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Abstract. One of the most common viral infections 
in humans is caused by the herpes simplex virus 
(HSV). It was fi rst effectively treated in the 1970s 
with the introduction of acyclovir, which is still the 
most commonly used treatment. Naturally occurring 
antimicrobial proteins and peptides have also been 
shown to possess antiviral activity against HSV. This 
review will focus on the anti-HSV activity of one such 
protein, lactoferrin, and a small peptide fragment from 

its N-terminal domain, lactoferricin. Both components 
have been shown to effectively block entry of HSV into 
the host cell. In addition to blocking HSV entry, the 
peptides appear to have immune stimulatory activity, 
although this is still somewhat controversial. Mode 
of action studies and knowledge about the anti-HSV 
activity of lactoferricin have also been successfully 
employed in the design of new, more specifi c HSV 
blockers.
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Introduction
 
Herpesviridae is a large family of viruses containing 
more than 130 different members, with at least one for 
most of the animal species examined to date. Nine dif-
ferent human herpes viruses have been described, and 
they are divided into three subfamilies; alpha-, beta- and 
gamma-herpesvirinae, based on their biological charac-
teristics [1]. The human herpes family causes a variety of 
clinically signifi cant diseases, although most of them are 
self-limiting in immunocompetent individuals. The most 
widely studied human herpes viruses are the two alpha-
herpesvirinae, herpes simplex virus 1 and 2 (HSV-1 and 
HSV-2). They are the primary agents of recurrent facial 
and genital herpetic lesions, respectively [2–3]. The anti-

viral targeting of these two viruses will be the main focus 
of this review.
Initiation of HSV infection involves attachment of viral 
glycoprotein C (gC) and-/or gB to heparan sulfate (HS) 
on the surface of the host cell (fi g. 1) [4–5]. HS functions 
as an attachment receptor both for HSV-1 and HSV-2, al-
though other glycosaminoglycan (GAG) molecules such 
as chondroitin sulfate (CS) may be used in the absence 
of HS [6]. Low infectivity of HSV has been reported in 
cells defi cient in GAG molecules [4, 7–8]. However, viral 
attachment to HS alone does not enable viral entry. The 
entry process also requires viral glycoprotein D (gD) in-
teraction with one or more co-receptor molecules on the 
cell surface (fi g. 1). These entry co-receptors are divided 
into three structural families [9]. HVEM (herpes virus en-
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try mediator) [10], also called HveA [11], is a member of 
the tumor necrosis factor (TNF) receptor family. HveA is 
primarily located on lymphoid cells and mediates entry of 
both HSV-1 and HSV-2 [10, 12]. The second group of co-
receptors consist of members of the poliovirus receptor-
related (PRR) immunoglobulin superfamily; HveB/PRR2 
[11], HveC/PRR1 [13] and herpes immunoglobulin-like 
receptor (HIgR) [14], now renamed nectin-2a, -1a and 
-1b, respectively [15–17]. Nectin-1a and -1b are broadly 
expressed on epithelial, fi broblastic, neural and hemat-
opoietic cells, and mediate viral entry of both HSV-1 
and HSV-2 [13], as well as cell-to-cell spread of HSV-1 
[15]. Nectin-2a and its splice variant isoform, nectin-2d 
(PRR2delta), mediates entry of HSV-2 [11, 16]. The third 
co-receptor family has only one member, the 3-O-sulfated 
heparin sulfate (3-O-HS). This modifi ed HS molecule is 
generated by three different isoforms of D-glucosaminyl 
3-O-sulfotransferase (3-OST); 3-OST-3 [18], 3-OST-5 
[19] and 3-OST-6 [20]. It is broadly distributed on human 
cells and mediates effi cient entry of HSV-1, but not HSV-
2 [18–19]. HS therefore plays an important and complex 
role in promoting HSV-1 infection. 
Viral entry is a result of fusion between the viral envelope 
and the host cell membrane, and requires four essential 
glycoproteins; gB, gD, and a heterodimer of gL and gH. 
The process results in release of tegument proteins and 
the viral capsid into the cytosol. Viral mutants lacking 
either of these glycoproteins manage to bind the cellular 
surface, but fail to exhibit fusion between the viral enve-
lope and cell membrane [21–24]. 

There are two distinct ways for spread of wild-type HSV. 
The virus can be released from one cell and infect anoth-
er cell, in accordance with the viral attachment and entry 
model (fi g. 1). The virus can also be transferred across 
cell junctions between neighboring cells, referred to as 
cell-to-cell spread. The process is not fully understood, 
but by spreading from cell-to-cell across the tight junc-
tions, HSV avoids neutralizing anti-HSV antibodies [25]. 
This mechanism appears to be especially important, since 
HSV establishes latent infections and may be reactivated 
periodically in the immunized host. By a mechanism 
known as cell-to-cell spread, host cell lysis is prevented 
and the virus evades the host’s immune response.
Cell-to-cell spread involves a set of viral glycoproteins. 
Glycoproteins E and I have been shown to accumulate 
on lateral epithelial surfaces forming cell junctions, 
but not on lateral surfaces unrestricted by other cells. 
Mutant viral strains not expressing gE or gI display 
small plaques on a monolayer of human fi broblasts or 
epithelial cells [25–26]. Both gE and gI have been hy-
pothesized to mediate HSV transfer across cell junctions 
by interacting with cell junction components [27]. Glyc-
oprotein M has been shown to interact with both cellular 
receptors and the gE-gI complex at cell junctions, and 
thus facilitate cell-to-cell spread of the virus [28]. HSV 
remains cell associated at cell junctions throughout the 
transfer [29]. The viral glycoproteins gB, gD, gH and gL 
are all essential for successful cell-to-cell spread into the 
neighboring cell. Viral mutants lacking either of these 
glycoproteins can enter complementary host cells, but 

Figure 1. Cell surface recep-
tors and viral ligands that 
participate in HSV entry. The 
viral envelope contains more 
than a dozen viral glycopro-
teins, but only fi ve (gB, gC, 
gD, gH and gL) have been 
shown to participate in viral 
entry. Binding of virus to cells 
is mediated by the binding of 
gB or gC to HS chains on cell 
surface proteoglycans. This 
facilitates the binding of gD 
to one of its cell surface recep-
tors. These include HVEM, 
nectin-1 and nectin-2, and 
specifi c sites in HS generated 
by certain 3-O-sulfotrans-
ferases. Binding of gD to any 
one of these receptors triggers 
fusion of the viral envelope 
with a cell membrane. This 
membrane fusion requires the 
action of gB and gH-gL het-
erodimers as well as gD and a 
gD receptor.
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cannot subsequently spread beyond the initially infected 
cell [21–23, 30].
The disease burden associated with viral infection is 
an escalating problem, with limited treatment regimes 
in place [31–32]. Few drugs have been approved for 
medical use against HIV and HSV in the last decades, 
despite tremendous research in this fi eld. There is also 
considerable room for improvement in drug design, since 
most new drugs have similar targets as the drugs used 
today [33–35]. Current anti-HSV treatment specifi cally 
targets the viral replication process. The treatment is 
based on acyclovir (ACV) [36], a synthetic analogue of 
the nucleoside guanosin, or other pro-forms metabolized 
to ACV over time. The vast spectrum of these nucleoside 
analogues have been reviewed elsewhere [37]. 

Antimicrobial proteins and peptides

The innate immune response involves among other things 
antimicrobial proteins and peptides [38]. Antimicrobial 
proteins are found in large amounts in all secretory fl u-
ids. Lactoferrin, lysozyme and collectins are among the 
most abundant secretion proteins in mammals [39–40]. 
Other proteins, including secretory immunoglobulin 
A, transferrin, mucin and histatins, are also important 
components of the innate immune system [41]. The an-
tiviral activity of antimicrobial proteins is often related 
to opsonization of the pathogen, e. g. mannose-binding 
proteins interacting with HIV [42] and neutralization of 
infl uenza A virus by surfactant protein A [43]. Lactofer-
rin is known to work as an opsonin for bacterial clearance 
[44], but this activity has not been illustrated for viruses. 
Antimicrobial peptides are produced by a wide variety 
of organisms as their fi rst line of defense, so-called the 
innate immune strategy [38]. To date, hundreds of such 
peptides have been isolated [45], indicating their impor-
tance in the innate immune system [46]. Antimicrobial 
peptides are typically relatively short (12 to 100 amino 
acids), positively charged, amphiphilic and have been 
isolated from single-celled microorganisms, amphibians, 
birds, fi sh plants and mammals, including man [47–48]. 
The most prominent peptide structures are 2–4 b-strands, 
amphipathic a-helices, loop structures and extended 
structures [49–50].
Members from all of the four structural classes of an-
timicrobial peptides have been shown to inhibit viral 
infection. The spectrum of viruses that are affected pri-
marily comprise the enveloped RNA and DNA viruses. 
In most cases it has been concluded that antiviral activity 
is exerted at a very early stage in the viral multiplication 
cycle, either by direct action of the peptides on the virus 
itself [51–52] or at the virus-cell interface [53]. It has 
also been demonstrated that antimicrobial peptides regu-
late multiple cellular genes [54], fi ndings which support 

peptide stimulation of the cellular immune response [55]. 
A reasonable hypothesis is that the products of a subset 
of these peptide-upregulated genes are able to suppress 
endotoxic responses that lead to production of pro-in-
fl ammatory cytokines while upregulating other genes 
assist in resolving infections [56–57].

Lactoferrin

Lactoferrin (Lf) is an 80-kDa multifunctional, mono-
meric glycoprotein [58] present in external secretions, 
especially milk, tears and saliva. The protein folds into 
two homologous globular lobes linked with an 11-amino 
acid a-helix [59]. Each lobe may reversibly bind one fer-
ric ion [60]. Lf evolved several million years ago, and 
its importance as an antimicrobial protein is underscored 
by numerous conserved gene segments. The conserved 
regions namely comprise areas on the surface of the 
protein structure [61]. There is 69% sequence homology 
between bovine and the human Lf (bLf and hLf) [62–63]. 
Lf shares many structural and functional features with the 
plasma iron-transport protein transferrin [59]. Lf is quite 
resistant to tryptic digestion, resulting in partial survival 
following passage through the gastrointestinal tract [64]. 
The antibacterial activity of Lf has been well reviewed 
against a broad spectrum of bacterial strains [65–67]. 
Several immunological functions have been ascribed to 
Lf, although their detailed mechanisms remain unknown 
[68–73]. Lf has also been shown to inhibit tumor growth 
[74], fungal infections [75–76] as well as viral infections 
[77–89]. The antiviral activity of Lf has been demon-
strated against both naked [87, 90–92] and enveloped 
viruses [79, 81, 84–86, 93–100]. This activity is exerted 
during an early phase of the viral infection. Lf from sev-
eral species possesses antiviral activity towards different 
human viruses, although bLf is often reported to exhibit 
higher antiviral activity than hLf [83–84, 93, 101]. One 
of the main physiological functions of Lf is to bind iron. 
However, iron saturation does not appear to infl uence the 
antiviral activity [85–86, 88].

Cellular targets and antiviral mode of action of Lf

Andersen et al. [55] showed that the antiviral activity of 
Lf not was improved by pre-incubation of Lf with HSV-1 
or HSV-2 prior to infection, indicating that the antiviral 
activity of Lf must be exerted through interaction with 
a cellular target, rather than a target on the viral particle 
itself [55]. Conversely, Marchetti et al. [84–85] sug-
gested that Lf prevents HSV entry in part by binding to 
the virus particles. However these mechanisms need not 
be exclusive, and may refl ect the different experimental 
conditions. Electron micrographs have confi rmed that 
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Lf must be located at the cell surface to exert antiviral 
activity against HSV [55]. These and others studies have 
also demonstrated that Lf remains at the cell surface after 
exposure [102], which explains the post-infection effect 
of Lf observed with the plaque reduction assay in Vero 
cells [55].
The antiviral mode of action of Lf has been described for 
several virus strains. Interaction between Lf and the host 
cell inhibits infection by hepatitis B virus (HBV) and 
HSV [80, 55]. In contrast, for infections with adenovirus, 
feline herpes virus (FHV-1), hepatitis C virus (HCV) 
and human immunodefi ciency virus (HIV) infection, Lf 
exerts its antiviral activity by direct interaction with the 
viral particle [77, 96, 103–104]. In all cases studied, it 
appears that Lf exhibits its antiviral activity at an early 
phase in the infection process [55, 77–78, 80, 83, 96, 
103–105].
Several viral pathogens has been shown to use host cell 
surface HS as an attachment receptor [106–107] during 
the infection process. Lf also binds HS [108] as a result 
of its high net charge and two N-terminal domains for 
GAG binding [109–111]. Viral entry of HSV-1 is effec-
tively blocked by Lf [55], most likely as a result of Lf 
interaction with cell surface HS [81, 84, 112]. Anti-HSV 
activity of Lf has been investigated with several cell 
lines, both defi cient in and expressing different GAG 
molecules at the cell surface. The results have shown 
that HS at the cell surface is important for Lf to exert 
antiviral activity [55, 112]. HSV-1 and HSV-2 differ in 
their interaction with HS [113], which may explain the 
different antiviral activity of Lf towards the two viruses 
[101].
Lf can effectively block viral entry when added to the 
cells prior to infection. Moreover, pre-incubation of the 
cells with Lf for 4 h prior to viral infection also does 
not affect the blocking of viral entry [55]. Signifi cant 
amounts of Lf are internalized after 4 h, and Lf has been 
shown to exhibit antiviral activity only when present at 
the cell surface [55]. This may indicate that the cells are 
able to adapt a long-lasting antiviral immunity after ex-
posure to Lf. Similar immunity to HSV infection, lasting 
for several hours, has also been reported for derivatives 
of dispirotripiperazine [114], interacting with HS.
Lf has mainly been localized at the cell surface of HS-
expressing cells; localization shifts intracellularly in cell 
lines defi cient in GAG expression [55]. This has been 
explained by the high affi nity of Lf for HS [108]. Varia-
tion in the amount of Lf found on the surface of different 
HS expressing cells may be explained by a diverse ex-
pression pattern for HS; variation might also result from 
different affi nities of HS to Lf resulting from diversity in 
the primary structure of HS on the individual cell types 
[115–116]. However, the antiviral activity of Lf cannot 
be fully explained by competition for viral attachment 
sites [117]. 

Cellular uptake of Lf

Ji and Mahley [118] have illustrated that mutant CHO 
cells (pgsD-677) lacking HS bound much less Lf com-
pared which wild-type CHO cells. The results suggest 
that Lf may bind directly to the low-density-lipoprotein 
receptor-related protein (LRP) in the absence of HS 
[118]. This may explain binding of Lf to cell surfaces in 
the absence of HS and other GAG molecules [55]. LRP 
has also been shown to act as an endocytosis-mediating 
receptor [119], and may thus explain how Lf is internal-
ized in GAG-defi cient cells [55].
A specifi c receptor for Lf (LfR) has been characterized 
on several mammalian cell types and tissues including 
monocytes [120], lymphocytes [121], liver [122–124] 
and the small intestine [125]. Cellular uptake of iron 
bound (holo) Lf in the small intestine has been linked to 
the LfR [126], implying that LfR has a higher affi nity for 
holo- than apo-Lf (iron free). This may explain the dif-
fering amounts of apo- and holo-Lf found on the surface 
of Vero cells, even though they have the same affi nity for 
HS [55].
Lf has the ability to interact with nucleolin at the cell sur-
face [127]. Nucleolin is mainly expressed in the nucleus, 
but is shuttled to the cell surface and back to the nucleus 
over the cytoskeleton [128]. Independent of the presence 
of GAG molecules, Lf binds nucleolin specifi cally with 
medium affi nity, through binding sites located in both 
the N- and C-terminal lobes of Lf [127]. Internaliza-
tion of the Lf-nucleolin complex through vesicles of the 
recycling/degradation pathway, however, requires HS. 
Legrand et al. [127] have illustrated that this mechanism 
results in nuclear localization of Lf. 
Experiments have demonstrated that hLf is internalized 
into cells even at 4 °C [55], a temperature at which the en-
docytic pathway should suffer considerable suppression 
[129]. The N-terminal region G1RRRR5 of hLf, identifi ed 
as a nuclear localization signal (NLS) [130] is responsi-
ble for this type of Lf internalization. This sequence is 
also the heparin-binding site of Lf [131]. Internalization 
of Lf to the nucleus can therefore be blocked by heparin 
[132], although there is no evidence linking this internali-
zation to HS on the cell surface. Energy-independent in-
ternalization has also been shown in GAG-defi cient cells 
[55]. Small-angle scattering studies have demonstrated 
that both lobes of Lf undergo a substantial conforma-
tional change as a result of iron binding, consistent with 
closure of the inter-domain cleft [133]. Variation in the 
relative amounts of apo- and holo-hLf detected in GAG-
defi cient cells [55] likely indicates that energy-independ-
ent internalization through the NLS is infl uenced by the 
secondary structure of Lf. 
Several internalization processes have been proposed 
and confi rmed for Lf, including both a receptor-induced 
endocytic pathway. e. g. using LRP, LfR or nucleolin, 
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and/or an energy-independent entry involving NLS. Lf is 
a complex molecule and may use different internalization 
mechanisms, depending on its iron bound state and the 
experimental conditions. 

Intracellular targets for Lf

Even though Lf has numerous immune-stimulating 
properties [134–136], little is known about the actual 
mechanisms involved. Intracellular localization of Lf 
may result in regulation of host cell protein expression. 
Legrand et al. [127] have shown that Lf is transferred 
into the nucleus after interaction with the cell surface 
protein nucleolin. Comparable amounts of hLf have also 
been observed in the cytoplasm and in the nucleus by 
Andersen et al. [55]. It has also been reported that Lf 
binds a specifi c DNA sequence [137] and activates the 
transcription of interleukin (IL)-1b [138]. In vivo stud-
ies have also demonstrated an increase in serum levels 
of IL-18 and splenocyte production of interferon-g and 
IL-12 upon orally administered of Lf [139]. These ILs 
have the ability to protect the host from infections caused 
by HSV [140]. 

Fragments of Lf: antiviral cationic peptides

Two large fragments of bLf, the C-lobe [amino acid (aa) 
345–689] and the N-lobe (aa 1–280), have been shown 
to inhibit HSV-1 infection, while a smaller part of the N-
lobe (aa 86–258) was ineffective [141]. A small heparin-
binding antimicrobial peptide (lactoferricin) has been 
isolated from the N-terminal domain of Lf, following 
pepsin treatment [142]. Bovine lactoferricin (LfcinB) is 

situated between residues 17 and 41 in bLf, while human 
lactoferricin (LfcinH) consists of two fragments, aa 1–11 
and 12–47, connected by a disulfi de bridge [143]. Re-
production of these results, however, has been diffi cult, 
and several recent publications have defi ned LfcinB as aa 
17–42 [144], and LfcinH as a single fragment of aa 1–49 
[145] (fi g. 2). LfcinB features a loop region attributable 
to a disulfi de bridge between residues 19 and 36, a region 
which is also found in the homologous region of LfcinH 
(aa 20 and 37) [143]. Both LfcinB and LfcinH create 
a surface-exposed amphipathic a-helical domain in Lf 
prior to pepsin digestion [146–148]. In addition, the larg-
er LfcinH comprises a parallel b-sheet structure. After 
pepsin cleavage, LfcinB loses its a-helical domain and 
becomes a distorted antiparallel b-sheet [149], whereas 
LfcinH retains its a-helical domain but loses its b-sheet 
[145]. LfcinB has been shown to exert antiviral activity 
against HCV [82], HCMV [93], HIV [78], HSV-1 and 
HSV-2 [101, 108], while LfcinH has shown antiviral 
activity against HSV-1 and HSV-2, although this activity 
is lower than that of LfcinB [101]. The difference in sec-
ondary structure may explain the difference in antiviral 
activity [101, 108]. Several other b-sheet peptides have 
been described as potent inhibitors of HSV infection 
[150], while only melittin and magainin from the group 
of a-helical peptides have been reported to possess anti-
HSV activity [151]. 

Structural requirements for the antiviral activity 
of Lfcin

A set of LfcinH and LfcinB derivatives have been con-
structed and tested for their antiviral activity against 
HSV-1 and HSV-2 in an attempt to identify primary 

Figure 2. Primary structure 
projections of LfcinH and 
LfcinB. Primary structures of 
LfcinH (I), consisting of ami-
no acids 1-49 and LfcinB, (II) 
comprising residues 17-42.
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structure domains contributing to peptide antiviral activ-
ity [108]. Deletion of segments in the N- and C-terminal 
part of LfcinH gave the corresponding human analogue 
of LfcinB with no detectable antiviral activity [108]. This 
could be a result of structural changes due to the reduc-
tion in chain length and/or the reduction of the charge 
from 8.79 to 5.85 at pH 7.0, since antiviral peptides often 
are described as highly cationic [150–152]. The relation-
ship between a peptide’s net charge and its antiviral activ-
ity has been reported for both the Lfcin analogues and a 
set of short a-helical peptides [108, 152–153]. However, 
the spatial positions of the charged amino acids seem to 
be more important for antiviral activity than the actual 
net charge [108, 152]. 
Several types of charged molecules in the body have 
been shown to interact through electrostatic interactions 
with GAG molecules on the host cell surface [154–163]. 
Several Lfcin analogues and short a-helical peptides 
have also shown high affi nity for HS and this affi nity 
has in part been correlated with the peptides’ net charge 
[108, 152]. Peptide affi nity increased further if arginine 
was substituted for lysine [152, 164–166]. Even though 
LfcinH has a higher net positive charge than LfcinB, i. e. 
8.79 and 7.84 at pH 7.0, respectively, the two peptides ex-
hibit equal affi nity for HS. Thus, other parameters infl u-
ence peptide affi nity for HS [108]. Aromatic amino acids 
have a minor infl uence on the peptides’ HS affi nity [108, 
152]. However, specifi c GAG binding domains have 
been identifi ed in both LfcinH and LfcinB. These do-
mains involve the sequences G1RRRRS6 and R28KVR31 

in LfcinH [109], and the whole sequence of LfcinB 
[110]. The widespread positioning of these elements in 
the primary peptide sequence of LfcinH shows that the 
overall importance depends on how they are presented in 
the secondary structure.
Aromatic amino acids greatly infl uence a peptide’s 
secondary structure, thereby infl uencing the antiviral 
activity of the peptides [108, 152]. The importance of 
individual amino acids in a peptide has been illustrated 
by describing the peptide sequence with theoretically 
derived amino acid descriptors derived by Hellberg et 
al. [167]. These results showed that the terminal amino 
acids in the Lfcin analogue were of great importance 
[108]. Although the aromatic nature of these terminal 
amino acids appears unfavorable, their spatial contribu-
tion to the peptide sequence seemed crucial for antiviral 
activity [153, 167]. 
A set of short, highly cationic a-helical 21-mer pep-
tides have been made to identify the secondary struc-
tural requirements for high anti-HSV activity [152]. The 
peptides’ secondary structures have been described by 
circular dichrosim (CD) measurements in solutions of 
liposomes, micelles and a structure-stabilizing buffer 
[152]. However, the peptides’ antiviral activity could 
not be related to their a-helicity, at least when the sec-

ondary structure was described by CD data [152]. This 
is in agreement with results presented by Strøm et al. 
[168–169]. They concluded that the fl exibility of the 
peptide and the likelihood of strong interactions with the 
cell surface make any helicities present in the solution 
non-existent on the cell surface [168–169]. 
Both LfcinB with a stable b-sheet structure, some Lfcin 
analogues with internal disulfi de bridges as well as a set 
of short a-helical peptides possess antiviral activity with 
presumably similar modes of action [108, 152]. This 
indicates that the peptides are able to interact with their 
target, despite large structural differences. Given that all 
peptides interact with the same target, a possible explana-
tion would be that they adapt an amphipathic conforma-
tion. Lfcin is known to fold into an amphipathic shape 
with hydrophobic residues clustered on one side of the 
twisted b-sheet, while hydrophilic and positively charged 
residues are found on the opposite side [149]. A similar 
amphipathic structure is preserved with a cationic sector 
in the short a-helical peptides [170]. Precise positioning 
of charged residues may be crucial for interaction. The 
spatial positioning of amino acids which contribute to 
peptide antiviral activity is infl uenced by other amino 
acids present in the peptide sequence. This can explain 
how structural parameters such as hydrophobic and li-
pophilic amino acids, both in the Lfcin analogues and the 
short a-helical peptides, contribute to anti-HSV activity 
[108, 152]. 

The cellular target and antiviral mode of action 
of Lfcin

Similar requirements for spatial presentation of specifi c 
residues has been demonstrated for the ability of HSV 
gC to interact with HS. Trybala et al. [171] have shown 
that in addition to the charged residues in gC, two hy-
drophobic residues might be necessary for the specifi c 
spatial interaction between the cationic residues and the 
negatively charged HS. Based on the sequence data for 
gC of HSV-1 [172], a 16-amino acid loop structure has 
been described as the functional site involved in binding 
to cell surface HS [171]. This loop structure has 87.5 % 
sequence homology with the loop in gC of HSV-2 [173]. 
Lfcin creates a similar loop of 16 residues [108], with 
87.5% homology to gC HSV-1, when comparing struc-
tural groups of amino acids, rather than identical amino 
acids. This may explain the diffi culty in creating Lfcin 
analogues with higher antiviral specifi city [108].
Energy-independent cellular uptake of cationic peptides 
involving cell surface HS has been described [174]. The 
mechanism is infl uenced by the arginine content of the 
peptide [175–177]. Similarly, transmission electron mi-
croscopy (TEM) studies have revealed that LfcinB, is able 
to enter both CS- and HS-defi cient cells in an energy-in-
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dependent way [55]. This can be explained by a mecha-
nism described by Kim et al., [178] where internalization 
of arginine-rich peptides is only partially inhibited by 
heparinase III. The NLS located in LfcinH [130] may also 
contribute to the peptide shuttle to the nucleus.
HS works as an attachment receptor for HSV. Thus block-
ing of HS is hypothesized to reduce the viral infection 
[4–5]. It has been proposed that cationic antimicrobial 
peptides block HSV infection by binding to HS at the cell 
surface in a manner similar to Lf [55]. This is supported by 
the fact that Lfcin has no direct effect on the HSV particle, 
since allowing Lfcin to interact with the virus did not af-
fect the inhibitory effect of the peptide [55]. Lfcin peptides 
also contain specifi c GAG binding domains [109–110] 
and have shown relatively high HS affi nity [108]. 
The different activity of peptides against HSV-1 and 
HSV-2 may be attributed to a combination of their amino 
acid content and their globular structure [101, 108, 
152–153, 179]. Similar differences have been reported 
for polyanionic compounds [180], and may involve the 
viral specifi city for the receptor molecules and/or the 
peptides’ ability to interact with different viral recep-
tors. Trybala et al. [181] have demonstrated that HSV-2 
has higher affi nity than HSV-1 for HS. These data sup-
port the dependence of peptide anti-HSV-2 activity on 
secondary structure, whereas the anti-HSV-1 activity is 
more dependent on the net charge in the peptide [108, 
152]. HSV-1 has also been shown to be highly dependent 
on the gC HS interaction [182], while HSV-2 gB plays a 
key role in mediating HSV-2 attachment and entry [183]. 
Thus, HS blocking likely affects HSV-1 and HSV-2 in-
teraction differently, explaining why some peptides pos-
sess higher activity towards HSV-1 than HSV-2, and vice 
versa [108, 152]. 
The 3-O-HS entry receptor is structurally similar to HS, 
except with an additional sulfate in the 3-OH position of 
the glucosamine residue. This increase in charge poten-
tially increases the interaction with cationic peptides. 
Peptide interaction with HS molecules containing 3-O-
HS binding sites may interfere or block the HSV gD 
interaction. This may explain why several peptides have 
shown higher antiviral activity against HSV-1 than HSV-
2 [108, 152], since 3-O-HS serves as an entry receptor for 
HSV-1 and not for HSV-2 [19].
Antiviral activity observed when LfcinB or short a-heli-
cal peptides are added after initial attachment of the virus 
to the cell surface and after viral entry [55, 152] implies 
an additional effect of peptides on viral spread from cell 
to cell. Similar ability to reduce cell-to-cell spread has 
been reported for a-helical interferon [184]. Although 
still controversial, it has been suggested that a-defensin-
1 is the soluble CD8+ T-cell antiviral factor with potent 
activity against HIV [185]. Similar immune activating 
properties are also hypothesized for Lfcin and other 
cationic peptides. 

Combined drug effect 

In vitro studies have shown that Lf exhibits synergy in 
combination with antifungal agents against Candida 
isolates and with zidovudine against HIV-1 [186–187]. A 
synergistic antiviral activity was also observed for HSV-1 
and HSV-2 when ACV was used in combination with Lf 
or Lfcin [101, 152]. Lf and Lfcin have also been shown 
to have antiviral activity towards ACV-resistant clinical 
isolates [101].

Models for the design of new antiviral peptides 

The structural fl exibility of peptides has made it diffi cult 
to investigate their mode of action and identify their phar-
macophore. Theoretically derived amino acid descriptors 
[167, 188], have been used to minimize this problem and 
create a mathematical model for predicting a peptide’s 
biological activity. The model has shown that anti-HSV 
activity, HS/CS affi nity, calculated hydrophobicity, net 
charge and aliphatic index of peptides are well modeled 
by the amino acid descriptors [153]. Similar models have 
been used successfully in modeling both antibacterial 
[189] and anti-cancer activities [190]. The model explains 
the correlation between a peptide’s primary sequence and 
its biological and chemical activity [108, 153]. 

Conclusion

Lf has a high affi nity to HS and exhibits high anti-HSV 
activity when present at the cell surface. Lf is also able to 
inhibit cell-to-cell spread, and exhibits synergistic antivi-
ral activity in combination with ACV.
Comparably, Lfcin possesses similar anti-HSV activity 
and high affi nity to HS. Interaction with cell surface HS 
enables Lfcin to block entry of HSV-1. Cell surface local-
ization of Lfcin is not required for antiviral activity, indi-
cating a dual antiviral mode of action. Lfcin exhibits syn-
ergy when used in combination with ACV against HSV. 
The affi nity of cationic peptides to HS can explain their 
antiviral activity. Affi nity for HS and anti-HSV activity is 
dependent on the spatial presentation of charged residues 
in the peptides. However, peptide secondary structure 
appears to be of minor relevance to antiviral activity. A 
mathematical model has proven successful in explaining 
peptide activity on the basis of peptide sequence. 

Acknowledgement. Dr. M. D. Brazas is greatly acknowledged for 
her linguistic assistance.

 1 Roizman B., Pellett P. E., Knipe D. M. and Whitley R. J. 
(2001) The family herpesviridae. In: Fields virology, vol. 2, pp. 
2381–2509, Knipe D. M. and Howley P. M. (eds.), Lippincott, 
Hagerstown, MD 



Cell. Mol. Life Sci.  Vol. 62, 2005 Review Article 3009

ates both an antithrombin-binding site and an entry receptor for 
herpes simplex virus, type 1. J. Biol. Chem. 277: 37912–37919

20 Xu D., Tiwari V., Xia G., Clement C., Shukla D. and Liu J. 
(2004) Characterization of heparan sulphate sulphotransferase 
isoform 6 and its role in assisting the entry of herpes simplex 
virus, type 1. Biochem. J. 385: 451–459 

21 Forrester A., Farrell H., Wilkinson G., Kaye J., Davis-Poynter 
N. and Minson T. (1992) Construction and properties of a mu-
tant of herpes simplex virus type 1 with glycoprotein H coding 
sequences deleted. J. Virol. 66: 341–348

22 Ligas M. W. and Johnson D. C. (1988) A herpes simplex virus 
mutant in which glycoprotein D sequences are replaced by beta-
galactosidase sequences binds to but is unable to penetrate into 
cells. J. Virol. 62: 1486–1494

23 Roop C., Hutchinson L. and Johnson D. C. (1993) A mutant 
herpes simplex virus type 1 unable to express glycoprotein L 
cannot enter cells, and its particles lack glycoprotein H. J. Virol. 
67: 2285–2297

24 Sarmiento M., Haffey M. and Spear P. G. (1979) Membrane 
proteins specifi ed by herpes simplex viruses. III. Role of glyco-
protein VP7(B2) in virion infectivity. J. Virol. 29: 1149–1158

25 Dingwell K. S., Brunetti C. R., Hendricks R. L., Tang Q., Tang 
M., Rainbow A. J. et al. (1994) Herpes simplex virus glyco-
proteins E and I facilitate cell-to-cell spread in vivo and across 
junctions of cultured cells. J. Virol. 68: 834–845

26 Balan P., Davis-Poynter N., Bell S., Atkinson H., Browne H. 
and Minson T. (1994) An analysis of the in vitro and in vivo 
phenotypes of mutants of herpes simplex virus type 1 lacking 
glycoproteins gG, gE, gI or the putative gJ. J. Gen. Virol. 75 ( 
Pt 6): 1245–1258

27 Dingwell K. S. and Johnson D. C. (1998) The herpes simplex 
virus gE-gI complex facilitates cell-to-cell spread and binds to 
components of cell junctions. J. Virol. 72: 8933–8942

28 Rajcani J. and Vojvodova A. (1998) The role of herpes simplex 
virus glycoproteins in the virus replication cycle. Acta Virol. 42: 
103–118

29 Johnson D. C., Webb M., Wisner T. W. and Brunetti C. (2001) 
Herpes simplex virus gE/gI sorts nascent virions to epithelial 
cell junctions, promoting virus spread. J. Virol. 75: 821–833

30 Cai W. H., Gu B. and Person S. (1988) Role of glycoprotein B 
of herpes simplex virus type 1 in viral entry and cell fusion. J. 
Virol. 62: 2596–2604

31 Szucs T. (1999) The socio-economic burden of infl uenza. J. 
Antimicrob. Chemother. 44 Suppl. B: 11–15

32 Zaidi A. K., Awasthi S. and deSilva H. J. (2004) Burden of in-
fectious diseases in South Asia. BMJ 328: 811–815

33 De Clercq E. (2001) Antiviral drugs: current state of the art. J. 
Clin. Virol. 22: 73–89

34 De Clercq E. (2004) Antiviral drugs in current clinical use. J. 
Clin. Virol. 30: 115–133

35 Kleymann G. (2003) New antiviral drugs that target herpesvirus 
helicase primase enzymes. Herpes 10: 46–52

36 Chilukuri S. and Rosen T. (2003) Management of acyclovir-
resistant herpes simplex virus. Dermatol. Clin. 21: 311–320

37 De Clercq E. (2004) Antivirals and antiviral strategies. Nat. 
Rev. Microbiol. 2: 704–720

38 Hancock R. E. W. (2001) Cationic peptides: effectors in in-
nate immunity and novel antimicrobials. Lancet Infect. Dis. 1: 
156–164

39 Brogan T. D., Ryley H. C., Neale L. and Yassa J. (1975) Soluble 
proteins of bronchopulmonary secretions from patients with 
cystic fi brosis, asthma and bronchitis. Thorax. 30: 72–79

40 Lim D. J., Chun Y. M., Lee H. Y., Moon S. K., Chang K. H., Li 
J. D. et al. (2000) Cell biology of tubotympanum in relation to 
pathogenesis of otitis media – a review. Vaccine 19 Suppl 1: 
S17–S25

41 Tanida T., Okamoto T., Okamoto A., Wang H., Hamada T., Ueta 
E. et al. (2003) Decreased excretion of antimicrobial proteins 
and peptides in saliva of patients with oral candidiasis. J. Oral 
Pathol. Med. 32: 586–594

 2 Esmann J. (2001) The many challenges of facial herpes sim-
plex virus infection. J. Antimicrob. Chemother. 47 Suppl. T1: 
17–27

 3 Mitchell B. M., Bloom D. C., Cohrs R. J., Gilden D. H. and 
Kennedy P. G. (2003) Herpes simplex virus-1 and varicella-
zoster virus latency in ganglia. J. Neurovirol. 9: 194–204

 4 Shieh M. T., WuDunn D., Montgomery R. I., Esko J. D. and 
Spear P. G. (1992) Cell surface receptors for herpes simplex 
virus are heparan sulfate proteoglycans. J. Cell. Biol. 116: 
1273–1281

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

 6 Mardberg K., Trybala E., Tufaro F. and Bergstrom T. (2002) 
Herpes simplex virus type 1 glycoprotein C is necessary for ef-
fi cient infection of chondroitin sulfate-expressing gro2C cells. 
J. Gen. Virol. 83: 291–300

 7 Banfi eld B. W., Leduc Y., Esford L., Visalli R. J., Brandt C. 
R. and Tufaro F. (1995) Evidence for an interaction of herpes 
simplex virus with chondroitin sulfate proteoglycans during 
infection. Virology 208: 531–539

 8 Gruenheid S., Gatzke L., Meadows H. and Tufaro F. (1993) 
Herpes simplex virus infection and propagation in a mouse L 
cell mutant lacking heparan sulfate proteoglycans. J. Virol. 67: 
93–100

 9 Spear P. G. (2004) Herpes simplex virus: receptors and ligands 
for cell entry. Cell Microbiol. 6: 401–410

10 Montgomery R. I., Warner M. S., Lum B. J. and Spear P. G. 
(1996) Herpes simplex virus-1 entry into cells mediated by 
a novel member of the TNF/NGF receptor family. Cell 87: 
427–436

11 Warner M. S., Geraghty R. J., Martinez W. M., Montgomery 
R. I., Whitbeck J. C., Xu R. et al. (1998) A cell surface protein 
with herpesvirus entry activity (HveB) confers susceptibility 
to infection by mutants of herpes simplex virus type 1, herpes 
simplex virus type 2 and pseudorabies virus. Virology 246: 
179–189

12 Whitbeck J. C., Peng C., Lou H., Xu R., Willis S. H., Ponce D. 
L. et al. (1997) Glycoprotein D of herpes simplex virus (HSV) 
binds directly to HVEM, a member of the tumor necrosis factor 
receptor superfamily and a mediator of HSV entry. J. Virol. 71: 
6083–6093

13 Geraghty R. J., Krummenacher C., Cohen G. H., Eisenberg R. 
J. and Spear P. G. (1998) Entry of alphaherpesviruses mediated 
by poliovirus receptor-related protein 1 and poliovirus receptor. 
Science 280: 1618–1620

14 Cocchi F., Menotti L., Mirandola P., Lopez M. and Campadelli-
Fiume G. (1998) The ectodomain of a novel member of the im-
munoglobulin subfamily related to the poliovirus receptor has 
the attributes of a bona fi de receptor for herpes simplex virus 
types 1 and 2 in human cells. J. Virol. 72: 9992–10002

15 Cocchi F., Menotti L., Dubreuil P., Lopez M. and Campadelli-
Fiume G. (2000) Cell-to-cell spread of wild-type herpes sim-
plex virus type 1, but not of syncytial strains, is mediated by 
the immunoglobulin-like receptors that mediate virion entry, 
nectin1 (PRR1/HveC/HIgR) and nectin2 (PRR2/HveB). J. Vi-
rol. 74: 3909–3917

16 Lopez M., Cocchi F., Menotti L., Avitabile E., Dubreuil P. and 
Campadelli-Fiume G. (2000) Nectin2alpha (PRR2alpha or 
HveB) and nectin2delta are low-effi ciency mediators for entry 
of herpes simplex virus mutants carrying the Leu25Pro substitu-
tion in glycoprotein D. J. Virol. 74: 1267–1274

17 Spear P. G., Eisenberg R. J. and Cohen G. H. (2000) Three 
classes of cell surface receptors for alphaherpesvirus entry. 
Virology 275: 1–8

18 Shukla D., Liu J., Blaiklock P., Shworak N. W., Bai X., Esko J. 
D. et al. (1999) A novel role for 3-O-sulfated heparan sulfate in 
herpes simplex virus 1 entry. Cell 99: 13–22

19 Xia G., Chen J., Tiwari V., Ju W., Li J. P., Malmstrom A. et al. 
(2002) Heparan sulfate 3-O-sulfotransferase isoform 5 gener-



3010 H. Jenssen Anti-herpes activity of lactoferrin/lactoferricin

42 Haurum J. S., Thiel S., Jones I. M., Fischer P. B., Laursen S. B. 
and Jensenius J. C. (1993) Complement activation upon bind-
ing of mannan-binding protein to HIV envelope glycoproteins. 
AIDS 7: 1307–1313

43 Benne C. A., Kraaijeveld C. A., van Strijp J. A., Brouwer E., 
Harmsen M., Verhoef J. et al. (1995) Interactions of surfactant 
protein A with infl uenza A viruses: binding and neutralization. 
J. Infect. Dis. 171: 335–341

44 Kai K., Komine K., Komine Y., Kuroishi T., Kozutsumi T., 
Kobayashi J. et al. (2002) Lactoferrin stimulates A Staphyloco-
ccus aureus killing activity of bovine phagocytes in the mam-
mary gland. Microbiol. Immunol. 46: 187–194

45 Hancock R. E. W. and Chapple D. S. (1999) Peptide antibiotics. 
Antimicrob. Agents Chemother. 43: 1317–1323

46 Hancock R. E. W. and Diamond G. (2000) The role of cationic 
antimicrobial peptides in innate host defences. Trends Micro-
biol. 8: 402–410

47 Ganz T. (2005) Defensins and other antimicrobial peptides: 
a historical perspective and an update. Comb. Chem. High 
Throughput Screen. 3: 209–217 

48 Wang Z. and Wang G. (2004) APD: the Antimicrobial Peptide 
Database. Nucleic Acids Res. 32 Database issue: D590–D592

49 Boman H. G. (1995) Peptide antibiotics and their role in innate 
immunity. Annu. Rev. Immunol. 13: 61–92

50 Bowdish D. M., Davidson D. J. and Hancock R. E. W. (2005) A 
re-evaluation of the role of host defence peptides in mammalian 
immunity. Curr. Protein Pept. Sci. 1: 35–51

51 Aboudy Y., Mendelson E., Shalit I., Bessalle R. and Fridkin 
M. (1994) Activity of two synthetic amphiphilic peptides and 
magainin-2 against herpes simplex virus types 1 and 2. Int. J. 
Pept. Protein Res. 43: 573–582

52 Robinson W. E. Jr, McDougall B., Tran D. and Selsted M. E. 
(1998) Anti-HIV-1 activity of indolicidin, an antimicrobial pep-
tide from neutrophils. J. Leukoc. Biol. 63: 94–100

53 Belaid A., Aouni M., Khelifa R., Trabelsi A., Jemmali M. 
and Hani K. (2002) In vitro antiviral activity of dermaseptins 
against herpes simplex virus type 1. J. Med. Virol. 66: 229–
234

54 Scott M. G., Davidson D. J., Gold M. R., Bowdish D. M. and 
Hancock R. E. W. (2002) The human antimicrobial peptide LL-
37 is a multifunctional modulator of innate immune responses. 
J. Immunol. 169: 3883–3891

55 Andersen H. J., Jenssen H., Sandvik K. and Gutteberg T. J. 
(2004) The anti-HSV activity of lactoferrin and lactoferricin is 
dependent on the presence of heparan sulfate at the cell surface. 
J. Med. Virol. 74: 262–271

56 Bowdish D. M., Davidson D. J., Lau Y. E., Lee K., Scott M. G. 
and Hancock R. E. W. (2005) Impact of cationic host defence 
peptides on anti-infective immunity. J. Leukocyte Biol. 77: 
451–459

57 Bowdish D. M. and Hancock R. E. W. (2005) Anti-endotoxin 
properties of cationic host defence peptides and proteins. J. 
Endotox. Res. 11: 230–236

58 Brock J. H. (2002) The physiology of lactoferrin. Biochem. Cell 
Biol. 80: 1–6

59 Baker E. N., Baker H. M. and Kidd R. D. (2002) Lactoferrin 
and transferrin: functional variations on a common structural 
framework. Biochem. Cell Biol. 80: 27–34

60 Baker H. M. and Baker E. N. (2004) Lactoferrin and iron: struc-
tural and dynamic aspects of binding and release. Biometals 3: 
209–216

61 Ford M. J. (2001) Molecular evolution of transferrin: evidence 
for positive selection in salmonids. Mol. Biol. Evol. 18: 639–
647

62 Pierce A., Colavizza D., Benaissa M., Maes P., Tartar A., Mon-
treuil J. et al. (1991) Molecular cloning and sequence analysis 
of bovine lactotransferrin. Eur. J. Biochem. 196: 177–184

63 Rey M. W., Woloshuk S. L., deBoer H. A. and Pieper F. R. 
(1990) Complete nucleotide sequence of human mammary 
gland lactoferrin. Nucleic Acids Res. 18: 5288

64 Brines R. D. and Brock J. H. (1983) The effect of trypsin and 
chymotrypsin on the in vitro antimicrobial and iron-binding 
properties of lactoferrin in human milk and bovine colostrum. 
Unusual resistance of human apolactoferrin to proteolytic di-
gestion. Biochim. Biophys. Acta 759: 229–235

65 Arnold R. R., Cole M. F. and McGhee J. R. (1977) A bacteri-
cidal effect for human lactoferrin. Science 197: 263–265

66 Farnaud S. and Evans R. W. (2003) Lactoferrin – a multifunctional 
protein with antimicrobial properties. Mol. Immunol. 40: 395–405

67 Florisa R., Recio I., Berkhout B. and Visser S. (2003) Antibacte-
rial and antiviral effects of milk proteins and derivatives thereof. 
Curr. Pharm. Des. 9: 1257–1275

68 Brock J. (1995) Lactoferrin: a multifunctional immunoregula-
tory protein? Immunol. Today 16: 417–9

69 Crouch S. P., Slater K. J. and Fletcher J. (1992) Regulation of 
cytokine release from mononuclear cells by the iron-binding 
protein lactoferrin. Blood 80: 235–240

70 Gahr M., Speer C. P., Damerau B. and Sawatzki G. (1991) In-
fl uence of lactoferrin on the function of human polymorphonu-
clear leukocytes and monocytes. J. Leukoc. Biol. 49: 427–433

71 Sfeir R. M., Dubarry M., Boyaka P. N., Rautureau M. and Tome 
D. (2004) The mode of oral bovine lactoferrin administration 
infl uences mucosal and systemic immune responses in mice. J. 
Nutr. 134: 403–409

72 Shau H., Kim A. and Golub S. H. (1992) Modulation of natural 
killer and lymphokine-activated killer cell cytotoxicity by lacto-
ferrin. J. Leukoc. Biol. 51: 343–349

73 Vorland L.H. (1999) Lactoferrin: a multifunctional glycopro-
tein. APMIS 107: 971–981

74 Tsuda H., Sekine K., Fujita K. and Ligo M. (2002) Cancer pre-
vention by bovine lactoferrin and underlying mechanisms – a 
review of experimental and clinical studies. Biochem. Cell Biol. 
80: 131–136

75 Kirkpatrick C. H., Green I., Rich R. R. and Schade A. L. (1971) 
Inhibition of growth of Candida albicans by iron-unsaturated 
lactoferrin: relation to host-defense mechanisms in chronic 
mucocutaneous candidiasis. J. Infect. Dis. 124: 539–544

76 Soukka T., Tenovuo J. and Lenander-Lumikari M. (1992) Fun-
gicidal effect of human lactoferrin against Candida albicans. 
FEMS Microbiol. Lett. 69: 223–228

77 Beaumont S. L., Maggs D. J. and Clarke H. E. (2003) Effects of 
bovine lactoferrin on in vitro replication of feline herpesvirus. 
Vet. Ophthalmol. 6: 245–250

78 Berkhout B., van Wamel J. L., Beljaars L., Meijer D. K., Visser 
S. and Floris R. (2002) Characterization of the anti-HIV effects 
of native lactoferrin and other milk proteins and protein-derived 
peptides. Antiviral Res. 55: 341–355

79 Drobni P., Naslund J. and Evander M. (2004) Lactoferrin inhib-
its human papillomavirus binding and uptake in vitro. Antiviral 
Res. 64: 63–68

80 Hara K., Ikeda M., Saito S., Matsumoto S., Numata K., Kato N. 
et al. (2002) Lactoferrin inhibits hepatitis B virus infection in 
cultured human hepatocytes. Hepatol. Res. 24: 228

81 Hasegawa K., Motsuchi W., Tanaka S. and Dosako S. (1994) In-
hibition with lactoferrin of in vitro infection with human herpes 
virus. Jpn. J. Med. Sci. Biol. 47: 73–85

82 Ikeda M., Nozaki A., Sugiyama K., Tanaka T., Naganuma A., 
Tanaka K. et al. (2000) Characterization of antiviral activity of 
lactoferrin against hepatitis C virus infection in human cultured 
cells. Virus Res. 66: 51–63

83 Lin T. Y., Chu C. and Chiu C. H. (2002) Lactoferrin inhibits en-
terovirus 71 infection of human embryonal rhabdomyosarcoma 
cells in vitro. J. Infect. Dis. 186: 1161–1164

84 Marchetti M., Longhi C., Conte M. P., Pisani S., Valenti P. and 
Seganti L. (1996) Lactoferrin inhibits herpes simplex virus type 
1 adsorption to Vero cells. Antiviral Res. 29: 221–231

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



Cell. Mol. Life Sci.  Vol. 62, 2005 Review Article 3011

 86 Puddu P., Borghi P., Gessani S., Valenti P., Belardelli F. and 
Seganti L. (1998) Antiviral effect of bovine lactoferrin satu-
rated with metal ions on early steps of human immunodefi -
ciency virus type 1 infection. Int. J. Biochem. Cell Biol. 30: 
1055–1062

 87 Superti F., Siciliano R., Rega B., Giansanti F., Valenti P. and 
Antonini G. (2001) Involvement of bovine lactoferrin metal 
saturation, sialic acid and protein fragments in the inhibition of 
rotavirus infection. Biochim. Biophys. Acta 1528: 107–115

 88 Tanaka T., Nakatani S., Xuan X., Kumura H., Igarashi I. and 
Shimazaki K. (2003) Antiviral activity of lactoferrin against 
canine herpesvirus. Antiviral Res. 60: 193–199

 89 van der Strate B. W., Beljaars L., Molema G., Harmsen M. 
C. and Meijer D. K. (2001) Antiviral activities of lactoferrin. 
Antiviral Res. 52: 225–239

 90 Arnold D., Di Biase A. M., Marchetti M., Pietrantoni A., Val-
enti P., Seganti L. et al. (2002) Antiadenovirus activity of milk 
proteins: lactoferrin prevents viral infection. Antiviral Res. 53: 
153–158

 91 Marchetti M., Superti F., Ammendolia M. G., Rossi P., Valenti 
P. and Seganti L. (1999) Inhibition of poliovirus type 1 infec-
tion by iron-, manganese- and zinc-saturated lactoferrin. Med. 
Microbiol. Immunol. 187: 199–204

 92 Seganti L., Di Biase A. M., Marchetti M., Pietrantoni A., Ti-
nari A. and Superti F. (2004) Antiviral activity of lactoferrin 
towards naked viruses. Biometals 17: 295–299

 93 Andersen J. H., Osbakk S. A., Vorland L. H., Traavik T. and 
Gutteberg T. J. (2001) Lactoferrin and cyclic lactoferricin 
inhibit the entry of human cytomegalovirus into human fi brob-
lasts. Antiviral Res. 51: 141–149

 94 Fujihara T. and Hayashi K. (1995) Lactoferrin inhibits herpes 
simplex virus type-1 (HSV-1) infection to mouse cornea. Arch. 
Virol. 140: 1469–1472

 95 Harmsen M. C., Swart P. J., de Bethune M. P., Pauwels R., De 
Clercq E., The T. H. et al. (1995) Antiviral effects of plasma 
and milk proteins: lactoferrin shows potent activity against 
both human immunodefi ciency virus and human cytomegalo-
virus replication in vitro. J. Infect. Dis. 172: 380–388

 96 Ikeda M., Sugiyama K., Tanaka T., Tanaka K., Sekihara H., 
Shimotohno K. et al. (1998) Lactoferrin markedly inhibits 
hepatitis C virus infection in cultured human hepatocytes. 
Biochem. Biophys. Res. Commun. 245: 549–553

 97 Murphy M. E., Kariwa H., Mizutani T., Yoshimatsu K., Ari-
kawa J. and Takashima I. (2000) In vitro antiviral activity of 
lactoferrin and ribavirin upon hantavirus. Arch. Virol. 145: 
1571–1582

 98 Portelli J., Gordon A. and May J. T. (1998) Effect of com-
pounds with antibacterial activities in human milk on respi-
ratory syncytial virus and cytomegalovirus in vitro. J. Med. 
Microbiol. 47: 1015–1018

 99 Swart P. J., Kuipers M. E., Smit C., Pauwels R., deBethune M. 
P., De Clercq E. et al. (1996) Antiviral effects of milk proteins: 
acylation results in polyanionic compounds with potent activ-
ity against human immunodefi ciency virus types 1 and 2 in 
vitro. AIDS Res. Hum. Retroviruses 12: 769–775

100 Yi M., Kaneko S., Yu D. Y. and Murakami S. (1997) Hepa-
titis C virus envelope proteins bind lactoferrin. J. Virol. 71: 
5997–6002

101 Andersen J. H., Jenssen H. and Gutteberg T. J. (2003) Lactof-
errin and lactoferricin inhibit Herpes simplex 1 and 2 infection 
and exhibit synergy when combined with acyclovir. Antiviral 
Res. 58: 209–215

102 Rochard E., Legrand D., Lecocq M., Hamelin R., Crepin M., 
Montreuil J. et al. (1992) Characterization of lactotransferrin 
receptor in epithelial cell lines from non-malignant human 
breast, benign mastopathies and breast carcinomas. Anticancer 
Res. 12: 2047–2051

103 Berkhout B., Floris R., Recio I. and Visser S. (2004) The anti-
viral activity of the milk protein lactoferrin against the human 
immunodefi ciency virus type 1. Biometals 17: 291–294

104 Pietrantoni A., Di Biase A. M., Tinari A., Marchetti M., Valenti 
P., Seganti L. et al. (2003) Bovine lactoferrin inhibits adenovi-
rus infection by interacting with viral structural polypeptides. 
Antimicrob. Agents Chemother. 47: 2688–2691

105 Waartsa B. L., Anekea O. J., Smita J. M., Kimatac K., Bitt-
mand R., Meijerb D. K. et al. (2005) Antiviral activity of 
human lactoferrin: Inhibition of alphavirus interaction with 
heparan sulfate. Virology 333: 284–292

106 Mettenleiter T. C. (2002) Brief overview on cellular virus 
receptors. Virus Res. 82: 3–8

107 Spillmann D. (2001) Heparan sulfate: anchor for viral intrud-
ers? Biochimie 83: 811–817

108 Jenssen H., Andersen J. H., Uhlin-Hansen L., Gutteberg T. 
J. and Rekdal O. (2004) Anti-HSV activity of lactoferricin 
analogues is only partly related to their affi nity for heparan 
sulfate. Antiviral Res. 61: 101–109

109 Mann D. M., Romm E. and Migliorini M. (1994) Deline-
ation of the glycosaminoglycan-binding site in the human 
infl ammatory response protein lactoferrin. J. Biol. Chem. 269: 
23661–23667

110 Shimazaki K., Tazume T., Uji K., Tanaka M., Kumura H., Mi-
kawa K. et al. (1998) Properties of a heparin-binding peptide 
derived from bovine lactoferrin. J. Dairy Sci. 81: 2841–2849

111 Wu H. F., Monroe D. M. and Church F. C. (1995) Characteri-
zation of the glycosaminoglycan-binding region of lactoferrin. 
Arch. Biochem. Biophys. 317: 85–92

112 Marchetti M., Trybala E., Superti F., Johansson M. and Berg-
stöm T. (2004) Inhibition of herpes simplex virus infection by 
lactoferrin is dependent on interference with the virus binding 
to glycosaminoglycans. Virology 318: 405–413

113 Herold B. C., Gerber S. I., Belval B. J., Siston A. M. and 
Shulman N. (1996) Differences in the susceptibility of herpes 
simplex virus types 1 and 2 to modifi ed heparin compounds 
suggest serotype differences in viral entry. J. Virol. 70: 3461–
3469

114 Schmidtke M., Karger A., Meerbach A., Egerer R., Stelzner 
A. and Makarov V. (2003) Binding of a N,N’-bisheteryl de-
rivative of dispirotripiperazine to heparan sulfate residues on 
the cell surface specifi cally prevents infection of viruses from 
different families. Virology 311: 134–143

115 Lopez M., Cocchi F., Avitabile E., Leclerc A., Adelaide J., 
Campadelli-Fiume G. et al. (2001) Novel, soluble isoform of 
the herpes simplex virus (HSV) receptor nectin1 (or PRR1-
HIgR-HveC) modulates positively and negatively susceptibil-
ity to HSV infection. J. Virol. 75: 5684–5691

116 van den Born J., Gunnarsson K., Bakker M. A., Kjellen L., 
Kusche-Gullberg M., Maccarana M. et al. (1995) Presence 
of N-unsubstituted glucosamine units in native heparan sul-
fate revealed by a monoclonal antibody. J. Biol. Chem. 270: 
31303–31309

117 Seganti L., Di Biase A. M., Rega B., De Giulio B., Nicoletti 
M., Antonini G. et al. (2001) Involvement of bovine lactoferrin 
moieties in the inhibition of herpes simplex virus type 1 infec-
tion. Int. J. Immunopathol. Pharmacol. 14: 71–79

118 Ji Z. S. and Mahley R. W. (1994) Lactoferrin binding to 
heparan sulfate proteoglycans and the LDL receptor-related 
protein. Further evidence supporting the importance of di-
rect binding of remnant lipoproteins to HSPG. Arterioscler. 
Thromb. 14: 2025–2031

119 Herz J. and Strickland D. K. (2001) LRP: a multifunctional 
scavenger and signaling receptor. J. Clin. Invest. 108: 779–
784

120 Birgens H. S., Hansen N. E., Karle H. and Kristensen L. O. 
(1983) Receptor binding of lactoferrin by human monocytes. 
Br. J. Haematol. 54: 383–391

121 Mazurier J., Legrand D., Hu W. L., Montreuil J. and Spik 
G. (1989) Expression of human lactotransferrin receptors 
in phytohemagglutinin-stimulated human peripheral blood 
lymphocytes. Isolation of the receptors by antiligand-affi nity 
chromatography. Eur. J. Biochem. 179: 481–487



3012 H. Jenssen Anti-herpes activity of lactoferrin/lactoferricin

122 McAbee D. D. and Esbensen K. (1991) Binding and endocy-
tosis of apo- and holo-lactoferrin by isolated rat hepatocytes. 
J. Biol. Chem. 266: 23624–23631

123 Retegui L. A., Moguilevsky N., Castracane C. F. and Masson 
P. L. (1984) Uptake of lactoferrin by the liver. I. Role of the 
reticuloendothelial system as indicated by blockade experi-
ments. Lab. Invest. 50: 323–328

124 Ziere G. J., van Dijk M. C., Bijsterbosch M. K. and van Berkel 
T. J. (1992) Lactoferrin uptake by the rat liver. Characteriza-
tion of the recognition site and effect of selective modifi cation 
of arginine residues. J. Biol. Chem. 267: 11229–11235

125 Kawakami H. and Lonnerdal B. (1991) Isolation and function 
of a receptor for human lactoferrin in human fetal intestinal 
brush-border membranes. Am. J. Physiol. 261: G841–G846

126 Suzuki Y. A., Shin K. and Lonnerdal B. (2001) Molecular 
cloning and functional expression of a human intestinal lacto-
ferrin receptor. Biochemistry 40: 15771–15779

127 Legrand D., Vigie K., Said E. A., Elass E., Masson M., Slomi-
anny M. C. et al. (2004) Surface nucleolin participates in both 
the binding and endocytosis of lactoferrin in target cells. Eur. 
J. Biochem. 271: 303–317

128 Hovanessian A. G., Puvion-Dutilleul F., Nisole S., Svab J., 
Perret E., Deng J. S. et al. (2000) The cell-surface-expressed 
nucleolin is associated with the actin cytoskeleton. Exp. Cell 
Res. 261: 312–328

129 Vives E., Brodin P. and Lebleu B. (1997) A truncated HIV-
1 Tat protein basic domain rapidly translocates through the 
plasma membrane and accumulates in the cell nucleus. J. Biol. 
Chem. 272: 16010–16017

130 Penco S., Scarfi  S., Giovine M., Damonte G., Millo E., Vil-
laggio B. et al. (2001) Identifi cation of an import signal for, 
and the nuclear localization of, human lactoferrin. Biotechnol. 
Appl. Biochem. 34: 151–159

131 van Berkel P. H., Geerts M. E., van Veen H. A., Mericskay 
M., de Boer H. A. and Nuijens J.H. (1997) N-terminal stretch 
Arg2, Arg3, Arg4 and Arg5 of human lactoferrin is essential 
for binding to heparin, bacterial lipopolysaccharide, human 
lysozyme and DNA. Biochem. J. 328 (Pt 1): 145–151

132 Ashida K., Sasaki H., Suzuki Y. A. and Lonnerdal B. (2004) 
Cellular internalization of lactoferrin in intestinal epithelial 
cells. Biometals 17: 311–315

133 Grossmann J. G., Neu M., Pantos E., Schwab F. J., Evans R. 
W., Townes-Andrews E. et al. (1992) X-ray solution scat-
tering reveals conformational changes upon iron uptake in 
lactoferrin, serum and ovo-transferrins. J. Mol. Biol. 225: 
811–819

134 Conneely O. M. (2001) Antiinfl ammatory activities of lactof-
errin. J. Am. Coll. Nutr. 20: 389S–395S

135 Esteban M. A., Rodriguez A., Cuesta A. and Meseguer J. 
(2005) Effects of lactoferrin on non-specifi c immune respons-
es of gilthead seabream (Sparus auratus L.). Fish Shellfi sh 
Immunol. 18: 109–124

136 Takakura N., Wakabayashi H., Ishibashi H., Yamauchi K., 
Teraguchi S., Tamura Y. et al. (2004) Effect of orally admin-
istered bovine lactoferrin on the immune response in the oral 
candidiasis murine model. J. Med. Microbiol. 53: 495–500

137 He J. and Furmanski P. (1995) Sequence specifi city and tran-
scriptional activation in the binding of lactoferrin to DNA. 
Nature 373: 721–724

138 Son K. N., Park J., Chung C. K., Chung D. K., Yu D. Y., Lee 
K. K. et al. (2002) Human lactoferrin activates transcription of 
IL-1beta gene in mammalian cells. Biochem. Biophys. Res. 
Commun. 290: 236–241

139 Wakabayashi H., Kurokawa M., Shin K., Teraguchi S., Tamura 
Y. and Shiraki K. (2004) Oral lactoferrin prevents body weight 
loss and increases cytokine responses during herpes simplex 
virus type 1 infection of mice. Biosci. Biotechnol. Biochem. 
68: 537–544

140 Toka F. N., Pack C. D. and Rouse B. T. (2004) Molecular ad-
juvants for mucosal immunity. Immunol. Rev. 199: 100–112

141 Siciliano R., Rega B., Marchetti M., Seganti L., Antonini G. 
and Valenti P. (1999) Bovine lactoferrin peptidic fragments 
involved in inhibition of herpes simplex virus type 1 infection. 
Biochem. Biophys. Res. Commun. 264: 19–23

142 Tomita M., Bellamy W., Takase M., Yamauchi K., Wakaba-
yashi H. and Kawase K. (1991) Potent antibacterial peptides 
generated by pepsin digestion of bovine lactoferrin. J. Dairy 
Sci. 74: 4137–4142

143 Bellamy W., Takase M., Yamauchi K., Wakabayashi H, Ka-
wase K. and Tomita M. (1992) Identifi cation of the bacteri-
cidal domain of lactoferrin. Biochim. Biophys. Acta 1121: 
130–136

144 Dionysius D. A. and Milne J. M. (1997) Antibacterial peptides 
of bovine lactoferrin: purifi cation and characterization. J. 
Dairy Sci. 80: 667–674

145 Hunter H. N., Demcoe A. R., Jenssen H., Gutteberg T. J. and 
Vogel H. J. (2005) Human lactoferricin is partially folded and 
distinct from bovine lactoferricin. Antimicrob. Agents Chem-
other. 49: 3387–3395

146 Baker E. N., Anderson B. F., Baker H. M., Day C. L., Haridas 
M., Norris G. E. et al. (1994) Three-dimensional structure of 
lactoferrin in various functional states. Adv. Exp. Med. Biol. 
357: 1–12

147 Haridas M., Anderson B. F., Baker H. M., Norris G. E. and 
Baker E. N. (1994) X-ray structural analysis of bovine lactof-
errin at 2.5 A resolution. Adv. Exp. Med. Biol. 357: 235–238

148 Odell E. W., Sarra R., Foxworthy M., Chapple D. S. and Evans 
R. W. (1996) Antibacterial activity of peptides homologous to 
a loop region in human lactoferrin. FEBS Lett. 382: 175–178

149 Hwang P. M., Zhou N., Shan X., Arrowsmith C. H. and Vogel 
H. J. (1998) Three-dimensional solution structure of lactofer-
ricin B, an antimicrobial peptide derived from bovine lactofer-
rin. Biochemistry 37: 4288–4298

150 Daher K. A., Selsted M. E. and Lehrer R. I. (1986) Direct in-
activation of viruses by human granulocyte defensins. J. Virol. 
60: 1068–1074

151 Yasin B., Pang M., Turner J. S., Cho Y., Dinh N. N., Waring 
A. J. et al. (2000) Evaluation of the inactivation of infectious 
Herpes simplex virus by host-defense peptides. Eur. J. Clin. 
Microbiol. Infect. Dis. 19: 187–194

152 Jenssen H., Andersen J. H., Mantzilas D. and Gutteberg T. J. 
(2004) A wide range of medium-sized, highly cationic, alpha-
helical peptides show antiviral activity against herpes simplex 
virus. Antiviral Res. 64: 119–126

153 Jenssen H., Gutteberg T. J. and Lejon T. (2005) Modelling of 
anti-HSV activity of lactoferricin analogues using amino acid 
descriptors. J. Pept. Sci. 11: 97–103

154 Parker K. H., Winlove C. P. and Maroudas A. (1988) The theo-
retical distributions and diffusivities of small ions in chondroi-
tin sulphate and hyaluronate. Biophys. Chem. 32: 271–282

155 Iida J., Meijne A. M., Oegema T. R. Jr, Yednock T. A., Ko-
vach N. L., Furcht L. T. et al. (1998) A role of chondroitin 
sulfate glycosaminoglycan binding site in alpha4beta1 in-
tegrin-mediated melanoma cell adhesion. J. Biol. Chem. 273: 
5955–5962

156 Pettersson I., Kusche M., Unger E., Wlad H., Nylund L., 
Lindahl U. et al. (1991) Biosynthesis of heparin. Purifi cation 
of a 110-kDa mouse mastocytoma protein required for both 
glucosaminyl N-deacetylation and N-sulfation. J. Biol. Chem. 
266: 8044–8049

157 DiGabriele A. D., Lax I., Chen D. I., Svahn C. M., Jaye M., 
Schlessinger J. et al. (1998) Structure of a heparin-linked bio-
logically active dimer of fi broblast growth factor. Nature 393: 
812–817

158 Kjellen L. and Lindahl U. (1991) Proteoglycans: structures 
and interactions. Annu. Rev. Biochem. 60: 443–475

159 Lustig F., Hoebeke J., Ostergren-Lunden G., Velge-Roussel F., 
Bondjers G., Olsson U. et al. (1996) Alternative splicing de-
termines the binding of platelet-derived growth factor (PDGF-
AA) to glycosaminoglycans. Biochemistry 35: 12077–12085



Cell. Mol. Life Sci.  Vol. 62, 2005 Review Article 3013

160 Camejo E. H., Rosengren B., Camejo G., Sartipy P., Fager G. 
and Bondjers G. (1995) Interferon gamma binds to extracel-
lular matrix chondroitin-sulfate proteoglycans, thus enhancing 
its cellular response. Arterioscler. Thromb. Vasc. Biol. 15: 
1456–1465

161 Hoogewerf A. J., Kuschert G. S., Proudfoot A. E., Borlat F., 
Clark-Lewis I., Power C. A. et al. (1997) Glycosaminoglycans 
mediate cell surface oligomerization of chemokines. Bio-
chemistry 36: 13570–13578

162 Lookene A., Savonen R. and Olivecrona G. (1997) Interaction 
of lipoproteins with heparan sulfate proteoglycans and with 
lipoprotein lipase. Studies by surface plasmon resonance tech-
nique. Biochemistry 36: 5267–5275

163 Olsson U., Camejo G., Hurt-Camejo E., Elfsber K., Wiklund 
O. and Bondjers G. (1997) Possible functional interactions of 
apolipoprotein B-100 segments that associate with cell prote-
oglycans and the ApoB/E receptor. Arterioscler. Thromb. Vasc. 
Biol. 17: 149–155

164 Fromm J. R., Hileman R. E., Caldwell E. E., Weiler J. M. 
and Linhardt R. J. (1995) Differences in the interaction of 
heparin with arginine and lysine and the importance of these 
basic amino acids in the binding of heparin to acidic fi broblast 
growth factor. Arch. Biochem. Biophys. 323: 279–287

165 Hileman R. E., Fromm J. R., Weiler J. M. and Linhardt R. J. 
(1998) Glycosaminoglycan-protein interactions: defi nition of 
consensus sites in glycosaminoglycan binding proteins. Bioes-
says 20: 156–167

166 Stenlund P., Lindberg M. J. and Tibell L. A. (2002) Structural 
requirements for high-affi nity heparin binding: alanine scan-
ning analysis of charged residues in the C-terminal domain of 
human extracellular superoxide dismutase. Biochemistry 41: 
3168–3175

167 Hellberg S., Sjostrom M., Skagerberg B. and Wold S. (1987) 
Peptide quantitative structure-activity relationships, a multi-
variate approach. J. Med. Chem. 30: 1126–1135

168 Strom M. B., Rekdal O., Stensen W. and Svendsen J. S. (2001) 
Increased antibacterial activity of 15-residue murine lactofer-
ricin derivatives. J. Pept. Res. 57: 127–139

169 Strom M. B., Rekdal O. and Svendsen J. S. (2000) Antibac-
terial activity of 15-residue lactoferricin derivatives. J. Pept. 
Res. 56: 265–274

170 Javadpour M. M., Juban M. M., Lo W. C., Bishop S. M., Al-
berty J. B., Cowell S. M. et al. (1996) De novo antimicrobial 
peptides with low mammalian cell toxicity. J. Med. Chem. 39: 
3107–3113

171 Trybala E., Bergstrom T., Svennerholm B., Jeansson S., Glo-
rioso J. C. and Olofsson S. (1994) Localization of a functional 
site on herpes simplex virus type 1 glycoprotein C involved in 
binding to cell surface heparan sulphate. J. Gen. Virol. 75 (Pt 
4): 743–752

172 Frink R. J., Eisenberg R., Cohen G. and Wagner E. K. (1983) 
Detailed analysis of the portion of the herpes simplex virus 
type 1 genome encoding glycoprotein C. J. Virol. 45: 634–
647

173 Hung S. L., Srinivasan S., Friedman H. M., Eisenberg R. J. and 
Cohen G. H. (1992) Structural basis of C3b binding by glyco-
protein C of herpes simplex virus. J. Virol. 66: 4013–4027

174 Fuchs S. M. and Raines R. T. (2004) Pathway for polyarginine 
entry into mammalian cells. Biochemistry 43: 2438–2444

175 Futaki S. (2002) Arginine-rich peptides: potential for intra-
cellular delivery of macromolecules and the mystery of the 
translocation mechanisms. Int. J. Pharm. 245: 1–7

176 Futaki S., Nakase I., Suzuki T., Youjun Z. and Sugiura Y. 
(2002) Translocation of branched-chain arginine peptides 
through cell membranes: fl exibility in the spatial disposition 
of positive charges in membrane-permeable peptides. Bio-
chemistry 41: 7925–7930

177 Suzuki T., Futaki S., Niwa M., Tanaka S., Ueda K. and Sug-
iura Y. (2002) Possible existence of common internalization 
mechanisms among arginine-rich peptides. J. Biol. Chem. 
277: 2437–2443

178 Kim H. H., Lee W. S., Yang J. M. and Shin S. (2003) Basic 
peptide system for effi cient delivery of foreign genes. Bio-
chim. Biophys. Acta 1640: 129–136

179 Langeland N., Moore L. J., Holmsen H. and Haarr L. (1988) 
Interaction of polylysine with the cellular receptor for herpes 
simplex virus type 1. J. Gen. Virol. 69 ( Pt 6): 1137–1145

180 Hutton R. D., Ewert D. L. and French G. R. (1973) Differen-
tiation of types 1 and 2 herpes simplex virus by plaque inhibi-
tion with sulfated polyanions. Proc. Soc. Exp. Biol. Med. 142: 
27–29

181 Trybala E., Liljeqvist J. A., Svennerholm B. and Bergström 
T. (2000) Herpes simplex virus types 1 and 2 differ in their 
interaction with heparan sulfate. J. Virol. 74: 9106–9114

182 Trybala E., Roth A., Johansson M., Liljeqvist J. A., Rekabdar 
E., Larm O. et al. (2002) Glycosaminoglycan-binding ability 
is a feature of wild-type strains of herpes simplex virus type 1. 
Virology 302: 413–419

183 Cheshenko N. and Herold B. C. (2002) Glycoprotein B plays 
a predominant role in mediating herpes simplex virus type 2 
attachment and is required for entry and cell-to-cell spread. J. 
Gen. Virol. 83: 2247–2255

184 Mikloska Z. and Cunningham A. L. (2001) Alpha and gamma 
interferons inhibit herpes simplex virus type 1 infection and 
spread in epidermal cells after axonal transmission. J. Virol. 
75: 11821–11826

185 Chang T. L., Vargas J. Jr, DelPortillo A. and Klotman M. E. 
(2005) Dual role of alpha-defensin-1 in anti-HIV-1 innate im-
munity. J. Clin. Invest. 115: 765–773

186 Kuipers M. E., de Vries H. G., Eikelboom M. C., Meijer 
D. K. and Swart P. J. (1999) Synergistic fungistatic effects 
of lactoferrin in combination with antifungal drugs against 
clinical Candida isolates. Antimicrob. Agents Chemother. 43: 
2635–2641

187 Viani R. M., Gutteberg T. J., Lathey J. L. and Spector S. A. 
(1999) Lactoferrin inhibits HIV-1 replication in vitro and 
exhibits synergy when combined with zidovudine. AIDS 13: 
1273–1274

188 Hellberg S., Sjostrom M. and Wold S. (1986) The prediction of 
bradykinin potentiating potency of pentapeptides. An example 
of a peptide quantitative structure-activity relationship. Acta 
Chem. Scand. B 40: 135–140

189 Lejon T., Strom M. B. and Svendsen J. S. (2001) Antibiotic 
activity of pentadecapeptides modelled from amino acid de-
scriptors. J. Pept. Sci. 7: 74–81

190 Yang N., Lejon T. and Rekdal O. (2003) Antitumour activity 
and specifi city as a function of substitutions in the lipophilic 
sector of helical lactoferrin-derived peptide. J. Pept. Sci. 9: 
300–311


