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Abstract

Hand, Foot and Mouth Disease (HFMD) is a type of infectious disease that is more commonly seen in children
under the age of 6 years. It was first reported in New Zealand in 1957, and then outbreaks occurred in Europe,
America and Asia. In recent years, the incidence of HFMD in China is also on the rise. HFMD was caused by
Coxsackievirus A16 (CVA16) and Human Enterovirus 71 (EV71) and other virus. CVA16 usually causes mild cases
and is less harmful, while EV71 infection causes not only mild cases, but also severe and fatal cases; it has become
a cause of concern. The mechanism of HFMD caused by EV71 virus is not completely clear. After it infects host
cells, the EV71 virus genome undergoes replication, translation, assembly, and the release of virosomes. Some
studies have reported that EV71 could induce host cell autophagy. Autophagy is a cellular process necessary for the
lysosomal degradation and recycling of proteins and entire organelles. It can act as not only a defense mechanism
to prevent environmental damage to cells, also induce cell death in eukaryotes. To explore the correlation and
characteristics of EV71 virus, EV71 viral protein and autophagy, we used EV71 and recombinant plasmid pcDNA3.1
(+) -HA-X to infect human 293T cells, and we found that autophagy could be induced by EV71. With the
prolongation of infection, autophagy presents a dynamic trend. And the protein that causes autophagy is structural

protein VP1 and non- structural protein 2A.
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Introduction

Enterovirus71 (EV71) belongs to the Enterovirus family and has
neurotoxicity, which is one of the primary viruses causing severe viral
infection diseases such as hand-foot-mouth disease [1-3]. The EV71
genome encodes a polyprotein that could be hydrolyzed by both host
and viral proteases to produce four structural proteins (VP1, VP2,
VP3, VP4) and seven non-structural proteins (24, 2B, 2C, 3A, 3B, 3C
and 3D)[4]. Amino acid polymorphism at VP1-145 is involved in
EV71 replication and in vivo fitness [5]. The virulence of the viruses
with glutamic acid (E) at VP1-145 (VP1-145E) is stronger than those
with glutamine (Q) or glycine (G) at VP1-145 (VP1-145Q/G) [6].
Currently, the mechanism of EV71-induced neural system infection is
not clear. Studies suggest the autophagy process induced by EV71 is
related to its ability in apoptosis and necrosiss [7].

Autophagy is classified as type II programmed cell death, including
macroautophagy,  microautophagy, and  Chaperone-Mediated
Autophagy (CMA). The progress of autophagy includes the formation
of autophagic precursor, autophagosome, autophagy lysosome, and
autophagy lysosomes degradation [8]. In this process, the esterification
of microtubule associated protein light chain 3 (LC3) is an important
marker of autophagosome formation. The degradation of the p62,
which functions in linking LC3 and ubiquitination, is a hallmark of
autophagy. Autophagy plays an important role in preventing infection
and promoting immunity. Additionally, autophagy is capable of

degrading invasive microorganisms and eliminating pathogen-infected
cells. On the other hand, some pathogens can induce autophagy and
promote viral replication. Studies have reported that EV71 virus can
induce autophagy in human rhabdomyosarcoma (RD) and
neuroblastoma (SK-N-SH) cells [7,9].

Our study will investigate whether EV71 can induce autophagy in
293T cells and identify EV71 viral proteins involved in autophagy. The
in-depth exploration of the interactive mechanism between viral
proteins and cellular autophagy will provide the experimental evidence
for the pathogenic mechanism of EV71-related antiviral immunity.

Materials and Methods

Reagents and materials

Minimum essential medium, Dulbecco’s modified Eagle’s medium,
and TRIzo were purchased from Invitrogen Corporation (Carlsbad,
CA, USA). Plasmid Mini Kit I and Gel Extraction Kit were purchased
from Omega Bio-tek (Atlanta, GA, USA). Tryptone, Yeast extract were
purchased from Oxoid (Basingstoke, Hampshire, UK). Agar, Tris-base,
3-Methyladenine (3-MA), rapamycin, RNase Inhibitor, anti-LC3
antibody produced in rabbit and anti-p62 antibody produced in rabbit
were purchased from Sigma-Aldrich (St Louis, MO, USA). Goat anti-
mouse IgG H and L (HRP), goat anti-rabbit IgG, alexa fluor 555-
labeled donkey anti-mouse IgG, Anti-HA tag antibody were purchased
from Abcam Cambridge, UK. B-actin mouse monoclonal antibody was
purchased from ProteintechRosemont, IL, USA. Prestained protein
marker and ECL chemiluminescent substrate reagent kit were
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purchased from Thermo Fisher Scientific Waltham, MA, USA. M-MLV
and T4-DNA Ligase were purchased from Promega (Madison, WI,
USA). KOD-plus neo was purchased from ToyoboOsaka, Japan. Taq
2X Master Mix was purchased from NovoGeneBeijing, China. Human
rhabdomyosarcoma cellsRD cells) and 293T cells were kindly provided
by Wuhan Institute of Virology, Chinese Academy of Sciences Wuhan,
Hubei, China).

RD and 293T cells

RD cells and 293 T cells were cultured in DMEM medium
containing 10% fetal bovine serum, 100 U penicillin and 100 mg/ml
streptomycin at 37°C with 5% CO,.

Effect of EV71 virus on 293T cells autophagy

EV71 virus amplification: RD cells were maintained in L-glutamine
containing Dulbeccos modified Eagles medium (DMEM)
supplemented with Foetal Bovine Serum (FBS). At 70-80% of
confluence, EV71 virus supernatants were applied on the bottom layer
of the cells and the cells were cultured at 37°C in the 5% CO, incubator
for 2 hours. Then, 4 ml of maintenance solution containing 2% FBS
was added into the culture and maintained for 24 hours. The virus
supernatant was collected and stored at -80°C until use.

Virulence assay of EV71: The end point dilution method was
utilized to determine the virulence through measuring 50% Tissue
Culture Infectious Dose (TCID 50). The TCID 50 was calculated by
Reed-Muench method. Under the sterile condition, RD cells were
digested with trypsin containing DMEM+2% FBS. The cells were
dissected and the cell density was counted using the hemocytometer.
After the cell density was adjusted to 2 x 10° cells/mL with DMEM+2%
FBS, 100 L of cell culture media (2 x 10* cells/well) were added into
each well of the 96-well plate. The collected viral supernatants were
serially diluted (10-fold in succession), from 10" to 101° with DMEM
+2% FBS. 100 pL diluted virus suspension was added into the cell well
and a total of 8 wells in a tandem row were inoculated. Control cells
were set up at the left and right column of the 96-well plate with only
100 uL DMEM+ 2% FBS added into each well. The culture plates were
placed in the 37°C, 5% CO, incubator, and the morphology of the cells
were observed daily under an inverted microscope for consecutive 7
days. TCID 50 was calculated based on Cytopathic Effect (CPE).

In Vitro cell transfection: 293 T cells were seeded onto 35 mm plates
and incubated for 20 hours when its convergence was up to 30%-40%.
The cells were transfected with LC3-EGFP plasmid using the calcium
phosphate method. After incubation for 8 hours, the transfection
efficiency was analysed at indicated time (16-48 hours).

Drug intervention experimental groups: Experimental groups
included the autophagy enhancement group (1 uM rapamycin+5moi
EV71), autophagy inhibition group (ImM 3-MA+5 moi EV71),
autophagy group (5 moi EV71) and the control group (without EV71
infection).

Western blotting: Western Blotting was performed at time points of
Oh, 4h, 8h, 16h and 32h. The proteins were extracted from NP40 cell
lysates and then electrophoresed on PVDF membrane in SDS-PAGE.
The activated membrane was immersed in electrophoretic transfer
membrane (25 mmol/L of Tris at pH 8.3, 192 mmol/L of glycine, and
20% methanol) for 10 min. 10mL of 1:2000 diluted primary antibody
(primary anti-HAtag multi-antibody 5pL + 10mL of TBS) was added
into the medium and hybridized for 2h at 37°C. After incubated with

the primary antibody, the membrane was cleaned for three times with
TBST, once for 10 minutes. The horseradish-conjugated secondary
antibody (1:5000 goat anti-mouse IgG-HRP) was added and incubated
at 37°C for 1h. After the excessive antibodies were washed out, the
same volume of ECL luminescence reagents A and B were mixed and
reacted with the dried membrane for 1 minute after the membrane was
exposed in the dark room; image software was used for gray analysis of
the bands.

Autophagy assay of immunofluorescence cell: The LC3-EGFP
plasmid was transfected into 293T cells. After 24-hour cultivation, cells
were fixed with paraformaldehyde at room temperature for 15 minutes,
permeabilized with 0.2% Triton X-100 for 15 min, and blocked with
5% BSA at 37°C for 2h. After incubated with the primary antibody at
4°C overnight, the secondary antibody for 40 min, and stained with
DAPI for 15 min, autophagy was observed through fluorescence
microscopy.

Effect of EV71 protein on autophagy

Construction of the eukaryotic expression vector of EV71: The
EV71 virus RNAs were extracted and RT-PCR was performed to
obtain viral cDNAs. According to the sequence of the EV71 type-XF
strain (GenBank: JQ804832), the upstream and downstream primers of
each structural protein and non-structural protein were designed
(primers synthesized by Beijing Qingke Biotechnology Co., Ltd.). With
the 11 pairs of primers, cDNAs were used as the template to amplify
viral genes of VP1, VP2, VP3, VP4, 2A, 2B, 2C, 3A, 3AB, 3C, 3D and
construct 11 recombinant plasmids of pcDNA3.1 (+)-HA-VPI,
pcDNA3.1 (+) -HA-VP2, pcDNA3.1(+)-HA-VP3, pcDNA3.1(+)-HA-
VP4, pcDNA3.1(+)-HA-2A, pcDNA3.1(+)-HA-2B, pcDNA3.1(+)-
HA-2C, pcDNA3.1(+)-HA-3A, pcDNA3.1(+) -HA-3AB,
pcDNA3.1(+)-HA-3C, pcDNA3.1(+)-HA-3D. After PCR product gels
were recovered, 11 target genes and PCDNA3.1 (+) vectors were
digested. Then the target genes and linearized vectors were ligated.
Competent cells were prepared and the ligated products were
electroporated into £. coli. Small amount of DNAs were extracted from
the recombinant plasmids for confirmation via PCR (denaturation at
94° C for 5 minutes, predenaturation at 94°C for 30 seconds, annealing
at 59°C for 30 sec, extension at 72°C for 1 minute, for totally 29 cycles
from the second step, and final extension at 72°C for 10 min) (Figure
S1). Recombinant plasmid was sequenced by Beijing Qingke
Biotechnology Co., Ltd (Figure S2).

Expression of recombinant viral proteins in 293T cells: The 293T
cells were transfected with 11 recombinant plasmid using the calcium
phosphate method and the 293T cells transfected with pcDNA3.1 (+)
empty carrier were set as the control. Viral protein expression in 293T
cells was detected by Western Blotting.

The LC3-EGFP and pcDNA3.1-HA-X co-expression plasmids were
co-transfected into 293T cells using the same method as above.

Statistical analysis

SPSS19.0 statistical software was used for statistical analysis. Mean +
SD was used to analyse quantitative data. Paired t-test was used to
perform group comparison. P<0.05 was considered statistically
significant.
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Results
Green fluorescence was detected in EV71-infected 293 T cells Oh 4h 8h 16h 32h

transfected with pEGFP-LC3 plasmid (Figure 1). For the four groups of
cells, the number of fluorescent spots was 2.67 + 0.58, 36.33 + 3.05, LS Lcs- I
34.00 + 1.00, and 4.67 * 0.58, respectively. Inhibitor 3-Methyladenine ¥ 1
(3-MA) decreased the number of fluorescent spotsindicating . P - LC3-
autophagy inhibition. While Rapamycin increased the number of
fl t ts indicati toph: inducti Fi 2).

uorescent spots indicating autophagy induction (Figure 2) wpl
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Firgure 1: The expression of LC3 was detected by
immunofluorescence assay. The Enterovirus 71 was orange red
stained. The LC3-EGFP plasmid was green stained. The nucleus was
blue-stained by DAPI. MERGE was the three fusion image of
TRITC, LC3-EGFP and DAPI. The images were captured at 60
xmagnification. Scale bar denotes 10 um.
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Firgue 2: The green fluorescence number of 293T cells was detected
by immunofluorescence assay. Data are presented as the mean +
SD. "p<0.05 versus each group. The green fluorescence number of
each group was 2.67 * 0.58, 36.33 + 3.05, 34.00 + 1.00, 4.67 + 0.58.

At different time points (Oh, 4h, 8h, 16h and 32h), the expression
level of P62 was significantly different (P<0.05) (Figures 3 and 4). The
levels of p62 in each time points were 0.64 + 0.03 mg/L, 0.40 + 0.03
mg/L, 0.15 + 0.01 mg/L, 0.61 + 0.01 mg/L, 0.20 + 0.02 mg/L. With the
increase of EV71 infection duration, the expression of p62 firstly
decreased then increased, but decreased again at last.

Figure 3: After EV71 infection for different time (Oh, 4h, 8h, 16h
and 32h), the expression levels LC3-, LC3-, VP1, p62 were
measured by western blot, and B-actin served as the loading control.
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Figure 4: Expression of p62 at different time points. Data were
presented as the mean + SD (n=3), "p<0.05 at different time points,
there were significant different between each two groups. With the
increase of EV71 infection duration, the expression of p62 firstly
decreased then increased, but decreased again at last.

Expression of p62

The amount of LC3-II increased at 4h following infection, reached
to maximum at 8h, and then started decreasing from 8h, reached
minimum at 16h, but began to rise again after 16h (Figures 3, 5 and 6).
It suggests that the expression of LC3-II was negatively correlated with
the expression of P62.
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Figure 5: At different time points (0 h, 4h, 8h, 16h, 32h) after EV71
infection, the expression of LC3-II firstly increased then decreased,
but increased again at last.

350

*

1
300
250
200
150
100
50

. - | |
oh 4h gh 16h 32h

Figure 6: Ratio of LC3-to LC3- at different time points. Data were
presented as the mean + SD (n=3), 'p<0.05 at different time points,
there were significant different between each two groups. With the
increase of EV71 infection duration, the ratio of LC3-to LC3-
increased firstly then decreased, but increased again at last.
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Viral protein-induced autophagy

11 recombinant plasmids were successfully transfected, and the viral
proteins were all expressed (Figure 7). In 11 viral protein-infected 293T
cells, specific fluorescence was only observed in cells transfected with
VP1 and 2A, suggesting VP1 and 2A could induce the formation of
autophagosomes (Figure 8).
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Figure 7: Western blotting for recombinant viral protein expression
in 293T cells. The molecular weights of VP1, VP2, VP3, VP4, 2A,
2B, 2C, 3A, 3AB, and 3D were 33 kDa, 28 kDa, 27 kDa, 8 kDa, 17
kDa, 12 kDa, 37 kDa, 10 kDa, 13 kDa, 21 kDa, 21 kDa, 51 kDa.
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Figure 8: Immunofluorescence studies in 293T cells infected with 11
viral proteins. pcDNA3.1(+) served as the negative control. Specific
fluorescence was only observed in cells transfected with VP1 and
2A. The EV71 was orange red stained. The LC3-EGFP plasmid was
green stained. The nucleus was blue-stained by DAPI. MERGE was
the three fusion image of TRITC, LC3-EGFP and DAPI. The images
were captured at 60 xmagnification. Scale bar denotes 10 pm.

Western blotting results showed that p62, LC3-II, and LC3-II/LC3-I
had significant expression changes in VP1 and 2A groups, but not in
other groups, further indicating VP1 and 2A could induce autophagy
(Figures 9, 10 and 11).
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Figure 9: Western blotting studies for the expression of p62, LC3-,
LC3-in 11 viral protein-infected 293T cells. B-actin served as the
loading control. The expression of P62 decreased in VP1 and 2A
groups, while the expression of LC3-II, and LC3-II/LC3-I increased
in the same groups.
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Expression of p62

Figure 10: Expression of p62 in 12 groups, including 11 viral
protein-infected groups and pcDNA3.1 (+) negative control group.
Data were presented as the mean + SD (n=3), *p<0.05 versus each
group. The expression of p62 decreased in VPI and 2A groups, but
not in other groups.
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Figure 11: Ratio of LC3- to LC3-in 12 groups, including 11 viral
protein-infected groups and pcDNA3.1 (+) negative control group.
Data were presented as the mean + SD (n=3), “p<0.05 versus each
group. With the increase of EV71 infection duration, the ratio of
LC3-II to LC3-I increased in VP1 and 2A groups, but not in other
groups.

Discussion

Hand, Foot and Mouth Disease (HFMD) is a type of infectious
disease that is more commonly seen in children under the age of 6
years [10]. According the epidemiological report for the period of
2008-2015 in China, HFMD showed an increasing trend in China [3].
Most patients have mild symptoms and self-limiting, but some patients
may have severe complications such as meningitis, encephalitis,
myelitis, encephalomyelitis, myocarditis, and neurogenic pulmonary
edema, resulting in high mortality and morbidity [11,12]. Pathogens
causing  HFMD are human Enteroviruses, including EV71,
Coxsackievirus (CV), and Non-EV-A71/CV-Al6 HEVs [13,14].
Among these pathogens, EV71 and CV A group 16 are primary
pathogens. It’s reported that EV71 infection significantly increased the
risk of severe complications and death [3,12,15,16]. EV71 is a single
positive-stranded RNA virus with no envelopes or projections. After it
infects host cells, the virus genome undergoes replication, translation,
assembly, and the release of virosomes. Some studies have reported
that EV71 could induce host cell autophagy [17]. Lee and colleagues
revealed that EV71 infection in suckling mice induced an amphisome
formation accompanied, by the autophagic flux in the brain tissues [9].
Too and colleagues revealed that autophagy was remarkably up-
regulated in EV71-infected NSC-34 cells [18].

Autophagy is a cellular process necessary for the lysosomal
degradation and recycling of proteins and entire organelles. It can act
as not only a defense mechanism to prevent environmental damage to
cells also induces cell death in eukaryotes. The regulation of autophagy
is achieved through ubiquitin-like protein systems [19], mammalian
target of rapamycin (mTOR) [20], acetylated protein systems [21],
methylation [22], microRNA (miRNA) [23], and transcription factors
[24]. Autophagy-related genes (ATGs) play the key role in this process
[8]. For example, autophagy can be induced by PI3K core complex
which contains Beclinl/BECN1 (ATG6), ATG9, TAG14L, Ultraviolet
Radiation Resistance-associated Gene Protein (UVRAG) and other
proteins [25]. The extension of autophagosome membrane involves
two ubiquitin-like proteins (ATG12 and ATGS8/LC3). After LC3 is
synthesized, with the catalysis of ATG4 and ATG7, LC3-I combines
with Phosphatidylethanolamine (PE) on the surface of autophagic
membrane to form LC3-II, which is the key step in autophagosome
membrane fusion. As a result, the volume of autophagosome is
constantly expanding. The ubiquitin protein p62 is a key protein in the
degradation of the ubiquitinated proteasome system and the
autophagy-lysosome  system.  During the formation  of
autophagosomes, p62 is able to specifically recognize the LC3 protein
through the ubiquitin signalling pathway, connecting the ubiquitinated
LC3 protein to the damaged mitochondria, facilitating the
transportation and ultimate degradation by lysosomes. Thus LC3 and
p62 are reliable markers for the level of autophagy. And the p62 level
can be used as an indicator for the process of autophagic flow.

Studies reported that some viruses, including polio virus [26],
hepatitis C virus [27,28], dengue virus [29,30] can induce autophagy.
Coxsackie virus can either inhibit autophagy or induce the formation
of autophagosomes to increase viral replication [31,32]. Xi and the
colleagues determined autophagy was induced by EV71 virus in RD-A
cells, with an increase in the time course of infection (6h, 9h, 12h and
24h) by EV71, the conversion of LC3-I to LC3-II and the degradation
of p62 increased accordingly [7]. Fu and the colleagues [33] found that
EV71 could promote viral replication and induce autophagy through
regulating the expression of has-miR-30a. Other studies reported EV71
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mediated VP1-induced autophagy through the endoplasmic reticulum
stress pathway [34], and autophagy inhibitors could inhibit the release
of EV71 virus [7].

In our study, we found that the infection of EV71 into 293T cells
caused significant increase of the fluorescence spots. The addition of
autophagy inhibitors significantly decreased the fluorescence spots.
Interestingly, if agonists were added, the fluorescence spots increased
again. However, there was no change of pEGFP-LC3 fluorescence spots
observed in the control group. Our results suggest that EV71 could
induce autophagy.

There were two types of conclusions on the expression trend of LC3-
II after EV71 virus infection, some studies suggested that the
expression trend was increasing which was time-and dose-dependent
[7,35]. In addition, other studies suggested that the expression of LC3-
IT did not show a continuous increasing trend, it increased first, then
decreased [9,36]. In our study, we also demonstrated that
enterovirus71 infection could induce the elevation of LC3-II
expression in the early phase. In the middle phase, LC3-II returned to
baseline level, with a down-regulation trend. However, in the late
phase, LC3-II level increased again. It suggested that the process of
autophagy was changing during the EV71 infection, displaying the
autophagy flow and dynamic autophagy. This conclusion was similar
to the experimental result of Xi, the expression level of LC3-II was up-
regulated and the expression level of p62 was down regulated at the
end of study [7], but we also found that the change of LC3-II and p62
was a dynamic process rather than a single trend change. In addition,
in the study of SK-N-SH cells infected with EV71, Lee and the
colleagues found that the expression level of LC3-II was gradually
increased and reached the peak at 9 h p.i., as the time of autophagy
prolonged, the expression level of LC3-II was then decreased after 12h
p.i. [9]. In our study, the expression level of LC3-II reached the peak at
8h p.., and then decreased to the lowest level after 16h p.i., this
dynamic process was similar to the result of Lee. However, when the
observation time was extended to 32h, the expression level of LC3-1I
was showed an upward trend eventually. In our research, the dynamic
trends of LC3-II and p62 was different from those mentioned earlier?
This change has not been reported in previous studies. The specific
reason was unknown, it was may be related to the terminal observing
time which was inconsistent in the two studies. Moreover, the reason
for these dynamic changes was not very clear. In recent study,
Chinmoy Sarkar and his colleagues reported that they found a time-
dependent increase in the levels of LC3-1I, which peaked between 1
and 3 days after injury and then gradually decreased by d 7; it may be
caused by lysosomal dysfunction [36]. This may be the reason, but it is
needed further investigation to clarify.

Virus infection could induce autophagy, and many viral proteins can
induce autophagy also [37-40]. A recent study showed that neither 2B,
2C, 3A, 3B, 3AB, 3C nor 3D could trigger autophagy individually [7].
Another research had revealed that overexpression of the non-
structural protein 2BC of EV-A71 induced autolysosome formation to
facilitate its replication. Therefore, the relationship between EV71 virus
protein and autophagy is not yet clear [41]. In order to clarify whether
EV71 virus protein could induce autophagy, and identify the protein
type, we used genetic engineering method to transfect 293T cells with
11 EV1-encoded proteins, including 4 structural proteins and 7 non-
structural proteins. We found that only VP1 and 2A proteins were able

to cause autophagy. These results suggest that the EV71-induced
autophagy could be caused by VP1 and/or 2A, but not the entire
virion. However, the specific mechanism is not clear yet. As one of the
structural proteins of the EV71 virus, VP1 has the function of helper
virus infection and joint cell receptor. At present, the study of VP1
tends to focus on its construction, mutation of different gene loci and
immunogenicity [42-44], there is few studies on its pathogenesis, we
may find out the pathway of VP1 induced autophagy through the
study of VP1 immunogenicity and autophagy related receptors. The 2A
protein of EV71 acts on the replication of virus and the process of
immune escape [45,46]. Perhaps, the study of 2A-autophagy and
immune escape can identify the autophagy pathway caused by protein
2A.

In conclusion, in intro study suggests that the process of autophagy
induced by EV71 is dynamic, and the occurrence of autophagy was
related to EV71 structural protein VP1 and/or non-structural protein
2A. This may be helpful for the observation and treatment of HFMD.
But, there are some questions left, the reason of autophagy dynamic
process and the autophagy mechanism caused by protein VP1 and/or
2A are not clear. It needs to be further discussed.
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