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ABSTRACT Human papillomavirus 16 (HPV16) is the leading cause of cervical can-
cer. For initial infection, HPV16 utilizes a novel endocytic pathway for host cell entry.
Unique among viruses, uptake occurs asynchronously over a protracted period of
time, with half-times between 9 and 12 h. To trigger endocytic uptake, the virus par-
ticles need to undergo a series of structural modifications after initial binding to
heparan sulfate proteoglycans (HSPGs). These changes involve proteolytic cleavage
of the major capsid protein L1 by kallikrein-8 (KLK8), exposure of the N terminus of
the minor capsid protein L2 by cyclophilins, and cleavage of this N terminus by fu-
rin. Overall, the structural changes are thought to facilitate the engagement of an
elusive secondary receptor for internalization. Here, we addressed whether structural
changes are the rate-limiting steps during infectious internalization of HPV16 by us-
ing structurally primed HPV16 particles. Our findings indicate that the structural
modifications mediated by cyclophilins and furin, which lead to exposure and cleav-
age, respectively, of the L2 N terminus contribute to the slow and asynchronous in-
ternalization kinetics, whereas conformational changes elicited by HSPG binding and
KLK8 cleavage did not. However, these structural modifications accounted for only
30 to 50% of the delay in internalization. Therefore, we propose that limited inter-
nalization receptor availability for engagement of HPV16 causes slow and asynchro-
nous internalization in addition to rate-limiting structural changes in the viral capsid.

IMPORTANCE HPVs are the main cause of anogenital cancers. Their unique biology
is linked to the differentiation program of skin or mucosa. Here, we analyzed an-
other unique aspect of HPV infections using the prototype HPV16. After initial cell
binding, HPVs display an unusually protracted residence time on the plasma mem-
brane prior to asynchronous uptake. As viruses typically do not expose themselves
to host immune sensing, we analyzed the underlying reasons for this unusual be-
havior. This study provides evidence that both extracellular structural modifications
and possibly a limited availability of the internalization receptor contribute to the
slow internalization process of the virus. These findings indicate that perhaps a
unique niche for initial infection that could allow for rapid infection exists. In addi-
tion, our results may help to develop novel, preventive antiviral measures.

KEYWORDS virus entry, papillomavirus, structural modification, furin, kinetic

Papillomaviruses (PV) are a large family of small, nonenveloped DNA viruses com-
prising more than 190 types (1), which cause species- and tissue-specific infections

(2). Most importantly, they are human pathogens that infect skin and mucosa. Although
most infections are asymptomatic or cause benign warts, they also lead to a type-
dependent development of invasive cancers upon long-term persistence (2). In partic-
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ular, high-risk human papillomavirus 16 (HPV16) alone causes over 60% of all cervical
cancers (2).

The molecular mechanism facilitating the transmission of HPV is understudied.
However, it is clear that it involves the nonenveloped capsids, which are built by L1 and
L2, the major and minor capsid proteins, respectively. L1 self-assembles into an
icosahedral (T�7) capsid, which consists of 72 pentamers, also called capsomers (3, 4).
Hydrophobic interactions stabilize the capsomers, which are interlinked by a C-terminal
arm invading the neighboring pentamer to form the capsid (5, 6). After initial assembly,
the capsid is stabilized by interpentameric disulfide bonds, which are formed during
particle maturation (7, 8). On average, 12 to 72 copies of L2 are incorporated into the
capsid, where they locate mostly within the luminal cavities of the capsomers (9). The
minor capsid protein L2 aids in genome encapsidation, which in turn is chromatinized
by cellular histones (10). The presence of the viral DNA (vDNA) further compacts and
stabilizes the capsid (11, 12).

Capsids are generated during the unique life cycle of HPVs, which is tightly linked
to the differentiation program of epithelial tissues. HPVs infect basal stem cells or
transiently amplifying cells of wounded epithelia (13). In basal cells, the viral genome
is maintained at a low copy number (14). Only upon differentiation into suprabasal
cells, viral genome amplification and virus assembly occurs, whereupon infectious
particles are shed from the cornified layers (2, 15). This renders a quantitative purifi-
cation of uniform HPVs from tissues extremely challenging. Therefore, most research on
the structure and entry of HPVs relies on so-called pseudoviruses (PsVs). These are L1/L2
particles that harbor a chromatinized reporter plasmid instead of the viral genome (7,
10). PsVs are immunologically indistinct from authentic viruses (2), which indicates that
PsVs constitute an excellent and relevant tool to study host cell entry of HPVs.

During the multistep procedure of entry into host cells, the protective capsids
undergo sequential structural changes to eventually release the viral genomes into the
host nuclei for viral gene expression and replication, a process termed uncoating (16).
Like for other viruses, uncoating of HPV virions occurs through interactions with cellular
factors and within different chemical milieus of discrete cellular compartments. For
HPVs, uncoating already starts with binding. HPV16 binds primarily to heparan sulfate
proteoglycans (HSPGs) on the host cell surface or in the extracellular matrix (ECM)
(17–23). In the ECM, it can also bind laminin 332 as a transient coreceptor (24).
Importantly, the interaction of HPV16 with glycosaminoglycan (GAG) chains of HSPGs
triggers an initial conformational change in the L1 capsid (22). This is followed by a
cascade of structural alterations that eventually lead to a receptor switch from HSPGs
to an elusive secondary receptor (25). First, the HSPG-induced conformational change
in the capsid facilitates a subsequent cleavage of L1 by the trypsin-like serine protease
kallikrein-8 (KLK8), presumably allowing access of further enzymes (26). Next, cyclophi-
lins externalize the N terminus of L2 from the capsid lumen (27). Initial work suggested
that externalization of the L2 N terminus renders it accessible for the cellular protein
convertase furin, which removes 12 amino acids proximal to the N terminus and
thereby exposes a conserved, cross-neutralizing epitope of L2 termed RG-1 (28, 29).
However, the importance of cyclophilin activity at the plasma membrane for HPV16
infection has recently been questioned (30), as efficient furin cleavage of L2 was
observed even upon inhibition of cyclophilins. This leaves the interdependence of
cyclophilin action and furin cleavage in question. Nevertheless, these changes are
thought to represent the terminal modification of HPV capsids and to result in primed
virus particles that are ready to interact with the elusive secondary receptor (25, 31, 32).

Secondary receptor engagement likely triggers the uptake of HPV16 by a clathrin-,
caveolin-, lipid raft-, and dynamin-independent but actin-dependent endocytic path-
way (33, 34). The virus is routed through the endolysosomal system, where L1 cap-
somers and a subviral complex of L2 and vDNA are almost completely separated by
cyclophilins to enable trafficking of L2/vDNA to the Golgi complex (33, 35–37). After
penetration, the subviral complex gains access to the nuclear space only upon nuclear
envelope breakdown (NEBD) during mitosis (38, 39).
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Live-cell imaging of HPV16 uptake revealed that, while single endocytic events are
quick and occur within minutes after commitment to it, they occur over a protracted
period of time in a seemingly stochastic manner (33). In different studies, the half-time
of uptake has been estimated at 4 to 12 h following binding to cells (19, 22, 25, 33,
40–42). Interestingly, our previous work indicates that infectious internalization exhibits
a lag time of about 2 to 4 h (33). The underlying reason for asynchronous internalization
or the lag time is still unknown. Nevertheless, it is reasonable to assume that extracel-
lular structural changes or accessibility of the elusive secondary receptor causes asyn-
chronous internalization.

To date, it is unclear whether the enzymatic reactions responsible for the structural
alterations occur stochastically at different capsomers, whether subsequent changes
require a threshold number of modified capsomers, or whether individual capsomers
are fully structurally modified in a sequential manner. In addition to the kinetics of
biochemical reactions, the availability of the cellular interaction partners for the struc-
tural changes may limit processing kinetically.

As suggested above, the availability of the secondary receptor for virus endocytosis
may play a role. However, addressing receptor availability is challenging, mostly because its
identity still remains elusive (32). Based on the requirement for HPV16 entry, various
factors, including alpha 6-integrin, epidermal growth factor receptors, tetraspanin
CD151, and annexin A2 heterotetramer, have been put forward as potential candidates
(33, 43–49). However, biochemical data demonstrating direct interactions of receptor
candidates and virus particles are mostly lacking. Moreover, it is possible that several
receptor candidates are needed to form a complex or internalization platform for
HPV16 endocytosis (32). This complex, in turn, may exist in a preassembled form or may
assemble only upon induction.

Since the secondary receptor (or receptor complex) that triggers virus endocytosis
remains poorly defined, our study focused on whether the extracellular structural
modifications of HPV16 virions are important for asynchronous uptake. For this, we
used structurally primed HPV16 particles that reflect different stages of conformational
changes, including (i) furin-precleaved HPV16 (FPC-HPV16) particles (50, 51), (ii) HPV16
particles that expose the L2 N terminus independently of cyclophilins (L2-GP-N HPV16)
(27), (iii) KLK8-precleaved HPV16 (26), and (iv) combinations thereof.

Our results indicated that externalization of the L2 N terminus by cyclophilin B
contributed only to a minor extent to asynchronous uptake. However, furin cleavage
was clearly rate limiting. Since any further structural changes on the cell surface did not
contribute to asynchronous internalization, it is likely that the availability of the
secondary receptor(s) contributes to a large extent to the asynchronous internalization
of HPV16.

RESULTS
FPC-HPV16 shares important structural characteristics with HPV16. To test

whether conformational changes within the HPV16 capsid would be rate limiting for
infectious internalization, we used structurally primed virions that mimic individual
steps of the conformational and structural alterations during entry. If any of those
changes were rate limiting, primed virions should enter more synchronously and
quickly.

First, FPC-HPV16 virions were employed, which are thought to represent terminally
modified virions and are supposed to interact directly with the secondary receptor
(complex) (50, 51). Previously, FPC-HPV16 has been produced by exogenously adding
recombinant furin during the maturation of PsVs (50) or by using furin-overexpressing
producer cells (51). Here, the two methods were used in parallel to result in indistin-
guishable virion preparations and infectivities (data not shown). In the following, only
the results from FPC-HPV16 virions produced in furin-overexpressing cells are given.

Initially, the FPC-HPV16 particles were thoroughly characterized in comparison to
HPV16 particles. By electron microscopy after negative staining, HPV16 and FPC-HPV16
were morphologically indistinct, suggesting correct particle assembly (Fig. 1A). To
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assess potentially more subtle assembly defects as well as the effectiveness of furin
cleavage of L2, the composition of virions was analyzed after SDS-PAGE and Coomassie
blue staining by densitometry. Quantification of L2 (�75 kDa), L1 (�50 kDa), and
cellular histones (10 to 25 kDa) suggested that similar amounts of L2 and histones in
relation to L1 were incorporated into HPV16 and FPC-HPV16 virions as expected (Fig.
1B) (51). Furin precleavage appeared to be quantitative in FPC-HPV16 particles, as any
uncleaved L2 signal was undetectable (Fig. 1B; note the slightly higher mobility of L2
for FPC-HPV16 than for HPV16).

To test for the conformational integrity of L1 capsomers in FPC-HPV16, neutralizing
antibodies against defined epitopes (H16.V5 or H16.U4 [52, 53]) or, as a control, the
nonneutralizing antibody CAMVIR-1 was employed in inhibition experiments. H16.V5
binds an epitope at the top of the pentamer (5, 52–54), and H16.U4 binds to a
C-terminal conformational epitope (5, 55), whereas CAMVIR-1 binds to a linear epitope
(amino acids 206 to 210 of HPV16 L1 [56, 57]). After antibody binding to virions, the
viruses were added to HeLa cells, and their residual infectivity was determined. The
presence of H16.V5 or H16.U4 reduced infection in a dose-dependent manner for
FPC-HPV16 and HPV16 to a similar extent, whereas CAMVIR-1 did not affect infection as
expected (Fig. 1C) (52, 53, 56, 57). This meant that both V5 and U4 epitopes were
exposed in FPC-HPV16 particles, similar to what was seen in HPV16 particles.

Next, we tested whether furin precleavage was functional. As HPV16 requires
furin-cleavage and FPC-HPV16 should not (28), infectivity assays were carried out in the
presence of the furin inhibitor Dec-RVKR-CMK. The infectivity of FPC-HPV16 remained
unaffected in the presence of Dec-RVKR-CMK, whereas HPV16 infectivity was abolished
as expected (Fig. 1D) (28). As a second measure, the exposure of the so-called RG-1
epitope was tested. The cross-neutralizing RG-1 epitope of L2 is exposed only upon
furin cleavage (29). Using antibody neutralization directed against this RG-1 epitope
prior to infection (58), FPC-HPV16 infection was efficiently neutralized with only a
residual infectivity remaining, whereas HPV16 infection was unperturbed (Fig. 1E). This
indicated that in FPC-HPV16 particles the RG-1 epitope was exposed, whereas in HPV16
it was not.

Overall, our results indicated that FPC-HPV16 particles assembled correctly, exposed
crucial epitopes on the capsid surface, and were efficiently and functionally precleaved
by furin.

FPC-HPV16 enters host cells by the same pathway as HPV16. A prerequisite for
studying the internalization kinetics of FPC-HPV16 is that it would enter host cells by
the same mechanism as HPV16. To this end, we analyzed for the first time the entry
mechanism of FPC-HPV16 in comparison to HPV16 by testing key cellular factors
involved in this process. For this, we made use of small-molecule inhibitors directed
against cellular functions required for HPV16 entry. In particular, we tested factors
important for clathrin-, caveolin-, flotillin-, cholesterol-, and dynamin-independent but
actin-dependent endocytosis, endosomal acidification, and nuclear envelope break-
down for nuclear import of HPV16 (33, 39).

Endocytosis of HPV16 requires an activation of epidermal growth factor receptor
(EGFR) signaling and the activity of Na�/H� exchangers (33, 45). EGFR signaling was
blocked using gefitinib (Iressa), which targets the tyrosine kinase domain of the EGFR
family (59). HPV16 and FPC-HPV16 exhibited a similar, dose-dependent reduction of
infection to 12% � 5% and 14% � 10%, respectively (Fig. 2A). The same was true when
the function of the Na�/H� exchanger was blocked with the amiloride derivative EIPA
[5-(N-ethyl-N-isopropyl)amiloride], reducing infection to 6% � 1% and 4% � 2% for
HPV16 and FPC-HPV16, respectively (Fig. 2B).

Many endocytic pathways depend on dynamin-2 to mediate scission of forming
vesicles (60, 61). However, HPV16 endocytosis occurs independently of dynamin-2 (33).
To test whether FPC-HPV16 endocytosis would additionally require dynamin, cells were
infected in the presence of dynasore, a selective dynamin inhibitor (62). As a positive
control, the functionality of the drug was assessed using vesicular stomatitis virus (VSV)
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FIG 1 FPC-HPV16 assemble correctly. (A) HPV16 and FPC-HPV16 particles were analyzed by electron microscopy
after negative staining. Depicted are representative images of virions. Bars, 100 nm. (B) HPV16 and FPC-HPV16
particle composition by SDS-PAGE and Coomassie blue staining. Note the shift in the size of the furin-cleaved L2
protein (L2 cut). (C) Surface epitopes of HPV16-GFP (black) and FPC-HPV16-GFP (white) particles were targeted with
neutralizing antibody H16.V5 (left) or H16.U4 (middle) or nonneutralizing control antibody CAMVIR-1 (right) at
indicated dilutions. Presented are infection values (relative proportion of GFP-expressing cells) in HeLa cells relative
to untreated controls in percentages � standard deviations (SD). (D) Dependence on furin of HPV16 (black) or
FPC-HPV16 (white) infection was tested in the presence of 10 �M furin inhibitor Dec-RVKR-CMK or, as a control,
dimethyl sulfoxide (DMSO). Depicted are infection values relative to DMSO-treated controls in percentages � SD.
(E) To analyze structural processing, HPV16 or FPC-HPV16 and the L2-neutralizing RG-1 antibody were added to
HeLa cells. Depicted are infection values relative to mouse serum-treated controls in percentages � SD.
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infection, which occurs by clathrin-mediated endocytosis requiring dynamin (63). As
expected, a dose-dependent reduction of VSV infection was observed in the presence
of dynamin (Fig. 2C). In contrast, both HPV16 and FPC-HPV16 infections were increased
by the presence of dynasore as previously reported (Fig. 2C) (33, 34). Increase of HPV16
infection has been attributed to an upregulation of dynamin-independent pathways (33,
34). In conclusion, FPC-HPV16, like HPV16, was internalized by dynamin-2-independent
endocytosis.

FIG 2 FPC-HPV16 and HPV16 enter host cells by the same entry pathway. HeLa cells were infected with
HPV16 (black), FPC-HPV16 (white), or VSV (gray) in the presence of the indicated concentrations of gefitinib
(A), EIPA (B), dynasore (C), cytochalasin D (D), jasplakinolide (E), NH4Cl (F), cyclosporine (G), or aphidicolin
(H). Depicted are infection values relative to solvent-treated controls in percentages � SD.
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Actin dynamics mediate vesicle scission during HPV16 endocytosis (33). The actin
depolymerizing agent cytochalasin D reduced the relative infectivity of HPV16 and
FPC-HPV16 dose dependently to 30% � 6% and 21% � 10%, respectively (Fig. 2D).
Similarly, jasplakinolide, an inhibitor of actin depolymerization, resulted in a reduction
of infection to 12% � 2% and 19% � 9% for HPV16 and FPC-HPV16, respectively (Fig.
2E). Thus, actin dynamics were crucial for endocytosis of both HPV16 and FPC-HPV16.
Based on the inhibitory profile, infectious uptake of FPC-HPV16 occurred via an
endocytic machinery similar to that of HPV16.

After internalization, HPV16 traffics through the endolysosomal system and depends
on endosomal acidification presumably for uncoating (33, 35). To analyze whether
FPC-HPV16 also requires acid activation in the endosomal pathway, we neutralized the
endosomal pH with NH4Cl, followed by infection with HPV16 and FPC-HPV16. Infection
was completely inhibited for both HPV16 and FPC-HPV16 in the presence of 10 mM
NH4Cl (Fig. 2F). In addition to endosomal acidification, HPV uncoating depends on the
activity of cyclophilins in endosomes. Bienkowska-Haba and colleagues showed that
cyclophilins separate L1 capsomers from a subviral complex consisting of L2 and the
chromatinized genome in early endosomes (35). Incidentally, cyclophilin activity is
additionally required for the exposure of the L2 N terminus for subsequent cleavage by
furin at the plasma membrane (27). Cyclosporine, an inhibitor of cyclophilins, was used
to analyze the requirement for cyclophilins during FPC-HPV16 infection. HPV16 and
FPC-HPV16 infections were inhibited similarly in the presence of cyclosporine (Fig. 2G).
Thus, FPC-HPV16 likely required cyclophilins for uncoating such as HPV16.

In addition to the trafficking events directing HPV16 to the perinuclear space, we
tested whether the import of FPC-HPV16 into the nucleus would occur in a similar
fashion. Nuclear import of HPV16 genomes depends on nuclear envelope breakdown
(NEBD) (38, 39). Aphidicolin, an inhibitor of progression through the synthesis phase (S
phase), prevents HPV16 vDNA delivery to the nucleus (39). When cell cycle progression
was blocked by aphidicolin, a dose-dependent reduction of infection to 14% � 3% and
10% � 2% was observed for HPV16 and FPC-HPV16, respectively (Fig. 2H). This
suggested that NEBD was also essential for nuclear import of FPC-HPV16.

Taken together, our data indicated that endocytosis and entry of FPC-HPV16 oc-
curred by a mechanism similar to that of HPV16, allowing kinetic studies of FPC-HPV16
particles.

Furin processing is rate limiting for virus uptake. To determine whether struc-
tural preprocessing would lead to a faster and more synchronous internalization of
viruses, we compared the infectious internalization kinetics of HPV16 and preprocessed
HPV16. For this, we used a previously established assay to exclusively measure the
internalization of infectious virions (33). Briefly, virions were bound to cells in the cold.
After binding, the cells were shifted to 37°C to allow endocytosis. At various time points
following temperature shift, extracellular virus particles were rendered noninfectious by
a high-pH wash. The infectivity of virions already internalized at the time point of the
pH wash was then scored by measuring the relative percentage of green fluorescent
protein (GFP)-positive cells at 48 h postinfection (p.i.). By using low multiplicities of
infection (MOIs), i.e., less than one infectious unit per cell, the entry dynamics of the
average virion entering a cell is assessed rather than that of the fastest of several
infectious virions. Consistent with our previous work (22, 33), HPV16 infectious inter-
nalization followed a sigmoidal time curve with a lag time of about 2 h in HeLa and
HaCaT cells (Fig. 3A, dotted line), and with a half-time of about 9 h for HPV16 in HeLa
and HaCaT cells (Fig, 3A, dotted line), FPC-HPV16 exhibited a different internalization
curve with no or reduced lag phase in HeLa and HaCaT cells, respectively, and a linear
increase within the first 10 h of infectious internalization (Fig. 3A, solid lines). The
infectious internalization for FPC-HPV16 in HeLa and HaCaT cells had a half-time of
about 6 to 7 h and thus was 20 to 25% faster than HPV16 (Fig. 3A, solid lines). This
suggested that N-terminal cleavage of L2 by furin restricts uptake and contributes to an
initial lag phase, which thereby represents a rate-limiting step for HPV16 internalization.
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FIG 3 Infectious internalization of FPC-HPV16 is faster and more synchronous than that of HPV16. (A) In an add-on experiment, HPV16
(dotted) or FPC-HPV16 (solid) was used to infect HeLa (left) or HaCaT (right) cells. At indicated times postinfection, extracellular virus
was inactivated by a high-pH wash (pH 10.5). Depicted are the half-times of infectious internalization and the difference in the
half-time between the two viruses in hours and percentages. (B) A seed-over experiment was performed as described for panel A.
Infectious internalization values were normalized to the 48-h samples and are depicted in percentages � standard errors of the means
(SEM) for all experiments. Curves were fitted with the nonlinear regression function of GraphPad Prism v6. Statistical significance was
tested by two-tailed unpaired Student’s t test in GraphPad Prism v6; P values are indicated by asterisks: *, P � 0.05; **, P � 0.01. (C)
pHrodo-HPV16 and pHrodo-FPC-HPV16 particles were added to cells, and the pHrodo signal was imaged at different time points p.i.
and analyzed as relative intensity per cell.
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Notably, virus uptake still occurred asynchronously, indicating that additional factors
for slow and asynchronous virus uptake existed.

Alternatively to binding to HSPGs, HPV16 can interact with laminin 332 in the
extracellular matrix (24). We had previously observed that infectious internalization of
ECM-bound HPV16 is significantly slower than that of cell surface-bound virus with a
half-time of about 18 h (22, 33). Presumably, ECM binding restricts the diffusion of
particles and sampling of the cell surface (32, 64). To corroborate our findings on the
internalization kinetics, we compared our findings for uptake of cell surface-bound virus
in the “add-on” assay with those for uptake of ECM-bound virions in what we called the
“seed-over” assay. For this, FPC-HPV16 and HPV16 were bound to HaCaT-derived ECM.
Subsequently, HeLa or HaCaT cells were seeded on top of the ECM with bound virus.
As before, a high-pH wash was performed at different times after seeding, followed by
infectivity analysis of the internalized virus. Again, HPV16 infectious internalization
followed a sigmoidal time curve notably with an increased lag time of about 4 to 6 h
(Fig. 3B, dotted line). The half-times of infectious internalization were about 19 h and
20 h for HPV16 in HeLa and HaCaT, respectively, as expected (Fig. 3B, dotted line) (22).
FPC-HPV16 also showed a sigmoidal internalization curve, however, with a reduced lag
phase of about 4 h. The linear increase of infectious internalization started as early as
8 h p.i., i.e., roughly 4 h earlier than for HPV16 (Fig. 3B, solid versus dotted line). This
resulted in half-times of infectious internalization of 11 to 13 h, which were 30 to 45%
faster than for HPV16, similar to the results in the add-on experiments (Fig. 3B, solid
line). However, FPC-HPV16 still exhibited consistently asynchronous internalization
kinetics, suggesting the existence of additional determinants thereof.

The infectious internalization assay indicated an overall faster uptake of FPC-HPV16.
However, as this assay relies on successful delivery of the pseudogenomes to the
nucleus from already internalized virions, we cannot formally rule out any effect of later
entry steps. Therefore, our findings were corroborated using another internalization
assay. In this assay, virus particles that were covalently labeled with a pH-sensitive
fluorophore (pHrodo) were employed. pHrodo emits fluorescence exclusively in acidic
environments, such as endosomes (65). pHrodo-HPV16 and pHrodo-FPC-HPV16 parti-
cles were added to cells, and the pHrodo signal was imaged at different time points p.i.
and analyzed as relative intensity per cell. At 1 and 3 h after addition to cells, a stronger
fluorescence signal was observed for FPC-HPV16 than for HPV16 (Fig. 3C). The increase
of fluorescence intensities leveled off at 6 h p.i. for both viruses (not shown), probably
because the degradation of L1/fluorophore in lysosomes counteracted a further in-
crease from additional incoming virions (33). A clear increase of FPC-HV16-derived
fluorescence was visible in all individual experiments, despite the variability in the
degree of increase.

As such, these results were consistent with faster internalization like in the infectious
internalization assay. Notably, the kinetics of the pHrodo assay were faster than for
infectious internalization. This likely reflects the higher particle numbers that had to be
used to score the pHrodo signals. The higher particle number necessitated measuring
not only the average infectious particle but also additional noninfectious particles.
Moreover, it is likely that the fastest virions gave rise to a fluorescence signal, thus
explaining the faster kinetics.

Overall, the results indicated that furin cleavage was a rate-limiting step for HPV16
infectious internalization, and precleavage partially reduced or even eliminated the lag
phase prior to internalization. However, further determinants clearly contributed to the
protracted, asynchronous mode of virus internalization. Possibly, these determinants
include further rate-limiting structural modifications and/or a limited availability of the
secondary receptor (complex). Interestingly, the prolonged lag time of ECM- versus
cell-bound virions may suggest mechanistic differences of HPV16 entry depending on
their initial binding.

KLK8 cleavage is not rate limiting for HPV16 internalization. To analyze further
structural modifications that may affect the kinetics of internalization in addition to and
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independently of furin cleavage, we focused on those generated by KLK8 and CyPB,
which are crucial for L2 exposure and cleavage. HSPG-induced conformational changes
were omitted from further analysis, as our previous work already showed that they are
not rate limiting for infectious internalization (22). Since the proteolytic processing of
L1 by KLK8 follows the HSPG-induced changes, it was analyzed next.

KLK8 cleaves HPV16 L1 extracellularly after a crucial interaction of virions with HS
and promotes efficient exposure of the L2 RG-1 epitope (26). In order to preprocess
virions, the particles were thus pretreated with heparin, bound to ECM, and incubated
with conditioned medium, a supernatant of cells that contains secreted KLK8 according
to published procedures (26). Treatment with cell culture medium alone serves as a
negative control, as it fails to mediate L1 cleavage (Fig. 4A) (26). To contribute to
asynchronous internalization, KLK8 cleavage would have to occur asynchronously as
well. Therefore, the kinetics of KLK8 cleavage were analyzed after different times of
virus incubation with conditioned medium. In Western blotting, cleaved L1 (L1 A)
showed a faster mobility of about 5 kDa compared to full-length L1 (Fig. 4, L1 A) (26).
After 2 h, 30% of total L1 was converted into L1 A, which reached a maximum of 50%
at 16 h (Fig. 4B). These results indicated that KLK8 cleavage occurred in part protract-
edly. Since only about 30 to 50% of the L1 molecules could be cleaved in vitro, the
cleavage site may be obscured for the remaining L1 molecules in virus particles. At this
point, we analyzed the infectivity resulting from the KLK8-precleaved ECM-bound virus

FIG 4 KLK8 cleavage is not rate limiting for HPV16 internalization. (A) Kinetics of L1 cleavage by KLK8 was analyzed
by incubation of HPV16 PsVs with 10 mg/ml heparin, binding to ECM, and incubation with conditioned medium
or, as a control, DMEM. Samples were analyzed at the indicated times following conditioned medium incubation
by SDS-PAGE and Western blotting using L1-specific CAMVIR-1 antibody. L1 cleavage bands (L1 A) were quantified
by densitometry using Fiji. (B) Depicted is the increase of the cleaved L1 band (L1 A) normalized to the average
maximal cleavage reached after 16 h of incubation with the batches of conditioned medium used in the
experiments in percentages � SD (n � 2). (C) Infection levels of HPV16 or FPC-HPV16 after 6 or 16 h of
preincubation with conditioned medium (CM) relative to levels after preincubation with DMEM in percentages �
SD. (D) Schematic depiction of the experimental setup for KLK8 pretreatment. Virus particles are pretreated with
heparin for structural activation (1) and then bound to HaCaT ECM and treated with conditioned medium or DMEM
for 16 h (2). Seed-over infectious internalization (3) was performed as described before. Infection of HPV16 (left) or
FPC-HPV16 (right) preincubated with growth medium (black) or conditioned medium (gray) for 16 h as described
for panel A in a seed-over setup (compare with Fig. 3B). Depicted are infectious internalization values normalized
to the 48-h samples in percentages � SD.
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particles. Interestingly, infectivity increased proportionally to the preincubation time
with conditioned medium and resulted in a relative increase of infection to about 180%
at maximal KLK8 cleavage (Fig. 4C). This effect was observed for HPV particles as well
as for FPC-HPV particles. Overall this indicated that KLK8 cleavage may be inefficient
during infection of tissue culture cells.

To analyze if particles with maximal KLK8 cleavage increased the kinetics of uptake,
KLK8-cleaved HPV16 and FPC-HPV16 were analyzed in a seed-over experiment. How-
ever, KLK8-precleaved viruses did not enter more synchronously or quickly (Fig. 4D).
Hence, we conclude that KLK8 processing was not rate limiting for internalization.

Conformational changes by cyclophilins modestly accelerate virus uptake. The
exposure of the cross-neutralizing L2 epitope RG-1 was originally shown to be depen-
dent on the peptidyl-prolyl isomerase function of cyclophilins through externalization
of the L2 N terminus (27, 35). Mutations in L2 that result in a higher flexibility of the
molecule (Fig. 5A) render RG-1 exposure of the resulting virus particles (L2-GP-N HPV16)
cyclophilin independent (27). Despite recent evidence that furin cleavage itself can
occur without the help of cyclophilins (30), we assessed whether higher flexibility of L2
would influence the rate of internalization. Using L2-GP-N HPV16 particles, we analyzed
whether they internalized at different rates for selected time points at which FPC-
HPV16 internalization kinetics differed most from HPV16. The uptake kinetics of L2-
GP-N HPV16 were slightly but significantly faster than those of HPV16 (Fig. 5B). At 4 h
and 10 h p.i., the numbers of internalized L2-GP-N HPV16 were increased about 3.5-fold
and 1.5-fold, respectively. Similar effects were observed in seed-over experiments,
resulting in 1.7-fold and 1.3-fold increases of L2-GP-N HPV16 internalization at 16 h and

FIG 5 CyPB activity modestly accelerates HPV16 internalization. (A) Amino acid sequences of the putative
L2 CyPB binding motif (HPV16 versus HPV16 L2-GP-N). (B) The infectious internalization kinetics of HPV16
(black) and HPV16 L2-GP-N (dark gray) were compared in add-on experiments (as described for Fig. 3A).
(C) Infectious internalization of HPV16 (black) and HPV16 L2-GP-N (dark gray) was analyzed in seed-over
experiments (as described for Fig. 3B). (D) The infectious internalization kinetics of FPC-HPV16 (white) and
FPC-HPV16 L2-GP-N (light gray) were compared in add-on experiments. (E) Infectious internalization of
FPC-HPV16 HPV16 (white) and HPV16 L2-GP-N (light gray) were analyzed in seed-over experiments.
Infectious internalization values are shown relative to 48-h infection samples in percentages � SD for all
experiments.
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at 24 h p.i., respectively (Fig. 5C). Thus, exposure of the L2 N terminus may be partially
rate limiting, with an estimated difference in half-time of infectious internalization of
about 10%.

Next, we asked whether the contributions of cyclophilins to asynchronous internal-
ization would be additive to those of L2 cleavage. Interestingly, when comparing
L2-GP-N FPC-HPV16 to FPC-HPV16, the internalization rates were indistinct (Fig. 5D and
E). This meant that once furin cleavage had occurred, cyclophilins were no longer rate
limiting for uptake. This is consistent with the notion that furin-precleaved particles
represent terminally modified virions.

Asynchronous uptake is independent of the cell cycle. Despite the contribution
of structural alterations of the viral capsid to asynchronous internalization, our data
indicated that additional factors must play a role. Previous work from the Banks
laboratory (66) showed that cell cycle synchronization accelerates initial infection. To
assess whether cell cycle synchronization would impact HPV16 uptake, the kinetics of
infectious internalization were analyzed in synchronized cells. Following the published
protocol, cells were synchronized by a double thymidine arrest in S phase, whereas
unsynchronized cells were used as controls (Fig. 6A). As expected, about 8 to 10 h
postrelease from S phase, a wave of mitoses was observed (Fig. 6B). Cells were infected
2 h, 6 h, and 14 h postrelease with HPV16 and FPC-HPV16 under add-on conditions to
cover time points further, close to and past the ensuing mitotic wave after S-phase
release. The rates of HPV16 and FPC-HPV16 internalization remained unaffected in
synchronized compared to unsynchronized cells under all tested conditions, suggesting
that cell cycle synchronization failed to facilitate a more synchronous HPV16 endocy-
tosis (Fig. 6C). Interestingly, 6 h postrelease from thymidine blocking, a similarly
shortened half-time of infectious internalization was observed for both HPV16 and
FPC-HPV16 and in both synchronized and nonsynchronized cells. This meant that this
effect was not due to furin cleavage or cell cycle synchronization. However, it may
indicate that cells were primed for uptake by the medium change that occurred at the
time of release from the S-phase block.

FPC-HPV infection is independent of structural activation by HSPGs. Since cell
cycle synchronization did not shed more light on a potential cellular regulator of virus
uptake, we turned back to the question of secondary-receptor engagement and its
potential role in restricting virus uptake. Binding of HPV16 to HSPGs leads to a first
conformational change (22, 26, 67), which in itself is insufficient for infectious internal-
ization (25). The subsequent structural modifications of the capsid are thought to
enable the engagement of an internalization receptor (complex) independent of HSPGs
(32). According to this model, the affinity of the virus to HSPGs is reduced by the
structural alterations to allow transfer to the elusive secondary receptor (25). FPC-
HPV16 as terminally restructured particles should therefore be able to infect cells
independently of HSPGs.

To test this, FPC-HPV16 was used to infect cells devoid of functional HSPGs. For this,
the virus was bound to laminin 332 as a transient receptor in the ECM. HeLa and HaCaT
cells were treated with NaClO3 to result in strongly reduced levels of GAG sulfation (68),
so that they became nonpermissive for virus infection depending on sulfated HSPGs
(22). These cells were subsequently seeded on top of the virus. As expected, HPV16
control infection was strongly reduced upon NaClO3 treatment (Fig. 7A, black bars) (22).
In contrast, FPC-HPV caused infection of NaClO3-treated cells reaching about 75 to 80%
of the infectivity in untreated HeLa or HaCaT cells (Fig. 7A, white bars). This strongly
indicated that FPC-HPV16 infection was independent of HSPGs in line with being
terminally restructured.

FPC-HPV16 exhibits reduced binding affinity to highly sulfated heparan sul-
fates. As infection with FPC-HPV16 was independent of HSPG interaction, we ad-
dressed whether preprocessed particles indeed exhibited a decreased affinity to HSPGs
as previously proposed (25, 31, 32). For this, heparin, representing the highly sulfated
domains of HS, was used as a proxy (22). The affinities of FPC-HPV16 and HPV16 to
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heparin were analyzed by binding virus particles to a HiTrap heparin HP column and by
subsequently eluting the viruses with a linear NaCl gradient. Eluted fractions were
collected and tested for L1 content by Western blotting. HPV16 was eluted in fractions
4 to 7 after applying the gradient (Fig. 7B, upper panel), whereas FPC-HPV16 particles
were already observed in fraction 3 (Fig. 7B, lower panel). The elution of FPC-HPV16
with lower salt concentrations indicated that the affinity of FPC-HPV16 to heparin was
lower. The more-detailed chromatograms confirmed this result. The main elution peak
for HPV16 was detected at 800 � 10 mM NaCl, whereas the main peak for FPC-HPV16
particles was already detected at 558 � 6 mM NaCl. These data provided the first

FIG 6 Infectious internalization kinetics of HPV16 are unaffected by cell cycle synchronization. (A) Schematic depiction of cell cycle
synchronization by double thymidine block. (B) Synchronized and nonsynchronized cells were fixed with ethyl alcohol (EtOH) and
analyzed for their cell cycles states at different times postrelease. Cell cycle phases were designated according to cellular DNA content
by PI staining and flow-cytometric analysis. G1, a single set of chromosomes (i.e., DNA content � 1); G2/M, duplicated chromosomes (DNA
content � 2); S, replicating chromosomes between the two states. Shown are the values from two independent experiments. (C) Infectious
internalization of HPV16 (upper panels) and FPC-HPV16 (lower panels) with synchronized (black dotted line) and nonsynchronized (gray
dotted line) cells was analyzed in add-on experiments. Cells were infected at 2 h, 6 h, or 14 h postrelease from thymidine block. Curves
were fitted with the nonlinear regression function of GraphPad Prism v6. Relative infectious internalization values were normalized to 48-h
infection samples and are depicted as percentages � SEM.
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biochemical evidence that HPV16 particles exhibit a reduced affinity to highly sulfated
HS once they are processed by furin.

The accessibility of the secondary receptor for HPV16 interaction is limited.
After verification of the proposed functional properties of FPC-HPV16, the next test
assessed whether FPC-HPV16 particles would bind to cells exclusively via the secondary
receptor. Again, NaClO3-treated cells were employed as a model for dysfunctional
HSPGs. In add-on experiments, HPV16 infection was abrogated in NaClO3-treated HeLa
and HaCaT cells, most likely because binding to cells was impaired (Fig. 8A) (22).
FPC-HPV16 was also unable to infect NaClO3-treated HeLa or HaCaT cells (Fig. 8A).
While FPC-HPV16 infection occurred in the seed-over setup through binding to laminin
332 (Fig. 7A), these results indicated that FPC-HPV16 was unable to directly bind to
NaClO3-treated cells.

This was surprising, since previous work suggested that FPC-HPV16 can bind directly
to HSPG-deficient cells (50). To verify that in fact virus binding to cells was inefficient,
we tested virus binding to NaClO3-treated cells using virions covalently labeled with
fluorophores (64). Fluorescence microscopy showed that HPV16 and FPC-HPV16 readily
bound to HeLa and HaCaT cells (Fig. 8B and C). However, binding was almost com-
pletely lost in NaClO3-treated cells for both HPV16 and FPC-HPV16 (Fig. 8B and C). The

FIG 7 FPC-HPV infection occurs independently of HSPGs, and particles show reduced binding affinity to heparin.
(A) HPV16 (black) or FPC-HPV16 (white) infection of NaClO3-treated HeLa or HaCaT cells in the seed-over setup (as
described for Fig. 3B). Infectious values are shown in percentages � SD relative to untreated cell samples for all
experiments. (B) Heparin binding affinity of HPV16 (black) and FPC-HPV16 (gray) was analyzed using HiTrap heparin
HP columns (GE) and subsequent elution by increasing salt concentrations (300 mM to 1,500 mM). Depicted is a
representative Western blot for HPV16 L1 of the eluted fractions 1 to 11 of HPV16 (upper panel) or FPC-HPV16
(lower panel) during salt gradient elution. Representative chromatograms of the HPLC runs were aligned to the
corresponding elution fractions (HPV16, black line; FPC-HPV16, gray line). Salt concentrations corresponding to the
main elution peak from at least 3 independent experiments are summarized in the table.
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same was true when binding and infection was analyzed in pgsA-745 cells (Fig. 9),
which lack GAGs due to a mutation in the xylosyltransferase gene (69). Although these
findings supported primarily FPC-HPV16’s ineffectiveness to bind to cells in the absence
of highly sulfated proteoglycans, it is important to note that the quantifications showed
a tendency of FPC-HPV16 to interact slightly better with HS-deficient cells than did
HPV16.

Most importantly, however, the overall results suggest that while infection by
FPC-HPV16 occurs efficiently in the absence of HS, these particles bound only ineffi-

FIG 8 The accessibility of the secondary receptor for virus interaction is limited. (A) HeLa or HaCaT cells were treated with 50 mM NaClO3

for 2 days and subsequently infected with HPV16 (black) or FPC-HPV16 (white) in add-on experiments (as described for Fig. 3A). Relative
infection values were normalized to 48-h infection samples of untreated cells in percentages � SD. FACS, fluorescence-activated cell
sorting. (B) AF488-labeled HPV16 (gray/green, upper panels) or FPC-HPV16 (gray/green, lower panels) particles were bound to untreated
or NaClO3-treated HeLa cells. Cells were fixed and stained for F-actin with Atto647N-phalloidin (red). Depicted are representative
maximum intensity projections of confocal image stacks from at least three independent experiments. Virus signals were quantified
relative to cell area for more than 150 cells per condition. (C) As described for panel B, using HaCaT cells.
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ciently to cells. This may indicate that the secondary receptor (complex) is, at least for
the most part, unavailable for incoming FPC-HPV16 particles.

DISCUSSION

In this work, the underlying cause for slow and asynchronous uptake of HPV16 was
studied. Using structurally primed virions, furin cleavage was identified as an important
rate-limiting factor for HPV16 internalization. In addition, cyclophilin activity, likely
during L2 N-terminal exposure, was modestly rate limiting. However, structural priming
accounted for only up to one-half of the slow uptake. Thus, our work not only linked
structural priming to slow and asynchronous internalization of HPV16 but also high-
lighted the existence of further rate-limiting steps. With these findings, we propose a
model in which initial structural modifications in combination with secondary-receptor
availability are impeding rapid virus uptake. This may point to a unique niche of HPV16
infection, e.g., a wounding scenario during initial infection, which may provide suffi-
cient enzyme activity for the structural alterations and/or the availability of the sec-
ondary receptor (complex).

With internalization half-times ranging between 4 and 15 h, the slow and asynchro-
nous HPV uptake into cells is well established (19, 22, 25, 33, 41, 42, 70). However, the
wide range of time spans for internalization that have been reported is surely note-
worthy. Most likely, they are the result of different experimental setups. For example,
HPV internalization kinetics were characterized by indirectly assessing postbinding
antibody neutralization (19, 42, 70), by immunofluorescence analysis of remaining cell
surface virus (41), or by accumulation of intracellular virus signal (25). Particularly,
analysis by immunofluorescence does not differentiate between infectious and nonin-

FIG 9 (A) Indicated amounts of AF488-labeled HPV16 (gray/green, left panels) or FPC-HPV16 (gray/green, right panels) particles were
bound to CHO wild-type (upper panels) or pgsA-745 (lower panels) cells for 1 h. Cells were fixed, stained for F-actin (red), and imaged
as described for Fig. 8B. Shown are maximum intensity projections of representative cells from 1 of at least 3 independent experiments.
(B) Add-on infection of pgsA cells with different amounts of HPV16 (black) and FPC-HPV16 (white) compared to parental CHO cells. Shown
are average relative infection values in percentages � SD from 3 independent experiments.
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fectious particles, thus very likely overestimating the relevant degree of uptake. The
infectious internalization assay of this study analyzes exclusively the uptake of virus
particles that give rise to infection featuring lower multiplicities of infection (MOI) and
longer half-times (22, 33). This notion is supported by our own experiments using the
pHrodo assay (Fig. 3C). Therefore, the timing of internalization may be more accurately
described by the infectious internalization assay. One drawback of this assay is that it
cannot fully exclude kinetic effects on later stages of entry, since it relies on the delivery
of the vDNA to the nucleus. Membrane penetration and nuclear import are the main
additional reasons for asynchronous entry of papillomaviruses, and both are coordi-
nated by the onset of mitosis (39, 71, 72). Since mitosis occurred in all samples
asynchronously and cell cycle synchronization did not affect infectious internalization,
any major impact on these late stages appears unlikely but remains a formal possibility.
However, both the pHrodo assay and the infectious internalization assay determined
that infectious uptake occurred generally faster for FPC-HPV16 particles.

In the infectious internalization assay, HPV16 internalization exhibited pronounced
lag phases of 4 h and 8 h in add-on and seed-over experiments, respectively. The
significant delay in the seed-over experiments may simply be due to removal of cell
surface receptors by trypsinization, necessitating reexpression to facilitate virus uptake.
Alternatively, the different mobility of cell surface-bound versus ECM-bound virions
may affect the kinetics. Cell surface-bound virions would more easily be able to sample
the plasma membrane for the presence of a secondary receptor (complex) during
lateral diffusion than the ECM-bound virions. Thus, they would stochastically interact
more frequently with required cellular receptors. Also, if the virus were partially covered
by or embedded in the ECM, ECM remodeling might be required to facilitate transfer
to the plasma membrane. In support of this notion, previous work suggests that matrix
metalloproteinases (MMPs), which are typically responsible for ECM remodeling, are
required for HPV16 infection (26, 45). As initial ECM rather than cell binding appears to
be the major route of infection in vivo (21, 73), it will be interesting to address in more
detail in the future the question of ECM remodeling and whether wound healing
contributes to it.

Independent of the infection scenario, the internalization kinetics was unequivocally
reduced in furin-precleaved virus. This not only indicated that furin cleavage is a
rate-limiting step during HPV16 entry but also hinted that the amount of active furin in
the cellular supernatants may be limiting. This is supported by findings of Bronnimann
and colleagues (30), who reported that HPV16 cleavage by furin and the infectivity of
the particles are more efficient if furin is enriched in the cultivation medium. It has been
reported that membrane-anchored furin can be shed from the cell surface by unknown
proteases while keeping its activity (74). To date it remains unknown whether the
membrane-bound or the soluble form of furin acts on HPV16 particles or whether a
specific activation of furin or of (re-)localization to the plasma membrane would be
needed. Furin has more than 490 predicted targets (75); among them are proteases
involved in extracellular remodeling, like MMPs, ADAMs (A disintegrin and metallopro-
teinases), and ADAMTSs (A disintegrin and metalloproteinases with thrombosporin
motifs), and in wound healing (76). It is therefore tempting to speculate that HPV16
encounters active furin specifically during wound healing of epidermal tissue, which is
thought to provide the virus with access to the initial target cells/ECM.

Despite the notion that too little furin is present in tissue culture cells to facilitate
rapid or efficient processing, it is important to note that evidence for the stoichiometry
and the extent of structural modifications during entry is still lacking. Do modifications
occur strictly sequentially? How quickly can structural modifications be achieved? Do all
pentamers of a virion or only a subset have to be modified? Initial evidence exists at
least for the latter: recent structural data suggest that conformational changes occur
upon HS binding primarily on the pentavalently coordinated vertex pentamers (67).

As an alternative to the model where structural changes occur postbinding, it has
been hypothesized that HPV16 particles may be preprocessed during terminal differ-
entiation of infected epithelia and are released as terminally restructured particles
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during desquamation, potentially leading to quicker entry (32, 77, 78). Nevertheless,
this alternative model raises at least two major questions. First, our data showed that
preprocessed viruses (e.g., FPC-HPV16) bind less efficiently to heparan sulfate moieties
than unprocessed virions. Why would a virus have evolved to use a less efficient
receptor-binding particle at a critical step of infection? Or is it that preprocessed
particles bind more efficiently to the extracellular matrix? At least in the mouse vaginal
challenge model, the latter does not occur (21). However, whether the basement
membrane of the mouse vagina provides a niche fully equivalent to the human
counterpart still needs to be verified. Second, the preexposure of the cross-neutralizing
RG-1 epitope of L2 that occurs during structural processing seems counterintuitive. It
is generally thought that exposure of the RG-1 epitope occurs shortly before internal-
ization to hide the epitope within the particle (58), which in turn may be part of the
immune evasion mechanism of HPVs during host cell entry (79, 80). So how would HPVs
efficiently evade the immune system, if the virus particles— even if preprocessed— do
not enter quickly but remain accessible for immune detection, as our data indicate?

Despite the identification of furin cleavage as a major rate-limiting step for HPV16
internalization, the question remains as to which other processes may contribute to the
slow, asynchronous uptake. Neither HSPG binding nor KLK8 cleavage played a role (Fig.
4) (22). Increased flexibility of the L2 N terminus (L2-GP-N mutant) (27) was rate limiting
only prior to particle processing by furin (Fig. 5). The latter observation suggests a
sequential processing of HPV16, with furin cleavage as the final processing step,
consistent with the favorite model (31, 32). Bronnimann and colleagues (30) recently
suggested that cyclophilin and furin may not act interdependently, as L2 processing by
furin was observable upon cyclophilin inhibition. Exposure of the cross-neutralizing
RG-1 epitope, however, required furin cleavage as well as cyclophilin activity. To date,
it remains uncertain to which degree furin cleavage and L2 isomerization would be
interdependent or would have to occur sequentially. Here, we did not assess whether
furin cleavage occurs independently from L2 isomerization or not. Nevertheless, our
data indicate that L2 isomerization does not contribute to protracted internalization per
se but only prior to furin cleavage.

Although speculative, further rate-limiting structure modifications of the virus par-
ticle could be envisioned and would provide a rationale for the remaining asynchro-
nism of HPV16 uptake. In addition, there are further determinants that may affect the
kinetics of HPV16 uptake. For example, the role of the L2 N-terminal peptide released
by furin is unclear. An essential role during host cell entry is unlikely, since FPC-HPV16
particles lacking this peptide are fully capable of entering cells. However, an accessory
role such as timely activation of HPV16 endocytosis may be possible. Alternatively, the
peptide may simply have to be removed to activate L2 for entry. The generation or
removal of the peptide may thus be important for efficiency or kinetics or plays a role
during in vivo infection. Hence, potential functions of the L2 N-terminal peptide should
be addressed in future studies.

Also important for rate-limiting HPV16 uptake would be the presence and accessi-
bility of the secondary receptor (complex). We found that FPC-HPV16 particles exhib-
ited infrequent binding to cells in the absence of sulfated HSPG upon NaClO3 treatment
or in HSPG-deficient pgsA-745 cells, which indicated that the secondary receptor is not
readily available or is bound only with low affinity. Our data seemingly contradict a
previous report, in which binding of FPC-HPV16 particles to NaClO3-treated or pgsA
cells was observed (50). These differences may result from experimental setups. In the
earlier study by Day and colleagues (50), FPC-HPV16 with only partially cleaved L2 was
used, whereas in our study virtually all L2 molecules were processed. Speculatively, the
degree of furin cleavage may be crucial for efficient engagement of the secondary
receptor. Perhaps the conformational changes elicited during entry are necessitated on
a specific subset of capsomers, whereas modification of all capsomers is not favorable.
Similar to what is observed for KLK8 cleavage (26), furin cleavage may thus occur only
partially during infection (as has been observed in reference 30).

Another difference was that previous work used 10-fold more virus but failed to
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quantify the extent of binding. However, even higher particle numbers failed to
significantly increase the number of bound particles on the cell surface in comparison
to HPV16 in immunofluorescence assays (Fig. 9 and data not shown) or Western
blotting (data not shown).

In conclusion, the secondary receptor may not be bound efficiently by fully pro-
cessed FPC-HPV16 or may in fact not be accessible for binding.

The availability or accessibility of the elusive secondary receptor is an intriguing
question and may also be crucial for its identification. So far, integrin �6 (ITG�6),
tetraspanin CD151, epidermal growth factor receptor (EGFR), and annexin A2 hetero-
tetramer (A2t) were identified as crucial plasma membrane molecules for endocytosis
(33, 43–49, 81, 82), but whether they act as or regulate the secondary receptor is
unknown. In a synthetic model, the presence of a receptor complex including all of
these components has been proposed (32). A number of scenarios may serve as
rationales for rate limitation of uptake by these secondary receptor candidates: (i)
absence from the plasma membrane, which requires induction of expression; (ii) need
for a triggered lateral formation of a complex in the membrane; (iii) dissociation of a
receptor from complexes upon stimulation, and so on. Induction of any of these
processes may occur by signaling through the EGFR, which is observed quickly with or
after HPV16 binding (33, 45). Moreover, the requirement of tetraspanins for HPV16
infection is intriguing (47). Tetraspanins are prime candidates for the formation of nano-
and microdomains, the tetraspanin-enriched microdomains (TEMs), and are able to
interact with integrins (reviewed in references 83 and 84). TEMs have also been linked
to host cell entry of other viruses, e.g., hepatitis C virus (HCV) and human cytomega-
lovirus (HCMV) (85, 86). The interaction of the internalization receptor candidate
tetraspanin CD151 with ITG�3 and ITG�6 and with other tetraspanins has been linked
to HPV16 internalization (47). Therefore, an efficient assembly of a TEM-dependent
HPV16 entry platform requires a prolonged time period. Alternatively, receptor candi-
dates may be trapped in preexisting functional cellular complexes unavailable to
engage HPV16. TEMs are known to compartmentalize the plasma membrane by
clustering proteins in specific membrane domains, thereby modulating their availability
for other processes or interactions (87). As the TEM composition is dynamic (88, 89),
release of HPV16 receptor candidates from TEM may be required for uptake. However,
the latter possibility seems less likely, as HPV16 has been shown to cointernalize with
CD151 (47).

Examples for such preexisting structures are hemidesmosomes, which establish
adhesive connections of the basal cells with the ECM and basement membrane
(reviewed in reference 90). Hemidesmosomes are complexes that incorporate, e.g.,
ITG�6/�4 and CD151. Disassembly of hemidesmosomes is required during migration
and wound healing processes (91). It is possible that HPV16 interaction with ITG�6 and
CD151 may require induction of hemidesmosome disassembly.

To date it is still unknown whether furin secretion and/or release is increased during
wound healing, but it is tempting to speculate that endocytosis of HPV16 in its
biological niche occurs during wound healing. This specific environment would be
enriched with a plethora of secreted proteases to mediate extracellular matrix remod-
eling during wound healing processes, which could at the same time allow for a more
efficient processing of HPV16 particles and the presentation of the secondary receptor
(complex).

While our work shows that furin cleavage of HPV16 L2 and potentially the avail-
ability of the internalization receptor were limiting the rate of virus uptake, the major
question remains whether a biological niche that would promote rapid uptake exists.
Future work will therefore have to explore this in more-complex infection systems like
organotypic raft culture, in vivo models, and dedicated epithelial wounding scenarios.

MATERIALS AND METHODS
Cell lines, antibodies, and reagents. HeLa cells were from ATCC. HaCaT cells originated from N.

Fusenig (DKFZ, Heidelberg, Germany [92]); these and 293TT cells were a kind gift from J. T. Schiller (NIH,
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NCI, Bethesda, MD, USA [10]). Parental CHO and pgsA cells originated from J. D. Esko (UCSD, San Diego,
CA, USA [69]). 293TTF cells for FPC-HPV16 production and RG-1 antibody were a kind gift from R. Roden
(Johns Hopkins University, Baltimore, MD, USA [51]). CAMVIR-1 antibody was from Santa Cruz Biotech-
nology. Horseradish peroxidase (HRP)-anti-mouse secondary antibody was from GE Healthcare. H16.V5
and H16.U4 were a kind gift from N. Christensen (PSU, Hershey, PA, USA [52, 53]). Furin inhibitor
Dec-RVKR-CMK was from Bachem. Gefitinib was from Tocris bioscience. EIPA, cytochalasin D, aphidicolin,
NH4Cl, NaClO3, heparin, and thymidine were from Sigma-Aldrich. Cyclosporine and jasplakinolide were
from Calbiochem. Dynasore was from Merck. Furin convertase was from Alexis Biochemicals. Alexa Fluor
488 succinimidylester was from Thermo Scientific. Atto647N-phalloidin was from Sigma-Aldrich. RedDot2
was from VWR.

Viruses. HPV16 PsVs containing a GFP reporter plasmid (HPV16-GFP) were produced using 293TT
cells as previously described (7, 93), whereas FPC-HPV16 PsVs were produced using furin-overexpressing
cells (293TTF) (51) or as an alternative, in 293TT cells, followed by addition of exogenous furin prior to
virus maturation (50). In brief, 293TTF or 293TT cells were transfected with p16SheLL and pCIneo. After
48 h, cells were harvested and lysed. For optimal furin activity, cell lysates were incubated for 24 h and
supplemented with 10 mM HEPES (pH 7.6) and 2 mM CaCl2 with or without addition of 20 U exogenous
furin, respectively (94). For optimal maturation, lysates were incubated for a further 24 h with 25 mM
ammonium sulfate (pH 9.0) (8). PsVs were purified on a 25% to 39% linear OptiPrep gradient (Sigma-
Aldrich). For microscopy, HPV16 or FPC-HPV16 were covalently labeled with Alexa Fluor dyes as
previously described (64). For production of L2-GP-N HPV16 PsVs (27), the L2 sequence in p16SheLL
was mutated by Quikchange II site-directed mutagenesis (Agilent Technologies) using primers
16L2_99A100A_fw (5=-TGGACCCCGTGGCCGCCAGCGACCCCAG-3=) and 16L2_99A100A_rev (5=-CTGGGGT
CGCTGGCGGCCACGGGGTCCA-3=). HPV16L2-GP-N PsV were produced as above. Recombinant vesicular
stomatitis virus (VSV strain Indiana) expressing GFP (VSV-GFP) was produced as previously described (63).

Analysis of particle composition. About 1 �g of HPV16 PsV was separated by SDS-PAGE and
stained with Coomassie brilliant blue. Linear regression fitting of signal intensity values from densitom-
etry analysis by Fiji was carried out using protein standards (ImageJ distribution [95]).

Infection assays. For add-on experiments, 5 � 104 cells were seeded 16 h prior to infection with 1
to 5 ng PsVs to result in 20% infected (GFP-expressing) cells. Cells were harvested and analyzed for
infection (GFP expression) at 48 h p.i. by flow cytometry. For seed-over experiments, HaCaT-derived
extracellular matrix (ECM) was produced as previously described (22). Subsequently, 5 to 15 ng HPV16
PsVs was bound to ECM for 1 h at 37°C in growth medium before 5 � 104 HeLa cells were seeded onto
the ECM-bound virus particles. Infectivity was analyzed as described above. For VSV infections, 5 � 104

HeLa cells were infected 24 h with VSV-GFP at a multiplicity of infection of 5 PFU/cell. Cells were infected
for 1 h at 37°C followed by a medium change. Infection (GFP expression) was analyzed 6 h p.i. Raw
infection values were normalized to untreated control infections to result in relative infection values.

Cell perturbations with small-molecule inhibitors. Cells were pretreated with inhibitors at the
indicated concentrations for 30 min or for aphidicolin for 16 h prior to infection. Cells were infected as
described above. To reduce cytotoxicity, inhibitors, except aphidicolin, were replaced by growth medium
with 10 mM NH4Cl (10 mM HEPES, pH 7.6) at 12 h p.i. as described previously (33, 39). To decrease
glycosaminoglycan sulfation, HeLa or HaCaT cells were pretreated with 50 mM NaClO3 in growth medium
for 2 days prior to experimentation.

Antibody neutralization assays. About 16 h prior to experimentation, 5,000 HeLa cells per well
were seeded in optical bottom 96-well plates. HPV16 and FPC-HPV16 were incubated with the L1
antibodies H16.V5, H16.U4, and CAMVIR-1 (dilution range, 1:500 to 1:500,000) for 1 h at room temper-
ature in Dulbecco’s modified Eagle medium (DMEM) prior to their addition to cells. Infectivity was scored
at 48 h p.i. For this, cell nuclei were stained with RedDot2 before plates were analyzed by automated
microscopy (Zeiss Axio Observer Z1, equipped with a Yokogawa CSU22 spinning disc module and a
CoolSnap HQ camera; Visitron Systems GmbH) followed by automated computational image analysis as
described previously (33). Raw infection values were normalized to untreated control infections to result
in relative infection values. For RG-1 neutralization, RG-1 antibody (1:2,500) and PsVs were added to 5,000
HeLa cells per well of a 96-well plate. After 2 h, the inoculum was replaced by growth medium and cells
were processed for infection analysis by automated microscopy at 48 h p.i. as described above.

Infectious internalization kinetics. For add-on internalization experiments, 5 � 104 cells were
seeded as above. PsVs (5 to 10 ng) were added to cells on ice and incubated at 4°C for 4 h to allow
binding. The medium was removed, and plates were supplemented with warm growth medium and
transferred to 37°C. The samples were washed for 90 s with 0.1 M CAPS (N-cyclohexyl-3-
aminopropanesulfonic acid) (pH 10.5) buffer at the indicated times postwarming, which renders
extracellular virus particles noninfectious (33). Cells were washed twice with phosphate-buffered saline
(PBS) before fresh growth medium was added. Cells were fixed with 4% paraformaldehyde (PFA) at 48
h p.i. and analyzed for infection by flow cytometry. For seed-over internalization experiments, we
followed the seed-over infection protocol. At the indicated times following cell seeding, cells were
treated with CAPS buffer as above and processed for infection analysis at 48 h p.i.

pHrodo internalization assay. To analyze internalization of virus particles that were labeled with a
pH-sensitive dye (pHrodo), 7.5 � 104 cells were seeded on coverslips 24 h prior to experimentation.
Similar particle numbers were added to 350 �l growth medium and bound for 1 h at 37°C. Medium was
changed, and at least 10 fields of view per sample were imaged as confocal slices with a 40� objective
on a spinning disk microscope (as above) at indicated time points. For analysis, average intensity
projections were assembled using Fiji (ImageJ distribution [95]). The total virus signal per projections was
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analyzed using CellProfiler v2.2.0 (96, 97). Intensity values per time point were summarized using Pivot
tables and normalized to the number of cells, determined by manual counting from brightfield images.

KLK8 cleavage kinetics. To analyze the kinetics of KLK8 cleavage, HPV16 samples were preincubated
with 10 mg/ml heparin for 2 h at room temperature, bound to ECM, and incubated with conditioned
medium or growth medium for the indicated times as described previously (26). Conditioned medium
was obtained by harvesting supernatants from HaCaT cells grown for 72 h and stored at 4°C. Lysates were
prepared in 5� SDS-loading buffer and analyzed by SDS-PAGE and Western blotting using CAMVIR-1. In
addition, samples preincubated for 6 h or 16 h with conditioned medium were subjected to seed-over
infections using HeLa cells.

Cell cycle synchronization. Prior to infections, the cell cycle of 7.5 � 105 HeLa cells was synchro-
nized by a double-thymidine block. In brief, 8 h postseeding, cells were treated with 2 mM thymidine for
16 h, after which thymidine was washed out. After 9 h, cells were blocked again with 2 mM thymidine
for a further 16 h. After the thymidine washout, cells were infected with HPV16 or FPC-HPV16 in an
add-on experiment to analyze infectious internalization kinetics upon cell cycle synchronization. To
assign certain cell cycle states to the cell populations, propidium iodide (PI) staining was performed for
several time points postrelease to determine the cellular DNA content of the cells by flow cytometry. Cell
cycle phase distributions were determined by Gaussian fitting of the cell populations with FlowJo v9.9.6.
The sum of all cells at each time point was used for normalization.

Virus binding. To assess virus binding, 1 to 2.5 ng AF488-labeled HPV16 or FPC-HPV16 was added
to 7.5 � 104 to 10 � 104 cells for 1 h. After fixation in 4% PFA, F-actin was stained with Atto647N-
phalloidin and analyzed by microscopy as described above. For quantification of virus binding, z-stacks
were acquired using a magnification of �40. For qualitative analysis, cells were imaged at a magnifica-
tion of �63. Maximum intensity projections were analyzed using CellProfiler v2.2.0 (96, 97). In brief, cell
areas and virus particles were detected by image segmentation, and average virus intensities were
normalized against cell area and depicted relative to virus intensities per cell area in untreated samples.
More than 150 cells were analyzed per condition and independent experiment.

Heparin affinity assay. After equilibration with 10 column volumes of 300 mM NaCl–10 mM
phosphate buffer (pH 7.4), 50 ng HPV16 or FPC-HPV16 PsVs was bound to HiTrap heparin HP (1-ml)
columns (GE) and washed with 10 column volumes. For elution, a linear NaCl gradient (300 to 1,500 mM)
was applied. Five hundred-microliter fractions were collected and frozen in liquid nitrogen. Proteins were
precipitated with 0.02% sodium deoxycholate and 10% trichloroacetic acid (TCA) overnight at 4°C.
Protein pellets were resuspended in SDS loading buffer. Samples were analyzed by Western blotting, and
L1 was detected with CAMVIR-1.

Electron microscopy. About 1 � 106 to 5 � 106 PsVs in PBS– 0.8 M NaCl were absorbed for 1 min
on Formvar-coated, carbon-sputtered grids. Particles were contrasted for 7 min with 1% phosphotungstic
acid. Samples were analyzed directly after drying. The sample was analyzed at 80 kV on a FEI-Tecnai 12
electron microscope (FEI, Eindhoven, Netherlands). Images of selected areas were documented with an
Olympus Veleta 4k charge-coupled-device (CCD) camera.
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