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Abstract
Background: Human metapneumovirus (hMPV) is a ubiquitous respiratory pathogen, especially in infants
and young children. Virus-host interaction affects viral replication and host immune responses.
Autophagy plays an important role in virus-host interaction. Airway epithelial cells serve as the �rst line in
host to against respiratory virus infection. However, it is still unknown whether autophagy is activated in
human metapneumovirus (hMPV) infected host cells. Methods: In this study, we demonstrated the
occurrence of autophagy through some autophagic features including the conversion of GFP-RFP-LC3
plasmid, RFP-LC3 puncta and expression of autophagic-related gene. The pathways involved in
autophagy were detected by Western Blot and veri�ed by speci�c pathway inhibitors. The relationship
between the replication of hMPV and autophagy was tested by Rapamycin, 3-MA, siRNA-LC3 and
pathway inhibitors. We also used BALB/c mice to veri�ed the autophagy and pathways in hMPV
infection. Results: We found that the GFP-RFP-LC3 plasmid, RFP-LC3 puncta and expression of ATG5,
ATG7, Becllin1, LC3 were increased in hMPV group in vitro . JNK and MEK/ERK signaling pathway are
activated in hMPV induced-autophagy and we con�rmed the two pathways with speci�c inhibitors
SP600125 and PD98059. Furthermore, we found that rapamycin suppressed hMPV infection
signi�cantly, but reversed when treated with autophagy inhibitor 3-MA, siRNA-LC3 and pathway inhibitors.
hMPV infected mice also induce autophagy through JNK and MEK/ERK pathways. Conclusion: Taken
together, our results show strong evidence that autophagy involved in hMPV infection through JNK,
MEK/ERK pathway which plays an antiviral role in the process of hMPV infection.

Background
Human metapneumovirus (hMPV), was �rst isolated in 2001 in Netherland, [1]  which belongs to the
paramyxoviral subfamily of the Paramyxoviridae. Global epidemiological surveys show that hMPV is
prevalent worldwide and the most infected one is subtype A.[2-4] hMPV is the second pathogen that
causes severe lower respiratory tract infections only next to respiratory syncytial virus (RSV). which
clinical symptoms are similar to RSV, hMPV can also aggravate the infection together with severe acute
respiratory syndrome (SARS), [5] RSV and other in�uenza virus.[6] Despite hMPV has been discovered
nearly 18 years, most of the current research is mainly focused on epidemiology,, its infection mechanism
is poorly understood. So far, there are no safe and effective ways to reduce viral replication. As an
intracellular reproductive pathogen, the interaction between virus and the host affects the viral infection
process and the cellular homeostasis. Several studies have revealed that cellular autophagy actively
participates in various pathogenic infections and plays a crucial role [7-9]. In this study, we focused on
the interaction between hMPV and host cell, especially the role of autophagy in hMPV infection.

Autophagy represents critical for virus-host interaction.[10, 11] Autophagy is a self-balancing and self-
protection mechanism in cell, coexisting with apoptosis and necrosis.[12] Autophagy, an vital immune
response mechanism, can be used to resist viral and bacterial infections, and plays an important role in
the treatment of disease.[7, 13] The interaction between autophagy and virus is diverse. Studies have
shown that Epstein-Barr virus (EBV), Varicella-zoster virus (VZV) and Human immunode�ciency virus type
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1 (HIV-1) could induce autophagy, Hepatitis B virus (HBV) also induce autophagy through the X protein or
activates Beclin1 expression. Infection of in�uenza A virus in mouse embryonic �broblasts lead to the
accumulation of autophagosomes.[14-17] Contrary to above virus, Kaposi S sarcoma herpesvirus (KSHV)
and human papillomavirus (HVS) inhibit autophagy by expressing vFLIP (viral FLICE inhibitory protein).
[18] Autophagy-related pathway like AMP-activated protein kinase (AMPK), mitogen-activated protein
kinase (MAPK), mechanistic target of rapamycin (mTOR) or endoplasmic reticulum (ER) stress, they all
could be induced by viral infection and may trigger autophagy.[19-22] Virus infection inducing or
inhibiting autophagy through different pathways depending on the type of virus.

Virus induced-autophagy which in turn affects virus infection in different ways. On the one hand,
autophagy has antiviral effects which could degrade virus directly or participate in the progress of
transporting virus from endosome to autophagic lysosome for degradation.[23, 24] On the other hand,
Viruses have evolved various strategies to escape or even use autophagy to promote their own
replication.[25, 26] Although autophagy acts as a non-speci�c reaction, different virus cause different
autophagy reaction and even the same virus could cause different autophagy reaction when infected
different cells, these all indicate that autophagy is virus speci�c and cell speci�c. [27, 28] Little know
about the existence of intracellular autophagy during hMPV infection which requires us to explore.

In this study, we investigated that hMPV-infected cells could induce autophagy. We also demonstrated
the JNK and MEK/ERK pathways were activated in this process in vivo and vitro. When 3-MA, siRNA and
SP600125/PD98059 were used to inhibit autophagy the hMPV replication increased, this result indicated
that autophagy has a protective role in viral infection. Our results show that JNK and MEK/ERK signaling
pathway are critical for hMPV induced-autophagy and autophagy inhibit hMPV replication in this
interaction which provide us a new antiviral option by targeting autophagy.

Methods
Cell culture

Human bronchial epithelial cells 16HBE were purchased from China Center for Type Culture Collection,
was cultured with Dulbecco's Modi�ed Eagle Medium (DMEM, Gibco, USA) in an incubator at 37°C
containing 5% CO2. Besides, the culture medium contains 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin-streptomycin antibiotics (PSA, Hyclone, USA).

Virus culture 

hMPV was successfully recovered from full-length cDNA clones of hMPV NL/1/00 by reverse genetics as
described previously. Because the phenomenon of cytopathic (CPE) is di�cult to observe, we used PCR to
detect viral titers to replace the virus strength. hMPV was cultured with Vero E6 cells, when the cytopathic
lesion reached 80%, the cells-virus mixture were frozen-thaws to release the virus particles and
centrifuged at 4000rpm with 10min, the virus particles were suspended in medium and maintained as
stocks at 80 ℃. A standard curve was drawn by double dilution of the standard hMPV F gene plasmid to
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detect the absolute quanti�cation of viruses. Experimental group of viral RNA was extracted by using viral
RNA extraction kit (Magen, China) and reverse transcribed into cDNA (Takara, Japan) for detection.
Primer sequences designed with the conserved region of hMPV F gene

Forward primer sequence: GAGCAATAGCACTCGGTGTTG;

Reverse primer sequence: TCACAAATCTTTCAGCTCTCTCAC;

Probe sequence: TTGCCAACACACGAACTCCATCCC.

The reaction program was 95°C for 30s, 40 cycles of 95°C for 5s and 60°C for 30s. 

Antibodies and reagents 

The following primary antibodies were used: rabbit anti-LC3 (L7543), rabbit anti-GAPDH (5174T), rabbit
anti-SAPK/ JNK (9252T), rabbit anti-p SAPK/JNK (4668T), rabbit anti-ERK1/2 (4695T), rabbit anti-p
ERK1/2 (437 0T), the following secondary antibody horse radish peroxidase (HRP)-conjugated goat anti -
rabbit (7074P2), all these antibodies were purchased from Cell Signaling Technology. The mouse anti-
metapneumovirus (ab 94804) is purchased from Abcam. The following regents: rapamycin (Rap, R0395),
3-methyladenine (3-MA, M9281), SP600125 (S5567) were purchased from Sigma-Aldrich. PD98059
(167869-21-8) was obtained from Selleck.

Immuno�uorescent LC3 plasmid 

LC3 is an important marker of autophagy, LC3II can accumulate on the membranes of autophagy
precursors, autophagosomes and autophagy lysosome, so examining LC3II puncta can re�ect the
number of intracellular autophagic vesicles to assess the level of autophagy. Green �uorescence is easily
degraded after autophagosome and lysosome fusion, but red �uorescence will not be disappeared, so
double �uorescently labeled plasmid GFP-RFP-LC3II can directly re�ect autophagy activity and autophagy
�ux. When autophagy was induced, both green and red �uorescence increased. The GFP-RFP-LC3
plasmid was given by BI Yang teacher. Plasmid was transfected with Lipofectamine 2000 (lip2000,
11668-027, Invitrogen) for 24h and observed under the �uorescence microscope. The control group was
changed with medium (virus preservation solution) without hMPV, the virus treatment group was infected
with hMPV and incubated in 37℃. Confocal microscope was used to observe the GFP-RFP-LC3 plasmid
�uorescence expression in 6h and 24h respectively. 

Small interference experiments. 

The following siRNA was designed:

siRNA-LC3 (sense, 5'-CUCCCUAAGAGGAUCUUUATT-3'; antisense, 5'-UAAAGAUCCUCUUAGGGAGTT-3'), the
siRNA was designed by the Gene Pharma Company (Suzhou, China) and used to silence the expression
of LC3 gene in 16HBE cells. The cells were transfected with different concentrations of siRNA using
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Lip2000 reagent according to the manufacturer's protocol and were harvested for further analysis after
24h, Western Blot was used to verify the silence e�ciency of siRNA-LC3.

RNA detection by PCR. 

We used RT-PCR to detect the expression of autophagy-related genes ATG5, ATG7, Beclin1 and the titer of
hMPV. The same amount of 16HBE cells and the same weight of lung tissue were extracted from Ra Pure
Total RNA Kit (Magen, R4011) according to the manufacturer. Prime Script TM RT reagent Kit (Takara,
RR037A) was used to reverse the RNA into cDNA by following the procedures. We used SYBR (Qiagen,
216213) to semi-quantitatively detect the expression of related genes. The reaction program was 95°C for
2 min, 39 cycles of 95°C for 5s and 60°C for 10s. The primer sequence of ATG5, ATG7, Beclin1 were
synthesized by Shanghai Shenggong Bioengineering Co, Ltd. These two reactions were conducted in a
CFX96 Fluorescence Thermocycler (Bio-Rad, USA), and the data were analyzed with Bio-Rad CFX
Manager software.

Western blot 

Whole cell lysates were performed using RIPA lysis buffer (Beyotime, P0013B), 1 mM
phenylmethanesulfonyl �uoride (PMSF, Beyotime, ST506–2) and protease phosphatase inhibitor mixture
(Beyotime, P1045) in accordance with the manufacturer’s protocol, which was performed on ice. Protein
was extracted with the mixture and freeze at -80° for concentration determination. The protein
concentration was measured using protein concentration assay kit (Beyotime, P0012S), protein
denaturation using loading buffer 5X (Beyotime, P0015), SDS-gel con�guration kit (Beyotime, P0012A).
Protein loading per well is 30-60ug, after electrophoresis, the protein and other masses were transferred to
a nitrocellulose membrane, blocked with 5% skim milk powder at 37° for 1h, washed three times with
TBST, and the antibody was diluted with 5% skim milk powder at 4°, 60 rpm, overnight to incubate
primary antibody. The secondary antibody was diluted with 2.5% skim milk powder, incubated at 37 ° for
1 h, washed three times with TSBS, and exposure with Millipore Immobilon ECL

Confocal microscopy 

Cells were cultured on confocal four-plates. About plasmid transfection experiments, the plasmid GFP-
RFP-LC3 and lip2000 were diluted with serum-free medium at room temperature for 15min. Then
transferred to cells for 6 h allow the plasmid entered cells, and replaced with fresh medium at 37℃ 5%
CO2. Stable expression of transfected cell lines infected with hMPV, then observe the �uorescence
expression of the cells under confocal microscopy. For LC3 immuno�uorescence staining, when the cells
were fused to 60%-70%, infected with hMPV for 4 h, then cells were �xed in paraformaldehyde, and
washed three times with PBS. Triton-X used to transparent (Sigma, Germany) for 15 min, 1% BSA blocked
for 30 min, rabbit anti-LC3B Polyclonal Antibody (bs-2912R, Bioss) was incubated for 1h at 37°, the
second antibody was incubated for 1 h, we added anti-�uorescence quencher to prevent �uorescence
quenching and take a photograph with Nikon AIR confocal microscope.
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Animal experiment. 

6-8 week old female BALB/c mice were purchased from the Experimental Animal Center of Chongqing
Medical University and housed for three days prior to the experiment in a biosafety containment facility
under the same conditions. Acclimated for three days and randomly divided into two groups, �ve in each
group. BALB/c mice were anesthetized with 10% chloral hydrate, the airway of the mice was fully opened.
The control group was given 10µl saline into both nostrils and the virus group treated with 10µl 10^9
hMPV virus. When the mice wheezed or coughed, patted the back and observed for 2-4 h. No
abnormalities in the mice after waking up proved that the experimental treatment was successful. The
mice were anesthetized by intraperitoneal injection with 10% chloral hydrate (2.5 ml/kg body weight) and
sacri�ced by cervical dislocation in �ve days after nasal drops, lung tissue was taken. 20 mg of the left
lung was used for protein extraction, added with RIPA (Biyuntian) and used Qiagen tissuelyser II to grind
tissue with 25HZ/10min. Take the supernatant after centrifugation, the supernatant was mixed with
loading buffer and boiled, -80 °C preservation. 10 mg of the left lung was used for RNA extraction, added
with RNA extraction lysate and grind in the above manner, the supernatant was extracted according to the
instructions (Magen single-package RNA extraction kit), and the Takara kit was used to reverse into cDNA,
-4 °C preservation. 10% formalin �xed the right upper lobe tissue for at least 24h. After �xation, put it into
the embedding box and wash it overnight, embed it in para�n, cut the tissue into 4μm thick slices, and
observe the lungs pathological changes under the microscope after HE staining.

The experiment was repeated, and data were pooled. 

Statistical analysis 

Statistical evaluations were used the Student t test, P < 0.05 was considered statistically signi�cant.

Results
hMPV infection activates autophagy in 16HBE

In order to explore the relationship between hMPV infection and autophagy, we �rst detected whether
autophagy is triggered when hMPV infection. Immuno�uorescence and the expression of autophagy-
related genes always be used to observe the existence of autophagy. We transfected the GFP-RFP-LC3II
plasmid in 16HBE and set up for control group (only plasmid transfection), 6h-hMPV infection group and
24h-hMPV infection group (plasmid transfection+ hMPV infection). The result showed the green and red
�uorescence spot was higher in 24h infection group than in 6h, �uorescence intensity expression in a
time-dependent after infection with hMPV (Fig. 1A, B). Then stain with RFP-LC3B antibody, result showed
that LC3B was from diffuse to punctate distribution in hMPV group and had a signi�cantly different to
control group. We counted the number of intracellular LC3B spots in the control and hMPV groups (Fig.
1C). These data preliminary demonstrate that hMPV infection could induce autophagy in 16HBE.
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qPCR and western were used to detect the expression of autophagy-related genes. ATG5, Beclin1 and
ATG7 were determined by SYBR Green and they all increased in hMPV infection group. (Fig. 1E). The
autophagy-associated protein LC3II was increased and the expression was time-dependent, the highest
expression of LC3II at 96 h (Fig. 1D). Taken together, these results con�rmed the occurrence of autophagy
after hMPV infection in 16HBE.  

hMPV infection induces the occurrence of autophagy through JNK and MEK/ERK pathway in 16HBE..

Autophagy is a ubiquitous phenomenon in the process of cell survival, and there are many ways to
induce autophagy. To clarify how hMPV infection induces autophagy, we �rst tested the mRNA
expression of some autophagy-related pathways which were reported in previous article (This data is not
displayed), �nally we screened two genes which was constantly increased (Fig. 2A). Western Blot had the
same results (Fig. 2B). These data suggested that the JNK pathway and the MEK/ERK pathway activated
in hMPV-infected 16HBE.

To further con�rm the involvement of JNK and MEK/ERK pathways in hMPV-induced autophagy, speci�c
pathway inhibitor was used to make these two pathways ineffective during autophagy. 16HBE was
treated with PD98059 (an inhibitor of the RAF/MEK/ERK pathway), and SP600125 (an inhibitor of the
JNK pathway) before hMPV infection. (We used the CCK8 assay to observe drug-to-cell toxicity and found
that different concentrations of the drug had no signi�cant toxic effects on cells. The appropriate
concentration was selected for subsequent experiments.) 16HBE was treated with 25µm SP600125 and
10µm PD98059, and then infected with hMPV, the expression of autophagy-related genes ATG5, ATG7,
and Beclin1 decreased compared with control group (Fig. 2C). In addition, western blot showed the
expression of autophagy-associated protein LC3-II was reduced after treated with inhibitors (Fig. 2D).
Confocal microscopy was used to observe the RFP-LC3 spots in the hMPV and SP600125/PD98059
treatment groups. The autophagy spots in the virus group were obvious, but the spots in the drug group
were decreased (Fig. 2E). Taken together, these results demonstrated that the pathway JNK and
MEK/ERK does play a role in autophagy. 

Induction of autophagy regulates viral replication

To con�rm the role of autophagy in hMPV replication. We used Rapamycin (a universal autophagy
inducer) and then checked its effect on viral load (Fig. 3A) We used western blot for hMPV protein and
PCR for hMPV titer to represent viral load. High expressed autophagy reduced the replication of hMPV
(Fig. 3B, C). 16HBE treated with 3-MA (a universal autophagy inhibitor) had an opposite result, the
expression of LC3II decreased and hMPV replication raised (Fig.3A-C). These results indicate that
autophagy displays an antiviral role in viral replication and that autophagy can inhibit the replication of
the virus. 

Silence autophagy by siRNA-LC3 and pathway inhibitor to verify the relationship between autophagy and
viral replication
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In order to rule out the chemical effects of drugs, siRNA-LC3 was used to speci�c silence the LC3 gene in
16HBE to �nd the relationship between autophagy and viral replication. As showed in (Fig. 4A), 80 pmol
siRNA-LC3 had an obvious inhibition. We built a siRNA-LC3 system and infected with hMPV (MOI=10), the
virus titer was increased after infection compared with the blank-silencing group (MOI=10) (Fig. 4B).
These results have showed that inhibit autophagy can promote viral replication.

The relationship between autophagy and hMPV replication was also clari�ed through speci�c pathway
suppression. 16HBE was treated with the SP600125/PD98059and then infected with hMPV, the virus titer
was signi�cantly higher than that of the blank treatment group (Fig. 4D), viral protein expression was also
increased (Fig. 4C). Taken together, it is clear that hMPV induces autophagy through the JNK and
MEK/ERK pathways, and autophagy inhibits hMPV which plays a protective mechanism in 16HBE.

hMPV-induced autophagy occurs in mice through JNK, MEK/ERK pathway

To verify whether hMPV-induced autophagy would occur in animals, BALB/c mice were used in this
experiment. We divided the mice into control group and hMPV group (n=5) by whether infected with or
without hMPV. The mice in the control group were added with saline, hMPV group were added with 10 ^7

hMPV, then raised for 5 days under the same conditions. HE staining of mouse lung tissue showed
thickening of the bronchial wall, in�ammatory cell in�ltration, and thickening of the alveolar septum (Fig.
5E) in hMPV group. Compared with the control group, the autophagy-related gene expression was
signi�cantly higher in hMPV group (Fig. 5A). The autophagy-related protein was only expressed on the
hMPV-infected group but not in the control group (The image only shows the strip of LC3II) (Fig. 5B). We
further validated the expression of autophagy pathway JNK, MEK/ERK through RNA and protein level
(Fig. 5C, D), and the results were consistent with cell experiments In general, we found that hMPV
infection, like cells, induces autophagy via the JNK, MEK/ERK pathway in animals.

Discussion
The interaction between viral infection and autophagy is complex. Autophagy is essential in viral
infection and play an important role on cellular homeostasis. Recent studies have demonstrated that
pathogen infection could induce or inhibit autophagy. For example, Avian metapneumovirus (aMPV) and
Japanese encephalitis virus (JEV) lead to the accumulation of autophagosomes in host cells, ER stress
would involve in Hepatitis C virus (HCV) and Newcastle disease virus (NDV) induced autophagy while
KSHV and HVS could inhibit autophagy. [19, 29-32] A large number of experimental studies have reported
that cellular autophagy plays a role in Paramyxoviridae family members infected through different
mechanisms in target cells.[33] However, there is no report showing whether hMPV induce autophagy and
how autophagy affect hMPV replication. To elucidate this, we focused on the induction mechanisms of
autophagy and the effect of autophagy on hMPV replication.

In the current study, transfection with GFP-RFP-LC3 plasmid showed increased �uorescent spots in hMPV
infection group with time-dependent (Fig. 1A, B). Immuno�uorescence showed the expression of LC3B
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spot in hMPV group was obvious (Fig. 1C). Furthermore, hMPV infection resulted in increased LC3II
expression, and the mRNA expression of autophagy-related genes ATG5, ATG7, Beclin1 raised (Fig. 1D, E).
Its worthy of note that the increasing in autophagy-gene expression and LC3 immuno�uorescence could
result from the occurrence of autophagy after hMPV infection. We discovered that hMPV infection
induces autophagy in culture cell for the �rst time.

An increasing number of studies have reported that viruses could induce autophagy by activating diverse
pathways. [34-36] Several studies have reported that ER stress after viral infection would lead to an
unfolded protein responses in the endoplasmic reticulum, which could activate EIF2AK3, ATF6 or ERN1
pathway and induced the occurrence of autophagy.[19] Hepatitis C virus induced autophagy via activated
the EIF2AK3 (eukaryotic translation initiation factor 2 a kinase 3) and ATF6 UPR pathway or inhibit AKT-
TSC pathway,[37] [31] aMPV induces autophagy via the ATF6 pathway,[19] and PI3K/AKT/mTOR
pathway,[38] Hepatitis B virus induces autophagy through PI3K/AKT/mTOR pathway,[39]  Herpes simplex
virus could down-regulated autophagy through homolog Bcl2.[40] Ras/PKA signaling pathway inhibits
autophagy in Saccharomyces cerevisiae.[41] Autophagy is a complex physiological response
mechanism, virus-induced autophagy pathway is virus speci�c. To explore the possible mechanism of
hMPV induced-autophagy, we �rstly screened a large quantity of pathway-related genes and found that
the JNK and MEK/ERK pathways play an essential role in hMPV infected-cell (Fig. 2A, B). Although hMPV
infection activated the JNK and MEK/ERK pathways, it is not certain that the above two pathways indeed
exert effects in autophagy. Speci�c pathway inhibitors SP600125 and PD98059 were used to verify the
accuracy of the two pathways. Results showed that the expression of autophagy-related genes were
reduced after treat with inhibitors (Fig 2C, D). In this study, we analyzed the JNK and MEK/ERK pathways
involved and play an important role in hMPV-induced autophagy. We also veri�ed the existence of
autophagy and JNK, MEK/ERK pathway played a role in hMPV-infected mice (Fig. 5). The two pathways
are related to mitogen-activated protein kinase (MAPK) signaling pathway. MAPK can be activated by a
series of extracellular signals, such as physical stress, in�ammatory cytokines, viral bacteria, etc. The
MEK/ERK pathway is a relatively clear pathway for current research, which is also involved in many
pathophysiological processes such as cell growth and development, proliferation and differentiation. [42,
43] Extensive experimental researches have manifest that JNK signaling pathway have a crucial impact
on cell differentiation, apoptosis, stress response and the occurrence and development of various
diseases.[44] Therefore, JNK signaling pathway is an important regulatory target of cells in normal and
disease states point.[44-46] Taken together, hMPV induces autophagy through the JNK and MEK/ERK
pathways, which provides clues for understanding post-infection mechanisms and the search for
therapeutic targets after infection. It is also convenient for us to understand the relationship between
autophagy and viral replication.

The role of autophagy in virus replication is controversial, which mainly depends on the type of virus, the
way of the virus infection and the type of cell and its microenvironment. [47, 48] During autophagy, virus,
proteins and damaged organelles in the cytoplasm are encapsulated by autophagosomes with a bilayer
membrane structure, and then through a series of membrane fusion processes, these substances are
released into the lysosomes and then dissolve. Autophagy could directly degrade the virus or activated
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the immune response to exert antiviral effects. [49, 50] The usual host cell response is, virus promotes the
accumulation of autophagy, which in turn inhibits the virus replication, a self-protective mechanism that
cells develop as they grow. However, with the long-term virus escape immune mechanism, many viruses
evolved to avoid the autocrine killing effect, and some viruses even use autophagy to promote their own
replication. [19, 51] Zhou had reported that interference with autophagy impairs the accumulation of
in�uenza A viruses M1 and M2 proteins.[52] Study indicated that hepatitis B virus (HBV) could induce
autophagy to enhance its replication in cell cultures.[53] JEV replication could negative regulated by
autophagy.[29] When autophagy was pharmacologically inhibited by wortmannin or LY294002, the
replication of transmissible gastroenteritis virus (TGEV) increased and rapamycin treatment had the
opposite conclusion .[54] In our study, the replication of hMPV decreased after the use of autophagy
inducer-Rapamycin, while 3-MA had an opposite result.(Fig. 3A,C). In order to eliminate the in�uence of
pharmacological reagent, we veri�ed these results by silencing essential autophagy-related gene-LC3 (Fig
4A), hMPV replication was increased (Fig. 4B). In addition,SP600125 and PD98059 showed the viral
replication was increased on RNA and protein level (Fig. 4C,D). In the present study, we found that inhibit
autophagy may promote accumulation of viral RNA, improve viral titer and promote cell death. We have
made a schematic diagram of intracellular autophagy after hMPV infection of 16HBE (Fig. 6). In
conclusion, these results demonstrated the relationship between autophagy, JNK, MEK/ERK pathways
and hMPV replication, our research supports the supposition that autophagy plays an antiviral role
against hMPV infection which is a protective mechanism in 16HBE.

In previous studies, hMPV was cultured in Vero E6 cell which was the most suitable growth cells for
hMPV. However, in this study, we performed experiments in 16HBE (human bronchial epithelial cells) to
probe the respiratory response after hMPV infection. Airway epithelial cells serve as the �rst line of
defense against hMPV infection, However, there is no study shows that the interaction of airway epithelial
cells with autophagy after hMPV infection. 16HBE could better imitate the airway response of people with
hMPV.

We have shown that JNK, MEK/ERK pathway involved in hMPV induced-autophagy. However, autophagy
as a complex physiological mechanism in cell which pathway must more than above two. Therefore, the
pathway of hMPV-induced autophagy still needs us to explore. In addition, it is not clear how hMPV
triggered the above two pathways to induce autophagy. Which discussed more is ligand-receptor
interaction, changes in intracellular lipid composition or intracellular homeostasis, stress response of
endoplasmic reticulum. In the process of inducing autophagy, the formation of bilayer membrane
enclosing virus may come from membrane organelles such as endoplasmic reticulum (ER) and golgi
body. [55]When the homeostasis of ER is destroyed, a series of oxidative stress responses and immune
responses will be induced, which may be closely related to the occurrence of autophagy. We have not
conducted in-depth research, which requires follow-up exploration. This study showed that autophagy
induced by hMPV infection in 16HBE could inhibit viral replication, but viral replication is not only
associated with autophagy. Apoptosis, as a programmed death, is also important in viral infection and
cell growth, which is closely related to viral replication. It has been reported that autophagy-mediated
inhibition of apoptosis can promote RSV replication. Therefore, the physiological mechanism induced by
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hMPV infection needs further research and exploration. However, our research is also interesting. We have
preliminarily demonstrated that autophagy can inhibit the intracellular replication of hMPV, which
provides a new experimental basis for the research and treatment of hMPV infection.

In summary, we tested and veri�ed that hMPV infection arouses autophagy for the �rst time, and this
process could be regulated through JNK, MEK/ERK pathway. When we inhibited autophagy by siRNA-LC3
and pathway inhibitor, hMPV replication would reduce. These results further indicate that autophagy
plays an antiviral respond and its positive protection during hMPV infection. Our study provides us a new
insight into the process of hMPV infected host cells and discovery of new antiviral drugs or vaccine
development by targeting autophagy.

Conclusion
We tested and veri�ed that human metapneumovirus infection induce autophagy from cellular and
animal experiments for the �rst time. The induction of autophagy is related to the activation of JNK and
MEK/ERK pathways. The interaction between host cell and hMPV could be regulated by autophagy.
Intracellular replication of the hMPV is associated with autophagy, viral replication is decreased when
autophagy is promoted but increased when autophagy is inhibited. This experiment can help us �nd the
targets to inhibit hMPV infection and control its replication, and provide a theoretical basis for the
development of antiviral drugs and vaccines.
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Figure 1

hMPV infection induces autophagy in 16HBE. (a) 16HBE was transfected with GFP-RFP-LC3 plasmid with
Lip2000. GFP-RFP-LC3 expressing cells were divided into three groups: control group, infected with
puri�ed hMPV (MOI=5) at 6h and 24h groups. The cells were then imaged by confocal microscopy. The
bar was 20µm. (b) The average LC3 spot in each cell was shown in the �gure. (c) 16HBE were cultured in
regular serum-containing medium or puri�ed hMPV infected for 4h (MOI=5), LC3 spot expression was
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observed under confocal microscope, bar is 10µm. Quanti�cation of the number of LC3 puncta per cells.
(d) Western blot detected LC3 in hMPV infected-group (MOI=10) or mock-group at the indicated times.
The grouping of blots used for comparison were cropped from different parts of the same gel. (e) QPCR
detected the expression of autophagy-related gene ATG5, ATG7, Beclin1 in mock infection group and
hMPV infection group (MOI=10, 24h). The Student t test was used to calculate P values. P < 0.01.

Figure 2

hMPV infection 16HBE induces the occurrence of autophagy through JNK and MEK/ERK pathway. (a)
16HBE cells were divided into mock infection group and hMPV infection group (MOI=10, 24h). QPCR to
detect the pathway-related genes. (b) Western blot showed the expression of the JNK and ERK proteins
and its phosphorylation form. The grouping of blots used for comparison were cropped from different
parts of the same gel. (c) 16HBE were grouped into the following three groups: hMPV, hMPV+SP600125
(25µmol/l), hMPV+PD98059 (10µmol/l). The drug was pre-treated for 4 hours and then aspirated,
infected with hMPV (MOI=10) for 24 hours to detect the expression of ATG5, ATG7, Beclin1 as shown in
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the �gure. (d) Western blot indicated the inhibition of the two agents and detected the expression of LC3II.
The blots were cropped, and the full-length blots are included in a Supplementary Information �le (LC3
protein only shows LC3II after drug treatment). (e) The inhibitors were treated for 4h and then infected
with hMPV (MOI=5). The expression of LC3 was observed by confocal microscopy, the right panel shows
the number of LC3 spots observed in each cell and statistical analysis indicates signi�cant differences.
The Student t test was used to calculate P values. P < 0.05, P < 0.01.

Figure 3
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Induction of autophagy regulates viral replication. 16HBE were pretreated or unpretreated with speci�c
drugs Rapamycin (10µmol/l) and 3MA (10µmol/l) for 4 hours, then washed and infected with hMPV
(MOI=10). Infection with 16HBE for 48 h, the protein expression of (a) LC3 and (b) hMPV were detected by
western blot. The grouping of blots used for comparison were cropped from different parts of the same
gel. (c) The same treatment but infection with 24h, RNA was used to detected hMPV titer by probe
method. The Student t test was used to calculate P values. P < 0.05, P < 0.01.

Figure 4

Silence autophagy by siRNA-LC3 and pathway inhibitor to verify the relationship between autophagy and
viral replication. (a) siRNA was used to silence LC3 and, the gene silencing condition detected by western.
There was a good silencing effect at 80 p mol, and the concentration was used for subsequent
experiments. The grouping of blots used for comparison were cropped from different parts of the same
gel. (b) This concentration was used to construct the siRNA-LC3 silencing system, then infected with
hMPV, virus titer was detected by PCR. (c) 16HBE were pretreated with speci�c pathway inhibitor drugs
SP600125 (25 µmol/L) and PD98059 (10 µmol/L) for 4 hours, then washed and infected with virus
(MOI=10, 48h), hMPV protein was detected by western blot. The blots were cropped, and the full-length
blots are included in a Supplementary Information �le. (d) hMPV titer was detected by QPCR after using
SP600125 and PD98059. The Student t test was used to calculate P values. P < 0.05, P < 0.01Figure-5
Autophagy exists after hMPV infection in animals, and autophagy is induced by JNK and MEK/ERK
pathways.
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Figure 5

Autophagy exists after hMPV infection in animals, and autophagy is induced by JNK and MEK/ERK
pathways. The animals were divided into the control group and the hMPV-infected group (n=5). The
hMPV-infected group nasally dropped with 10^7 virus, the control group was given equal capacity of
saline nasal. The mice were sacri�ced �ve days later to extract lung tissue RNA and protein. (a) RNA
detected the expression of ATG5, ATG7, Beclin1, LC3. (b) Western blot detected the expression of LC3
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(LC3 protein only shows LC3II in mouse protein). (c and d) The pathway gene JNK, MEK/ERK expression
test from RNA levels and protein levels were increased. The grouping of blots used for comparison were
cropped from different parts of the same gel. (e) The lung bronchi and alveolar HE staining of mouse.
The Student t test was used to calculate P values. P < 0.01.

Figure 6

Schematic diagram of intracellular autophagy after hMPV infection of 16HBE. Our study found that
hMPV induces autophagy through the JNK and MEK pathways, and this intracellular physiological
response inhibits viral replication and protects cells.
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