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Abstract

Influenza is a worldwide plague caused by the influenza virus (IAV) infection, which is initiated by specific recognition
with sialic acids on host cell surface. Bovine lactoferrin (bLf) is a sialoglycoprotein belonging to the transferrin family, and
it plays an important role in immune regulation. It also shows toxicity against cancer cells and pathogenic microorganisms
including bacteria, fungi, and virus. The purpose of this study is to assess the roles of the sialylated glycans on bLf against
IAV. To this end, bLf were first treated with sodium periodate to destroy its sialylated glycans. Then, the binding activity of
native or desialylated bLf with various IAV was assessed by blotting assay. Finally, their ability to inhibit IAV attachment
to host cells was analyzed in vitro. Our result showed that the sialylated glycans on bLf were almost completely destroyed
by sodium periodate treatment. Furthermore, the binding activity of desialylated bLf to IAV and the ability to inhibit IAV
mimics binding to MDCK cells were significantly reduced compared to that of native bLf. These results demonstrated that
the sialylated glycans on bLf could serve as competitive substrates to block IAV attachment to host cells during the early
stages of viral infection. Our findings make an important contribute for the fully understanding of the mechanism of bLf in

the prevention of [AV infections and their possible applications in antiviral infection.
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Introduction

Influenza is an important cause of morbidity and mortality
both in humans and animals caused by IAV infection. The
binding of viral coat glycoprotein hemagglutinin (HA) to
sialylated glycan receptor on host epithelial cells is a criti-
cal step in the infection and transmission of these viruses
[1, 2]. Currently, vaccination and neuraminidase inhibitors
are available methods to prevent and treat influenza [3, 4].
However, Influenza vaccines must be updated periodically
due to the continuous antigenic drift and sporadic antigenic
shift of the viral surface glycoproteins [5]. Unfortunately, the
existing vaccines are unable to keep up with the mutation
rates of virus [6, 7]. In addition, it also takes several years
to develop vaccine for newly emerged viruses. At the same
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time, the virus is developing resistance to the currently avail-
able drugs [8]. Therefore, there are no immediate response
drugs to the newly emerging viral outbreaks. In this con-
text, there is an urgently need for the development of novel
preventive and therapeutic compounds to control the viral
outbreaks.

Attachment of pathogens to the cellular receptor is a
prerequisite for most viral infections. Therefore, the use of
receptor analogs as inhibitors is a simple antiviral strategy.
In the presence of an excessed analogs at viral infection sites,
there will be competition between cellular receptors and ana-
logs for binding with viruses and subsequently reduces the
interaction between host cell and viruses, thereby reducing
the infection [9]. It is well known that IAV uses sialylated
glycans on cell surface as a receptor to entry into the host
cells. Using this property, studies have demonstrated that
the sialylated oligosaccharides could function as influenza
hemagglutinin blockers against influenza virus both in vitro
and in vivo [10, 11].

Bovine lactoferrin (bLf), a nonheme iron-binding glyco-
protein with a molecular weight of 80 kDa, was discovered in
1937 and isolated in 1960 from bovine milk [12]. It is com-
posed of 696 amino acids that folded into globular carboxyl
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(C) and amino (N) terminal lobes [13]. The two lobes are fur-
ther divided into two domains (C1 and C2, N1 and N2) and
each lobe binds one Fe(IIl) ion in a deep cleft between two
domains. The iron-binding ability is associated with its inhibi-
tory effects on microbial growth and regulation of the motility,
aggregation and biofilm formation of pathogenic bacteria [14].
BLf is mainly secreted by epithelial cells and is present in most
mucosal secretions, including tears, saliva, vaginal and semi-
nal fluids, nasal and bronchial secretions, and bile and gastric
juices [15]. However, its highest concentration was found in
milk, especially in colostrum up to 0.8 g/L [16].

BLf has shown toxicity against various enveloped and
naked viruses such as influenza virus [17], human cytomeg-
alovirus [18], herpes simplex virus 1 and 2 [19, 20], human
immunodeficiency virus [18, 21], human hepatitis virus B and
C [22, 23], respiratory syncytial virus [24], and newly emerg-
ing SARS-CoV-2 [25, 26]. Previous studies have been dem-
onstrated that bLf exerts anti-influenza effects from several
aspects. For example, bLf can bind to the HA of influenza
virus, therefore preventing the fusion of the viral envelope with
the cell membrane [27, 28]. bLf also inhibits IAV induced pro-
grammed cell death by interfering with caspase 3 and blocks
nuclear export of viral ribonucleoproteins, therefore prevent-
ing viral assembly [29]. Moreover, bLf is able to prevent IAV
cytopathic effects in desialylated, deglycosylated, apo, and ion-
saturated forms [30]. However, the previous studies mainly
focused on the late stages of viral infection. As for the roles of
the sialylated glycans on bLf in the early stages of viral infec-
tion are still not completely clear.

Glycosylation is one of the most common post-translational
modification of proteins, and plays an important role in pro-
tein’s biological function. It has been reported that bLf possess
five potential glycosylation sites (Asn233, Asn281, Asn368,
Asn476, Asn545), which are mostly exposed on the outer sur-
face of the molecule and may contribute to its antiviral activ-
ity [31]. It was reported that the glycosylation of bLf has no
effects on the inhibition of influenza virus replication [30]. It is
possible that sialylated glycans contribute the antiviral effects
of bLf by affecting the early stages of viral infection, which
however yet to be explored. In this context, the present study
aimed to determine the role of sialylated glycans on bLf in the
early phases of influenza viral infection, and help to understand
the biological significance of protein sialylation in the preven-
tion of IAV infections and their possible applications in the
antiviral infection.

Materials and methods
IAV preparation and cell culture

IAV strains including two H5N1 subtypes (A/Chicken/
Guangxi/4/2009 (H5N1 CK), A/Duck/Guangdong/17/2008
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(H5N1 DK)), two H5N2 subtypes (A/Mallard/Jiangxi/16/2005
(H5N2 M), A/Ostrich/Denmark/96—-72,420/1996 (H5SN2 Os)),
one H7N1 subtype (A/Fowl/Rostock/45/1934 (H7N1 KP)),
and one H7N2 subtype (A/Chicken/Hebei/1/2002 (H7N2
CK)) were kindly gifted by Dr. Xiurong Wang, Harbin Vet-
erinary Research Institute, Chinese Academy of Agricul-
tural Science, Harbin, China. These viruses were cultured
in allantoic fluid of 10 days old embryonated hen eggs and
then purified on a discontinuous sucrose-density gradient as
methods described previously[32, 33]. The MDCK (Madin-
Darby canine kidney) cells (Cat No. CBP60575, Cobioer Bio-
sciences Co., LTD, Nanjing, China) were cultured in DMEM
medium (HyClone, Waltham, MA, USA) containing 10%
(v/v) fetal bovine serum (GIBCO, Grand Island, NY, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C
under 5% CO,.

Destruction of the sialylated glycans on bLf

BLf (Sigma-Aldrich) was treated with 10 mM sodium perio-
date at 4 °C for 30 min to destroy their sialylated glycans
[34], the rest of sodium periodate was removed by an Ultra
Centrifugal filter (Ultracel-10 k, Millipore Corp., Biller-
ica, MA). After that, 5 pg native or desialylated bLf was
subjected to 10% SDS-PAGE and silver nitrate staining or
transferred to PVDF membranes. Subsequently, these mem-
branes were blocked with 1 X Carbo-Free Blocking Solution
and then incubated with 1 pg mL~! of Cy5-labelled SNA
or MAL-II (vector labs, Burlingame, CA, USA), Finally,
these membranes were scanned by Storm 480 at the wave-
length of 635 nm and further analyzed by Image J software
(ImagelJ 1.46r, National Institutes of Health, USA) fluores-
cence spec-troscopy.

Structure analysis of native and desialylated bLf

The effect of NalO, treatment on the protein structure of
bLf was analyzed by fluorescence spectroscopy. Native or
desialylated bLf was dissolved in deionized water. The fluo-
rescence spectra of protein solution were recorded in the
emission wavelength range from 300 to 600 nm (5 nm slit),
with an excitation wavelength at 290 nm (5 nm slit) and a
photomultiplier tube voltage of 600 V. The data were further
analyzed by FL solution software.

Quantification of the sialic acids on native
or desialylated bLf

The sialic acids on native or desialylated bLf were quan-
tified using our previously modified periodate-resorcinol
method[35]. In brief, the concentration of native or desi-
alylated bLf were first quantified using the BCA assay,
and adjusted to 1 mg mL~!. The bovine fetuin (F3385,
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Sigma-Aldrich) was used as a standard sialoglycopro-
tein, which was prepared with an initial concentration of
4 mg mL~! and then serially diluted to 2, 1, 0.5, 0.25, 0.125,
0.0625, 0 mg mL~!. The assay was performed as follows:
100 pL of each sample was added to 20 pL of 0.04 M sodium
periodate solution. The solutions were thoroughly mixed and
allowed to stand in a 37 °C water bath for 60 min. After the
addition of 250 pL of resorcinol reagent (0.06 g resorcinol
in a solution containing 6 mL of 28% HCI, 4 mL of water,
and 25 pmol of CuSO,), the solutions were mixed, placed
in an ice bath for 5 min, heated at 100 °C for 15 min, cooled
to room temperature, and 250 pL of tertbutyl alcohol were
added. The solutions were mixed vigorously and placed in
a 37 °C water bath for 3 min to stabilize the color, cooled
to room temperature, and the absorbances were determined
at 630 nm.

Evaluation of the binding ability of native
or desialylated bLf to IAV

The viral proteins were extracted by an ether/ethanol solu-
tion, the protein concentration was quantified by BCA assay.
Then, 100 pg viral proteins were incubated with SpL CyS5
dye (GE healthcare, Amersham Biosciences) under gentle
shaking at room temperature for 3 h without light. The Cy5
labelled proteins were purified by a G-25 desalt column (GE
healthcare) according to the manufacturer’s instructions.
After that, 5 pg native or desialylated bLf was subjected to
10% SDS-PAGE and transferred to PVDF membranes. Sub-
sequently, these membranes were blocked with 1 x Carbo-
Free Blocking Solution and then parallelly incubated with
Cy5-labelled viral proteins (20 pg/mL in 1 X Carbo-Free
Blocking Solution), and CyS5-labeled HIN1 influenza A
vaccine (Split Virion, inactivated) (Sinovac Biotech Ltd.,
Beijing). Finally, these membranes were scanned by Storm
480 and further analyzed by Image J software.

Assessment of the role of sialylated glycans on bLf
to against IAV

To assess the ability of native or desialylated bLf to against
TAV. Maackia amurensis lectin IT (MAL-II) and Sambucus
nigra lectin (SNA) were used as HA mimics for avian and
human TAV, respectively [35, 36]. The inhibitory effect of
native or desialylated bLf on IAV attachment to MDCK cells
was evaluated by lectin histochemistry [35]. In brief, the
MDCK cells were seed into confocal culture dishes (JingAn
Biotechnology Co., Ltd Shanghai China) and cultured in
medium until 70-80% confluence was reached. After wash-
ing with PBS and immobilized by 4% paraformaldehyde,
the cells in the dishes were blocked with PBS containing 5%
BSA at room temperature for 1 h. The mixtures comprised
25 ug mL~! of Cy5 labelled lectins (MAL-II or SNA) and

20 pug mL~! of native or desialylated bLf were added into
a parallel set of dishes and incubated without light at 4 °C
overnight. Next, the MDCK cells in the culture dishes were
stained by DAPI (Thermo Fisher Scientific, Waltham, MA,
USA) and then photographed using a laser scanning confocal
microscope (FV 1000, Olympus, Tokyo, Japan) under the
merged channels of Cy5 and DAPI. The fluorescent intensity
was analyzed by ImagelJ software.

Statistical analysis

Data were expressed as mean + SD and analyzed with
GraphPad Prism 8 software. Comparations between two
groups were measured by ¢-test. One-way ANOVA and post-
LSD were used to analyze data among three groups.

Results

Verification of the sialylated glycans on native
or desialylated bLf

To confirm the destructive effect of sodium periodate treat-
ment on the sialylated glycans of bLf, the binding ability of
native or desialylated bLf with sialic acid-binding lectins
(SNA and MAL-II) was evaluated by blotting assay. The
results showed no obviously difference in molecular weight
between native bLf and desialylated bLf (Fig. 1A). In addi-
tion, NalO, treatment did not affect the protein structure of
bLf (Fig. 1B). However, the binding ability of desialylated
bLf to SNA or MAL-II was significantly decreased com-
pared to that of native bLf (Fig. 1C, 1D). As for the absolute
content of the sialic acids on native or desialylated bLf, the
sialic acids were quantified by periodate-resorcinol assay.
The sialic acid content in native bLf was 0.462% of the pro-
tein compared 0.037% in the desialylated bLf, (Fig. 1E).
These results indicated that the sialylated glycans on bLf
were almost completely destroyed by sodium periodate
treatment.

Assessment of IAV bound to native or desialylated
bLf

The binding activity of viral proteins extracted from avian
IAV and human HIN1 vaccine to native or desialylated bLf
were assessed by blotting analysis. The results showed that
with the destruction of sialylated glycans on bLf, the bind-
ing ability of bLf to the viral proteins of six IAV strains
(H5N1 CK, H5N1 DK, H5N2 M, H5N2 Os, H7N1 KP,
H7N2 CK) as well as the human HIN1 vaccine decreased
significantly (Fig. 2A). The fluorescence intensity of desi-
alylated bLf bound to IAV or human HIN1 vaccine only
retained 37 — 60% of that of native bLf (Fig. 2B). These
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Fig. 1 Verification of sialylated A
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results suggested that the sialylated glycans on bLf is vital
for the binding ability of bLf with IAV.

Roles of the sialylated glycans on bLf against IAV

The ability of native or desialylated bLf to block the
attachment of HA mimics to MDCK cells was assessed
by lectin histochemistry. As shown in Fig. 3, both MAL-II
and SNA could bind efficiently to the surface of MDCK
cells (Fig. 3A). Notably, these binding can be inhibited
when bLf was present in the system. Furthermore, the
inhibitory effect of bLf was more pronounced on SNA
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than that of MAL-II (Fig. 3B). Interestingly, these inhi-
bitions were reduced when the sialylated glycans of bLf
were destroyed (Fig. 3C). The MAL-II and SNA bound to
MDCK cells were reduced approximately 40% and 85%
of the control when native bLf was present in the sys-
tem. However, with the desialylation, the inhibition abil-
ity decreased to only 30% and 60% compared with that
of control, respectively (Fig. 3D and 3E). These results
indicated that the sialylated glycans on bLf could serves
as competitive substrates to block IAV attachment to the
host cells, therefore reducing the viral infection.
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Fig.2 Assessing the binding
activity of native or desialylated
bLf with IAV. A Viral proteins

H5N1 CK H5N1 DK H5N2 M H5N2 Os H7N1 KP H7N2 CK H1N1

Da

21 21 2 1 21 2 1 2

- o - e

- desialylated bLf
* %k

* %k

k

blotting. From left to right: 250 _!\_A__, 1 2 1
Cy5-labeled viral proteins from 150 e
H5N1 CK, H5N1 DK, H5N2 100 e
Os, HSN2 M, H7N1 KP, H7N2 70 —
CK, and HIN1 vaccine in turns.
B The relative fluorescent inten- 50 e
sity of native or desialylated 40 o
bLf that bind with IAV. The 35 o
fluorescent intensity in native
bLf was deemed as 1 and com- 25
pared to that of desialylated bLf.
Data was measured from three 20 :
replications by ImageJ software.
M: protein molecular weight
markers, lane 1: native bLf, lane
2: desialylated bLf. *P <0.05,
**P<0.01, ***P<0.001 ;

1.5- native bLf

% % %k
1.0

0.5

0.0 '

Relative fluorescent intensity U0

T

H5N1 CK H5N1 DK H5N2 M H5N2 Os H7N1 KP H7N2 CK H1N1

Discussion

Influenza is an acute respiratory disease in mammals and domes-
tic poultry. About 20% of children and 5% of adults worldwide
develop symptomatic influenza A or B each year [37]. The IAV
infection is initiated by the binding of viral hemagglutinins to
sialoglycoconjugates on the host cell surface [38]. Avian IAV
preferentially recognizes a2,3-linked sialic acids, whereas
human IAV preferentially recognizes o2,6-linked sialic acids
[4]. Although vaccination and antiviral drugs are approved to
the treatment and prevention of IAV infection, the emergence
of resistant strains and the considerable side effects of drugs
limit current therapeutic options [39]. Consequently, there is an
urgently need to developed a novel preventive and therapeutic
compound to control potential viral outbreaks. In addition to
IAV, there are many human and animal pathogens including
mumps, noro, rota, and DNA tumor viruses utilize sialic acid
as a primary receptor to enter into the host cells[40]. In recent
years, many studies have reported that sialoglycoconjugates
as glycomimetics can be used to block infection by avian and
human influenza viruses [10, 11, 41]. Here, we observed that
bLf can bind with Cy5 labeled MAL-II and SNA (Fig. 1C),
indicating that bLf possesses both a2,3-and o2,6-linked sialic
acids. This result provides a reasonable probability of bLf acts as
areceptor analogue for IAV and other sialic acid-binding viruses
to block the attachment of virus to host cells.

BLf is a multifunctional glycoprotein and plays important
roles in prevention of viral infection, such as influenza virus,
canine herpesvirus, chikungunya and zika viruses, herpes
simplex virus-1, and dengue virus [42—44]. As for the roles
of the sialylated glycans on bLf in the early stages of viral
infection are still not completely clear. Our results showed
that bLf can directly bind with the viral proteins from avian
TAV as well as human HIN1 vaccine (Fig. 2A). Moreover,
bLf can block the attachment of IAV mimics to MDCK cells.
And the inhibitory effect of bLf on SNA binding to MDCK
cells was more pronounced than that of MAL-II (Fig. 3B).
These may be due to the fact that bLf strongly binds to SNA
than to MAL-II (Fig. 1C, 1D). As expected, the binding
activity of bLf to viral proteins and inhibition of [AV mim-
ics attachment to MDCK cells were reduced when the sia-
lylated glycans on bLf were destroyed (Fig. 2 and Fig. 3).
Although the inhibitory effect of native and desialylated bL.f
on MAL-II attachment to MDCK cells was not significantly
different (Fig. 3C), the binding of Cy5 labelled MAL-II to
MDCK cells tended to be enhanced after removal of sialic
acids on bLf (Fig. 3D, 62% vs 71% of control). Together,
our findings indicated that bLf can directly bind to the viral
particles through its sialylated glycans at the early stages of
viral infection, blocking the attachment of IAV to the host
cells and thus reducing the viral infection.
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Fig.3 Evaluation of the roles
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In the present study, the native bLf was first treat with
NalO, to destroy its sialylated glycans. Subsequently, the
sialylated glycans were verified by lectin blotting and quanti-
fied by periodate-resorcinol method. Then, the binding abil-
ity of native or desialylated bLf to various IAV proteins were
evaluated by blotting assay. Finally, the inhibitory effects of
native or desialylated bLf on IAV attachment to MDCK cells
were assessed by lectin histochemistry. The results showed
that the binding ability of desialylated bLf to viral proteins
as well as the ability to inhibit the attachment of [AV mimics
to MDCK cells were diminished compared to that of native
bLf. These results suggested that the sialylated glycans on
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bLf could serves as receptor analogs to block IAV attach-
ment to host cells at early stage of viral infection.

Conclusions

This study provides evidences for the role of sialylated gly-
cans on bLf prevent IAV infection. The sialylated glycans on
bLf blocks IAV mimics attachment to MDCK cells at early
stage of viral infection. The results provide new insights
into the mechanism of bLf against IAV and possible roles
of sialoglycoproteins in the anti-viral infection.
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