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ABSTRACT

Background. Hepatitis B virus (HBV) infection poses a major public health problem
worldwide. Bovine lactoferrin (bLf) is a natural product that can inhibit HBV, but the
effect of iron saturation on its resistance to HBV is unknown.

Aims. The purpose of this study is to investigate the impact of iron saturation of bLf
against HBV.

Methods. HepG2 cells were cultured in DMEM high glucose containing 10% inac-
tivated fetal calf serum, at 37 °C, in 5% CO,. MTT method was used to detect the
cytotoxicity of bLf to HepG2 cells. Apo-bLf and holo-bLf were prepared from bLf. Iron
saturation of these proteins was determined by atomic absorption spectrophotometry.
Non-cytotoxic concentrations of candidate proteins were used in anti-HBV tests.
Fluorescent quantitative polymerase chain reaction was used to detect HBV-DNA.
Results. The TCsy and TCy of bLf were 54.570 mg/ml and 1.997 mg/ml, respectively.
The iron saturation of bLf, apo-bLf and holo-bLf were 10.29%, 8.42% and 85.32%,
respectively. In this study, four non-cytotoxic concentrations of candidate proteins
(1.5, 1.0, 0.5, and 0.1 mg/ml, respectively) were used to inhibit HBV in HepG2 cells.
The results showed that 1.5 mg/ml bLf and 0.1 mg/ml holo-bLf effectively impaired the
HBV-DNA amplification in HBV-infected HepG2 cells (P < 0.05). However, apo-bLf,
and Fe*! did not show the anti-HBV effects.

Conclusion. A total of 1.5 mg/ml bLf and 0.1 mg/ml holo-bLf could inhibit HBV-DNA
in HepG2 cells. Complete bLf structure, appropriate concentration and iron saturation
of bLf are necessary conditions for anti-HBV effects.

Subjects Biochemistry, Cell Biology, Molecular Biology, Virology

Keywords Bovine lactoferrin, Hepatitis B virus, Iron saturation, HepG2 cell, Polymerase chain
reaction

INTRODUCTION

Hepatitis B virus (HBV) infection is one of the major public health problems worldwide.
Approximately 3.5% of the global population is chronically infected with HBV and 887,000
people die every year due to the consequences of hepatitis B (WHO, 2017). Although the
incidence of HBV infections is decreasing owing to vaccination, the use of antiviral
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therapy also to some extent reduces the viral load of chronically infected individuals.
Nucleotide analogs and interferon (IFN), such as adefovir, lamivudine and entecavir are
regular medicines utilized for the treatment of HBV infection. However, the increasingly
accumulated drug resistance, relative side effects and low cure rates are the obstacles to
application of these medicines (Ascione et al., 2006; Dienstag et al., 1999; Lai et al., 1998).
The unsatisfactory therapeutic effect of nucleotide analogs and IFN has strengthened the
requirement for new anti-HBV agents.

Lactoferrin (Lf) is a Fe’*-binding glycoprotein with a molecular weight of 78 kDa. It
was discovered in human epithelial secretions and bovine milk (Baker et al., 2000). There
are two lobes in a single polypeptide chain of Lf. Each lobe contains one glycan chain
and one ferric ion (Hao et al., 2019). Native lactoferrin is 10—-20% iron saturated (Ianiro
et al., 2023). Bovine lactoferrin (bLf) and human lactoferrin (hLf) share approximately
70% sequence identity (Yount et al., 2007). The biological activity of bovine lactoferrin
have been widely studied. Many studies have reported that lactoferrin can interfere with
infection of Japanese encephalitis virus, human immunodeficiency virus-1, herpes simplex
virus-1, poliovirus, papillomavirus and mayaro virus (Carvalho et al., 2014; Chien et al.,
2008; Marr et al., 2009; McCann et al., 2003; Mistry et al., 2007; Puddu et al., 1998). Hara
et al. (2002) reported that bLf or hLf preincubation with PH5CHS cells could prevent
HBV infection. The results of our previous studies show that Zn**-bLf and Fe?*-bLf can
effectively inhibit the amplification of HBV-DNA in HepG2 cells (Li et al., 2009). This
evidence suggests that bLf is candidate and potent inhibitor for effectively inhibit HBV.

As an exceedingly multi-biological function protein, many biologically important
functions of bLf are performed by iron binding ability (Baker ¢» Baker, 2012). BLf could
have different iron saturation depending on the iron release and binding. In general, two
domains of each lobe of Lf close over when binding metal ion, and the domains open
when Lf releases iron (Anderson et al., 1990; Gerstein et al., 1993). Two forms of bovine
lactoferrin: metal-depleted (apo-bLf) and iron-saturated bLf (holo-bLf) were the most
common patterns in this large-scale conformational change. In Puddu et al. (1998) study,
apo-bLf and holo-bLf significantly suppressed HIV-1 replication and syncytium formation
and curtailed HIV-1 DNA in the C8166 T cell line when added prior to HIV infection or
during the viral adsorption step. Similarly, another study revealed that apo-bLf, native bLf,
or holo-bLf inhibited viral replication throughout the poliovirus infection cycle or during
viral adsorption, but could not suppress an infection stage after viral internalization into
the host cells (Marchetti et al., 1999). An earlier study showed that apo-bLf and holo-bLf are
able to prohibit attacking HT-29 cell from rotavirus in a dose-dependent manner (Superti et
al., 1997). It was shown that apo-lactoferrin hinders virus attachment to cell receptors since
it is able to bind the viral particles and to prevent both rotavirus haemagglutination and
viral binding to susceptible cells. All aforementioned lactoferrins acted on an early phase of
virus infection. At present, it is not clear whether bLf is able to inhibit the infection of HBV
after viral internalization into the host cells by a dose-dependent manner of iron saturation.
Therefore, the effect of bLf with different iron saturation on HBV was investigated in this
study in order to find a more ideal natural protein which could be anti-HBV.
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MATERIALS AND METHODS

Chemicals and viruses

BLf was produced by Westland Milk Products company with purity >90%. Iron
saturation of BLf (mg iron/100 g of bovine lactoferrin) was detected by atomic
absorption spectrophotometry (AA800; PerkinElmer, Waltham, MA, USA). According
to GB/T5009.90-2003 standard, FeSO, was dissolved in deionized water and prepared into
0 mg/L, 1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 5 mg/L, respectively. A total of 2 mg/ml of protein
concentration was added in the mixed acid digestion solution (nitric acid: perchloric acid
= 4: 1). After digestion, it was atomized by atomic absorption flame and the absorbance
value was determined at 248.3 nm. In a certain concentration range, the absorbance value
of iron is directly proportional to the iron content, which is quantitative compared with
the standard series. Recombinant human interferon-alpha 2B for injection (IFN-alpha 2B)
was purchased from Shenzhen Neptunus Interlong Bio-tech Co., Ltd. Fetal calf serum was
obtained from Zhejiang Tianhang Biotechnology Co., Ltd. (Tongxiang, China). DMEM
high glucose was afforded by Thermo Fischer Scientific Co., Ltd. (Waltham, MA, USA).
Benzylpenicillin sodium for injection and streptomycin sulfate for injection were purchased
from Shandong Lukang Pharmaceutical Co., Ltd. (Jining, China). Hepatitis B virus positive
serum was collected from 106 patients with hepatitis B (negative for hepatitis A and hepatitis
C) in the First Affiliated Hospital of Harbin Medical University. We mixed the serum of 106
patients, and filtered it with a 0.22 nm filter membrane in the biosafety cabinet to remove
bacteria. The hepatitis B virus was detected by the First Affiliated Hospital of Harbin
Medical University, and its load was 5x 10® copy/ml. This study was approved by the Ethics
Committee of First Afiliated Hospital of Harbin Medical University (IRB-AF/SC-04/02.0).
All participants included in this study signed informed consent.

Cell culture

HepG2 cells were donated from Harbin Medical University, and were cultured in DMEM
high glucose containing 10% inactivated fetal calf serum, 100 TU/ml penicillin and 100IU/ml
streptomycin at 37 °C, in 5% CO;. The media were freshened in the following day (5%
inactivated fetal calf serum; for cell maintenance the serum concentration was lowered to
3%) and the cells were passaged every three days.

Cytotoxicity assay

MTT method was used to detect the cytotoxicity of 24, 12, 6, 3, 1.5 mg/ml of bLf to
HepG2 cells by calculating the survival rate of the cells. The MTT (purchased from Labgic
Technology, Beijing, China) was dissolved in sterilized phosphate-buffered saline. The
final concentration was 5 mg/ml. In each well of 96-Well Cell Culture Plates, 200 ml of 5
x 10*/ml HepG2 cells were plated and cultured at 37 °C for 48 h. The reagents above were
all dissolved in DMEM high glucose and inoculated to cells with 10% inactivated fetal calf
serum, 100 IU/ml penicillin and 100 IU/ml streptomycin at 37 °C, in 5% CO,. Untreated
cells with equivalent amount of solvent were invoked as control. After 48 h, cytotoxicity
assay for bLf effect on HepG2 cells were initiated. The absorbance at wavelength of 550 nm
was measured by Microplate Reader (Bio-Rad, Hercules, CA, USA).
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The preparation of apo-bLf and holo-bLf

Apo-bLf was prepared by dialysis against 20 volumes of 0.1 mol/L citric acid (renewed
once). After 36 h, the citric acid was eliminated by dialysis against 20 volumes of deionized
water (twice renewed) for 24 h at 4 °C. After such treatment, the solution of bLf became
completely colorless (Masson ¢» Heremans, 1968). In order to obtain holo-bLf, apo-bLf
was dissolved in 0.1 mol/L sodium bicarbonate with 20 pg/ml of ferric chloride at room
temperature. After 24 h incubation, the protein was dialysis against 0.1 mol/L NaHCO, to
remove unconnected metal ions, and then the holo-bLf was freeze-dried (Marchetti et al.,
1999). Spectrofluorophotometer (RF-5301pc; Shimadzu, Kyoto, Japan) was used to prove
the bLf structure remained after Fe3T was exhausted or added. During the measurement,
0.03 mg/ml protein was added in one cm cuvette, the width of the fluorescence emission
and excitation slit is 5 nm, the excitation wavelength is 285 nm, and the emission spectrum
of 290-550 nm is drawn at room temperature. Iron saturation of bLf were determined by
atomic absorption spectrophotometry. The protein integrity was detected by SDS-PAGE.
The protein concentration was 0.1 mg/ml and the volume is 12 pl. Nanodrop (2000c:
Thermo Fisher Scientific, Waltham, MA, USA) was used to detect the concentration of
protein solution in each step at the wavelength of 280 nm.

Infection of HBV to cells

HepG2 cells were seeded on plastic wells at a density of 5 x 10* cells per well in 24-well
plates 24 h prior to viral inoculation, each well 1 ml. 100 pl serum which containing 5 x
10° copies/ml HBV was added to 1,000 I DMEM medium containing HepG2 cells. Then
the pH value was adjusted to 5.5. After cultured for 4 h at 37 °C, 1 ml of phosphate-buffered
saline (PBS, pH 7.2) was added to wash off the free HBV, this step repeated three times,
0.22 pm filter unit was adopted to filter HBV serum (Gripon et al., 2002; Mabit et al., 1994).

Anti-HBYV effect of lactoferrin with different iron saturation levels

The cells infected by HBV were eluted by PBS and cultured for 48 h, and then the
supernatant was removed. A total of 1 ml of PBS was added to wash the cells three times.
To evaluate the effect of protein iron saturation on the anti-HBV effect of bLf. Anti-HBV
experiments were carried out with apo-bLf, bLf and holo-bLf, respectively. 0.2 ml of
candidate protein of each concentration were applied to infected cells. The non-toxic
concentrations of each protein are 1.5, 1.0, 0.5 and 0.1 mg/ml, respectively. The infected
cells without any treatment are defined as positive groups. 2,500 IU/ml IFN-alpha 2B was
selected as the control group of conventional drugs (Zhou et al., 2008). We chose 6 pg/ml
FeCls (equivalent to the iron content of 1.5 mg/ml bLf), which is much less toxic to cells,
to be used in antiviral anti-HBV experiments (Terpilowska ¢» Siwicki, 2017). The antiviral
time of the above reagents lasted for 48 h. In this study, all sampling was done in triplicate.
All reagents are prepared or used after filtering by 0.22 pm filtration membranes to ensure

sterility.

Fluorescence quantitative-polymerase chain reaction (FQ-PCR)
According to the manufacturer’s protocols, DNA extraction of each sample was performed
using a DNA Vzol Kit (Vigorous Biotechnology Company, Haidian, China). At 4 °C,
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all DNA was dissolved in 100 pl TE solution. 2 pl of sample solution measuring was
determined. An HBV FQ-PCR diagnostic Kit was utilized to detect the HBV (DaAn
Gene Co., Ltd. of Sun Yat-Sen University) on the ABI7500 instrument platform (Applied
Biosystems, Waltham, MA, USA). HBV-DNA copies of samples was absolute quantitative
analyzed using HBV positive quantitative control standard solution. 1x10® copies/ml
positive HBV was diluted to five gradients of concentration of tenfold to standard curve
formation.

Statistical analysis

Data points were obtained from at least three different cell cultures, in which each condition
was assayed in triplicate. Values were expressed as mean £ SD. To calculate the statistical
significance of differences within groups, the one-way ANOVA analysis was utilized. The
data is tested for normality. Due to the non-normal distribution of data (Tables S1-52),
we used the Games-Howell test to achieve multiple comparisons between groups under
the condition of uneven variance. All the statistical analyses were finished by SPSS 23.0
software. The inspection level () of bilateral probabilistic tests was 0.05.

RESULTS

Preparation of protein and its integrity test

In this study, survival rate of 6, 3, 1.5 mg/ml of the bLf was not significantly different
from normal control (P > 0.05, n=4) (Table 1). The result of probit regression analysis
showed that the TCs( of bLf was 54.570 mg/ml, and TCy = 1.997 mg/ml. To be conservative,
1.5 mg/ml of bLf was selected as the maximum concentration in the subsequent experiment.
As shown in Fig. 1A, three candidate proteins integrity was determined using SDS-PAGE
stained with coomassie brilliant blue. Electrophoresis showed that the proteins had no tail
and other bands, indicating that the protein was not degraded and the purity was good.
Atomic absorption spectrophotometry was applied to detect the saturation of iron in bLf.
The iron saturation of bLf was 10.29% (mg iron/100 g of bLf), and the iron saturation of
apo-bLf and holo-bLf were 8.42% and 85.32%, respectively. The standard curve of iron
saturation was shown in Fig. 1B. As shown in Fig. 1C, the results of fluorescence spectrum
show that the peak shape of apo-bLf at 336 nm is the highest, followed by bLf, and the
lowest is holo-bLf. The fluorescence intensity of apo-bLf is the largest, followed by bLf
and holo-bLf, which shows that the combination with iron increases the fluorescence
quenching degree of bLf, and the maximum fluorescence intensity of the three proteins is
maintained at the wavelength of 336 nm, indicating that iron is a small molecule quencher
interacting with bLf.

The antiviral effect of candidate protein

In this study, fluorescence quantitative PCR was used to detect the anti-HBV effect of the
candidate protein. Figure 2 shows the standard PCR amplification curve and amplification
curve of sample. As shown in Fig. 3, four different concentrations of bLf were used

in the anti-HBV test. 1.5 mg/ml of bLf showed anti-HBV-DNA effect in HepG2 cells

(P =0.039, n=3), however, 1.0, 0.5 and 0.1 mg/ml concentration of bLf could not inhibit
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Table 1 Cytotoxicity test of lactoferrin on HepG2 cells in vitro (n =4).

bLf (mg/ml) x=ts Survival p
rate (%)
24 1.293 + 0.036 70.573 <0.001
12 1.577 £ 0.047 86.030 <0.001
6 1.770 &+ 0.057 96.603 0.069
3 1.756 4+ 0.037 95.825 0.029
1.5 1.827 £ 0.063 99.686 0.860
Normal control 1.832 £ 0.018 -
A B
Molecular 0.2 y=0.0339x +0.0021

Weight

27
Apo-bLf Holo-bLf bLf  Marker (D) R=09996

8 0.15-
g
<+——098 2 014
66 2
< ]
< 47 0.05
0+ T T T T T ]
«—3 0 1 2 3 4 5 6
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C
” 600.000
~+— Apo-bLf
«— 144 2 N
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£ 300.000
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7290.0 420.0 550.0

Wavelength (nm)

Figure 1 (A) Electrophoretogram of lactoferrin with different iron saturation. (B) The standard curve
of iron saturation of lactoferrin. (C) Fluorescence spectra of lactoferrin with different iron saturation.
Full-size & DOI: 10.7717/peer;j.17302/fig-1

HBV-DNA in HepG2 cells (P > 0.05, n=3). 1.5, 1.0, and 0.5 mg/ml concentration of
holo-bLf could not significantly inhibit HBV-DNA (P > 0.05, n=3) except 0.1 mg/ml
of holo-bLf showed marginal inhibitory effect on HBV-DNA (P = 0.048, n = 3). Any
sub-group of apo-bLf could not inhibit HBV-DNA. In order to justify whether single
Fe3* has the inhibitory effect on HBV, FeClzwas involved in this anti-HBV tested. In this
study, IFN-alpha 2B was used as negative control medicine and showed inhibitory effect
on HBV-DNA (P =0.001, n=3), whereas FeCls could not inhibit HBV-DNA (P = 0.843,
n=73) (Table S3). Multiple comparison detail results were shown in Tables 54-S6. In
addition, there are correlations between the anti-HBV effect of bLf, holo-bLf and its
concentrations (R = —0.76, P = 0.0042, R = 0.86, P = 0.0003, respectively), and the
relationship between the concentration of apo-bLf and the anti-HBV effect of apo-bLf was
not significant (R=0.36, P =0.25) (Fig. S1).
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Figure2 (A) Standard curve of HBV DNA detected by FQ-PCR. (B) FQ-PCR amplification curves of
standard, the concentrations of standards are 1 x 10% copies/ml, 1 x107 copies/ml, 1 x 10° copies/ml, 1
x 10° copies/ml, 1 x10* copies/ml, respectively.

Full-size & DOI: 10.7717/peer;j.17302/fig-2
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Figure 3 The effect of candidate agents inhibits HBV. Non-toxic concentrations of each protein are 1.5,
1.0, 0.5 and 0.1 mg/ml, respectively. 2,500 IU/ml IFN-alpha and 6 pg/ml FeCl; were involved in this test.
The infected cells without any treatment are defined as positive groups. Y-axis represents the natural loga-
rithm of HBV copies/ml. (A) Inhibition of bLf on HBV virus. (B) Inhibition of apo-bLf on HBV virus. (C)
Inhibition of holo-bLf on HBV virus. (D) Inhibition of Fe** on HBV virus.

Full-size &l DOI: 10.7717/peerj.17302/fig-3

DISCUSSION

In this study, iron-deficient and saturated bLf were prepared by bLf. Electrophoresis
results showed that the candidate proteins were not degraded. Fluorescence spectrum
of candidate proteins show that ions can bind to proteins, and with the increase of ions
saturation, the fluorescence density decreases gradually and no other new peaks appear.
These results indicate that the candidate protein can be used in the follow-up antiviral
experiments. In this study, FQ-PCR was used to absolutely quantify the copy number of
virus gene. The TCy of bLf was 1.997 mg/ml, so we selected 1.5, 1.0, 0.5 and 0.1 mg/ml
bLf in anti-HBV experiments. In the light of our results, 1.5 mg/ml bLf could inhibit
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HBV-DNA (P =0.039, n=3), and 1.0, 0.5 and 0.1 mg/ml bLf could not inhibit HBV-DNA
in HepG2 cells (P > 0.05, n=3). In Hara et al. (2002), nested polymerase chain reaction
method was adopted to qualitative analysis of anti-HBV effect. The result showed that
pretreating HBV serum with 1.0 or 0.1 mg/ml (higher concentration such as 1.5 mg/ml
is not included) of bLf does not effectively inhibit HBV to infect PH5CHS cells. This is
basically consistent with our results. We performed a dose—response relationship analysis
although only 1.5 mg/ml bLf was effective. The results showed that the concentration was
negatively correlated with the log value of HBV copy number. This suggests that higher
concentrations of the bLf may have better anti-HBV effects. It is necessary to carry out
further antiviral experiments.

In our study, all concentrations of apo-bLf did not show anti-HBV effects. The two
globular lobes of Lf are folded as alpha-helical structures, beta-sheet structures, or random
coil structures (Legrand et al., 2008). At pH 2.0, apo-Lf contains less alpha-helical structures
and random coil structures. We speculate that the deficiency of iron can change the
proportion of alpha-helical and beta-sheet structure of Lf, which may affect the anti-HBV
activity of Lf as a result. The results of our study show that the anti-HBV effect of candidate
bLf is different because of the different conformational states although the iron saturation
in apo- and native bLf form is nearly identical (8.42% and 10.29%). BLf could bound to
iron at even pH 3.5 condition. However, apo-bLf requires more lower pH to maintain iron
deficiency (Baker ¢» Baker, 2012). Therefore, in the antiviral experiment of apo-bLf, the pH
value in the solution will affect its anti-HBV effect. In addition, Lf exhibits a high positive
charge with an isoelectric point of 9—10 and uneven surface charge distribution. The higher
concentrations of Lf may cause the positive charge to change and favor adsorption to
the cell membrane for bLf. This may explain why lower concentrations of bLf have no
inhibitory effect.

In our study, 1.5, 1.0, 0.5 mg/ml holo-bLf has no effect on HBV-DNA, and marginal
inhibitory effect was showed only in 0.1 mg/ml concentrations. Based on its binding
metal status, Lf could express another conformational state. In the iron-binding role, Lf
behaves as a classic binding protein. Each lobe of Lf is fully closed over and bound to
one Fe’* ion, each Fe’T ion associated with a corresponding carbonate ion. This closed,
metal-bound form is highly stable and relatively rigid as metal ions lock the domains
together. Such a conformational change might explain why Lf has a low affinity for its
receptors. A previous study has shown that iron-saturated bLf lose their ability to inhibit
HSV (Marchetti et al., 1998). High concentration of holo-bLf may form aggregates or gels,
and it may affect its adsorption capacity. We speculate that this closed, metal-bound form
may also affect physical forces, such as hydrophobic interaction, hydrogen bonding and
electrostatic interaction, at high concentrations. Interestingly, holo-bLf may be dissolved
at low concentration, thus showing marginal anti-HBV effects. This may be the reason why
low concentration of holo-bLf has anti-HBV effects. It is necessary to increase the sample
size to evaluate the physiological significance of iron-saturated bLf in further study. In
order to determine whether Fe’T alone will affect the anti-HBV effect, 6 wg/ml of FeCls
(which is almost equivalent to bLf with iron saturation of 1.5 mg/ml) was used in this
antivirus study. The experimental results showed that iron ion itself could not inhibit HBV
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virus. Based on the results of this study, we believe that the anti-hepatitis B virus effect of
bLf is related to its binding iron saturation.

There were studies demonstrating that bLf exhibit the anti-HBV ability after pre-
incubated with cells suggesting an interaction with cell-surface receptors involved in
viral adhesion (Hara et al., 2002; Li et al., 2009). Florian et al. (2013) reported that human
Lf-derived synthetic peptide HLP;_,3 could effectively prevent HBV to infect HepaRG
cells, and also found that the major adhesion target is plasma membrane molecules of
cell. Tt is known that Lf functions possibly by interacting with heparin sulfate and many
other glycosaminoglycans. There is a study reporting that the intact Lf can significantly
inhibit HSV-1 by competing for heparin sulphate proteoglycans at cell receptor binding
sites (Marchetti et al., 1996). McAbee, Bennatt ¢ Ling (1998) observed that Lf could bind
to the asialoglycoprotein receptor in rat hepatocytes, which may be associated with HBV
infection (Treichel et al., 1997). Our research shows that 1.5 mg/ml bLf can inhibit the
replication of HBV after cells are infected with HBV. The relevant mechanism is not clear,
and further study is needed.

The results of a pharmacokinetic experiment of Lf in rats and mice demonstrated
that the liver could quickly clear the Lf from the bloodstream, and both hepatocytes and
Kupffer cells had the ability to adhere to Lf (van der Strate et al., 2001). Another research
revealed that human Lf distribution in the liver of patients affected by HBV is uneven,
and the liver may intake Lf from the extracellular environment ( Tuccari et al., 2002). Lf is
relatively resistant to intestinal proteolytic enzymes, and the gastric survival of Lf is above
50% (Jiang ¢» Lonnerdal, 20145 Troost et al., 2001). It can reach the small intestine, and
undigested fragments of Lf in the urine and feces of infants have been found (Hamosh,
1998). Currently, there have been enteral interventions involving bLf (The ELFIN trial
investigators group, 2019). Therefore, it is possible to test the anti-HBV activity of bLf
in vivo; we will perform a controlled experimentation in animal models to confirm this
hypothesis in a further study.

There were several limitations in this study. First, the anti-HBV mechanism of bLf under
different percentages of iron saturation was not studied. Second, we did not conduct an
antiviral intervention experiment in animals or humans with the protein. We will carry
out further research in a future study. Third, our study observed the initial phase of the
hepatitis B virus infection, long-term efficacy of bLf on HBV will be tested in a following
experiment.

CONCLUSION

A total of 1.5 mg/ml bLf and 0.1 mg/ml holo-bLf could inhibit HBV-DNA in HepG2 cells.
Complete bLf structure, appropriate concentration and iron saturation of bLf are necessary
conditions for anti-HBV effects.

Zhou et al. (2024), PeerdJ, DOI 10.7717/peerj.17302 10/14


https://peerj.com
http://dx.doi.org/10.7717/peerj.17302

Peer

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was supported by the Research Project of Health and Family Planning
Commission of Heilongjiang Province (Grant No. 20221212070999) and Ruikangyuan
Ltd. Co. (Grant No. sky20200921). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Research Project of Health and Family Planning Commission of Heilongjiang Province:
20221212070999.

Ruikangyuan Ltd. Co.: sky20200921.

Competing Interests
Yiwei Zhu is an employee of Chongqing Food Industry Research Institute Co., Ltd.

Author Contributions

e Haibo Zhou performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Yiwei Zhu analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.

e Ning Liu analyzed the data, prepared figures and/or tables, and approved the final draft.

e Wencui Zhang conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Jianchun Han conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Ethics Committee of First Afiliated Hospital of Harbin Medical University (IRB-
AF/SC-04/02.0).

Data Availability
The following information was supplied regarding data availability:
The raw data are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.17302#supplemental-information.

Zhou et al. (2024), PeerdJ, DOI 10.7717/peerj.17302 1114


https://peerj.com
http://dx.doi.org/10.7717/peerj.17302#supplemental-information
http://dx.doi.org/10.7717/peerj.17302#supplemental-information
http://dx.doi.org/10.7717/peerj.17302#supplemental-information
http://dx.doi.org/10.7717/peerj.17302

Peer

REFERENCES

Anderson BF, Baker HM, Norris GE, Rumball SV, Baker EN. 1990. Apolactoferrin
structure demonstrates ligand-induced conformational change in transferrins.
Nature 344(6268):784—787 DOI 10.1038/344784a0.

Ascione A, Ascione T, Lanza AG, Utech W, Di Costanzo GG, Macri M. 2006. Factors
influencing outcome of lamivudine in anti-HBe-positive chronic hepatitis B.
Hepatogastroenterology 53(72):919-923.

Baker HM, Baker CJ, Smith CA, Baker EN. 2000. Metal substitution in transferrins:
specific binding of cerium(IV) revealed by the crystal structure of cerium-substituted
human lactoferrin. Journal of Biological Inorganic Chemistry 5(6):692—698
DOI 10.1007/s007750000157.

Baker HM, Baker EN. 2012. A structural perspective on lactoferrin function. Biochemistry
and Cell Biology 90(3):320-328 DOI 10.1139/011-071.

Carvalho CA, Sousa Jr IP, Silva JL, Oliveira AC, Goncalves RB, Gomes AM. 2014. Inhi-
bition of Mayaro virus infection by bovine lactoferrin. Virology 452-453:297-302
DOI 10.1016/j.virol.2014.01.022.

Chien YJ, Chen WJ, Hsu WL, Chiou SS. 2008. Bovine lactoferrin inhibits Japanese
encephalitis virus by binding to heparan sulfate and receptor for low density
lipoprotein. Virology 379(1):143-151 DOI 10.1016/.virol.2008.06.017.

Dienstag JL, Schiff ER, Mitchell M, Casey Jr DE, Gitlin N, Lissoos T, Gelb LD, Condreay
L, Crowther L, Rubin R, Brown N. 1999. Extended lamivudine retreatment for
chronic hepatitis B: maintenance of viral suppression after discontinuation of
therapy. Hepatology 30(4):1082—1087 DOI 10.1002/hep.510300427.

Florian PE, Macovei A, Lazar C, Milac AL, Sokolowska I, Darie CC, Evans RW,
Branza-Nichita N. 2013. Characterization of the anti-HBV activity of HLP1-23,

a human lactoferrin-derived peptide. Journal of Medical Virology 85(5):780-788
DOI10.1002/jmv.23549.

Gerstein M, Anderson BF, Norris GE, Baker EN, Lesk AM, Chothia C. 1993. Do-
main closure in lactoferrin. Two hinges produce a see-saw motion between al-
ternative close-packed interfaces. Journal of Molecular Biology 234(2):357-372
DOI 10.1006/jmbi.1993.1592.

Gripon P, Rumin S, Urban S, Le Seyec J, Glaise D, Cannie I, Guyomard C, Lucas J,
Trepo C, Guguen-Guillouzo C. 2002. Infection of a human hepatoma cell line by
hepatitis B virus. Proceedings of the National Academy of Sciences of the United States
of America 99(24):15655-15660 DOI 10.1073/pnas.232137699.

Hamosh M. 1998. Protective function of proteins and lipids in human milk. Biology of the
Neonate 74(2):163—176 DOT 10.1159/000014021.

Hao L, Shan Q, Wei J, Ma F, Sun P. 2019. Lactoferrin: major physiological func-
tions and applications. Current Protein ¢ Peptide Science 20(2):139-144
DOI10.2174/1389203719666180514150921.

Zhou et al. (2024), PeerdJ, DOI 10.7717/peerj.17302 12/14


https://peerj.com
http://dx.doi.org/10.1038/344784a0
http://dx.doi.org/10.1007/s007750000157
http://dx.doi.org/10.1139/o11-071
http://dx.doi.org/10.1016/j.virol.2014.01.022
http://dx.doi.org/10.1016/j.virol.2008.06.017
http://dx.doi.org/10.1002/hep.510300427
http://dx.doi.org/10.1002/jmv.23549
http://dx.doi.org/10.1006/jmbi.1993.1592
http://dx.doi.org/10.1073/pnas.232137699
http://dx.doi.org/10.1159/000014021
http://dx.doi.org/10.2174/1389203719666180514150921
http://dx.doi.org/10.7717/peerj.17302

Peer

Hara K, Ikeda M, Saito S, Matsumoto S, Numata K, Kato N, Tanaka K, Sekihara H.
2002. Lactoferrin inhibits hepatitis B virus infection in cultured human hepatocytes.
Hepatology Research 24(3):228 DOI 10.1016/51386-6346(02)00088-8.

Ianiro G, D’Ezio V, Carpinelli L, Casella C, Bonaccorsidi Patti MC, Rosa L, Valenti
P, Colasanti M, Musci G, Cutone A, Persichini T. 2023. Iron saturation drives
lactoferrin effects on oxidative stress and neurotoxicity induced by HIV-1 Tat.
International Journal of Molecular Sciences 24(9):7947 DOI 10.3390/ijms24097947.

Jiang R, Lonnerdal B. 2014. Transcriptomic profiling of intestinal epithelial cells
in response to human, bovine and commercial bovine lactoferrins. Biometals
DOI 10.1007/s10534-014-9746-3.

Lai CL, Chien RN, Leung NW, Chang TT, Guan R, Tai DI, Ng KY, Wu PC, Dent
JC, Barber J, Stephenson SL, Gray DF. 1998. A one-year trial of lamivudine for
chronic hepatitis B. Asia Hepatitis Lamivudine Study Group. New England Journal
of Medicine 339(2):61-68 DOI 10.1056/NEJM199807093390201.

Legrand D, Pierce A, Elass E, Carpentier M, Mariller C, Mazurier J. 2008. Lacto-
ferrin structure and functions. Advances in Experimental Medicine and Biology
606:163—-194 DOI 10.1007/978-0-387-74087-4_6.

Li S, Zhou H, Huang G, Liu N. 2009. Inhibition of HBV infection by bovine lacto-
ferrin and iron-zinc-saturated lactoferrin. Medical Microbiology and Immunology
198(1):19-25 DOI 10.1007/s00430-008-0100-7.

Mabit H, Dubanchet S, Capel F, Dauguet C, Petit MA. 1994. In vitro infection of
human hepatoma cells (HepG2) with hepatitis B virus (HBV): spontaneous
selection of a stable HBV surface antigen-producing HepG2 cell line containing
integrated HBV DNA sequences. Journal of General Virology 75(Pt 10):2681-2689
DOI 10.1099/0022-1317-75-10-2681.

Marchetti M, Longhi C, Conte MP, Pisani S, Valenti P, Seganti L. 1996. Lactoferrin
inhibits herpes simplex virus type 1 adsorption to Vero cells. Antiviral Research 29(2-
3):221-231 DOI 10.1016/0166-3542(95)00840-3.

Marchetti M, Pisani S, Antonini G, Valenti P, Seganti L, Orsi N. 1998. Metal complexes
of bovine lactoferrin inhibit in vitro replication of herpes simplex virus type 1 and 2.
Biometals 11(2):89-94 DOI 10.1023/a:1009217709851.

Marchetti M, Superti F, Ammendolia MG, Rossi P, Valenti P, Seganti L. 1999. Inhibi-
tion of poliovirus type 1 infection by iron-manganese- and zinc-saturated lactoferrin.
Medical Microbiology and Immunology 187(4):199-204 DOI 10.1007/s004300050093.

Marr AK, Jenssen H, Moniri MR, Hancock RE, Pante N. 2009. Bovine lactoferrin
and lactoferricin interfere with intracellular trafficking of Herpes simplex virus-1.
Biochimie 91(1):160—-164 DOI 10.1016/j.biochi.2008.05.016.

Masson PL, Heremans JF. 1968. Metal-combining properties of human lactoferrin (red
milk protein). 1. The involvement of bicarbonate in the reaction. European Journal of
Biochemistry 6(4):579—-584 DOI 10.1111/j.1432-1033.1968.tb00484.x.

McAbee DD, Bennatt DJ, Ling YY. 1998. Identification and analysis of a CA(2+)-
dependent lactoferrin receptor in rat liver, Lactoferrin binds to the asialoglycoprotein

Zhou et al. (2024), PeerdJ, DOI 10.7717/peerj.17302 13/14


https://peerj.com
http://dx.doi.org/10.1016/s1386-6346(02)00088-8
http://dx.doi.org/10.3390/ijms24097947
http://dx.doi.org/10.1007/s10534-014-9746-3
http://dx.doi.org/10.1056/NEJM199807093390201
http://dx.doi.org/10.1007/978-0-387-74087-4_6
http://dx.doi.org/10.1007/s00430-008-0100-7
http://dx.doi.org/10.1099/0022-1317-75-10-2681
http://dx.doi.org/10.1016/0166-3542(95)00840-3
http://dx.doi.org/10.1023/a:1009217709851
http://dx.doi.org/10.1007/s004300050093
http://dx.doi.org/10.1016/j.biochi.2008.05.016
http://dx.doi.org/10.1111/j.1432-1033.1968.tb00484.x
http://dx.doi.org/10.7717/peerj.17302

Peer

receptor in a galactose-independent manner. Advances in Experimental Medicine and
Biology 443:113-121 DOI 10.1007/978-1-4757-9068-9_14.

McCann KB, Lee A, Wan J, Roginski H, Coventry MJ. 2003. The effect of bovine
lactoferrin and lactoferricin B on the ability of feline calicivirus (a norovirus
surrogate) and poliovirus to infect cell cultures. Journal of Applied Microbiology
95(5):1026-1033 DOI 10.1046/j.1365-2672.2003.02071 .x.

Mistry N, Drobni P, Naslund J, Sunkari VG, Jenssen H, Evander M. 2007. The anti-
papillomavirus activity of human and bovine lactoferricin. Antiviral Research
75(3):258-265 DOI 10.1016/j.antiviral.2007.03.012.

Puddu P, Borghi P, Gessani S, Valenti P, Belardelli F, Seganti L. 1998. Antiviral effect of
bovine lactoferrin saturated with metal ions on early steps of human immunodefi-
ciency virus type 1 infection. The International Journal of Biochemistry & Cell Biology
30(9):1055-1062 DOI 10.1016/s1357-2725(98)00066-1.

Superti F, Ammendolia MG, Valenti P, Seganti L. 1997. Antirotaviral activity
of milk proteins: lactoferrin prevents rotavirus infection in the enterocyte-
like cell line HT-29. Medical Microbiology and Immunology 186(2-3):83-91
DOI 10.1007/s004300050049.

Terpilowska S, Siwicki AK. 2017. Chromium(III) and iron(III) inhibits replication of
DNA and RNA viruses. Biometals 30(4):565-574 DOI 10.1007/s10534-017-0027-9.

The ELFIN trial investigators group. 2019. Enteral lactoferrin supplementation for very
preterm infants: a randomised placebo-controlled trial. Lancetr 393(10170):423-433
DOI 10.1016/S0140-6736(18)32221-9.

Treichel U, Meyer zum Buschenfelde KH, Dienes HP, Gerken G. 1997. Receptor-
mediated entry of hepatitis B virus particles into liver cells. Archives of Virology
142(3):493-498 DOI 10.1007/s007050050095.

Troost FJ, Steijns ], Saris WH, Brummer RJ. 2001. Gastric digestion of bovine lactoferrin
in vivo in adults. The Journal of Nutrition 131(8):2101-2104 DOI 10.1093/jn/131.8.2101.

Tuccari G, Villari D, Giuffre G, Simone A, Squadrito G, Raimondo G, Barresi G.

2002. Immunohistochemical evidence of lactoferrin in hepatic biopsies of pa-
tients with viral or cryptogenetic chronic liver disease. Histology & Histopathology
17(4):1077-1083 DOI 10.14670/HH-17.1077.

van der Strate BW, Beljaars L, Molema G, Harmsen MC, Meijer DK. 2001. Antiviral
activities of lactoferrin. Antiviral Research 52(3):225-239
DOI10.1016/s0166-3542(01)00195-4.

WHO. 2017. Global hepatitis report, 2017. Available at https://www.who.int/publications/
i/item/global-hepatitis-report-2017.

Yount NY, Andres MT, Fierro JF, Yeaman MR. 2007. The gamma-core motif
correlates with antimicrobial activity in cysteine-containing kaliocin-1 origi-
nating from transferrins. Biochimica et Biophysica Acta 1768(11):2862-2872
DOI 10.1016/j.bbamem.2007.07.024.

Zhou H, Li S, Huang G, Liu N. 2008. Study of inhibition effect of zinc-iron- and
manganese-saturated bovine lactoferrin on hepatitis B virus DNA in vitro. Wei Sheng
Yan Jiu 37(5):586—589.

Zhou et al. (2024), PeerdJ, DOI 10.7717/peerj.17302 14/14


https://peerj.com
http://dx.doi.org/10.1007/978-1-4757-9068-9_14
http://dx.doi.org/10.1046/j.1365-2672.2003.02071.x
http://dx.doi.org/10.1016/j.antiviral.2007.03.012
http://dx.doi.org/10.1016/s1357-2725(98)00066-1
http://dx.doi.org/10.1007/s004300050049
http://dx.doi.org/10.1007/s10534-017-0027-9
http://dx.doi.org/10.1016/S0140-6736(18)32221-9
http://dx.doi.org/10.1007/s007050050095
http://dx.doi.org/10.1093/jn/131.8.2101
http://dx.doi.org/10.14670/HH-17.1077
http://dx.doi.org/10.1016/s0166-3542(01)00195-4
https://www.who.int/publications/i/item/global-hepatitis-report-2017
https://www.who.int/publications/i/item/global-hepatitis-report-2017
http://dx.doi.org/10.1016/j.bbamem.2007.07.024
http://dx.doi.org/10.7717/peerj.17302

