autophagic process ( fig.  1 ,  2 ); rather, in many circum-
stances, the formation of autophagosomes and their mat-
uration into degradative autolyososmes is not required 
for such functions of autophagy proteins. In this review, 
we provide an overview of our current knowledge of the 
interplay between viruses and the autophagic machinery.

  The Antiviral Roles of Autophagy and Autophagy 

Proteins 

 The canonical function of autophagy, i.e. the forma-
tion of double-membrane autophagosomes that deliver 
cargo to endolysosomal compartments, may exert several 
different antiviral roles, including: (1) the degradation of 
intracytoplasmic viral components (a process termed vi-
rophagy), (2) the activation of innate immune signaling 
by delivery of viral nucleic acids to endosomal toll-like 

   Fig. 1.  Antiviral functions of autophagy-related genes in viral in-
fection. Shown are selected examples of antiviral functions of au-
tophagy-related genes and representative viruses that may be con-
trolled by such autophagy-related gene antiviral functions. Virions 
and viral components can be captured and directed to autophago-
somes for lysosomal degradation in a process called virophagy (a 
form of xenophagy). In APCs, autophagy augments adaptive im-
mune responses through promoting viral antigen processing and 

presentation on MHC molecules. Furthermore, autophagy can re-
strict viral infection independently of autophagy, such as via pro-
motion of phagosome-to-lysosome fusion (which functions in 
MHC class II antigen presentation of phagocytosed antigens in 
dendritic cells) and the direct inhibition of the formation of viral 
replication complexes (which functions in mediating the antiviral 
effects of IFN-γ). See text for more details.  
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receptors (TLRs), (3) the activation of adaptive immunity 
by presentation of endogenous viral antigens to major 
histocompatibility complex (MHC) class I and MHC 
class II molecules, (4) the regulation of innate immune 
activation by control of mitochondrial quality and reac-
tive oxygen species (ROS) production, and (5) the pro-
motion of cell survival  [3, 5] . More broadly, autophagy 
proteins or cassettes of the autophagy machinery can co-

operate with other immune pathways to restrict viral in-
fection in the absence of autophagosome formation and 
autolysosomal degradation ( fig. 1 ). The signals that trig-
ger virophagy [i.e. viral pathogen-associated molecular 
patterns (PAMPs) or other cellular signals generated dur-
ing viral entry or replication such as danger-associated 
molecular patterns (DAMPs)], the host pattern recogni-
tion receptors that sense these PAMPs and DAMPs, the 

   Fig. 2.  Proviral functions of autophagy-related genes in viral infec-
tion. Shown are selected examples of proviral functions of autoph-
agy-related genes and representative viruses that may benefit from 
such proviral functions. Viruses can exploit autophagy or the au-
tophagy machinery to facilitate their infection. Dengue virus ma-
nipulates lipid metabolism for viral replication via lipophagy. Po-
liovirus utilizes autophagy to promote nonlytic release of virions. 
HCV employs the autophagy machinery to initiate early viral ge-
nome replication and also to conceal viral RNA in autophago-

some-like DMVs. Moreover, viruses can exploit autophagy-relat-
ed proteins in an autophagy-independent manner. For example, 
MHV employs nonlipidated LC3-I and ER-derived vesicles ex-
porting short-lived ERAD regulators (EDEMosomes) to generate 
DMVs for viral replication. A cytopathogenic strain of BVDV in-
corporates an  LC3  gene fragment into its genome and utilizes cel-
lular Atg4B to facilitate the processing of the viral polyprotein pre-
cursor. CVB3 = Coxsackie virus B3.  
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mechanisms by which autophagy functions in the control 
of virus infection, and the relative contribution of au-
tophagy to the host antiviral response remain incom-
pletely understood.

  Signals That Trigger Autophagy during Viral Infection 
 Potential inducers of autophagy during viral infection 

include the process of viral entry or viral replication, viral 
components or assembly intermediates and their deriva-
tives, increased energy requirements, unfolded protein re-
sponses, and plasma membrane disturbance. There are 
several examples of viruses that can induce autophagy in-
dependently of viral replication. In  Drosophila  cells, ve-
sicular stomatitis virus (VSV) induces autophagy via Toll-
7 recognition of VSV-G on the surface of virions  [9]  and 
both UV-inactivated VSV virions and VSV-G-containing 
vesicular particles devoid of any other viral components 
are able to induce autophagy  [10] . Measles virus can acti-
vate autophagy through a tripartite interaction between its 
cellular receptor CD46, GOPC, and the Beclin 1-VPS34 
complex  [11] . Given that CD46 also serves as an entry re-
ceptor for human herpesvirus 6, adenovirus, and bovine 
viral diarrhea virus (BVDV), these viruses may also in-
duce autophagy by a similar mechanism. More generally, 
the interaction between virion surface protein(s) and host 
receptors, and/or viral entry-induced internalization of 
cellular surface molecules may serve as a signal for au-
tophagy initiation.

  Autophagy may also be initiated by plasma membrane 
disturbance independently of the signaling downstream 
of cellular receptors. The fusogenic function of human 
immunodeficiency virus type I (HIV-1) envelope glyco-
protein gp41 is sufficient to trigger autophagy even in 
cells expressing mutant CXCR4 molecules defective in 
signal transduction  [12] . Autophagy induction triggered 
by viral glycoprotein-mediated fusion (which is correlat-
ed with syncytium formation) has also been observed 
during infection with two paromyxoviruses, measles vi-
rus and canine distemper virus  [13] . Thus, further studies 
are warranted to examine how plasma membrane distur-
bance caused by viral entry or syncytium formation be-
tween infected cells may function as danger signals ca-
pable of inducing autophagy.

  For some viruses, such as Sindbis virus (a message 
sense RNA virus in the alphavirus genus), viral replica-
tion is necessary for autophagy induction. In contrast to 
VSV infection in  Drosophila,  UV-inactivated Sindbis vi-
rus fails to induce autophagy in mammalian cells  [14] . It 
is as of yet unknown whether this is triggered by viral 
RNA, by the assembled nucleocapsids that are selectively 

targeted for autophagic degradation  [14, 15] , and/or by 
host antiviral molecules activated during viral infection. 
Recently, the virus-activated host RNAase pathway, 
RNAase L, was shown to be necessary for autophagy in-
duction by VSV, encephalomyocarditis virus, or 2  ′  ,5   ′ -oli-
goadenylate treatment  [16] .

  Context-Dependent Antiviral Effects of Autophagy 
 Unlike the proviral activities of autophagy (discussed 

below), the antiviral activities of autophagy have not been 
well recapitulated in vitro. To date, at least within tissue 
culture experimental systems (which are not natural tar-
gets for viruses), autophagy deficiency usually does not 
significantly increase the viral infectivity of either DNA 
or RNA viruses, such as vaccinia virus  [17] , herpes sim-
plex virus type I (HSV-1)  [18] , herpes simplex virus type 
II (HSV-2)  [19] , mouse hepatitis virus (MHV)  [20] , influ-
enza virus  [21] , Sindbis virus  [14] , West Nile virus  [22] , 
measles virus  [13] , and canine distemper virus  [13] . One 
possible explanation is that viruses have developed potent 
strategies to antagonize autophagy. For example, HSV-1 
ICP34.5 and viral Bcl-2s encoded by the γ-herpesviruses 
(γHV68 M11, KSHV vBcl-2) inhibit autophagy through 
a physical interaction with Beclin 1, and influenza virus 
M2 inhibits autophagosome maturation [reviewed in  23 ]. 
Additionally, vaccinia virus is thought to disrupt autoph-
agy by inducing aberrant LC3 lipidation and a direct con-
jugation between the autophagy proteins, Atg3 and Atg12 
 [24] .

  However, this scenario fails to explain the observation 
that viral mutants unable to suppress autophagy do not 
have replication defects in many cell types in vitro. An 
HSV-1 mutant virus lacking the Beclin 1-binding domain 
of ICP34.5 and ability to block autophagy replicates to 
levels comparable to those of wild-type virus in MEFs and 
epithelial cells  [18, 25, 26] . A γHV68 mutant virus har-
boring an M11 variant that does not interact with Beclin 
1 and inhibit autophagy replicates normally in BHK-21 
cells  [27] .

  One important factor underlying these observations 
appears to be the cell type specificity of the importance 
of autophagy as an antiviral program. Recently, Yordy et 
al.  [26]  demonstrated that dorsal root ganglion neurons 
do have a significant defect in replication in vitro as well 
as in vivo of the mutant HSV-1 virus incapable of inhib-
iting autophagy. Based on this study, as well as previous 
studies suggesting a crucial role for autophagy in control-
ling mammalian neuronotropic viruses in vivo    [25, 28] , 
an emerging theme is that autophagy, rather than inter-
feron, may play a predominant role in controlling viral 
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infection in postmitotic neurons  [6] . However, it is also 
possible that, even in neurons, autophagy may be insuf-
ficient to control robust replication of some viruses. Al-
though not directly examined in vitro, deletion of  Atg5  
in neurons in vivo increased the susceptibility of mice to 
lethal central nervous system infection with Sindbis virus 
but did not increase viral replication  [14] . For some vi-
ruses such as Sindbis virus, the ratio of replication-defec-
tive particles to replication-competent particles may be 
so high that autophagy deficiency fails to result in a de-
tectable increase in viral replication. While it is intuitive 
that a noncytolytic mechanisms for controlling viral rep-
lication may be particularly important in vital, largely 
nonrenewable cell populations such as neurons, the exact 
nature of cellular factors that govern whether autophagy 
has inhibitory effects on viral replication are poorly un-
derstood.

  In contrast to in vitro experimental systems, the pro-
tective role of autophagy against viral infection is strong-
ly supported by in vivo studies using viral variants defi-
cient in autophagy inhibition or model organisms defi-
cient in autophagy function ( table  1 ). In  Arabidopsis,  
disruption of  BECLIN 1  or other autophagy genes dra-
matically increased local replication of tobacco mosaic vi-
rus (TMV) and resulted in the uncontrolled spread of 
programmed cell death  [29] . In  Drosophila,  silencing of 
the autophagy genes,  Atg5,   Atg8,  and  Atg18,  increased 
VSV replication in vivo and decreased fly survival  [10] . In 
mammals, ectopic expression of Beclin 1 in neurons de-
creased Sindbis virus replication in brain, virus-induced 
neuronal apoptosis, and animal lethality  [30] . Converse-
ly, deletion of Atg5 in virally infected neurons led to in-
creased virus-induced apoptosis and mortality during 
central nervous system Sindbis virus infection  [14] . Hy-
pomorphic expression of Atg16L1 resulted in increased 
mortality of mice infected with another alphavirus, chi-
kungunya virus  [31] . Compared to wild-type HSV-1, the 
HSV-1 mutant lacking the ability to bind to Beclin 1 and 
inhibit autophagy resulted in decreased mortality after 
intracerebral infection  [25] , decreased ocular disease af-
ter intracorneal infection  [28] , and decreased mortality 
after intravaginal infection  [26] . These findings collec-
tively demonstrate that the autophagy machinery func-
tions as an essential component of host defense against 
many viral infections in vivo.

  In in vivo studies, the specific nature of the protective 
effects of autophagy also appears to be context depen-
dent. Dorsal root ganglion cells appear to rely on autoph-
agy to control HSV-1 replication in a cell-autonomous 
manner  [26] , whereas in the cornea, autophagy seems to 

be used primarily to promote viral clearance by increas-
ing CD4 T-cell responses  [28] . Although ‘supraphysio-
logical’ levels of autophagy can decrease Sindbis virus 
replication in neurons  [30] , deletion of endogenous au-
tophagy does not affect levels of infectious virus in mouse 
brain, but does impede the clearance of viral nucleocap-
sids in neurons, resulting in increased neuronal death 
 [14] . Thus, autophagy can function in antiviral defense in 
vivo through the direct control of viral replication, 
through the clearance of ‘toxic’ viral nucleocapsids, and/
or through enhancing adaptive immune responses. It is 
also likely that other functions of autophagy proteins, 
such as the regulation of innate immunity and inflamma-
tory signaling, may also contribute to protective effects 
during viral infection.

  Virophagy Is a Form of Selective Autophagy 
 The autophagy pathway is known to selectively target 

unwanted cellular cargo to autophagosomes, including 
intracellular bacteria, damaged mitochondria, peroxi-
somes, lipid droplets, and protein aggregates. Classically, 
this process is thought to involve the labeling of such car-
go with ubiquitin and an adaptor protein that binds to 
both ubiquitin and LC3. However, it has been unknown 
whether virions can be selectively targeted for autophagy 
and, if so, whether this process is also ubiquitin depen-
dent. Recent studies have established that Sindbis virus 
nucleocapsids are selectively targeted for autophagic 
degradation by a mechanism that involves the well-
known adaptor protein p62/SQSTM1, as well as a newly 
identified adaptor protein, SMURF1, an HECT domain 
containing E3 ligase that interacts with p62/SQSTM1 
 [15] . p62/SQSTM1 and SMURF1 both interact biochem-
ically with Sindbis virus nucleocapsid in a ubiquitin-in-
dependent manner. Moreover, the ubiquitin E3 ligase 
domain of Smurf1 is dispensable for its function in selec-
tive autophagy. Therefore, the p62/SQSTM1-Smurf1 
pathway represents a novel ubiquitin-independent 
mechanism of selective autophagy during viral infection. 
It will be interesting to determine what signals earmark 
unwanted viral nucleocapsids for virophagy, and wheth-
er similar mechanisms are used to target other families 
of viruses.

  Autophagy Proteins Function in Adaptive Immunity 
in Viral Infection 
 Accumulating evidence demonstrates that the autoph-

agy machinery promotes MHC class II presentation of vi-
ral (and other) endogenously synthesized antigens in dif-
ferent antigen-presenting cells (APCs), such as B cells, 
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macrophages, dendritic cells, and fibroblasts. This con-
cept was first demonstrated in studies with the Epstein-
Barr virus (EBV) nuclear antigen 1 (EBNA1)  [32] . Subse-
quently, an artificial fusion protein of influenza matrix 
protein 1 (MP1) and LC3 was shown to increase MP1 lo-
calization to autophagosomes and enhance antigen pre-
sentation to CD4 +  T cells by dendritic cells, B cells, and 
epithelial cells  [33] . A recent study of respiratory syncytial 
virus infection found that disruption of autophagy signif-
icantly inhibited the maturation of dendritic cells and 
their antigen presentation to CD4 +  T cells, resulting in 
decreased cytokine production in response to respiratory 
syncytial virus infection  [34] .

  Autophagy may also promote the presentation of 
 endogenous viral antigens on MHC class I molecules and 
the activation of CD8 +  T cells  [35] . During late, but not 
early, stages of HSV-1 infection, autophagy was found to 
contribute to viral glycoprotein gB presentation to MHC 
class I molecules in macrophages and antigen presenta-
tion efficiency was higher in macrophages infected by the 
HSV-1.ΔICP34.5 mutant lacking the viral autophagy 
 inhibitor ICP34.5 than in cells infected by wild-type 
 HSV-1  [35] . In three other reports, autophagy was 
found  to be dispensable for cross-presentation of viral 
antigens by MHC class I molecules, including in HSV-1- , 
EBV-, or HIV-1-infected dendritic cells or lymphoblast 
cells  [19, 32, 36] . It is not yet known whether autophagy 
plays a more general role in class I MHC antigen presen-
tation in viral infection or whether its role is dependent 
on the pathogen, the type of APC, and/or the route of 
antigen presentation. The contribution of autophagy to 
CD8 +  T-cell activation in vivo also needs to be further 
explored.

  Given the role of autophagy in adaptive immunity, it 
is not surprising that viruses employ multiple strategies 
to antagonize this function of autophagy. As noted above, 
the HSV-1 encoded virulence protein ICP34.5, that inter-
acts with Beclin 1, limits CD4 T-cell responses during 
corneal infection  [28] . More recently, Leib et al.  [28]  also 
showed that ICP34.5 has a unique function in dendritic 
cells that is not observed in fibroblasts or neurons; rather 
than blocking autophagosome formation (which it does 
in other cell types), ICP34.5 blocks autophagosomal mat-
uration in dendritic cells, leading to impaired viral anti-
gen presentation to MHC class II loading compartments 
and decreased CD4 T-cell activation  [37] . In a somewhat 
similar fashion, influenza A virus matrix protein 2 (M2) 
interacts with Beclin 1, blocks autophagosome fusion 
with lysosomes  [21] , and restricts antigen presentation by 
MHC class II-loading compartments  [33] . HIV-1 shuts 

down autophagy and immunoamphisome formation 
through rapid envelope-mediated mTOR activation, 
which impairs HIV-1 antigen processing and presenta-
tion  [36] . EBNA1 is thought to shelter itself from being 
targeted by autophagy by having predominant nuclear lo-
calization  [38] .

  The function of autophagy in endogenous viral anti-
gen presentation is thought to represent ‘canonical’ au-
tophagy, at least in the sense that the process involves the 
formation of double-membrane autophagosomes that 
deliver cytosolic components to lysosome-like compart-
ments. In contrast, a canonical autophagy-independent 
role has been shown for Atg5 in dendritic cell MHC class 
II antigen presentation. Mice with dendritic cell depletion 
of Atg5 show defective CD4 T-cell priming and increased 
mortality after HSV-2 infection.  Atg5  –/–  dendritic cells 
are defective in the processing and presentation of extra-
cellular microbial antigens due to an impairment in 
phagosome-to-lysosome fusion rather than a defect in 
general autophagy  [19] . These observations suggest that 
autophagy proteins may function in distinct cellular 
membrane trafficking events to contribute to effective 
MHC class II presentation of both endogenous and exog-
enous viral antigens.

  Autophagy Proteins Function in the Regulation of 
Innate Immune Signaling 
 During viral infection, the fine-tuning of immune ac-

tivation is beneficial to the host  [1, 3, 5] ; indeed, the ter-
mination of virus-triggered immune responses is often 
equally if not more critical than the initiation of such re-
sponses. Autophagy (or specific functions of autophagy 
proteins) can provide a negative feedback mechanism 
that reduces the magnitude and duration of innate re-
sponses to viral infection, thereby protecting the host 
from abnormalities caused by sustained immune activa-
tion. One interesting example of this is the inhibitory role 
of  ATG16L1  in Crohn’s disease. Crohn’s disease is a com-
mon type of inflammatory bowel disease involving mu-
cosal ulceration and inflammation. A polymorphism in 
the autophagy-related gene,  ATG16L1 (T300A),  is one of 
the Crohn’s disease susceptibility alleles  [39] . Compared 
with wild-type mice, mice lacking  Atg16L1  in hematopoi-
etic cells are highly susceptible to dextran sulfate sodium-
induced acute colitis and show higher mortality due to 
severe intestinal inflammation  [40] . Persistent infection 
with murine norovirus (MNV) results in Crohn’s disease-
like pathologic abnormalities of Paneth cells in mice with 
an  Atg16L1  hypomorphic allele  (Atg16L1  HM  )  without en-
hancing viral replication  [41] . However, this intestinal 
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abnormality relies on TNF-α, IFN-γ, and commensal 
bacteria – three important factors associated with Crohn’s 
disease pathogenesis in humans. This suggests that MNV-
induced Paneth cell abnormalities in  Atg16L1  HM  mice are 
likely triggered by an altered cytokine response and in-
creased inflammation in vivo. Since the ATG16L1 T300A 
mutation associated with Crohn’s disease does not alter 
canonical autophagy  [42] , this phenotype is most likely 
due to autophagy-independent functions of Atg16L1. Of 
note, several autophagy-related proteins have been shown 
to negatively regulate innate immune activation through 
a direct interaction with essential signaling molecules. 
For example, the conjugation of Atg5-Atg12 to CARD 
domains of RIG-I and MAVS exhibits an inhibitory effect 
on RIG-I-MAVS-mediated type I interferon production 
 [43] . Atg9a reduces dsDNA-induced innate immune re-
sponses by inhibiting STING translocation and the as-
sembly of STING and TBK1  [44] .

  The autophagy machinery acts at different steps to 
limit the magnitude of inflammation. Mitophagy, the se-
lective autophagic targeting of damaged mitochondria 
for lysosomal degradation, prevents the cytosolic accu-
mulation of ROS and mitochondrial DNA, and thereby 
restricts inflammasome activation  [45, 46] . Assembled 
inflammasomes undergo ubiquitination and are targeted 
to autophagosomes via the autophagy adaptor p62  [47] . 
Furthermore, autophagy also controls IL-1β secretion by 
targeting pro-IL-1β for lysosomal degradation  [48] .

  In some contexts, autophagy or the autophagy ma-
chinery can also stimulate innate immune or inflamma-
tory signaling. Autophagy-related proteins participate in 
type I interferon production by plasmacytoid dendritic 
cells exposed to VSV  [49]  and HIV-1  [50] , likely through 
promoting the delivery of viral ssRNA to endosomal Toll-
like receptors. Moreover, siRNA knockdown of  Atg5  in 
the lung reduced inflammation, acute lung injury, and the 
mortality of influenza virus H5N1-infected mice without 
suppression of viral replication  [51] . Thus, depending on 
the specific context, autophagy may either enhance or re-
duce inflammatory signaling. Further studies are neces-
sary to understand the determinants of such responses 
and how they can be modified to benefit the host in the 
treatment of viral infections.

  Autophagy-Independent Antiviral Activities of 
Autophagy-Related Genes (ATGs) 
 In complex multicellular eukaryotes,  ATGs  orches-

trate diversified functions of cellular and organismal re-
sponses to a variety of dangerous stimuli including viral 
infection  [5] . Over the past 5 years, autophagy-indepen-

dent antiviral functions of  ATGs  have been revealed in 
different experimental systems. These include the pro-
motion of phagosome-to-lysosome fusion (discussed 
above) and mediation of the effects of IFN-γ on the dis-
ruption of MNV replication complexes. IFN-γ treatment 
triggers the recruitment of the autophagy proteins Atg5, 
Atg12, and Atg16L1 to the MNV polymerase, and these 
autophagy proteins (as well as Atg7 but not Atg4B or the 
digestive activity of autophagy) are required for IFN-γ-
induced inhibition of the formation of cytoplasmic MNV 
replication complexes and MNV replication  [52] . Al-
though not yet studied in the context of viral infection, 
other recently identified autophagy-independent func-
tions of certain autophagy proteins that may prove rele-
vant to viral control include a role in the recruitment of 
immunity-related GTPases to pathogen-containing vac-
uoles  [53]  as well as in the unconventional secretion of 
IL-1β  [54] .

  Autophagy Induction as a Potential Antiviral Strategy 
 The antiviral function of autophagy suggests that au-

tophagy induction may be a feasible strategy to treat cer-
tain viral infections. In support of this concept, autoph-
agy induction by either rapamycin or vitamin D treat-
ment has been shown to restrict HIV-replication in vitro 
in primary human macrophages  [55, 56] . In addition, a 
cell-permeable autophagy-inducing peptide (derived 
from a region of Beclin 1 targeted by HIV-1 Nef) restricts 
the in vitro replication of several viruses, including HIV-
1, Sindbis virus, chikungunya virus, and West Nile virus, 
and also reduces the mortality of neonatal mice infected 
with either chikungunya virus or West Nile virus  [57] . 
Therefore, autophagy upregulation may be a novel prom-
ising approach to broad-spectrum antiviral therapies.

  The Proviral Roles of Autophagy and Autophagy 

Proteins 

 Autophagy has likely maintained a selective pressure 
on viruses throughout millions years of co-evolution 
with their eukaryotic hosts. Consequently, different vi-
ruses have developed diversified strategies to avoid and/
or suppress canonical autophagic degradation and au-
tophagy-mediated immune activation. These viral an-
tagonism strategies include: (1) avoidance of autophagic 
capture, (2) suppression of autophagy initiation, and (3) 
suppression of autophagosomal maturation  [3] . The suc-
cessful evasion of the antiviral effects of autophagy allows 
viruses to manipulate and exploit the autophagy pathway 
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and/or components of the autophagy machinery to their 
own advantage. To date, the autophagy pathway and/or 
components of the autophagy machinery have been im-
plicated in proviral roles for several RNA and DNA vi-
ruses ( fig.  2 ). However, the precise molecular mecha-
nisms of most proviral activities have not been complete-
ly defined.

  Viral Exploitation of the Autophagy Pathway and/or 
the Autophagy Machinery 
 The proviral activity was first discovered in poliovirus-

infected cells, in which autophagy promotes both viral 
replication and nonlytic release  [58] . There are several 
possible ways in which intact or incomplete autophagy 
might benefit viral infection. As an essential mechanism 
to maintain nutrient and energy homeostasis in response 
to stress, autophagy may help supply building blocks for 
viral replication. As a prosurvival mechanism, autophagy 
may help keep virally infected cells alive, allowing more 
prolonged replication. As a pathway that mediates dy-
namic membrane rearrangements, autophagy (and/or 
specific autophagy proteins) may facilitate the formation 
of intracellular membranes required for viral replication. 
As a process that involves many enzymatic complexes, 
including the ubiquitin ligase protein conjugation sys-
tems and the class III phosphatidylinositol-3 kinase com-
plex, some of the biochemical functions of these com-
plexes might be co-opted for use in viral replication. 
Many of these, and likely other, features of autophagy 
may be utilized to foster viral replication. In this review, 
we focus on selected recent studies that have not previ-
ously been discussed in other published reviews [for a 
more complete discussion of this topic, we refer readers 
to  3–7 ].

  Dengue Virus Manipulates Lipid Metabolism for 
Replication 
 In mammals, lipid droplets can be selectively degraded 

by lysosomes via autophagy to release free fatty acids 
(FFAs) in a selective autophagy process referred to as li-
pophagy  [59] . Dengue virus infection induces autophagy-
dependent processing of lipid droplets and triglycerides 
to generate FFAs, resulting in an increase in cellular 
β-oxidation and ATP generation  [60] . Autophagy inhibi-
tion greatly reduces lipophagy and Dengue virus yield 
without affecting viral entry or translation, and this defect 
in viral replication is completely rescued by exogenous 
FFAs  [60] . These findings provide the first example of vi-
ral exploitation of lipophagy to enhance infection by 
modulating host lipid metabolism.

  Autophagy May Enhance Kaposi’s 
Sarcoma-Associated Herpesvirus Lytic 
Reactivation from Latency 
 Kaposi’s sarcoma-associated herpesvirus (KSHV) is a 

human γ-herpesvirus associated with multiple cancers, 
including lymphoproliferative disorders and Kaposi’s 
sarcoma. Two autophagy suppressors in the KSHV ge-
nome have been identified, including viral Bcl-2 and v-
FLIP  [61, 62] . KSHV v-FLIP blockade of autophagy (via 
an interaction with Atg3) is thought to enhance the pro-
liferation of KSHV-infected cells by blocking autophagy-
dependent senescence induced by the viral oncogenic 
protein v-cyclin  [63] . In contrast to this role of autophagy 
as an anti-KSHV host defense mechanism (by promoting 
oncogene-induced senescence), another study reported 
that autophagy may have a proviral function during 
KSHV infection. Genetic or pharmacological inhibition 
of autophagy was shown to block KSHV replication and 
transcription activator (RTA)-mediated lytic gene ex-
pression or DNA replication, respectively  [64] .

  The Autophagy Machinery Is Exploited for 
Hepatitis C Virus Infection 
 Hepatitis C virus (HCV) is one of best-studied viruses 

that is reported to exploit components of the autophagy 
pathway to promote its replication. Different subtypes of 
HCV (1a, 1b, and 2a) induce the apparent accumulation 
of autophagosomes (i.e. vacuoles that have autophagic 
markers such as LC3 and ATG5)  [65, 66] , and NS4B, an 
HCV nonstructural protein, interacts with Rab5 and Be-
clin 1/Vps34 and functions in autophagy initiation  [67] . 
Of note, HCV infection triggers an incomplete autophagy 
response likely by blocking autophagosome maturation 
 [66, 68] . The activation of early autophagy is important 
for the HCV life cycle, as knockdown of several different 
autophagy genes ( LC3 ,  ATG4B ,  ATG7 ,  ATG12,  and  beclin 
1 ) significantly reduces HCV RNA replication and yield 
 [66, 69–72] .

  The core autophagy machinery may participate in dif-
ferent facets of HCV infection. Through mechanisms that 
are not yet understood, the autophagy machinery was 
shown to be required for the initiation of translation and 
replication of the incoming HCV genome (but not for 
subsequent rounds of replication)  [69] . ATG5 transiently 
interacts with the HCV RNA polymerase NS5B, leading 
to the speculation that ATG5 might function as a proviral 
factor during the onset of viral infection  [73] . Some stud-
ies suggest an association between HCV replication (HCV 
RNA and components of the HCV replicase complex) 
and double-membrane vesicles (DMVs) that have au-
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tophagosomal markers  [72, 74] . Additional studies will be 
needed to determine whether these DMVs represent true 
autophagosomes or whether multiple components of the 
canonical autophagy machinery may also be used to gen-
erate double-membrane structures used as scaffolds in 
RNA virus replication.

  One advantage of the utilization of DMVs is that this 
may allow HCV to conceal its viral RNA from cytosolic 
RNA sensors and thereby evade host antiviral responses. 
This strategy is not a unique feature of viruses in the fam-
ily Flaviviridae. Porcine reproductive and respiratory 
syndrome virus, a member of the family Arteriviridae, 
also induces an incomplete autophagy response (i.e. in-
duction of early autophagy with a block in autophago-
some-lysosome fusion) that is required for viral replica-
tion, and the viral replicase NSP2 partially co-localizes 
with LC3  [75] . In addition, Coxsackievirus B3 and other 
picornaviruses have been shown to induce the formation 
of DMVs that contain autophagosomal markers, block 
autophagosome-lysosome fusion, and display reduced vi-
ral replication with pharmacological or genetic inhibition 
of autophagy  [58, 76] . Therefore, viral hijacking of au-
tophagy protein-mediated DMV formation may be a 
common replication strategy for RNA viruses.

  Autophagy May Promote DNA Virus Replication 
 Hepatitis B virus (HBV) likely utilizes the core autoph-

agic machinery to promote viral DNA replication  [77]  
and viral envelopment  [78] . Promotion of viral DNA ge-
nome replication by autophagy or the autophagy machin-
ery is also observed during infection with two other DNA 
viruses, KSHV  [64]  and porcine circovirus type 2  [79] . It 
will be interesting to explore whether there is a common 
molecular mechanism underlying the involvement of the 
autophagy machinery in the genome replication of DNA 
viruses.

  Atg5 Is Required for Viral Replication and 
Pathogenesis in vivo 
 Two recent studies on Coxackievirus B3  [80]  and HBV 

 [81]  provide in vivo evidence that the Atg5 autophagy 
protein exerts proviral functions. Pancreatic acinar cell-
specific disruption of  Atg5  dramatically reduces Cox-
sackievirus B3 replication in the pancreas and decreases 
viral-induced pancreatic dysfunction  [80] . The precise 
mechanism of decreased viral replication is not fully un-
derstood but is postulated to result from reduced synthe-
sis of viral genomic RNA due to a deficiency in the forma-
tion of compound membrane vesicles and paracrystalline 
arrays (which are believed to be viral replication plat-

forms). Liver-specific knockout of  Atg5  reduces HBV 
DNA replicative intermediates in the liver to nearly un-
detectable levels and circulating HBV DNA in sera by 
more than 90%  [81] . These in vivo studies suggest that for 
certain viruses, such as picornaviruses and HBV, phar-
macological disruption of autophagy might exert antivi-
ral effects. However, it is not yet known whether the in 
vivo phenotypes of Atg5 deficiency in Coxsackievirus B 
and HBV infection are due to defective autophagy or the 
lack of other Atg5-dependent functions.

  Immunity-Related GTPase Family M May Be a 
Common Viral Target to Modulate Autophagy or 
Exploit the Autophagy Machinery 
 Human immunity-related GTPase family M (IRGM) 

and the mouse ortholog Irgm1 were originally linked to 
autophagy by virtue of their requirement in IFN-γ-
mediated autophagy induction and elimination of intra-
cellular mycobacteria  [82] . A recent study suggests that 
IRGM may be a common target of RNA viruses that sub-
vert autophagy  [83] . Using yeast two-hybrid and bioin-
formatics analyses, human IRGM was shown to interact 
with several core autophagy proteins, including ATG5, 
ATG10, and LC3B, as well as with several viral proteins, 
including measles virus capsid, HCV NS3, and HIV Nef. 
Expression of these viral proteins is sufficient to induce 
autophagy through an IRGM-dependent mechanism, 
and the genetic silencing of IRGM decreases measles-, 
HCV-, and HIV-1-induced autophagy and particle pro-
duction  [83] . The precise mechanisms by which viral tar-
geting of IRGM promotes viral replication remain to be 
determined.

  Murine Cytomegalovirus Inhibits the Inflammatory 
Cascade by Targeting the NF-κB Essential Modulator 
NEMO/IKKγ for Autophagic Degradation 
 The inflammatory signaling cascade activated during 

viral infection is thought to be key to pathogen elimina-
tion  [84] . Thus, another potential strategy that viruses 
may utilize to co-opt autophagy for their own benefit is 
to dampen the inflammatory cascade by directing the se-
lective autophagic degradation of modulators of inflam-
matory signaling. The murine cytomegalovirus protein 
M45 interacts with NEMO/IKKγ, an essential modulator 
of NF-κB signaling, and directs it to the autophagosome 
for lysosome-mediated degradation, thereby blunting the 
host cytokine response  [85] . It will be interesting to de-
termine whether this type of selective targeting of an es-
sential host defense component for autophagic degrada-
tion is a more general strategy of viral immune evasion.
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