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Antiviral effect of ovotransferrin in mouse peritoneal
macrophages by up-regulating type I interferon expression
Yulan Zhoua,b, Qun Tanga,b*, Huaying Dua,b, Yonggang Tua,b, Shaofu Wua,b,
Wenjun Wanga,b and Mingsheng Xua,b

aKey Laboratory of Natural Product and Functional Food of Jiangxi, Nanchang, People’s Republic of China;
bCollege of Food Science and Engineering, Jiangxi Agricultural University, Nanchang, People’s Republic of
China

ABSTRACT
Ovotransferrin (OVT) is one of the major proteins in avian albumen
that exerts diverse biological activities. This study is aimed to
investigate the antiviral effect and mechanism of OVT from the
avian egg. Effects of OVT on vesicular stomatitis virus (VSV)-
infected mouse peritoneal macrophage were detected by real-
time quantitative polymerase chain reaction, enzyme-linked
immunosorbent assay, and western blot. In OVT-pretreated mouse
peritoneal macrophages, results showed that replication of VSV
was significantly suppressed and production of type I interferon
(IFN) was increased. OVT down-regulated ring finger protein 125
(RNF125) production and up-regulated retinoic-acid-inducible
gene I (RIG-I) expression by the nuclear factor-κB signalling
pathway, resulting in the enhancement of the production of type I
IFN. It demonstrated that the antiviral effect of OVT on innate
immunity is enhanced by promoting type I IFN expression,
indicating its potential as a functional food ingredient.
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Introduction

The egg is considered as a rich source of nutrients with high-quality proteins (Kovacs-
Nolan, Phillips, & Mine, 2005), especially in the egg white. These proteins are equipped
with various bioactive components. Proteins make up about 11–13% of egg white, includ-
ing ovalbumin, ovotransferrin (OVT), ovomucoid, lysozyme, and ovomucin. These pro-
teins are a major research focus in the field of food science and nutritional science.
OVT is one of the major proteins in avian albumen, accounting for approximately 12%
of total egg white proteins (Kovacs-Nolan et al., 2005). It is an iron-binding glycoprotein
consisting of 686 amino acids. It is well known for iron transport and biological abilities
(Giansanti, Leboffe, Pitari, Ippoliti, & Antonini, 2012), such as antibacterial (Prajanban,
Jangpromma, Araki, & Klaynongsruang, 2017; Varon, Allen, Bennett, Mesak, &
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Scaman, 2013), anticarcinogenic (Ibrahim & Kiyono, 2009), antioxidant (Ibrahim, Hoq, &
Aoki, 2007), especially immunomodulatory (Liu et al., 2017), and antiviral activities(Gian-
santi, Giardi, Massucci, Botti, & Antonini, 2007; Giansanti et al., 2002). OVT can inhibit
chicken embryo fibroblast (CEF) infection by Marek’s disease virus (MDV) (Giansanti
et al., 2002). It has been verified that OVT is expressed and released by CEF and lympho-
blastoid cells in the absence of infection (Giansanti et al., 2007). When viral infection of
CEF and lymphoblastoid cells takes place, the increase of OVT release occurs, which
plays an important role in protecting the whole organism from viral infection spreading
(Giansanti et al., 2007).

Viruses are major challenges to human health and survival (Morens, Folkers, & Fauci,
2004). The human body will mobilize various defense when it is attacked and infected by
pathogens, and the innate immunity is the first line of defense against virus infection
(Akira, Uematsu, & Takeuchi, 2006; Beutler et al., 2007; Medzhitov, 2007). Macrophages
are the most plastic cells of the haematopoietic system and found in all tissues and show
great functional diversity (Wynn, Chawla, & Pollard, 2013). They are important for recog-
nizing and responding to pathogens in innate immunity. These front-line cells under
innate immunity recognize viral infection through host pattern-recognition receptors
(PRRs), trigger activation of downstream signalling pathways, express pro-inflammatory
cytokines, such as IFN, and eventually exert antiviral effects. IFN synthesis and secretion
in innate immune responses play a pivotal role. IFN can combine with type I interferon
receptor IFNAR1/2 on the cytomembrane, triggering signalling cascades to transfer the
signals to the cell nucleus, which regulates IFN-stimulated genes (ISGs), induces target
cells to produce specific antiviral proteins, and inhibits the transcription of viral proteins
or degradation of virus RNA (Shi et al., 2010).

The antiviral effect of OVT has been confirmed, but its mechanism has been rarely
reported. Moreover, it is also reported that OVT regulates macrophage functions in chick-
ens (Xie, Huff, Huff, Balog, & Rath, 2002). Therefore, there is an increasing interest in the
search for bioactive food components, such as OVT, for the enhancement of innate immu-
nity against viruses. This study aimed to explore effects of OVT on virus replication and
type I IFN production by using vesicular stomatitis virus (VSV)-infected mouse peritoneal
macrophages as a model in vitro, eventually clarifying its antiviral mechanism.

Materials and methods

Materials

Ovotransferrin (purity≥ 98%) from chicken egg white was purchased from Sigma-Aldrich
Co., Ltd. (St. Louis, MO, USA). RPMI-1640 medium, foetal bovine serum, and Western
Blot Protein Marker were purchased from Thermo Scientific (Waltham, MA, USA).
0.25% trypsin with ethylenediaminetetraacetic acid (EDTA) was obtained from Gibco/
Life Technology (Carlsbad, CA, USA). Trizol was purchased from Invitrogen (Carlsbad,
CA, USA). Fast200 mRNAMiniprep Kit was purchased from Xunjie Company (Shanghai,
China). Reverse transcriptase was purchased from Takara Biotechnology (Dalian) Co., Ltd
(Dalian, China). The RT–PCR SYBR Green Kit was obtained from Sangon Biotech Cor-
poration of Shanghai (Shanghai, China). IFN-β and IFN-4α ELISA Kits were purchased
from PBL (Norwich, Norfolk, UK). Horseradish peroxidase-linked second antibody was
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purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Specific first anti-
bodies including glyceraldehyde 3-phosphate dehydrogenase and RIG-I were obtained
from Cell Signaling Technology (Boston, MA, USA). Pyrrolidinecarbodithoic acid (PDTC,
PD98059, SP600125, and SB203580 were obtained from Calbiochem (San Diego, CA,
USA). The bicinchoninic acid (BCA) Kit for Protein Determination and Western Chemi-
luminescent Substrate were obtained from Pierce (Rockford, IL, USA). EZ-ChIP kit, tri-
methylation of histone H3 at lysine 4 (H3K4me3), and H3K27me3 antibodies were
purchased from Millipore (Boston, MA, USA). All other reagents were of analytic grade.

Virus and mice

VSV was obtained from professorWei Pan in the SecondMilitary Medical University. C57
mice (6–8 weeks) were purchased from Shanghai Picard Experimental Animals Company.
Toll-like receptor 3 (TLR3)-deficient mice were obtained from American Jackson Labora-
tories (B6, 129S1-Tlr3tm1Flv/J, 005217). TLR4-, TLR9-, and myeloid differentiation
primary-response protein 88 (MyD88)-deficient mice were obtained from Professor
Shizuo Akir in Osaka University. RIG-I-deficient mice were obtained from Professor
Zhugang Wang in Shanghai Jiao Tong University School of Medicine. All animals were
handled according to protocols approved by the Institutional Animal Care and Use Com-
mittee of the National Health Research Institute.

Separation and culture of macrophages

Macrophages were separated according to the method of Lang Rutschman, Greaves, and
Murray (2002). The collected cells were re-suspended at a density of 2 × 105 cells/mL in a
24-well plate containing 0.5 mL RPMI-1640 medium supplemented with 10% foetal
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin and cultured in a humidi-
fied 5%CO2 incubator at 37°C for 2 h. The non-adherent cells were removed, and the adher-
ent cells were used for the following experiments. Macrophages were pretreated with OVT at
100 ng/mL final concentration for 12 h. Then, VSV (MOI = 100) infected the cells for 1 h.
The supernatant was replaced with fresh medium and the cells were cultured in a humidified
5% CO2 incubator at 37°C for 24 h for the following experiments.

Real-time quantitative polymerase chain reaction

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA), and total mRNA
was isolated using the Fast200 mRNA Miniprep Kit (Shanghai Xunjie Company, Shang-
hai, China). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed
by using the SYBR Green RT–PCRMaster Mix Kit (Takara, Dalian China) on Roche Light
Cycler 1.5. Gene of GAPDH was used as a reference according to the N gene sequence
from the structural protein of VSV published by Banerjee, Rhodes, and Gill (1984).
Design primers with software Oligo6.0. All primers are listed as Table 1.

Enzyme-linked immunosorbent assay

A total of 2 × 105 cells/mL mouse peritoneal macrophage cells (0.5 mL culture super-
natant) were plated into 24-well plates and pretreated with OVT and VSV, as previously
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described. Supernatants were then collected. The concentrations of IFN-β and IFN-4α in
the supernatants were measured using the ELISA Kit according to the methods of Suzuki
and Tamada (2009).

Western blot analysis

About 2 × 106 cells were taken in an EP tube followed by centrifugation (3500g ×
5 min), and then the supernatant was discarded. A total of 300 μL of M-PER protein
extraction reagent (Pierce, Rockford, IL, USA) containing Triton X-100, deoxy
sodium cholate, NO-40, sodium metavanadate, and EDTA, which could effectively
inhibit the activity of protease and maintain the integrity of the protein extraction,
were added for precipitation, placed in an ice bath for 30 min and oscillated per
10 min. After centrifugation at 12,500g × 15 min at 4°C, the supernatant was transferred
to a new EP tube stored in −20°C to be used for the following experiments. We took a
handful of supernatants to perform the protein quantification according to the instruc-
tion book of the BCA Kit (Pierce, Rockford, IL, USA) for Protein Determination. Each
protein sample concentration was adjusted to the same amount. Equal quantities of 6×
loading buffer (100 mmol/L Tris–HCl, 200 mmol/L DTT, 4% SDS, 0.2% bromophenol
blue, 20% glycerinum, and pH 6.8) were added into samples and shaken well. After-
wards, samples were heated to 100°C in a boiling water bath for 5 min. Samples
(30 μg protein/lane) and a protein marker (Thermo Scientific, Waltham, MA, USA)
were loaded on the same gel simultaneously. Protein separation was done on 12%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and proteins were trans-
ferred to nitrocellulose blotting membranes using Trans-Blot Turbo (Bio-Rad). Mem-
branes were blocked for 2 h using Tris-buffered saline Tween (TBST) containing 5%

Table 1. Primers of qRT–PCR.
Primer Sequence(5′–3′)

GADPH-ChIP-forward CGTAGCTCAGGCCTCTGCGCCCTT
GADPH-ChIP-reverse CTGGCACTGCACAAGAAGATGCGGCTG
Primer1-forward TGTTTTCTGTGAAAGGACTTGA
Primer1-reverse TCTCTGCACTTTGAATCTGTAGCC
Primer2-forward CTGTGAAAACTTGAGGGTTTTG
Primer2-reverse GGCACTGCGCACTTTGACTGTAGC
GAPDH-forward TGACCACAGTCCATGCCATC
GAPDH-reverse GACGGACACATTGGGGGTAG
RIG-I-forward ACAACCACGGCCTTCCCTACTT
RIG-I-reverse CACGATTTCCCAGAGAACATGTG
IFN-4α-forward AAGCCTGTAGCCCACGTCGTA
IFN-4α-reverse GGCACCACTAGTTGGTTGTCTTTG
IFN-β-forward ACACCAGCCTGGCTTCCATC
IFN-β-reverse TTGGAGCTGGAGCTGCTTATAGTTG
CYLD-forward ACCCTACTGGGAAGAACGGAT
CYLD-reverse CGGTCTTGGATGTACTGTCCTAT
TRIM25-forward GGTGTCCGTGACTAACTCCAT
TRIM25-reverse TGGAAAGGGTAAGACCGTCCT
LGP2-forward ACGGCGTACTTCCAGATGG
LGP2-reverse CTCGGTTCAAGATCCAGGT
Atg5-forward AGGTTCTACTTTACCAACTGGCA
Atg5-reverse GAACTGGCATCAAGGAGTGGG
Atg2-forward ATCAAAGTGCTGTTCGTGC
Atg2-reverse GTGCAGGGTCCGAGGTATGC
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skim milk (pH 7.6, containing 0.05% Tween20). After elution by TBST twice for
15 min, primary antibodies RIG-I (D14G6) rabbit monoclonal antibody and GAPDH
(D16H11) rabbit monoclonal antibody (1:1000) (Cell Signaling Technology, Boston,
MA, USA) were added and incubated overnight at 4°C. After the first antibody was
eluted for 15 min thrice, horseradish peroxidase-linked second antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was added and incubated for 1 h, then eluted
again as previously described. Isopyknic solutions A and B of chemiluminescence
Western blot reagents were mixed and incubated for 5 min at room temperature,
and photos were taken using an E-Gel Imager.

Determination of the titre of VSV

Macrophages were incubated with 100 ng/mL final concentration of OVT for 12 h. VSV
(MOI = 100) infected the cells for 1 h. Then replace with the fresh medium for 24 h and
collect the cell culture supernatants. Perform serial 10-fold dilutions for a total of 12
dilutions. 1 × 104 cells/well HEK293 cells (Cell Bank of Chinese Academy of Sciences)
were plated into a 96-well plate and cultured in a humidified 5% CO2 incubator at 37°
C overnight. Add diluted supernatants to the corresponding well and cells were cultured
for 72 h. Each dilution was repeated eight times. Calculate tissue culture infective dose 50
(TCID50) (Montefiori, 2005) by using the Reed–Muench formula.

Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) kit (Millipore, Boston, MA, USA) standard
steps were used for cross-linking and processing of cells. Specific antibodies, including
H3K4me3 and H3K27me3, were purchased fromMillipore. Five micrograms of antibodies
as previously described were used in the ChIP system, and 10 μL of sonicated DNA served
as the input control. ChIP results were subjected to qPCR with primer 1 and primer
2. Primer 1 and Primer 2 are primers of the RNF125 promoter region.

Statistical analysis

Data are presented as the mean ± standard deviation (SD) for the indicated number of
independent experiments that were repeated at least thrice. Data were subjected to the Stu-
dent’s t-test for analysis of statistical significance, and values of p < .05 are considered stat-
istically significant.

Results

OVT suppressed replication of RNA virus in macrophages

Firstly, we incubated macrophages with 100 ng/mL final concentration of OVT for 12 h.
VSV (MOI = 100) was added into the cells for 1 h. Afterwards, cells were incubated with
fresh medium for 72 h. The total RNA of cells was extracted to analyse VSV replication in
macrophages, and the supernatant was collected to determine the titre of virus. Results
showed that replication of virus in OVT-pretreated cells was inhibited significantly

604 Y. ZHOU ET AL.



(Figure 1(A)). The titre of virus in the supernatant was significantly decreased as well
(Figure 1(B)). Obviously, OVT suppressed VSV replication in mouse peritoneal
macrophages.

OVT up-regulated IFN expression in macrophages

Macrophages captured the virus and suppressed its replication in a type I IFN-dependent
manner (Honke et al., 2011). OVT suppressed VSV replication in macrophages. There-
fore, the next was to explore the effect of OVT on the type I IFN production.

Production of IFN-β and IFN-4α was detected here. As shown in Figure 2, mRNA
expression of IFN-β (Figure 2(A)) and IFN-4α (Figure 2(C)) significantly increased in
OVT-treated macrophages. Moreover, productions of IFN-β (Figure 2(B)) and IFN-4α
(Figure 2(D)) from OVT-treated supernatant were significantly up-regulated in the
same way. These results suggested OVT promoted the type I IFN production in VSV-
infected macrophages to enhance the antiviral ability of macrophages.

OVT promoted type I IFN production by RIG-I pathway

Considering that TLRs and retinoic-acid-inducible gene-I-like receptors (RLRs), two PRRs
are important in inhibiting viral infection in cells, the effect of TLR signalling pathway on
IFN-β secretion in OVT-treated macrophages was determined. After macrophages from
different deficient mice were incubated with 100 ng/mL final concentration of OVT for
12 h, VSV (MOI = 100) infected the cells. Total RNA was extracted at 0 and 24 h. The
expression of IFN-β was tested by RT-qPCR. All data were involved in the results.

Figure 1. Effect of OVT on replication of VSV in macrophages. (A) Macrophages were incubated with
medium or 100 ng/mL final concentration of OVT for 12 h. VSV (MOI = 100) infected the cells for 72 h
and then carry out RT–PCR. (B) Collect the supernatant of A. Determine the titre of VSV. Data shown are
mean ± SD of triplicate measurements. Compared with the control group: **p < .01. All data are repre-
sentative of three independent experiments.

FOOD AND AGRICULTURAL IMMUNOLOGY 605



Compared with wild-type mouse peritoneal macrophages (Figure 3(A)), there are the
same up-regulation trends of IFN-β mRNA expression in TLR3- (Figure 3(B)), TLR4-
(Figure 3(C)), TLR9- (Figure 3(D)), and MyD88- (Figure 3(E)) deficient mouse peritoneal
macrophages which were treated with OVT. However, it was found that VSV infection
was unable to up-regulate IFN-β mRNA expression in RIG-I-deficient mouse peritoneal
macrophages which were treated with OVT (Figure 3(F)). It suggested that it was not
via the TLR pathways, and it was through the RIG-I pathway that OVT up-regulated
the type I IFN expression.

OVT up-regulated RIG-I expression

RIG-I, a member of RLR family, detects viral RNA in the cytosol of most cell types. Exten-
sive functional studies have demonstrated the importance of RIG-I in sensing RNA virus
infections, with RIG-I playing a critical role in the detection of rhabdoviruses (Chan &

Figure 2. Effect of OVT on the production of type I IFN. (A) VSV-infected macrophages which were pre-
treated with medium and 100 ng/mL final concentration of OVT for 18 and 24 h, and gene expression
of IFN-β was examined by RT-qPCR. (B) Collect supernatant from A to test production of IFN-β by ELISA.
(C) VSV-infected macrophages which were pretreated with medium and 100 ng/mL final concentration
of OVT for 18 and 24 h, and gene expression of IFN-4α was examined by RT-qPCR. (D) Collect the super-
natant from C to test production of IFN-β by ELISA. Data shown are mean ± SD of triplicate measure-
ments. Compared with the control group: *p < .05 and **p < .01. All data are representative of three
independent experiments.

606 Y. ZHOU ET AL.



Gack, 2015). Especially, RIG-I is the primary sensor of viral RNA for VSV (Loo & Gale,
2011; Zhu et al., 2014). However, how OVT affects the RIG-I remains unclear. Therefore,
this study continued to test the changes of RIG-I mRNA in VSV-infected macrophages
which were pretreated with OVT. Figure 4(A) showed that OVT had no effect on RIG-
I mRNA expression in macrophages, which indicated that RIG-I were unaffected by
OVT at the level of transcription. Hence, it was speculated that OVT influenced the
protein expression of RIG-I. Then total proteins were extracted to detect the protein
level of RIG-I by using Western blot analysis. The protein expression of RIG-I was up-
regulated significantly after the treatment of OVT (Figure 4(B)), implying that OVT
may up-regulate RIG-I via post-translational modification control (Chen et al., 2013;
Liu, Qian, & Cao, 2016).

Figure 3. Signalling pathway of the production of type I IFN. (A) VSV-infected different mice perito-
neal macrophages which were pretreated with medium or 100 ng/mL final concentration of OVT for
24 h, then detect the IFN-β gene expression. (A) Wild-type C57 mice peritoneal macrophages. (B)
TLR3-deficient mice peritoneal macrophages. (C) TLR4-deficient mice peritoneal macrophages. (D)
TLR9-deficient mice peritoneal macrophages. (E) MyD88-deficient mice peritoneal macrophages. (F)
RIG-I-deficient mice peritoneal macrophages. Data shown are mean ± SD of triplicate measurements.
Compared with the control group: *p < .05 and **p < .01. All data are representative of three indepen-
dent experiments.
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OVT down-regulated the expression of RNF125

Because OVT antiviral activity was dependent on RIG-I, in the next series of experiments,
how OVT modulated RIG-I expression was tested. Regulatory factors of RIG-I, including
RNF-125, cylindromatosis (CYLD), tripartite motif containing 25 (TRIM25), laboratory
of genetics and physiology 2 (LGP2), ISG15, autophagy-related gene 5 (Atg5), and
Atg12, can positively or negatively regulate RIG-I expression in the cells (Arimoto
et al., 2007; Chan & Gack, 2015; Loo & Gale, 2011; Satoh et al., 2010). Cells were
treated as described above, and RT-qPCR was used to test expressions of RNF-125,
CYLD, TRIM25, LGP2, ISG15, Atg5, and Atg12. Results showed that mRNA expression
of RNF125 had remarkably decreased (Figure 5(A)). RNF125, one of the key negative
regulatory factors of the RIG-I pathway, can cause ubiquitination of RIG-I, thereby
resulting in degradation (Porritt & Hertzog, 2015). Hence, OVT down-regulated
RNF125 production, leading to the up-regulation of RIG-I. The result was compatible
with those above.

OVT down-regulated RNF125 by nuclear factor-κB signalling pathway

Then the mechanism of RNF125 down-regulation was studied in detail. After macro-
phages were incubated with 100 ng/mL final concentration of OVT for 12 h, PDTC,
PD98059, SP600125, and SB203580, which are inhibitors of nuclear factor-κB (NF-κB),
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38
pathway, were, respectively, used to incubate cells for 30 min. The control group was incu-
bated with dimethyl sulfoxide. VSV (MOI = 100) was added to stimulate cells for 0, 12,
and 24 h. Results of RT-qPCR revealed that PDTC, an NF-κB pathway inhibitor, signifi-
cantly inhibited OVT-induced down-regulation of RNF125, whereas others had no effect
on down-regulation of RNF125 (Figure 5(B)). This explained that OVT-induced down-
regulation of RNF125 depended on the NF-κB signalling pathway.

Figure 4. Effect of OVT on RIG-I expression. (A) Macrophages were incubated with medium or 100 ng/
mL final concentration of OVT for 12 h. VSV (MOI = 100) infected the cells for 12 and 24 h, then deter-
mine the gene expression of RIG-I by RT–PCR. (B) Macrophages were incubated with medium or
100 ng/mL final concentration of OVT for 12 h. VSV (MOI = 100) infected the cells for 24 h and then
determine the protein phosphorylation of RIG-I by Western blot. Data shown are mean ± SD of tripli-
cate measurements. All data are representative of three independent experiments.
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OVT affected histone methylation status in the RNF125 promoter region

Effect of OVT treatment on histone methylation status in the RNF125 promoter region
was further detected by RT-qPCR. As shown in the Figure 5(C, D), OVT down-regulated
H3K4 methylation and up-regulated H3K27 methylation in the RNF125 promoter
region. H3K4 is the histone methylation modification that opens gene expression
(Pekowska et al., 2011), and H3K27 is the histone methylation modification that inhibits
gene expression (Kim et al., 2013). The methylation modification can be inhibited by
PDTC, indicating that OVT down-regulated H3K4 trimethylation and up-regulated
H3K27 trimethylation in the RNF125 promoter region, thereby down-regulating the
expression of RNF125.

Discussion

Innate immunity is the first line of defense against pathogenic infections. It was speculated
whether OVT is important in regulating the innate immune system. During infection of

Figure 5. Effects of OVT on RIG-I regulators and methylation of promoter region of RNF125. (A) Macro-
phages were pretreated with medium or 100 ng/mL final concentration of OVT, then VSV(MOI = 100)
infected the cells for 24 h. Determine the production of RNF-125,CYLD, TRIM25, LGP2, ISG15, Atg5 and
Atg12 by RT–PCR. B: Macrophages were pretreated with medium or 100 ng/mL final concentration of
OVT, and then the cells were incubated with DMSO, PDTC, PD98059, SP600125 and SB203580 for
30 min. Then, VSV(MOI = 100) infected the cells for 0, 12 and 24 h to detect the expression of
RNF125 mRNA. (C) Macrophages were pretreated with PBS + DMSO, OVT (100 ng/mL) +DMSO, PBS
+ PDTC and OVT (100 ng/mL) +PDTC, and then carry out ChIP by using H3K4me3 antibodies to test
modification of H3K4me3 in RNF125 promoter region. (D) Macrophages were pretreated with PBS +
DMSO, OVT (100 ng/mL) +DMSO, PBS + PDTC and OVT (100 ng/mL) +PDTC, and then carry out ChIP
by using H3K27me3 antibodies to test modification of H3K27me3 in the RNF125 promoter region.
Data shown are mean ± SD of triplicate measurements. Compared with the control group: **p < .01.
All data are representative of three independent experiments.
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virus, the innate immune response is activated to suppress viral replication through up-
regulation of antiviral molecules and direct the adaptive immune response. Macrophages
under innate immunity recognize viral infection and express IFNs and pro-inflammatory
cytokines to inhibit viral replication. This was the reason to choose VSV-infected mouse
peritoneal macrophage as a research object to investigate the effect of OVT on viral
replication.

The replication of VSV in mouse peritoneal macrophages which were pretreated with
OVT was significantly inhibited. It turned out that OVT had an antiviral effect. OVT is an
iron-binding protein in avian albumen and belongs to the transferrin family. As a member
of the transferrin family, OVT has 50% sequence homology with mammalian serum trans-
ferrin and lactoferrin. They have numerous similar characters in bioactivities, such as anti-
microbial activity, antiviral activity, the immune defense function, etc. (Giansanti et al.,
2012; Wu & Acero-Lopez, 2012). Human and bovine lactoferrin possess antiviral effects
on enveloped and non-enveloped viruses (Redwan, Uversky, El-Fakharany, & Al-
Mehdar, 2014), such as Mayaro virus (Carvalho et al., 2014), cytomegalovirus
(Harmsen et al., 1995), Norovirus (Ishikawa, Awano, Fukui, Sasaki, & Kyuwa, 2013),
herpes simplex virus (HSV) (Marchetti et al., 1996), human immunodeficiency virus
(HIV) (Swart et al., 1996), and hepatitis C virus (HCV) (El-Fakharany, Sánchez, Al-
Mehdar, & Redwan, 2013; Liao, El-Fakkarany, Lonnerdal, & Redwan, 2012). Interestingly,
OVT is more effective than lactoferrin and serum transferrin in antiviral activities (Gian-
santi et al., 2002). OVT can inhibit MDV in CEF and is more effective than serum trans-
ferrin and lactoferrin (Giansanti et al., 2002, 2007). This study verified the anti-RNA virus
function of OVT and illuminated its mechanism in vitro. Based on the results above, OVT
inhibited replication of VSV in mouse peritoneal macrophage. Similarly, lactoferrin has
been reported to inhibit Echovirus 5 and HSV-1 virus replication in the host cells (Waka-
bayashi, Oda, Yamauchi, & Abe, 2014).

Macrophages are important innate immune cells (Chan-Zapata et al., 2017; Ghazanfari,
Yaraee, Farahnejad, Hakimzadeh, & Danialy, 2009). A number of PRRs, such as TLRs and
RIG-I-like receptors, exist on the surface of macrophages. They can recognize correspond-
ing pathogen-associated molecular patterns (Ahn et al., 2016; Loo & Gale, 2011). They also
can activate a series of downstream signalling pathways and activate innate immune cells
to produce inflammatory cytokines and IFN after identifying viruses to start the natural
immune response (Kawai & Akira, 2010; Takeuchi & Akira, 2010). After VSV infected
mouse peritoneal macrophages which were pretreated with OVT, the production of
type I IFN in macrophages increased. Apparently, OVT plays a role in antiviral effects
via affecting the type I IFN production. This is similar to lactoferrin. Lactoferrin might
inhibit viral replication in the cells by inducing antiviral cytokines IFN-α/β (Wakabayashi
et al., 2014).

Activation of TLRs leads to the production of type I IFNs and expression of RLRs is
greatly enhanced in response to type I IFN stimulation (Takeuchi & Akira, 2010). Consid-
ering the critical roles of RIG-I and TLRs in the induction of type I IFN, this study indi-
cated that OVT-induced up-regulation of the type I IFN production was by the RIG-I
pathway but not the TLRs pathway in macrophages. To investigate how OVT affected
RIG-I expression, the production of RIG-I on gene levels and protein levels was detected.
Results demonstrated that OVT might up-regulate RIG-I via post-translational modifi-
cation control.
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Numerous regulatory factors in the RIG-I pathway regulate the expression of RIG-I,
including RNF-125, CYLD, TRIM25, LGP2, ISG15, Atg5, and Atg12. Thus, a complex
interplay of positive and negative regulators and post-translational modifications deter-
mine RIG-I to be a pathogen sensor in the antiviral IFN pathway (Patel & García-
Sastre, 2014). Conventional post-translational modifications such as phosphorylation
and polyubiquitination have been shown to influence PRR-dependent inflammatory
responses via their targeting of innate sensors and downstream signalling molecules
(Cao, 2016). A recent study suggested that down-regulation of RNF125 expression
could suppress the degradation of RIG-I protein levels, thereby enhancing the IRF-3 phos-
phorylation and increasing the IFN production (Arimoto et al., 2007). To further compre-
hend the regulation of OVT on RNF125, changes of histone methylation status in the
RNF125 promoter region in OVT-pretreated macrophages were tested by using ChIP
and RT-qPCR. Results revealed that OVT down-regulated H3K4 methylation and up-
regulated H3K27 methylation in the RNF125 promoter region. Histone methylation,
DNA methylation, chromatin remodelling, and non-coding RNA (ncRNA) regulation
are the main ways to control gene expression in epigenetics (Renthal & Nestler, 2008).
Methylation of histone lysine and arginine residues may lead transcription factors to
approach the gene promoter region to suppress or promote gene expression (Levenson
et al., 2004). Previous research proved that H3K4 trimethylation is related to the start
and extension of transcription factors, serving as open histone gene expression, whereas
H3K27 trimethylation is related to inhibition of genetic transcription serving as inhibiting
histone gene expression (Rice & Allis, 2001). In this study, methylations of histone H3K4
and H3K27 could be inhibited by PDTC, indicating that OVT caused down-regulation of
H3K4 trimethylation and up-regulation of H3K27 trimethylation in the RNF125 promoter
region through the NF-κB signalling pathway, thereby leading to down-regulation of
RNF125. In view of RNF125 as a negative regulatory factor of RIG-I, its down-regulation
could lead to up-regulation of RIG-I expression, sequentially increasing production of type
I IFN, and finally exerting its antiviral effects.

In summary, OVT can exert similar effects to lactoferrin in the innate immune system.
OVT changes histone methylation status in the RNF125 promoter region by NF-κB sig-
nalling pathway, inhibiting the RNF125 expression. Its decreasing expression can result
in up-regulation of RIG-I expression and promotion of type I IFN production in macro-
phages to exert an antiviral effect of OVT. Our discovery of a central role of OVT in anti-
viral innate immune has opened new directions for further studies, especially some
potential applications in the development of functional food fields.
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