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A B S T R A C T

Caprine parainfluenza virus type 3 (CPIV3) is the one of most common causative agents of caprine respiratory
infection, resulting in significant economic losses in the goat and sheep industries. However, the molecular
mechanisms and host genes involved in the pathogenesis of and immunity against CPIV3 infection remain poorly
understood. In this study, we used RNA-Seq to understand the responses of madin-darby bovine kidney (MDBK)
cells to CPIV3 infection. A total of 261 differentially-expressed genes (DEGs) were identified in CPIV3-infected
compared with mock-infected MDBK cells at 24 h post-infection (hpi). The DEGs were mainly involved in im-
mune system processes, metabolic processes, and signal transduction. Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis demonstrated that the most significantly enriched signaling pathways were MAPK,
Wnt, PI3K-Akt, tumor necrosis factor, Toll-like receptor and ubiquitin-mediated proteolysis. STRING analysis
revealed that seven interferon-stimulated genes (ISGs) were upregulated (IFI6, ISG15, OAS1Y, OAS1Z, MX1,
MX2 and RSAD2) and may play a pivotal role during CPIV3 infection. Moreover, overexpression of these ISGs
significantly reduced CPIV3 replication in vitro, while siRNA silencing markedly improved CPIV3 replication 24
and 48 hpi. Ours is the first study to profile the gene expression of CPIV3-infected MDBK cells. We identified
seven ISGs that could be targeted in novel antiviral strategies against CPIV3.

1. Introduction

Parainfluenza viruses type 3 (PIV3s) belong to the genus Respirovirus
in the family Paramyxiviridae. PIV3s are enveloped viruses with non-
segmented negative-stranded RNA genomes. Four distinct Respirovirus
genus are known to infect human and animal species (human parain-
fluenza virus types 1 and 3 [HPIV1 and HPIV3], bovine parainfluenza
virus type 3 [BPIV3] and Sendai virus [murine PIV1]) (Kim et al., 2017;
Newcomer et al., 2017). In 2013, a novel PIV3, caprine parainfluenza
virus type 3 (CPIV3), was detected in nasal swabs and serum samples
from goats with mild to severe respiratory illness in eastern China (Li
et al., 2014). The complete CPIV3 JS2013 genome was 15,618 nu-
cleotides in length and contained six genes (3′-leader-N-P/C/V-M-F-HN-
L-tailer-5′). Phylogenetic analysis demonstrated that the viral genome

clustered together with PIV3 strains but diverged from BPIV3 and
HPIV3, and therefore this novel PIV3 was named CPIV3 (Yang et al.,
2016b).

In our previous studies, we found that 39.3 % (1147/2919) and 64.9
% (1210/1863) of goat and sheep sera from China, respectively, were
CPIV3-positive by blocking ELISA (Mao et al., 2017, 2019). CPIV3
nucleic acids were detected by real-time quantitative PCR (qRT-PCR) in
goat and sheep herds (Li et al., 2016a; Mao et al., 2019). We also ob-
served cough, nasal discharge, dyspnea, viremia, virus shedding and
lung consolidation in CPIV3-infected goats (Li et al., 2014). Interest-
ingly, we demonstrated the successful airborne horizontal transmission
of CPIV3, with uninfected goats kept in different cages exhibiting
clinical signs of infection and pathological changes, but shorter periods
of viremia and virus shedding (Li et al., 2016b). Since most previous
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studies have focused on virus isolation and identification, genome
characterization, diagnosis and clinical pathology, the molecular me-
chanisms underlying CPIV3 infection and pathogenesis remain largely
unknown.

Consequently, we applied high-throughput sequencing to under-
stand changes in the expression profiles of cellular microRNAs
(miRNAs) in CPIV3-infected MDBK cells. MiRNAs with altered expres-
sion during CPIV3 infection were speculated to be involved in regula-
tion of apoptosis, signal transduction and immune responses against
CPIV3 (Li et al., 2018a). Moreover, bta-miR-222 was shown to restrict
CPIV3 replication through regulation of interferon (IFN) signaling (Li
et al., 2018b). Previous studies suggested that these miRNAs could play
important roles in CPIV3 pathogenesis, but the IFN-stimulated genes
(ISGs) that regulate CPIV3 replication remain unclear. To this end, we
used RNA-Seq to assess differential gene expression in CPIV3-infected
and mock-infected MDBK cells. We further studied the antiviral effects
of seven upregulated ISGs: interferon-induced protein 6 (IFI6), inter-
feron-stimulated gene product 15 (ISG15), 2′, 5′-oligoadenylate syn-
thetase 1y (OAS1Y), 2′, 5′-oligoadenylate synthetase 1z (OAS1Z),
myxovirus resistance protein 1 (MX1), myxovirus resistance protein 2
(MX2) and radical s-adenosyl methionine domain-containing protein 2
(RSAD2). Our study furthers our understanding of host responses to
CPIV3 infection, and the upregulated ISGs we identified may represent
potential targets of novel efficacious antiviral drugs.

2. Materials and methods

2.1. Cell culture and virus strains

MDBK cells were cultured in Dulbecco′s modified Eagle’s medium
(Sigma, USA) supplemented with 10 % fetal bovine serum (HyClone,
USA), 100 mg/mL penicillin, and 100 IU/mL streptomycin. The cul-
tures were incubated at 37 °C under a humidified atmosphere con-
taining 5 % CO2. CPIV3 JS2013 strain was isolated in Jiangsu Province
and was kept in our laboratory (Li et al., 2014).

2.2. Virus infection

MDBK cells (2 × 105 cells) were seeded in six-well plates, grown to
approximately 80–90 % confluency, and infected with CPIV3 at a
multiplicity of infection (MOI) of 10. After adsorption for 1 h, infected
cells were maintained in 2 % FBS. Uninfected cells were used as a
control. Each experiment was performed in triplicate. Cells were har-
vested for RNA extraction at 24 h post-infection (hpi).

2.3. RNA extraction and RNA-Seq

Total RNA was extracted from MDBK cells of each group using
Trizol reagent (Invitrogen, Carlsbad, CA) following the manufacturer′s
protocol. A NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA) were used to determine the concentra-
tions of RNA samples. Subsequently, we assessed RNA quality by de-
naturing 1.2 % formaldehyde agarose gel electrophoresis.

Magnetic beads containing oligo (dT) primers (QIAGEN, Germany)
and DNase were used to enrich mRNA from total mRNA. Subsequently,
first strand cDNA was synthesized using random 6-mer primers. DNA
purification, fragmentation, construction of sequencing libraries and
mRNA sequencing were performed using an Illumina HiSeq 2000 in-
strument (Illumina, CA, USA).

2.4. Analysis of differential gene expression

Reference Bos taurus genome sequences and gene model annotation
files were downloaded from websites such as NCBI, UCSC, ENSEMBL,
and Hisat 2 (v2.0.1) and used to index reference genome sequences.

HTSeq (v0.6.1) was used to estimate gene and isoform expression levels
from the paired-end cleaned data. A model based on the negative bi-
nomial distribution was used for differential expression analysis in the
DESeq Bioconductor package. Subsequently, the cleaned data were
adjusted using Benjamini and Hochberg′s approach for controlling the
false discovery rate (FDR). Differentially-expressed genes (DEGs) were
identified with fold changes ≥2.00 and P-values ≤0.05.

2.5. Gene ontology (GO) and KEGG pathway analysis

DEGs significantly enriched in GO terms were mapped in the da-
tabase. The number of genes associated with each term was calculated,
and a hypergeometric test was performed to distinguish significantly
enriched GO terms from the background of the reference gene list. The
KEGG database included public or signal transduction pathways, and
enriched DEGs were distinguished from a reference gene background
using a hypergeometric test. GO terms and KEGG pathways with P-
values ≤0.05 and FDR ≤ 0.01 were considered significantly sig-
nificant.

2.6. qRT-PCR analysis

The expression patterns of DEGs observed by RNA-Seq analysis were
confirmed by qRT-PCR. A total of 12 DEGs involved in the IFN pathway
were selected and appropriate primers were designed using Primer
Premier 5.0 software (Table 1). PrimeScript™ RT Master Mix (TaKaRa,
Dalian, China) was used to synthesize first-strand cDNA. qRT-PCR was
carried out using a SYBR Premix Ex Taq™ kit (TaKaRa, Dalian, China)
following the manufacturer′s instructions. β-actin was included as an
endogenous reference. Three independent biological replicates were
performed for each gene. Relative expression levels of each mRNA were
calculated using the 2−ΔΔct method.

2.7. Construction of eukaryotic expression vector

MDBK cells (2 × 105 cells) were seeded in six-well plates and sti-
mulated with concanavalin A (5 μg/mL, Sigma-Aldrich). Total RNA was
extracted from the stimulated MDBK cells using Trizol reagent
(Invitrogen). The full-length IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2
and RSAD2 coding regions were amplified by RT-PCR using seven dif-
ferent primer sets (Table 1) and cloned into the peGFP-N1-Flag plasmid
(peGFP-N1-Flag was constructed by Dr. Wei Ouyang, Institute of Ve-
terinary Medicine, Jiangsu Academy of Agricultural Sciences, China)
(Ouyang et al., 2017). Briefly, RT-PCR assays were carried out using
Easyscript One-Step RT-PCR Supermix (Transgen Bio, Inc., China) in a
20-μL reaction volume. The reactions were placed in a thermocycler
(Mjmini, BIO-RAD). Seven different PCR products were purified, di-
gested, cloned into peGFP-N1-Flag, and confirmed by sequencing. Ex-
pression of IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2 and RSAD2 was
confirmed by fluorescence microscopy and western blotting.

2.8. Indirect immunofluorescence assay (IFA) and western blotting

MDBK cells were transfected with seven recombinant plasmids en-
coding IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2 and RSAD2. Control
cells were transfected with peGFP-N1-Flag. Transfected cells were in-
cubated at 37 °C for 48 h, and the IFA was performed as reported
previously (Li et al., 2017a). Briefly, transfected cells were fixed with
acetone and stained with an anti-Flag monoclonal antibody (Beyotime,
China). After washing three times with phosphate-buffered saline
(PBS), the cells were incubated with fluorescein isothiocyanate-labeled
goat anti-mouse IgG (Beyotime, China). The stained cells were washed
with PBS and examined by fluorescence microscopy (Olympus, Japan).

Total protein from recombinant plasmid-transfected and empty
vector-transfected cells was lysed and extracted in cold radio-
immunoprecipitation assay lysis buffer (Beyotime, China). The proteins
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were separated by SDS-PAGE and transferred to a nitrocellulose mem-
brane, then blocked with Tris-buffered saline containing 5 % skim milk
and 0.1 % Tween-20. The membranes were probed with anti-Flag
(Beyotime, China) or anti-β-actin monoclonal antibodies (Beyotime,
China) and binding was detected with goat anti-mouse IgG antibody
conjugated to horseradish peroxidase (Beyotime, China). Enhanced
chemiluminescence reagent (Vazyme, Nanjing, China) was used for
detection.

2.9. Overexpression and knockdown of seven ISGs

MDBK cells were cultured in 24-well plates until 80–90 % con-
fluency was reached and then transfected with one of seven expression
vectors or peGFP-N1-Flag using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer′s recommendations. Twenty-four hours
post-transfection, the cells were infected with CPIV3 strain JS2013
(MOI = 0.1). At 24 and 48 hpi, the cells and culture supernatants were
harvested. Each assay was performed three times. The replication dy-
namics of CPIV3 in these cells were determined by qRT-PCR and TCID50

analysis.
Small interfering RNAs (siRNAs) against IFI6, ISG15, OAS1Y,

OAS1Z, MX1, MX2 and RSAD2 were chemically synthesized by
Shanghai GenePharma Co., Ltd. (Shanghai, China). MDBK cells were
transfected with these siRNAs at final concentrations of 10 nM using
Xfect™ MicroRNA Transfection Reagent (TaKaRa, Dalian, China) ac-
cording to the manufacturer′s protocol. NC miRNAs were transfected as
matched controls. Twenty-four hours post-transfection, cells were har-
vested and qRT-PCR was performed to assess ISGs mRNA expression. In
another group of experiments, the cells were infected with CPIV3 strain
JS2013 (MOI = 0.1). At 24 and 48 hpi, the cells and culture super-
natants were harvested for further analysis.

2.10. Measurement of CPIV3 replication in MDBK cells

CPIV3 replication was further assessed by qRT-PCR and TCID50

assay. For qRT-PCR assays, total RNA was extracted using Transzol UP
reagent (Transgen Co. Ltd., Beijing, China). qRT-PCR assays were used
to quantitate CPIV3 genomic RNA. Specific oligonucleotide primers and
a fluorescent probe were designed as described previously (Table 1).
The reaction was performed on an ABI Step One thermocycler (Applied
Biosystems, CA, USA) using the One Step RT-qPCR Kit (TaKaRa, Dalian,
China) following the manufacturer′s instruction. For TCID50 assays, the
harvested virus samples were serially diluted 10-fold and used to in-
oculate MDBK cells growing in 96-well plates. After incubation at 37 °C
for 96 h, cells exhibiting cytopathic effect were scored positive for viral
growth. Viral titers were calculated by the Reed-Muench method.

Table 1
Sequences of primers and siRNAs used in this study.

Name Sequence (5′-3′) Application

qCPIV3F GCTTGGCTTCTTTGAAATGG Real-time PCR
detection of
CPIV3 JS2013

qCPIV3R GCCTGCAGAAGTTCCTTGTC
qCPIV3-probe FAM-CAATCGGACTAGCCAAGTATGGTGGGA

-TAMRA
qMX1-F GCCAACTAGTCAGCACTACATTGTC Real-time PCR

detection of
MX1

qMX1-R GCTCTTGGACTCCATATCTTCAC

qMX2-F CTTCAGAGACGCCTCAGTCG Real-time PCR
detection of
MX2

qMX2-R TGAAGCAGCCAGCAATAGTG

qOAS1Y-F GTTCGGGTGTCCAAAGT Real-time PCR
detection of
OAS1Y

qOAS1Y-R ACGACGAGGTCAGCATC

qOAS1Z-F TGACCCGACTGGAAATGTGG Real-time PCR
detection of
OAS1Z

qOAS1Z-R GGCTCACTGGAGACCCATTC

qIFI6-F GTGACAAAGCCTTGAGCTGC Real-time PCR
detection of
IFI6

qIFI6-R CGCAGGTGTAGAGTAGCAGG

qISG15-F GGTATCCGAGCTGAAGCAGTT Real-time PCR
detection of
ISG15

qISG15-R ACCTCCCTGCTGTCAAGGT

qRSAD2-F AGGAACAGATAACCGCGCTC Real-time PCR
detection of
RSAD2

qRSAD2-R AACCGTTCCGCTTCTCTCAG

qSOCS5-F TCCTGCTGGCTCAGATTTGG Real-time PCR
detection of
SOCS5

qSOCS5-R CTAAGCCGCCTTCTCTCTCG

qSTAT1-F AGCAAGCGTAACCTTCAGGA Real-time PCR
detection of
STAT1

qSTAT1-R GGCTGATTCTCTGGGCATGA

qZNF184-F GCAAGAAAAGAGGTTGGCCG Real-time PCR
detection of
ZNF184

qZNF184-R GATCTTCCATCTCAGGCGCA

qMADD-F AGTGCAATACAGTCCGAGGC Real-time PCR
detection of
MADD

qMADD-R GAGTAGCAGATCTCGTGGGC

qTRIM68-F CATATGCAGCGGATGTGCG Real-time PCR
detection of
TRIM68

qTRIM68-R TTTCAGGGTTGTCGGGTAGC

qGAPDH-F GATTGTCAGCAATGCCTCCT Real-time PCR
detection of
GAPDH

qGAPDH-R GGTCATAAGTCCCTCCACGA

MX1-F CAAGCTTGATGGTTCATTCTGACTTGGGTATC
Hind Ⅲ

Cloning open
reading frame
of MX1MX1-R CGGGATCCTCAGCCCGGGAACTTGG

EcoR Ⅰ
MX2-F CAAGCTTATGTCGATGTCCTTCAGGCC

Hind Ⅲ
Cloning open
reading frame
of MX2MX2-R CGGAATTCTTACCCCTTGAAATGGGGGA

EcoR Ⅰ
OAS1Y-F GCTGCAGCATGGAGCTCAGAAATACCCC

Pst Ⅰ
Cloning open
reading frame
of OAS1YOAS1Y-R CGGGATCCTCAGAGGATGGTACATGTCC

BamH Ⅰ
OAS1Z-F CGGAATTCATGAAGAAACTCAGAAAAACTC

EcoR Ⅰ
Cloning open
reading frame
of OAS1ZOAS1Z-R CGGGATCCTCAACATGCCATCAATATCA

BamH Ⅰ
IFI6-F CGGAATTCATGCGGCAGAAGGCGGTATC

EcoR Ⅰ
Cloning open
reading frame
of IFI6IFI6-R CGGGATCCCTACTTCTTCTCCTTGCTCT

BamH Ⅰ
ISG15-F CGGAATTCATGGGCGGGGACCTGACGGT

EcoR Ⅰ
Cloning open
reading frame
of ISG15ISG15-R CGGGATCCCTACCCACCCCGAAGACGTA

BamH Ⅰ
RSAD2-F CGGAATTCATGTGGATGCTGGTACCCAT

EcoR Ⅰ
Cloning open
reading frame
of RSAD2RSAD2-R CAAGCTTTCACCAGTCTAACTTCAGGT

Hind Ⅲ
MX1 GCAACCUGUACAGCCAAUATT Inhibiting

expression of
MX1

CCAGCAGGACAUCAAGCAUTT

Table 1 (continued)

Name Sequence (5′-3′) Application

MX2 GCAUCAGCCAUGAGCUCAUTT Inhibiting
expression of
MX2

GCAAAGAACUUCUUGGAUUTT

OAS1Y CCCUAGGUCAGUUGACCAATT Inhibiting
expression of
OAS1Y

CCUAAAGUAUCAGAAGCUUTT

OAS1Z GCUCAGGUGACUGAAGAUUTT Inhibiting
expression of
OAS1Z

GGAGUUAGUCCUGAAGCAUTT

IFI6 AGAAGGCGGUAUCGCUCUUTT Inhibiting
expression of
IFI6

GCUCUUCCUAUGCUACCTGTT

ISG15 UCAUCGCCCAGAAGAUCAATT Inhibiting
expression of
ISG15

GGAAUACGGCCUCAUGAAGTT

RSAD2 GCAACUACAAGUGTGGCUUTT Inhibiting
expression of
RSAD2

GGACGUGGGUGUAGAAGAATT
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Fig. 1. Volcano plots of DEGs in MDBK cells, clustering and characterization of DEGs. (A and B) Red and yellow points represent upregulated genes, blue and green
points represent downregulated genes, and black points represent genes showing no significant differences in expression. (C) GO categories of DEGs between CPIV3-
infected and mock-infected MDBK cells. (FPKM: Fragments per Kilobase Million; FDR<0.05 was considered a statistically significant difference) (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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2.11. Statistical analyses

Statistical analyses were performed using GraphPad Prism
(GraphPad Inc., La Jolla, CA, USA). Differences between groups were
assessed using the Student′s t-test and differences among multiple
groups were assessed using analysis of variance. In Figure 3, 4 and 5,
values were expressed as means± standard deviation (SDs). Statistical
significance was indicated as * for P<0.05 and ** for P<0.01.

3. Results

3.1. Gene expression was altered in CPIV3-infected MDBK cells

The pathogenesis of CPIV3 was investigated by examining the dif-
ferential gene expression profiles of MDBK cells. Differential gene ex-
pression in CPIV3-infected compared with mock-infected MDBK cells
was assessed. Genes whose relative transcription levels showed fold
changes ≥2 and P≤ 0.05 were considered to be upregulated. A total of
261 DEGs (P ≤ 0.05) were identified in CPIV3-infected MDBK cells
compared with mock-infected MDBK cells. Among these DEGs, 140
were upregulated and 121 were downregulated (File S1 and Fig. 1A, B).

3.2. Most of DE genes were related to immune system processes

To identify differentially DEGs function, GO analysis was performed
to classify DEGs into three functional categories: cellular components,
molecular functions and biological processes. The 261 DEGs were as-
signed to 52 functional groups including immune system processes
(e.g., MX1, MX2, RSAD2, OAS1Y, OAS1Z, ISG15, IFI6, CCL5, SOCS5
and STAT1), responses to stimuli (e.g., OAS, TRIM13, HSPA5, MAP2K4
and TP53BP2), biological regulation (e.g., MX1, MAP2K4, KRAB, UBA7
and ARC), metabolic processes, regulation of biological processes and
signaling (File S2, S3 and Fig. 1C). A number of upregulated genes were
associated with immune system processes, indicating the occurrence of
antiviral immune responses in CPIV3-infected cells.

To further define the functions of DEGs, the DEGs were subjected to
functional enrichment and KEGG pathway classification to gain insights
into the different biological processes associated with CPIV3 infection.
Bos taurus was selected as the background. The predominant pathways
associated with CPIV3 infection were classified as environmental in-
formation processing, genetic information processing, cellular pro-
cesses, and organismal systems and metabolism. These five KEGG
pathways were further associated with 156 specific pathways
(P<0.05) including MAPK signaling, Wnt signaling, PI3K-Akt sig-
naling, tumor necrosis factor signaling, ubiquitin-mediated proteolysis,
protein export, RNA transport, Toll-like receptor signaling, RIG-I-like
receptor signaling, and NOD-like receptor signaling (File S4 and Fig. 2).
These results indicated that host cells activated innate immune re-
sponses during CPIV3 infection.

3.3. Many genes were interacted with other molecules

The relationships between DEGs were analyzed using STRING to
predict associations between their protein products (e.g., participation
in the same cellular process or metabolic pathway, genomic context, co-
expression and literature data). The 261 DEGs (140 upregulated and
121 downregulated) were subjected to STRING analysis using the Bos
taurus database. Predictions of functional association networks for the
DEG-encoded proteins are shown in Fig. 2B. Many genes were linked
with other molecules. Nevertheless, some DEG-encoded proteins did
not interact with other molecules, and their functions during CPIV3
infection remain unclear. Fig. 2C shows that 20 DEGs associated with
IFN signaling and other immune response pathways were connected
with each other. ISG15 was the central hub of this protein interaction
network, and was directly connected with 18 DEGs. Each of these DEG-
encoded proteins are linked to many downstream genes, representing a

complex ISG15 functional network. The seven upregulated ISGs
(STAT1, IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2 and RSAD2) were
associated with many signaling pathways.

3.4. Gene expression levels were consistent in both qRT-PCR and RNA-Seq

qRT-PCR was used to validate the DEGs identified from RNA-Seq
data. Eight significantly upregulated genes, including the seven upre-
gulated ISGs, and four significantly downregulated genes involved in
host immune responses against CPIV3 infection were selected for vali-
dation by qRT-PCR. Expression levels were consistent across the two
methods, and the qRT-PCR results confirmed the upregulation of eight
mRNAs (MX1, MX2, OAS1Y, OAS1Z, ISG15, RSAD2, IFI6 and SOCS5)
and the downregulation of four mRNAs (STAT1, ZNF184, MADD and
TRIM68) in CPIV3-infected MDBK cells at 24 hpi (Table 2). Fold
changes in expression differed slightly between these two methods,
potentially due to technical differences in data analysis and normal-
ization. Moreover, the expression levels of 12 DEGs were higher at 48
hpi (Table 2).

3.5. Seven ISGs were efficiently expressed in MDBK cells

ISGs could positively and negatively regulate IFN signaling that
directly resist virus infection. Thus, we constructed seven recombinant
plasmids encoding ISGs. To validate the expression of the ISGs, MDBK
cells were transfected with the recombinant plasmids and peGFP-N1-
Flag, and expression of IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2 and
RSAD2 proteins was confirmed by IFA and western blotting. As shown
in Fig. 3, the recombinant proteins were successfully expressed in high
yields. High numbers of stained cells were observed among transfected
cells (Fig. 3A). Following western blotting, seven visible bands were
clearly evident (Fig. 3B). These results suggested that the recombinant
ISG proteins were efficiently expressed in MDBK cells.

3.6. Differentially-expressed ISGs have antiviral effects against CPIV3

To assess the potential antiviral effects of the seven recombinant
ISG-encoded proteins, MDBK cells overexpressing or knocked down for
IFI6, ISG15, OAS1Y, OAS1Z, MX1, MX2 and RSAD2 were infected with
CPIV3 strain JS2013. As shown in Fig. 3D, siRNA silencing effectively
decreased levels of mRNAs encoding seven ISGs without any discernible
changes in cell morphology (Fig. 3C). In cells overexpressing ISGs,
CPIV3 replication was significantly suppressed at 24 hpi (Fig. 4A, B)
and 48 hpi (Fig. 4C, D), as shown by CPIV3 titering (Fig. 4A, C) and
genomic RNA copy number determination (Fig. 4B, D). OAS1Y and
OAS1Z were the most potent antiviral ISGs, inducing 10-fold or more
decreases in the titers of progeny virus (P<0.01). RSAD2 was the
weakest antiviral ISG, and inducing significant changes in both viral
titers and viral RNA copy number. Only small differences in viral titers
and RNA copy number were observed in MDBK cells overexpressing the
other four ISGs.

By contrast, knockdown of the seven ISGs using siRNA silencing
markedly improved CPIV3 replication at 24 hpi (Fig. 4E, F) and 48 hpi
(Fig. 4G, H). Interestingly, silencing of OAS1Y and OAS1Z facilitated
CPIV3 replication in MDBK cells. By contrast, silencing of RSAD2 and
ISG15 slightly promoted CPIV3 replication, a pattern similar to that
observed for overexpression of these ISGs.

4. Discussion

Currently, CPIV3 is prevalent in China and causes an important
economic impact. However, the antiviral immune response during in-
fection are not well understood. In the current study, we used tran-
scriptional analysis to obtain global information on MDBK cells infected
with CPIV3. We found that 261 transcripts were significantly differ-
entially expressed in CPIV3-infected cells. GO and KEGG analysis were
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performed to categorize and annotate the DEGs. The DEGs belonged to
various functional categories and signaling pathways, and some of them
were associated with immune and metabolic signaling. Therefore, we
speculate that virus changes cellular metabolism to create an ad-
vantageous environment and enhance infection (Zhang et al., 2018).
With the increased number of CPIV3 particles released from MDBK
cells, host mobilizes immune related molecules to restrict viral re-
plication (Li et al., 2018a, b; Zhong et al., 2019).

The type I IFN response occurs upon infection by pathogens and
plays essential roles in host defense (Levy et al., 2011; Lukhele et al.,
2019). In this study, we found that CPIV3 infection did not change the
expression of type I IFN signaling genes (IFN-α and IFN-β) nor of their

upstream genes. Surprisingly, expression of downstream genes, such as
STAT1 and seven antiviral ISGs was altered. We hypothesize that CPIV3
encodes proteins and/or nucleic acids, under immune suppression,
which inhibit IFN signaling and facilitate the production of viral re-
plicons. Conversely, host cells countered this action using various ap-
proaches and ultimately activated antiviral ISGs (Ma et al., 2019). To
date, more than 300 ISGs have been identified. However, only a few
have been characterized as antiviral effectors that directly target IFN
pathways and functions (Li et al., 2017b; Sun et al., 2012). OAS, protein
kinase K (PKR), IFIT, ISG15, Mx, and RSAD2 have been the most ex-
tensively studied and function as antiviral effectors.

in vivo, the innate immune response is rapidly induced upon viral
infection and has multiple antiviral effects (Hillion et al., 2019). Our
previous study showed that viremia, virus shedding and clinical signs in
CPIV3-challenged goats peaked at 7 days post-infection, with diseased
goats recovering around 28 days post-infection (Li et al., 2016b). This
may indicate that host antiviral immune responses were rapidly trig-
gered following viral infection and cleared the pathogen effectively (Li
et al., 2016b). In the present study, similar results were obtained in
vitro, and the seven significantly upregulated ISGs we identified had
direct antiviral effects on CPIV3-infected MDBK cells. Recent reports
suggest that paramyxoviruses are strong inducers of innate immune
response. HPIV3 and Newcastle disease virus (NDV) infection rapidly
trigger the IFN and ISGs, these protein products act as viral restriction
factors by interfering with specific stages of virus life cycle (Schilling
et al., 2019; Subramanian et al., 2018).

ISG15 is an IFN-induced ubiquitin-like protein that covalently at-
taches to target proteins in the process known as ISGylation (Zhao et al.,
2013). At present, more than 158 putative ISG15 substrates have been
identified and most of them play vital roles in type I IFN signaling.

Fig. 2. KEGG pathway classification and functional enrichment of predicted DEGs, STRING analysis of DEG networks. (A) KEGG pathway analysis of DEGs in MDBK
cells infected with CPIV3. (* P<0.05; **P<0.01; ***P<0.001). (B) DEGs in MDBK cells infected with CPIV3 were analyzed using the STRING database. (C)
Network of immune response-related genes. The red circles represent up-regulated genes; the green circles represent down-regulated genes. The size of circles
indicates the importance in the network (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

Table 2
Validation of mRNA expression by qRT-PCR.

GenBank ID Gene name Log2FC(CPIV3-infected/Mock-infected)

RNA-Seq qRT-PCR (24
hpi)

qRT-PCR (48
hpi)

NM_173940.2 MX1 3.68 3.14 3.99
NM_173941.2 MX2 11.19 6.27 8.73
NM_001040606.1 OAS1Y 5.64 6.57 6.88
NM_001029846 OAS1Z 8.08 10.7 12.53
NM_174366.1 ISG15 5.88 7.60 8.73
NM_001045941.1 RSAD2 13.24 9.38 12.08
NM_001075588.1 IFI6 3.27 5.47 7.39
NM_001046182.1 SOCS5 3.38 2.9 3.61
NM_001077900.1 STAT1 −3.51 −3.1 −3.92
NM_001100372.1 ZNF184 −10.18 −8 −8.87
NM_001193078.1 MADD −4.06 −2.9 −4.43
NM_001205571.1 TRIM68 −3.93 −4.1 −5.56
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These include ISGylated RIG-I, JAK1, STAT1, Mx1, and PKR (Sadler and
Williams, 2008). Induction of ISG15 expression counteracted proteo-
lysis of IRF3 and enhanced the antiviral response (Lu et al., 2006).
ISG15 also enhanced PKR and OAS1 expression, and increased type I
IFN-mediated antiviral effects during hepatitis E virus replication
(Sooryanarain et al., 2017). Our data showed that ISG15 rose up to

58.9-fold during CPIV3-infection (File S1). STRING analysis showed
that a majority of immune response-related genes were linked with
ISG15, and formed the ISG15 network (Fig. 2C). Moreover, upregulated
ISG15 exhibited substantial antiviral activity. These data implied that
ISG15 and associated genes were activated upon CPIV3 infection and
consequently inhibited viral replication.

Fig. 3. Overexpression and knockdown of seven differentially-expressed ISGs in MDBK cells. (A, B) MDBK cells were transfected with seven recombinant plasmids
encoding ISGs. IFA (A) and western blotting (B) were performed to assess expression of these proteins. (C, D) MDBK cells were transfected with seven ISGs-specific
siRNA or NC siRNA. (C) Morphological changes were observed at 24 h post-transfection (magnification, × 100). (D) the relative levels of ISGs mRNA expression were
measured by qRT-PCR.

Fig. 4. The seven differentially-expressed ISGs affect CPIV3 replication. (A, B, C, D) Overexpression of seven ISGs suppressed CPIV3 replication. (E, F, G, H)
Knockdown of 7 ISGs by siRNA silencing improved CPIV3 replication. Data are representative of three independent experiments and presented as means± SDs. (ns,
significant; * P<0.05; **P<0.01).
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The Mx protein was one of the first described antiviral effectors
inhibiting virus entry. Two different Mx proteins are expressed in
human cells, Mx1 and Mx2. Mx1 is a general, nonspecific inhibitor of
viral nucleic acid replication and prevents nucleocapsids from reaching
their cellular destinations. Mx2 was shown to inhibit retroviruses such
as HIV-1 and HIV-2 (Goujon et al., 2013; Kane et al., 2013; Liu et al.,
2013). Recently, investigators found that Mx2 weakened capsid protein
function and limited integration of reverse-transcribed viral nucleic
acids into the host cell genome (Goujon et al., 2013). Our findings
demonstrated that transcription of Mx2 was activated in CPIV3-infected
cells at 24 hpi, and plays a significant role in CPIV3 propagation but the
molecular mechanisms underlying the role of Mx2 remain unclear. By
contrast, Mx1 mRNA is abundant in MDBK cells, which may reflect its
constitutive role in resisting viral invasion.

We found that OAS1Y and OAS1Z were continuously expressed in
MDBK cells, and could be upregulated by some stimuli, such as type I
IFN responses induced by the presence of viral genomes. However,
OAS1 is present as an inactive monomer in the cytoplasm and is acti-
vated by viral RNA to form 2′-5′-oligoadenylates, which trigger the
dimerization of RNaseL and lead to degradation of cellular and viral
RNA (Schneider et al., 2014). Cleaved RNA continuously activates cy-
toplasmic pattern recognition receptors and reinforces the antiviral
immune response (Sun et al., 2012). OAS1 exhibited antiviral activity
against porcine reproductive and respiratory syndrome virus (Zhao
et al., 2018), NDV (Yang et al., 2016a), and hepatitis B virus (Liu et al.,
2017). In agreement with previous reports, OAS1Y and OAS1Z acted as
the strongest antiviral factors in our study.

As a mitochondrial protein, IFI6 can inhibit the release of cyto-
chrome c from mitochondria and delay the apoptotic process
(Cheriyath et al., 2007). IFI6 is strongly associated with the immune
response, and directly modulates viral infection. Several studies de-
monstrated that IFI6 strongly inhibited production of yellow fever virus
(Schoggins et al., 2011), Dengue virus (Schoggins et al., 2012) and West
Nile virus (Li et al., 2013) in cell culture. In our study, we found that
IFI6 expression levels were increased almost 10-fold following CPIV3
infection, and thus this molecule plays an important role in anti-CPIV3
responses and host defense following CPIV3 infection. RSAD2 is one of
the better-studied ISGs and exhibits a wide range of antiviral activities
against DNA and RNA viruses including cytomegalovirus (Chin and
Cresswell, 2001), hepatitis C virus (Jiang et al., 2008), West Nile virus
(Jiang et al., 2010), Dengue virus (Jiang et al., 2010), and influenza A
virus (Wang et al., 2007). RSAD2 expression was directly induced in
cells by human cytomegalovirus infection, by activating two different
IFN signaling pathways, JAK-STAT and IRF1/3 (Seo et al., 2011). In our
study, RSAD2 was expressed at high levels in CPIV3-infected cells and
had antiviral effects against CPIV3, which was consistent with the re-
sults of previous studies.

In conclusion, ours is the first study to evaluate the gene expression
profiles of CPIV3-infected MDBK cells. RNA-Seq analysis showed that
261 DEGs were detected in CPIV3-infected compared with mock-in-
fected MDBK cells. These DEGs were associated with immune re-
sponses, metabolism, signal transduction and other processes.
Subsequently, seven up-regulated ISGs were demonstrated to strongly
suppress CPIV3 replication. The results of the present study help to shed
light on the pathogenesis and represent potential targets of antiviral
drugs against CPIV3.
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