' BioMetals 17: 295-299, 2004. 295
w © 2004 Kluwer Academic Publishers. Printed in the Netherlands.

Antiviral activity of lactoferrin towards naked viruses

Lucilla Segantil, Assunta Maria Di Biase?, Magda MarchettiZ, Agostina Pietrantoni?, Anton-

ella Tinari®> & Fabiana Superti?
YPublic Health Sciences Department, University ‘La Sapienza’, Ple A. Moro 5, 00185 Rome; *Laboratory of
Ultrastructure, National Institute of Health, V. Regina Elena 299, 00161 Rome, Italy

Key words: adenovirus, antiviral agents, bovine lactoferrin, enterovirus, poliovirus, rotavirus

Abstract

It is well known that lactoferrin (Lf) is a potent inhibitor towards several enveloped and naked viruses, such as
rotavirus, enterovirus and adenovirus. Lf is resistant to tryptic digestion and breast-fed infants excrete high levels
of faecal Lf, so that its effect on viruses replicating in the gastrointestinal tract is of great interest. In this report,
we analysed the mechanism of the antiviral action of this protein in three viral models which, despite representing
different genoma and replication strategies, share the ability to infect the gut. Concerning the mechanism of action
against rotavirus, Lf from bovine milk (BLf) possesses a dual role, preventing virus attachment to intestinal cells
by binding to viral particles, and inhibiting a post adsorption step. The BLf effect towards poliovirus is due to the
interference with an early infection step but, when the BLf molecule is saturated with Zn*? ions, it is also capable
of inhibiting viral replication after the viral adsorption phase. The anti-adenovirus action of BLf takes place on
virus attachment to cell membranes through competition for common glycosaminoglycan receptors and a specific
interaction with viral structural polypeptides. Taken together, these findings provide further evidence that Lf is an
excellent candidate in the search of natural agents against viral enteric diseases, as it mainly acts by hindering

adsorption and internalisation into cells through specific binding to cell receptors and/or viral particles.

Introduction

Comparative studies showed that breast-fed children
are less susceptible to viral infections than artificially-
fed children. Both specific immunoglobulins and non-
immune systems can help in the protection of the
newborn (Van Hooijdonk et al. 2000). At least part of
the antiviral properties of breast milk can be attributed
to lactoferrin (Lf) that can be considered a protein of
the innate mucosal defence. This protein, present in
several mucosal secretions, including saliva, tears, and
milk, has been shown to play a role against parasitic,
mycotic, bacterial and viral infections (Levay & Vil-
joen 1995, Vorland 1999, Marchetti & Superti 2001,
van der Strate et al. 2002). Most of the antimicrobial
activities of BLf have been attributed to the BLf-
derived N-lobe (N-terminal part of the protein) which
in turn is responsible for glycosaminoglycan (GAG)
binding (Wu et al. 1995, Shimazaki et al. 1998).

Lf from bovine milk (BLf) has been recognized as
a potent inhibitor of several enveloped viruses, such as
herpes simplex virus 1 and 2 (Hasegawa et al. 1994,
Fujihara & Hayashi 1995, Marchetti ef al. 1996, 1998,
Andersen et al. 2002, 2003), human cytomegalovirus
(Hasegawa et al. 1994, Harmsen et al. 1995, Shimizu
et al. 1996, Andersen et al. 2001), human immun-
odeficiency virus (Harmsen ef al. 1995, Swart et al.
1996, Puddu et al. 1998, Berkhoaut ef al. 2002), hep-
atitis B virus (Hara et al. 2002), hepatitis C virus (Yi
et al. 1997, Ikeda et al. 1998, Tanaka er al. 1999,
2000, Nozaki et al. 2003), respiratory syncytial virus
(Grover et al. 1997) and hantavirus (Murphy et al.
2000). The antiviral effect of lactoferrin against at
least five different naked viruses replicating in the gut-
rotavirus (Superti et al. 1997, Superti et al. 2001),
poliovirus (Marchetti et al. 1999), adenovirus (Arnold
et al. 2002, Di Biase et al. 2003, Pietrantoni et al.
2003), coxsackievirus A16, and enterovirus 71, the
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newest member of the Enteroviridae family respons-
ible for severe neurological diseases (Lin et al. 2002)
has also been described.

The Lf interaction with viruses that replicate in
the gastrointestinal tract can be of great interest. Our
approach consisted of investigating the BLf effect
against enteropathogenic and enteric naked viruses
and comparing its activity with that of other milk pro-
teins (such as Lfs from different origins, ion-saturated
Lfs, mucin, a-lactalbumin and 8-lactoglobulin). The
antiviral activity has been determined in different ex-
perimental settings that depend on the virus tested, i.e.
by analyzing virus cytopathic effect, plaque formation,
antigen synthesis, viral yield and/or haemagglutin-
ation. In most experiments different non-cytotoxic
concentrations of proteins dissolved in pyrogen-free
media were incubated with infected cells during the
viral adsorption step or in the post adsorption phase or
throughout the entire cycle of infection. A summary
of the data concerning the spectrum of BLf antiviral
activity against naked viruses is presented in Table 1.

Anti-rotavirus activity of BLf

Rotavirus is a segmented double-stranded RNA na-
ked virus belonging to the Reoviridae family, which
infects mature enterocytes. Rotavirus infections are
the most frequent cause of gastroenteritis in infants
and young children worldwide. The antiviral effect
of milk proteins was tested in cultured human intest-
inal cells (HT-29 cells), expressing the differentiation
phenotype of mature enterocytes, which represent the
in vivo target of rotavirus infection. Cells were infec-
ted with SA-11 rotavirus that is serologically related
to group A human rotavirus, serotype 3 (Superti et al.
1997). Alpha-lactalbumin was ineffective whereas -
lactoglobulin, apo-, native Lfs and mucin inhibited ro-
tavirus cytopathic effect in a dose-dependent manner,
BLf being the most effective (Effective concentration
50% (ECsp) 46-50 pg/ml). Further experiments were
carried out by adding BLf to cells before, during or
after the viral attachment step. The results suggest that
BLf possesses a dual role, preventing virus attach-
ment to intestinal cells and inhibiting an unknown post
adsorption step. Although the antiviral activity was
linked to the N-lobe (Superti et al. 2001), the interpret-
ation of these results was that BLf-mediated inhibition
of viral attachment was not related to competition
for common binding sites on HT-29 cells, since SA-
11 rotavirus binds to glycidic residues different from

glycosaminoglycans (GAGs) and flow cytometry as-
says demonstrated its interaction with viral particles.
The BLf inhibition in the post adsorption step could
be attributed to the withholding of calcium, which is
important for the assembly of new viral particles.

Anti-enterovirus activity

Lf has a marked antiviral activity against different
small naked single-stranded positive RNA enterovir-
uses belonging to the Picornaviridae family, such as
poliovirus type 1 Mahoney strain (Marchetti et al.,
1999), enterovirus 71 (EV71), and coxsackievirus A16
(Lin et al. 2002) that start the infection in the gut,
which may lead to severe diseases.

The antiviral mechanism of BLf towards poliovirus
(IC50300 pg/ml) studied by Marchetti et al. (1999)
was found to occur in the early phases of viral in-
fection. The binding of BLf to Vero cells, visualized
by immunofluorescent staining, demonstrated that this
protein interfered with an early infection step. Inter-
estingly, when BLf was fully saturated with zinc ions
and added after the poliovirus adsorption phase, it was
still capable of inhibiting viral replication, probably
by the intracellular delivery of zinc ions that impaired
poliovirus replication. This hypothesis was confirmed
by the dose-dependent inhibition obtained with the
addition of different zinc sulphate concentrations to
infected cell monolayers.

Concerning EV71, Lf from bovine origin pre-
vented viral infection in embryo rhabdomyosarcoma
cells (RD cells) more potently than Lf from human
origin (with an ICsp of 10-25 pg/ml instead of 103—
185 pg/ml). Its effect appeared directed to the viral
adsorption step, since BLf was ineffective when added
two hours after infection, whereas it was fully active
when pre- incubated before infection.

Anti-adenovirus activity

Adenoviruses are double-stranded DNA naked vir-
uses that commonly infect and replicate at various
sites of the respiratory tract as well as in the eye
and in the gastrointestinal tract. The antiviral activ-
ity of milk proteins was tested in human epidermoid
carcinoma larinx cells (HEp-2 cells) infected with ad-
enovirus type 2 that represents the prototype model
of the Adenoviridae family for its tropism for dif-
ferent tissues. Proteins investigated were mucin, o-
lactalbumin, B-lactoglobulin, bovine lactoferrin, and
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Table 1. In vitro antiviral activity of bovine lactoferrin against naked viruses

Lactoferrin Virus Effective Cells Reference
Concentration
50% (wg/ml)
BLf, apo-BLf, Rotavirus SA-11 46-50 HT-29 Superti et al. 1997,
MnBLf, ZnBLf 2001
BLf, apo-BLf, Poliovirus 1 775-3,000 Vero Marchetti et al. 1999
MnBLf, ZnBLf
BLf Enterovirus 71 10.5-24.5 RD Lin et al. 2002
BLf Coxsackievirus A16 6.2-12.4 Vero Lin et al. 2002
BLf, apo-BLf, Adenovirus 2 70-270 HEp-2 Arnold et al. 2002,

MnBLf, ZnBLf,

Di Biase et al. 2003,
Pietrantoni et al. 2003

human lactoferrin. Results obtained demonstrated that
mucin, «-lactalbumin, and B-lactoglobulin did not
prevent viral cytopathic effect, whereas apo-, native
BLf and HLf were active in a dose-dependent man-
ner (Arnold et al. 2002). All Lfs were effective, but
BLf showed the lowest ECsy values (80 pg/ml) and
the highest selectivity index (> 25). Differently from
what was observed with poliovirus (Marchetti et al.
1999), but in agreement with data reported for many
other virus models, metal-saturation of BLf did not
significantly influence its activity against adenovirus
infection.

As observed for EV71, BLf inhibited the early step
of viral infection, preventing adenovirus antigen syn-
thesis only when pre-incubated with epithelial cells or
when added during the attachment step. As already re-
ported for other pathogens, BLf activity was mediated
by the N-lobe, and the C-lobe was deprived of any
inhibitory effect (Di Biase et al. 2003).

As glycosaminoglycans (GAGs) mediate the at-
tachment of both BLf and adenovirus (Dechecchi et al.
2000, 2002) to target cells, a competition between
BLf and virus for a common receptor could be hypo-
thesized. Results on the anti-adenovirus effect of both
heparin and BLf confirm this hypothesis (Di Biase
et al. 2003). To further investigate the role of BLf basic
residues, the anti-adenovirus activity of BLf and HL,
both possessing a cluster of positive charges at the N-
terminus responsible for GAG binding, was compared
to ovotransferrin, which does not possess such cluster
and BLfcin (Bellamy ef al. 1992), the heparin bind-
ing BLf peptide. These experiments demonstrated that
the cluster of positive charges was important for BLf
effectiveness since HLf and BLfcin showed a compar-

able dose-dependent inhibition of adenovirus infection
whereas ovotransferrin was ineffective. Moreover, as
already reported for other viruses (Andersen et al.
2002), BLf showed the highest antiviral activity. Three
hypotheses could be proposed for the higher activ-
ity of BLf as compared to BLfcin: (i) a minor steric
hindrance exerted by the polypeptide in the competi-
tion with viral particles for binding to GAGs; (ii) the
involvement of sequential interactions in adenovirus
infection between various cellular and viral compon-
ents, so that the inhibition of this event could have
several targets; (iii) the involvement of other domains,
in addition to those involved in GAG binding, which
could be important for the antiviral activity of BLf.
Other approaches have been carried out to verify
that BLf was able to bind to adenovirus (Pietrant-
oni et al. 2003). Dot blot assays demonstrated that
biotynilated BLf specifically reacted with intact pur-
ified virions and heparin controls. Neutralization as-
says showed that, when BLf and virus were pre-
incubated for 1 h and then added to cells, the viral
infection was completely inhibited. Western blot as-
says, performed with extracted adenovirus proteins
separated by electrophoresis, revealed a strong inter-
action of BLf with two structural proteins of 86 and
66 kDa corresponding to the viral polypeptides III and
IITa. The binding of BLf to viral particles was also
visualised by electron microscopy, which localized
BLf in proximity of the vertex. Summarizing the res-
ults obtained on the anti-adenovirus activity of BLf, it
could be established that this molecule competes with
adenovirus for GAG receptors. Furthermore BLf inter-
acts with adenovirus particles by binding external viral
structures and, in particular, the adenovirus penton
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base (polypeptide III), the protein responsible for the
attachment of virus to integrin cell receptors and for
its internalisation (Boulanger 1999).

Conclusions

Taken together these findings provide further evidence
that BLf is an excellent candidate in the search for
natural agents active against enteric naked viruses. The
BLf antiviral effect on naked viruses (rotavirus SA11,
poliovirus 1, coxsackievirus A16, enterovirus 71 and
adenovirus 2) mainly takes place in the early phases
of viral infection, independently of the capsid protein
properties, nucleic acid organisation, and viral replic-
ation strategies. Adenovirus represents an interesting
model of study for its multiple kinds of interaction
with host cells, for its tropism for the intestinal tract,
the upper respiratory tract and the conjunctiva, sites
where Lf is present at different concentrations depend-
ing on the host status. BLf is able to inhibit adenovirus
by hindering adsorption and internalisation into cells
through a specific binding to both cell receptors and
viral particles (Di Biase ef al. 2003, Pietrantoni et al.
2003).
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