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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 investigat:
both the role of tryptic fragments of bovine lactoferrin and the mechanism of lactoferrin effect on echovirus infection. Results obtained showed
that bovine lactoferrin inhibits echovirus-induced cytopathic effect and antigen synthesis in a dose-dependent manner and that this grotein is ab
to prevent viral replication when added not only during the entire cycle of infection but also before, during or after the viral adsorption step. The
N-terminal cationic peptide was sufficient to prevent viral binding. Our data suggest that lactoferrin inhibition of echovirus attachment to cell
receptors 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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1. Introduction immunocompetent children fatal echovirus infections are rare,
while neonates are more receptive to echovirus infection, prob-
Echoviruses are small, naked, single-stranded RNA viruseably because of a relative immunodeficiency and of a lack of
which are members of the enterovirus genus. Enterovirusefransplacentally acquired specific neutralizing antibodies. It has
belonging to the Picornaviridae family, represent 68 humaralso been demonstrated that breast-feeding is strictly associated
serotypes that have been classified into five species (A—D analith protection from enterovirus infectiodénista et al., 1994
the polioviruses). In particular, human enteroviruses are enteri- It is well known that milk, in addition to secretory IgA and
cally transmitted viruses responsible for various illnesses amoniglM, also contains numerous non-antibody components with
infants and children, with a seasonal peak of infection in th&known antiviral activity, including lactoferrinL@egreid et al.,
summer and autumn. Aseptic meningitis, which affects mainly1986; Levay and Viljoen, 1995; Peterson et al., 1998; Portelli et
very young children, is the most commonly encountered ill-al., 1998. Bovine lactoferrin (bLf) is a glycoprotein consisting
ness associated with enterovirus infections, and members of thud a single polypeptide chain of 689 amino acidic residues, with
human enterovirus B species, especially echovirus and coxsaci-molecular mass of about 80 kDa, which binds two iron atoms
ievirus B, have been recognized as the most common virusegith very high affinity Cegrand et al., 1990 Bovine lactofer-
responsible for aseptic meningitis worldwiddyfypia et al., rin, like lactoferrin of other mammalian species, is folded in
1997; Zeichard and Grunert, 200Echoviruses may also be two symmetric globular lobes. Each one is itself folded into two
the cause of devastating disease and death in neodatesgnd domains (N-lobe: N1 and N2; C-lobe: C1 and C2) each con-
Walker, 1999: Modlin, 2000; Ventura et al., 2Q0Ih adults and  taining a F&* binding site Norris et al., 1986; Moore et al.,
1997. Moreover, bLf has an alkaline isoelectric point (abolt p
9) and its cationic nature could have a major role in the ability to

* Corresponding author. Tel.: +39 064990 2955; fax: +39 064938 7140.  bind cells and many anionic molecules, such as glycosaminogly-
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-terminughatthe anti-echovirus activity of bLfis due to aninteraction with

that have been shown to be important for glycosaminoglycai very early phase of the viral infection. In particular, the activ-

and lipopolysaccharide bindingkimazaki et al., 2090 BLf ity of the N-lobe was comparable to that of the entire protein,

is present in various biological fluids and in specific granulesn that it was able to prevent both viral binding to cell recep-

of polymorphonuclear leukocyte§€nnaro et al., 1993and  tors and the step immediately after virus attachment. Moreover,

possesses a variety of biological functions, such as promotiowe demonstrated that the fragment containing 25 amino acid

of iron absorption, immunomodulation, and inhibiting activity residues (17-41) of the N-terminal part of bLf, corresponding

towards different pathogenkdvay and Viljoen, 1995; Valenti to bLfcin, sufficed to prevent echovirus 6 attachment to target

etal., 1998; Vorland, 1999; van der Strate et al., 2001; Marchettells.

and Superti, 2001BLf has been recognized as potent inhibitors

of the replication of different enveloped viruses such as huma@. Materials and methods

cytomegalovirus (HCMV) ilasegawa et al., 1994; Harmsen et

al., 1995; Andersen et al., 200herpes simplex virus (HSV) 2.1. Celis

1 and 2 Fujihara and Hayashi, 1995; Marchetti et al., 1996,

1998, human immunodeficiency virus (HIVH@armsen et al., Green monkey kidney (GMK) cells were grown at %7

1995; Swart et al., 1996; Puddu et al., 1398iman hepatitis C in a humidified atmosphere with 5% GGn minimal essen-

virus (HCV) (lkeda et al., 1998, 20Qphantavirus furphy et tial medium (MEM; Gibco, Paisley, UK) containing 1.2 g/l

al., 2000, and hepatitis B virusHara et al., 200R The antivic NaHCG;, and supplemented with 10% inactivated foetal

ral effect of bLf against some non-enveloped viruses has beetalf serum (FCS; Flow Laboratories), 2 mM glutamine, non-

also demonstrateds(perti et al., 1997, 2001; Marchetti et al., essential amino acids, penicillin (100 IU/ml), and streptomycin

1999; Arnold et al., 2002; Lin et al., 2002; McCann et al., 2003;(100w.g/ml).

Drobni et al., 2004; Seganti et al., 2004; Tinari et al., 2005

Although for almost all viruses investigated to date bLf exerts2.2. Virus

its inhibiting activity in the early phases of infection, its antiviral

effect seems to be exercised in different ways among different Echovirus type 6 (kindly provided by Prof. Lucilla Seganti,

viral species. A direct bLf binding to HIV-1Swartetal., 1996  University “La Sapienza”, Rome) was grown in GMK cells.

hepatitis C virus envelope protein¥i(et al., 1997, rotavirus  Virus was inoculated onto confluent monolayers grown in roller

(Superti et al., 1997 poliovirus (Marchetti et al., 1999 ade-  bottles at a multiplicity of infection (m.o.i.) of 1 plaque form-

novirus @ietrantoni et al., 2003 and enterovirus 71Weng ing unit (p.f.u.)/cell. After 90 min at 37C, the inoculum was

et al.,, 200% has been suggested. Moreover, as bLf is knowrremoved, and the monolayers were washed once in phosphate-

to bind cell surface heparan sulphate containing proteoglycarsuffered saline (PBS, pH 7.4) and then incubated &tGh

(Ji and Mabhley, 199% which in turn act as binding sites for MEM containing 1.2 g/l NaHC@, and supplemented with 2%

different viruses such as HSV-1, human papillomavirus, andnactivated FCS, 2 mM glutamine, non-essential amino acids,

adenovirus (WuDunn and Spear, 1989; Giroglou et al., 2001; penicillin (100 IU/ml), and streptomycin (1Q0y/ml). When

Dechecchi et al., 20Qlits inhibiting activity on these viruses extensive cytopathic effect (c.p.e.) was observed, infected cul-

has been ascribed to a competition for cell receptor8fase  tureswere frozen and thawed three times, centrifuged (2000

et al., 2003; Marchetti et al., 2004; Drobni et al., 2pAAter- 10 min), and supernatants were stored-a0°C. This stock

estingly, a further effect on a later intracellular step of virusvirus was titered by plaque assay on GMK cells.

infection has been described for rotavir@uperti et al., 1997

and, more recently, we demonstrated that bLf treatment can pré:3. Lactoferrin

vent echovirus-induced programmed cell de&akmdri et al.,

2005. Twenty-five amino acid residues of the N-terminal part Lactoferrin from bovine milk (bLf), kindly supplied by Dico-

of bLf correspond to a peptide called lactoferricin (bLfcin), farm (Rome, Italy), was dissolved as stock solution (10 mg/ml)

which is generated upon gastric cleavage of the proleim{ta  in pyrogen-free PBS. Protein purity was checked by SDS-PAGE

etal., 199]). Even if an activity of bLfcin against bacteria, fungi, stained with silver nitrate and was judged to be greater than 95%.

and protozoaRellamy et al., 1992, 1993; Isamida et al., 1998; Protein concentration was determined by UV spectroscopy on

Turchany et al., 1995 is well known, an antiviral activity of the basis of the extinction coefficient of 15.1 (280 nm, 1% solu-

this peptide has only recently been reported for herpesvirusdson) (Groves, 1961

(Hammer et al., 2000; Andersen et al., 2001, 2003, pdehne

calicivirus (McCann et al., 2003 and adenoviruslii Biase et  2.4. Endotoxin removal from bLf

al., 2003. It has been also demonstrated that bLfcin is able to

bind glycosaminoglycans and, in particular, hepaBhitnazaki BLf was solubilized in NaCl 0.5 M (pyrogen-free) at a con-

etal., 1998 centration of 10mg/ml. The removal of lipopolysaccharide
In the present study, we have attempted to clarify the mechiLPS; Endotoxin), putatively conjugated to bLf, was obtained by

anism of the anti-echovirus 6 effect of bLf and the role of its Detoxy-Gel (Pierce Chemical Company, Rockford, IL, USA).

tryptic fragments (the N- and C-lobes and the N-terminal peptidd he Detoxy-Gel support consisted of polimyxin B, immobilized

bLfcin) in the antiviral activity. Results obtained demonstratedon agarose, which binds and removes pyrogen from solutions.
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Briefly, 1 ml of the gel, packed in a column, was washed withwhen at least one of the parameters was affected in 100% of cells,
five column volumes of 1% sodium deoxycholate to strip theor partial cytotoxicity (+) when one parameter was affected in
putatively bound endotoxin from the gel. Then, five washings0% of cells, or absence of cytotoxicity- when none of the

of pyrogen-free water were performed to remove the detergemqarameters was affected. Protein dilutions that did not affect any
and the gel was equilibrated with NaCl 0.5 M (pyrogen-free).of these parameters were considered as non-cytotoxic concen-
Successively 10 mg/ml of bLf were applied and 300 ml of thetrations and utilized for antiviral assays.

sample were eluted at time 0. After 1 h incubation, 200 ml| of

NaCl 0.5M (pyrogen-free) were added and the detoxified bLR.8. Action of bLf on echovirus antigen synthesis and viral

was collected. cytopathic effect
2.5. Enzymatic hydrolysis of bLf and HPLC separation, GMK cells grown in tissue culture chamber slides (Lab-
purification and characterization of N- and C-lobes Tek, Nunc Laboratories) or 96-well tissue culture microplates

for 24h at 37C in 5% CQ, were incubated with different

BLf (4 mg/ml) was dissolved in 50 mM ammonium bicarbon- concentrations of bLf during the virus attachment step (1h,
ate, pH 8.5, and trypsin (from bovine pancreas TPCK treated4°C). As viral inoculum was utilized echovirus at a m.o.i. of
Sigma Chemical Company, St. Louis, MO) digestion was per4 p.f.u./cell. Then, cells were rinsed thoroughly and incubated
formed at 37 C overnight using an enzyme to substrate ratio ofwith the same concentrations of bLf for 5 or 24 h af&7in 5%
1:50 (w/w). The N- and C-lobes obtained by enzymatic hydroly-CO;. Viral antigen synthesis was monitored at 5 h after infection
siswere purified by reverse phase HPLC on a Vydac C18 columhby indirect immunofluorescence. The cytopathic effect induced
(250 mmx 10 mm, 5.m) using a Waters HPLC System (Data- by echovirus was measured at 24 h after infection by the neutral
system Millenium, HPLC pumps Waters 510, Detector Waterged uptake assay as previously descrildddrchetti etal., 1996
486). Eluents were 0.1% trifluoroacetic acid (solvent A) andResults are expressed as percentage of fluorescence or cytopathic
0.07% trifluoroacetic acid in 95% acetonitrile (solvent B). Theeffect inhibition by comparison with untreated infected control
elution was performed by means of a short linear gradient froncultures.
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 dis2.9. Effect of bLf, N- and C-lobes and bLfcin on different
charged since it did not co-elute with fractions containing bLfszeps of echovirus infection
lobes. In addition, control experiments did not show residual
tryptic activity in the digested fractions of bLf since the enzyme  GMK cells, grown in tissue culture chamber slides (Lab-Tek,
underwent auto-hydrolysis and inactivation due to denaturingNalge Nunc International, Rochester, NY) for 24 h at@7in
conditions of HPLC. Electrophoretic analysis (SDS-PAGE) of5% CQ, were infected with echovirus (1 p.f.u./cell) for 1 h at
the HPLC fractions was carried out using 12.5% gels stained °C, then viral inoculum was removed, cell monolayers were
by Comassie Blue R250. Purification and characterization ofvashed three times with MEM and incubated atf@7in 5%
bLf N- and C-lobes were carried out as previously describedCO,. Virus antigen synthesis was monitored at 5 h after infec-
(Siciliano et al., 1999; Superti et al., 200Fractions contain- tion by indirect immunofluorescence. To ascertain whether the
ing bLf lobes were collected, dried in a Speed-Vac centrifugeantiviral effect of proteins took place on viral adsorption or on

(Savant), lyophilized twice and stored-a20°C. a different step of viral replication, the inhibiting activity of
12.5uM bLf, N- or C-lobes, and bLfcin was assessed by the
2.6. Lactoferricin following experimental procedures: (i) the cells were incubated

with proteins (30 min at 37C), washed three times with medium
BLfcin was isolated according tRecio and Visser (1999) and than infected (1 h at°€), (ii) proteins were added together
dissolved in minimal essential medium (Gibco, Paisley, UK), pHwith the virus inoculum during the adsorption step (1 h &€,
7.2, at a concentration of 4 mg/ml, sterilized by filtration with (iii) proteins were incubated with the cells after the viral adsorp-
0.45p.M Millipore filters (Millipore SA, Molsheim, France) and tion step (5 h at 37C), and (iv) proteins were present during the
stored at-20°C in 1 ml aliquots. whole experiment.

2.7. Cytotoxicity assay 2.10. Time of addition assay

To establish the maximal non-cytotoxic dose of proteins, two-  BLf, N-lobe, and bLfcin (12.5.M) were also tested in atime
fold serial dilutions of each substance in MEM were incubatedf addition assay. For these experiments, after the viral attach-
at 37°C with confluent GMK cells grown in 96-well tissue cul- ment step (1 h at 4C) cells were washed twice with MEM and
ture microplates (Flow Laboratories). After 24, 48, and 72 h,jincubated at 37C. The inhibiting activity of 12..uM bLf, N-
the following parameters were evaluated: cell morphology andbbe, and bLfcin was assessed by two different experimental
viability (determined by neutral red staining) were examined byprocedures: (i) proteins were added to the cells after the tem-
light microscopy, cell enumeration was evaluated quantitativelyperature shift and incubated for different lengths of times and
by microscopic counts after dispersion into individual cells with(ii) proteins were added to the cells at different times after the
trypsin. Results were expressed as complete cytotoxicity (++yiral attachment step until the end of the infectious cycle. Virus
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antigen synthesis was monitored at 5 h after infection by indirect 100 g
immunofluorescence.
80

2.11. Immunofluorescence \B\
60 x

GMK infected cells were washed in PBS, fixed in acetone at
—20°C for 5min, 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 o
Leitz microscope. 25 125 625 312 156 078 039 019

Lactoferrin concentration (uM)

40

Inhibition (%)

20

2.12. Transmission electron microscopy Fig. 1. Concentration-response curves of bLf towards echovirus cytopathic

effect (c.p.e.) and antigen synthesis [determined by immunofluorescence (IF)]

For transmission electron microscopy (TEM), infection wasin GMK cells. BLf was present throughout the infection (1 h a€4during virus
synchronized (1 h at 4C) and proteins were incubated with adsorption, plus 24 or 5h at 3C). Data showed represent the mean of at least
the cells after the viral adsorption step. Mock-infected cellsduadruplicate samples. S.D. <5% are not shows).dp.e. andM) IF.
virus-infected cells, and infected cells (m.o.i. 1) treated with
bLf, N-, C-lobe or lactoferricin were harvested at 24 h post3 3. Effect of bLf on different steps of viral infection
infection, washed in PBS, and fixed in 2.5% glutaraldehyde in
0.1 Mcacodylate buffer (pH 7.2) atroom temperature for20 min.  To ascertain whether the antiviral effect of bLf took place
Cells were then post-fixed in 1% osmium tetroxide in cacodylaten viral adsorption or on a different step of viral replication,
buffer, dehydrated through a graded series of ethanol solutiongie inhibiting activity of protein (12.5.M) was assessed by the
and, finally, embedded in Agar 100 epoxy resin. Thin sectiongollowing experimental procedures) the cells were incubated
were stained with lead citrate and uranyl acetate and examinegith bLf (30 min at 37°C), washed three times with medium and

with a Philips 208s electron microscope. than infected (1 h at 4C), (ii) bLf was added together with the
virus inoculum during the adsorption step (1 h 463, (iii) bLf
2.13. Statistical analysis was incubated with the cells after the viral adsorption step (5h

at 37°C), and (iv) bLf was present during the whole experiment.
Statistical analysis was performed using the Studesiest  Echovirus antigen synthesis was measured by immunofluores-
for unpaired data. Data were expressed as the si¢alD. and  cence. Results reportedhig. 2show that a high inhibition was
p-values of <0.05 were considered significant. obtained under the conditions used in all procedures (i)—(iv).

3. Results 100

3.1. Cytotoxicity
A preliminary set of experiments was carried out in order to 5
determine the maximal non-cytotoxic concentration of bLf, bLf-
derived N- and C-lobe, and bLfcin. For this purpose, two-fold
serial dilutions of proteins up to 26M in MEM were incubated
with GMK cells for 24, 48, and 72 h at 3. Under these condi-
tions, all compounds tested did not affect any of the cytotoxicity
parameters up to the highest concentration used.

S
.

60

3.2. Action of bLf on echovirus infection

Viral antigen synthesis inibition (%)

To establish whether bLf could inhibit echovirus antigen
synthesis and cytopathic effect in GMK cells, two-fold serial
dilutions of protein, starting from the highest non-cytotoxic con- 0
centration, were incubated with the cells throughoutthe infectiofig. 2. Effect of 12.5.M bLf on echovirus antigen synthesis. BLf was incubated
(5 and 24 h at 37C). Under both experimental conditions, bLf with the cells before (30 min, 37C) (W), during (1 h, #C) (), after (5 h, 37C)
showed a concentration-dependent inhibitory activity, being ablghe viral adsorption stef&) or during the whole experimen). Virus antigen

to completely prevent infection at the concentration of 126 synthesis was monitored at 5h after infection by immunofluorescence. Data
(Fig 1) shown represent the mean of at least quadruplicate samples. For each sample,

600 cells were examined.
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3.4. Effect of bLf peptidic fragments on different steps of 100

viral infection ?
80

As bLf was able to inhibit different steps of echovirus infec-
P . / & & & & & @&

tion, other experiments were carried out to analyze the role of
4) /////

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.

Fluorescence inhibition (%)

Briefly, 12.5uM N- or C-lobes or bLfcin were added to the

cells before (30 min at 37C) or during (L h at 4C) or after (5 h 5 : : : . ' . .

at 37°C) the viral adsorption step or were present during the 0 5 10 30 60 120 180 240 300
whole experiment. Echovirus antigen synthesis was measured (A) Minutes

by immunofluorescence and results obtained were compared to
that achieved with the entire protein.

Results obtained are reportedHiy. 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. 60 B
BLfcin was able to prevent infection when present during the \
virus attachment step (1h af@) and it retained some of its 40 B
inhibiting effect also when added to the cells after the initial K
binding of the virus (5 h at 37C). The inhibitory effect of bLfcin 20

was highly reduced when the peptide was pre-incubated with the X\-
cells for 30 min at 37C before infection. 0

100 @

Fluorescence inhibition (%)

0 5 10 30 60 120 180 240 300

o ] (B) Minutes
3.5. Addition time point assay

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
The effect of bLf, N-lobe, and bLfcin on viral post-adsorptlon 1 hvirus adsorption period (A) or at different times (B) after the viral attachment

step was further investigated and experiments were carried Ogp. viral antigen synthesis was measured by immunofluorescence 5 h after
in which cells were incubated with the virus for 1 h at@ infection. Data shown represent the means of at least quadruplicate samples.
and then proteins (12{8M) were added for various lengths of S.D.<5% are not shownc) bLf, (M) bLfcin, and @) N-lobe.

time (Fig. 4A) or at different times Fig. 4B) after the viral

attachment step. It was found that bLf totally prevented vira@fter viral internalization Kig. 4B). A similar behaviour was
antigen synthesis when present for only 10 min after infectiorpbserved with the N-lobe, whereas bLfcin was less inhibitory as
(Fig. 4A), whereas when it was added at 30 min after infection it Was completely deprived of activity when added 30 min after
the inhibition was 40% and it was ineffective when added 2 hviral adsorptionig. 48).

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 (CGy: >25uM) and the concentration required to
inhibit the viral antigen synthesis by 50% (E£1.56u.M) was
calculated in order to determine the selectivity index (SI) of the
N-lobe that was >16.

80

60 -

40 +

Fluorescence inhibition (%)

3.6. Transmission electron microscopy

_ Al The effect of bLf and bLf derived peptidic fragments
bLf N-lobe C-lobe bLfcin (12.5nM) on viral infection was also analyzed at ultrastructural
Fig. 3. Effect of bLf and its tryptic fragments (each at 12) on echovirus  level. For these experiments mock-infected cells, virus-infected
antigen synthesis. BLf, N-, C-lobe, and bLfcin were incubated with the cellscells (m.o.i. 1 and 24 h), and infected cells treated with bLf,
before (30 min, 37C) (M), during (1h, #C) (lll), after (Sh, 37C) the viral  N-, C-lobe, or bLfcin were processed for transmission electron

adsorption steS), or during the whole experimeny). Virus antigen synthe- ; ; ;
micr ig. 5). As ex h bLf-tr i. 5C) an
sis was monitored at 5h after infection by immunofluorescence. Data show ¢ oscopyE 9 5) S€ peCted’ both blLf-treated g )a d

represent the mean of at least quadruplicate samples. For each sample, 600 c¢ IéObe'treatedI{_lg' 5D) mf_eCted Ce_”S appeared S'm'lqr tomock-
were examined. infected cells Fig. 5A), did not displaying pathological mor-

Ui
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Fig. 5. Electron micrographs showing the effect of bLf peptidic fragments on echovirus infection. (A) Mock-infected cell. (B) Echovirus-iristedhout
any treatment display viral particles at different stages of their morphogenesis: insets show clusters of both cytoplasmic particles anldextedces! virions.
(C) BLf-treated infected cells and (D) N-lobe-treated infected cells do not exhibit any presence of viral morphogenesis and appear similalty astitueiture,
to mock-infected ones. (E) In C-lobe-treated infected cells, various stages of viral morphogenesis are detectable: insets show a typiedlirmnaciysibn of
viruses under formation and a cluster of viral particles inside the cytoplasm. (F) In bLfcin-treated infected cells, viral particles are pgresmtitégtoplasm 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 infectedre prevented by bLf. Several studies analyzed the effect of
cells in which viral morphogenesis took pladéd. 5B, E, and  lactoferrin on picornavirus infection with different results. In
F) displayed typical morphological markers of programmed celk previous studyMarchetti et al., 1999 we demonstrated that
death, such as chromatin condensation and marginalization atdl.f and human lactoferrin (hLf) inhibited the early phases of
cytoplasm derangement. Interestingly, in bLfcin-treated infectegboliovirus infection, whereas they were ineffective when added
cells (Fig. 5F) apoptosis seems to be at an earlier stage, disafter the viral adsorption step. Successively, it was reported
playing only initial chromatin marginalization in the absence ofthat hLf did not affect rhinovirus growthQlarke and May,
cytoplasm injury. Moreover, echovirus-infected celsg 5B) 2000, whereas bLf exerted an inhibitory effect on enterovirus
and C-lobe-treated infected cellsig. 5€) showed the presence 71 attachment to target cellkif et al., 2002 and was able to
of numerous viral particles. In these two last experimental condibind enterovirus 71 VP1 proteilieng et al., 200b As we have
tions, typical viral paracrystalline inclusion and cluster of virionsrecently demonstrated that bLf was able to prevent echovirus-
both inside and outside the cytoplasm were detectable. Finallynediated programmed cell deathir(ari et al., 200%, in the
in bLfcin-treated cellsKig. 5F) infection seems to be delayed, present research we performed further experiments to better
as viral particles were never observed outside of the cytoplasncharacterize the anti-echovirus activity of bLf and to identify
the bLf structural domains responsible for this effect.
4. Discussion For this purpose, experiments were carried out to determine
which step of echovirus infection was susceptible to bLf treat-
Thisis the first study showing that the attachment of echovirugnent. Results obtained indicate that bLf exerts its effect not only
to susceptible cells and the first steps of echoviral infectiorpn virus adsorption or receptor-mediated binding to target cells,
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as already reported for several virus—cell systevateti etal., B species; (ii) HS binding by echovirus may be of in vivo rele-
1998; Marchetti and Superti, 2001; van der Strate et al., 200jance. So it can be speculated that the effect of bLf, its N-lobe,
Arnold et al., 2002; Seganti et al., 2004ut, more interest- and bLfcin on echovirus binding could be due to a direct com-
ingly, once the virus has bound to the receptor it was still ablgetition for a common glycosaminoglycan receptor.
to prevent infection. To find out the role played by different  To further investigate the step of viral infection sensitive to
bLf moieties in such double antiviral effect, bLf was enzymaticthe action of bLf, N-lobe, and bLfcin, experiments were carried
digested to obtain the N- and C-lobes and the cationic peptideut in which these molecules were incubated with the cells for
bLfcin (Shimazaki et al., 1998; Andersen et al., 2p01 different periods of time or were added to the infected mono-
Our results on the anti-echovirus effect of N-, C-lobe, andayers at different times after viral binding. Results from time of
bLfcin, demonstrate that only N-lobe and bLfcin are able toaddition experiments showed that bLfcin acts on an earlier step
inhibit viral infection, as already reported for adenoviris (  of viral infection, probably by a competition with viral particles
Biase et al., 2003 Conversely, it has to be underlined that the for common cell receptors, whereas both bLf and N-lobe also
antiviral activity of bLf and N-lobe on a post-adsorption stepexert some inhibitory effects also on internalization.
was not observed for adenovirusrold et al., 2002 The effect of bLf and its derived tryptic fragments on the viral
Moreover, in our virus—cell system, N-lobe displays the samepost-adsorption step was also investigated at the ultrastructural
anti-echoviral activity as the entire protein and bLfcin alone islevel. Transmission electron microscopy studies revealed that in
able to prevent viral attachment to target cells. It must be pointetiLfcin-treated infected cells, when positive for the presence of
out that, in our experimental conditions, we utilized the cyclicechovirus particles, cytopathological changes and viral replica-
form of bLfcin and this could explain the strong anti-echovirustion cycle seems to be delayed, compared to untreated infected
activity because, as previously reported for cytomegalovirusgells or C-lobe-treated infected cells. These results suggest that
herpes simplex virus, and adenovirdnglersen et al., 2001, bLfcin, competing for common glycosaminoglycan cell recep-
2003; Di Biase et al., 200Q3bLfcin must be in its cyclic formto tor, could delay echovirus entry. This observation confirmed
exert antiviral activity. BLfcin completely prevents viral infec- results oftime of addition studies showing that bLfcinis deprived
tion when added during the attachment step, whereas wheaf action when added to the cells at 30 min after viral internal-
pre-incubated with the cells before infection, a very slight inhi-ization.
bition of viral antigen synthesis was observed, probably because In conclusion, our findings provide further evidences that
this peptide enters cell membranes. Moreover, bLfcin was ablbLfcin plays an important role in the modulation of infection by
to inhibit viral antigen synthesis by about 70% when added toviruses. The higher antiviral activity of bLf or its N-lobe frag-
the cells after the viral attachment step. Our results are in agre@eent at a post-adsorption step, compared to bLfcin, suggests that
ment with data previously reported Byndersen et al. (2004) other domains, in addition to those involved in glycosaminogly-
which demonstrated that bLfcin exerts an anti-herpes simplegan binding, are important for the anti-echovirus activity of bLf.
virus activity also after the initial binding of the virus to the host Therefore, we can conclude that the inhibitory effect of bLf
cells. The same authors reported that bLf had no effect againsh echovirus infection is mediated by the N-lobe and can be
herpes simplex virus after viral entry. In regard of HIV-1, it hasattributed to its interference with viral binding to glycosamino-
been demonstrated that bLf targets the entry process, showingyycans (mediated by bL fcin) and with an early event of infection
considerable inhibitory activity, whereas modest inhibition wassuch as viral internalization. Taken together results of our study
obtained with blfcin, indicating that other domains within the suggest bLf as an excellent candidate for the prevention or treat-
native bLf protein may also be required for inhibitiddgrkhout ~ ment of enteroviral infections, as it is able not only to hinder
etal., 2002. viral adsorption to the cells but also to prevent early events of
It is well known that bLf is a potent antiviral agent act- infection.
ing on early phases of infection and it has been demonstrated
that this glycoprotein is able to bind heparan sulphate (HS)a cknowledgments
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