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Abstract

Lactoferrin (LF) is an iron binding glycoprotein that is present in several mucosal secretions. Many biological
functions have been ascribed to LF. One of the functions of LF is the transport of metals, but LF is also an important
component of the non-specific immune system, since LF has antimicrobial properties against bacteria, fungi and
several viruses. This review gives an overview of the present knowledge about the antiviral activities and, when
possible, the antiviral modes of action of this protein. Lactoferrin displays antiviral activity against both DNA- and
RNA-viruses, including rotavirus, respiratory syncytial virus, herpes viruses and HIV. The antiviral effect of LF lies
in the early phase of infection. Lactoferrin prevents entry of virus in the host cell, either by blocking cellular receptors,
or by direct binding to the virus particles. © 2001 Published by Elsevier Science B.V.
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1. Structure and origin of lactoferrin

Lactoferrin (LF) is a member of the transferrin
gene family. LF is the product of a 35-kb gene
and a high degree of homology of this protein
between different species is observed (Metz-Bou-
tigue, 1984; Levay and Viljoen, 1995; Lonnerdal

and Iyer, 1995). LF is an 80 kDa glycosylated
protein, consisting of 692 amino acids (Metz-Bou-
tigue, 1984; Powell and Ogden, 1990; Rey et al.,
1990). LF is a net positively charged protein, with
a pI in the range of approximately 8.0–8.5 (Levay
and Viljoen, 1995; Lonnerdal and Iyer, 1995). The
protein consists of a single polypeptide chain,
folded in two-symmetric, globular lobes (N- and
C-lobe, Fig. 1 (Baveye et al., 1999)). These two
lobes are connected with a ‘hinge region’, which
provides additional flexibility to the molecule
(Anderson et al., 1989; Vorland, 1999). Each sep-
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arate lobe is capable of binding one metal atom.
Metals that are bound by LF are Fe2+ or Fe3+-
ions, but also the binding of Cu2+, Zn2+ and
Mn2+-ions has been described (Levay and
Viljoen, 1995; Lonnerdal and Iyer, 1995). Between
the separate lobes, an internal amino acid homol-
ogy of 40% is observed and, therefore, it is as-
sumed that during evolution, a gene duplication
has resulted in the current LF-gene (Metz-Bou-
tigue, 1984).

Epithelial cells at the mucosa of many mam-
malian species (Levay and Viljoen, 1995; Lon-
nerdal and Iyer, 1995) produce LF. As a result,
LF is present in several mucosal secretions such as
tears, saliva and seminal and vaginal fluids (Levay
and Viljoen, 1995; Lonnerdal and Iyer, 1995;
Masson and Heremans, 1966). Furthermore, LF

is present in the secondary vesicles of neu-
trophillic granulocytes (Levy, 1996; Baynes and
Bezwoda, 1994; Levay and Viljoen, 1995; Lon-
nerdal and Iyer, 1995; Borregaard et al., 1993).
Lactoferrin is present in low concentrations in
plasma, approximately 0.2 �g/ml (van der Strate
et al., 2000; Baynes et al., 1986), and it is thought
that the plasma concentrations are the net result
of the spontaneous release from these granulo-
cytes and clearance from the circulation (van der
Strate et al., 2000; Baynes et al., 1986). In fact, a
linear correlation between plasma LF concentra-
tions and neutrophil counts has been established
(van der Strate et al., 2000).

Breast milk is the major source of LF. It is
abundantly excreted in colostrum in a concentra-
tion up to 7 g/l (the first breast milk that is

Fig. 1. Chemical structure of LF (adapted from Anderson et al. (Anderson et al., 1989). The N-lobe (N) and C-lobe (C) are
connected to each other by the hinge. The white spheres (indicated by arrows) are Fe-ions.
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produced post-partum) and the LF concentra-
tions in mature milk decline roughly 7-fold in
time during lactation (Levay and Viljoen, 1995;
Lonnerdal and Iyer, 1995; Hennart et al., 1991;
Montagne et al., 1998; Hirai et al., 1990). LF
concentrations in breast milk vary among differ-
ent mammals, being highest in humans, whereas
in rats and dogs no LF has been detected so far
(Masson and Heremans, 1971).

2. Pharmacokinetic studies

Pharmacokinetic studies in rats and mice have
demonstrated a rapid clearance of LF from the
bloodstream by the liver (Ziere et al., 1992; Peen
et al., 1998; Regoeczi et al., 1985a; Retegui et al.,
1984; Meijer and Ziegler, 1993). Both hepatocytes
(Ziere et al., 1992; Mcabee and Esbensen, 1991),
as well as Kupffer cells (Peen et al., 1998, 1996)
are responsible for uptake of LF. However, higher
dosages of LF resulted in prolonged plasma levels
(Beljaars et al., 2001). Plasma elimination curves
were best described by a two compartment model.
The initial plasma half life (t1/2) was found to
approximately 8 min, while the second component
mounted to 220 min. The volume of distribution
(V) was found to be 25.1 ml and the initial
clearance (Cli) was 0.57 ml/min and an increase in
the dosage resulted in an increased plasma t1/2 of
several hours (Beljaars et al., 2001). In addition,
binding to vascular endothelium was observed in
vivo. This binding to endothelial cells could be
confirmed by in vitro cell binding studies. In
addition, LF was found to be associated on mem-
branes of infiltrated leukocytes in various organs
and was also detectable in low concentrations in
the lymphatic system (Beljaars et al., 2001). LF
was also detectable in plasma after i.p. adminis-
tration. The bioavailability was 0.6%, but could
be increased to 3.6% after repeated administration
(Beljaars et al., 2001).

Two classes of binding sites for LF on cell
membranes have been described. LF can bind
with high affinity to a 105 kDa receptor, but
binding to low affinity binding sites such as gly-
cosaminoglycans does also occur. The positively
charged N-terminus of LF is responsible for the

binding to glycosaminoglycans such as heparan
sulphate or chondroitin sulphate (Spik et al.,
1994; Iyer and Lonnerdal, 1993; Lonnerdal and
Iyer, 1995). In addition, the LDL remnant recep-
tor (Ziere et al., 1992; Regoeczi et al., 1985b) and
the 45 kDa subunit of the asialoglycoprotein re-
ceptor (Bennatt et al., 1997) have been demon-
strated to act as receptors for LF.

3. Biological functions of lactoferrin

Since the discovery of LF in bovine (Sorensen
and Sorensen, 1939) and human milk (Johansen,
1960), scientists have been intrigued by the func-
tion of this protein. First it was thought that LF
was a mere iron transporter, since it was able to
bind and release metal atoms. Especially during
the lactation period, LF may be an important
protein for the delivery of essential metals to the
newborn (Putman et al., 1999; Brock, 1980; Levay
and Viljoen, 1995; Lonnerdal and Iyer, 1995).
However, other proteins, like transferrin, are
more efficient in the transport of metals and
nowadays, it is thought that LF comprises other
biological functions.

LF is considered as an important component of
the non-specific immune system (Levay and
Viljoen, 1995; Lonnerdal and Iyer, 1995; Vorland,
1999). Since the protein is strategically situated at
the mucosa, LF plays a role in the first line of
defense against microbial infections, since many
pathogens tend to enter the body via the mucosa.

LF has bacteriostatic and bacteriocidal activity
against both Gram-negative and Gram-positive
bacteria (Levy, 1996; Nibbering et al., 2001;
Arnold et al., 1977; Hoek et al., 1997; Ellison,
1994; Bellamy et al., 1992). Binding of LF to
lipopolysaccharides (LPS) of Gram-negative bac-
teria may be one of the antibacterial mode of
action of LF (Odell et al., 1996; Elass-Rochard et
al., 1995; Cohen et al., 1992). In addition, this
binding of LF to LPS prevents priming of neu-
trophils, leading to an inhibition of superoxide
anion production (Cohen et al., 1992; Baveye et
al., 2000). Furthermore, fungicidal activity, in
particular against Candida species, has been de-
scribed (Levay and Viljoen, 1995; Lonnerdal and
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Iyer, 1995; Bellamy et al., 1993; Kuipers et al.,
1999; Nikawa et al., 1994; Soukka et al., 1992;
Kirkpatrick et al., 1971). This antibacterial and
antifungal activity is not only achieved by depri-
vation of iron from the pathogen’s micro-environ-
ment, but also by binding of the N-terminal
region of LF to the cell walls of fungi and bacte-
ria, which causes membrane perturbation and
leakage of intracellular components (Levay and
Viljoen, 1995; Lonnerdal and Iyer, 1995; Bellamy
et al., 1993; Wakabayashi et al., 1996). Plasma LF
concentrations are significantly reduced in end-
stage AIDS-patients and it is conceivable that,
since the specific immune system is already im-
paired, these lowered LF concentrations, as a
component of the non-specific immune system,
render these patients more sensitive to oppor-
tunistic infections (van der Strate et al., 2000).

4. Antiviral activities of breast milk

For decades it has been generally accepted that
breast-feeding is beneficial for the newborn. Com-
parative studies between bottle-fed and breast-fed
children showed that the latter were less con-
fronted with negative sequelae such as diarrhea,
that were mediated by bacterial infections. In
addition, fewer infections with rotavirus, respira-
tory syncytial virus (RSV) or vesicular stomatitis
virus (VSV) were observed (Lopez Alarcon et al.,
1997; Cha et al., 1996; Welsh and May, 1979).

Several constituents in breast milk may have a
potentially protective effect. Not only proteins of
the non-specific immune system (lysozyme, lac-
toperoxidase, LF), but also specific immunoglob-
ulins (IgM, IgG and secretory IgA), lipid
components, cytokines or prostaglandins help in
the protection of the newborn (Hamosh, 1998; el
Agamy et al., 1992; Laegreid et al., 1986). Later
studies have shown that at least part of the antivi-
ral properties of breast milk can be attributed to a
direct antiviral activity of LF. LF comprises an-
tiviral activity against a wide range of human and
animal viruses, both RNA- and DNA-viruses. An
overview of these antiviral activities and the possi-
ble mechanism underlying those activities of LF
will be given below.

4.1. Anti�iral acti�ities of LF: hepatitis C �irus

Hepatitis C virus (HCV) is a member of the
fla�i�iridae family (Kato et al., 1996; Tanaka et
al., 1995). HCV is an enveloped virus that con-
tains a positive, single strand RNA genome. A
unique feature of HCV is its ability to cause a
persistent infection. Therefore, HCV is associated
with the cause of chronic hepatitis, liver cirrhosis
and hepatocellular carcinoma (Choo et al., 1989;
Kuo et al., 1989).

Little was known about infection and matura-
tion processes of HCV due to the lack of an in
vitro culture system. Recently, however, Mituzani
et al. (Mizutani et al., 1996) and Ikeda et al.
(Ikeda et al., 1998) employed two different human
derived cell lines for the replication of HCV.
Using these culture systems, an antiviral effect of
LF on HCV replication was observed (Ikeda et
al., 1998, 2000). The antiviral effect of LF was
lost after heat treatment, indicating that the natu-
ral conformation of this protein is needed to exert
its antiviral effect.

Lactoferricin (LFcin), a tryptic digest obtained
from the N-terminal region of the N-lobe, which
is strongly bactericidal and fungicidal, proved to
be ineffective against HCV. This further illustrates
the need for the natural conformation of LF for
its antiviral activity (Ikeda et al., 2000). Time of
addition assays indicated that LF probably inter-
feres with adsorption of HCV to the target cells: it
is most effective if administered before or simulta-
neous with the viral inoculum. Decrease of incu-
bation times of LF with HCV enhanced viral
infection (Ikeda et al., 2000, 1998).

LF can prevent adsorption to target cells by the
fact that it binds to the envelope proteins of HCV
E1 and E2 (Yi et al., 1997). In addition, it was
shown that LF interfered with binding of HCV
E2 in vivo, since anti-human LF antibodies, in the
presence of LF, were able to co-precipitate
secreted and intracellular forms of E2, which were
transiently expressed in HepG2 cells. In concor-
dance with others (Ikeda et al., 2000), LFcin did
not bind to these envelope proteins E1 or E2 (Yi
et al., 1997).
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4.2. Anti�iral acti�ities of LF: rota�irus

Rotavirus is a member of the reo�iridae-family
(Berkley et al., 1999; Kapikian et al., 1976; Black-
low and Greenberg, 1991). The genome of ro-
tavirus consists of 10 different segments of double
stranded RNA, packaged within a three-shelled
capsid (Berkley et al., 1999). Rotavirus infections
are the most frequent cause of non-bacterial gas-
troenteritis in neonates and children in the world,
causing approximately 1 million death cases
world-wide every year (Kapikian et al., 1976;
Blacklow and Greenberg, 1991).

LF displays a potent inhibition of a simian
rotavirus SA11 in vitro (Superti et al., 1997). In
these studies, apo-LF was as potent in inhibiting
rotavirus as the metal saturated LF isoforms, but
apo-LF had a 600 times higher selectivity index,
due to its lack of toxicity. The antiviral mecha-
nism of LF against rotavirus lies in the prevention
of adsorption of the virus to the target cell, since
LF is capable of binding virus particles, as deter-
mined with flow cytometry of virus binding to
target cells (Superti et al., 1997). Thus, docking of
virus to viral receptors on the target cells is pre-
vented. Since in contrast with many other viruses,
rotavirus does not bind to glycosaminoglycans as
heparan sulphates (Superti and Donelli, 1995), it
is thought that LF cannot compete with rotavirus
for binding to its cellular receptors (Superti et al.,
1997). Immunohistochemical analysis revealed
that LF interfered with antigen synthesis of ro-
tavirus during active infection. Therefore, LF not
only prevents infection, but also maintains an
antiviral effect after the virus has entered the
target cell. The molecular basis for the latter effect
is not known at present. Although LF proved to
be potent against rotavirus in this study, others
(Grover et al., 1997) failed to show any antiviral
effect of LF.

4.3. Anti�iral acti�ities of LF: friend �irus

Friend virus complex (FVC), a murine retro-
virus, causes a erythroleukemia in mice within 3
months after infection (Lu et al., 1983). In the
early eighties, Lu et al. (Lu et al., 1983) already
published an effect of human LF and transferrin

on disease progression in mice infected with FVC.
Later studies (Lu et al., 1987; Chen et al., 1987;
Vorland, 1999) confirmed the antiviral effect of
human LF against FVC in their mouse leukemia
model. Human LF prolonged survival rates, and
decreased viral titres in the spleen of infected
mice. For this effect, LF needed to be adminis-
tered intraperitoneally in the early phase of infec-
tion. Even a single bolus injection, if administered
within 2 h after infection proved to be effective.
Combination of human LF with recombinant
murine interferon-� resulted in synergistic effects.

LF had no direct effect on FVC infection in
vitro. Therefore, the antiviral mechanism ob-
served in these animals probably lies in the regula-
tory effect of LF on the myelopoiesis (Lu et al.,
1987). LF was shown to decrease myelopoiesis in
bone marrow and the spleen (Gentile and Brox-
meyer, 1983; Broxmeyer et al., 1987a,b). Infectiv-
ity of FVC is associated with the DNA-synthesis
phase of the cycle of the target cell (Schiff and
Oliff, 1986). It is postulated that LF is able to
accomplish a decrease in cycling status of hema-
poietic progenitor cells in vivo. This is confirmed
by the regulatory effects of LF in myelopoiesis
(Broxmeyer et al., 1986; Broxmeyer and Platzer,
1984; Bagby et al., 1981; Brown et al., 1986;
Fletcher and Willars, 1986) and the ability of LF
to act as a transcription factor (Fleet, 1995).

4.4. Anti�iral acti�ities of LF: polio�irus

Poliovirus is an enterovirus from the picor-
na�iridae family (Berkley et al., 1999). Character-
istic for picorna viruses is their relatively small
genome, consisting of a single stranded positive
RNA molecule, which is packaged, in a single
capsid without an envelope. The RNA-genome,
however, is packaged in a small capsid (Berkley et
al., 1999). Infections with poliovirus lead to po-
liomyelitis, which can cause paralysis of limbs.

Marchetti et al. (Marchetti et al., 1999) have
shown antiviral activity of LF against poliovirus
in vitro. By addition of LF at various timepoints
during infection with poliovirus, the antiviral
mechanism of LF against poliovirus was found to
be manifest in the early phases of viral infection.
Binding of LF to the target cells was confirmed
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with immunofluorescent staining, indicating that
LF interferes with entry of poliovirus into the
target cell. In this study, various LF variants
saturated with different metal atoms, such as
Fe3+, Zn2+ and Mn2+, were tested against po-
liovirus. Interestingly, Zn2+-LF, which was added
after the virus adsorption phase, was still capable
of inhibiting viral replication. The authors hy-
pothesised that due to the binding of Zn2+-LF to
the target cell, Zn2+-ions were more efficiently
delivered to the target cell. The increased
availability of Zn2+-ions is a likely cause of im-
paired poliovirus replication, which was shown as
early as in 1976 (Esposito and Obljeski, 1976).

4.5. Anti�iral acti�ities of LF: respiratory
syncytial �irus

Infections with respiratory syncytial virus
(RSV), a member of the paramyxo�iridae family,
are the most common cause of acute lower airway
infections in infants and children (Berkley et al.,
1999). Breast milk has a protective effect against
illness from RSV infections (Downham et al.,
1976; Pullan et al., 1980). However, little is known
about the breast milk components that play a role
in the antiviral effect against RSV, although it is
thought that immunoglobulins and lipids are the
most important components. Nevertheless, breast
milk harbours RSV neutralising activity in breast
milk that could not be related to presence of
immunoglobulins (Laegreid et al., 1986). More-
over, human LF displayed antiviral effect against
RSV in concentration ranges well below normal
LF levels in breast milk (Grover et al., 1997). The
antiviral mode of action of LF against RSV has
not been elucidated yet.

4.6. Anti�iral acti�ities of LF: HIV

Infection with human immunodeficiency virus
(HIV), a member of the lenti�iridae, causes AIDS.
The genome consists of single stranded RNA that
is packaged in a capsid. The capsid is surrounded
with an envelope, which contains glycoproteins
that are involved in the entry of the target cell.
Data about LF levels in plasma or saliva of
HIV-infected subjects are conflicting. An increase

in LF levels (Baynes and Bezwoda, 1994; Mandel
et al., 1992) but also decreases in LF levels were
observed (Defer et al., 1995; Muller et al., 1992).
However, the observed decreases in LF levels
were eminent in tears and plasma of symptomatic
AIDS patients, who are more often subject to
opportunistic infections. Semba et al. (Semba et
al., 1998) demonstrated a linear correlation be-
tween low maternal serum LF levels and perinatal
transmission of HIV to the neonate. All these
clinical data demonstrate that LF is involved in
the antiviral defense against HIV in vivo.

Bovine, as well as human LF are potent in-
hibitors of HIV-infection in vitro (Harmsen et al.,
1995; Swart et al., 1996; Puddu et al., 1998; Swart
et al., 1999). The combination of LF with zi-
dovudine could have synergistic inhibitory effects
(Viani et al., 1999).

The antiviral mechanism of LF against HIV
takes place in an early phase of infection, proba-
bly during adsorption of the virus to target cells
(Puddu et al., 1998; Harmsen et al., 1995). The
antiviral effect of LF diminishes when LF is ad-
ministered at increasing time points after infec-
tion. LF is capable of binding to the
GPGRAF-domain in the V3 loop of the gp120
glycoprotein, albeit to a lesser extent as compared
with negatively charged albumins (Swart et al.,
1996). The negatively charged hinge region was
responsible for binding to the gp120. It is possible
that binding to gp120 is responsible for the antivi-
ral effect of LF, since gp120 plays an important
role in the adsorption and entry of HIV into
target cells by binding to CD4 or chemokinere-
ceptors (Choe et al., 1998; Genoud et al., 1999;
Kozak et al., 1999; Siciliano et al., 1999a,b).

In addition, all these studies showed that the
iron saturation of LF does not play an important
role. Both apo-LF, as well as holo-LF (fully satu-
rated with metal atoms) displays antiviral activity
against HIV, although apo-LF remains more po-
tent than holo-LF.

4.7. Anti�iral acti�ities of LF: Herpes�iridae:
herpes simplex �iruses

Herpes simplex virus type 1 and 2 (HSV-1 and
-2) are members of the �-herpes virus family
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(Berkley et al., 1999). The genome of all herpes
viruses consists of DNA and infection with HSV
can be persistent or latent. Reactivation of HSV-1
and -2 causes mild disease in immunocompetent
subjects. However, reactivations in immunocom-
promised patients such as AIDS-patients, trans-
plant recipients and premature neonates can be
quite severe and even life threatening (Hammer et
al., 2000). Several groups have reported antiviral
effect of bovine and human LF against both
HSV-1 and -2. Both apo-LF, as well as holo-LF
were capable of inhibiting both viruses (Hasegawa
et al., 1994). Later, Fujihara et al. (Fujihara and
Hayashi, 1995) reported antiviral activity of LF
against HSV-1 in vitro, but also in vivo in a
mouse cornea infection model. Topical adminis-
tration of 1% LF solution significantly decreased
infection, however, virus replication was not fully
inhibited.

Other groups have confirmed the in vitro an-
tiviral activity of LF against both HSV-1 and -2
(Hammer et al., 2000; Marchetti et al., 1996;
Siciliano et al., 1999a,b; Marchetti et al., 1998).
The antiviral mechanism lies in the early phase of
infection. Using metabolically labelled virions, LF
was found to inhibit adsorption of virus to the
target cells (Hasegawa et al., 1994; Gross et al.,
1994). The metal saturation of LF did not play a
significant role in the inhibition of HSV
(Marchetti et al., 1998). Furthermore, incubation
of target cells with virus, in the presence of LF at
4 °C, followed by a temperature shift to 37 °C
prevented internalisation of virus into the target
cells. In addition, the observation that virus parti-
cles could be bound to latex beads that were
coated with LF indicates that entry of virus is at
least partially prevented by binding of LF to virus
particles (Marchetti et al., 1998, 1996).

Not only intact LF was capable of inhibiting
HSV; a tryptic digest of LF was also antivirally
active (Hammer et al., 2000; Siciliano et al.,
1999a,b). Further purification of the tryptic digest
resulted in four different fractions, both from the
C- and N-lobe, that displayed antiviral activity
(Siciliano et al., 1999a,b). Hammer et al. (Ham-
mer et al., 2000) demonstrated that LFcin, a
residue of 24 amino acids derived from the N-
lobe, displayed antiviral activity too. Both studies

revealed that, although peptide fragments display
antiviral activity against HSV, the native protein
was more potent (Hammer et al., 2000; Siciliano
et al., 1999a,b).

4.7.1. Anti�iral acti�ities of LF: Herpes�iridae:
cytomegalo�irus

Cytomegalovirus (CMV) is a member of the
�-herpes virus family. Like other herpesviruses,
CMV causes a latent and persistent infection (Al-
ford et al., 1990). CMV is often acquired during
the early years of life and primary infection is
generally unnoticed due to the lack of clinical
symptoms. In western countries, up to 60% of the
population is carrier of this virus. However, de-
pending on socio-economic status or population
density, seropositivity may exceed 90% (Nu-
mazaki, 1997; Alford et al., 1990). CMV is able to
reactivate under circumstances of immunosup-
pression. Reactivations in these immunocompro-
mised hosts such as AIDS patients, transplant
recipients or pre-term neonates, cause severe mor-
bidity and mortality (Plummer, 1973; Weller,
1971a,b). HIV-infected subjects, who are also
seropositive for CMV, progress more rapidly to
AIDS (Webster, 1991; Sinicco et al., 1997;
Griffiths, 1992, 1998). In fact, symptomatic AIDS
patients who suffer frequently from CMV-reacti-
vations with high viral loads are associated with a
decreased survival time (Spector et al., 1998; De
Jong et al., 1998; Bowen et al., 1996).

The antiviral effect of LF against CMV in vitro
was established in 1994 (Hasegawa et al., 1994),
later studies confirmed this effect (Harmsen et al.,
1995; Clarke and May, 2000; Swart et al., 1999,
1998). LF probably interferes with the entry of
virus into the target cell (Andersen et al., 2001),
since pre-incubation of target cells with LF is
essential for its antiviral effect. Low affinity bind-
ing of LF to heparan sulphate proteoglycans
(HSPGs) (Damiens et al., 2000; Mann et al., 1994;
Van Berkel et al., 1997; Zou et al., 1992) prevents
the virus from docking to the target cell (Comp-
ton, 1995). The N-terminal region of LF proved
to be essential for its antiviral activity. Deletion of
the Arg-stretch, which is responsible for binding
to HSPGs, gradually diminishes the antiviral ac-
tivity of LF (Swart et al., 1998, 1999). The po-
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Fig. 2. Schematic representation of different antiviral modes of action of LF against several viruses. LF prevents infection of the host
cell by virus particles by either direct binding to virus particles (A), interfering with the docking of virus to cells by binding to
HSPGs (B) or by direct binding to viral receptors of the host cell that the virus uses for cell entry (C). Finally, an intracellular
activity of LF has been postulated (D).

tency of LF was increased when the positive
charge of the protein was increased by chemical
modification, whereas addition of negative charge
abolished the antiviral effect of LF (Swart et al.,
1999).

Although LF has a direct effect on CMV in
vitro, an indirect effect of LF against CMV in
vivo has been established. In a mouse model for
CMV infections, LF protected against a poten-
tially lethal infection with murine CMV
(MCMV). The antiviral effect was optimal when
LF was administered previous to infection with
MCMV (Shimizu et al., 1996). Further studies
indicated that the protective effect of LF was due
to an upregulation of Natural Killer cells (NK-
cells), which eliminated the infection. The stimula-
tion of NK-cells, but also monocytes and
granulocytes by LF both in vivo and in vitro has
been documented earlier (Crouch et al., 1992;
Damiens et al., 1998; Levay and Viljoen, 1995;
Lonnerdal and Iyer, 1995).

In vivo studies in transmission of human CMV
(HCMV) to neonates by breast feeding indicated
that HCMV could hardly be detected in breast
milk, the first month post-partum, either by cul-
ture or by PCR (Numazaki, 1997; Asanuma et al.,
1996). These studies claim a protective effect of
LF in the transmission of HCMV to the newborn

during the first stage post-partum. However, other
studies could not confirm this protective effect
(van der Strate et al., 2001).

5. Summary and discussion

Besides a broad antimicrobial spectrum against
bacteria and fungi, LF is capable of inhibiting
replication of a wide range of viruses. Nearly all
studies indicate that LF prevents infection of the
host cell, rather than inhibiting virus replication
after the target cell has become infected (Fig. 2).
Infection of the target cell is prevented by direct
binding to virus particles, as described for HCV,
polio- and rotavirus, HSV and possibly HIV.
Another mechanism for the antiviral activity of
LF is binding to host cell molecules that the virus
uses as a receptor or co-receptor. For instance
binding of LF to HSPGs is a central phe-
nomenon. Many viruses tend to dock on HSPGs
of target cells. After this initial contact, the virus
particles roll to their specific viral receptor and
subsequently enter the host cell, for instance by
fusing with the host cell membrane (Laquerre et
al., 1998; Sawitzky, 1996; Voigt et al., 1995; Saw-
itzky et al., 1993; Compton, 1995). Binding of LF
to HSPGs prevents this first contact and thus
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subsequent infection of the host cell. Interestingly,
peptide fragments of LF, such as LFcin do not
inhibit most of the viruses tested. Although LFcin
is at least partially responsible for the antimicro-
bial effect against bacteria and fungi, by the for-
mation of pores in the cell wall of fungi and
bacteria, this peptide apparently does not seem to
be important for the antiviral effect.

For some of the viruses tested it was found that
apoLF was more potent than the metal-saturated
isoforms of LF. The reason for this is unknown.
However, it is speculated that binding of LF to
target cells may lead to an increased uptake of
metals such as Zn2+, which showed to be antivi-
rally active against poliovirus (Esposito and
Obljeski, 1976). Another reason for the increased
activity of apo-LF may be that most enzymes,
including viral enzymes, require metal ions as a
co-factor for their function. It is conceivable that
apo-LF is more efficient in the withdrawal of
metal ions from the micro-environment, com-
pared with the partially or fully metal saturated
isoforms of LF.

Other studies have shown, that LF does not
only exert a direct antiviral effect either by bind-
ing to target cells or virus particles. An indirect
antiviral mode of action of LF is taking place
through the upregulation of the antiviral response
of the immune system. Administration of LF to
cell cultures in vitro, or animals or healthy volun-
teers led to an upregulation of NK-cells, mono-
cyte/macrophages and granulocytes. These cell
types play an important role during the early
phases of viral infection, before the specific im-
mune system is upregulated and takes over the
antiviral response.

6. Future applications of LF

Currently, the development of severe side ef-
fects and the development of antiviral drug resis-
tance complicate antiviral therapy. The selective
delivery of antiviral drugs may limit the develop-
ment of side effects. An advantage of this drug
targeting strategy is the fact that fewer side effects
may be expected, since the drugs only reach the
target cells (in this case, infected cells). Therefore,

lower amounts of drugs can be used to gain the
same effect compared with conventional therapy.
Moreover, more potent, and more often, more
toxic drugs can be used.

The intrinsic antiviral activity of LF makes this
protein an interesting candidate for application as
a drug carrier. In this strategy, conventional drugs
are chemically coupled to intrinsically active
proteins, which can be modified to specifically
home to certain cell types of tissues (Molema et
al., 1991; Meijer et al., 1996; Molema and Meijer,
1994). Specific delivery of this drug-carrier-conju-
gate may prevent the drawbacks that were men-
tioned earlier. In addition, combination of
antiviral drugs with different mechanisms of ac-
tion may prevent development of drug resistance.
Such an approach was taken by us (Jansen et al.,
1993) and others for Hepatitis B-virus targeting
using lactosaminated proteins and polymer carri-
ers (Di Stefano et al., 1997, 1995; Fiume et al.,
1997; Jansen et al., 1993).

Different studies have already demonstrated the
synergistic effects of combinations of conven-
tional drugs with LF in vitro. Combination of LF
with conventional antifungal drugs led to a syner-
gistic inhibition of Candida species (Kuipers et al.,
1999; Okutomi et al., 1997). Combination of LF
with the anti-CMV drug cidofovir resulted in
enhanced inhibition of CMV-infection (van der
Strate et al., unpublished research). In concor-
dance, synergistic activity against HIV was sug-
gested on the combination of LF with the
nucleoside analogue AZT (Viani et al., 1999).

Therefore, it deserves further studies to com-
bine antivirals with LF, or to couple antiviral
drugs to LF. We are presently studying whether
covalent binding of cidofovir to LF yields an
effective drug targeting preparation for CMV-in-
fected target cells.
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M.-P., De Clercq, E., Huisman, H., Meijer, D.K.F., 1996.
Antiviral effects of milk proteins: acylation results in
polyanionic compounds with potent activity against human
immunodeficiency virus type 1 and 2 in vitro. AIDS Re-
search and Human Retroviruses 12, 769–775.

Swart, P.J., Kuipers, M.E., Smit, C., van der Strate, B.W.A.,
Harmsen, M.C., Meijer, D.K.F., 1998. Lactoferrin: antivi-
ral 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.
205–213.

Swart, P.J., Harmsen, M.C., Kuipers, M.E., Van Dijk, A.A.,
van der Strate, B.W.A., Van Berkel, P.H.C., Nuijens, J.H.,
Smit, C., Witvrouw, M., De Clercq, E., de Béthune, M.-P.,
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