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Infection with various human papillomaviruses (HPVs) induces cervical cancers. Cell surface heparan
sulfates (HS) have been shown to serve as primary attachment receptors, and molecules with structural
similarity to cell surface HS, like heparin, function as competitive inhibitors of HPV infection. Here we
demonstrate that the N,N�-bisheteryl derivative of dispirotripiperazine, DSTP27, efficiently blocks papilloma-
virus infection by binding to HS moieties, with 50% inhibitory doses of up to 0.4 �g/ml. In contrast to
short-term inhibitory effects of heparin, pretreatment of cells with DSTP27 significantly reduced HPV infection
for more than 30 h. Using DSTP27 and heparinase, we furthermore demonstrate that HS moieties, rather than
laminin 5, present in the extracellular matrix (ECM) secreted by keratinocytes are essential for infectious
transfer of ECM-bound virions to cells. Prior binding to ECM components, especially HS, partially alleviated
the requirement for cell surface HS. DSTP27 blocks infection by cell-bound virions by feeding into a nonin-
fectious entry pathway. Under these conditions, virus colocalized with HS moieties in endocytic vesicles.
Similarly, postattachment treatment of cells with heparinase, cytochalasin D, or neutralizing antibodies
resulted in uptake of virions without infection, indicating that deviation into a noninfectious entry pathway is
a major mode of postattachment neutralization. In untreated cells, initial colocalization of virions with HS on
the cell surface and in endocytic vesicles was lost with time. Our data suggest that initial attachment of HPV
to HS proteoglycans (HSPGs) must be followed by secondary interaction with additional HS side chains and
transfer to a non-HSPG receptor for successful infection.

Due to the association of human papillomaviruses (HPV)
with development of multiple carcinomas, especially cervical
carcinomas, early diagnosis and prevention of infection with
HPV are of great medical and economic importance. Knowl-
edge of the early steps of papillomavirus infection, which re-
sults in infectious entry, will help develop means to prevent
HPV-induced lesions. Since HPV are difficult to propagate in
cell culture, surrogate infection systems with marker-encoding
viral capsids, called HPV pseudovirions, have been developed
and successfully used in investigating the HPV entry pathway
as well as in testing of substances interfering with HPV infec-
tion (2, 33). These studies have led to the identification of
specifically modified heparan sulfate proteoglycans (HSPGs)
as primary attachment receptors for papillomaviruses (13, 15)
and to heparin and other sulfated polysaccharides as inhibitors
of HPV infection (1, 7, 13). Recently, carrageenan, an un-
branched sulfated polysaccharide from algae with saccharide
linkages reminiscent of galactosaminoglycans, has been re-
ported to inhibit HPV infection primarily by preventing the
binding of virions to the cell (4). Dispirotripiperazine (DSTP)

derivatives represent another substance class with proven an-
tiviral potential. DSTP27 (an N,N�-bisheteryl derivative of
DSTP), one of the most active derivatives of this new class of
low-molecular-weight antiherpetic compounds, interacts with
specific forms of cell surface HSPGs (26). In addition to the
inhibition of herpes virus attachment and infection, DSTP27
efficiently blocks the attachment and uptake of members from
other virus families that depend on HSPGs as primary attach-
ment molecules (25). In contrast to the HS analogs such as
heparin and pentosan polysulfate that have short-lived ef-
fects, pretreatment of cells with DSTP27 induces a long-
lasting antiviral effect. Based on computer modeling,
DSTP27 possibly interacts with two O-sulfate groups located
on neighboring saccharides of the HS chain (27). Using the
octosaccharide essential for HS-mediated entry of herpes
simplex virus type 1 (HSV-1) into host cells (20), these
computational studies further show that DSTP27 may addi-
tionally interact with a carbonyl group, thus increasing the
strength of compound binding.

Since HPV bind specifically to sulfated polysaccharide resi-
dues of cell surface HSPGs, particularly 2-O- and 6-O-sulfated
HS chains in addition to N-sulfated residues (27), DSTP27 was
predicted to work as a potent inhibitor of HPV infection. In
this report we demonstrate that DSTP27 efficiently prevents
HPV infection when applied several hours pre- or postinfec-
tion of cells. This is achieved by two putatively different mech-
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anisms: by blocking virus binding in the preattachment mode
and by inducing uptake of virions into a noninfectious pathway
in the postattachment mode. We furthermore demonstrate
that heparinase treatment and neutralizing antibodies induce a
noninfectious uptake of HPV as well, suggesting that unpro-
ductive internalization is a common mode of postattachment
inhibition of HPV infection. We also use DSTP27 as a novel
tool for investigating the role of HS moieties present in the
extracellular matrix (ECM) in HPV infection.

MATERIALS AND METHODS

Cell lines, plasmids, antibodies, reagents, VLPs, and pseudovirions. HEK
293TT cells and expression plasmids for codon-optimized HPV type 18 (HPV18)
L1 and L2 (plasmids pel1 and pel2) as well as bovine papillomavirus type 1
(BPV1) L1 and L2 (pSHELL) proteins were provided by Chris Buck, Bethesda,
MD (2, 3). Codon-optimized HPV16 L1 and L2 expression plasmids were a kind
gift from Martin Muller, Heidelberg, Germany (17). Virus-like particles (VLPs)
were produced in Sf9 insect cells as described previously (34). Rat monoclonal
antibodies against the hemagglutinin (HA) tag were obtained from Roche (clone
3F10), and HS-specific monoclonal immunoglobulin M (IgM) antibody (F58-
10E4) was from Seikagaku. Laminin 5 (LN5) rabbit polyclonal antibodies were
purchased from Abcam (ab14509). HPV16-specific rabbit polyclonal antisera
K75 and mouse monoclonal antibody H16.56E have been described previously
(23). HPV33-specific monoclonal antibody H33.J3 was a kind gift of Neil Chris-
tensen, Hershey, PA (6). AlexaFluor-labeled secondary antibodies were pur-
chased from Molecular Probes. Cytochalasin D (30385) and heparinase I
(H2519) were obtained from Sigma Aldrich. HPV16, HPV18, and BPV1
pseudovirions were generated and purified by Optiprep gradient centrifugation
following published procedures (2). The generation of hybrid HPV16:33BC
pseudoviruses harboring the HPV33 BC loop in an HPV16 backbone have been
described previously (24). HEK 293TT, COS-7, and HeLa cells were grown in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM), whereas HaCaT
cells were maintained in low-glucose DMEM, both supplemented with 10%
fetal bovine serum, 1% nonessential amino acids, and 1% Glutamax at 37°C
in humidified CO2 (5%) incubators. Chinese hamster ovary K1 (CHO-K1)
cells and their derivatives pgsA-745 (12) and pgsD-677 (19) were grown in
Ham’s F12 medium supplemented with 10% fetal bovine serum and 1%
Glutamax (Invitrogen).

Inhibition of papillomavirus infection. DSTP27 was serially diluted in DMEM
in 96-well plates. Pseudovirus was added to HEK 293TT cells suspended in
DMEM, and the mixture was dispensed into the DSTP27-containing wells. In-
fectivity was scored by counting green fluorescent protein (GFP)-expressing cells
at 72 h postinfection (hpi). For CHO-K1 derivatives, HeLa, and HaCaT cells,
infectivity was scored by immunological staining with AlexaFluor 488-coupled
rabbit anti-GFP antibody (Invitrogen).

Kinetic of DSTP27 action. HEK 293TT cells were grown overnight in 96-well
plates. For preattachment neutralization, DSTP27 treatment (5 �g/ml) in a total
volume of 50 �l was carried out for 2 h at 37°C at indicated time points, and cells
were washed three times with complete DMEM. Subsequently, pseudovirus
suspended in 50 �l of DMEM was added, and incubation was continued for 2 h
at 37°C. Unbound pseudovirions were removed by two washing steps, and infec-
tivity was scored 72 hpi. For postattachment neutralization, pseudovirions were
first bound for 2 h at 37°C, and unbound pseudovirions were removed by two
washes. At the time indicated in the figures, DSTP27 treatment (5 �g/ml) was
carried out for 2 h at 37°C, cells were washed three times, and infectivity was
scored by counting GFP-expressing cells at 72 hpi.

Immunofluorescence. HeLa or COS-7 cells were grown on coverslips and
treated with DSTP27 (50 �g/ml), heparinase I (5 U), or antibodies (1:25) for 1 h
pre- or postattachment of pseudovirions. At the indicated time points, cells were
washed with phosphate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde for 15 min at 4°C. After cells were washed with PBS, they were permeab-
ilized with 0.2% Triton X-100 in PBS for 2 min, washed again, and blocked with
1% bovine serum albumin (BSA) in PBS for 30 min, followed by a 1-h incubation
with primary antibodies at 37°C. After extensive washing with PBS, cells were
blocked again with 1% BSA in PBS for 10 min and then incubated with
AlexaFluor-tagged secondary antibodies (Invitrogen) for 1 h. After extensive
washing with PBS, cells were mounted in Fluoprep (BioMerieux) and examined
by fluorescence microscopy. For surface staining, cells were not permeabilized by
Triton X-100 but were processed as described above. Images were captured by
confocal microscopy (Zeiss/Bio-Rad Radiance 2000 Confocal Microscope oper-

ated by LaserSharp 2000 software) or by deconvolution microscopy (Zeiss
Axiovert 200 M) operated by AxioVision software (Zeiss) using a 100� (numer-
ical aperture, 1.25) oil immersion objective. Images were captured in z series.
The fluorescence data sets were processed by three-dimensional deconvolution
with the inverse filter method.

ECM. HaCaT cells were grown to confluence in 96-well plates for 2 days. Cells
were removed by EDTA (0.5 mM in Dulbecco’s PBS [DPBS]) to obtain ECM-
coated wells. ECM was treated for 2 h at 37°C with DSTP27 at the indicated
concentrations, heparinase I (5 U), anti-LN5 antibody (1:10 or 1:25), or combi-
nations thereof, dispensed in 50 �l of DMEM. For combinatorial treatments, a
1:25 dilution of LN5 antiserum was used. Untreated ECM-containing wells and
wells without ECM served as controls. Reagents were removed by three washes,
and HPV18 pseudovirus was bound for 2 h at 37°C. Unbound pseudovirions were
removed by three washes, and HEK 293TT or HaCaT cells dispensed in 100 �l
of DMEM were added. Incubation was continued at 37°C, and infectivity was
scored by counting GFP-expressing cells 72 h later. For immunofluorescence,
HaCaT cells were grown on coverslips for 48 h and subsequently removed by
EDTA treatment (0.5 mM in DPBS) to obtain ECM-coated coverslips. Follow-
ing treatment for 2 h at 37°C with DSTP27 (5 �g/ml), heparinase I (5 U), rabbit
control antibody (1:25) or anti-LN5 antibody (1:25) or combinations thereof,
excess reagents were removed by three washes, and HPV16 pseudovirus was
bound. Unbound pseudovirions were removed by three washes. Pseudovirions
were fixed to coverslips with methanol–20 mM EGTA and detected using
HPV16-specific monoclonal antibody H16.56E and AlexaFluor 488-labeled goat
anti-mouse secondary antibodies. Bound rabbit antibodies were detected using
AlexaFluor 546-labeled goat anti-rabbit secondary antibodies.

Flow cytometry. For preattachment neutralization, COS-7 cells dispensed in
24-well plates were treated with the indicated reagent for 1 h at 37°C, 1 �g of
HPV16 VLPs was added, and incubation was continued for an additional 1 h. For
postattachment neutralization, 1 �g of VLPs was bound to COS-7 cells for 1 h at
37°C, and unbound VLPs were removed by three washes. Cells were then treated
for 90 min at 37°C with the reagents indicated in the figures. The reagents were
removed by three washes with DMEM, and cells were incubated for the times
indicated in the figures, detached in DPBS–25 mM EDTA, and fixed for 10 min
with 3.7% formaldehyde–DPBS. Cells were incubated with the K75 antiserum
(1:1,000; 30 min at 0°C), followed by a 30-min incubation with anti-rabbit IgG
AlexaFluor 488 (1:250) and three washes with PBS–1% BSA–5 mM EDTA–0.01
NaN3, pH 6.8; cells were subsequently analyzed in a FACSCalibur (Becton-Dick-
enson) flow cytometer and evaluated using either Cell Quest or WinMDI, version
2.8, software.

RESULTS

Determination of IC50 values. DSTP27 has recently been
shown to block infection by various viruses that utilize 2-O-,
6-O-, and/or 3-O- as well as N-sulfated HS moieties as recep-
tors (25, 26). Since we have previously demonstrated that in-
fectivity of many HPV types is dependent on N- and O-sulfa-
tion of HS (28), we tested DSTP27 for inhibition of
papillomavirus infection. As shown in Fig. 1A, DSTP27 effi-
ciently blocked HPV16, HPV18, and BPV1 infection of HEK
293TT cells with 50% inhibitory doses (IC50s) of approximately
0.8, 0.4, and 1.5 �g/ml corresponding to 1.4, 0.7, and 2.6 �M,
respectively. DSTP27 also efficiently blocked infection of cell
lines derived from keratinocytes, like HeLa and HaCaT cells
(Fig. 1B). Preincubation of pseudovirions with DSTP27 (5
�g/ml) for 1 h and subsequent 100-fold dilution during cell
binding (final concentration, 0.05 �g/ml) did not reduce infec-
tion, demonstrating that DSTP27 does not directly bind to
virions but, rather, blocks cell surface molecules (data not
shown). This is supported by our not observing a capsid-dose
influence on the IC50 (data not shown), which has previously
been reported for carrageenan, a competitive inhibitor of HPV
infection that directly binds to viral capsids (4). The impor-
tance of HS moieties for DSTP27-mediated inhibition of HPV
infection was confirmed by using HS- and glycosaminoglycan
(GAG)-deficient CHO-K1 derivatives, psgD-677 and psgA-
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745. Both cell lines could also be infected by HPV18
pseudovirions, albeit at much reduced levels of 9% and 5%,
respectively, compared to parental CHO-K1 cells (Fig. 1C),
which is consistent with previous reports (4). HPV18 infection
of Gag-deficient cells was not sensitive to DSTP27 treatment,
and HPV18 infection of HO-deficient cells was only slightly
sensitive to DSTP27 (Fig. 1D). These data suggest that
DSTP27 inhibition requires the presence of HSPG. Other
GAGs can only partially substitute for HS. It also indicates that
the drug does not generally block the intracellular trafficking
machinery.

Pre- and postattachment inhibition by DSTP27. Because of
the direct interaction of DSTP27 with a specific subset of cell
surface HS (25), we speculated it to be inhibitory if cells are
pre- or posttreated with regard to infection. To determine the
window of activity, cells were exposed to DSTP27 (5 �g/ml) at
various times before or after contact with HPV18 pseudovirus.
A representative experiment is shown in Fig. 2A, demonstrat-
ing that DSTP27 significantly reduced infection when given
more than 30 h before and up to 12 h after the addition of

pseudovirions. We assumed that DSTP27 treatment after bind-
ing may directly reflect the uptake kinetic of pseudovirions.
Indeed, the calculated half-time of 14 h is very similar to
previously published data on HPV internalization (4, 13, 28,
31). To determine whether the long-lasting protective effect of
DSTP27 prior to infection reflects the synthesis rate of HSPG,
we performed a similar time course experiment using hepari-
nase I instead of DSTP27 to remove cell surface-exposed HS
prior to HPV18 pseudoinfection. Heparinase treatment re-
duced infection, but, in contrast to DSTP27, cells became com-
pletely sensitive to infection within 6 h after treatment. HS-
specific immunofluorescence confirmed that this time period is
long enough to translocate sufficient amounts of HSPG to the
plasma membrane to facilitate infection (data not shown).
These data suggest that DSTP27 either prevents synthesis of
new HSPG or that cell-bound DSTP27 is able to further inac-
tivate newly surface-exposed HSPG. Evidence for inactivation
of newly translocated HSPG came from immunofluores-
cence studies. Using the HS-specific antibody F58-10E4 for
detection of HSPG, we observed that DSTP27 treatment

FIG. 1. Determination of IC50. (A) HEK 293TT cells were infected with HPV16, HPV18, and BPV1 pseudovirions in the presence of
decreasing concentrations of DSTP27. (B) HPV18 infection of HEK 293TT, HeLa, and HaCaT cells in the absence (M) or presence (5 or 20) of
5 and 20 �g/ml DSTP27. (C) HPV18 infection of GAG-deficient (psgA-745) and HS-deficient (psgD-677) as well as parental CHO-K1 cells.
(D) Infection of CHO-K1 derivative with HPV18 pseudovirions in the absence (M) or presence (D) of DSTP27 (20 �g/ml). Infection was scored
72 hpi by counting GFP-expressing cells. wt, wild type.
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resulted in strong clustering of cell surface HSPG (Fig. 2B).
Staining for HSPG following heparinase treatment in non-
permeabilized cells confirmed the complete removal of cell
surface HS (Fig. 2B).

Transfer of pseudovirions from ECM-located HS moieties
to cells. So far, using DSTP27 as an HS-specific probe, we have
confirmed the importance of cell surface HSPG for papilloma-
virus infection. It was recently demonstrated that HPV virions
bind to components, especially LN5, of the ECM of keratino-
cytes and suggested that transfer of virions from LN5 to adja-
cent cells may facilitate infection (8). Since DSTP27 binds to
HS rather than to the virus itself, it is ideally suited to test a
possible role of HS in virion binding to the ECM and subse-
quent transfer to cells. Following the experimental design de-
veloped by Culp et al. (8), keratinocytes (HaCaT cells) were
grown for 48 h in 96-well plates, and subsequently cells were
removed with EDTA. The empty microtiter wells with residual
ECM were then treated with DSTP27, heparinase, anti-LN5
antibody, or combinations thereof for 2 h and washed twice.
Pseudovirions were bound to ECM, unbound particles were
removed, and 293TT detector cells were plated into these
wells. As shown in Fig. 3A, treatment of ECM with DSTP27
almost completely blocked infection of overlaying 293TT de-

tector cells by ECM-bound virions (7%), reducing infectivity to
levels obtained in uncoated control wells (4%). Heparinase
treatment reduced infection to 19% whereas treatment with
anti-LN5 alone reduced infection to 73% and 53% when ap-
plied at 1:25 and 1:10 dilutions, respectively. Combined treat-
ment of the ECM with heparinase and anti-LN5 (1:25) re-
sulted in a cooperative effect and reduced infectivity to 8%.
Combined treatment with DSTP27 and heparinase or DSTP27
and anti-LN5 reduced infectivity to levels obtained in uncoated
control wells. This demonstrates that the HS moieties in the
ECM play an important role for binding and transferring
pseudovirions from ECM to 293TT cells. DSTP27 and hepa-
rinase treatment of ECM also blocked infectious transfer of
virions to HaCaT detector cells (Fig. 3B). Pretreatment with
anti-LN5 antibody only slightly reduced infectivity at a 1:10
dilution, demonstrating that our finding also holds true for
keratinocytes, the natural host cell of HPV. DSTP27, but not
heparinase, treatment of ECM also slightly reduced infection
in a concentration-dependent manner when pseudovirions
were preattached to reporter cells (HaCaT or 293TT) and
subsequently added to DSTP27-treated ECM (data not
shown), suggesting that ECM-bound DSTP27 may affect cell
surface HSPG either directly, e.g., by clustering of cell surface

FIG. 2. Kinetics of DSTP27 action. (A) HEK 293TT cells were treated with DSTP27 (5 �g/ml) at indicated times pre- and postattachment of
HPV18 pseudovirions, and infection was scored 72 hpi. (B) Untreated COS-7 cells and cells treated with DSTP27 (50 �g/ml; 1 h) or heparinase
(5 U; 90 min) at 37°C were fixed and stained for HS using antibody F58-10E4. Cells were surface stained for HS after heparinase treatment.
Pictures were taken using a Zeiss Axiovert 200 M microscope. Deconvoluted images are shown. DNA staining was pasted into the images using
Adobe Photoshop.
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HSPG at the interface to the ECM, or indirectly by dissocia-
tion from ECM.

We followed binding of HPV16 pseudovirions to the ECM
by immunofluorescence and found that neither treatment

alone completely prevented virion binding (although some re-
ductions were observed in the individual treatments). Com-
bined treatment with heparinase and anti-LN5 reduced virion
attachment to the ECM components (Fig. 3C), even though

FIG. 3. Transfer of pseudovirions from ECM-located HS moieties to cells. (A and B) HaCaT cells were grown for 2 days in 96-well plates and
subsequently removed by treatment with EDTA. Remaining ECM was left untreated (Con) or treated with DSTP27 (D; 5 and 20 �g/ml for HEK
293TT and HaCaT cells, respectively), heparinase I (H; 5 U), anti-LN5 antisera diluted 1:10 (L10) or 1:25 (L25), combinations thereof, or control
antibody (C.Ab.). Anti-LN5 antiserum was used at a 1:25 dilution in combinatorial treatments. HPV16 pseudovirions were added, unbound virions
were removed, HEK 293TT (A) or HaCaT cells (B) were added, and infection was scored 72 h later. (C) HaCaT cells were grown on coverslips
for 48 h and subsequently detached. Remaining ECM was treated with rabbit control antibody, anti-LN5 antibody (1:25), DSTP27 (5 �g/ml),
heparinase I (5 U), or heparinase I and anti-LN5 antibody combined. HPV16 pseudovirions were added after removal of the reagents, and
coverslips were stained for pseudovirions with H16.56E and for anti-LN5 antibody. (D and E) HEK 293TT (D) or HaCaT (E) cells were mock
treated (M) or DSTP27 treated (D; 20 �g/ml) in the presence (PsV to cell) or absence (PsV to ECM) of HPV18 pseudovirions and subsequently
seeded into ECM-coated wells with (PsV to ECM) or without (PsV to cell) prebound pseudovirions. ECM was also treated with anti-LN5 (1:25)
(L) prior to pseudovirus binding. Infection was scored 72 h later.
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complete blockage was never achieved, despite almost com-
plete inhibition of infectious transfer (Fig. 3A and B). Since it
was recently suggested that interaction with HS induces a con-
formational change in L1 protein and that this may be required
for transfer to putative secondary receptors (28), we wondered
if interaction of pseudovirions with HS moieties present in
ECM might alleviate the need for cell surface-associated HS.
To test this, 293TT cells were treated with an excess of
DSTP27 (20 �g/ml) and subsequently added to pseudovirus-
loaded but otherwise untreated or anti-LN5-treated ECM. We
observed a reduction in infection to 23% and 24% of controls,
respectively (Fig. 3D). In contrast, only 2% infectivity was
observed when pseudovirions were directly bound to cells in
the presence of DSTP27 (20 �g/ml). Similar results, albeit not
as pronounced, were obtained using HaCaT instead of 293TT
cells as reporter cells (Fig. 3E). Taken together, these data
strongly suggest that HPV binds to HS as well as other com-
ponents of the ECM, probably LN5. However, more interest-
ingly, the interaction with HS moieties in the ECM, rather than
binding to LN5, is required for facilitating transfer of the virus
from the ECM to cells for initiating the infectious uptake. The
observed cooperativity of anti-LN5 antibodies and heparinase
or DSTP27 suggests that a transfer from LN5-bound virions to
cells is possible but less likely to occur than transfer from HS
components. The data also indicate that pseudovirus interac-
tion with ECM-resident HS moieties partially alleviates the
requirement for cell surface HSPG.

Effect of DSTP27 on cell-bound virions. Next, we deter-
mined the effects of DSTP27 on HPV16 pseudovirions pre-
bound to cell surface HSPG using HS-specific IgM antibody
and HPV16-specific rabbit K75 antiserum by immunofluores-
cence (Fig. 4). In untreated HeLa cells, we observed partial

colocalization of HS moieties with HPV16 pseudovirions but
no HSPG clustering (Fig. 4A, 0 h). Colocalization was lost with
continued incubation at 37°C (4 h). Postattachment treatment
with DSTP27 (50 �g/ml) did not detach pseudovirions and
induced prominent clustering of HSPG and pseudovirions
(Fig. 4A, 4 h�DSTP). When pseudovirions were prebound, we
always noticed a reduction of HS-specific signals, suggesting a
sterical hindrance for IgM antibody binding. Pretreatment of
cells with DSTP27 (50 �g/ml) significantly reduced binding of
virions and also induced clustering of HSPG, as shown for
COS-7 cells in Fig. 4B. Treatment of COS-7 cells postbinding
induced clustering of HSPG as well as pseudovirions, with
colocalization of HSPG and pseudovirus clusters (Fig. 4B).
Clustering and colocalization of HSPG and pseudovirions was
also observed when HaCaT cells were similarly treated with
DSTP27 (data not shown). We also determined cell binding of
viral particles using HPV16 VLPs and flow cytometry (Fig.
4C). DSTP27 treatment did not detach cell-bound virus parti-
cles, and heparinase treatment only marginally affected the
number of cell surface-bound VLPs. The experiments were
done under conditions that reduced infection to 0.1% and
24%, respectively (Fig. 5A). These data suggest that HSPG
molecules occupied by viral particles cannot be targeted by
either reagent and demonstrate that DSTP27 and heparinase
neutralize prebound virions without dissociating them from
cells.

Uptake of virions into a noninfectious pathway in presence
of DSTP27. Since DSTP27 does not inhibit infection of cell-
bound virions by detachment, blockage must occur at subse-
quent steps of infection. This could include preventing uptake
of virus particles or feeding them into a noninfectious entry
pathway. To distinguish between these possibilities, we mea-

FIG. 4. Effect of DSTP27 on prebound pseudovirions. (A) HeLa cells were mock treated or DSTP27 treated (50 �g/ml) after binding HPV16
pseudovirions. Cells were stained for bound pseudovirions (PsV; red), HSPG (green), and DNA (blue) at indicated times. Left panels display black
and white images for pseudovirus staining only, middle panels show colored merged images, right panels display enlarged sections. (B) COS-7 cells
were mock treated or DSTP27 treated pre- and postattachment of HPV16 pseudovirions (PsV) and stained as described above. (C) HPV16 VLPs
were bound to COS-7 cells and subsequently treated with heparinase I (5 U) or DSTP27 (50 �g/ml) or left untreated. VLPs were detected by flow
cytometry using K75 antiserum. Cell-bound virions were not removed by treatment with either DSTP27 or heparinase.
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sured cell surface-exposed, prebound VLPs over time by flow
cytometry (Fig. 5B). Disappearance of capsids from the cell
surface was observed when cells were treated with DSTP27 or
heparinase under conditions that prevented and significantly
reduced infection, respectively (Fig. 5A), indicative of HPV
particle internalization. Both treatments inactivate unoccupied
or newly synthesized HSPG and, presumably, feed particles
into a noninfectious pathway. Thus, we conclude that infection
by papillomavirus requires a secondary interaction with HS
moieties following initial attachment to HSPG. Since DSTP27
does not block residual infection of GAG-deficient cells (Fig.
1D) and pseudovirus binding to ECM increases infection of
DSTP27-treated reporter cells (Fig. 3D and E), a general effect
of the drug on intracellular trafficking is highly unlikely. We
also observed internalization in the presence of the actin-de-
polymerizing drug cytochalasin D under conditions that
blocked HPV infection (Fig. 5). This suggests that intact actin
filaments are required in early events of infection and, impor-
tantly, that the noninfectious entry is independent of actin
filaments.

Colocalization of pseudovirions with HS in endocytic vesi-
cles of DSTP27-treated but not untreated cells. To address the
question of whether HSPGs are cointernalized with virions or
whether virions are transferred to a secondary non-HSPG re-
ceptor in the presence or absence of DSTP27, we followed the
internalization of prebound HPV16 pseudovirions by immu-
nofluorescence studies using HPV VLP antisera and HS-spe-

cific antibody. We again found that initial colocalization, as
observed directly after attachment (Fig. 4A), was almost com-
pletely lost on the cell surface of mock-treated but not
DSTP27-treated cells at 7 hpi (Fig. 6, 7h �Triton). DSTP27
but not mock-treated cells displayed colocalization of virions
with HSPG in intracellular vesicles up to 24 hpi. Taken to-
gether, these data strongly suggest a transfer of virions from
HSPG to non-HS cell surface molecules prior to internaliza-
tion in untreated cells. This transfer is blocked by DSTP27,
resulting in the noninfectious uptake of virions presumably still
complexed with primary HSPG molecules.

We also tested if the noninfectious uptake interferes with
viral uncoating by detecting the HA-tagged minor capsid pro-
tein L2, which becomes accessible to antibody binding only
after uncoating (9). As shown in Fig. 7, no HA-tag-specific
signal was observed directly after binding (0 h), confirming that
the HA tag is not accessible to antibody binding in pseudoviri-
ons. The C-terminal HA tag was detected at 8 hpi in untreated
HeLa cells, and no colocalization with HS was evident. At 8
hpi, the HA tag was also detectable in DSTP27-treated cells
but at a reduced level. However, in contrast to untreated con-
trols, the HA tag completely colocated with HS. At 24 hpi,

FIG. 5. Noninfectious entry of HPV16 pseudovirions. (A) HEK
293TT cells were treated with DSTP27 (5 �g/ml), heparinase I (5 U),
cytochalasin D (20 �g/ml), H16.56E (1:100), or H33.J3 (1:100) postat-
tachment, and infection was scored at 72 hpi. (B) Internalization of
HPV16 VLPs bound to COS-7 cells treated postattachment as de-
scribed in panel A and visualized by flow cytometry using 16VLP-
specific rabbit antiserum K75. Mean fluorescence intensities normal-
ized to controls are plotted. Cyto D, cytochalasin D. FIG. 6. Cointernalization of HSPG and pseudovirions (PsV) in the

presence of DSTP27. HPV16 pseudovirions were bound to COS-7 cells
grown on coverslips. Cells were subsequently mock treated or DSTP27
(50 �g/ml) treated and incubated further for the indicated times at
37°C. Cells were surface stained (�Triton) or stained overall
(�Triton) using HPV16-specific K75 antiserum and the HS-specific
F58-10E4 antibody. Inserts display enlarged sections.
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colocalization was still observed in DSTP27-treated but not in
untreated HeLa cells. These data suggest that DSTP27 does
not block viral disassembly completely but that the observed
uncoating may not occur in compartments that allow viral
DNA to escape from endosomes.

Antibody-mediated postattachment neutralization of HPV.
HPV-specific antibodies have been shown to neutralize pre-
and postattachment. Preattachment neutralization is largely
achieved by preventing binding of virions to target cells. Two
recent reports suggest that postattachment neutralization by
antibody blocks virus internalization (11, 31). Our analysis with
DSTP27 and heparinase led us to wonder if postattachment
neutralization can also be achieved by inducing a nonproduc-
tive internalization. To test this, we used two mouse monoclo-

nal antibodies. The binding-neutralizing HPV16-specific
H16.56E binds the FG loop, with some contributions from the
DE loop, and neutralizes pre- and postattachment (Fig. 5A).
The HPV33-specific H33.J3 recognizes the BC loop without
preventing binding and neutralizes only postattachment (Fig.
5A) (24, 28). HPV16 (recognized by H16.56E) or hybrid
HPV16:33BC pseudovirions (recognized by H33.J3) were
bound to cells, and antibodies were added. As a control, hybrid
pseudovirus was preincubated with H33.J3 prior to cell bind-
ing, which did not neutralize (28). Internalization was followed
by immunofluorescence by detecting neutralizing antibody and
conformational L1 epitopes using HPV16 VLP-specific rabbit
polyclonal antiserum K75. In addition, viral uncoating was
analyzed by detecting HA-tagged L2. Cells were processed for

FIG. 7. Effect of DSTP27 on pseudovirus uncoating. HPV16 pseudovirus was bound to HeLa cells, mock treated or DSTP27 (50 �g/ml) treated,
and incubated at 37°C for the indicated times. Cells were subsequently stained using HS- and HA-specific antibody to detect HSPG (green) and
HA-tagged L2 protein (red), respectively.
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immunofluorescence either before shifting to 37°C or after an
additional 8 h of incubation to allow internalization. Control
cells infected with HPV16:33BC pseudovirus in the absence of
antibody H33.J3 are shown in Fig. 8A. At 0 hpi, pseudovirus
was detected on the cell surface by staining for L1, but no HA
tag signal was observed. At 8 hpi, the L1 signal was strongly
reduced due to the loss of conformational epitopes recognized
by K75, and HA-tagged L2 was detected inside the cell, dem-
onstrating the internalization and uncoating of virions. A sim-
ilar picture was obtained using H33.J3 for preattachment neu-
tralization (Fig. 8B). At 0 hpi, colocalization of L1 and H33.J3
was observed on the cell surface, confirming that H33.J3 does
not block pseudovirus binding (28). At 8 hpi, again, HPV16
L2-HA was detected, and the L1 signal was reduced. Addition-
ally, H33.J3 signal was strongly reduced, indicating that this
antibody is degraded concomitantly with L1. At 0 hpi of postat-

tachment neutralization with H33.J3, cell-bound virions were
not displaced (Fig. 8C). At 8 hpi, however, intracellular L1 and
H33.J3 signals were stabilized. In addition, HA tag could not
be detected, indicative of failure in uncoating. This suggests
that virus disassembly, but not internalization, is affected in
postattachment neutralization. Similar results were obtained
with H16.56E to neutralize prebound virions (Fig. 8D). The
results strongly suggest that postattachment neutralization
with H33.J3 and H16.56E involves virion internalization by a
pathway that does not allow uncoating.

DISCUSSION

We have demonstrated in this study that DSTP27 inhibits
papillomavirus infection over an extended period of time, both
pre- and postbinding of virions. Unlike previously described

FIG. 8. Cointernalization of pseudovirions with neutralizing antibodies. HeLa cells were infected with HPV16:33BC (A to C) or HPV16
(D) pseudovirions containing HA-tagged L2 in the presence or absence of antibodies, fixed at 0 and 8 hpi, and subjected to immunofluorescence
analysis. (A) In the absence of neutralizing antibodies, internalization and virus uncoating are observed at 8 hpi. (B) Preattachment treatment of
pseudovirus with H33.J3 does not prevent binding, internalization, and virus uncoating. (C and D) Postattachment neutralization of pseudovirions
with antibody H33.J3 (C) or H16.56E (D) does not prevent internalization but blocks viral uncoating. Blue, L1; red, L2; green, antibodies H33.J3
and H16.56E. The nonspecific diffused red signal in panel C is due to over exposure. The weak L1-specific signal in panel D is due to partial
H16.56E competitive blocking of K75 binding.
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inhibitors of HPV infection, such as heparin and carrageenan,
which bind to the virus capsid, DSTP27 binds to cell surface
HS (25). Since DSTP27 is not cytotoxic (up to 400 �g/ml) (26)
and also inhibits infection by other viruses that require HS for
infection (e.g., HSV1, HSV2, pseudorabies virus, certain
strains of human immunodeficiency virus, and cytomegalovi-
rus) (25), it may be a good candidate for a broad-spectrum
antiviral agent. Because papillomaviruses have a very slow
internalization kinetic (half-time of up to 14 h) and DSTP27
can inhibit infection postattachment, it may be especially
useful in preventing papillomavirus-induced lesions. Testing
DSTP27 in animal models should establish its effectiveness
in vivo.

We confirmed the importance of cell surface HS for papil-
lomavirus infection using DSTP27. Additionally, we demon-
strated that HS moieties also contribute to virion binding to
the ECM and that the interactions of HPV virions with HS side
chains are of high importance for infectious transfer from the
ECM to cells. Pretreatment of ECM with DSTP27 or hepari-
nase strongly impaired infection without completely prevent-
ing binding of virions. This also confirms the presence of ad-
ditional binding partners in the ECM, possibly LN5 (8),
although this interaction seems to be of secondary importance,
as treatment with LN5 antibody only marginally reduced in-
fection. Therefore, transfer from LN5 to cells is possible but
seems to be less likely than the transfer from HS moieties,
which is in line with the observation that virion binding to LN5
is of higher affinity than binding to HS (8). Our findings are in
line with a recent report demonstrating that heparin does not
block binding of HPV16 pseudovirions to the ECM (11).

Similar to results recently reported by Buck et al. (4), we
observed a low level of infection in the absence of cell surface
GAG or HS. DSTP27 did not block infection of GAG-deficient
psgA-745 cells, though it slightly reduced infection of HS-
deficient psgD-677 cells, suggesting either that the cells are
leaky for HS expression or that non-HS GAGs may be used by
HPV, even though inefficiently. We also observed that HPV
infection of HEK 293TT cells and keratinocytes cannot be
completely inhibited by DSTP27. Therefore, it seems possible
that HPV binds to secondary low-affinity binding sites on the
cell surface that cannot be blocked by DSTP27. An alternate
explanation is that a minority of viral particles in the pseudovi-
rus preparation display a conformation allowing direct binding
to the putative non-HSPG receptor. Indeed, we observed a
linear relationship between residual infectivity and the quan-
tity of pseudovirions in the presence of high concentrations of
DSTP27 (data not shown). Several pieces of evidence pub-
lished in recent years suggest that primary attachment of viri-
ons to cells induces a conformational change in both capsid
proteins, which is required for infectious uptake (28, 35). This
structural change could be required for transfer of virions to
non-HSPG receptors. The presence of such activated confor-
mations in cell-free virions would alleviate the need for inter-
action with cell surface HSPG and may explain the controversy
regarding the need of HSPG (21). Our observation that inter-
action of virions with the ECM lessens the requirement of cell
surface HS for infection supports this notion. Taken together,
these data also demonstrate that inhibition by DSTP27 re-
quires cell surface HS and rule out a general effect of the drug
on the intracellular trafficking machinery.

The experiments presented in this paper show that induction
of a noninfectious uptake is an important mechanism of postat-
tachment inhibition employed by such diverse agents as
DSTP27, heparinase, cytochalasin D, and neutralizing antibod-
ies. Our results suggest that the common feature among these
agents is that they all prevent interaction of virus with second-
ary cell surface receptors. Heparinase and DSTP27 achieve
this by blocking free HS molecules on cell surface, whereas
neutralizing antibodies probably occupy binding sites on the
viral capsid, which are required for secondary interactions. The
effect of cytochalasin D can be explained by the requirement of
intact actin filaments for the processes occurring at the plasma
membrane, which may include virus cell “surfing” toward the
cellular body (18). Taken together, these results allow us to
draw two major conclusions. First, in addition to the primary
interaction of HPV with HSPGs, the secondary interaction
partners of HPV virions must include further HSPG mole-
cules, since heparinase and DSTP27, which both affect heparan
sulfate chains, prevent transfer from the primary attachment
receptor to a non-HSPG uptake receptor. Whereas the effect
of DSTP27 could be explained by DSTP27-induced clustering
of HSPG and consequently clustering and immobilization of
virions, it cannot be true for heparinase. Second, the involve-
ment of a non-HSPG receptor is supported by the observed
loss of initial colocalization of HS and viral capsid with time,
both on the cell surface and in endocytic vesicles of untreated,
but not DSTP27-treated, cells. Taken together, these data sug-
gest that the essential steps of HPV infection are the following:
(i) binding to primary HSPG receptor, which may occur in the
ECM; (ii) transfer to or recruitment of secondary HSPG re-
ceptor; (iii) and subsequent transfer to a presumably non-
HSPG receptor. Most likely, the receptor binding site on viral
capsid involved in primary interaction is not identical to the
site mediating the secondary interaction, even though we can-
not rule out that it is the same binding site located on a
neighboring capsomere.

In contrast to untreated cells, capsid uncoating is severely
impaired by neutralizing antibodies, as observed by stabilized
L1 protein and the inability to detect L2 protein. DSTP27 does
not completely block uncoating, but in contrast to untreated
cells, L2 is detected in large vesicles colocating with HSPG
(Fig. 7). L1 protein also localizes to the HSPG-containing
compartment in DSTP27-treated cells (Fig. 6), suggesting that
segregation of L1 and L2, which is observed in untreated cells
(9, 16), cannot take place. We assume that detection of L2 in
the presence of DSTP27 is due to lysosomal degradation rather
than coordinated uncoating events. This suggests that the ob-
served noninfectivity is due to the uptake pathway’s inability to
promote timely uncoating and/or release of L2 and DNA from
endosomes. Whether this is due to a failure to induce confor-
mational changes in viral capsid (28, 35), the bypassing of
appropriately acidified compartments (10, 29), or a lack of host
cell factors required for uncoating, e.g., furin convertase (22),
is unclear and requires further experimentation. For antibody-
mediated neutralization, cross-linking of capsomeres may also
contribute to the observed phenotype. This is supported by our
finding that Fab fragments of H33.J3 display a fourfold-de-
creased neutralization capacity (data not shown).

Even though postattachment inhibition of HPV infection
using antibodies (5, 13, 28), heparin (13), and carrageenan (4)
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has been reported, the mechanisms have not been described.
Postattachment neutralization of dengue-2 virus using antibod-
ies and carrageenan has been demonstrated to occur by induc-
ing a noninfectious entry (14, 30, 32). In such a case, instead of
fusing with plasma membrane, antibody-coated virions were
internalized following ruffling of virions by cellular pseudo-
podia and membrane invagination. As observed also in our
study, viral uncoating was impaired by both antibodies and
carrageenan, and the internalized virions were degraded (30,
32). This suggests that induction of noninfectious entry path-
ways by virus-neutralizing agents may be a common mecha-
nism developed by organisms to avoid productive viral infec-
tions.

In summary, we have described a novel inhibitor of HPV
infection that differs in its mode of action from previously
identified inhibitors and may be useful as a broad-spectrum
antiviral agent. We have demonstrated that transfer of virions
from a primary HSPG attachment receptor to a non-HSPG
receptor requires additional HSPG molecules. Interference
with this transfer induces internalization by a pathway that
does not favor infection.
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