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Bovine lactoferrin peptidic fragments involved in inhibition
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Abstract

Bovine lactoferrin is a multifunctional glycoprotein folded in two symmetric globular lobes (N- and C-lobes), each being able to bind one ferric
ion. We have previously demonstrated that this protein is able to prevent echovirus-induced apoptosis. In the present study, we have investigated
both the role of tryptic fragments of bovine lactoferrin and the mechanism of lactoferrin effect on echovirus infection. Results obtained showed
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hat bovine lactoferrin inhibits echovirus-induced cytopathic effect and antigen synthesis in a dose-dependent manner and that this pre
o prevent viral replication when added not only during the entire cycle of infection but also before, during or after the viral adsorption
-terminal cationic peptide was sufficient to prevent viral binding. Our data suggest that lactoferrin inhibition of echovirus attachme

eceptors could be mediated by the cluster of positive charges at its N-terminus (lactoferricin).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Echoviruses are small, naked, single-stranded RNA viruses
hich are members of the enterovirus genus. Enteroviruses,
elonging to the Picornaviridae family, represent 68 human
erotypes that have been classified into five species (A–D and
he polioviruses). In particular, human enteroviruses are enteri-
ally transmitted viruses responsible for various illnesses among
nfants and children, with a seasonal peak of infection in the
ummer and autumn. Aseptic meningitis, which affects mainly
ery young children, is the most commonly encountered ill-
ess associated with enterovirus infections, and members of the
uman enterovirus B species, especially echovirus and coxsack-

evirus B, have been recognized as the most common viruses
esponsible for aseptic meningitis worldwide (Hyypiä et al.,
997; Zeichard and Grunert, 2000). Echoviruses may also be

he cause of devastating disease and death in neonates (John and
alker, 1999; Modlin, 2000; Ventura et al., 2001). In adults and

∗ Corresponding author. Tel.: +39 064990 2955; fax: +39 064938 7140.

immunocompetent children fatal echovirus infections are
while neonates are more receptive to echovirus infection, p
ably because of a relative immunodeficiency and of a lac
transplacentally acquired specific neutralizing antibodies. I
also been demonstrated that breast-feeding is strictly asso
with protection from enterovirus infection (Jenista et al., 1984).

It is well known that milk, in addition to secretory IgA a
IgM, also contains numerous non-antibody components
known antiviral activity, including lactoferrin (Laegreid et al.
1986; Levay and Viljoen, 1995; Peterson et al., 1998; Porte
al., 1998). Bovine lactoferrin (bLf) is a glycoprotein consisti
of a single polypeptide chain of 689 amino acidic residues,
a molecular mass of about 80 kDa, which binds two iron at
with very high affinity (Legrand et al., 1990). Bovine lactofer
rin, like lactoferrin of other mammalian species, is folded
two symmetric globular lobes. Each one is itself folded into
domains (N-lobe: N1 and N2; C-lobe: C1 and C2) each
taining a Fe3+ binding site (Norris et al., 1986; Moore et a
1997). Moreover, bLf has an alkaline isoelectric point (abouI
9) and its cationic nature could have a major role in the abili
bind cells and many anionic molecules, such as glycosamin
E-mail address: superti@iss.it (F. Superti). cans. In particular, at physiological pH, bLf possesses noticeable
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clusters of positively charged amino acids at the N-terminus
that have been shown to be important for glycosaminoglycan
and lipopolysaccharide binding (Shimazaki et al., 2000). BLf
is present in various biological fluids and in specific granules
of polymorphonuclear leukocytes (Gennaro et al., 1983), and
possesses a variety of biological functions, such as promotion
of iron absorption, immunomodulation, and inhibiting activity
towards different pathogens (Levay and Viljoen, 1995; Valenti
et al., 1998; Vorland, 1999; van der Strate et al., 2001; Marchetti
and Superti, 2001). BLf has been recognized as potent inhibitors
of the replication of different enveloped viruses such as human
cytomegalovirus (HCMV) (Hasegawa et al., 1994; Harmsen et
al., 1995; Andersen et al., 2001), herpes simplex virus (HSV)
1 and 2 (Fujihara and Hayashi, 1995; Marchetti et al., 1996,
1998), human immunodeficiency virus (HIV) (Harmsen et al.,
1995; Swart et al., 1996; Puddu et al., 1998), human hepatitis C
virus (HCV) (Ikeda et al., 1998, 2000), hantavirus (Murphy et
al., 2000), and hepatitis B virus (Hara et al., 2002). The antivi-
ral effect of bLf against some non-enveloped viruses has been
also demonstrated (Superti et al., 1997, 2001; Marchetti et al.,
1999; Arnold et al., 2002; Lin et al., 2002; McCann et al., 2003;
Drobni et al., 2004; Seganti et al., 2004; Tinari et al., 2005).
Although for almost all viruses investigated to date bLf exerts
its inhibiting activity in the early phases of infection, its antiviral
effect seems to be exercised in different ways among different
viral species. A direct bLf binding to HIV-1 (Swart et al., 1996),
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that the anti-echovirus activity of bLf is due to an interaction with
a very early phase of the viral infection. In particular, the activ-
ity of the N-lobe was comparable to that of the entire protein,
in that it was able to prevent both viral binding to cell recep-
tors and the step immediately after virus attachment. Moreover,
we demonstrated that the fragment containing 25 amino acid
residues (17–41) of the N-terminal part of bLf, corresponding
to bLfcin, sufficed to prevent echovirus 6 attachment to target
cells.

2. Materials and methods

2.1. Cells

Green monkey kidney (GMK) cells were grown at 37◦C
in a humidified atmosphere with 5% CO2 in minimal essen-
tial medium (MEM; Gibco, Paisley, UK) containing 1.2 g/l
NaHCO3, and supplemented with 10% inactivated foetal
calf serum (FCS; Flow Laboratories), 2 mM glutamine, non-
essential amino acids, penicillin (100 IU/ml), and streptomycin
(100�g/ml).

2.2. Virus

Echovirus type 6 (kindly provided by Prof. Lucilla Seganti,
University “La Sapienza”, Rome) was grown in GMK cells.
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epatitis C virus envelope proteins (Yi et al., 1997), rotavirus
Superti et al., 1997), poliovirus (Marchetti et al., 1999), ade-
ovirus (Pietrantoni et al., 2003), and enterovirus 71 (Weng
t al., 2005) has been suggested. Moreover, as bLf is kn

o bind cell surface heparan sulphate containing proteogly
Ji and Mahley, 1994), which in turn act as binding sites f
ifferent viruses such as HSV-1, human papillomavirus,
denovirus (WuDunn and Spear, 1989; Giroglou et al., 20
echecchi et al., 2001), its inhibiting activity on these viruse
as been ascribed to a competition for cell receptors (Di Biase
t al., 2003; Marchetti et al., 2004; Drobni et al., 2004). Inter-
stingly, a further effect on a later intracellular step of v

nfection has been described for rotavirus (Superti et al., 1997)
nd, more recently, we demonstrated that bLf treatment ca
ent echovirus-induced programmed cell death (Tinari et al.,
005). Twenty-five amino acid residues of the N-terminal p
f bLf correspond to a peptide called lactoferricin (bLfc
hich is generated upon gastric cleavage of the protein (Tomita
t al., 1991). Even if an activity of bLfcin against bacteria, fun
nd protozoa (Bellamy et al., 1992, 1993; Isamida et al., 19
urchany et al., 1995), is well known, an antiviral activity o

his peptide has only recently been reported for herpesvi
Hammer et al., 2000; Andersen et al., 2001, 2003, 2004), feline
alicivirus (McCann et al., 2003), and adenovirus (Di Biase e
l., 2003). It has been also demonstrated that bLfcin is ab
ind glycosaminoglycans and, in particular, heparin (Shimazak
t al., 1998).

In the present study, we have attempted to clarify the m
nism of the anti-echovirus 6 effect of bLf and the role o

ryptic fragments (the N- and C-lobes and the N-terminal pep
Lfcin) in the antiviral activity. Results obtained demonstra
s
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irus was inoculated onto confluent monolayers grown in ro
ottles at a multiplicity of infection (m.o.i.) of 1 plaque for

ng unit (p.f.u.)/cell. After 90 min at 37◦C, the inoculum wa
emoved, and the monolayers were washed once in phos
uffered saline (PBS, pH 7.4) and then incubated at 37◦C in
EM containing 1.2 g/l NaHCO3, and supplemented with 2

nactivated FCS, 2 mM glutamine, non-essential amino a
enicillin (100 IU/ml), and streptomycin (100�g/ml). When
xtensive cytopathic effect (c.p.e.) was observed, infected
ures were frozen and thawed three times, centrifuged (3000× g;
0 min), and supernatants were stored at−70◦C. This stock
irus was titered by plaque assay on GMK cells.

.3. Lactoferrin

Lactoferrin from bovine milk (bLf), kindly supplied by Dico
arm (Rome, Italy), was dissolved as stock solution (10 mg
n pyrogen-free PBS. Protein purity was checked by SDS-P
tained with silver nitrate and was judged to be greater than
rotein concentration was determined by UV spectroscop

he basis of the extinction coefficient of 15.1 (280 nm, 1% s
ion) (Groves, 1960).

.4. Endotoxin removal from bLf

BLf was solubilized in NaCl 0.5 M (pyrogen-free) at a c
entration of 10 mg/ml. The removal of lipopolysaccha
LPS; Endotoxin), putatively conjugated to bLf, was obtaine
etoxy-Gel (Pierce Chemical Company, Rockford, IL, US
he Detoxy-Gel support consisted of polimyxin B, immobiliz
n agarose, which binds and removes pyrogen from solu
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Briefly, 1 ml of the gel, packed in a column, was washed with
five column volumes of 1% sodium deoxycholate to strip the
putatively bound endotoxin from the gel. Then, five washings
of pyrogen-free water were performed to remove the detergent
and the gel was equilibrated with NaCl 0.5 M (pyrogen-free).
Successively 10 mg/ml of bLf were applied and 300 ml of the
sample were eluted at time 0. After 1 h incubation, 200 ml of
NaCl 0.5 M (pyrogen-free) were added and the detoxified bLf
was collected.

2.5. Enzymatic hydrolysis of bLf and HPLC separation,
purification and characterization of N- and C-lobes

BLf (4 mg/ml) was dissolved in 50 mM ammonium bicarbon-
ate, pH 8.5, and trypsin (from bovine pancreas TPCK treated,
Sigma Chemical Company, St. Louis, MO) digestion was per-
formed at 37◦C overnight using an enzyme to substrate ratio of
1:50 (w/w). The N- and C-lobes obtained by enzymatic hydroly-
sis were purified by reverse phase HPLC on a Vydac C18 column
(250 mm× 10 mm, 5�m) using a Waters HPLC System (Data-
system Millenium, HPLC pumps Waters 510, Detector Waters
486). Eluents were 0.1% trifluoroacetic acid (solvent A) and
0.07% trifluoroacetic acid in 95% acetonitrile (solvent B). The
elution was performed by means of a short linear gradient from
35 to 55% solvent B over 20 min at a flow rate of 3.5 ml/min and
monitored at 220 nm. The trypsin-containing fraction was dis-
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when at least one of the parameters was affected in 100% of cells,
or partial cytotoxicity (+) when one parameter was affected in
50% of cells, or absence of cytotoxicity (−) when none of the
parameters was affected. Protein dilutions that did not affect any
of these parameters were considered as non-cytotoxic concen-
trations and utilized for antiviral assays.

2.8. Action of bLf on echovirus antigen synthesis and viral
cytopathic effect

GMK cells grown in tissue culture chamber slides (Lab-
Tek, Nunc Laboratories) or 96-well tissue culture microplates
for 24 h at 37◦C in 5% CO2, were incubated with different
concentrations of bLf during the virus attachment step (1 h,
4◦C). As viral inoculum was utilized echovirus at a m.o.i. of
1 p.f.u./cell. Then, cells were rinsed thoroughly and incubated
with the same concentrations of bLf for 5 or 24 h at 37◦C in 5%
CO2. Viral antigen synthesis was monitored at 5 h after infection
by indirect immunofluorescence. The cytopathic effect induced
by echovirus was measured at 24 h after infection by the neutral
red uptake assay as previously described (Marchetti et al., 1996).
Results are expressed as percentage of fluorescence or cytopathic
effect inhibition by comparison with untreated infected control
cultures.

2.9. Effect of bLf, N- and C-lobes and bLfcin on different
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harged since it did not co-elute with fractions containing
obes. In addition, control experiments did not show resi
ryptic activity in the digested fractions of bLf since the enzy
nderwent auto-hydrolysis and inactivation due to denatu
onditions of HPLC. Electrophoretic analysis (SDS-PAGE
he HPLC fractions was carried out using 12.5% gels sta
y Comassie Blue R250. Purification and characterizatio
Lf N- and C-lobes were carried out as previously descr
Siciliano et al., 1999; Superti et al., 2001). Fractions contain
ng bLf lobes were collected, dried in a Speed-Vac centri
Savant), lyophilized twice and stored at−20◦C.

.6. Lactoferricin

BLfcin was isolated according toRecio and Visser (1999,
issolved in minimal essential medium (Gibco, Paisley, UK)
.2, at a concentration of 4 mg/ml, sterilized by filtration w
.45�M Millipore filters (Millipore SA, Molsheim, France) an
tored at−20◦C in 1 ml aliquots.

.7. Cytotoxicity assay

To establish the maximal non-cytotoxic dose of proteins,
old serial dilutions of each substance in MEM were incub
t 37◦C with confluent GMK cells grown in 96-well tissue c

ure microplates (Flow Laboratories). After 24, 48, and 7
he following parameters were evaluated: cell morphology
iability (determined by neutral red staining) were examine
ight microscopy, cell enumeration was evaluated quantitat
y microscopic counts after dispersion into individual cells w

rypsin. Results were expressed as complete cytotoxicity
f

)

teps of echovirus infection

GMK cells, grown in tissue culture chamber slides (Lab-T
alge Nunc International, Rochester, NY) for 24 h at 37◦C in
% CO2, were infected with echovirus (1 p.f.u./cell) for 1 h
◦C, then viral inoculum was removed, cell monolayers w
ashed three times with MEM and incubated at 37◦C in 5%
O2. Virus antigen synthesis was monitored at 5 h after in

ion by indirect immunofluorescence. To ascertain whethe
ntiviral effect of proteins took place on viral adsorption o
different step of viral replication, the inhibiting activity

2.5�M bLf, N- or C-lobes, and bLfcin was assessed by
ollowing experimental procedures: (i) the cells were incub
ith proteins (30 min at 37◦C), washed three times with mediu
nd than infected (1 h at 4◦C), (ii) proteins were added togeth
ith the virus inoculum during the adsorption step (1 h at 4◦C),

iii) proteins were incubated with the cells after the viral ads
ion step (5 h at 37◦C), and (iv) proteins were present during
hole experiment.

.10. Time of addition assay

BLf, N-lobe, and bLfcin (12.5�M) were also tested in a tim
f addition assay. For these experiments, after the viral at
ent step (1 h at 4◦C) cells were washed twice with MEM a

ncubated at 37◦C. The inhibiting activity of 12.5�M bLf, N-
obe, and bLfcin was assessed by two different experim
rocedures: (i) proteins were added to the cells after the
erature shift and incubated for different lengths of times
ii) proteins were added to the cells at different times afte
iral attachment step until the end of the infectious cycle. V
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antigen synthesis was monitored at 5 h after infection by indirect
immunofluorescence.

2.11. Immunofluorescence

GMK infected cells were washed in PBS, fixed in acetone at
−20◦C for 5 min, incubated with monoclonal anti-echovirus 6
antibodies (Immunological Sciences, Rome, Italy) for 45 min
at 37◦C. After washing in PBS, viral antigen synthesis was
estimated by utilizing (FITC)-conjugated anti-mouse gamma-
globulin antibodies (Sigma Chemical Company) and an UV
Leitz microscope.

2.12. Transmission electron microscopy

For transmission electron microscopy (TEM), infection was
synchronized (1 h at 4◦C) and proteins were incubated with
the cells after the viral adsorption step. Mock-infected cells,
virus-infected cells, and infected cells (m.o.i. 1) treated with
bLf, N-, C-lobe or lactoferricin were harvested at 24 h post
infection, washed in PBS, and fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) at room temperature for 20 min.
Cells were then post-fixed in 1% osmium tetroxide in cacodylate
buffer, dehydrated through a graded series of ethanol solutions
and, finally, embedded in Agar 100 epoxy resin. Thin sections
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Fig. 1. Concentration-response curves of bLf towards echovirus cytopathic
effect (c.p.e.) and antigen synthesis [determined by immunofluorescence (IF)]
in GMK cells. BLf was present throughout the infection (1 h at 4◦C during virus
adsorption, plus 24 or 5 h at 37◦C). Data showed represent the mean of at least
quadruplicate samples. S.D. < 5% are not shown. (�) c.p.e. and (�) IF.

3.3. Effect of bLf on different steps of viral infection

To ascertain whether the antiviral effect of bLf took place
on viral adsorption or on a different step of viral replication,
the inhibiting activity of protein (12.5�M) was assessed by the
following experimental procedures: (i) the cells were incubated
with bLf (30 min at 37◦C), washed three times with medium and
than infected (1 h at 4◦C), (ii) bLf was added together with the
virus inoculum during the adsorption step (1 h at 4◦C), (iii) bLf
was incubated with the cells after the viral adsorption step (5 h
at 37◦C), and (iv) bLf was present during the whole experiment.
Echovirus antigen synthesis was measured by immunofluores-
cence. Results reported inFig. 2show that a high inhibition was
obtained under the conditions used in all procedures (i)–(iv).

F ted
w
t
s . Data
s sample,
6

ere stained with lead citrate and uranyl acetate and exam
ith a Philips 208s electron microscope.

.13. Statistical analysis

Statistical analysis was performed using the Student’st-test
or unpaired data. Data were expressed as the mean± S.D. and
-values of <0.05 were considered significant.

. Results

.1. Cytotoxicity

A preliminary set of experiments was carried out in orde
etermine the maximal non-cytotoxic concentration of bLf, b
erived N- and C-lobe, and bLfcin. For this purpose, two-
erial dilutions of proteins up to 25�M in MEM were incubated
ith GMK cells for 24, 48, and 72 h at 37◦C. Under these cond

ions, all compounds tested did not affect any of the cytotox
arameters up to the highest concentration used.

.2. Action of bLf on echovirus infection

To establish whether bLf could inhibit echovirus antig
ynthesis and cytopathic effect in GMK cells, two-fold se
ilutions of protein, starting from the highest non-cytotoxic c
entration, were incubated with the cells throughout the infe
5 and 24 h at 37◦C). Under both experimental conditions, b
howed a concentration-dependent inhibitory activity, being
o completely prevent infection at the concentration of 12.5�M
Fig. 1).
ig. 2. Effect of 12.5�M bLf on echovirus antigen synthesis. BLf was incuba
ith the cells before (30 min, 37◦C) (�), during (1 h, 4◦C) ( ), after (5 h, 37◦C)

he viral adsorption step () or during the whole experiment (). Virus antigen
ynthesis was monitored at 5 h after infection by immunofluorescence
hown represent the mean of at least quadruplicate samples. For each
00 cells were examined.
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3.4. Effect of bLf peptidic fragments on different steps of
viral infection

As bLf was able to inhibit different steps of echovirus infec-
tion, other experiments were carried out to analyze the role of
N- and C-lobes of bLf and of its N-terminal peptide bLfcin
in the prevention of viral adsorption or other steps of viral
infection. In these experiments, the inhibiting activity of bLf
peptidic fragments was assessed as previously described for bLf.
Briefly, 12.5�M N- or C-lobes or bLfcin were added to the
cells before (30 min at 37◦C) or during (1 h at 4◦C) or after (5 h
at 37◦C) the viral adsorption step or were present during the
whole experiment. Echovirus antigen synthesis was measured
by immunofluorescence and results obtained were compared to
that achieved with the entire protein.

Results obtained are reported inFig. 3. Under all experimen-
tal conditions, a high inhibition of viral infection was obtained
with N-lobe, whereas C-lobe showed a very slight inhibitory
activity only when present during the post-adsorption step.
BLfcin was able to prevent infection when present during the
virus attachment step (1 h at 4◦C) and it retained some of its
inhibiting effect also when added to the cells after the initial
binding of the virus (5 h at 37◦C). The inhibitory effect of bLfcin
was highly reduced when the peptide was pre-incubated with the
cells for 30 min at 37◦C before infection.

3
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Fig. 4. Addition time effect of 12.5�M bLf, N-lobe, and bLfcin on echovirus
infection. Proteins were added for various lengths of time immediately after the
1 h virus adsorption period (A) or at different times (B) after the viral attachment
step. Viral antigen synthesis was measured by immunofluorescence 5 h after
infection. Data shown represent the means of at least quadruplicate samples.
S.D. < 5% are not shown. (©) bLf, (�) bLfcin, and (�) N-lobe.

after viral internalization (Fig. 4B). A similar behaviour was
observed with the N-lobe, whereas bLfcin was less inhibitory as
it was completely deprived of activity when added 30 min after
viral adsorption (Fig. 4B).

As bLf and N-lobe showed a similar anti-echovirus activity,
experiments were carried out in which two-fold serial dilution
of N-lobe, starting from the highest non-cytotoxic concentra-
tion, were incubated with the cells throughout the infection (5 h
at 37◦C). The ratio between the 50% N-lobe cytotoxicity con-
centration (CC50: >25�M) and the concentration required to
inhibit the viral antigen synthesis by 50% (EC50: 1.56�M) was
calculated in order to determine the selectivity index (SI) of the
N-lobe that was >16.

3.6. Transmission electron microscopy

The effect of bLf and bLf derived peptidic fragments
(12.5�M) on viral infection was also analyzed at ultrastructural
level. For these experiments mock-infected cells, virus-infected
cells (m.o.i. 1 and 24 h), and infected cells treated with bLf,
N-, C-lobe, or bLfcin were processed for transmission electron
microscopy (Fig. 5). As expected, both bLf-treated (Fig. 5C) and
N-lobe-treated (Fig. 5D) infected cells appeared similar to mock-
infected cells (Fig. 5A), did not displaying pathological mor-
.5. Addition time point assay

The effect of bLf, N-lobe, and bLfcin on viral post-adsorpt
tep was further investigated and experiments were carrie
n which cells were incubated with the virus for 1 h at 4◦C
nd then proteins (12.5�M) were added for various lengths

ime (Fig. 4A) or at different times (Fig. 4B) after the vira
ttachment step. It was found that bLf totally prevented
ntigen synthesis when present for only 10 min after infec
Fig. 4A), whereas when it was added at 30 min after infec
he inhibition was 40% and it was ineffective when added

ig. 3. Effect of bLf and its tryptic fragments (each at 12.5�M) on echovirus
ntigen synthesis. BLf, N-, C-lobe, and bLfcin were incubated with the
efore (30 min, 37◦C) (�), during (1 h, 4◦C) ( ), after (5 h, 37◦C) the viral
dsorption step (), or during the whole experiment (). Virus antigen synthe
is was monitored at 5 h after infection by immunofluorescence. Data s
epresent the mean of at least quadruplicate samples. For each sample, 6
ere examined.
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Fig. 5. Electron micrographs showing the effect of bLf peptidic fragments on echovirus infection. (A) Mock-infected cell. (B) Echovirus-infected cells without
any treatment display viral particles at different stages of their morphogenesis: insets show clusters of both cytoplasmic particles and extracellular mature virions.
(C) BLf-treated infected cells and (D) N-lobe-treated infected cells do not exhibit any presence of viral morphogenesis and appear similar, in theirultrastructure,
to mock-infected ones. (E) In C-lobe-treated infected cells, various stages of viral morphogenesis are detectable: insets show a typical paracrystalline inclusion of
viruses under formation and a cluster of viral particles inside the cytoplasm. (F) In bLfcin-treated infected cells, viral particles are present in the cell cytoplasm only,
as shown in inset. Arrows indicate viral paracrystalline inclusions or clusters of virions shown in the insets.

phological changes or presence of viral particles. Only infected
cells in which viral morphogenesis took place (Fig. 5B, E, and
F) displayed typical morphological markers of programmed cell
death, such as chromatin condensation and marginalization and
cytoplasm derangement. Interestingly, in bLfcin-treated infected
cells (Fig. 5F) apoptosis seems to be at an earlier stage, dis-
playing only initial chromatin marginalization in the absence of
cytoplasm injury. Moreover, echovirus-infected cells (Fig. 5B)
and C-lobe-treated infected cells (Fig. 5E) showed the presence
of numerous viral particles. In these two last experimental condi-
tions, typical viral paracrystalline inclusion and cluster of virions
both inside and outside the cytoplasm were detectable. Finally,
in bLfcin-treated cells (Fig. 5F) infection seems to be delayed,
as viral particles were never observed outside of the cytoplasm.

4. Discussion

This is the first study showing that the attachment of echovirus
to susceptible cells and the first steps of echoviral infection

are prevented by bLf. Several studies analyzed the effect of
lactoferrin on picornavirus infection with different results. In
a previous study (Marchetti et al., 1999), we demonstrated that
bLf and human lactoferrin (hLf) inhibited the early phases of
poliovirus infection, whereas they were ineffective when added
after the viral adsorption step. Successively, it was reported
that hLf did not affect rhinovirus growth (Clarke and May,
2000), whereas bLf exerted an inhibitory effect on enterovirus
71 attachment to target cells (Lin et al., 2002) and was able to
bind enterovirus 71 VP1 protein (Weng et al., 2005). As we have
recently demonstrated that bLf was able to prevent echovirus-
mediated programmed cell death (Tinari et al., 2005), in the
present research we performed further experiments to better
characterize the anti-echovirus activity of bLf and to identify
the bLf structural domains responsible for this effect.

For this purpose, experiments were carried out to determine
which step of echovirus infection was susceptible to bLf treat-
ment. Results obtained indicate that bLf exerts its effect not only
on virus adsorption or receptor-mediated binding to target cells,
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as already reported for several virus–cell systems (Valenti et al.,
1998; Marchetti and Superti, 2001; van der Strate et al., 2001;
Arnold et al., 2002; Seganti et al., 2004), but, more interest-
ingly, once the virus has bound to the receptor it was still able
to prevent infection. To find out the role played by different
bLf moieties in such double antiviral effect, bLf was enzymatic
digested to obtain the N- and C-lobes and the cationic peptide
bLfcin (Shimazaki et al., 1998; Andersen et al., 2001).

Our results on the anti-echovirus effect of N-, C-lobe, and
bLfcin, demonstrate that only N-lobe and bLfcin are able to
inhibit viral infection, as already reported for adenovirus (Di
Biase et al., 2003). Conversely, it has to be underlined that the
antiviral activity of bLf and N-lobe on a post-adsorption step
was not observed for adenovirus (Arnold et al., 2002).

Moreover, in our virus–cell system, N-lobe displays the same
anti-echoviral activity as the entire protein and bLfcin alone is
able to prevent viral attachment to target cells. It must be pointed
out that, in our experimental conditions, we utilized the cyclic
form of bLfcin and this could explain the strong anti-echovirus
activity because, as previously reported for cytomegalovirus,
herpes simplex virus, and adenovirus (Andersen et al., 2001,
2003; Di Biase et al., 2003), bLfcin must be in its cyclic form to
exert antiviral activity. BLfcin completely prevents viral infec-
tion when added during the attachment step, whereas when
pre-incubated with the cells before infection, a very slight inhi-
bition of viral antigen synthesis was observed, probably because
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B species; (ii) HS binding by echovirus may be of in vivo rele-
vance. So it can be speculated that the effect of bLf, its N-lobe,
and bLfcin on echovirus binding could be due to a direct com-
petition for a common glycosaminoglycan receptor.

To further investigate the step of viral infection sensitive to
the action of bLf, N-lobe, and bLfcin, experiments were carried
out in which these molecules were incubated with the cells for
different periods of time or were added to the infected mono-
layers at different times after viral binding. Results from time of
addition experiments showed that bLfcin acts on an earlier step
of viral infection, probably by a competition with viral particles
for common cell receptors, whereas both bLf and N-lobe also
exert some inhibitory effects also on internalization.

The effect of bLf and its derived tryptic fragments on the viral
post-adsorption step was also investigated at the ultrastructural
level. Transmission electron microscopy studies revealed that in
bLfcin-treated infected cells, when positive for the presence of
echovirus particles, cytopathological changes and viral replica-
tion cycle seems to be delayed, compared to untreated infected
cells or C-lobe-treated infected cells. These results suggest that
bLfcin, competing for common glycosaminoglycan cell recep-
tor, could delay echovirus entry. This observation confirmed
results of time of addition studies showing that bLfcin is deprived
of action when added to the cells at 30 min after viral internal-
ization.
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T.H., Meijer, D.K.F., 1995. Antiviral effects of plasma and milk prote
lactoferrin shows potent activity against both human immunodefici
virus and human cytomegalovirus replication in vitro. J. Infect. Dis.
380–388.

asegawa, K., Motsuchi, W., Tanaka, S., Dosako, S., 1994. Inhibition
lactoferrin of in vitro infection with human herpes virus. Jpn. J. M
Sci. Biol. 47, 73–85.
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ilk

tivity

against human immunodeficiency virus types 1 and 2 in vitro. AIDS Res.
Hum. Retroviruses 12, 769–775.

Tinari, A., Pietrantoni, A., Ammendolia, M.G., Valenti, P., Superti, F., 2005.
Inhibitory activity of bovine lactoferrin against echovirus induced pro-
grammed cell death in vitro. Int. J. Antimicrob. Agents 25, 433–438.

Tomita, M., Bellamy, W., Takase, M., Yamauchi, K., Wakabayashi, H.,
Kawase, K., 1991. Potent antibacterial peptides generated by pepsin diges-
tion of bovine lactoferrin. J. Dairy Sci. 74, 4137–4142.

Turchany, J.M., Aley, S.B., Gillin, F.D., 1995. Giardicidal activity of lacto-
ferrin and N-terminal peptides. Infect. Immun. 63, 4550–4552.

Valenti, P., Marchetti, M., Superti, F., Ammendolia, M.G., Puddu, P., Gessani,
S., Borghi, P., Belardelli, F., Antonini, G., Seganti, L., 1998. Antiviral
activity of lactoferrin. In: Spik, G., Legrand, D., Mazurier, J., Pierce, A.,
Perraudin, J.P. (Eds.), Advances in Lactoferrin Research. Plenum Press,
New York, pp. 199–203.

van der Strate, B.W.A., Beljaars, L., Molema, G., Harmsen, M.C., Mei-
jer, D.K.F., 2001. Antiviral activities of lactoferrin. Antiviral Res. 52,
225–239.

Ventura, K.C., Hawkins, H., Smith, M.B., Walker, D.H., 2001. Fatal neonatal
echovirus 6 infection: autopsy case report and review of the literature.
Mod. Pathol. 14, 85–90.

Vorland, L.H., 1999. Lactoferrin: a multifunctional glycoprotein. APMIS 107,
971–981.

Weng, T.Y., Chen, L.C., Shyu, H.W., Chen, S.H., Wang, J.R., Yu, C.K., Lei,
H.Y., Yeh, T.M., 2005. Lactoferrin inhibits enterovirus 71 infection by
binding to VP1 protein and host cells. Antiviral Res. 67, 31–37.

WuDunn, D., Spear, P.G., 1989. Initial interaction of herpes simplex virus
with cells is binding to heparan sulfate. J. Virol. 63, 52–58.

Yi, M., Kaneko, S., Yu, D.Y., Murakami, S., 1997. Hepatitis C virus envelope
proteins bind lactoferrin. J. Virol. 71, 5997–6002.

Zeichard, H., Grunert, H.P., 2000. Enteroviruses. In: Specter, S., Hodinka,
ety
Clercq, E., Meijer, D.K.F., Huisman, J.G., 1996. Antiviral effects of m

proteins: acylation results in polyanionic compounds with potent ac

R.L., Young, S.A. (Eds.), Clinical Virology Manual. American Soci
for Microbiology, Washington, DC, pp. 253–269.


	Bovine lactoferrin peptidic fragments involved in inhibition of Echovirus 6 in vitro infection
	Introduction
	Materials and methods
	Cells
	Virus
	Lactoferrin
	Endotoxin removal from bLf
	Enzymatic hydrolysis of bLf and HPLC separation, purification and characterization of N- and C-lobes
	Lactoferricin
	Cytotoxicity assay
	Action of bLf on echovirus antigen synthesis and viral cytopathic effect
	Effect of bLf, N- and C-lobes and bLfcin on different steps of echovirus infection
	Time of addition assay
	Immunofluorescence
	Transmission electron microscopy
	Statistical analysis

	Results
	Cytotoxicity
	Action of bLf on echovirus infection
	Effect of bLf on different steps of viral infection
	Effect of bLf peptidic fragments on different steps of viral infection
	Addition time point assay
	Transmission electron microscopy

	Discussion
	Acknowledgments
	References


