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Antiviral activity of ISG15 against classical 
swine fever virus replication in porcine alveolar 
macrophages via inhibition of autophagy 
by ISGylating BECN1
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and Yanming Zhang1* 

Abstract 

Interferons (IFNs) induce the expression of interferon-stimulated genes (ISGs) for defense against numerous viral 
infections, including classical swine fever virus (CSFV). However, the mechanisms underlying the effect of ISGs on 
CSFV infection are rarely reported. In this study, we demonstrate that IFN-α treatment induces upregulation of ISG15 
and thus attenuates CSFV replication. To determine whether ISG15 is critical for controlling CSFV replication, we 
established porcine alveolar macrophages (PAMs) with stable overexpression or knockdown of ISG15. Overexpression 
of Flag-ISG15 significantly prevented CSFV replication, whereas loss of ISG15 led to abnormal proliferation of CSFV. 
Furthermore, upregulated ISG15 promoted beclin-1 (BECN1) ISGylation and dysfunction and subsequently inhibited 
autophagy, which is indispensable for CSFV replication. In addition, HECT and RLD domain containing E3 ubiquitin 
protein ligase 5 (HERC5), which functions to catalyze conjugation of ISG15 protein, was confirmed to interact with 
BECN1. Collectively, these results indicate that IFN-α restricts CSFV replication through ISG15-mediated BECN1 ISGyla-
tion and autophagy inhibition, providing insight into the mechanism of CSFV replication control by type I IFN. This 
mechanism may not be the only antiviral mechanism of ISG15; nonetheless, this study may contribute to the develop-
ment of CSFV treatment and prevention strategies.

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
mmons​.org/licen​ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat​iveco​mmons​.org/publi​cdoma​in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Classical swine fever (CSF), which is caused by the CSF 
virus (CSFV) of family Flaviviridae, is a highly conta-
gious viral disease of pig and has serious socioeconomic 
implications [1]. CSFV is an enveloped RNA virus with 
positive-sense genomic RNA and an open reading frame 
that encodes a precursor polyprotein of 3898 amino 
acids that are co- and post-translationally processed 
into four structural proteins (C, Erns, E1, E2) and eight 

nonstructural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, 
NS5A, NS5B) [2].

Type I interferon (IFN) has antiviral, antiprolifera-
tive, proapoptotic, and immunomodulatory activities. 
The production of type I IFN relies on the recognition 
of pathogen-associated molecular patterns by pat-
tern recognition receptors, which induce an antiviral 
response by regulating synthesis of hundreds of pro-
teins, inducing interferon-stimulated genes (ISGs) [3, 
4]. RNA viruses of the family Flaviviridae are sensitive 
to type I IFN, and replication of CSFV is attenuated 
by treatment with IFN-α [5]. Although many studies 
have focused on screening and identifying antiviral 
ISGs and elucidating their antiviral mechanisms, only 
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2′,5′-oligoadenylate synthetase-like protein (OASL), 
myxovirus resistance protein 1 (Mx1), viperin, gua-
nylate-binding protein 1 (GBP1), and IFN-inducible 
transmembrane proteins (IFITMs) have been identi-
fied to inhibit CSFV infection or replication [6–11].

Cells adapt to environmental changes through the 
initiation and execution of special processes, such 
as autophagy, which occurs in the event of poor sur-
vival conditions [12]. Autophagy processes include 
several stages, such as autophagy initiation signal-
ing, autophagosome nucleation, autophagosome 
expansion, and autophagosome maturation [13]. It 
has been shown that CSFV infection triggers a com-
plete autophagic response along with upregulation 
of autophagic markers, and induces formation of the 
membranes of autophagosome-like vesicles to pro-
mote viral replication in porcine kidney cells (PK-15) 
and porcine alveolar macrophages (PAMs) [14]. How-
ever, whether ISGs are involved in the regulation of 
autophagy during CSFV infection is largely unknown. 
Beclin-1 (BECN1), a highly conserved protein in mam-
mals, is indispensable for canonical autophagy. BECN1 
is a core component of the class III phosphatidylinosi-
tol 3-kinase (PI3KC3) complex, which is required for 
autophagosome nucleation and maturation. Further-
more, BECN1 regulates autophagic phosphatidylino-
sitol 3-phosphate generation and recruits additional 
ATG proteins to orchestrate autophagosome forma-
tion [15].

ISG15 is one of the most abundantly induced ISGs 
and plays an important role in viral infection, but 
its role in regulating CSFV replication has not been 
extensively explored. ISG15 modifies its targets via 
a novel post-translational modification known as 
ISGylation, which spans a diverse array of biological 
processes and targets, including host and viral pro-
teins [16]. Covalent conjugation of ISG15 to its tar-
get protein (ISGylation) is similar to ubiquitination 
and occurs through a sequential reaction catalyzed 
by UBE1L (E1)-activating, UbcH8 (E2)-conjugating, 
and HECT and RLD domain containing E3 ubiqui-
tin protein ligase 5 (HERC5, E3) ligase enzymes [17]. 
ISGylation is a reversible process that requires ubiq-
uitin-specific protease 18 (USP18) to remove ISG15 
from the target protein [18]. Herein, we investigated 
the expression of ISG15 and ISGylation during CSFV 
infection. Experiments with shUSP18, ISG15 overex-
pression, and ISG15 mutant cells confirmed that the 
anti-CSFV action of ISG15 was ISGylation-dependent. 
BECN1 was ISGylated through ISG15 during CSFV 
infection, leading to autophagy-deficient CSFV reduc-
tion. Finally, BECN1 was demonstrated to interact 
with ISGylation E3 ligase.

Materials and methods
Cells, medium, and virus
The PAM cell line 3D4/2 [American Type Culture Collec-
tion (ATCC), Manassas, VA, USA; CRL-2845] was cul-
tured in RPMI 1640 medium (Gibco, Grand Island, NY, 
USA) with 100  mL/L (10%) fetal bovine serum (Gibco). 
Human embryonic kidney (HEK-293T; ATCC) cells 
were cultured in Dulbecco’s minimal essential medium 
(DMEM, Gibco) with 10% fetal bovine serum (FBS, 
Gibco). IFN-α was purchased from Novoprotein (Shang-
hai, China), and 3-methyladenine (3MA) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Rapamycin 
was obtained from Cell Signaling Technology (Boston, 
MA, USA). The Shimen strain of CSFV was purchased 
from the Control Institute of Veterinary Bio-products 
and Pharmaceuticals of China. All experiments related 
to CSFV were conducted in a P3 biosafety laboratory and 
strictly performed according to the Laboratory Biosafety 
Manual in the laboratory.

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)
The relative mRNA expression of ISGs and CSFV 
was detected by RT-qPCR. Primer pairs are listed in 
Table 1. Total RNA from PAMs was isolated using TRI-
zol (Thermo Fisher Scientific, Waltham, MA, USA) and 
reverse transcribed into cDNA using PrimeScript RT 
reagent kit (Vazyme, Nanjing, China). RT-qPCR was 
performed using Ultra SYBR Mixture (CWBIO, Beijing, 
China) according to the manufacturer’s protocol. Relative 
fold changes in gene expression were normalized against 
β-actin expression using the 2−ΔΔCt threshold method.

Western blot
The protein samples of interest were separated by 
12% sodium dodecyl sulfate-polyacrylamide gel 

Table 1  Primers used for RT-qPCR 

Primer Sequence (5′–3′) Usage

ISG15-F AGG​GAA​CTG​AAG​GTG​AAG​
ATG​

RT-qPCR for detection of ISG15

ISG15-R CAG​ACG​CTG​CTG​GAAGG​

MX1-F TCT​GTA​AGC​AGG​AGA​CCA​
TCA​ACT​

RT-qPCR for detection of MX1

MX1-R TTT​CTC​GCC​ACG​TCC​ACT​ATC​

β-actin-F CAA​GGA​CCT​CTA​CGC​CAA​
CAC​

RT-qPCR for detection of 
β-actin

β-actin-R TGG​AGG​CGC​GAT​GAT​CTT​

CSFV-F GAG​AAG​GAC​AGC​AGA​ACT​
AAGC​

RT-qPCR for detection of CSFV

CSFV-R TTA​CCG​CCC​ATG​CCA​ATA​GG
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electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene difluoride membranes (Millipore, Burlington, 
MA, USA). Following blocking in 5% skim milk at room 
temperature for 2  h, the membranes were immersed in 
the prepared primary antibody, which included mouse 
anti-β-actin monoclonal antibody (MAb) (Cell Signaling 
Technology), mouse anti-Myc MAb (Cell Signaling Tech-
nology), mouse anti-FLAG MAb (Sigma), mouse anti-
ISG15 MAb (Cusabio, Wuhan, China), rabbit anti-LC3-II 
polyclonal antibody (PAb) (Sigma), and mouse anti-
BECN1 MAb (Sigma), and incubated at 4  °C overnight 
with shaking. After washing with Tris-buffered saline 
containing 0.5% Tween 20 (TBST), the membranes were 
incubated with horseradish peroxidase (HRP)-conjugated 
secondary antibodies at room temperature for 2  h, fol-
lowed by three washes in TBST. The protein bands were 
analyzed using an image analysis system (Bio-Rad) after 
incubation with enhanced chemiluminescence (ECL) 
reagent. β-actin served as an internal control.

Construction and transfection of plasmid
Based on the genetic sequences of porcine 
ISG15, USP18, HERC5, and BECN1 (GenBank: 
EU647216.1, NM_213826.1, XM_021100766.1, and 
NM_001044530.1), PCR primers for amplification were 
generated (Table  2). ISG15 was inserted into the len-
tivirus plasmid pCDH-CMV-MCS-EF1 (CMV) with 
a Flag-tag to generate CMV-ISG15 and was cloned 
into pcDNA3.1 with a Flag-tag to generate Flag-ISG15 

(3.1-ISG15GG). Synthesis of 3.1-ISG15AA from 
3.1-ISG15GG was performed by directed mutagenesis 
with a Phusion site-directed mutagenesis kit (Thermo 
Fisher Scientific) following the manufacturer’s instruc-
tions. BECN1 was cloned into pcDNA3.1 or pGEX-
6p-1 to create Flag- or glutathione S-transferase 
(GST)-tagged BECN1, respectively. The N-terminus of 
BECN1 fused with the C-terminal sequence LRLRGG 
of ISG15 was inserted into pcDNA3.1 to generate Flag-
tagged ISG15-BECN1. HERC5 was amplified by PCR 
and inserted into pcDNA3.1 or pGEX-6p-1 to gener-
ate Myc- or GST-tagged HERC5. As for the short hair-
pin RNA (shRNA) plasmid, three pairs of shRNA for 
ISG15 or USP18, as well as scrambled control shRNA 
(shN), were designed using the RNAi Designer web-
site. All shRNAs were inserted into pCDH-U6-Green-
Puro. The shRNA sequences are listed in Table 3. CMV, 
pcDNA3.1, and pCDH-U6-GreenPuro plasmids and 
pGAG, pREV, and pVSV-G helper plasmids were con-
served in our laboratory. 3.1-Flag-RFP (RFP cloned into 
pcDNA3.1 with a Flag-tag) was constructed and con-
served in our laboratory. To transiently transfect the 
plasmids into PAMs, a mixture containing 4  μg plas-
mids, 6  μL Turbofect (Thermo Fisher Scientific), and 
400  μL Opti-MEM was added to the PAMs and incu-
bated for 8  h. Then, the medium was refreshed with 
10% FBS 1640 and incubated for another 24 h for sub-
sequent experiments.

Table 2  Primers used for plasmid construction 

Underlines show mutagenesis sites.

Primer Sequence (5′–3′) Usage

CMV-ISG15-F CGG​AAT​TCA​TGG​GTA​GGG​AAC​TGA​AGG​TGA​AGA​ Amplification of ISG15

CMV-ISG15-R CGG​GAT​CCG​CAC​TCG​GTG​GGG​TGC​TCCC​

3.1-ISG15AA-A2 TGG​CCC​TGT​CCC​CGC​CGC​CCG​CAG​GCG​CAG​ Amplification of ISG15 mutant

3.1-ISG15AA-B1 CTG​CGC​CTG​CGG​GCG​GCG​GGG​ACA​GGG​CCA​

Flag-ISG15-F CGG​AAT​TCT​ATG​GGT​AGG​GAA​CTG​AAG​GTG​AAGA​ Amplification of ISG15

Flag-ISG15-R CGG​GAT​CCG​CAC​TCG​GTG​GGG​TGC​TCC​

Myc-BECN1-F CGG​AAT​TCT​ATG​GAG​GGG​TCT​AAG​ACA​TCC​A Amplification of BECN1

Myc-BECN1-R CGG​GAT​CCT​TTG​TTA​TAA​AAC​TGT​GAG​GAT​ACCC​

Flag-BECN1-F CGG​AAT​TCC​ATG​GAG​GGG​TCT​AAG​ACA​TCC​A Amplification of BECN1

Flag-BECN1-R CGG​GAT​CCT​TTG​TTA​TAA​AAC​TGT​GAG​GAT​ACCC​

Flag-ISG15-BECN1-A2 CTA​CAG​AAT​CTG​GGG​AGG​TAG​CCC​CCC​CGC​AGG​CGC​AGATT​ Amplification of ISG15-BECN1

Flag-ISG15-BECN1-B1 ATC​TGC​GCC​TGC​GGG​GGG​GCA​TGG​AGG​GGT​CTA​AGA​CAT​CCA​

Myc-HERC5-F TGC TCT​AGA​ ATG​GAG​CGG​AGA​CCA​CGG​AG Amplification of HERC5

Myc-HERC5-R CG GGA​TCC​ GCC​AAA​TCC​CCT​GTG​GTT​GC

GST-BECN1-F CGG​AAT​TCA​TGG​AGG​GGT​CTA​AGA​CAT​CCA​ Amplification of BECN1

GST-BECN1-R CGG​GAT​CCT​TTG​TTA​TAA​AAC​TGT​GAG​GAT​ACCC​

GST-HERC5-F CG GGA​TCC​ ATG​GAG​CGG​AGA​CCA​CGG​AG Amplification of HERC5

GST-HERC5-R CCG CTC​GAG​ TCA​GCC​AAA​TCC​CCT​GTG​GTT​
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Cell viability assay
The cell viability assay was performed with the Cell 
Counting Kit-8 (CCK-8) (Beyotime) according to the 
manufacturer’s instructions.

Establishment and detection of ISG‑overexpression 
and ‑knockdown cell lines
CMV plasmid containing ISG15 or pCDH-U6 plasmids 
carrying shISG15 or shUSP18 were co-transfected into 
HEK-293T cells with three ancillary plasmids (pGAG, 
pREV, and pVSV-G) by Turbofect. These cells were cul-
tured in DMEM with 2% FBS for 16 h, and the medium 
was replaced with DMEM containing 10% FBS, 0.01 mM 
cholesterol (Sigma), 0.01  mM l-α-phosphatidylcholine 
(Sigma), 1:1000 diluted Chemically Defined Lipid (Inv-
itrogen, Carlsbad, CA, USA), and 4.0  mM  l-glutamine 
(Invitrogen) followed by another 48 h of incubation. The 
supernatants were collected and centrifuged at 1500  g 
to obtain the 5 types of lentiviruses (CMV, CMV-ISG15, 
shN, shISG15, and shUSP18). Five lentiviruses were 
added to PAMs in a 6-well culture plate, respectively. The 
medium was exchanged with fresh medium at 8 h after 
infection of lentivirus, followed by incubation for another 
48 h. CMV and shN served as negative controls. Puromy-
cin (Thermo Fisher Scientific) was used to screen positive 
cells in complete growth medium at a final concentra-
tion of 2  μg/mL. To observe the screened positive cells 
that exhibited green fluorescence, a fluorescence inver-
sion microscope (Nikon, Tokyo, Japan) was used. West-
ern blot was performed to confirm the overexpression or 
knockdown of ISGs.

Virus titration by immunofluorescence assay (IFA)
IFAs were performed to estimate the virus titers of CSFV 
in the cellular supernatant. PAMs were inoculated with 

cellular supernatant in a 96-well culture plate with 10 
groups generated by a tenfold dilution series (10−1–10−10) 
for 48 h, and eight repetitions for each dilution were per-
formed. A negative control was generated by culture with 
medium without CSFV. These cell samples were fixed by 
1:1 fixing liquid (acetone:methanol) at −20 °C for 20 min 
and permeabilized by 0.1% Triton X-100 in a 4 °C refrig-
erator for 20  min. Permeabilized cells were incubated 
with 5% skim milk for 2 h at room temperature, followed 
by incubation with positive CSFV serum conserved in 
our laboratory at 4 °C for about 16 h. After washing, cells 
were incubated with fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-pig IgG antibody (Sigma) for 2 h. 
Between each step of the procedure, cells were washed 
three times using phosphate-buffered saline (PBS) or PBS 
with Tween 20 in the case of antibody washing. Negative 
controls were used for background subtraction. FITC-
positive cells were observed and counted under a fluo-
rescence inversion microscope (Nikon). The number of 
positive and negative wells of each dilution was recorded. 
The viral titers were expressed as 50% tissue culture 
infectious dose (TCID50)/mL.

Confocal immunofluorescence microscopy
To analyze the effect of different treatment or transfec-
tion on autophagosomes, accumulation of LC3 puncta 
was quantified. Cells in 35-mm culture dishes were fixed 
by 1:1 fixing liquid (acetone:methanol) at 4 °C for 30 min 
following three washes with PBS for 10 min each. Then, 
the cell samples were permeabilized by 0.1% Triton X-100 
at 4 °C for 20 min and blocked with 5% skim milk at room 
temperature for 2  h. Cells were incubated with a rabbit 
anti-LC3 PAb (Sigma) as a primary antibody and Alexa 
Fluor 488 AffiniPure goat anti-rabbit IgG (H + L) anti-
body (Yeasen, Shanghai, China) as a secondary antibody. 

Table 3  Short hairpin RNA (shRNA) sequences 

Underlines show loop ring.

shRNA Sequence (5′–3′)

shISG15-1-F GATCC​GAC​CAG​TTC​TGG​CTG​ACT​TTC​CAA​GAG​GAA​AGT​CAG​CCA​GAA​CTG​GTC​TTT​TTG​

shISG15-1-R AAT​TCA​AAAA​GAC​CAG​TTC​TGG​CTG​ACT​TTC​CTC​TTG​GAA​AGT​CAG​CCA​GAA​CTG​GTC​G

shISG15-2-F GATCC​GCC​TAT​GTG​CAC​CGT​GTA​TAT​CAA​GAG​ATA​TAC​ACG​GTG​CAC​ATA​GGC​TTT​TTG​

shISG15-2-R AAT​TCA​AAAA​GCC​TAT​GTG​CAC​CGT​GTA​TAT​CTC​TTG​ATA​TAC​ACG​GTG​CAC​ATA​GGC​G

shISG15-3-F GATCC​GTG​CAC​CGT​GTA​TAT​GAA​TCT​CAA​GAG​AGA​TTC​ATA​TAC​ACG​GTG​CAC​TTT​TTG​

shISG15-3-R AAT​TCA​AAAA​GTG​CAC​CGT​GTA​TAT​GAA​TCT​CTC​TTG​AGA​TTC​ATA​TAC​ACG​GTG​CAC​G

shUSP18-1-F GATCC​GGT​CGG​TTT​GCA​CAA​CAT​TGG​CAA​GAG​CCA​ATG​TTG​TGC​AAA​CCG​ACC​TTT​TTG​

shUSP18-1-R AAT​TCA​AAAA​GGT​CGG​TTT​GCA​CAA​CAT​TGG​CTC​TTG​CCA​ATG​TTG​TGC​AAA​CCG​ACC​G

shUSP18-2-F GATCC​GCC​TTA​ACT​CCC​TGA​TTC​AGG​CAA​GAG​CCT​GAA​TCA​GGG​AGT​TAA​GGC​TTT​TTG​

shUSP18-2-R AAT​TCA​AAAA​GCC​TTA​ACT​CCC​TGA​TTC​AGG​CTC​TTG​CCT​GAA​TCA​GGG​AGT​TAA​GGC​G

shUSP18-3-F GATCC​GCC​TAC​TGT​CTC​CAG​AAG​TAC​CAA​GAG​GTA​CTT​CTG​GAG​ACA​GTA​GGC​TTT​TTG​

shUSP18-3-R AAT​TCA​AAAA​GCC​TAC​TGT​CTC​CAG​AAG​TAC​CTC​TTG​GTA​CTT​CTG​GAG​ACA​GTA​GGC​G
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Nuclei were counterstained with 4′,6-diamidino-2-phe-
nylindole at room temperature for 10  min and imaged 
by laser scanning confocal microscopy (LSM510 META, 
Zeiss, Oberkochen, Germany). In most cases, > 12 cells 
were analyzed for each set, and each experiment was 
repeated three times. The average amount of LC3 puncta 
per cell from each group was analyzed with Image J and 
is presented graphically.

Transmission electron microscopy (TEM)
PAMs were seeded in a 100-mm culture dish and treated 
with IFN-α, rapamycin, or CSFV, while the mock group 
was incubated with an equivalent amount of 1640 
medium. After 48 h, the cells were collected in a 1.5-mL 
Eppendorf tube, centrifuged at 1000 g at 4 °C for 10 min, 
and then immobilized by 2.5% glutaraldehyde (Solarbio, 
Bejing, China). Fixed cells were sliced and observed with 
TEM.

Co‑immunoprecipitation (Co‑IP) and GST pull‑down assays
Flag-BECN1 and Myc-HERC5 plasmids were con-
structed for Co-IP assay, and irrelevant Flag-RFP served 
as a negative control. PAMs seeded in a 6-well culture 
plate were co-transfected with 2 μg of Flag-BECN1 and 
Myc-HERC5 using Turbofect and cultured for 48 h. After 
incubation, PAMs were collected and lysed by immuno-
precipitation (IP) lysis buffer containing phenylmethane-
sulfonyl fluoride (Beyotime). The negative control was 
subjected to the same procedure. The protein superna-
tant was collected through centrifugation at 12 000 g at 
4 °C and used for Co-IP assay with Anti-Flag M2 Affinity 
Gel (Sigma) or Anti-c-Myc Agarose Affinity Gel (Sigma) 
in accordance with the manufacturer’s instructions. After 
three washes with TBS, the immunoprecipitate was 
added to SDS-PAGE loading buffer and denatured for 
Western blot utilizing anti-Flag or anti-Myc antibodies.

To explore the direct interaction between BECN1 
and HERC5, GST-BECN1 and GST were expressed 
in Escherichia coli BL21 cells, and Myc-HERC5 was 
expressed in HEK-293T cells. The GST pull-down tests 
were performed using the Pierce GST Protein Interac-
tion Pull-Down Kit (Thermo Fisher Scientific) based on 
the manufacturer’s instructions. Glutathione agarose 
resin slurry was added to each of the two Pierce spin col-
umns, after which a mixture of 200 μL TBS and 200 μL 
pull-down lysate blend was added. The columns were 
centrifuged for 45  s at 1500  g four times to balance the 
glutathione agarose resin. GST and GST-BECN1 were 
incubated with two of the balanced glutathione agarose 
resin samples at 4 °C for 60 min, followed by centrifuga-
tion and washing. Then, Myc-HERC5 was injected into 
the mixture and incubated at 4 °C for 2 h. Finally, elution 
buffer containing 3.1  mg GST per milliliter of TBS was 

used to separate the precipitate, which was centrifuged 
and boiled with SDS-PAGE loading buffer for 5 min. The 
interaction between BECN1 and HERC5 in the samples 
was detected by Western blot assay with anti-Myc anti-
body. To further confirm the interaction, GST-HERC5 
and Flag-BECN1 were evaluated with the same method, 
and the eluted proteins were detected by Western blot 
assay with anti-Flag antibody.

Statistical analysis
Data are presented as the mean ± standard deviation 
(SD) of three independent experiments. Student’s t-test 
was used for all statistical analyses. Differences in each 
group were considered to be significant with P values less 
than 0.05.

Results
CSFV replication is restricted by ISG15 in PAMs
To determine the role of ISG15 in CSFV infection, we 
constructed a cell line stably overexpressing Flag-ISG15 
protein (CMV-ISG15 cells) by lentivirus. PAMs stably 
transfected with an empty vector CMV by lentivirus 
was regarded as a negative control (CMV cells). Overex-
pression of Flag-ISG15 in PAMs was easily detected by 
anti-Flag or anti-ISG15 antibody (Figure 1A) and did not 
affect cell proliferation and viability (Figure 1B). Western 
blot results showed that the efficiency of transfection was 
high (with anti-Flag antibody) and the exogenous expres-
sion of ISG15 was successful (with anti-ISG15 antibody). 
The expression of GFP indicated the efficiency of trans-
fection. Green fluorescence was visualized in CMV and 
CMV-ISG15 cells under an inverted fluorescence micro-
scope, but no green fluorescence was detected in the 
mock-transfected cells (Figure 1C). The positively trans-
fected cell rate was approximately 100%. Compared with 
the transcriptional levels of CSFV in PAMs or CMV cells, 
those in CMV-ISG15 cells were significantly inhibited 
at 12 hours post-infection (hpi) and 24 hpi, respectively. 
CSFV titers in culture supernatants of CMV-ISG15 cells 
significantly decreased compared with those in CMV 
cells at 12  hpi and 24 hpi (Figure  1D). These data sug-
gested that overexpression of Flag-ISG15 inhibits CSFV 
replication in PAMs.

To explore the effect of endogenous ISG15 on CSFV 
propagation, three PAM cell lines stably tranfected with 
shISG15-1, shISG15-2 and shISG15-3 and a negative 
control (shN cells) mediated by lentivirus infection were 
constructed. ISG15 expression in shISG15-1 cells was 
decreased compared with that in shN cells, exhibiting 
the highest knockdown efficiency (Figure  1E), and did 
not affect cell proliferation and viability (Figure 1F). The 
expression of GFP was used to indicate the transfection 
efficiency. Green fluorescence was visualized in shN and 
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shISG15-1 cells under an inverted fluorescence micro-
scope (Figure 1G). The rate of positively transfected cells 
was approximately 100%. Thus, shISG15-1 cells, referred 
to as shISG15 cells hereafter, were used for subsequent 
experiments. PAMs and, shISG15 and shN cells were 
infected with CSFV (multiplicity of infection [MOI] = 1), 
and CSFV genomic RNA levels and the progeny virus 
titers were dramatically increased in shISG15 cells com-
pared with those in PAMs or shN cells at both 12 hpi 
and 24 hpi (Figure 1H). These results demonstrated that 
ISG15 is essential for controlling CSFV propagation in 
PAMs.

ISG15 is induced by IFN‑α and contributes to IFN antiviral 
activity against CSFV
To confirm that ISG15 can be induced by type I IFN in 
PAMs, the cells were treated with different amounts of 
IFN-α. As expected, the expression of ISG15 was rap-
idly and robustly induced by IFN-α in a dose-dependent 
manner, whereas the cell viability displayed no consid-
erable changes (Figures  2A and B). Furthermore, ISG15 

expression was highly induced at 12 h (43.24-fold), 36 h 
(56.14-fold), and 48  h (52.38-fold) and peaked at 24  h 
(69.99-fold) (Figure 2C). ShISG15 and shN cells were pre-
treated with IFN-α for 24 h as a positive control, followed 
by CSFV (MOI = 1) infection. As shown in Figures  2D 
and E, IFN-α pretreatment significantly increased 
ISG15 expression and inhibited CSFV replication in shN 
cells, whereas knockdown of ISG15 resulted in a lower 
response to IFN-α treatment and aberrant CSFV replica-
tion, indicating that ISG15 is indispensable for the IFN-
α-mediated antiviral effect.

ISG15 expression is upregulated in CSFV‑infected PAMs
ISG15 expression of PAMs infected with CSFV 
(MOI = 1) was analyzed at the indicated times post-
infection. The results showed that ISG15 expression 
was significantly upregulated at 12, 24, 36, and 48 hpi 
compared with that in the mock PAMs at both the 
mRNA and protein levels (Figures  3A, B). Intrigu-
ingly, following infection with different doses of CSFV 

Figure 1  CSFV replication is restricted by ISG15 in PAMs. PAMs stably overexpressing ISG15 were constructed by lentiviral transduction. A 
Expression of ISG15 protein in PAMs and, CMV and CMV-ISG15 cells was determined by Western blot using an anti-Flag and an anti-ISG15 antibody, 
respectively. β-actin served as an internal control. B Cell viability of cell lines stably overexpressing ISG15. C GFP reporter expression was detected 
on mock-infected cells (a), CMV-infected cells (b) and l CMV-ISG15-infected cells (c). Scale bars, 100 μm. CSFV genomic RNA and viral titers D were 
analyzed in CMV and CMV-ISG15 cells at 12 and 24 hpi (MOI = 1) by RT-qPCR and IFA, respectively. E Expression of ISG15 protein was probed by 
Western blot. F Cell viability of cell lines with stable knockdown of ISG15. G GFP reporter expression was detected in mock-infected PAMs (a), 
shN-infected cells (b) and shISG15-1-infected cells (c). Scale bars, 100 μm. ShN and shISG15 cells were incubated with CSFV (MOI = 1). G CSFV 
genomic RNA was quantified in shN and shISG15 cells at 12 and 24 hpi. H The extracellular viral titers were quantified and expressed as TCID50/mL. 
Data (B, D, F, and H) represent the mean ± SD of three independent experiments and were measured in technical duplicate. Comparisons between 
groups were calculated using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001
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Figure 2  ISG15 is induced by IFN-α and contributes to IFN antiviral activity against CSFV. PAMs were treated with different amounts of 
IFN-α (0, 1, 10, and 100 ng/mL) for 24 h. A ISG15 expression was determined by RT-qPCR. B Cell viability was examined by MTT assay. C Mock- and 
IFN-α-treated (10 ng/mL) PAMs were harvested at the indicated times post-treatment. ISG15 expression was quantified by RT-qPCR. IFN-α (10 ng/
mL) was added as a positive control. ShISG15 and shN cells were mock-treated or treated with IFN-α (10 ng/mL) for 24 h prior to CSFV infection 
(MOI = 1). D CSFV genomic RNA was quantified by RT-qPCR. E ISG15 mRNA and protein levels were analyzed by RT-qPCR and Western blot. Data 
(A, B, C, D, and E) represent the mean ± SD of three independent experiments and were measured in technical duplicate. Comparisons between 
groups were calculated using Student’s t-test. ***P < 0.001

Figure 3  ISG15 expression is upregulated in CSFV-infected PAMs. A, B Expression of ISG15 in PAMs incubated with CSFV (MOI = 1) at 0, 3, 
6, 12, 24, 36, and 48 hpi. A ISG15 expression was quantified by RT-qPCR. and Western blot. C, D Expression of ISG15 in PAMs incubated with CSFV 
(MOI = 0.1, 1, and 3). The expression of ISG15 was quantified by RT-qPCR (C) and Western blot (D) at 24 hpi. β-actin served as an internal control. 
Data (A, C) represent the mean ± SD of three independent experiments and were measured in technical duplicate. Comparisons between groups 
were calculated using Student’s t-test. **P < 0.01; ***P < 0.001
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(MOI = 0.1, 1, or 3) for 24 h, both mRNA and protein 
levels of ISG15 were upregulated (Figures 3C, D).

ISGylation is involved in the antiviral activity of ISG15 
against CSFV
To determine whether ISG15 exerts its anti-CSFV 
activity in a conjugated manner, a mutated form of 
ISG15 (3.1-ISG15AA) was constructed via substi-
tuting GG with AA by site-directed mutagenesis. In 
3.1-ISG15AA-transfected cells, only the free ISG15 
level increased compared with that in the control, 
whereas the ISGylation level did not increase as much 
as that in 3.1-ISG15GG-transfected cells, suggesting 
that 3.1-ISG15AA-transfected cells lost the ability to 
conjugate with the target protein (Figure  4A). PAMs 
transfected with 3.1 were used as a control. CSFV 
genomic RNA levels and viral titers in 3.1-ISG15GG-
transfected PAMs were significantly decreased com-
pared with those in 3.1-transfected PAMs (Figure 4B). 
To exclude the influence of basal levels of ISG15, sim-
ilar experiments were performed in shISG15 cells, 
which yielded similar results (Figure 4C). These results 
revealed that CSFV can be inhibited by conjugative 
ISG15. Furthermore, USP18, an ISG15-specific decon-
jugating protease that cleaves conjugation of ISG15, 
was knocked down in PAMs. We constructed cell lines 
stably transfected with USP18 shRNAs (shUSP18-1, 
shUSP18-2 and shUSP18-3) and a negative control (shN 
cells). The knockdown efficiency of shUSP18-2 was the 
highest at the protein level, and the viability of these 
cells was similar to that of mock-transduced PAMs 
which served as a control (Figures 4D, E). As shown in 
Figures 4F and G, compared with levels in the shN cells, 
knockdown of USP18 led to an upregulation of ISG15 
conjugates and decrease in CSFV replication in IFN-
pretreated cells, indicating that USP18 deficiency pro-
moted ISGylation to inhibit CSFV replication.

Because both ISG15 and USP18 regulate the type 
I IFN signaling pathway, we evaluated Mx1 (another 
ISG) expression in ISG15-knockdown cells and USP18-
knockdown cells following IFN-α pretreatment and 
subsequent infection with CSFV. As shown in Fig-
ure  4H, knockdown of ISG15 expression upregulated 
Mx1 expression, and a similar result was obtained 
in USP18-knockdown cells. However, knockdown of 
ISG15 and knockdown of USP18 showed opposite 
effects on CSFV replication (Figures 2H and 3H), sug-
gesting that the effect of ISGylation was more pro-
nounced than the effect of the IFN pathway in terms of 
inhibition of CSFV. These results suggested that ISG15 
can impair CSFV replication in an ISGylation-depend-
ent manner.

ISG15 inhibits autophagy, which is required for CSFV 
replication
To test whether ISG15 interferes with CSFV-induced 
autophagy, protein expression of LC3 and the number of 
fluorescent puncta of LC3 were assessed in ISG15-over-
expressing and ISG15-knockdown cells at various times 
post-infection with CSFV. LC3 is a widely used marker 
in autophagy research; during autophagy induction, LC-I 
is converted to LC3-II. As shown in Figures  5A and B, 
protein levels of LC3-II and accumulation of LC3 puncta 
were significantly reduced in CMV-ISG15 cells at both 12 
hpi and 24 hpi. Similarly, the number of single- or dou-
ble-membrane vesicles in the cytoplasm of CMV cells 
was higher than that in CMV-ISG15 cells (Figure  5C). 
As expected, knockdown of ISG15 obviously up-reg-
ulated both LC3-II expression and the fluorescent sig-
nal (Figures 5D and E). 3MA has been shown to inhibit 
autophagy via inhibition of autophagosome formation 
in PAMs during CSFV infection [19]. To further confirm 
that the antiviral action of ISG15 is mediated by direct 
inhibition of autophagy during CSFV infection, shN 
and shISG15 cells were treated with 3MA and infected 
with CSFV. As expected, knockdown of ISG15 expres-
sion failed to promote CSFV replication in the pres-
ence of 3MA (Figure 5F, G). These results demonstrated 
that ISG15 inhibits viral-induced autophagy to control 
CSFV replication. To determine whether ISG15 could 
also inhibit nonviral-induced autophagy, ISG15-overex-
pressing and ISG15-knockdown cells were treated with 
rapamycin, an autophagy inducer. The results showed 
that overexpression of ISG15 downregulated rapamycin-
induced autophagy (Figures 5H and I). In shISG15 cells, 
rapamycin induced a more obvious increase in LC3-II 
protein and LC3 puncta accumulation than in shN cells 
(Figures  5J and K). Taken together, these results sug-
gested that ISG15 can inhibit the autophagy process 
induced by both CSFV and rapamycin.

Autophagy protein BECN1 is ISGylated by ISG15
To further understand how ISG15 influences the 
autophagic machinery during CSFV infection, BECN1 
was overexpressed in ISG15-overexpressing cells. The 
LC3-II protein levels were evaluated in CSFV-infected 
cells that were co-transfected with CMV-ISG15, CMV 
and 3.1-BECN1, or 3.1. The LC3-II protein level and 
fluorescence signal were reduced by ISG15 but restored 
by BECN1 plasmid transfection, revealing that ISG15 
regulates BECN1 to inhibit autophagy and CSFV rep-
lication (Figures  6A–C). To identify whether BECN1 
is involved in ISGylation in PAMs during CSFV infec-
tion, BECN1 expression was evaluated in cells trans-
fected with plasmids 3.1, 3.1-ISG15AA (expressing 
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non-conjugative ISG15), or 3.1-ISG15GG (expressing 
wild-type ISG15) following CSFV infection. Interest-
ingly, BECN1 expression in 3.1-ISG15AA-transfected 
cells was similar to that in 3.1-transfected cells, 
whereas some specific protein bands appeared only for 

cells transfected with 3.1-ISG15GG (Figure 6D). It has 
been proven that fusing ISG15 LRLRGG with the target 
protein can mimic the constitutively modified state of 
ISGylation [20–22]. BECN1 has been shown to have at 
least four alternative ISGylation sites at its N-terminus 

Figure 4  ISGylation is involved in the antiviral activity of ISG15 against CSFV. A Expression of ISGylated protein was detected by Western blot 
with an anti-ISG15 antibody. B, C Effects of ISGylation on CSFV replication. PAMs B and shISG15 cells C were transfected with 3.1, 3.1-ISG15AA, and 
3.1-ISG15GG plasmid followed by CSFV infection for another 24 h (MOI = 1). CSFV replication was quantified by RT-qPCR and IFA, respectively. D, E 
PAMs with stable knockdown of USP18 were constructed by lentiviral transduction. D Expression of USP18 protein was detected by Western blot. 
E Cell viability with stable knockdown of USP18. ShN and shUSP18 cells were pretreated with IFN-α and then infected with CSFV (MOI = 1). F CSFV 
replication was quantified by RT-qPCR and IFA, respectively. G Expression of ISGylated protein was detected by Western blot with an anti-ISG15 
antibody. H Mx1 expression was analyzed by RT-qPCR. Data (B, C, E, F, and H) represent the mean ± SD of three independent experiments and were 
measured in technical duplicate. Comparisons between groups were calculated using Student’s t-test. **P < 0.01; ***P < 0.001
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Figure 5  ISG15 inhibits autophagy, which is required for CSFV replication. CMV, CMV-ISG15, shN, and shISG15 cells were infected with 
CSFV (MOI = 1) for 12 h and 24 h. LC3 protein (A, D) was analyzed by Western blot, and LC3 puncta (B, E) in PAMs were observed by confocal 
immunofluorescence microscopy. Cells were fixed and subjected to IFA by immunostaining with anti-LC3 antibody. Representative cells are shown. 
Scale bar = 10 μm. The number of LC3 puncta per cell was determined by image analysis. C Transmission electron microscopy images. CMV and 
CMV-ISG15 cells were mock-infected or infected with CSFV (MOI = 1) for 24 h and studied by electron microscopy. Representative images of CMV 
cells (a), CSFV-infected CMV cells (b), magnified view of autophagosome-like vesicles (c), CMV-ISG15 cells (d), and CSFV-infected CMV-ISG15 cells 
(e) are shown. Scale bars = 1 μm (a, b, d, and e) and 200 nm (c). Black arrows indicate the structures with the characteristics of autophagosomes. 
F, G ShN and shISG15 cells were pretreated with 3MA for 4 h after 1 h of virus adsorption, after which the cells were provided medium with 3MA. 
After 24 h, CSFV replication was quantified by RT-qPCR and IFA, respectively. CMV and CMV-ISG15 cells (H and I) or shN and shISG15 cells (J, K) were 
treated with DMSO or rapamycin. Expression of LC3 protein (H, J) and LC3 puncta (I, K) in PAMs were quantified by image analysis. Data (B, E, F, G, I, 
and K) represent the mean ± SD of three independent experiments and were measured in technical duplicate. Comparisons between groups were 
calculated using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001
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in H4 cells. Thus, we constructed Flag-ISG15-BECN1 
recombinant plasmid in which LRLRGG of ISG15 was 
fused to the N-terminus of BECN1 to mimic BECN1 
ISGylation. As shown in Figures  6E–G, LC3-II levels, 
the numbers of LC3 puncta, CSFV genomic RNA lev-
els, and viral titers in Flag-ISG15-BECN1-expressing 
cells were obviously reduced compared with those in 
normal BECN1-expressing cells and PAMs transfected 
with 3.1 as a negative control. These results indicated 
that BECN1 ISGylated by ISG15 is unable to perform 

its function in autophagy and fails to promote CSFV 
replication.

BECN1 interacts with the ISG15 E3 ligase HERC5
It is well known that ISG15 conjugation to protein sub-
strates typically requires HERC5, which functions as 
an ISG15 E3 ligase to promote ISGylation [18]. Thus, 
we investigated whether a physical interaction exists 
between these proteins. Co-IP assays were performed, 
and the plasmids Flag-BECN1 and Flag-RFP were 

Figure 6  Autophagy protein BECN1 is ISGylated by ISG15. A–C Influence of ISG15 on autophagy and CSFV replication in BECN1-overexpressing 
cells. Expression of LC3 protein (A) and the number of LC3 puncta per cell (B) were determined by Western blot and image analysis, respectively. C 
CSFV replication was quantified by RT-qPCR and IFA, respectively. D ISGylation of BECN1 was detected in cells transfected with 3.1, 3.1-ISG15AA, and 
3.1-ISG15GG plasmids. PAMs were transfected with 3.1, Flag-ISG15, Flag-BECN1, and Flag-ISG15-BECN1 and then infected with CSFV. E Expression of 
LC3 protein and fusion protein was probed by Western blot with an anti-LC3 antibody and an anti-Flag antibody, respectively. F The number of LC3 
puncta per cell was determined by image analysis. G CSFV replication in these cells was quantified by RT-qPCR and IFA, respectively. Data (B, C, F, 
and G) represent the mean ± SD of three independent experiments and were measured in technical duplicate. Comparisons between groups were 
calculated using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001
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transfected into PAMs to detect Myc-tagged HERC5 
protein. The result showed that Myc-HERC5 interacted 
with Flag-BECN1 but not Flag-RFP (Figure 7A). In the 
reciprocal co-IP assay, Flag-BECN1 was co-precipitated 
with Myc-HERC5, but the negative control Flag-RFP 
was not (Figure 7B). These findings demonstrated that 
BECN1 interacts with HERC5 in PAMs.

The GST pull-down assay was performed to further 
confirm the interaction between BECN1 and HERC5. 

GST-BECN1 and GST were expressed in E. coli BL21 
cells, and Myc-HERC5 was expressed in HEK-293T 
cells. Western blot assays showed that Myc-HERC5 was 
captured by GST-BECN1 (Figure  7C). Furthermore, 
GST-HERC5 or GST was expressed in bacteria, and cell 
lysates containing Flag-BECN1 were analyzed. Flag-
BECN1 was detected in GST-HERC5 complexes but 
not in GST complexes (Figure 7D). These results dem-
onstrated that BECN1 interacts with HERC5 in vitro.

Figure 7  BECN1 interacts with the ISG15 E3 ligase HERC5. A PAMs were co-transfected with the plasmids Flag-BECN1 and Myc-HERC5 or 
Flag-RFP and Myc-HERC5 as a control. Cells were lysed and subjected to an IP assay with Anti-Flag M2 Affinity Gel. The precipitated proteins were 
detected by Western blot with an anti-Myc antibody. B PAMs were co-transfected with the plasmids Flag-BECN1 and Myc-HERC5 or Flag-RFP and 
Myc-HERC5 as a control. Cells were lysed and subjected to an IP assay with an anti-c-Myc immunoprecipitation kit. The precipitated proteins were 
analyzed by Western blot with an anti-Flag antibody. C GST and GST-BECN1 fusion proteins expressed in E. coli BL21 cells were conjugated with 
glutathione-Sepharose resin and incubated with lysate of HEK-293T cells overexpressing the Myc-HERC5 protein. The bound proteins were detected 
by Western blot with an anti-Myc antibody. D GST and GST-HERC5 fusion proteins expressed in E. coli were conjugated with glutathione-Sepharose 
resin and incubated with lysate of HEK-293T cells overexpressing the Flag-BECN1 protein. The bound proteins were detected by Western blot with 
an anti-Flag antibody
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Discussion
ISG15 has been proposed as an efficient host effector that 
defends against viral infections including that of human 
cytomegalovirus [17], human immune deficiency virus 
(HIV) [23], West Nile virus [24], and porcine reproduc-
tive and respiratory syncytial virus [25]. Macrophages 
are at the frontline of defense against pathogenic micro-
organisms. In our study, we provided the first strong 
evidence that ISG15 is an antiviral factor against CSFV 
in immune cells. Not only IFN-induced ISG15 but also 
overexpressed ISG15 alone obviously inhibited CSFV 
replication in PAMs (Figures  1 and 2). The expression 
of many ISGs is induced following type I IFN treatment. 
However, some of them exert independent antiviral func-
tions that may affect CSFV replication [6, 7, 9]. This 
knowledge helps to explain why knockdown of ISG15 
notably enhanced CSFV replication but did not totally 
neutralize the anti-CSFV activity of IFN-α (Figures  2D, 
E). In this study, ISG15 was significantly increased dur-
ing CSFV infection in PAMs. Similar experiments were 
performed in other cell types with consistent results. A 
recent study reported that IRF1 mediates the increase in 
ISG15 expression during CSFV infection in PK-15 cells. 
In this process, IRF1 interacts with nucleotides −487 
to −325, which are located in the 5′ flanking region of 
the ISG15 gene, following stimulation with dsRNA or 
CSFV [26]. Therefore, we speculated that ISG15 might 
be induced by CSFV in an IFN-independent manner in 
PAMs, which will be further verified in future studies. 
Similar results were obtained in research of Vaccine-C-
strain; the ISG15 pathway was activated in response to 
Vaccine C-strain and ISG15 played a role in the rapid 
and early protection conferred by Vaccine C-strain [27]. 
In further research, we will test ISG15 effects on more 
CSFV genotypes to perfect the mechanisms of ISG15.

In addition to the unconjugated form of ISG15, which 
may be released from IFN-induced cells to the environ-
ment, the conjugated form of ISG15 can conjugate to 
numerous host and viral proteins [28]. With respect to 
other flaviviruses, overexpression of ISG15 significantly 
inhibits replication of Japanese encephalitis virus and 
West Nile virus via protein ISGylation [24, 29]. In this 
study, we used two methods to demonstrate that ISGyla-
tion was involved in the inhibition of CSFV replication 
mediated by ISG15. The C-terminal LRLRGG domain of 
ISG15 has been proven to be required for ISG15 conju-
gate formation [30, 31]. Firstly, we constructed a mutant 
of ISG15. Counteraction of ISGylation by mutation of 
the conjugation site (LRLRGG) to LRLRAA significantly 
increased CSFV replication, indicating that ISGylation 
plays an important role in limiting CSFV replication. 
The induced ISGylation was cleaved especially by USP18, 
which belongs to the family of deubiquitinating enzymes 

[32]. Secondly, we constructed a stable USP18-knock-
down cell line. The ISGylation levels were increased and 
proliferation of CSFV was suppressed by downregulating 
USP18 expression, suggesting that inhibition of CSFV by 
ISG15 depends on ISGylation. Interestingly, knockdown 
of USP18 enhanced expression of ISG mRNA in this 
experiment. We found that knockdown of both ISG15 
and USP18 upregulated ISG expression and exerted 
opposite effects on CSFV. In ISG15-knockdown cells pre-
treated with IFN-α, the replication of CSFV was upreg-
ulated, even though ISG expression was upregulated. 
With regard to CSFV inhibition, the effect of ISGylation 
of ISG15 was predominant compared with the effect of 
other ISGs.

The E2 and NS5A proteins of CSFV are colocalized 
with autophagosome-like vesicles; autophagy provides 
vesicle membranes to promote CSFV replication and 
maturity in PK-15 cells and PAMs [14, 33]. Our research 
showed that ISG15 has a negative effect on both CSFV-
induced and rapamycin-induced autophagy. When we 
inhibited autophagy levels, we found that downregulated 
ISG15 expression did not promote CSFV replication.

BECN1 is a key initiator of autophagy and associ-
ates with PtdIns3K, which mediates biogenesis and the 
dynamics of subcellular membranes and is involved in 
the autophagic process [34, 35]. In H4 cells and HepG2 
cells, BECN1 has been identified as a target protein of 
ISGylation. In addition, ISGylation of BECN1 inhibits 
PI3KC3 complex activation, which plays a pivotal role 
in autophagy, and USP18 positively regulates autophagy 
by promoting de-ISGylation of BECN1 [36, 37]. None-
theless, in swine cells, the relationship between ISG15 
and autophagy has not been reported. We showed that 
BECN1 was ISGylated during the antiviral action of 
ISG15 against CSFV. This modification affected the 
autophagy pathway, leading to the inhibition of CSFV 
replication. We further validated this result using fusion 
Flag-ISG15-BECN1 protein. Such proteins have been 
confirmed to mimic the ISG15-modified state of a protein 
and are especially useful when the modification site is 
near the terminus of the protein [18, 21, 22]. Flag-ISG15-
BECN1 expression was not able to initiate autophagy and 
induce CSFV replication like BECN1. These results are 
also consistent with our hypothesis that modification of 
autophagy by ISGylation of BECN1 impedes CSFV utili-
zation of autophagy for self-production.

HERC5 functions as an ISG15 E3 ligase to promote 
ISGylation [18]. Recent studies support the contention 
that ISGylation of target proteins is regulated by HERC5. 
HERC5 especially catalyzes the ISGylation of ISG15 onto 
IRF3, which regulates innate antiviral activity in Sen-
dai virus infection [38]. ISGylation of the target protein 
Parkin is specifically mediated by the ISG15 E3 ligase 
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HERC5 [39]. As shown in Figure 7, HERC5 appeared to 
target BECN1, indicating that HERC5 may mediate cova-
lent ISG15 conjugation to BECN1 in PAMs. ISG15 may 
also regulate autophagy-independent activities whose 
contributions to CSFV proliferation remain to be inves-
tigated. However, our current findings highlight the func-
tional importance of ISG15 with regard to the antiviral 
activity of IFN and confirm that ISG15 functions as an 
anti-CSFV effector by regulating autophagy.
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