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REVIEW

Dysregulated autophagy contributes 
to the pathogenesis of enterovirus A71 infection
Chuanjie Zhang1, Yawei Li2 and Jingfeng Li3* 

Abstract 

Enterovirus A71 (EVA71) infection continues to remain a vital threat to global public health, especially in the Asia–
Pacific region. It is one of the most predominant pathogens that cause hand, foot, and mouth disease (HFMD), which 
occurs mainly in children below 5 years old. Although EVA71 prevalence has decreased sharply in China with the use 
of vaccines, epidemiological studies still indicate that EVA71 infection involves severe and even fatal HFMD cases. As 
a result, it remains more fundamental research into the pathogenesis of EVA71 as well as to develop specific anti-
viral therapy. Autophagy is a conserved, self-degradation system that is critical for maintaining cellular homeostasis. 
It involves a variety of biological functions, such as development, cellular differentiation, nutritional starvation, and 
defense against pathogens. However, accumulating evidence has indicated that EVA71 induces autophagy and 
hijacks the process of autophagy for their optimal infection during the different stages of life cycle. This review pro-
vides a perspective on the emerging evidence that the “positive feedback” between autophagy induction and EVA71 
infection, as well as its potential mechanisms. Furthermore, autophagy may be involved in EVA71-induced nervous 
system impairment through mediating intracranial viral spread and dysregulating host regulator involved self-dam-
age. Autophagy is a promising therapeutic target in EVA71 infection.
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Introduction
Enterovirus A71 (EVA71) is a small, non-enveloped, ico-
sahedral-shaped, positive-sense, single-stranded RNA 
virus belonging to the enterovirus, family Picornaviri-
dae. EVA71 was first isolated from infants suffering from 
central nervous system (CNS) diseases in California in 
1969 [1]. The first outbreak of EVA71 was reported in 
Bulgaria in 1975 [2], followed by rapid spreading world-
wide. EVA71 infection has been reported to be prevalent 
in Asia–Pacific regions since the late 1990s [3].

EVA71 is one of the most common etiologic agents 
that cause hand, foot, and mouth disease (HFMD), 
which is a highly contagious disease around the world 

predominantly affecting children under the age of five 
[4]. HFMD has been classified as a notably infectious dis-
ease in category III since 2008 in China. During the past 
decade, a cumulative number of 20,537,199 HFMD cases, 
including 3667 deaths, have been reported by the Chinese 
Center for Disease Control and Prevention (China CDC). 
The symptoms of HFMD are usually mild. However, the 
neurological and cardiorespiratory complications associ-
ated with HFMD can be fatal [5], which is mainly associ-
ated with EVA71 infection [6, 7]. As a result, it is urgent 
to learn more about the pathogenesis of EVA71.

Autophagy is a conserved orchestrated process from 
yeast to human that maintains homeostasis by the degra-
dation of misfolded proteins, damaged organelles, and/or 
intracellular pathogens [8]. Autophagy plays pivotal roles 
in protecting against neurodegenerative diseases, aging, 
cancer, and microbial infection [9]. However, increasing 
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evidence has revealed the hijacking of autophagy and/
or autophagic genes by EVA71 for its replication as well 
as neurological spread and impairment [10–14]. The 
corresponding mechanism remains elusive. This review 
discusses current studies on the interplay between 
autophagy activation and EVA71 infection, as well as the 
role of autophagy in EVA71 induced CNS injury, provid-
ing new therapeutic targets for EVA71 infection.

The autophagy machinery in metazoans
There are three major forms of autophagy in mamma-
lian cells, namely, macroautophagy, microautophagy, 
and chaperone-mediated autophagy (CMA) (Fig.  1). All 
of them contribute to the overall intracellular autophagic 
activity [15, 16]. Among them, macroautophagy (to which 
further mentions of autophagy refer) is the major cata-
bolic mechanism used by eukaryotes. In brief, autophagy 
induction leads to the recruitment of autophagy-related 
genes (ATGs) to the phagophore assembly site (PAS) 
to initiate and nucleate the phagophore (a cytoplasmic 
double-membrane cup-shaped structure). Then, the pha-
gophore engulfs cytosolic organelles and proteins and 
elongates to form a double-membrane structure termed 
an autophagosome, which fuses with a lysosome to 
form an autolysosome that degrades the engulfing car-
gos. Alternatively, the autophagosome may fuse with the 
early and late endosome to form a vesicle known as an 
amphisome, which then fuses with the lysosome to form 
an autolysosome. The process of autolysosome forma-
tion and cargo degradation is also known as complete 
autophagic flux (Fig. 1) [17, 18].

Under the condition of nutrient-rich, host cell growth 
regulator MTOR (mechanistic target of rapamycin 
kinase) complex 1 (mTORC1) results in ULK1 (the unc-
51 like autophagy activating kinase 1) and ATG13 phos-
phorylation, which negatively regulates ULK1 kinase 
activity and facilitates the dissociation of the ULK1 com-
plex [19]. Turnover, when mTORC1 is inactivated under 
stresses, such as starvation, hypoxia, endoplasmic retic-
ulum (ER) stress, and oxidative stress, the ULK1 com-
plex is formed and subsequently triggers phagophore 
nucleation by phosphatidylinositol 3-kinase catalytic 
subunit type 3 (PIK3C3) complex I (PI3KC3-C1). The 
expression level of BECN1, one component of PI3KC3-
C1, usually serves as a marker for early autophagy acti-
vation. The PI3KC3-C1 activates the production of 
phosphatidylinositol-3-phosphate (PI3P) at a specific ER 
structure omegasome, which further recruits the ATG12-
ATG5-ATG16L1 complex. The protein complex further 
enhances the ubiquitin-like microtubule associated pro-
tein 1 light chain 3 (MAP1LC3-I/LC3)-I conjugate with 
membrane-resident phosphatidylethanolamine (PE) to 
become the lipidated form LC3-II [20], contributing to 

autophagosome membrane elongation and enclosure. 
Multiple factors, including tethering complexes (such 
as RabGTPase RAB7), core machinery synaptic-soluble 
N-ethylmaleimide-sensitive factor attachment receptor 
(SNARE), and members of the LC3/GABARAP family, 
are involved in the formation of the autolysosome [17, 
21] (Fig. 1).

The interplay between autophagy and EVA71 
replication
The autophagy machinery plays a vital role in a multi-
pronged defense against microbes [9]. However, several 
positive-sense, single-stranded RNA viruses (includ-
ing Dengue virus and hepatitis C virus (HCV)), DNA 
viruses (such as Varicella-Zoster virus), and even bacte-
ria (Helicobacter pylori or Mycobacterium marinum, for 
instance) have been demonstrated to activate autophagy 
to promote their replication/growth cycle at different 
stages [22–25]. Following Huang et  al.’s report that the 
induction of autophagy in  vitro and the formation of 
autophagosome-like vesicles in  vivo after EVA71 infec-
tion benefits EVA71 replication [26], increasingly more 
studies have shown the hijacking of autophagy by EVA71 
[10, 11, 13]. However, one study implied that increased 
autophagy levels contribute to the inhibition of EVA71 
replication [27]. As a result, the specific trigger to regu-
late autophagy after EVA71 infection, as well as the spe-
cific influence of different stages of autophagy on the 
EVA71 replication cycle, remains to be investigated. In 
addition, recent studies have indicated that ER stress, 
dysregulated host microRNAs, and suppressed host anti-
viral protein might contribute to the aberrant activation 
of autophagy by EVA71. In turn, activated autophagy may 
promote different stages of EVA71 life cycles and nega-
tively regulate host innate immunity (Fig. 2).

Autophagy is induced by EVA71 in vivo and in vitro
Increasing evidence has revealed that autophagy activity 
is increased in EVA71-infected mice models. Autophago-
some-like vesicles are observed in mouse spinal neu-
rons after oral infection of mouse-adapted EVA71 [26]. 
Suckling mice intracranially inoculated with EVA71 also 
show increased expression of LC3-II protein as well as 
the formation of LC3 aggregates and autophagosomes 
in infected brain tissues [28]. Furthermore, the colocali-
zation of EVA71 structural protein VP1 or LC3 puncta 
and the endosome marker protein MPR are found in 
infected mice brain tissues, which represents the forma-
tion of amphisomes [28]. Thus, the various approaches 
involving EVA71 infection in mice models show an 
increased autophagic flux and the accumulation of 
autophagosomes.
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Furthermore, EVA71 infection or exogenous over-
expression of its structural viral proteins can also 
induce autophagy in  vitro. Autophagosome- and 

autolysosome-like structures are found together with 
EVA71 particles in the cytoplasm of EVA71-infected 
SK-N-SH neuron cells [26]. EVA71 infection induces 
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Fig. 1  Overview of three types of autophagy in mammalian cells. During macroautophagy, cytosolic materials are first sequestered into a 
cup-shaped double-membrane structure, called phagophore, which elongates and matures into the double-membrane vesicle known as an 
autophagosome. The autophagosome fuses with the lysosome to form an autolysosome. Alternatively, the autophagosome fuses with the 
late endosome to form amphisome, which then fuses with the lysosome to form autolysosome. Gray arrows show mechanisms of autophagy. 
Autophagy is initiated by stresses (such as the mechanistic target of rapamycin kinase complex 1 (mTORC1)), followed by activation of the unc-51 
like autophagy activating kinase 1 (ULK1) complex and phosphatidylinositol 3-kinase catalytic subunit type 3 complex I (PI3KC3-C1), which 
generates phosphatidylinositol-3-phosphate (PI3P). PI3P further recruits the ATG12-ATG5-ATG16L1 complex, which enhances the ubiquitin-like 
microtubule associated protein 1 light chain 3 (LC3)-I conjugates with PE to become the lipidated form LC3-II, contributing to autophagosome 
formation. Then a series of tethering related components are involved in the formation of autolysosome. Microautophagy involves the direct 
uptake of cytoplasmic materials through the invagination of the lysosomal membrane. Chaperone-mediated autophagy (CMA) can only degrade 
soluble proteins containing the KFERQ-like motif, which are recognized by the chaperone heat shock protein family A (Hsp70) member 8 (HSPA8), 
and directly across the lysosomal membrane by a receptor or translocon containing lysosomal associated membrane protein 2 (LAMP2) in the 
cytoplasm. During all three types of autophagy, the sequestered cargos are degraded by lysosomal hydrolases and recycled for the maintenance of 
cellular homeostasis
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exogenous LC3 puncta and/or increases conversion of 
endogenous LC3-I to LC3-II in different cell lines [13, 
14, 26, 29, 30]. Further, the colocalization of exogenous 
or endogenous LC3 dots and EVA71 VP1 protein is 
observed [13, 28, 31]. EVA71 infection also increases 
the expression of endogenous BECN1, while decreas-
ing the protein level of p62 [13, 14, 29, 31]. These data 
provide convincing evidence regarding the induction of 

autophagy after EVA71 infection or overexpression of 
EVA71 structural proteins.

Potential mechanisms underlying autophagy induction 
by EVA71
ER stress might be involved in EVA71‑induced autophagy
ER stress, stimulated by unfolded or misfolded viral poly-
peptides synthesized during productive infection, tends 
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Fig. 2  The interplay between EVA71 infection and autophagy. On one hand, EVA71 infection induces host autophagy activation through 
three major mechanisms as follows (red arrows): Firstly, unfolded or misfolded viral polypeptides during productive infection stimulate ER 
stress, which activates autophagy through inhibiting the activity of mTORC1 and activating ULK1 complex, BECN1 and ATGs. Secondly, EVA71 
inhibits the generation of miRNA (has-miR-30a), which targets BECN1, leading to an increase in both mRNA and protein levels of BECN1. Thirdly, 
anti-viral protein PML (promyelocytic leukemia) is suppressed by EV71. The deficiency of PML is reported to trigger autophagy. On the other 
hand, increased autophagy activity may promote the EVA71 life cycle at different phases (blue arrows). The autophagic component ATG4B may 
involve in viral polyprotein processing. Autophagy may also provide membrane-bounded replication compartments for viral replication. ATG5 
negatively regulates host anti-viral protein KH-type splicing regulatory protein (KHSRP, also known as FBP2), which involves in inhibiting EVA71 RNA 
translation. APOBEC3G, restricting 5′ UTR replication capacity of EVA71, co-localizes with p62 to the autophagic puncta and is degraded through 
the autophagy-lysosome pathway. Syntaxin-17 (STX17) and synaptosome associated protein 29 (SNAP29) interacting with EVA71 2BC promote 
viral maturation. Except for lysis, virions may release through the autophagosome-mediated exit without lysis (AWOL), which might involve in 
neurological infection. Besides, Toll-like receptors (TLR) signaling, represent the inhibition of innate immunity, is negatively regulated by EVA71 
though autophagy (blue arrows)
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to refold or degrade the unfolded/misfolded proteins 
to maintain homeostasis of the ER [32]. The ER protein 
quality control system achieves its function through 
two types of degradation pathways: ubiquitin–protea-
some-mediated (type I) and autophagy-mediated (type 
II) ER-associated degradation (ERAD) of the unfolded 
protein response (UPR) [33]. Indeed, EVA71 replica-
tion is reported to induce ER stress, but to change the 
outcome of ER stress to assist viral replication through 
hijacking the ERAD component valosin-containing pro-
tein (VCP) [34, 35]. Although VCP is involved in both 
type I and type II ERAD [36], whether autophagy activa-
tion in EVA71-infected cells is associated with ER stress 
requires elucidation. Coxsackievirus B3 (CVB3) infec-
tion activates both ER stress and autophagy in HeLa cells: 
ER stress is induced and the ER stress sensors, PKR-like 
ER protein kinase (PERK), inositol-requiring protein-1 
(IRE1), and activating transcription factor-6 (ATF6), 
are activated. The expression of MTOR and p-MTOR is 
decreased, while LC3 punctuation and the ratio of LC3-
II/LC3-I are increased. Suppression of these three ER 
stress sensors using an inhibitor markedly decreases the 
ratio of LC3-II/LC3-I, suggesting the CVB3 may induce 
autophagy through activating ER stress [37]. In Li et al.’s 
study, the peripheral myelin protein 22 (PMP22), which 
is upregulated by EVA71 VP1 overexpression, was found 
to be associated with autophagy induction. Furthermore, 
inhibition of ER stress was found to suppress the expres-
sion of PMP22 significantly and thus to inhibit autophagy, 
implying that EVA71 might promote autophagy through 
the regulation of ER stress [30].

ER stress controls autophagy through several path-
ways [38]. First, sestrin-2 (SESN2) and DNA-damage-
inducible transcript 4 (DDIT4), downstream of the ER 
stress, directly or indirectly (upregulated tribbles pseu-
dokinase 3 (TRIB3) decreases akt murine thymoma viral 
oncogene homolog 1 (AKT1) phosphorylation) inhibit 
the kinase activity of MTORC1. Second, ER stress inte-
grates all UPR branches at AMP-activated protein kinase 
(AMPK) and activates AMPK by phosphorylation and 
subsequently activates the ULK1 complex. Third, BECN1 
and ATGs are regulated by ER stress: mitogen-activated 
protein kinase 8 (MAPK8) and death-associated pro-
tein kinase 1 (DAPK1) activation are implicated in the 
formation of PI3KC3-C1 through the phosphoryla-
tion and dissociation of BCL2 and BECN1, respectively. 
Transcription factors from all UPR sensors, such as Jun 
proto-oncogene (JUN, also known as c-Jun), X-box bind-
ing protein 1 (XBP1), activating transcription factor 4 
(ATF4), DNA-damage-inducible transcript 3 (DDIT3), 
and ATF6, induce expression of BECN1 and other ATGs. 
Ca2+-dependent phosphorylation of protein kinase C, 
theta (PRKCQ) leads to its colocalization with LC3 on 

the elongating phagophore and facilitates autophago-
some formation. The phosphorylated levels of MAPK1 
proteins are increased in EVA71-infected GES-1 cells 
[39]. EVA71 infection also promotes c-Jun NH2-terminal 
kinase (JNK) phosphorylation, which might be related to 
autophagy activation [39, 40]. However, to date, little is 
known about the impact of ER stress on autophagy after 
EVA71 infection as well as its potential mechanism. Stud-
ies of this mechanism might provide potential targets for 
antiviral therapy against EVA71 (Fig. 2).

Host microRNAs targeted to the autophagy machinery 
component are down‑regulated by EVA71
It is known that microRNAs modulate gene expres-
sion at the post-transcriptional level by binding to the 
3′ untranslated region (UTR) region of mRNAs. Studies 
have reported that some microRNAs, including miR-
146a and miR-296-5p, are associated with EVA71 infec-
tion and pathogenesis [41–43]. Some microRNAs have 
also been shown to regulate autophagy [44, 45]. EVA71 
can also induce autophagy through the dysregulation 
of microRNAs in host cells. Fu et  al. [13] determined 
that the relative expression level of has-miR-30a, which 
targets the 98-105 nucleotides in 3′UTR of BECN1, is 
reduced in EVA71-infected Vero and Hep2 cells. Sub-
sequently, both mRNA and protein levels of BECN1 
are induced, accompanied by an increase in the LC3-II/
LC3-I ratio and a decrease in the p62 protein level, cor-
responding to increased autophagic activity [13]. More 
studies regarding aberrantly regulated microRNAs in 
EVA71-induced autophagy are expected to help uncover 
the mechanism of EVA71-related HFMD, as well as pro-
viding potential therapeutic targets.

EVA71 triggers autophagy through suppressing host 
anti‑viral protein
Promyelocytic leukemia (PML) protein, the major com-
ponent of PML-nuclear bodies (PML-NBs), plays vital 
roles in genome stability, programmed cell death, and 
antiviral activities [46]. Type I and type II interferon 
(IFN)-treatment-stimulated PML alternatively spliced 
isoforms are involved in the defense against several types 
of viruses, including EVA71 [47, 48]. EVA71 infection was 
found to reduce PML isoform III and IV expression as 
well as PML-NB formation mediated by EVA71 3C pro-
tein in HeLa cells. Further study showed that a deficiency 
in PML triggers autophagy (a decrease in p62, an increase 
in both LC3-II level and GFP-LC3 puncta-positive cells 
number) in vitro [47]. However, the mechanism underly-
ing autophagy induction by EVA71 remains unclear and 
requires further investigation.
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Induced autophagy promotes EVA71 replication
Autophagy inhibitors treatment to block autophagosome 
formation decreases the extracellular virus titers and 
VP1 expression in EVA71-infected cell lines [13, 26, 31]. 
In contrast, after pretreatment with autophagy induc-
ers (tamoxifen, rapamycin, or serum starvation), extra-
cellular virus titers are markedly increased after EVA71 
infection in SK-N-SH cells [26]. These results suggest 
that EVA71 replication rely on autophagy activity. Many 
Enteroviruses, such as poliovirus (PV), CVB3, enterovi-
rus D68 (EVD68), and EVA71, utilize autophagy for their 
optimal infection. In response to different enteroviruses, 
autophagy produces membrane-bound replication com-
partments for viral RNA replication, virion maturation, 
or arrays autophagic vesicles for viral particle assembly 
or shedding, or promotes evasion from the host immune 
response [49–51]. This review also describes the details 
underlying the role of autophagy on different stages 
of EVA71 life cycles. However, more work is needed to 
investigate the detailed mechanism of how autophagy 
promotes EVA71 replication.

Autophagy core components facilitate the viral life cycle 
at different phases
Viral biosynthesis Studies have provided evidence that 
autophagy machinery plays vital roles in early and late 
stages of EVA71 biosynthesis events. For early events, the 
key component of the autophagy machinery autophagy 
related 4B cysteine peptidase (ATG4B) contributes to the 
maturation of early viral protein. ATG4B, a cysteine pro-
tease that cleaves pro-LC3 isoforms to form LC3-I, may 
function like EVA71 3C protein to hydrolyze the single 
polyprotein encoded by the EVA71 genome to generate 
early viral proteins to undergo the subsequent viral rep-
lication process [11, 52]. The silencing of ATG4B expres-
sion attenuates EVA71 RNA levels and VP1 expression 
levels in EVA71-infected RD, HEK293T, HeLa, and Vero 
cells [11].

During the late stage of viral biosynthesis, some enter-
oviruses depend on intracellular membranes for RNA 
replication [53, 54]. EVA71 3A protein can recruit phos-
phatidylinositol 4-kinase IIIβ (PI4KB) to RNA replication 
sites, which up-regulates phosphatidylinositol-4-phos-
phate (PI4P) to alter cellular membranes. Knockdown 
of PI4KB to reduce the synthesis of PI4P suppresses 
EVA71 RNA replication [55]. PI4P lipids may provide 
docking sites for PV and CVB3 RNA synthesis [54]. 
During autophagy, PI4P concentrates at the nucleation 
complex and recruits autophagy components to elon-
gate the membrane structures [56]. PI4P generation on 
autophagosomes also promotes fusion with lysosomes 
[57]. However, the contribution of autophagy struc-
tures in EVA71 RNA replication still needs thorough 

investigation. BECN1 can interact with EVA71 3D pro-
tein (RNA-dependent RNA polymerase) to promote its 
replication (EV71 VP1 protein level) [58]. The 3D poly-
merase mainly promotes the extension of the EVA71 
RNA chain [59], suggesting the possibility of viral RNA 
replication on autophagosome membranes. A previ-
ous study reported that autophagosome-like vesicles 
colocalize with PV RNA replication complexes [60]. 
Furthermore, PV double-strand RNA replicon colocal-
izes with LC3-positive structures at the late stage but 
not the early stage of infection. PV depends mainly on 
autophagosomes for maturation but not RNA replica-
tion [61, 62]. Although autophagy components colocalize 
with EVA71 RNA or polymerase, whether EVA71 RNA 
replication relies on autophagosome membranes is still 
undetermined.

Autophagy also triggers EVA71 replication through 
negatively regulating host anti-viral proteins. Host pro-
tein KH-type splicing regulatory protein (KHSRP, also 
known as FBP2), a component of the Dicer and Drosha 
complexes, binds to the EVA71 5′ UTR which contains an 
internal ribosomal entry site (IRES) and downregulates 
IRES activity by competing with other binding proteins, 
then negatively regulates EVA71 RNA translation [63, 
64]. However, FBP2 is cleaved in EVA71-infected cells. 
Truncated FBP (FBP1-503) activates the IRES-driven 
translation of EVA71. Furthermore, the silencing of 
ATG5 to inhibit autophagosome formation significantly 
increases the intact form of FBP2, which implies that 
autophagy is involved in the cleavage of FBP2 and the fol-
lowing translation of EVA71 genome RNA [65]. Another 
host restriction factor, apolipoprotein B mRNA edit-
ing enzyme catalytic subunit 3G (APOBEC3G), is also 
inhibited by EVA71-activated autophagy. APOBEC3G, 
a member of the APOBEC3 family, possesses the anti-
viral activity to restrict many types of viruses, including 
EVA71 [66–69]. Normally, it restricts 5′ UTR replica-
tion capacity of EVA71 by competitively binding to its 5′ 
UTR with poly(C)-binding protein 1 (PCBP1), which is 
required for enteroviruses replication [66, 70, 71]. How-
ever, upon EVA71 infection, p62 and APOBEC3G co-
localize to the autophagic puncta from the cytoplasm in 
the presence of EVA71 2C. Moreover, EVA71 2C protein 
induces APOBEC3G degradation through the autophagy-
lysosome pathway [66].

Viral maturation EVA71 2BC non-structural protein 
precursor triggers autolysosome formation. Research-
ers observed that 2BC overexpression decreased the 
accumulation of p62 and increased the accumulation 
of late autophagic vacuoles 48 h after transfection. 2BC 
interacts with syntaxin-17 (STX17) and synaptosome 
associated protein 29 (SNAP29), which is associated 
with the fusion of autophagosomes to lysosomes. The 
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knockdown of STX17 or SNAP29 was found to reduce 
the ratio of VP2/VP0 and EVA71 plaque formation [72]. 
Autophagosome-lysosome fusion inhibitor bafilomy-
cin A1 treatment was also found to inhibit the genera-
tion of VP1 [73]. These studies suggest that autophagy 
machinery involved in autophagosome-lysosome fusion 
contributes to EVA71 maturation (Fig. 2).

Autophagosome fusion with lysosomes and degra-
dation require an acidic environment [74]. The acidic 
compartment in the cell contributes to the maturation 
of some enteroviruses. Inhibitors of vesicle acidifica-
tion do not impact PV RNA replication, but do impact 
the maturation of virions. NH4Cl treatment markedly 
increases VP0 abundance, indicating that acidification 
inhibition suppresses the cleavage of capsid protein to 
generate mature virus [62]. Prohibitin 2 directs EVA71 
infection (intracellular EVA71 RNA and supernatants 
viral titers) as partially dependent on the acidification 
of autolysosomes [75]. However, the question remains 
of whether acidic vesicles directly affect EVA71 uncoat-
ing or maturation or both.

Viral release Non-enveloped viruses are usually 
released via rupture of infected cells. However, many 
enteroviruses, such as PV, CVB3, EVD68, and EVA71, 
can spread through the non-lytic pathway, including 
autophagosome-mediated exit without lysis (AWOL) 
[12, 76–79] (Fig.  2). For EVA71, AWOL is not only 
potentially involved with viral release but also poten-
tially associated with CNS infection. Studies have sug-
gested that EVA71 enters the CNS in mice via active 
retrograde axonal transport, which suggests that EVA71 
replicates in skeletal muscles and infects motor neurons 
at neuromuscular junctions to reach the CNS [80–82]. 
During this process, virus particles may spread through 
AWOL. EVA71-infected neuron cells, including mouse 
motor neuron NSC-34 cells, human neural stem cells, 
and differentiated neuroblastoma IMR-32 cells, nei-
ther exhibit cytopathic effects nor undergo apoptosis. 
Instead, complete autophagy flux is markedly induced 
[12, 83]. Many EVA71-containing autophagic vesicles 
can be isolated from the culture supernatant of NSC-
34 cells [12]. As a result, autophagic vesicles might be 
involved in the dissemination of EVA71 throughout the 
CNS, which ultimately leads to neurological symptoms 
in EVA71-infected patients. Although both autophagy 
and apoptosis were induced in EVA71-infected (Anhui-
strain-infected) RD cells, the authors also reported that 
inhibition of apoptosis promotes autophagy activity 
[14]. Furthermore, inhibition of both autophagy and 
apoptosis decreases EVA71 viral particle release [14], 
implying that autophagy might promote viral release in 
EVA71-infected cells.

Induced autophagy represses innate immunity in response 
to EVA71 infection
Toll-like receptors (TLRs) act as molecular sentinels that 
recognize invading viral RNA and trigger host innate 
immune responses to eliminate the virus [84]. Selec-
tive activation of TLR7 inhibits EVA71 replication and 
increases the survival rate of ICR mice infected with 
the mouse-adapted EVA71 strain MP10 [85]. In reverse, 
EVA71 infection down-regulates TLR7 and its down-
stream products in 16HBE cells, including MYD88, 
interferon regulatory factor 7 (IRF7), and the secretion 
of type I IFN, markers for activation of innate immune 
responses. A further study found that after autophagy is 
suppressed by pretreating with 3-methyladenine (3-MA), 
EVA71 infection fails to inhibit the expression levels 
of TLR7-signaling-related molecules. In addition, viral 
titers and VP1 expression are down-regulated. These 
results suggest that autophagy facilitated EVA71 replica-
tion might be mediated by repression of innate immune 
responses [31].

Speculation on the possible connection 
between autophagy and EVA71 receptor binding, viral 
entry, and uncoating
The possible role of EVA71 receptors on autophagy activity
Studies have reported many cell surface receptors for 
EVA71 infection, including scavenger receptor B2 
(SCARB2), P-selection glycoprotein ligand 1 (PSGL-
1), annexin II (Anx2), sialylated glycan, heparan sulfate 
proteoglycans (HSPG), dendritic cell-specific ICAM3-
grabbing non-integrin, vimentin, nucleolin, fibronectin, 
and prohibitin [86]. Among them, the intrinsic lysosomal 
protein SCARB2 is the functional receptor mediating the 
attachment, internalization, and conformational changes 
at low pH [86]. Other molecules are known as “attach-
ment receptors” that support viral attachment to the cell 
surface but cannot initiate uncoating. In addition, cyclo-
philin A (CypA) and tryptophanyl aminoacyl-tRNA syn-
thetase (WARS) are involved in uncoating and an entry 
process respectively in the absence of SCARB2, although 
they are not defined as “attachment receptors” [87, 88].

Among these potential cellular receptors, vimentin 
[89] and nucleolin [90] are reported to inhibit autophagy 
activity. CyPA, triggered by hypoxia and infection [91, 
92], leads to abnormal occurrence of autophagy [93]. Fur-
ther study is needed to explore whether these potential 
receptors affect autophagy activity after EVA71 infection.

Amino acids are important environmental stimulants 
of autophagy activation [94]. The aminoacyl-tRNA syn-
thetases are an essential enzyme family with 23 known 
members for amino acids synthesis [95]. These syn-
thetases may participate in the regulation of autophagy 
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activity. Indeed, tyrosyl-tRNA synthetase partially 
induces autophagy through up-regulating sirtuin 1 in 
pheochromocytoma PC12 cells treated with resveratrol 
(a natural polyphenol) [96]. Leucyl-tRNA synthetase 
activates mTORC1 by sensing intracellular leucine con-
centration and then binding to Rag GTPase to mediate 
amino acid signaling, which inhibits autophagy activ-
ity [97]. Glycyl-tRNA synthetase translocates to the 
nucleus to trigger NFκB1 upon treatment with methio-
nine. Activated NFκB1 binds to the promoter of MTOR 
and activates MTOR signaling, which inhibits autophagy 
in bovine mammary epithelial cells [98]. However, the 
role of WARS, another aminoacyl-tRNA synthetase, 
in autophagy remains elusive. Multiple studies provide 
evidence that EVA71 infection triggers IFN produc-
tion in different degrees in specific cells [99–101]. IFN-γ 
treatment increases WARS expression and translocates 
WARS to the plasma membrane, rendering semi-per-
missive and non-permissive cells susceptible to EVA71 
[87]. WARS treatment further promotes inflammatory 
cytokines and type I IFN production [102], whereas type 
I IFN tends to induce autophagy [103]. It seems that 
WARS promotes autophagy after EVA71 infection. Nev-
ertheless, how WARS, as a potential cellular receptor of 
EVA71, affects autophagy activity in EVA71 infected cells 
still needs elucidation.

Prohibitin 2, an inner mitochondrial membrane pro-
tein from the prohibitin protein family, is a mitophagy 
receptor mediating mitochondria for autophagic deg-
radation [104]. A recent study reported that the C-ter-
minus (aa 251–297) of EVA71 VP1 contributes to an 
increasing LC3-II/LC3-I ratio through interaction with 
prohibitin 2 [75], indicating that EVA71 may promote 
autophagy activity via prohibitin 2. In turn, prohibitin 2 
directed EVA71 infection (intracellular EVA71 RNA and 
supernatants viral titers) in a manner partly dependent 
on the acidification of autolysosomes, which is involved 
in the complete autophagy induction [75]. However, the 
specific role of prohibitin 2 on the “positive feedback” 
between EVA71 replication and autophagy activity is still 
unknown.

Possible function of autophagy machinery on viral entry 
and uncoating
Enteroviruses usually enter cells through endocytosis 
mediated by clathrin, caveolae, or dynamin, etc. [105], 
followed by uncoating to release the viral genome for 
replication. Autophagy machinery may be involved 
in this process. RAB7, a member of the family of small 
GTPases involved in late endosomes and autophago-
some maturation, regulates the trafficking of cargos along 
microtubules and their fusion with lysosome [106], and 
mediates Echovirus 7 movement to late endosomes and 

uncoating [107]. BECN1 induces late endosome matura-
tion via interaction with UV radiation resistance-asso-
ciated gene (UVRAG) [108]. ATG12 (a ubiquitin-like 
molecule)-ATG3 (an enzyme that mediates LC3 lipida-
tion) conjugation promotes late endosome to lysosome 
trafficking [109]. However, whether autophagy par-
ticipates in the internalization or uncoating of EVA71 
remains in question.

Autophagy is involved in EVA71‑induced nervous 
system injury
Notably, 93% of laboratory-confirmed deaths due to 
HFMD between 2008 and 2012 in China were associated 
with EVA71 [7]. A recent observational cohort study from 
Colorado identified that EVA71 accounts for 58% of child 
cases of enterovirus-induced neurological disease [110]. 
EVA71 can occasionally cause severe neurological com-
plications, including brainstem encephalitis, aseptic men-
ingitis, and acute flaccid paralysis, which are considered 
to be a major factor in most fatal cases [111]. Brainstem 
encephalitis is the most common neurological problem 
among those complications, accounting for 58.8% (20/34) 
of neurological manifestations in a retrospective review 
[112]. It is also the most fatal neurological presentation 
because it can cause neurogenic pulmonary hemor-
rhage or edema that leads to death [113]. Some of these 
patients may develop long-term neurodevelopmental 
and psychiatric disorders even though they recover from 
this severe disease [114, 115]. Nevertheless, the associ-
ated mechanism is still not clear. Recent studies suggest 
that autophagy levels have essential roles in physiologi-
cal neuronal processes, while impairment of autophagy 
leads to neurodegeneration [116]. EVA71 infection pro-
motes autophagosome and amphisome formation in both 
neuron cell lines and mouse brain tissues [28]. Blocking 
EVA71-induced autophagy using 3-MA attenuates the 
disease symptoms and decreases the viral load in the 
brain tissues of the infected mice [28]. Autophagic vesi-
cles may be involved in the spread of EVA71 to the CNS 
[12, 83]. These reports indicate that autophagy plays a 
vital role in EVA71-induced neurological injuries.

The viral receptor may participate in neurological damage 
through autophagy
The expression of SCARB2 has been observed in almost 
all organs in humans, prominently so in neurons and lung 
pneumocytes [117]. SCARB2 expression is also detected 
in EVA71-antigen-positive neurons from patients who 
die of acute neurological disease [118]. Adult mice are 
not infected by EVA71. However, human SCARB2 trans-
genic mice exhibit paralytic diseases after EVA71 inocu-
lation via intracerebral, intravenous, and intraperitoneal 
routes, which—like the symptoms observed in humans 
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infected with EVA71—suggests that SCARB2 is essential 
to EVA71-induced neurological diseases [117]. However, 
the mechanism is still not clear. A study found that loss 
of SCARB2 function by mutation promotes the forma-
tion of lysosomes and autophagosomes. However, these 
autophagosomes contain partially degraded intracellular 
organelles, and some of them are in the process of exo-
cytosis outside the cells, suggesting that SCARB2 might 
facilitate the fusion of lysosomes with autophagosomes 
[119]. Combined with the crucial role of SCARB2 in lyso-
somal biogenesis [120], SCARB2-regulated autophagy 
is assumed to participate in EVA71-induced neurologi-
cal symptoms. However, direct evidence is still lacking. 
It is also hard to explain why the CNS is so suscepti-
ble to EVA71 infection even though SCARB2 is widely 
expressed in various human tissues.

HSPG are ubiquitous cell surface and extracellular 
matrix receptors, comprising repeating disaccharide 
units [121]. They usually interact with ligands through 
electrostatic interactions, such as EVA71 VP1 residues 
around the five-fold axis [122]. Natural mutant EVA71 
VP1 BC loop (97R167G) variants acquire nerve cell tro-
pism, which leads to an increased ability to bind HSPG 
and a relatively high expression level of HSPG in neu-
rons and glial cells, although the infection still depends 
on SCARB2 [123]. A study in Drosophila found that 
HSPG biosynthesis is critical for normal assembly of 
postsynaptic membrane specializations through regulat-
ing autophagy activity [124]. It would be interesting to 
explore whether autophagy is involved in the neuron tro-
pism of specific EVA71 mutant mediated by HSPG.

Autophagy may indirectly mediate neuronophagia
A pathological study on 14 autopsied patients of EVA71 
infection showed neuronophagia by neuroglia in brain-
stem neurons [125]. Another study reported that up-
regulated cell-surface-exposed calreticulin may act as a 
phagocytic signal, which promotes viable neuron phago-
cytosis by microglia to induce neuronal death [126]. 
In vitro experiments have shown that exogenous overex-
pression of EVA71 capsid proteins, especially VP1, causes 
neuron injury not through inducing apoptosis directly 
but through activating ER stress, which might subse-
quently activate autophagy. Moreover, VP1-induced ER 
stress and autophagy up-regulate the expression of cell 
surface-exposed calreticulin [125]. These results suggest 
that autophagy indirectly mediates neuronophagia.

Autophagy pathway is a potential therapeutic 
target for EVA71 infection
No specific antiviral treatment is available for EVA71 
infection. The clinical manifestation in most cases is mild 
and self-limiting. Patients with neurologic or other severe 

illnesses need to receive supportive treatment. The first 
inactivated EVA71 whole virus vaccine for preventing 
severe HFMD was approved by the China Food and Drug 
Administration (CFDA) in Dec 2015 [127]. A longitudinal 
surveillance study showed that the average incidence rate 
of EVA71-induced HFMD in 2017–2018 was 60% lower 
than predicted [128]. However, HFMD remains a severe 
public health threat in Asia and the Pacific regions. It is 
urgent to obtain approval for effective drugs specific to 
EVA71. Great efforts have been devoted to the develop-
ment of antiviral strategies, including passive immuniza-
tion, immune modulators, anti-inflammation treatments, 
and various compounds [129]. The autophagy pathway is 
a potential therapeutic target of some natural compounds 
in EVA71 therapy.

A derivation of alkaloid component lycorine LY55, 
which is isolated from the bulbs of lycolium, has good 
activity against EVA71 replication in vitro and ICR mice. 
LY-55 treatment decreases body weight loss, as well as 
the protein level of EVA71 VP1 in infected mice. How-
ever, LY-55 is viricidal not directly but through down-
regulating autophagy (decreased LC3-II, while increased 
p62) by reduced JNK phosphorylation. Further study 
has shown that LY-55 and 3-MA synergistically inhibit 
EVA71 replication, suggesting that autophagy is a poten-
tial therapeutic target for the treatment of EVA71 infec-
tion [40].

Another natural compound is resveratrol, a naturally-
occurring polyphenol first isolated from white hellebore. 
Resveratrol has a variety of biological functions, such as 
anti-oxidant, anti-inflammatory, and anti-tumorigenic 
effects; cardiovascular protection; and antiviral effects 
[130]. Researchers have investigated whether resvera-
trol treatment significantly decreases the expression of 
EVA71 VP1 in EVA71-infected- RD cells [131]. Resvera-
trol-loaded nanoparticle (RES-NP) treatment down-reg-
ulates the autophagy activation and mitigates the damage 
of RD cells by EVA71, as well as inhibiting the secre-
tion of inflammatory factors, including interleukin (IL)-
6, IL-8, and tumor necrosis factor-α elicited by EVA71 
infection. Inhibition of autophagy abolishes the antiviral 
and anti-inflammatory effects of RES-NPs on EVA71-
infected RD cells, implying that autophagy plays a pivotal 
role in RES-NPs inhibited EVA71 replication [131].

Berberine, an isoquinoline alkaloid isolated from sev-
eral herbal substances, is commonly used for its anti-
diabetic, anticancer, and antimicrobial activity. Its 
metabolites also contribute to a series of pharmaco-
logical effects [132]. Studies have shown that both ber-
berine and its derivative 2d (a compound introduced 
an alkylation substituent at the 9-position) inhibit the 
expression of VP1 and EVA71 replication in Vero cells. 
Further study found that berberine and compound 2d 
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treatment decrease the expression of LC3-II. Berberine 
also increases the amount of p62 in EVA71-infected Vero 
cells. These results suggest that berberine and compound 
2d attenuate EVA71-induced autophagy. Moreover, the 
phosphorylation level of AKT is increased, while those 
levels of JNK and PI3KIII are reduced at the presence 
of berberine and compound 2d, suggesting that berber-
ine and compound 2d might suppress EVA71-induced 
autophagy through activating AKT and inhibiting the 
phosphorylation of JNK and PI3KIII [133, 134]. However, 
the mechanisms still need further study.

Saikosaponin D (SsD), one of the active components of 
Bupleurum falcatum, which is used to control infectious 
diseases [135], was shown to suppress EVA71 infection 
by inhibiting autophagy [73]. SsD treatment can delay 
the endosomal-lysosomal pathway and inhibit the fusion 
of autophagosomes and lysosomes through RAB5, sug-
gesting that SsD is a late-stage autophagy inhibitor. SsD 
exposure also reduces the EVA71 positive RNA strand 
and VP1 protein level. Inhibiting autophagy at an early 
stage markedly suppresses the EVA71 VP1 protein level 
and vice versa. SsD treatment fails to further increase the 
effect of ATG5 on EVA71 infection. Treatment with the 
MTOR inhibitor Torin-1 dose not affect the effect of SsD 
on EVA71 either, indicating that SsD potentially prevents 
EVA71 infection through inhibiting late-stage autophagy 
[73]. However, more studies should be conducted on 
the effect of SsD on EVA71 infection through late-stage 
autophagy, and on the specific stage of the EVA71 life 
cycle.

Conclusion
EVA71, like other enteroviruses, triggers the autophagy 
pathway and hijacks autophagy and/or autophagic genes 
for their life cycle. More studies are needed to investi-
gate the details of different stages of autophagy used for 
the specific life cycle of EVA71. For example, although 
EVA71 particles are observed together with autophago-
some- and autolysosome-like structures or VP1 pro-
tein are found colocalized with LC3 dots, no report has 
shown viral RNA or replication intermediate or early 
protein together with autophagosomes or autolysosomes. 
In addition, autophagy may directly mediate the spread 
of EVA71 to the CNS and replication in neuron cells or 
indirectly mediate neuronophagia via regulating host 
factors after EVA71 infection. However, the details of 
the susceptibility of EVA71 in the CNS are still not clear. 
Further study regarding the interplay between autophagy 
and viral replication, as well as autophagy in EVA71-
induced neurological diseases, might provide a novel 
therapeutic strategy for EVA71 infection.

Abbreviations
EVA71: Enterovirus A71; CNS: Central nervous system; HFMD: Hand, foot, and 
mouth disease; China CDC: Chinese Center for Disease Control and Preven-
tion; CMA: Chaperone-mediated autophagy; ATGs: Autophagy-related genes; 
PAS: Phagophore assembly site; MTOR: Mechanistic target of rapamycin 
kinase; mTORC1: MTOR complex 1; ULK1: Unc-51 like autophagy activating 
kinase 1; ER: Endoplasmic reticulum; PIK3C3: Phosphatidylinositol 3-kinase 
catalytic subunit type 3; PI3KC3-C1: Phosphatidylinositol 3-kinase catalytic 
subunit type 3 (PIK3C3) complex I; PI3P: Phosphatidylinositol-3-phosphate; 
MAP1LC3: Microtubule associated protein 1 light chain 3-I; PE: Phosphatidy-
lethanolamine; SNARE: Synaptic-soluble N-ethylmaleimide-sensitive factor 
attachment receptor; HCV: Hepatitis C virus; ERAD: ER-associated degrada-
tion; UPR: Unfolded protein response; VCP: Valosin containing protein; CVB3: 
Coxsackievirus B3; PERK: PKR-like ER protein kinase; IRE1: Inositol-requiring 
protein-1; ATF6: Activating transcription factor-6; PMP22: Peripheral myelin 
protein 22; SESN2: Sestrin-2; DDIT4: DNA-damage-inducible transcript 4; TRIB3: 
Tribbles pseudokinase 3; AKT1: Akt murine thymoma viral oncogene homolog 
1; AMPK: AMP-activated protein kinase; MAPK8: Mitogen-activated protein 
kinase 8; DAPK1: Death-associated protein kinase 1; JUN: Jun proto-oncogene; 
XBP1: X-box binding protein 1; ATF4: Activating transcription factor 4; DDIT3: 
DNA-damage-inducible transcript 3; PRKCQ: Protein kinase C; JNK: c-Jun NH2-
terminal kinase; UTR​: Untranslated region; PML: Promyelocytic leukemia; PML-
NB: PML-nuclear bodies; IFN: Interferon; PV: Poliovirus; EVD68: Enterovirus D68; 
ATG4B: Autophagy related 4B cysteine peptidase; PI4KB: Phosphatidylinositol 
4-kinase IIIβ; PI4P: Phosphatidylinositol-4-phosphate; KHSRP: KH-type splicing 
regulatory protein; IRES: Internal ribosomal entry site; APOBEC3G: Apolipo-
protein B mRNA editing enzyme catalytic subunit 3G; PCBP1: Poly(C)-binding 
protein 1; STX17: Syntaxin-17; SNAP29: Synaptosome associated protein 29; 
AWOL: Autophagosome-mediated exit without lysis; TLRs: Toll-like receptors; 
IRF7: Interferon regulatory factor 7; 3-MA: 3-Methyladenine; SCARB2: Scaven-
ger receptor B2; PSGL-1: P-selection glycoprotein ligand 1; Anx2: Annexin II; 
HSPG: Heparan sulfate proteoglycans; CypA: Cyclophilin A; WARS: Tryptopha-
nyl aminoacyl-tRNA synthetase; UVRAG​: UV radiation resistance-associated 
gene; CFDA: China Food and Drug Administration; RES-NPs: Resveratrol-
loaded nanoparticles; IL: Interleukin; SsD: Saikosaponin D.

Acknowledgements
The authors thank AiMi Academic Services (www.aimie​ditor​.com) for English 
language editing and review services.

Authors’ contributions
CZ, YL, and JL co-wrote this review. All authors read and approved the final 
manuscript.

Funding
This work was supported by Hubei Province health and family planning a 
scientific research project, No. WJ2017M220; Wuhan Health Bureau Scientific 
Research Fund, No. WX19C11; Joint Precision Medical Research Fund from 
Taihe Hospital, No. 2016JZ10; Shiyan science and technology research and 
development project, No. 14Y11.

 Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Children Health Care, Wuhan Children’s Hospital (Wuhan 
Maternal and Child Healthcare Hospital), Tongji Medical College, Huazhong 
University of Science & Technology, Wuhan, Hubei, People’s Republic of China. 
2 Department of Health Services, Taihe Hospital, Hubei University of Medi-
cine, Shiyan, Hubei, People’s Republic of China. 3 Department of Pediatrics, 
Taihe Hospital, Hubei University of Medicine, Shiyan 442000, Hubei, People’s 
Republic of China. 

http://www.aimieditor.com


Page 11 of 14Zhang et al. Cell Biosci          (2020) 10:142 	

Received: 27 May 2020   Accepted: 25 November 2020

References
	 1.	 Schmidt NJ, Lennette EH, Ho HH. An apparently new enterovirus iso-

lated from patients with disease of the central nervous system. J Infect 
Dis. 1974;129(3):304–9.

	 2.	 Chumakov M, Voroshilova M, Shindarov L, Lavrova I, Gracheva L, 
Koroleva G, Vasilenko S, Brodvarova I, Nikolova M, Gyurova S, Gacheva 
M, Mitov G, Ninov N, Tsylka E, Robinson I, Frolova M, Bashkirtsev V, 
Martiyanova L, Rodin V. Enterovirus 71 isolated from cases of epidemic 
poliomyelitis-like disease in Bulgaria. Arch Virol. 1979;60(3–4):329–40.

	 3.	 Ho M, Chen ER, Hsu KH, Twu SJ, Chen KT, Tsai SF, Wang JR, Shih SR. An 
epidemic of enterovirus 71 infection in Taiwan. Taiwan Enterovirus 
Epidemic Working Group. N Engl J Med. 1999;341(13):929–35.

	 4.	 Esposito S, Principi N. Hand, foot and mouth disease: current knowl-
edge on clinical manifestations, epidemiology, aetiology and preven-
tion. Eur J Clin Microbiol Infect Dis. 2018;37(3):391–8.

	 5.	 Long L, Xu L, Xiao Z, Hu S, Luo R, Wang H, Lu X, Xu Z, Yao X, Zhou L, 
Long H, Gong J, Song Y, Zhao L, Luo K, Zhang M, Feng L, Yang L, Sheng 
X, Fan X, Xiao B. Neurological complications and risk factors of cardio-
pulmonary failure of EV-A71-related hand, foot and mouth disease. Sci 
Rep. 2016;6:23444.

	 6.	 Messacar K, Spence-Davizon E, Osborne C, Press C, Schreiner TL, Martin 
J, Messer R, Maloney J, Burakoff A, Barnes M, Rogers S, Lopez AS, 
Routh J, Gerber SI, Oberste MS, Nix WA, Abzug MJ, Tyler KL, Herlihy R, 
Dominguez SR. Clinical characteristics of enterovirus A71 neurological 
disease during an outbreak in children in Colorado, USA, in 2018: an 
observational cohort study. Lancet Infect Dis. 2020;20(2):230–9.

	 7.	 Xing W, Liao Q, Viboud C, Zhang J, Sun J, Wu JT, Chang Z, Liu F, Fang VJ, 
Zheng Y, Cowling BJ, Varma JK, Farrar JJ, Leung GM, Yu H. Hand, foot, 
and mouth disease in China, 2008-12: an epidemiological study. Lancet 
Infect Dis. 2014;14(4):308–18.

	 8.	 Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. 
Cell. 2011;147(4):728–41.

	 9.	 Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 
2008;132(1):27–42.

	 10.	 Liu ZW, Zhuang ZC, Chen R, Wang XR, Zhang HL, Li SH, Wang ZY, Wen 
HL. Enterovirus 71 VP1 protein regulates viral replication in SH-SY5Y 
cells via the mTOR autophagy signaling pathway. Viruses. 2019;12(1):11.

	 11.	 Sun Y, Zheng Q, Wang Y, Pang Z, Liu J, Yin Z, Lou Z. Activity-based 
protein profiling identifies ATG4B as a key host factor for enterovirus 71 
proliferation. J Virol. 2019;93(24):e01092.

	 12.	 Too IH, Yeo H, Sessions OM, Yan B, Libau EA, Howe JL, Lim ZQ, Suku-
Maran S, Ong WY, Chua KB, Wong BS, Chow VT, Alonso S. Enterovirus 71 
infection of motor neuron-like NSC-34 cells undergoes a non-lytic exit 
pathway. Sci Rep. 2016;6:36983.

	 13.	 Fu Y, Xu W, Chen D, Feng C, Zhang L, Wang X, Lv X, Zheng N, Jin Y, Wu Z. 
Enterovirus 71 induces autophagy by regulating has-miR-30a expres-
sion to promote viral replication. Antiviral Res. 2015;124:43–53.

	 14.	 Xi X, Zhang X, Wang B, Wang T, Wang J, Huang H, Wang J, Jin Q, Zhao Z. 
The interplays between autophagy and apoptosis induced by enterovi-
rus 71. PLoS ONE. 2013;8(2):e56966.

	 15.	 Tekirdag K, Cuervo AM. Chaperone-mediated autophagy and 
endosomal microautophagy: joint by a chaperone. J Biol Chem. 
2018;293(15):5414–24.

	 16.	 Galluzzi L, Baehrecke EH, Ballabio A, Boya P, Bravo-San PJ, Cecconi F, 
Choi AM, Chu CT, Codogno P, Colombo MI, Cuervo AM, Debnath J, 
Deretic V, Dikic I, Eskelinen EL, Fimia GM, Fulda S, Gewirtz DA, Green DR, 
Hansen M, Harper JW, Jaattela M, Johansen T, Juhasz G, Kimmelman AC, 
Kraft C, Ktistakis NT, Kumar S, Levine B, Lopez-Otin C, Madeo F, Martens 
S, Martinez J, Melendez A, Mizushima N, Munz C, Murphy LO, Penninger 
JM, Piacentini M, Reggiori F, Rubinsztein DC, Ryan KM, Santambrogio L, 
Scorrano L, Simon AK, Simon HU, Simonsen A, Tavernarakis N, Tooze SA, 
Yoshimori T, Yuan J, Yue Z, Zhong Q, Kroemer G. Molecular definitions of 
autophagy and related processes. EMBO J. 2017;36(13):1811–36.

	 17.	 Dikic I, Elazar Z. Mechanism and medical implications of mammalian 
autophagy. Nat Rev Mol Cell Biol. 2018;19(6):349–64.

	 18.	 Ganley IG. Autophagosome maturation and lysosomal fusion. Essays 
Biochem. 2013;55:65–78.

	 19.	 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, Iemura S, 
Natsume T, Takehana K, Yamada N, Guan JL, Oshiro N, Mizushima N. 
Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 
complex required for autophagy. Mol Biol Cell. 2009;20(7):1981–91.

	 20.	 Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y, Ishihara N, Mizush-
ima N, Tanida I, Kominami E, Ohsumi M, Noda T, Ohsumi Y. A ubiquitin-
like system mediates protein lipidation. Nature. 2000;408(6811):488–92.

	 21.	 Levine B, Kroemer G. Biological functions of autophagy genes: a disease 
perspective. Cell. 2019;176(1–2):11–42.

	 22.	 Hu W, Chan H, Lu L, Wong KT, Wong SH, Li MX, Xiao ZG, Cho CH, Gin T, 
Chan M, Wu W, Zhang L. Autophagy in intracellular bacterial infection. 
Semin Cell Dev Biol. 2020;101:41–50.

	 23.	 Buckingham EM, Jarosinski KW, Jackson W, Carpenter JE, Grose C. 
Exocytosis of varicella-zoster virus virions involves a convergence of 
endosomal and autophagy pathways. J Virol. 2016;90(19):8673–85.

	 24.	 Lee YR, Hu HY, Kuo SH, Lei HY, Lin YS, Yeh TM, Liu CC, Liu HS. Dengue 
virus infection induces autophagy: an in vivo study. J Biomed Sci. 
2013;20:65.

	 25.	 Dreux M, Gastaminza P, Wieland SF, Chisari FV. The autophagy machin-
ery is required to initiate hepatitis C virus replication. Proc Natl Acad Sci 
USA. 2009;106(33):14046–51.

	 26.	 Huang SC, Chang CL, Wang PS, Tsai Y, Liu HS. Enterovirus 71-induced 
autophagy detected in vitro and in vivo promotes viral replication. J 
Med Virol. 2009;81(7):1241–52.

	 27.	 Won M, Jun EJ, Khim M, Hong SH, Park NH, Kim YK, Lee H. Antiviral 
protection against enterovirus 71 mediated by autophagy induc-
tion following FLICE-inhibitory protein inactivation. Virus Res. 
2012;169(1):316–20.

	 28.	 Lee YR, Wang PS, Wang JR, Liu HS. Enterovirus 71-induced autophagy 
increases viral replication and pathogenesis in a suckling mouse model. 
J Biomed Sci. 2014;21:80.

	 29.	 Cao L, Zhang X, Yuan S, Cheng K, Zhang X. Autophagy induced by 
enterovirus 71 regulates the production of IL-6 through the p38MAPK 
and ERK signaling pathways. Microb Pathog. 2019;131:120–7.

	 30.	 Li P, Yang S, Hu D, Wei D, Lu J, Zheng H, Nie S, Liu G, Yang H. Enterovirus 
71 VP1 promotes mouse Schwann cell autophagy via ER stressmedi-
ated PMP22 upregulation. Int J Mol Med. 2019;44(2):759–67.

	 31.	 Song J, Hu Y, Li J, Zheng H, Wang J, Guo L, Shi H, Liu L. Suppression 
of the toll-like receptor 7-dependent type I interferon produc-
tion pathway by autophagy resulting from enterovirus 71 and 
coxsackievirus A16 infections facilitates their replication. Arch Virol. 
2018;163(1):135–44.

	 32.	 He B. Viruses, endoplasmic reticulum stress, and interferon responses. 
Cell Death Differ. 2006;13(3):393–403.

	 33.	 Fujita E, Kouroku Y, Isoai A, Kumagai H, Misutani A, Matsuda C, Hayashi 
YK, Momoi T. Two endoplasmic reticulum-associated degradation 
(ERAD) systems for the novel variant of the mutant dysferlin: ubiquitin/
proteasome ERAD(I) and autophagy/lysosome ERAD(II). Hum Mol 
Genet. 2007;16(6):618–29.

	 34.	 Wang T, Wang B, Huang H, Zhang C, Zhu Y, Pei B, Cheng C, Sun L, Wang 
J, Jin Q, Zhao Z. Enterovirus 71 protease 2Apro and 3Cpro differentially 
inhibit the cellular endoplasmic reticulum-associated degradation 
(ERAD) pathway via distinct mechanisms, and enterovirus 71 hijacks 
ERAD component p97 to promote its replication. PLoS Pathog. 
2017;13(10):e1006674.

	 35.	 Jheng JR, Lau KS, Tang WF, Wu MS, Horng JT. Endoplasmic reticulum 
stress is induced and modulated by enterovirus 71. Cell Microbiol. 
2010;12(6):796–813.

	 36.	 Dargemont C, Ossareh-Nazari B. Cdc48/p97, a key actor in the interplay 
between autophagy and ubiquitin/proteasome catabolic pathways. 
Biochim Biophys Acta. 2012;1823(1):138–44.

	 37.	 Luo XN, Yao HL, Song J, Song QQ, Shi BT, Xia D, Han J. Coxsackievirus 
B3 infection triggers autophagy through 3 pathways of endoplasmic 
reticulum stress. Biomed Environ Sci. 2018;31(12):867–75.

	 38.	 Rashid HO, Yadav RK, Kim HR, Chae HJ. ER stress: autophagy induction, 
inhibition and selection. Autophagy. 2015;11(11):1956–77.

	 39.	 Zhang H, Li F, Pan Z, Wu Z, Wang Y, Cui Y. Activation of PI3K/Akt path-
way limits JNK-mediated apoptosis during EV71 infection. Virus Res. 
2014;192:74–84.



Page 12 of 14Zhang et al. Cell Biosci          (2020) 10:142 

	 40.	 Wang H, Guo T, Yang Y, Yu L, Pan X, Li Y. Lycorine derivative LY-55 inhibits 
EV71 and CVA16 replication through downregulating autophagy. Front 
Cell Infect Microbiol. 2019;9:277.

	 41.	 Ho BC, Yu IS, Lu LF, Rudensky A, Chen HY, Tsai CW, Chang YL, Wu CT, 
Chang LY, Shih SR, Lin SW, Lee CN, Yang PC, Yu SL. Inhibition of miR-
146a prevents enterovirus-induced death by restoring the production 
of type I interferon. Nat Commun. 2014;5:3344.

	 42.	 Zheng Z, Ke X, Wang M, He S, Li Q, Zheng C, Zhang Z, Liu Y, Wang H. 
Human microRNA hsa-miR-296-5p suppresses enterovirus 71 replica-
tion by targeting the viral genome. J Virol. 2013;87(10):5645–56.

	 43.	 Cullen BR. Viral and cellular messenger RNA targets of viral microRNAs. 
Nature. 2009;457(7228):421–5.

	 44.	 Wu X, Jia R, Wang M, Chen S, Liu M, Zhu D, Zhao X, Yang Q, Wu Y, Yin 
Z, Zhang S, Huang J, Zhang L, Liu Y, Yu Y, Pan L, Tian B, Rehman MU, 
Chen X, Cheng A. Downregulation of microRNA-30a-5p contributes to 
the replication of duck enteritis virus by regulating Beclin-1-mediated 
autophagy. Virol J. 2019;16(1):144.

	 45.	 Zhai H, Fesler A, Ju J. MicroRNA: a third dimension in autophagy. Cell 
Cycle. 2013;12(2):246–50.

	 46.	 Bernardi R, Pandolfi PP. Structure, dynamics and functions of 
promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol. 
2007;8(12):1006–16.

	 47.	 Chen D, Feng C, Tian X, Zheng N, Wu Z. Promyelocytic leukemia restricts 
enterovirus 71 replication by inhibiting autophagy. Front Immunol. 
2018;9:1268.

	 48.	 Tavalai N, Stamminger T. Interplay between herpesvirus infection and 
host defense by PML nuclear bodies. Viruses. 2009;1(3):1240–64.

	 49.	 Huang L, Yue J. The interplay of autophagy and enterovirus. Semin Cell 
Dev Biol. 2020;101:12–9.

	 50.	 Mohamud Y, Luo H. The intertwined life cycles of enterovirus and 
autophagy. Virulence. 2019;10(1):470–80.

	 51.	 Jheng JR, Ho JY, Horng JT. ER stress, autophagy, and RNA viruses. Front 
Microbiol. 2014;5:388.

	 52.	 Nguyen TG, Honson NS, Arns S, Davis TL, Dhe-Paganon S, Kovacic S, 
Kumar NS, Pfeifer TA, Young RN. Development of fluorescent substrates 
and assays for the key autophagy-related cysteine protease enzyme, 
ATG4B. Assay Drug Dev Technol. 2014;12(3):176–89.

	 53.	 Altan-Bonnet N. Lipid tales of viral replication and transmission. Trends 
Cell Biol. 2017;27(3):201–13.

	 54.	 Hsu NY, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian PM, Pau 
C, van der Schaar H, Kaushik-Basu N, Balla T, Cameron CE, Ehrenfeld E, 
van Kuppeveld FJ, Altan-Bonnet N. Viral reorganization of the secre-
tory pathway generates distinct organelles for RNA replication. Cell. 
2010;141(5):799–811.

	 55.	 Xiao X, Lei X, Zhang Z, Ma Y, Qi J, Wu C, Xiao Y, Li L, He B, Wang J. Entero-
virus 3A facilitates viral replication by promoting phosphatidylinositol 
4-Kinase IIIbeta-ACBD3 interaction. J Virol. 2017;91(19):e00791.

	 56.	 Yamashita S, Oku M, Wasada Y, Ano Y, Sakai Y. PI4P-signaling pathway for 
the synthesis of a nascent membrane structure in selective autophagy. 
J Cell Biol. 2006;173(5):709–17.

	 57.	 Wang H, Sun HQ, Zhu X, Zhang L, Albanesi J, Levine B, Yin H. GABARAPs 
regulate PI4P-dependent autophagosome:lysosome fusion. Proc Natl 
Acad Sci USA. 2015;112(22):7015–20.

	 58.	 Xiang Q, Wan P, Yang G, Huang S, Qin M, Yang H, Luo Z, Wu K, Wu J. Bec-
lin1 Binds to Enterovirus 71 3D Protein to Promote the Virus Replication. 
Viruses 2020; 12(7).

	 59.	 Wu Y, Lou Z, Miao Y, Yu Y, Dong H, Peng W, Bartlam M, Li X, Rao Z. 
Structures of EV71 RNA-dependent RNA polymerase in complex with 
substrate and analogue provide a drug target against the hand-foot-
and-mouth disease pandemic in China. Protein Cell. 2010;1(5):491–500.

	 60.	 Jackson WT, Giddings TJ, Taylor MP, Mulinyawe S, Rabinovitch M, Kopito 
RR, Kirkegaard K. Subversion of cellular autophagosomal machinery by 
RNA viruses. PLoS Biol. 2005;3(5):e156.

	 61.	 Richards AL, Soares-Martins JA, Riddell GT, Jackson WT. Generation of 
unique poliovirus RNA replication organelles. mBio. 2014;5(2):e813–33.

	 62.	 Richards AL, Jackson WT. Intracellular vesicle acidification pro-
motes maturation of infectious poliovirus particles. PLoS Pathog. 
2012;8:e1003046.

	 63.	 Lin JY, Li ML, Shih SR. Far upstream element binding protein 2 interacts 
with enterovirus 71 internal ribosomal entry site and negatively regu-
lates viral translation. Nucleic Acids Res. 2009;37(1):47–59.

	 64.	 Thompson SR, Sarnow P. Enterovirus 71 contains a type I IRES element 
that functions when eukaryotic initiation factor eIF4G is cleaved. Virol-
ogy. 2003;315(1):259–66.

	 65.	 Chen LL, Kung YA, Weng KF, Lin JY, Horng JT, Shih SR. Enterovirus 71 
infection cleaves a negative regulator for viral internal ribosomal entry 
site-driven translation. J Virol. 2013;87(7):3828–38.

	 66.	 Li Z, Ning S, Su X, Liu X, Wang H, Liu Y, Zheng W, Zheng B, Yu XF, Zhang 
W. Enterovirus 71 antagonizes the inhibition of the host intrinsic antivi-
ral factor A3G. Nucleic Acids Res. 2018;46(21):11514–27.

	 67.	 Moris A, Murray S, Cardinaud S. AID and APOBECs span the gap 
between innate and adaptive immunity. Front Microbiol. 2014;5:534.

	 68.	 Vartanian JP, Guetard D, Henry M, Wain-Hobson S. Evidence for editing 
of human papillomavirus DNA by APOBEC3 in benign and precancer-
ous lesions. Science. 2008;320(5873):230–3.

	 69.	 Seppen J. Unedited inhibition of HBV replication by APOBEC3G. J Hepa-
tol. 2004;41(6):1068–9.

	 70.	 Li Z, Liu X, Wang S, Li J, Hou M, Liu G, Zhang W, Yu XF. Identification of 
a nucleotide in 5′ untranslated region contributing to virus replication 
and virulence of Coxsackievirus A16. Sci Rep. 2016;6:20839.

	 71.	 Luo Z, Dong X, Li Y, Zhang Q, Kim C, Song Y, Kang L, Liu Y, Wu K, Wu 
J. PolyC-binding protein 1 interacts with 5′-untranslated region of 
enterovirus 71 RNA in membrane-associated complex to facilitate viral 
replication. PLoS ONE. 2014;9(1):e87491.

	 72.	 Lai J, Sam IC, Verlhac P, Baguet J, Eskelinen EL, Faure M, Chan YF. 2BC 
Non-structural protein of enterovirus A71 interacts with SNARE proteins 
to trigger autolysosome formation. Viruses. 2017;9(7):169.

	 73.	 Li C, Huang L, Sun W, Chen Y, He ML, Yue J, Ballard H. Saikosaponin D 
suppresses enterovirus A71 infection by inhibiting autophagy. Signal 
Transduct Target Ther. 2019;4:4.

	 74.	 Eskelinen EL. Maturation of autophagic vacuoles in Mammalian cells. 
Autophagy. 2005;1(1):1–10.

	 75.	 Su W, Huang S, Zhu H, Zhang B, Wu X. Interaction between PHB2 and 
enterovirus A71 VP1 induces autophagy and affects EV-A71 infection. 
Viruses. 2020;12(4):414.

	 76.	 Giansanti P, Strating J, Defourny K, Cesonyte I, Bottino A, Post H, 
Viktorova EG, Ho V, Langereis MA, Belov GA, Nolte-’T HE, Heck A, van 
Kuppeveld F. Dynamic remodelling of the human host cell proteome 
and phosphoproteome upon enterovirus infection. Nat Commun. 
2020;11(1):4332.

	 77.	 Corona AK, Saulsbery HM, Corona VA, Jackson WT. Enterovi-
ruses remodel autophagic trafficking through regulation of Host 
SNARE proteins to promote virus replication and cell exit. Cell Rep. 
2018;22(12):3304–14.

	 78.	 Bird SW, Maynard ND, Covert MW, Kirkegaard K. Nonlytic viral spread 
enhanced by autophagy components. Proc Natl Acad Sci USA. 
2014;111(36):13081–6.

	 79.	 Robinson SM, Tsueng G, Sin J, Mangale V, Rahawi S, McIntyre LL, Wil-
liams W, Kha N, Cruz C, Hancock BM, Nguyen DP, Sayen MR, Hilton BJ, 
Doran KS, Segall AM, Wolkowicz R, Cornell CT, Whitton JL, Gottlieb RA, 
Feuer R. Coxsackievirus B exits the host cell in shed microvesicles dis-
playing autophagosomal markers. PLoS Pathog. 2014;10(4):e1004045.

	 80.	 Ong KC, Wong KT. Understanding enterovirus 71 neuropathogen-
esis and its impact on other neurotropic enteroviruses. Brain Pathol. 
2015;25(5):614–24.

	 81.	 Ong KC, Badmanathan M, Devi S, Leong KL, Cardosa MJ, Wong KT. 
Pathologic characterization of a murine model of human enterovirus 71 
encephalomyelitis. J Neuropathol Exp Neurol. 2008;67(6):532–42.

	 82.	 Chen CS, Yao YC, Lin SC, Lee YP, Wang YF, Wang JR, Liu CC, Lei HY, Yu CK. 
Retrograde axonal transport: a major transmission route of enterovirus 
71 in mice. J Virol. 2007;81(17):8996–9003.

	 83.	 Lin JY, Huang HI. Autophagy is induced and supports virus replication 
in Enterovirus A71-infected human primary neuronal cells. Sci Rep. 
2020;10(1):15234.

	 84.	 Lester SN, Li K. Toll-like receptors in antiviral innate immunity. J Mol Biol. 
2014;426(6):1246–64.

	 85.	 Zhang Q, Zhao B, Chen X, Song N, Wu J, Li G, Yu P, Han Y, Liu J, Qin C. 
GS-9620 inhibits enterovirus 71 replication mainly through the NF-
kappaB and PI3K-AKT signaling pathways. Antiviral Res. 2018;153:39–48.

	 86.	 Kobayashi K, Koike S. Cellular receptors for enterovirus A71. J Biomed 
Sci. 2020;27(1):23.



Page 13 of 14Zhang et al. Cell Biosci          (2020) 10:142 	

	 87.	 Yeung ML, Jia L, Yip C, Chan J, Teng J, Chan KH, Cai JP, Zhang C, Zhang 
AJ, Wong WM, Kok KH, Lau S, Woo P, Lo J, Jin DY, Shih SR, Yuen KY. 
Human tryptophanyl-tRNA synthetase is an IFN-gamma-inducible 
entry factor for Enterovirus. J Clin Invest. 2018;128(11):5163–77.

	 88.	 Qing J, Wang Y, Sun Y, Huang J, Yan W, Wang J, Su D, Ni C, Li J, Rao Z, Liu 
L, Lou Z. Cyclophilin A associates with enterovirus-71 virus capsid and 
plays an essential role in viral infection as an uncoating regulator. PLoS 
Pathog. 2014;10(10):e1004422.

	 89.	 Biskou O, Casanova V, Hooper KM, Kemp S, Wright GP, Satsangi J, 
Barlow PG, Stevens C. The type III intermediate filament vimentin 
regulates organelle distribution and modulates autophagy. PLoS ONE. 
2019;14(1):e209665.

	 90.	 Xu C, Wang Y, Tu Q, Zhang Z, Chen M, Mwangi J, Li Y, Jin Y, Zhao X, 
Lai R. Targeting surface nucleolin induces autophagy-dependent 
cell death in pancreatic cancer via AMPK activation. Oncogene. 
2019;38(11):1832–44.

	 91.	 Seko Y, Fujimura T, Taka H, Mineki R, Murayama K, Nagai R. Hypoxia 
followed by reoxygenation induces secretion of cyclophilin A from 
cultured rat cardiac myocytes. Biochem Biophys Res Commun. 
2004;317(1):162–8.

	 92.	 Sherry B, Yarlett N, Strupp A, Cerami A. Identification of cyclophilin as 
a proinflammatory secretory product of lipopolysaccharide-activated 
macrophages. Proc Natl Acad Sci USA. 1992;89(8):3511–5.

	 93.	 Mao M, Yu X, Ge X, Gu R, Li Q, Song S, Zheng X, Shen T, Li X, Fu Y, Li 
J, Zhu D. Acetylated cyclophilin A is a major mediator in hypoxia-
induced autophagy and pulmonary vascular angiogenesis. J Hypertens. 
2017;35(4):798–809.

	 94.	 Jewell JL, Russell RC, Guan KL. Amino acid signalling upstream of mTOR. 
Nat Rev Mol Cell Biol. 2013;14(3):133–9.

	 95.	 Rubio GM, Ibba M. Aminoacyl-tRNA synthetases. RNA. 
2020;26(8):910–36.

	 96.	 Deng H, Mi MT. Resveratrol attenuates Abeta25-35 caused neurotoxic-
ity by inducing autophagy through the TyrRS-PARP1-SIRT1 signaling 
pathway. Neurochem Res. 2016;41(9):2367–79.

	 97.	 Han JM, Jeong SJ, Park MC, Kim G, Kwon NH, Kim HK, Ha SH, Ryu SH, 
Kim S. Leucyl-tRNA synthetase is an intracellular leucine sensor for the 
mTORC1-signaling pathway. Cell. 2012;149(2):410–24.

	 98.	 Yu M, Luo C, Huang X, Chen D, Li S, Qi H, Gao X. Amino acids stimulate 
glycyl-tRNA synthetase nuclear localization for mammalian target of 
rapamycin expression in bovine mammary epithelial cells. J Cell Physiol. 
2019;234(5):7608–21.

	 99.	 Huang HI, Lin JY, Chen SH. EV71 Infection Induces IFNbeta Expression in 
Neural Cells. Viruses. 2019;11(12):1121.

	100.	 Wang C, Ji L, Yuan X, Jin Y, Cardona CJ, Xing Z. Differential regulation 
of TLR signaling on the induction of antiviral interferons in human 
intestinal epithelial cells infected with enterovirus 71. PLoS ONE. 
2016;11(3):e152177.

	101.	 Shi W, Hou X, Peng H, Zhang L, Li Y, Gu Z, Jiang Q, Shi M, Ji Y, Jiang J. 
MEK/ERK signaling pathway is required for enterovirus 71 replication in 
immature dendritic cells. Virol J. 2014;11:227.

	102.	 Lee HC, Lee ES, Uddin MB, Kim TH, Kim JH, Chathuranga K, Chathuranga 
W, Jin M, Kim S, Kim CJ, Lee JS. Released tryptophanyl-tRNA synthetase 
stimulates innate immune responses against viral infection. J Virol. 
2019;93(2):e01291.

	103.	 Schmeisser H, Bekisz J, Zoon KC. New function of type I IFN: induction 
of autophagy. J Interferon Cytokine Res. 2014;34(2):71–8.

	104.	 Wei Y, Chiang WC, Sumpter RJ, Mishra P, Levine B. Prohibitin 2 
is an inner mitochondrial membrane mitophagy receptor. Cell. 
2017;168(1–2):224–38.

	105.	 Marsh M, Helenius A. Virus entry: open sesame. Cell. 
2006;124(4):729–40.

	106.	 Hyttinen JM, Niittykoski M, Salminen A, Kaarniranta K. Maturation of 
autophagosomes and endosomes: a key role for Rab7. Biochim Biophys 
Acta. 2013;1833(3):503–10.

	107.	 Kim C, Bergelson JM. Echovirus 7 entry into polarized intestinal epithe-
lial cells requires clathrin and Rab7. Bio. 2012;3(2):e00304.

	108.	 McKnight NC, Zhong Y, Wold MS, Gong S, Phillips GR, Dou Z, Zhao Y, 
Heintz N, Zong WX, Yue Z. Beclin 1 is required for neuron viability and 
regulates endosome pathways via the UVRAG-VPS34 complex. PLoS 
Genet. 2014;10(10):e1004626.

	109.	 Murrow L, Malhotra R, Debnath J. ATG12-ATG3 interacts with Alix to 
promote basal autophagic flux and late endosome function. Nat Cell 
Biol. 2015;17(3):300–10.

	110.	 Messacar K, Spence-Davizon E, Osborne C, Press C, Schreiner TL, Martin 
J, Messer R, Maloney J, Burakoff A, Barnes M, Rogers S, Lopez AS, 
Routh J, Gerber SI, Oberste MS, Nix WA, Abzug MJ, Tyler KL, Herlihy R, 
Dominguez SR. Clinical characteristics of enterovirus A71 neurological 
disease during an outbreak in children in Colorado, USA, in 2018: an 
observational cohort study. Lancet Infect Dis. 2019;20(2):230–9.

	111.	 Lee KY. Enterovirus 71 infection and neurological complications. Korean 
J Pediatr. 2016;59(10):395–401.

	112.	 Wang SM, Liu CC, Tseng HW, Wang JR, Huang CC, Chen YJ, Yang YJ, Lin 
SJ, Yeh TF. Clinical spectrum of enterovirus 71 infection in children in 
southern Taiwan, with an emphasis on neurological complications. Clin 
Infect Dis. 1999;29(1):184–90.

	113.	 Ooi MH, Wong SC, Lewthwaite P, Cardosa MJ, Solomon T. Clinical 
features, diagnosis, and management of enterovirus 71. Lancet Neurol. 
2010;9(11):1097–105.

	114.	 Chou IC, Lin CC, Kao CH. Enterovirus encephalitis increases the risk of 
attention deficit hyperactivity disorder: a Taiwanese population-based 
case-control study. Medicine. 2015;94(16):e707.

	115.	 Chang LY, Huang LM, Gau SS, Wu YY, Hsia SH, Fan TY, Lin KL, Huang 
YC, Lu CY, Lin TY. Neurodevelopment and cognition in children after 
enterovirus 71 infection. N Engl J Med. 2007;356(12):1226–34.

	116.	 Nikoletopoulou V, Papandreou ME, Tavernarakis N. Autophagy in the 
physiology and pathology of the central nervous system. Cell Death 
Differ. 2015;22(3):398–407.

	117.	 Fujii K, Nagata N, Sato Y, Ong KC, Wong KT, Yamayoshi S, Shima-
nuki M, Shitara H, Taya C, Koike S. Transgenic mouse model for the 
study of enterovirus 71 neuropathogenesis. Proc Natl Acad Sci USA. 
2013;110(36):14753–8.

	118.	 He Y, Ong KC, Gao Z, Zhao X, Anderson VM, McNutt MA, Wong KT, Lu 
M. Tonsillar crypt epithelium is an important extra-central nervous 
system site for viral replication in EV71 encephalomyelitis. Am J Pathol. 
2014;184(3):714–20.

	119.	 Gleich K, Desmond MJ, Lee D, Berkovic SF, Dibbens LM, Katerelos M, 
Bayly MA, Fraser SA, Martinello P, Vears DF, Mount P, Power DA. Abnor-
mal processing of autophagosomes in transformed B lymphocytes 
from SCARB2-Deficient subjects. BioRes Open Access. 2013;2(1):4–46.

	120.	 Eskelinen EL, Tanaka Y, Saftig P. At the acidic edge: emerging functions 
for lysosomal membrane proteins. Trends Cell Biol. 2003;13(3):137–45.

	121.	 Kjellen L, Lindahl U. Proteoglycans: structures and interactions. Annu 
Rev Biochem. 1991;60:443–75.

	122.	 Tan CW, Sam IC, Lee VS, Wong HV, Chan YF. VP1 residues around the 
five-fold axis of enterovirus A71 mediate heparan sulfate interaction. 
Virology. 2017;501:79–87.

	123.	 Tseligka ED, Sobo K, Stoppini L, Cagno V, Abdul F, Piuz I, Meylan P, 
Huang S, Constant S, Tapparel C. A VP1 mutation acquired during 
an enterovirus 71 disseminated infection confers heparan sul-
fate binding ability and modulates ex vivo tropism. PLoS Pathog. 
2018;14(8):e1007190.

	124.	 Reynolds-Peterson CE, Zhao N, Xu J, Serman TM, Xu J, Selleck SB. 
Heparan sulfate proteoglycans regulate autophagy in Drosophila. 
Autophagy. 2017;13(8):1262–79.

	125.	 Hu DD, Mai JN, He LY, Li PQ, Chen WX, Yan JJ, Zhu WD, Deng L, Wei 
D, Liu DH, Yang SD, Yao ZB. Glucocorticoids prevent enterovirus 71 
capsid protein VP1 induced calreticulin surface exposure by alleviating 
neuronal ER stress. Neurotox Res. 2017;31(2):204–17.

	126.	 Fricker M, Oliva-Martin MJ, Brown GC. Primary phagocytosis of viable 
neurons by microglia activated with LPS or Abeta is dependent on cal-
reticulin/LRP phagocytic signalling. J Neuroinflammation. 2012;9:196.

	127.	 Mao QY, Wang Y, Bian L, Xu M, Liang Z. EV71 vaccine, a new tool to 
control outbreaks of hand, foot and mouth disease (HFMD). Expert Rev 
Vaccines. 2016;15(5):599–606.

	128.	 Head JR, Collender PA, Lewnard JA, Skaff NK, Li L, Cheng Q, Baker JM, Li 
C, Chen D, Ohringer A, Liang S, Yang C, Hubbard A, Lopman B, Remais 
JV. Early evidence of inactivated enterovirus 71 vaccine impact against 
hand, foot, and mouth disease in a major center of ongoing transmis-
sion in China, 2011–2018: a longitudinal surveillance study. Clin Infect 
Dis 2019.



Page 14 of 14Zhang et al. Cell Biosci          (2020) 10:142 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	129.	 Shih C, Liao CC, Chang YS, Wu SY, Chang CS, Liou AT. Immunocompe-
tent and Immunodeficient Mouse Models for Enterovirus 71 Pathogen-
esis and Therapy. Viruses. 2018;10(12):674.

	130.	 Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo 
evidence. Nat Rev Drug Discov. 2006;5(6):493–506.

	131.	 Du N, Li XH, Bao WG, Wang B, Xu G, Wang F. Resveratrolloaded nanopar-
ticles inhibit enterovirus 71 replication through the oxidative stressme-
diated ERS/autophagy pathway. Int J Mol Med. 2019;44(2):737–49.

	132.	 Wang K, Feng X, Chai L, Cao S, Qiu F. The metabolism of berberine 
and its contribution to the pharmacological effects. Drug Metab Rev. 
2017;49(2):139–57.

	133.	 Wang YX, Yang L, Wang HQ, Zhao XQ, Liu T, Li YH, Zeng QX, Li YH, Song 
DQ. Synthesis and evolution of berberine derivatives as a new class of 

antiviral agents against enterovirus 71 through the MEK/ERK pathway 
and autophagy. Molecules. 2018;23(8):2084.

	134.	 Wang H, Li K, Ma L, Wu S, Hu J, Yan H, Jiang J, Li Y. Berberine inhibits 
enterovirus 71 replication by downregulating the MEK/ERK signaling 
pathway and autophagy. Virol J. 2017;14(1):2.

	135.	 Ashour ML, Wink M. Genus Bupleurum: a review of its phytochem-
istry, pharmacology and modes of action. J Pharm Pharmacol. 
2011;63(3):305–21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Dysregulated autophagy contributes to the pathogenesis of enterovirus A71 infection
	Abstract 
	Introduction
	The autophagy machinery in metazoans
	The interplay between autophagy and EVA71 replication
	Autophagy is induced by EVA71 in vivo and in vitro
	Potential mechanisms underlying autophagy induction by EVA71
	ER stress might be involved in EVA71-induced autophagy
	Host microRNAs targeted to the autophagy machinery component are down-regulated by EVA71
	EVA71 triggers autophagy through suppressing host anti-viral protein

	Induced autophagy promotes EVA71 replication
	Autophagy core components facilitate the viral life cycle at different phases
	Induced autophagy represses innate immunity in response to EVA71 infection

	Speculation on the possible connection between autophagy and EVA71 receptor binding, viral entry, and uncoating
	The possible role of EVA71 receptors on autophagy activity
	Possible function of autophagy machinery on viral entry and uncoating


	Autophagy is involved in EVA71-induced nervous system injury
	The viral receptor may participate in neurological damage through autophagy
	Autophagy may indirectly mediate neuronophagia

	Autophagy pathway is a potential therapeutic target for EVA71 infection
	Conclusion
	Acknowledgements
	References




