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Autophagy induction by the pathogen receptor NECTIN4 and sustained autophagy
contribute to peste des petits ruminants virus infectivity
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Tianxia Xuea, Xuefeng Qia, and Jingyu Wanga
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ABSTRACT
Macroautophagy/autophagy is an essential cellular response in the fight against intracellular pathogens.
Although some viruses can escape from or utilize autophagy to ensure their own replication, the
responses of autophagy pathways to viral invasion remain poorly documented. Here, we show that
peste des petits ruminants virus (PPRV) infection induces successive autophagic signalling in host cells
via distinct and uncoupled molecular pathways. Immediately upon invasion, PPRV induced a first
transient wave of autophagy via a mechanism involving the cellular pathogen receptor NECTIN4 and
an AKT-MTOR-dependent pathway. Autophagic detection showed that early PPRV infection not only
increased the amounts of autophagosomes and LC3-II but also downregulated the phosphorylation of
AKT-MTOR. Subsequently, we found that the binding of viral protein H to NECTIN4 ultimately induced
a wave of autophagy and inactivated the AKT-MTOR pathway, which is a critical step for the control of
infection. Soon after infection, new autophagic signalling was initiated that required viral replication and
protein expression. Interestingly, expression of IRGM and HSPA1A was significantly upregulated follow-
ing PPRV replication. Strikingly, knockdown of IRGM and HSPA1A expression using small interfering
RNAs impaired the PPRV-induced second autophagic wave and viral particle production. Moreover,
IRGM-interacting PPRV-C and HSPA1A-interacting PPRV-N expression was sufficient to induce autophagy
through an IRGM-HSPA1A-dependent pathway. Importantly, syncytia formation could facilitate sus-
tained autophagy and the replication of PPRV. Overall, our work reveals distinct molecular pathways
underlying the induction of self-beneficial sustained autophagy by attenuated PPRV, which will con-
tribute to improving the use of vaccines for therapy.

Abbreviations: ACTB: actin beta; ANOVA: analysis of variance; ATG: autophagy-related; BECN1: beclin 1;
CDV: canine distemper virus; Co-IP: coimmunoprecipitation; FIP: fusion inhibitory peptide; GFP: green
fluorescent protein; GST: glutathione S-transferase; HMOX1: heme oxygenase 1; hpi: hours post infection;
HSPA1A: heat shock protein family A (Hsp70) member 1A; HSP90AA1: heat shock protein 90 kDa alpha
(cytosolic), class A member 1; IFN: interferon; IgG: immunoglobulin G; INS: insulin; IRGM: immunity
related GTPase M; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MeV: measles virus;
MOI: multiplicity of infection; MTOR: mechanistic target of rapamycin kinase; PI3K: phosphoinositide-3
kinase; PIK3C3: phosphatidylinositol 3-kinase catalytic subunit type 3; SDS: sodium dodecyl sulfate;
siRNA: small interfering RNA; SQSTM1/p62: sequestosome 1; UV: ultraviolet.
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Introduction

Peste des petits ruminants (PPR) is a highly contagious disease
that mainly affects goats and sheep, although it also occasionally
affects small or even large wild ruminants [1–3]. PPR virus
(PPRV) has a linear negative-stranded RNA genome and belongs
to the genus Morbillivirus in the family Paramyxoviridae [4]. The
PPRV genome encodes six structural proteins (the nucleocapsid
protein [N], phosphoprotein [P], fusion protein [F], matrix pro-
tein [M], haemagglutinin-neuraminidase protein [HN], and large
protein [L]) and two non-structural proteins (C and V) in the
order 3ʹ-N-P/C/V-M-F-HN-L-5ʹ [5]. Its clinical signs usually
include pyrexia, mucopurulent oculonasal discharges, diarrhoea,

stomatitis and pneumonia [6,7]. Notably, PPRV infection often
causes foetal mummification, abortions late in pregnancy, or birth
of dead or weak lambs that die within a few days [8,9]. PPRV has
spread to more than 70 countries in Africa, the Near and Middle
East, and Asia and is currently threatening more than 1.7 billion
sheep and goats [10], causing significant economic losses [5,11].
Disease control is mostly achieved through clinical or laboratory-
based diagnosis coupled with vaccination and/or slaughter. All
vaccines currently in use are live attenuated strains of PPRV
[4,12]. The Nigeria/75 (N75) vaccine has been shown in different
studies to protect against virus isolates of all 4 lineages in most
countries [12–14]. However, we lack information on the
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intracellular responses and signalling mechanisms that occur in
sheep/goats treated with the N75 vaccine. Viruses have been
found to interact very strongly with specific pathways that are
usually involved in the control of infections [15]. The autophagy-
related proteome is one of the major targets of RNA viruses [16],
which may indicate the importance of autophagy during the
course of viral infection.

Cell invasion by pathogens is dependent on their ability to bind
to cellular receptors that promote their uptake [17]. Upon intra-
cellular pathogen invasion, autophagy canbe activated as an innate
immune mechanism to control infection [17–19]. Like all morbil-
liviruses, PPRV has been established to exhibit lymphatic and
epithelial tropism [20]. NECTIN4 is mainly expressed in epithelial
tissues and is encoded by multiple haplotypes in different sheep
breeds worldwide [21]. Recently, NECTIN4 has been identified as
an epithelial receptor for measles virus (MeV), canine distemper
virus (CDV), phocine distemper virus and PPRV, which has shed
light on the mode of entry of these viruses [21–25]. Increasing
evidence suggests that pathogen invasion can initiate autophagy
through pathogen receptors [17,18,26]. However, whether
NECTIN4 is involved in the regulation of autophagy induced by
pathogen invasion is unknown. The MTOR kinase-dependent
signalling pathway controls autophagy [27]. Activation of the
PI3K-AKT-MTOR and AKT-tuberous sclerosis complex (TSC)-
MTOR pathways inhibits autophagy, whereas loss of signalling
through this cascade removes the negative regulation of MTOR
[27]. A previous study revealed that upon virus recognition,
a direct connection between HSP90AA1 (a receptor) and the
AKT-MTOR pathway triggers autophagy [18]. Inhibition of the
PI3K-AKT-MTOR signalling pathway can affect the autophagic
reaction induced by infection with viruses, such as coxsackievirus
B3 [28], foot-and-mouth disease virus [29,30], avian influenza
A virus [31], and avian reovirus [32]. Therefore, a close relation-
ship exists between autophagy and the MTOR signalling pathway
during viral invasion.

Interestingly, research on the kinetics of autophagy induction
upon MeV infection has revealed that two successive waves of
autophagy occur [33,34]. The induction of the first (early) wave
of autophagy has been demonstrated to occur duringMeV entry
into cells [17,33]. Subsequently, a second wave of autophagy is
induced that requires viral replication and expression of the non-
structural MeV protein C [33]. Both autophagic wave signals can
be observed upon infection with MeV vaccine strains. Vaccine
delivery/attenuated MeV infection induces a specific pathway of
early autophagy induction involving CD46 (CYT-1)-GOPC,
which initiates autophagosome formation by interacting with
BECN1 [17]. Increasing evidence suggests that several members
of the Morbillivirus genus, including MeV [33], CDV [35] and
PPRV [36,37], can utilize an autophagic mechanism to facilitate
replication. Importantly, several MeV proteins have been
reported to be able to interact with autophagy-associated pro-
teins, which could contribute to modulation of the late wave of
autophagy [16,38,39]. The human IRGM (immunity related
GTPase M) protein has been shown to be widely targeted by
RNA viruses, several of which can exploit autophagy in human
cells to improve their replication [16,39]. Several RNA viruses
that modulate autophagy to efficiently replicate have been found
to target IRGM [16]. Furthermore, infection of murine neuro-
blastoma cells with the Edmonston strain of MeV (Ed-MeV)

results in HSPA1A induction [40]. CDV also induces HSPA1A
expression in the brain following naturally occurring infection
[41]. Previous studies have suggested that heat shock proteins
might play a regulatory role in autophagy [42,43]. Acetylated
HSPA1A and TRIM28 (tripartite motif containing 28) mediated
PIK3C3 sumoylation are required for autophagosome creation
during autophagy [44]. Knockdown of HSPA1A blocks BECN1-
PIK3C3 complex formation and inhibits TRIM28 binding to
PIK3C3 and autophagic vesicle formation [44]. However, the
roles of HSPA1A and IRGM in PPRV-induced autophagy
remain unknown.

Although autophagosome formation is observed upon
infection of hosts with a wide range of viruses, few molecular
details of the interactions of viruses with the autophagic
machinery are known. Nevertheless, Morbillivirus species
have evolved molecular strategies to counteract autophagy,
escaping this process or even exploiting it to improve their
own infectivity [33]. We previously reported that autophagy
not only promotes PPRV replication in caprine endometrial
epithelial cells (EECs) but also acts as a potential mechanism
to inhibit PPRV-induced apoptosis [37]. The PPRV-H, PPRV-
N and PPRV-C proteins significantly promote the autophagy
pathway [37]. Furthermore, we previously showed that PPRV
enters EECs via the caveolae-mediated endocytosis pathway
[45]. The NECTIN4 protein is located on the surfaces of EECs
and is significantly upregulated following PPRV infection
[45,46]. In this study, we sought to determine how PPRV
and viral proteins regulate autophagy during the course of
infection and how the virus exploits the cellular autophagic
machinery for replication. We report here that the PPRV
receptor NECTIN4 can be physically connected to the autop-
hagic machinery via a unique molecular intermediate.
Furthermore, we describe a role for IRGM and HSPA1A in
both PPRV-dependent autophagy induction and virus pro-
duction. Enhanced understanding of the two successful and
distinct waves of autophagy induced by attenuated PPRV may
be important for controlling viral infection and for enabling
better use of PPRV-derived vaccines for therapy.

Results

An attenuated PPRV strain induces two successive but
distinct waves of autophagy in EECs

We previously reported that autophagy enhances PPRV replica-
tion and inhibits caspase-dependent apoptosis in vitro [37]. We
also showed that the binding and entry of PPRV into EECs
profoundly affects early cellular gene expression [46]. LC3-II is
widely used as a marker of autophagy [47]. To gain insight into
how different PPRV infection stages modulate the autophagy
process, we tested autophagy kinetics upon infection of cells by
PPRV at a multiplicity of infection (MOI) of 3 from 0 to 24 h
post infection (hpi). Strikingly, we found that PPRV infection
induced two successive waves of autophagic flux (Figure 1A–D).
Compared to that in mock-infected cells, the amount of intra-
cellular LC3-II in PPRV-infected EECs was strongly increased at
1.5 hpi (the first wave) (Figure 1A–C and S1); however, this wave
was transient, and the LC3-II expression immediately returned
to the basal level. Furthermore, we found that intracellular LC3-
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II expression was induced at 9 hpi (the second wave) and was
sustained at an extremely significantly elevated level for up to
24 hpi (Figure 1A–C). In addition to LC3, we examined
SQSTM1 (sequestosome 1), a target of autophagic degradation
[47], and found that its expression was reduced during the first
wave of autophagy beginning at 1.5 hpi and during the second
wave of autophagy from 9 hpi to 24 hpi (Figure 1B,D), suggest-
ing that increases in autophagic flux occurred at these time
points after infection. Moreover, the viral N protein was detect-
able at 9 hpi, and its levels sharply increased at 12 hpi (Figure 1B,
E). The viral titers also increased rapidly at 12 hpi (Figure 1F).
Therefore, for subsequent experiments, 1.5 h and 12 h post
PPRV infection were considered the optimal time points for
evaluation of the early and late waves of autophagosome accu-
mulation, respectively.

To determine whether PPRV infection regulated the two
distinct waves of autophagy, transmission electron micro-
scopy (TEM) was performed for ultrastructural analysis of
EECs infected with UV-irradiated PPRV or PPRV. We
found that the numbers of single- and double-membrane
autophagosome-like vesicles were increased in the cytoplasm
of both the UV-irradiated PPRV and PPRV-infected EECs at
1.5 hpi (Figure 2A), whereas similar vesicles were rarely
observed in the mock-infected EECs (Figure 2A). We also
found that the number of cytoplasmic membrane vesicles

was significantly increased in the PPRV-infected EECs at
12 hpi and that many recognizable cytoplasmic contents or
partially degraded organelles were sequestered in these vesi-
cles (Figure 2B). Strikingly, compared with the replication-
competent PPRV-infected EECs, neither the mock-infected
cells nor the cells inoculated with UV-irradiated PPRV exhib-
ited an increase in the number of autophagosome-like vesicles
at 12 hpi (Figure 2B). Moreover, in agreement with the TEM
results, our immunoblotting results showed that LC3-II
expression was upregulated in both the UV-irradiated PPRV
and PPRV-infected EECs compared to the mock-infected
EECs at 1.5 hpi following SQSTM1 degradation (Figure 2C).
LC3-II upregulation and SQSTM1 degradation were detected
only in the PPRV-infected EECs at 12 hpi; the UV-irradiated
PPRV-treated EECs did not exhibit LC3-II upregulation or
SQSTM1 degradation at 12 hpi (Figure 2C). These data indi-
cated that PPRV replication was required for the induction of
autophagy during the late wave but not during the early wave.

Interaction of CD46 (Cyt-1) with GOPC can stabilize
PIK3C3-BECN1 complex activation to facilitate the formation
of autophagosomes [17]. A previous study reported that atte-
nuated MeV induces autophagy at 1.5 hpi through the CD46
(CYT-1)-GOPC pathway [33]. To determine whether the
molecular mechanism of autophagy induction by PPRV at
1.5 hpi was consistent with that mediated by MeV, we

Figure 1. Characterization of PPRV-triggered autophagosome accumulation. (A and B) EECs were mock-infected or infected with PPRV (MOI = 3) for 1.5, 3, 6, 9, 12 or
24 h. At the end of the infection period, the LC3, SQSTM1, PPRV-N, and ACTB (loading control) expression levels were analyzed by immunoblotting with specific
antibodies. (C) The LC3-II levels relative to the ACTB levels were determined by densitometry. (D) The SQSTM1 levels relative to the ACTB levels were determined by
densitometry. (E) The PPRV-N levels relative to the ACTB levels were determined by densitometry. (F) EECs were infected with PPRV (MOI = 3) for 1.5, 3, 6, 9, 12 or
24 h. The viral titers were measured using the TCID50 method. The data represent the mean ± SD of three independent experiments. Two-way ANOVA; *P < 0.05;
***P < 0.001; #P > 0.05.
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successfully used small interfering RNAs (siRNAs) to reduce
the expression of putative key proteins in EECs, specifically
ATG5 and GOPC (Fig. S2A). Importantly, immunoblotting
revealed that knockdown of GOPC expression did not influ-
ence the expression of LC3-II and SQSTM1 in EECs at 1.5
and 12 hpi, showing that the early and late induction of
autophagy following PPRV infection did not require the
expression of this scaffold protein (Figure 2D). As expected,
treatment of cells with si-ATG5 significantly suppressed LC3-
II upregulation and SQSTM1 degradation in EECs at 1.5 and
12 hpi (Figure 2D). Moreover, suppression of ATG5 expres-
sion strongly reduced viral N protein expression and viral
titers in EECs at 12 hpi (Figure 2D and S2B). These results
indicated that infection with an attenuated strain of PPRV
induced two successive waves of autophagy that were depen-
dent on ATG5 but not on the scaffold protein GOPC.

Chloroquine inhibits the fusion of autophagosomes and
lysosomes and can thus increase the accumulation of LC3-II
and SQSTM1 [47,48]. To further validate whether the low
level of autophagy observed between the two waves was
caused by PPRV, EECs were treated with chloroquine and
infected with PPRV for 1.5, 3 or 6 h. Our data showed that
chloroquine treatment significantly increased the expression
of LC3-II and SQSTM1 in the mock and PPRV-infected EECs
at 1.5 hpi (Figure 2E). However, LC3-II and SQSTM1 expres-
sion was not significantly increased in the PPRV-treated EECs
in the presence of chloroquine at 3 and 6 hpi (Figure 2E).
These results indicated that PPRV actively and rapidly inhib-
ited autophagosome formation following the first transient
wave of autophagy.

Altogether, the results revealed that PPRV induces two
waves of autophagy in EECs via distinct and uncoupled
molecular pathways.

The role of the AKT-MTOR pathway in PPRV-induced
autophagy in EECs

The AKT and MTOR kinase-dependent signalling pathway con-
trols autophagy [27]. Cell metabolism, proliferation and survival
are highly dependent on the phosphorylation statuses of AKT and
MTOR [49,50]. To determine whether AKT-MTOR modulated
autophagy upon PPRV infection, we tested AKT and MTOR
activity in host cells. Compared with that in the mock-infected
EECs, AKT and MTOR phosphorylation in the PPRV-infected
EECs was downregulated at 1.5 hpi (Figure 3A–D). However,
AKT andMTOR phosphorylation did not remain downregulated
at 12 hpi (Figure 3A–D). These data indicated that PPRV induced
autophagy upon inactivation of the AKT-MTOR pathway during
the early stage of infection. However, the late wave of autophagy

induced by PPRV did not involve inhibition of AKT and MTOR
activity.

To further validate the roles of AKT and MTOR in the
PPRV-dependent induction of autophagy, we activated the
AKT-MTOR pathway with INS (insulin) before infecting
cells with PPRV or treating them with UV-irradiated PPRV.
Our data showed that the levels of phosphorylated AKT and
MTOR were persistently downregulated in the UV-irradiated
PPRV-treated EECs compared to the mock-infected EECs in
the absence of INS at 1.5 hpi (Figure 3E,G). Following INS
treatment, no obvious decreases occurred in AKT or MTOR
phosphorylation during the early stage in the PPRV-infected
or UV-irradiated PPRV-treated cells compared to the mock-
infected cells (Figure 3E,G). Correspondingly, the LC3-II
levels in the PPRV-infected and UV-irradiated PPRV-treated
EECs did not significantly increase compared to the level in
the mock-infected cells (Figure 3E,G), indicating that AKT-
MTOR signalling pathway activation inhibited the first PPRV-
induced wave of autophagy. Therefore, our observations con-
firm that inactivation of the AKT-MTOR pathway during the
early stage of PPRV infection induces autophagy. However,
we found that p-AKT and p-MTOR were not significantly
downregulated in the UV-irradiated PPRV-treated EECs
compared to the mock-infected EECs in the absence of INS
at 12 hpi (Figure 3F,H). Importantly, our data showed that the
LC3-II levels in the PPRV-infected EECs were significantly
higher than those in the mock-infected cells in the absence
and presence of INS (Figure 3F,H), indicating that AKT-
MTOR signalling pathway activation by INS did not influence
the late wave of autophagy induced by PPRV. Moreover, the
viral N protein expression and viral titers did not significantly
differ between the groups of cells treated with or without INS
(Figure 3F and S3). Taken as a whole, our findings reveal that
the AKT-MTOR pathway plays different roles in the two
waves of autophagy induced by PPRV in host cells.

PPRV-H and NECTIN4 are critical for the induction of the
first wave of autophagy via the AKT-MTOR pathway

The H protein is responsible for viral attachment to host cells
[5]. First, we expressed and purified the fusion proteins His-
GST, His-V, His-H, and His-N (Figure 4A). Then, we deter-
mined whether the viral proteins could modulate the first
wave of autophagosome formation. To this end, GFP-LC3
EECs were treated with 100 ng/mL His-GST, His-V, His-H
or His-N, and autophagy was analyzed by tracking GFP+

autophagosomes. We found that only the H protein induced
a significant enhancement of LC3 punctate staining signals
distributed throughout the entire cytoplasm (Figure 4B,C),

Figure 2. PPRV induces twowaves of autophagy via distinct and uncoupledmolecular pathways. (A andB) EECsweremock-infected or infectedwith PPRV or UV-irradiated PPRV
(MOI = 3) for 1.5 or 12 h. The cell samples were fixed and processed for electron microscopy analysis. Scale bars, 1 μm. Magnified views of the autophagosome-like vesicles are
enclosed by black square frames. Scale bars, 200 nm. (C) EECs were mock-infected or infected with PPRV or UV-irradiated PPRV (MOI = 3) for 1.5 or 12 h. The cell samples were
analyzed by immunoblottingwith anti-LC3, anti-SQSTM1, anti-PPRV-N and anti-ACTB (loading control) antibodies. The target protein levels relative to theACTB levels in themock-
, UV-irradiated PPRV- and PPRV-infected EECs were determined by densitometry. (D) EECswere treatedwith si-control, si-ATG5 or si-GOPC and infectedwith PPRV (MOI = 3) for 1.5
or 12 h. The cell samples were analyzed by immunoblottingwith anti-LC3, anti-SQSTM1, anti-PPRV-N and anti-ACTB (loading control) antibodies. The target protein levels relative
to the ACTB levels in the siRNA-transfected cells were determined by densitometry. (E) EECs were treated with chloroquine and infected with PPRV (MOI = 3) for 1.5, 3 or 6 h. The
cell samples were analyzed by immunoblotting with anti-LC3, anti-SQSTM1 and anti-ACTB (loading control) antibodies. The target protein levels relative to the ACTB levels in the
treated cells were determined by densitometry. The data represent the mean ± SD of three independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001;
#P > 0.05.
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Figure 3. The role of the AKT-MTOR pathway in PPRV-induced autophagy in host cells. (A and B) EECs were mock-infected or infected with PPRV (MOI = 3). The cells
were harvested at 1.5, 3, 6, 9, 12 and 24 h and then immunoblotted with anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, and anti-ACTB antibodies. (C) The p-MTOR
levels relative to the MTOR levels were determined by densitometry. (D) The p-AKT levels relative to the AKT levels were determined by densitometry. (E and F) EECs
were pre-treated with INS (1 μM) for 6 h prior to viral infection. Then, the cells were infected with PPRV or UV-irradiated PPRV (MOI = 3) for 1.5 or 12 h. The cell
samples were analyzed by immunoblotting with anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-LC3, anti-PPRV-N and anti-ACTB (loading control) antibodies. (G)
The relative target protein levels in the INS-pre-treated cells at 1.5 hpi were determined by densitometry. (H) The relative target protein levels in the INS-pre-treated
cells at 12 hpi were determined by densitometry. The data represent the mean ± SD of three independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001;
#P > 0.05.
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which indicated that the viral H protein facilitated
a significant increase in the number of autophagosomes com-
pared to the GST protein. However, both the His-V- and His-
N-treated EECs exhibited faint diffuse staining patterns and
showed little LC3 punctate accumulation (Figure 4B,C).
Consequently, we examined whether the H protein activated
autophagy effectively via the AKT-MTOR pathway. We incu-
bated cells with purified His-GST, His-V, His-H, or His-N
fusion proteins for 1.5 h and subsequently examined the
endogenous LC3-II and SQSTM1 levels. Our data showed
that LC3-II was upregulated and that SQSTM1 was down-
regulated in a dose-independent manner in the His-H-treated

cells (Figure 4D). In contrast, LC3-II and SQSTM1 expression
was not changed in the His-V, His-N or His-GST-treated cells
(Figure 4D). Moreover, we determined the AKT and MTOR
phosphorylation levels 1.5 h after treatment of the cells with
the H protein to clarify the signalling pathway involved in the
H-induced early wave of autophagy. We found that p-AKT
and p-MTOR were decreased significantly in a dose-indepen-
dent manner in His-H-treated cells and that no detectable
changes occurred in His-V, His-N or His-GST-treated cells
(Figure 4D), indicating that the H protein inhibited AKT-
MTOR phosphorylation. Together, these results confirm that
the viral H protein, which is responsible for viral attachment

Figure 4. PPRV-H and NECTIN4 are sufficient to induce the first wave of autophagy via AKT and MTOR dephosphorylation. (A) His-tagged V, H and N were expressed
in E. coli BL-21 and purified using Ni-NTA columns. The purified products were separated using SDS-PAGE and analyzed by immunoblotting with an anti-His antibody.
(B) EECs were transfected with GFP-LC3 for 24 h and incubated with 100 ng/mL His-GST, His-V, His-H, or His-N for 1.5 h. Autophagy was monitored by evaluating the
number of GFP+-LC3 vesicles per cell profile by confocal immunofluorescence microscopy. Scale bars, 20 μm. (C) Corresponding graph representing the numbers of
GFP+-LC3 vesicles per cell profile in EECs pre-treated with His-GST, His-V, His-H, or His-N. (D) EECs were cultured in DMEM/F12 supplemented with 2% fetal bovine
serum containing His-GST, His-V, His-H or His-N for 1.5 h and analyzed by immunoblotting with anti-LC3, anti-SQSTM1, anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT,
and anti-ACTB (loading control) antibodies. The relative target protein levels were determined by densitometry in His-GST, His-V, His-H and His-N pre-treated cells. (E)
EECs were treated with si-control or si-NECTIN4 and infected with PPRV (MOI = 3) for 1.5 h. The cell samples were analyzed by immunoblotting with anti-LC3, anti-
SQSTM1, anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-NECTIN4 and anti-ACTB (loading control) antibodies. The relative target protein levels in the siRNA-
transfected cells were determined by densitometry. The data represent the mean ± SD of three independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001;
#P > 0.05.

848 B. YANG ET AL.



to the host cell, is sufficient to effectively activate the first
wave of autophagy by decreasing AKT and MTOR activity.

To confirm that NECTIN4 mediates PPRV-induced autop-
hagy, we used siRNAs to reduce NECTIN4 expression in
EECs (Figure 4E). Importantly, we found that knockdown of
NECTIN4 expression disrupted the early induction of autop-
hagy following PPRV infection, showing that the first wave of
autophagy required NECTIN4 expression (Figure 4E). As
expected, treatment of cells with si-NECTIN4 increased the
p-AKT and p-MTOR levels following PPRV infection at
1.5 hpi (Figure 4E). However, reducing NECTIN4 expression
did not influence the levels of p-AKT or p-MTOR in the
mock-infected EECs (Figure 4E). Altogether, these results
indicated that NECTIN4 was also a critical protein for autop-
hagy induction at the early stage of PPRV infection via the
AKT-MTOR pathway.

PPRV-H binding to NECTIN4 triggers autophagy via
AKT-MTOR dephosphorylation

The first interaction of the host cell with PPRV is
mediated by binding of the virus to cell receptors through
the viral H protein [5]. To investigate the interactions
between PPRV-H and NECTIN4 (the cell receptor), we
examined the ability of these proteins to form a complex
in co-immunoprecipitation (co-IP) experiments. Our data
showed that NECTIN4 was present in the immunopreci-
pitates obtained with an anti-HA antibody (Figure 5A).
Next, we co-expressed exogenous H-HA and
NECTIN4-Flag in EECs and expressed NECTIN4-Flag
alone as a control to detect the interactions between the
H protein and NECTIN4. The results showed that exo-
genous NECTIN4 and PPRV-H were both present in the
immunoprecipitate (Figure 5B). Reciprocal co-IP experi-
ments further confirmed the interaction of the viral
H protein and the cell receptor NECTIN4 (Figure 5C).
Importantly, we detected endogenous AKT in the immu-
noprecipitates obtained with the anti-Flag antibody in
NECTIN4-Flag-EECs at 1.5 hpi (Figure 5D). We did not
detect AKT in the immunoprecipitates obtained with the
anti-Flag antibody at 3 hpi (Figure 5D). Moreover, we
detected the interaction of AKT and NECTIN4 only in
the His-H-treated EECs (Figure 5E). Endogenous AKT
was not detected in the immunoprecipitates obtained
with the anti-Flag antibody in NECTIN4-Flag-EECs
treated with His-GST, His-V, or His-N (Figure 5E).
These results further indicated that infection with PPRV
for 1.5 h and the presence of the H protein clearly led to
the interaction of AKT with the cell receptor NECTIN4 in
EECs, confirming that the interaction between AKT and
NECTIN4 is critical for the induction of the first wave of
autophagy.

Interestingly, LC3-II was upregulated and SQSTM1was down-
regulated in anti-NECTIN4 antibody-treated EECs, but no
obvious changes were observed in the irrelevant immunoglobulin
G (IgG)-treated or control cells (Figure 5F). Likewise, the immu-
nofluorescence assay revealed significantly increased autophago-
some accumulation in the anti-NECTIN4-treated cells transfected
with GFP-LC3 (Figure 5G) but not in the irrelevant IgG-treated or

control cells. Furthermore, we examined whether cellular
NECTIN4 mediated PPRV-H-induced early autophagy via the
AKT-MTOR pathway. PPRV-H protein treatment significantly
decreased p-MTOR and p-AKT expression and significantly
increased LC3-II expression in EECs. However, a similar change
was not found in H-NECTIN4 protein complex-treated cells
(Figure 5H), indicating that the interaction between the
H protein and NECTIN4 played an important role in the induc-
tion of early autophagy via the AKT-MTOR pathway. Moreover,
EECs treated with the H protein or infected with PPRV and then
incubated at 4°C or 37°C exhibited significantly decreased
p-MTOR and p-AKT levels compared with the mock-treated
EECs (Figure 5I). These data indicated that disruption of the
binding of the membrane receptor NECTIN4 to the viral
H protein impaired AKT-MTOR signalling activity in
a temperature-independent manner.

The second wave of autophagy during PPRV infection
depends on IRGM and HSPA1A

Recently, the IRGM protein was highlighted for its contribu-
tion to autophagy upon viral infection [16,39], which
prompted us to test whether this protein is involved in
PPRV-induced autophagy. Moreover, the heat shock
response, represented by HSPA1A, is an intracellular control
mechanism that switches cells from autophagy to the growth
and protein synthesis phase [43]. Here, we investigated IRGM
and HSPA1A protein expression during PPRV infection. Our
results showed that IRGM and HSPA1A expression was upre-
gulated in the mock- and PPRV-infected EECs at 12 hpi
(Figure 6B). However, the IRGM and HSPA1A expression
levels were not significantly increased in the mock or PPRV-
infected EECs at 1.5 hpi (Figure 6A). We also found that
PPRV infection did not significantly influence HSP90AA1 or
HMOX1 expression (Fig. S4A).

To determine whether IRGM was involved in the autop-
hagosome formation observed upon PPRV infection, we
reduced IRGM and HSPA1A expression using specific
siRNAs. The expression levels of the endogenous proteins
were specifically decreased in the cells treated with si-IRGM
or si-HSPA1A (Fig. S4B). First, we tested the requirement for
IRGM and HSPA1A during PPRV-dependent autophagic
modulation by monitoring the upregulation of LC3-II and
the degradation of SQSTM1 by immunoblotting.
Interestingly, our data showed that LC3-II was upregulated
and that SQSTM1 was downregulated (p < 0.05) in the mock-
infected EECs upon treatment with si-HSPA1A (Figure 6C).
Importantly, we found that knockdown of IRGM or HSPA1A
expression did not disrupt the early induction of autophagy
following PPRV infection at 1.5 h, showing that the first wave
of autophagy did not require the expression of these proteins
(Figure 6D). As expected, we found that knockdown of IRGM
or HSPA1A expression did significantly disrupt the late
induction of autophagy upon PPRV infection at 12 h, showing
that the second wave of autophagy required the expression of
these proteins (Figure 6E). Moreover, suppression of IRGM or
HSPA1A expression strongly reduced viral N protein expres-
sion and viral titer (Figure 6E). Moreover, in agreement with
the immunoblotting results, the immunofluorescence assay
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Figure 5. PPRV-H binding to NECTIN4 triggers autophagy via AKT-MTOR dephosphorylation. (A) Co-IP assay results demonstrating that endogenous NECTIN4 binds to
H-HA in transfected cells. EECs were transfected with pCDNA3.1-H-HA for 48 h and harvested. Cell lysates from transfected cells and untransfected control cells were
immunoprecipitated with an antibody against HA and then subjected to immunoblotting. (B) Exogenous NECTIN4-Flag and H-HA coexpression in EECs. Cell lysates
from cells co-transfected with NECTIN4-Flag and H-HA or transfected with NECTIN4-Flag alone were immunoprecipitated with an antibody against HA and then
subjected to immunoblotting. (C) Results of reciprocal co-IP experiments showing that the anti-Flag antibody precipitated H-HA. (D) EECs were transfected with
pCDNA3.1-NECTIN4-Flag for 48 h and then infected with PPRV (MOI = 3) for 1.5 or 3 h. Cell lysates from the transfected cells were immunoprecipitated with an
antibody against Flag and then subjected to immunoblotting. (E) EECs were transfected with pCDNA3.1-NECTIN4-Flag for 48 h and then incubated with 100 ng/mL
His-GST, His-V, His-H, or His-N for 1.5 h. Cell lysates from the transfected cells were immunoprecipitated with an antibody against Flag and then subjected to
immunoblotting. (F) Immunoblotting was performed using anti-LC3 and anti-SQSTM1 antibodies on lysates from EECs cultured in uncoated plates or in plates coated
with anti-NECTIN4 or an irrelevant isotype control IgG for 4 h at 37°C. The target protein levels relative to the ACTB levels in cells pre-treated with anti-NECTIN4 or an
irrelevant isotype control IgG were determined by densitometry. (G) EECs were transfected with GFP-LC3 for 24 h and cultured in plates coated with the irrelevant
isotype control IgG or anti-NECTIN4 for 4 h. Autophagy was monitored by evaluating the number of GFP+-LC3 vesicles per cell profile by confocal immunofluor-
escence microscopy. Scale bars, 20 μm. The corresponding graph shows the number of GFP+-LC3 vesicles per cell profile among the EECs pre-treated with anti-
NECTIN4 or the irrelevant isotype control IgG. (H) EECs were incubated with His-GST, a mixture of His-GST and NECTIN4 (His-GST:NECTIN4 = 1:3), a mixture of His-H
and NECTIN4 (His-H:NECTIN4 = 1:3), or His-H for 1.5 h and analyzed by immunoblotting with anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-LC3, and anti-ACTB
(loading control) antibodies. The relative target protein levels in the pre-treated cells were determined by densitometry. (I) EECs were incubated with His-GST
(100 ng/mL) or His-H (100 ng/mL) and PPRV for 1.5 h at 37°C or 4°C. The cells were analyzed by immunoblotting with anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT,
anti-LC3, and anti-ACTB (loading control) antibodies. The relative target protein levels in the pre-treated cells were determined by densitometry. The data represent
the mean ± SD of three independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001; #P > 0.05.
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results revealed that autophagosome accumulation was signif-
icantly downregulated in both the si-IRGM and si-HSPA1A-
treated cells but not in the si-control-treated cells at 12 hpi
(Figure 6F). Altogether, these data indicated that IRGM and
HSPA1A played important roles in the induction of autop-
hagy in the second wave but not in the first wave upon PPRV
infection.

Viral proteins interact with IRGM and HSPA1A and induce
autophagosome accumulation via a molecular process
involving these proteins

Previous studies have revealed an unexpected role for IRGM
in virus-induced autophagy and have suggested that several
different families of RNA viruses might use common

Figure 6. The second wave of autophagy induced by PPRV depends on IRGM and HSPA1A. (A and B) EECs were mock-infected or infected with PPRV (MOI = 3) for 1.5
or 12 h. At the end of the infection period, the IRGM, HSPA1A and ACTB (loading control) expression levels were analyzed by immunoblotting with specific
antibodies. The target protein levels relative to the ACTB levels were determined by densitometry. (C-E) EECs were treated with si-control, si-IRGM or si-HSPA1A and
infected with PPRV (MOI = 3) for 1.5 or 12 h. The cell samples were analyzed by immunoblotting with anti-LC3, anti-SQSTM1, anti-PPRV-N and anti-ACTB (loading
control) antibodies. The target protein levels relative to the ACTB levels in the siRNA-transfected cells were determined by densitometry. The viral titers were
measured using the TCID50 method. (F) GFP-LC3 EECs were treated with si-control, si-IRGM or si-HSPA1A and infected with PPRV (MOI = 3) for 12 h. Autophagy was
monitored by evaluating the number of GFP+-LC3 vesicles per cell profile by confocal immunofluorescence microscopy. Scale bars, 20 μm. The corresponding graph
shows the number of GFP+-LC3 vesicles per cell profile among the siRNA pre-treated EECs. The data represent the mean ± SD of three independent experiments.
Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; #P > 0.05.

AUTOPHAGY 851



strategies to manipulate autophagy and improve viral infec-
tivity [16,51]. Moreover, we previously reported that the
PPRV-H, PPRV-N and PPRV-C proteins increase LC3-II
levels and highly co-localize with LC3-positive fluorescent
puncta in host cells [37]. To further validate the molecular
mechanisms of IRGM and HSPA1A in both PPRV-induced
autophagy and viral particle formation, we first analyzed
whether IRGM interacted with viral proteins in host cells. In
transfected EECs, we found that endogenous IRGM interacted
with PPRV-C but not with PPRV-N (Figure 7A,B). We also
showed that endogenous HSPA1A interacted with PPRV-N
but not with PPRV-C using a co-IP assay (Figure 7C,D).
Importantly, we confirmed the physical and direct interaction
between HSPA1A and PPRV-N using GST pulldown analysis
(Figure 7E). In agreement with the co-IP analysis results, the
immunofluorescence assay results revealed that IRGM co-
localized with PPRV-C and that HSPA1A co-localized with
PPRV-N (Figure 7F). Thus, HSPA1A and IRGM are new
intracellular partners of viral proteins that may induce
the second wave of autophagy.

Then, we determined whether the viral proteins that were
able to interact with IRGM and HSPA1A could modulate
autophagosome formation. To this end, we expressed PPRV-
C and PPRV-N in GFP-LC3 EECs and analyzed autophagy by
tracking GFP+ autophagosomes. We found that each of these
viral proteins induced a significant increase in the number of
autophagosomes in the viral protein-transfected cells com-
pared with the pCDNA3.1-HA-GST-transfected cells, which
were used as controls (Figure 8A,B). Interestingly, compared
to transfection with only PPRV-C, we found that co-transfec-
tion with PPRV-C and PPRV-N significantly increased the
number of autophagosomes (Figure 8A,B). Importantly,
impairment of IRGM or HSPA1A expression decreased the
number of autophagosomes observed upon overexpression of
each of the two viral proteins (Figure 8C,D). However, we did
not detect endogenous IRGM in the immunoprecipitates
obtained with the anti-Flag antibody in the mock or PPRV-
infected EECs at 12 hpi (Fig. S6). Furthermore, in agreement
with the immunofluorescence assay results, our data showed
that knockdown of IRGM or HSPA1A expression significantly
weakened the observed LC3-II upregulation and SQSTM1
degradation in EECs upon overexpression of both PPRV-C
and PPRV-N (Figure 8E,F). Therefore, our results showed
that the PPRV-C and PPRV-N proteins promoted autophago-
some accumulation via a molecular process involving IRGM
and HSPA1A.

Syncytia formation facilitates sustained autophagy
induced by PPRV in EECs

Fusion inhibitory peptide (FIP) can inhibit syncytia formation
without blocking virus particle entry into host cells [33]. To
further validate the role of syncytia formation in the PPRV-
dependent induction of sustained autophagy, we investigated
whether FIP regulated the autophagy induced by PPRV in
EECs for 48 h. Following FIP treatment, we found that the
number of autophagosomes decreased significantly in PPRV-

infected EECs but that no detectable changes occurred in
mock-infected or rapamycin-treated EECs (Figure 9A,B).
Furthermore, in agreement with the immunofluorescence
assay data, our data showed that inhibition of syncytia forma-
tion significantly weakened LC3-II upregulation and SQSTM1
degradation in PPRV-infected EECs (Figure 9C). Importantly,
suppression of syncytia formation strongly reduced viral
N protein expression and viral titer (Figure 9C,D). Thus,
these data indicated that in the course of PPRV infection,
syncytia formation is sufficient to maintain sustained
autophagy.

Collectively, our findings revealed the molecular mechan-
ism of sustained autophagy induced by PPRV (Figure 10).

Discussion

Upon intracellular pathogen invasion, autophagy can be
induced as an innate immune mechanism to control infection.
Previous studies have suggested that autophagy not only
serves a protective function for cell survival under stress but
also plays a role in cellular defence against pathogen infection
[48,52,53]. Thus, the survival of viruses is tightly linked to
their ability to counteract autophagy-associated antiviral
defences [30,54–56]. Accordingly, pathogens have developed
strategies to avoid or hijack autophagy for their own benefit.
An increasing number of viruses belonging to the family
Paramyxoviridae have been reported to utilize an autophagic
mechanism to facilitate replication, including MeV [33],
PPRV [36,37], human respiratory syncytial virus [57], CDV
[35] and Newcastle disease virus [58]. Among these patho-
gens, attenuated MeV induces two successive waves of autop-
hagy via distinct molecular pathways [33]. Here, we showed
that the kinetics of autophagy induction upon PPRV infection
similarly indicates two waves of autophagy. The first wave of
autophagic flux induction was observed very early after PPRV
binding and entry. Interestingly, we found that the return of
autophagy to basal levels after the first wave was caused by
PPRV, which indicated that PPRV has developed a way to
escape autophagy-dependent degradation. Revealing the
mechanism of this degradation escape process will require
further detailed study. Subsequently, a second wave of autop-
hagic flux was very significantly induced by PPRV at 12 hpi
following expression of the viral N protein, which indicated
that the second wave of autophagy was required for viral
replication. The occurrence of two different waves suggests
that two distinct molecular mechanisms are involved in the
induction of autophagy during the course of PPRV infection.
We mainly focused on elucidating the molecular pathways
underlying the induction of these two waves of autophagy in
response to PPRV infection.

Immediately upon infection, attenuated MeV induces
a first transient wave of autophagy via a pathway invol-
ving its cellular receptor CD46 and the scaffold protein
GOPC [17]. GOPC was first identified as a Golgi-asso-
ciated protein and has been reported to be involved in
intracellular trafficking and to promote receptor recycling
and degradation [59,60]. Notably, CFTR (cystic fibrosis

852 B. YANG ET AL.



transmembrane conductance regulator) binds to GOPC
and causes lysosomal degradation, indicating that cellular
receptors might be connected to autophagy via GOPC
[60]. Therefore, in this study, we initially investigated

GOPC and confirmed that GOPC did not regulate the
first wave of autophagy, indicating that PPRV might not
induce autophagy through the CD46 (CYT-1)-GOPC
pathway.

Figure 7. Physical interaction and co-localization of IRGM and HSPA1A with viral proteins. (A and B) Co-IP assay results demonstrating that endogenous IRGM binds
C-HA but not N-HA in transfected cells. EECs were transfected with pCDNA3.1-C-HA or pCDNA3.1-N-HA for 48 h and harvested. Cell lysates from the transfected cells
and from untransfected control cells were immunoprecipitated with an antibody against HA and then subjected to immunoblotting. (C and D) Co-IP assay results
demonstrating that endogenous HSPA1A binds N-HA but not C-HA in transfected cells. EECs were transfected with pCDNA3.1-C-HA or pCDNA3.1-N-HA for 48 h and
harvested. Cell lysates from the transfected cells and from untransfected control cells were immunoprecipitated with an antibody against HA and then subjected to
immunoblotting. (E) GST pulldown assay results demonstrating the physical and direct interaction between HSPA1A and PPRV-N. Glutathione beads conjugated to
GST or a GST-HSPA1A fusion protein were incubated with recombinant N-HA protein. After washing, the proteins were eluted from the beads, and SDS-PAGE was
performed. Expression of the N protein was detected by immunoblotting with an anti-HA antibody. GST and GST-HSPA1A protein expression was confirmed by
immunoblotting with an anti-GST antibody. (F) IRGM co-localizes with PPRV-C, and HSPA1A co-localizes with PPRV-N. EECs were transfected with pCDNA3.1-C-HA or
pCDNA3.1-N-HA for 48 h. The transfected cells were fixed and processed for indirect immunofluorescence analysis using antibodies against HA (green), IRGM (red)
and HSPA1A (red). The cell nuclei were counterstained with Hoechst 33342 solution. Scale bars, 20 μm.
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Many adenocarcinomas express NECTIN4 on their cell
surfaces, making them obvious targets for oncolytic and
immune therapies based upon recombinant morbilliviruses
[61,62]. NECTIN4 plays a key role in viral spread from
immune to epithelial cells and is a member of the group of
poliovirus receptor-like proteins (PVRLs), which are adhesion
receptors of the immunoglobulin superfamily [63,64].

A previous study reported high NECTIN4 expression levels
in sheep epithelial tissues [21]. We previously found that
EECs also express a NECTIN4 receptor and that the levels
and distributions of goat NECTIN4 correlate well with PPRV
infection [45,46]. The high NECTIN4 expression in EECs
supports a role for this protein in PPRV epithelial pathogen-
esis. Throughout our study, caprine EECs were used for the

Figure 8. The PPRV-C and PPRV-N proteins modulate autophagy via IRGM and HSPA1A. (A) Overexpression of PPRV-C, PPRV-N or PPRV-C+ PPRV-N modulates
autophagosome formation. GFP-LC3 EECs were transfected with a GST-encoding vector (control) or a vector encoding the PPRV-C and/or PPRV-N proteins. Twenty-
four h after transfection, the number of autophagic vesicles was determined by confocal immunofluorescence microscopy. Scale bars, 20 μm. (B) The corresponding
graph shows the number of GFP+-LC3 vesicles per cell profile among the transfected EECs. (C) PPRV-C and PPRV-N modulate autophagosome formation partly via
IRGM-HSPA1A. GFP-LC3 EECs were treated with si-control, si-IRGM or si-HSPA1A 24 h prior to transfection with a vector encoding PPRV-C or PPRV-N. After an
additional 24 h, the cells were fixed, and the number of autophagosomes was determined by confocal immunofluorescence microscopy. Scale bars, 20 μm. (D) The
corresponding graph shows the number of GFP+-LC3 vesicles per cell profile among the siRNA-pre-treated and transfected EECs. (E and F) EECs were pre-treated and
transfected as described in C. Cell samples were analyzed by immunoblotting with anti-LC3, anti-SQSTM1, and anti-ACTB (loading control) antibodies. The target
protein levels relative to the ACTB levels in siRNA-pre-treated and transfected EECs were determined by densitometry. The data represent the mean ± SD of three
independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001.

854 B. YANG ET AL.



experiments, and our results revealed that NECTIN4 played
an important role in the first wave of autophagy. Our findings
confirmed a possible relationship between NECTIN4 and
autophagy upon PPRV infection and suggested that

NECTIN4 might be available to initiate autophagy and opti-
mize cellular innate defences against invading pathogens.
NECTIN4 has been biochemically shown to support binding
to MeV H through its V domain, leading to viral entry [22].

Figure 9. Syncytia formation facilitates sustained autophagy in PPRV-infected EECs. (A) GFP-LC3 EECs treated with DMSO or rapamycin (100 nM) or infected with
PPRV (MOI = 3) were further cultured in the absence or presence of 10 μg/mL FIP for 48 h. The number of autophagic vesicles was determined by confocal
immunofluorescence microscopy. Scale bars, 20 μm. (B) Corresponding graph showing the number of GFP+-LC3 vesicles per cell profile of FIP-treated EECs. (C) EECs
were treated as described in A. Cell samples were analyzed by immunoblotting with anti-LC3, anti-SQSTM1, anti-PPRV-N and anti-ACTB (loading control) antibodies.
The target protein levels relative to the ACTB levels in the FIP-treated EECs were determined by densitometry. (D) EECs were treated with FIP and infected with PPRV
for 48 h. The viral titers were measured using the TCID50 method. The data represent the mean ± SD of three independent experiments. Two-way ANOVA; *P < 0.05;
**P < 0.01; ***P < 0.001; #P > 0.05.

Figure 10. Proposed model of the two waves of autophagy induced by PPRV via distinct pathways. PPRV induces a first transient wave of autophagy via a mechanism
involving its cellular receptor NECTIN4 and an AKT-MTOR-dependent pathway. Soon after infection, new autophagic signalling is initiated that requires viral
replication and protein expression. The IRGM-HSPA1A pathway is required for the second wave of autophagy induced by PPRV infection.
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A crystallographic structure of the interaction between the
ligand-binding domains of NECTIN4 and MeV H has identi-
fied three binding interfaces [65]. Our data also suggest that
goat NECTIN4 can interact with PPRV-H to recruit endo-
genous AKT, which triggers the first wave of autophagic flux.
We report here that the pathogen receptor NECTIN4 is phy-
sically connected to the autophagic machinery via a unique
molecular intermediate.

Despite the key role of autophagy in the control of patho-
gens, the molecular events leading to the selective induction of
this machinery upon viral infection are still largely unknown.
The MTOR pathway is an important integrator of nutrient-
sensing signals that coordinate cell proliferation in all mam-
malian cells, and this pathway regulates cell metabolism and
innate immune responses by regulating the AKT kinase
[66,67]. A rotavirus-encoded virus-like small RNA has been
found to trigger autophagy by targeting IGF1R (insulin like
growth factor 1 receptor) via the PI3K-AKT-MTOR pathway
[68]. Previous findings have also suggested that the PI3K-
AKT-MTOR signalling pathway participates in the autophagy
induced by coxsackievirus group B type 3 infection [28].
Importantly, we found in this study that MTOR and AKT
were inactivated in a manner dependent on the NECTIN4
receptor during the first wave of autophagy in the early stage
of PPRV infection. Infectious bursal disease virus invasion has
also been found to initiate the HSP90AA1-AKT-MTOR sig-
nalling pathway to induce early autophagy [18]. Our research
revealed that NECTIN4 regulated a unique AKT-MTOR
molecular cascade pathway during the early stage of PPRV
infection to activate the autophagy pathway. As shown in
Figure 10, our findings demonstrate, for the first time,
a connection between the NECTIN4 receptor and an AKT-
MTOR-dependent signalling pathway upon viral invasion.

Notably, we found that the second wave of autophagy
induced by PPRV was required for viral replication. PPRV
can successfully replicate in caprine EECs [37,46], which
explains the clinical occurrence of abortion in PPRV-infected
goats [8,9]. We previously suggested that autophagy may
enhance PPRV replication in host cells [37]. Here, we have
highlighted a previously unidentified role of the C and
N proteins in autophagy induction upon PPRV infection;
these proteins are ultimately used by the virus to improve its
infectivity. Many immunity-related GTPases (IRGs) are stably
expressed in mammalian cells, and these proteins play impor-
tant roles in defences against intracellular pathogens [39].
Importantly, previous studies have suggested that MeV infec-
tion-induced autophagy is dependent on IRGM expression
[16]. IRGM has also been shown to be targeted by at least
two MeV proteins (C and N) [16]. Therefore, we focused on
whether the second wave of autophagy induced during PPRV
infection was dependent on IRGM. We found that IRGM
interacted with PPRV-C but not with PPRV-N. However,
both the C and N proteins promoted autophagosome accu-
mulation via a molecular process involving IRGM. These data
demonstrate that viral proteins might facilitate the interaction
between IRGM and its autophagic partners by promoting
IRGM re-localization to or stabilization with autophagy-asso-
ciated proteins involved in the initiation of autophagosome
formation. Thus, IRGM plays an indispensable role in the late

wave of autophagy induced by PPRV infection. However,
although IRGM contributes to autophagy, the mechanisms
underlying this contribution during PPRV infection are
unknown. Recently, IRGM was found to regulate ULK1
(unc-51 like autophagy activating kinase 1) and promote the
formation of autophagosomal membrane initiation complexes
[69,70]. IRGM can interact with several autophagy-associated
proteins involved in the initiation of autophagy, including
ATG5, ATG10, SH3GLB1 (SH3 domain containing GRB2
like 1, endophilin B1), and BECN1, which may contribute to
the induction of autophagy upon viral infection [16,70].
However, further investigation is needed to conclusively
explain how the interaction between viral proteins and
IRGM leads to the induction of autophagy.

The major inducible protein HSPA1A is strongly induced
by viral invasion and by the phylogenetically conserved febrile
response, which suggests that HSPA1A induction plays
a protective role in the host [71]. Previous studies have
demonstrated that the heat shock response, from the top of
the regulatory cascade down to the execution of the response
by HSPA1A, controls autophagy. This finding connects the
two ends of homeostatic systems in eukaryotic cells and
indicates that the induction of HSPA1A results in inhibition
of autophagy [42,43]. However, panobinostat-induced forma-
tion of autophagic vesicles is prevented by hspa1a knockout in
mouse embryonic fibroblasts [44]. Moreover, exposure to the
chemotherapeutic agent carboplatin increases autophagy, as
indicates by increases in LC3 puncta and LC3 and ATG7
protein expression in human breast adenocarcinoma cells,
and these effects are prevented by knockdown of HSF1 (heat
shock transcription factor 1) [72]. Therefore, HSPA1A and
HSF1 have been shown to be required for autophagosome
formation. Here, we found that PPRV upregulated HSPA1A
expression and that knockdown of HSPA1A expression sig-
nificantly weakened the induction of autophagy upon PPRV
infection. Our study thus demonstrates, for the first time, that
the late wave of autophagy is correlated with HSPA1A expres-
sion at the beginning of efficient viral replication. For both
MeV and CDV, the viral N protein and/or nucleocapsid
interact with HSPA1A [73,74]. We have shown here that
HSPA1A interacts with PPRV-N but not with PPRV-C.
Interestingly, reducing HSPA1A expression increased the
number of autophagosomes in mock-infected EECs, indicat-
ing that HSPA1A plays a role as a negative regulatory factor of
autophagy in normal cells. However, knockdown of HSPA1A
expression significantly inhibited virus-induced autophagy.
These data indicated that the interaction of HSPA1A with
the N protein might disrupt the original function of
HSPA1A. Importantly, HSPA1A also plays an essential role
in PPRV-C-induced autophagy, indicating that IRGM and
HSPA1A have an underlying relationship that regulates the
late wave of autophagy. Indeed, autophagy induction invol-
ving IRGM and HSPA1A is ultimately exploited by PPRV and
favours viral infectious particle production. MeV and PPRV
can exploit autophagy to protect infected cells from cell death,
which otherwise can limit viral replication and the propaga-
tion of numerous infectious viral particles [33,37]. Overriding
cell death enables infected cells to survive and support further
viral spread. The molecular mechanism by which IRGM and
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HSPA1A are linked with autophagy to regulate viral replica-
tion is largely unknown. In a previous study, HSPA1A was
found to serve as a sensor of MeV infection that enhanced the
antiviral state through type I interferon (IFN), indicating
a role for HSPA1A in eliciting innate immunity, a finding
with potentially broad relevance [71]. Furthermore, IRGM
targeting to mitochondria could allow viruses to limit type
I IFN production in a manner similar to that of two other
mitochondrial proteins, MFN2 (mitofusin 2) and TUFM (tu
translation elongation factor, mitochondrial), which have
been shown to block type I IFN production while inducing
autophagy [75–77]. The contributions of different autophagic
signals during PPRV infection remain to be investigated.

Previous studies have suggested that MeV infection very
strongly induces syncytia formation [33]. The formation of syncy-
tia might contribute to the induction of autophagy and to efficient
cell-to-cell spread uponmorbillivirus infection [33,56]. Moreover,
we previously reported that PPRV infection can also facilitate
syncytia formation in host cells [46]. Here, we have shown that
reducing syncytia formation significantly weakens the sustained
autophagy following PPRV infection. Moreover, viral N protein
expression and increases in viral titers also required syncytia for-
mation. These data further confirm that syncytia formation plays
an important role in PPRV-induced autophagy and viral
replication.

Autophagy is among the first lines of cellular defence against
invading viruses [17]. However, viruses may utilize the mem-
branes of autophagosome-like vesicles to promote their replication
[33,37,78]. Therefore, molecular analysis of the interplay between
autophagy and viruses as well as the consequences of this interplay
for viral and cellular biology may be important for the develop-
ment of methods to control viral infections. Our work describes
the induction of successive molecular pathways that contribute to
autophagy in response to infection with attenuated PPRV.
Although the early wave of autophagy induction is triggered by
the NECTIN4-H complex through AKT-MTOR pathway inacti-
vation, the later wave seems to be the result of a direct interaction
of viral proteins with IRGM andHSPA1A and is sustained during
viral replication. The secondwave is exploited by attenuatedPPRV
to promote the production of infectious viral particles. Our find-
ings will provide many insights to enhance understanding of the
interplay between autophagy and PPRV and support the identifi-
cation of many potential molecular targets of morbilliviruses
among autophagy-associated proteins.

Materials and methods

Cell lines and virus

Caprine EECs were immortalized by transfection with human
telomerase reverse transcriptase (hTERT), and we have previously
confirmed that the secretory function of these cells is consistent
with that of primary EECs [79,80]. The cells were cultured in
Dulbecco’s modified Eagle medium/F-12 Ham’s medium
(DMEM/F12; Hyclone, SH30023) supplemented with 10% fetal
bovine serum (Gibco, 10270–106), 100 IU/mL penicillin, and
10 μg/mL streptomycin (Hyclone, SV30010) at 37°C in 5% CO2.
The PPRV attenuated strain Nigeria 75/1 was obtained from our
laboratory culture collection. The viral stock was prepared by

collecting infected cell supernatant when a cytopathic effect
(CPE) was apparent in approximately 80% of the cells. To deter-
mine the viral titers, cells cultivated in 96-well plates were inocu-
lated with 10-fold serial dilutions of the virus and incubated at 37°
C for 5–7 d. The viral titers were estimated with the Reed and
Muench method [81] and are expressed as the 50% tissue culture
infective dose (TCID50)/mL. The MOI was confirmed according
to the viral titers of the respective cell lines. UV inactivation of
PPRVwas performed by irradiation with UV light for 1 h at room
temperature. The infectivity of UV-irradiated PPRV was con-
firmed by detecting the viral titers as described above, and the
MOIs were the same as those for the untreated viruses.

Antibodies and reagents

An anti-PPRV-N monoclonal antibody was provided by the
China Animal Health and Epidemiology Centre (Qingdao,
China). The following primary antibodies were used: anti-
NECTIN4 (Abcam, ab155692), anti-SQSTM1/p62 (Abcam,
ab101266), anti-HSPA1A (Abcam, ab79852), anti-ATG5
(Abcam, ab228668), anti-IRGM (Abcam, ab93901), anti-GOPC
(Cell Signaling Technology, 8576), anti-p-AKT (Ser473; Cell
Signaling Technology, 9271), anti-AKT (Cell Signaling
Technology, 4691), anti-p-MTOR (Ser2448; Cell Signaling
Technology, 2971), anti-MTOR (Cell Signaling Technology,
2983), anti-HA (Cell Signaling Technology, 3724), anti-HMOX1
(Protein tech, 10701–1-AP), anti-HSP90AA1 (Protein tech,
13171–1-AP), anti-ACTB (TransGen Biotech, HC201), anti-Flag
(TransGen Biotech, HT201), anti-HA (TransGen Biotech,
HT301), anti-His (TransGen Biotech, HT501), anti-GST
(TransGen Biotech, HT601), anti-LC3B (Sigma-Aldrich, L7543).
Secondary antibodies: HRP-conjugated mouse anti-rabbit IgG
(conformation-specific) (Cell Signaling Technology, 5127), PE-
conjugated goat anti-rabbit IgG (TransGen Biotech, HS121),
HRP-conjugated goat anti-mouse IgG (Sigma-Aldrich, A9917),
HRP-conjugated goat anti-rabbit IgG (Sigma-Aldrich, A0545),
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
IgG (Sigma-Aldrich, F9887), tetramethyl rhodamine isothiocya-
nate (TRITC)-conjugated goat anti-mouse IgG (Sigma-Aldrich,
T7782). Chemicals and reagents: chloroquine (Sigma-Aldrich,
C6628), rapamycin (Sigma-Aldrich, R0395), INS (insulin; Sigma-
Aldrich, I0305000), FIP (Bachem, H-9430), GST protein (Protein
tech, Ag25094). GST-HSPA1A andHis-NECTIN4 expression and
purification were confirmed by the supplier Zoonbio
Biotechnology (Fig. S5A and B).

Plasmid construction and viral protein expression and
purification

The Capra hircus LC3B gene (GenBank accession number:
XM_018061829.1) was PCR-amplified from total cellular
RNA of EECs with gene-specific primers and cloned into
the pEGFP-N1 vector (Clontech, 6085–1). The Capra hircus
NECTIN4 (GenBank accession number: XM_005677180.3)
and HSPA1A (GenBank accession number: JN604433.1)
genes were cloned into the pCDNA3.1 (+) vector
(Invitrogen, V790-20). The PPRV V, H and N genes were
amplified from PPRV genomic cDNA and cloned into the
pCDNA3.1 (+) (Invitrogen, V790-20) and pET30a (Novagen,
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69909–3) vectors. His-V, His-H, and His-N were expressed in
E. coli BL-21 and purified using Ni-NTA resin (TransGen
Biotech, DP101). The purified proteins were eluted with elu-
tion buffer containing 8 M urea, which was removed by
dialysis against a buffer (50 mM NaH2PO4 and 300 mM
NaCl) with gradually decreasing urea concentrations (6 M,
3 M, and buffer alone). The concentrations of the purified
proteins were measured with a BCA assay. The three purified
proteins were detected using immunoblotting with the appro-
priate antibodies.

Viral infection and cell treatment

According to the requirements of the different experiments, EECs
were infected with PPRV at an MOI of 3 or mock-infected with
phosphate-buffered saline (PBS; 8.4 mM Na2HPO4, 1.5 mM
KH2PO4, 136.9 mMNaCl, 2.7 mM KCl) at 37°C for the indicated
durations. UV-irradiated PPRV was added to the EECs as
required. For the MTOR activation experiments, the cells were
pre-treated with INS (1 μM) for 6 h prior to viral infection. For
experiments involving inhibition of the fusion of autophagosomes
and lysosomes, the EECs were treated with chloroquine (100 μM)
and infected with PPRV for 1.5, 3 or 6 h. For the NECTIN4
receptor stimulation experiment, the EECs were precoated with
20 μg/mL anti-NECTIN4polyclonal antibody or irrelevant isotype
control IgG for 4 h at 37°C. For the viral protein stimulation
experiment, the EECs were precoated with His-GST, His-V, His-
H, or His-N for 1.5 h at 37°C. For the syncytia formation experi-
ment, EECs were treated with FIP (10 μg/mL) and infected with
PPRV for 48 h. The cells were harvested and lysedwith lysis buffer,
and immunoblotting was performed using the appropriate anti-
bodies to monitor autophagy.

Transfection and gene silencing with siRNAs

SMARTpool siRNAs targeting NECTIN4, ATG5, GOPC, IRGM,
and HSPA1A were designed using online design tools (Block-iT
RNAi Designer; Invitrogen). We selected the three short target
sequences with the best scores for each gene. The siRNA for each
genewas synthesized byRiboBiotechnology.We selected themost
efficient siRNA for each gene for the experiment (Table S1). EECs
grown to 80% confluence in 6-well cell culture plates were trans-
fected with 6 μg/well plasmids or 300 nM siRNA using TurboFect
Transfection Reagent (Thermo Fisher Scientific, R0531) as pre-
viously described [37,45]. Then, the cells were incubated in Opti-
MEM (Gibco, 31985–088) at 37°C for 48 h. The reaction mixture
was discarded, and the cells were infectedwith PPRV at anMOI of
3. Following 1 h of PPRV absorption, the cells were incubated in
fresh medium until harvested or until the culture medium was
collected at the indicated time point after infection. A control
siRNA (UUCUCCGAACGUGUCACGU) was maintained in
our laboratory and used as a negative control. The silencing
efficiency was measured by immunoblotting.

Immunoprecipitation and GST affinity-isolation assays

EECs were transfected for 48 h and incubated on ice with
immunoprecipitation lysis buffer (Beyotime, P0013). For each
sample, 500 μL of lysate was incubated with 2 μg of antibody

and 800 μL of protein A/G plus agarose (Santa Cruz
Biotechnology, sc-2003) overnight. The agarose beads were
washed 4 times with 1 mL of lysis buffer containing 1% NP-40
(Beyotime, ST366). The precipitates were detected by SDS-
PAGE and immunoblotting. For the GST affinity-isolation
assays, GST or GST-HSPA1A protein was bound to glu-
tathione agarose (Thermo Scientific, 21516) according to the
manufacturer’s instructions, and the beads were washed four
times. The beads were incubated with the target proteins
harvested from the transfected EECs in affinity-isolation
lysis buffer for 2 h at 4°C. The eluted proteins were detected
by SDS-PAGE and immunoblotting.

Immunoblotting analysis

Protein samples were prepared from the harvested cells after
increasing time intervals following infection and subjected to
immunoblotting using primary antibodies that recognized differ-
ent forms of the cellular proteins. At the indicated time points, cell
lysates were generated by adding 5× loading buffer to the collected
cells. The samples were boiled for 10 min, separated by SDS-
PAGE, and then transferred onto 0.22-µm polyvinylidene difluor-
ide membranes (Millipore, ISEQ00010). The membranes were
blocked with 5% non-fat milk and incubated with primary anti-
bodies followed by HRP-conjugated secondary antibodies. The
bound antibodies were detected with ECL immunoblotting detec-
tion reagents (Millipore, WBKLS0500). Images were obtained
with a CanoScan LiDE 100 scanner (Canon), and the intensity of
the target protein blots was analyzed with ImageJ software (NIH).
All target proteins and internal loading controls were detected and
verified within the same linear range.

Transmission electron microscopy (TEM)

Ultra-thin sections (70 nm) of cells were prepared and exam-
ined under a Hitachi HT-7700 transmission electron micro-
scope (Hitachi, Tokyo, Japan) as described previously [37].
Briefly, EECs were mock-infected or infected with UV-irra-
diated PPRV or PPRV at an MOI of 3 for 1.5 h or 12 h. Then,
the cells were washed three times with PBS and collected by
centrifugation at 800 × g for 5 min. One drop of 2% preheated
agarose was added to the cell pellet and uniformly mixed.
After solidification, the agar was cut into 1 mm3 blocks and
placed into a 2.5% glutaraldehyde/0.1 M phosphate buffer
solution (Na2HPO4 · 12H2O, NaH2PO4 · 2 H2O, pH 7.4) at
4°C for fixation; the sections were then washed 3 times with
phosphate buffer solution for 10 min and post-fixed in 1%
osmium tetroxide at 4°C for 1 h. Following dehydration with
a graded series of ethanol solutions, the cells were embedded
in a mixture of Epoxy 812 and warmed at 35°C, 45°C, and 60°
C for 12 h, 12 h, and 48 h, respectively. Ultra-thin sections
were prepared, stained with 4% uranyl acetate and observed
under a transmission electron microscope.

Confocal immunofluorescence microscopy

Following the indicated treatments, GFP-LC3 EECs [79,80],
pCDNA3.1-N EECs and pCDNA3.1-C EECs were washed 4
times with PBS and fixed in 4% paraformaldehyde. The cells
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were washed again 4 times with PBS and treated with 0.1% Triton
X-100 (Sangon Biotech, A110694) for 15min. Then, the cells were
incubated with 1% bovine serum albumin (BSA; Sigma-Aldrich,
A7906) and the appropriate primary antibodies for 1 h at 37°C
before being washed and incubated simultaneously with FITC- or
TRITC-conjugated secondary antibodies. Finally, the cells were
treated with a Hoechst 33342 (Sigma-Aldrich, B2261) solution for
5 min and analyzed under a confocal microscope (CLSM; Leica
SP8, Germany).

Statistical analysis

The data are expressed as the mean ± standard deviation
(SD). The significance of the variability between the different
treatment groups was calculated with two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test using GraphPad
Prism 6.0 software (Graph Pad Software Inc., San Diego, CA,
USA). A P value < 0.05 was considered to indicate statistical
significance.
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