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Lactoferrin inhibits human papillomavirus binding and uptake in vitro
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Abstract

Lactoferrin (LF), a member of the transferrin family, is a bi-globular protein secreted in milk, saliva, tears, seminal fluid, endocervix and
vaginal secretions. LF is an important player in the defence against pathogenic microorganisms and has also been shown to have activity
against several viruses including herpesvirus, adenovirus, rotavirus and poliovirus. The antiviral activity of LF is directed against the early
steps of viral infection and the LF antiviral effect against herpesvirus is mediated through LF binding to the herpesvirus receptor heparan
sulfate. Human papillomavirus (HPV) causes genital warts and is a prerequisite for cervical cancer. HPV can also use heparan sulfate on the
cell surface as a receptor. We studied the inhibition by LF on HPV entry by incubating HaCaT cells and HPV-16 virus-like particles (VLPs)
with either human (HLF) or bovine lactoferrin (BLF). LF inhibited internalization of HPV-16 particles using CFDA-SE-labelled VLPs that
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nly fluoresce after internalisation. By using a western blot assay we also found dose-dependent LF inhibition of HPV-16 VLP bind
aCaT cell surface. BLF was a more potent inhibitor of HPV entry than human LF. It was also clear that LF acted early in the HP
rocess.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lactoferrin (LF) is a bi-globular (N- and C-lobe) protein
onsisting of a single polypeptide chain divided by a hinge
egion. The two globes can both bind one metal ion, such
s Fe2+, Fe3+, Cu2+ or Zn2+. The molecular weight of
F is 80 kDa and the gene shows a high degree of homol-
gy between different species. LF is a member of the trans-

errin family and can be found in mucus secretions, milk,
aliva, tears, seminal fluids and vaginal secretions. The high-
st concentrations of LF is found in colostrum with concen-

rations up to 7 g/l (Cohen et al., 1987). LF is expressed in
uman endocervix and by most of the endocervical glands
Farley et al., 1997). In human vaginal mucus the concentra-
ion varies from 62.9 to 218�g/mg of protein after menses
nd 3.8 to 11.4�g/mg of protein before menses. Women tak-

ng oral contraceptives show no variation in LF level during
he menses cycle. This suggests hormonal control of LF lev-
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els (Cohen et al., 1987). Furthermore, LF can be found
the secondary vesicles of neutrophilic granulocytes (Hansen
et al., 1975).

LF plays an important role in the primary defence aga
pathogenic microorganisms. It has antimicrobial activ
against both Gram-negative and Gram-positive bacteria
fungicidal activities againstCandida(Bellamy et al., 1993).
It also has antiviral activities against rotavirus, herpesviru
poliovirus, respiratory syncytial virus, hepatitis C virus,
man immunodeficiency virus (van der Strate et al., 2001),
adenovirus (Di Biase et al., 2003), enterovirus 71 (Lin et al.,
2002)), hepatitis B virus (Hara et al., 2002) and hantaviru
(Murphy et al., 2001). Furthermore, lactoferricin, the tryp
cally cleaved N-terminal part of LF, has been shown to h
bactericidal (Vorland et al., 1999), fungicidal (Bellamy et al.
1993) as well as antiviral activity. For virus inhibition lact
ferricin is active against herpes simplex virus (Andersen et al
2003), human cytomegalovirus (Andersen et al., 2001), aden
ovirus (Di Biase et al., 2003) and feline calicivirus (McCann
et al., 2003). The interactions and capacities of LF to
duce infections are exerted in different ways between v
166-3542/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2004.05.005
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species. It has been suggested that LF bind directly to ro-
tavirus (Superti et al., 1997), poliovirus (Marchetti et al.,
1999), HIV-1 (Swart et al., 1996) and hepatitis C virus (Yi et
al., 1997), thereby preventing adsorption of the virus to target
cells in vitro. In a different manner, the antiviral activity of
LF against herpes simplex virus (Marchetti et al., 1996) and
human cytomegalovirus (Andersen et al., 2001) is probably
due to the capability of LF to bind to heparan sulfate pro-
teoglycans on the cell surface and in that way interfere with
the binding of the virus to the target cell. There are several
receptors described for LF, one is a 105 kDa receptor (Spik
et al., 1994) and another is glucoseaminoglycans (Di Biase
et al., 2003; Marchetti et al., 1996). The positively charged
N-terminal part of LF is responsible for binding of LF to
glycosaminoglycans (Di Biase et al., 2003; Wu et al., 1995).

Human papillomavirus (HPV) belongs to the papillo-
maviridae family and is a 8 kb non-enveloped double stranded
DNA virus. Infection of certain HPV types is a prerequisite
for cervical carcinoma (zur Hausen, 2002). HPV is also the
causative agent of condyloma acuminata, larynx papilloma
and skin warts. Because, HPVs are highly tissue specific and
are strongly linked to the differentiation stage of the epithelial
cells, HPV have been difficult to propagate in vitro. Recently
infectious virions have been produced and used in cell culture
infection assays (McLaughlin-Drubin et al., 2003; Meyers
et al., 2002; Ozbun, 2002a; Ozbun, 2002b). For studying the
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gift from Ian Frazer, CICR, Brisbane, Australia. Fluorescent
VLPs were constructed by adding carboxy-fluorescein diac-
etate, succinimidyl ester (CFDA SE) (Molecular Probes Inc.,
Eugene, OR) to VLPs. CFDA SE stock was prepared by dis-
solving 500�g CFDA SE in 90�l DMSO supplied by the
manufacturer. Then, 10�g VLPs were mixed with 100�M
CFDA-SE in a final volume of 1 ml in PBS (pH 7.4) and
incubated over night in room temperature in the dark. The
particles were then dialysed against 3× 2 l of PBS.

2.2. Proteins and antibodies

Bovine lactoferrin (BLF) from milk and human lacto-
ferrin (HLF) from milk was purchased from Sigma chem-
ical Co. (St. Louis, MO). Anti HPV 16-L1 antibody (MAB
885) was purchased from Chemicon International Inc. and
horseradish peroxidase (HRP) conjugated antibodies were
from Dakopatts AB (̈Alvsjö, Sweden)

2.3. Internalization assay

HaCaT (human epithelial) cells were grown to approx-
imately 80% confluence in a 75 cm2 bottle in DMEM plus
10% FCS (Life Technologies, Inc., Gaithersburg, MD). Cells
were trypsinated, dislodged, diluted to 10 ml in DMEM and
grown in suspension for 2 h at 37◦C with occasional swirling.
T ap-
p
s l
c out
L in
P de-
s

2

and
g were
i 0
s s
t at
0 ice
c
b PV
L us-
i ilver
S

2

and
g

ded
t
1
m in.
arly stages of HPV infection, virus-like particles (VLP
rom different types of HPVs have been produced consi
f either the capsid protein L1 alone or both capsid pro
1 and L2 (Hagensee et al., 1993; Kirnbauer et al., 19
ark et al., 1993; Rose et al., 1993). When these proteins a
xpressed in eukaryotic cells they self-assemble into e
articles with similar characteristics with virions, which c
e used to study viral uptake and binding. HPV have b
eported to bind to several different cell lines (Muller et al.,
995; Qi et al., 1996; Roden et al., 1994; Volpers et al., 19).
-6 Integrin has been suggested as a candidate recep
PV (Evander et al., 1997; Yoon et al., 2001) and the cel
urface glycosaminoglycan heparan sulfate have been s
o be required for infection (Combita et al., 2001; Drob
t al., 2003; Giroglou et al., 2001; Joyce et al., 1999; Sh
eramat et al., 2003). It is not known how HPV is affecte
y components of the innate immune defence, such a
nd since, LF has the capability to interact with heparan

ate and thereby, inhibit virus-receptor interactions for
ral studied viruses, we wanted to investigate the anti-
ctivity of LF against HPV.

. Materials and methods

.1. VLPs and CFDA-SE labelling

HPV 16-L1 VLPs were produced using previously
cribed recombinant baculovirus in Sf-21 insect cell l
Qi et al., 1996). The recombinant baculovirus was a k
he CFDA-SE-labelled VLPs (300 ng) were mixed with
ropriate concentration of LF for 60 min at 37◦C in 200�l
erum-free medium and then added to 2× 105 cells. Contro
ells were incubated with CFDA-SE-labelled VLPs with
F. After incubation for 2 h the cells were washed twice
BS/2% BSA and then analysed by flow cytometry as
cribed previously (Drobni et al., 2003)

.4. VLP Binding assay

The HaCaT cells were grown, trypsinated, dislodged
rown in suspension as above. HPV-16 VLPs (300 ng)

ncubated with the appropriate concentration of LF in 20�l
erum-free medium for 30 min at 0◦C. The mixture wa
hen added to cells (2× 105) and incubated for 30 min
◦C. For analysis of binding, cells were washed twice in
old PBS before resuspending in 15�l SDS-PAGE loading
uffer. Western blot using a antibody directed against H
1 was used for detection. The bands were quantified

ng the GelPro analyser software (Media Cybernetics, S
pring, MD)

.5. Addition time point assay

The HaCaT cells were grown, trypsinated, dislodged
rown in suspension as above.

CFDA-SE-labelled HPV 16 VLPs (500 ng) were ad
o the cells and incubated at 37◦C. Then 100�g/ml HLF or
0�g/ml BLF was added together with 200�l of serum-free
edium after different time points ranging from 0 to 150 m
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The samples were then incubated at 37◦C for 1 h. Positive
controls were treated as 150 min samples but without addition
of LF. Negative controls were incubated with labelled VLPs
for 30 min on ice. The cells were washed twice with PBS and
were then analysed by flow cytometry as described previously
(Drobni et al., 2003).

3. Results

3.1. LF inhibits HPV internalization

The inhibitory effect of both HLF and BLF on HPV-16
VLP internalisation in HaCaT cells after pre-treatment with
LF was studied. To detect internalization of HPV we directly
labelled HPV-16 L1 VLPs with the carboxy-fluorescein di-
acetate, succinimidyl ester (CFDA SE) (Drobni et al., 2003).
Inside cells, acetate groups on the CFDA SE are cleaved off
by intracellular esterases and yields highly fluorescent parti-
cles. The uptake was then studied by measuring fluorescent
cells using flow cytometry. A dose-dependent inhibition of
HPV VLP internalization was detected when using BLF, but
not with HLF (Fig. 1). The most effective inhibition was by
BLF with an IC50 of 35�g/ml. HLF was not as effective
and only reduced uptake by 20% even at concentrations of
250�g/ml (data not shown).
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Fig. 2. Lactoferrin inhibited HPV binding. Dose–response curve of inhibi-
tion of HPV-16 VLP binding at 0◦C by bovine lactoferrin (BLF) and human
lactoferrin (HLF). Binding was detected with an antibody against the L1
capsid protein. The amount of bound HPV VLPs to untreated cells was set
to 100% and the relative values were calculated using the GelPro analyser
software. Data are mean± S.E. of three separate experiments performed
with each LF.

tion of binding by both BLF and HLF was observed (Fig. 2).
BLF inhibited binding at lower concentrations than HLF, with
an IC50 of 30�g/ml and a maximum of inhibition of 90% at
100�g/ml in comparison to HLF with an IC50 of 90�g/ml
and a maximum of inhibition of 70% at 200�g/ml (Fig. 2).

3.3. Addition time point assay

To investigate if LF could inhibit papillomavirus uptake
after virus adsorption to the cell surface, HaCaT cells were
incubated with CFDA-SE-labelled HPV-16 VLPs and HLF
or BLF was added at different time points. The amount of LF
used in the assay was determined on the basis of the lowest LF
concentrations where the internalization inhibition reached a
plateau (Fig. 1). When LF was added only a few minutes
after the virus there was an immediate decrease of inhibition
(Fig. 3). Thus, LF seemed to exert the antiviral activity early in
the HPV entry process and did not have high inhibitory effect
when cells were incubated with virus for more than 25 min.
When LF was added two hours after VLPs neither BLF nor
HLF could reduce uptake with more than 10% (Fig. 3).

4. Discussion
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Although, BLF was a potent inhibitor of HPV uptake
id not completely inhibit HPV VLP CFDA internalizatio
herefore, we decided to study the effect of LF on HPV b

ng. The unlabelled HPV-16 VLPs were mixed with LF a
dded to HaCaT cells at 0◦C and the amount of surface bou
irus was studied by western blot, using antibodies dire
gainst the HPV L1 capsid protein. A dose-dependent in
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ig. 1. Lactoferrin inhibited HPV uptake. Dose response curve of inhib
f HPV-16 VLP uptake by bovine lactoferrin (BLF) and human lactofe
HLF). CFDA SE-labelled HPV-16 VLPs and HaCaT cells were incub
or 2 h at 37◦C with different concentrations of either BLF or HLF. Upta
as analysed by measuring the fluorescence by flow cytometry. Da
ean± S.E. of three separate experiments in duplicates performed
ach LF.
This is the first study showing that the entry of papi
avirus could be inhibited by LF. We showed here that th
ibition of uptake and binding by BLF was very specific w
n IC50 of 35�g/ml and 30�g/ml, respectively, for HPV
6 VLPs. This is similar to other studies where BLF sh
n IC50 for HSV-1 of 10�g/ml (Marchetti et al., 1996) and

or enterovirus 71 of 10–25�g/ml (Lin et al., 2002). Severa
ther viruses are also inhibited by LF and for viruses bel

ng to the herpesvirus family it has been shown that the LF
iviral effect is exerted by inhibiting viral entry (Andersen e
l., 2001; Marchetti et al., 1996). In fact, glycosaminoglyca
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Fig. 3. Addition of lactoferrin after virus adsorption. The timeframe in where
lactoferrin (LF) exerts its inhibitory effect was studied by incubating HaCaT
cells with CFDA SE-labelled HPV-16 VLPs for certain time points before
adding either 10 (g BLF or 100 (g human LF (HLF). The LF concentrations
were chosen where inhibition reached a plateau (Fig. 1and the absolute in-
hibition at zero time point was 45% for BLF and 21% for HLF. The sample
where LF was added simultaneously with VLPs was set to 100% inhibition
and relative values from other time points were calculated. Uptake was anal-
ysed by measuring the fluorescence by flow cytometry. Data for BLF are
mean± S.E. of three separate experiments in duplicates. Data for HLF are
mean± S.E. of one experiment in duplicate.

chains on the cell surface have been shown to interact with
LF (Pierce et al., 1991) suggesting that LF binding to heparan
sulfate blocks the herpesvirus receptor. For papillomavirus, a
similar interaction is likely since, papillomavirus have been
shown to interact with heparan sulfate on the cell surface for
initial binding (Combita et al., 2001; Drobni et al., 2003;
Giroglou et al., 2001; Joyce et al., 1999; Shafti-Keramat
et al., 2003). However, we could not completely inhibit HPV
uptake and we cannot rule out that HPV binds to another re-
ceptor than heparan sulfate, e.g.�-6 integrin. BLF was more
efficient than HLF in inhibiting HPV uptake into HaCaT cells.
Bovine and human LF differs in their structure and within the
molecules the glycan chains and the number of disulphide
bridges vary (Metz-Boutigue et al., 1984). Furthermore, com-
mercial preparations of human LF might have lost N-terminal
arginine residues which might effect the antiviral activities of
the LF protein (van der Strate et al., 2001). A quenching ef-
fect of LF has also been described (Xiao and Kisaalita, 1997),
but we did not detect any differences in quenching of CFDA
SE fluorescence using BLF and HLF (data not shown).

Uptake of HPV-16 VLPs was inhibited by adding LF to the
target cells together with the virus, but when preincubating
cells with HPV for increasing periods before LF was added
the antiviral effect of LF gradually disappeared. This indi-
cated that the inhibition was directed at the receptor binding
step and once the virus had bound to the receptor, LF had
v low.
F aT
c lmost
i
e een

reported that HPV-33 VLPs have a halftime of uptake of 3 h
(Selinka et al., 2003) while 50% of bovine papillomavirus-1
VLPs are taken up by 4 h (Day et al., 2003). Since, our CFDA
SE VLP assay measure uptake into the cytosol and not trans-
port to the nucleus it has a shorter halftime of uptake. In-
terestingly heparin, VLP antiserum and certain monoclonal
antibodies against HPV capsid proteins are able to neutral-
ize HPV after attachment to the cell surface (Christensen
et al., 1995; Giroglou et al., 2001; Selinka et al., 2003). Hep-
arin was able to completely neutralize HPV-33 pseudoinfec-
tion up to 2 h after attachment (Giroglou et al., 2001). The
mechanisms for the heparin antiviral effect against HPV is
by binding to the virus particle, while LF most probably in-
hibited HPV interaction with heparan sulfate on the cell sur-
face. For rotavirus, poliovirus, HIV-1 and hepatitis C virus
it has been reported that LF interacts directly with the virus
thereby, preventing adsorption of the virus to target cells in
vitro (Marchetti et al., 1999; Pietrantoni et al., 2003; Superti
et al., 1997; Swart et al., 1996; Yi et al., 1997). Although,
our results suggest that LF inhibit HPV entry by binding to
heparan sulfate we cannot rule out that LF also can bind di-
rectly to HPV VLPs. HPV VLPs composed of both the L1
and L2 capsid proteins will most likely be inhibited by LF,
since, CFDA SE-labelled HPV L1 VLPs have the same in-
ternalization efficiency as HPV L1+L2 VLPs (Drobni et al.,
2003). The minor capsid protein L2 probably has a role in
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ery small effect. The uptake process of HPV in vitro is s
or uptake of CFDA SE-labelled HPV-16 VLPs into HaC
ells we have previously shown that the uptake starts a
mmediately but do not reach a plateau until after 2 h (Drobni
t al., 2003). Using infectious virion uptake assays, it has b
ransport to the nucleus, but not in initial attachment to
ell surface.

There was a difference in efficacy of LF inhibition betw
PV binding and HPV uptake, which may indicate that
F-cell interaction is less stable at 37◦C and a higher LF con
entration is needed for inhibition than at 0◦C. It is tempting
o speculate that HPV may directly use secondary uptak
eptors to enter cells at 37◦C, while at 0◦C only heparan su
ate may be available. This would suggest a heparan s
ndependent pathway of uptake for HPV-16 VLPs in HaC
ells. Interestingly, it was recently shown that the affinit
actoferricin analogues for heparan sulfate was shown to
e partly responsible for the anti-HSV activity (Andersen
t al., 2003).

LF is present in mucus secretions, milk, saliva, te
eminal fluids, vaginal secretions and endocervix. It is
nown whether the frequency of infection of mucosal HP
s correlated to the level of LF in the oral- and genital-tr
t is tempting to speculate that LF, as well as other a
icrobial peptides within the innate immune system,
role in the defense against HPV. For home-therapy ag
nogenital warts caused by HPV, two treatments are re
ended. Podophyllotoxin or podofilox, a purified extrac

he podophyllum plant inhibits mitotic division of the HP
ost cell and imiquimod, a nucleoside-like compound
s an immune response inducer leading to wart regre
von Krogh et al., 2000). The clearence rates are 60–80%
odophyllotoxin (Claesson et al., 1996; Petersen et al., 1
trand et al., 1995) and 56% for imiquimod (Edwards et al
998). These therapies do not resolve all HPV caused w
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but interestingly, for herpes simplex virus 1 and 2 infection in
vitro, a synergy effect of infection inhibition was seen using
LF or lactoferricin combined with acyclovir (Andersen et al.,
2003). Possibly LF could act alone or in synergy with other
substances to inhibit HPV infection.
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