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Abstract
Papillomaviruses enter basal cells of stratified epithelia. Assembly of new virions occurs in
infected cells during terminal differentiation. This unique biology is reflected in the mechanism of
entry. Extracellularly, the interaction of nonenveloped capsids with several host cell proteins, after
binding, results in discrete conformational changes. Asynchronous internalization occurs over
several hours by an endocytic mechanism related to, but distinct from macropinocytosis.
Intracellular trafficking leads virions through the endosomal system, and from late endosomes to
the trans-Golgi-network, prior to nuclear delivery. Here, we discuss the existing data with the aim
to synthesize an integrated model of the stepwise process of entry, thereby highlighting key open
questions. Additionally, we relate data from experiments with cultured cells to in vivo results.

INTRODUCTION
Papillomaviruses (PV) are a large family of viruses with transforming potential, several of
which are implicated in anogenital cancers and tumors of the head and neck [1]. PV particles
are nonenveloped icosahedrons (T=7) with a diameter of 50-55 nm. This capsid is formed by
72 pentamers of the major structural protein, L1, and variable amounts (up to 72 copies) of
the minor structural protein, L2 [2,3]. The encapsidated genome is a circular, double-
stranded DNA. These particles mediate transmission and entry through mechanisms that are
currently unique amongst viruses. A particularly interesting feature is the protracted
residence of viral particles on the cell surface prior to endocytic uptake and the extended
time until infection is established [4-8]. Many of the atypical aspects of PV infections are
likely adaptations due to the restriction of the productive life cycle to the terminally
differentiating stratified squamous epithelium, and the ability to avoid induction of a host
immune response [1]. The former issue has presented an experimental challenge as authentic
viruses are not readily available for entry studies (see below).

A variety of in vitro systems have been used to produce surrogate viral particles. Non-
infectious virus-like particles (VLPs) formed by L1 or L1 and L2, mimic the conformation
of authentic virus [9]. They are the basis for the current vaccines, which attests to their

© 2013 Elsevier B.V. All rights reserved.
4to whom correspondence should be addressed: schelhaas@uni-muenster.de.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Virol. Author manuscript; available in PMC 2015 February 01.

Published in final edited form as:
Curr Opin Virol. 2014 February ; 0: 24–31. doi:10.1016/j.coviro.2013.11.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



authenticity at an immunologic level. Pseudovirions (PsV), harbor a plasmid, which encodes
a reporter protein and serves as a viral pseudogenome [10]. Entry of VLPs can be followed
by biochemical methods and microscopy, whereas expression of the PsV reporter indicates a
successful “pseudoinfection”. Therefore PsV are used for the majority of current PV
research that is focused on entry, both in vitro and in vivo. In another in vitro PV production
system the viral genome is transfected into primary keratinocytes, which are subsequently
grown to differentiate into three-dimensional epithelium termed an organotypic raft. Virions
are produced in the upper layers of the raft culture which mimics the natural situation [11].
However, with this method it is difficult to obtain particles of sufficient purity to adequately
perform microscopic analyses of virus entry.

The range of methods to produce proxy PV virions poses a caveat to the comparison of
different studies, as the purity and quality of the particles varies. If many defective or empty
particles are added alongside legitimate particles, the high total dose may affect the outcome
of infection. Many studies within the existing literature lack information on particle quality
and quantity. We propose that subsequent work should document measures such as viral
genome equivalents and viral protein amounts (or particle number) per cell.

In this review, we outline the emerging concepts of how incoming PV engage receptors,
induce endocytosis, traffic intracellularly to the nuclear site of replication, and how
structural alterations of the capsid may facilitate these processes and the release of the viral
genome for eventual replication. Moreover, the data from in vivo studies is highlighted.
Please refer to several recent reviews for a more detailed discussion on particular aspects of
PV entry [1,12-20].

BINDING
Several lines of evidence have established that PV initially bind to the glycosaminoglycan
(GAG) chains of heparan sulfate proteoglycans (HSPG). Early work showed that L1 VLPs
interact with immobilized heparin, and that soluble heparin inhibits VLP binding to cells
[21]. Later work demonstrated the importance of this interaction for PsV infection of
cultured cells [6]. PV can also bind to the extracellular matrix (ECM) of cultured cells
through interactions with HSPG and laminin-332 [22-25]. Laminin-332 can serve as a
transient binding receptor, but appears to be dispensable for infection of cultured cells.

Mutational analysis and x-ray crystallography of L1 capsomers indicated charge-based
interactions of PV with heparin at minimally four different sites [30,31]. It appears that PV
do not require a specific HSPG protein core for binding and infection [32,33]. Since O-
sulfation but not N-sulfation of HS moieties is required for infection [34,35], specificity for
binding and entry is instead conferred by the sequence of GAGs and their sulfation pattern
[22].

Although the majority of the PV literature stresses the importance of PV interaction with HS
moieties for binding and infection, a few studies suggest that certain PV types or virion
preparations may infect cells independent of HSPGs [26-29].

EXTRACELLULAR STRUCTURAL CHANGES
After initial binding, several discrete structural changes in human PV (HPV virions) have
been described. Post-binding conformational changes were first suggested by a shift from a
heparin-sensitive to a heparin-insensitive form of the virus [6]. PV interaction with HS-
GAGs induces the exposure of a linear epitope located in the cleft between capsomers [22].
Additionally, a critical conformational change exposes the amino terminus of L2, which is
originally buried within the capsid. This exposure appears to require extracellular
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cyclophilin B (CyPB), a cellular petidyl-prolyl cis/trans isomerase [36]. The exposed L2 N-
terminus contains a furin/proprotein convertase cleavage site, which is conserved amongst
most PV [37]. In vitro, this site is proteolytically cleaved on the cell surface and cleavage is
essential for successful infection. Importantly, these early, HSPG-dependent events have
been shown to occur on the extracellular basement membrane (BM) in the murine cervico-
vaginal model of HPV16 infection [38].

Current data indicate that these structural alterations cause a reduced affinity of virus to
HSPG that is required for subsequent engagement of a secondary receptor and primes the
virus for later steps in entry, including uncoating and membrane penetration [35]. If HSPG
release is blocked, the virus is channeled into a non-infectious uptake pathway [25]. This
suggests that, following HSPG interaction, the virus engages a second, HSPG-independent
cellular receptor. Further support for a HSPG-independent receptor stems from the finding
that virions in which L2 has been precleaved by furin can bind to and infect HSPG-deficient
cells [39]. The interaction with the putative secondary receptor may trigger infectious
uptake. The cleavage of L2 appears to further facilitate membrane penetration, a later step
during entry [37].

INTERNALIZATION RECEPTOR
The identity of the putative secondary receptor has remained elusive despite extensive
efforts to identify it. This could indicate that it is not a single molecule. The candidate
receptors thus far include alpha 6 integrin, tetraspanin CD151, and annexin A2
heterotetramer [24,40-46]. All of these have the attractive feature of high expression within
the basal epithelium, the in vivo target cells for PV infection. All are also known to be
associated with HSPG complexes. However, alpha 6 integrin and annexin A2 cannot be
considered obligate receptors as deficient cell lines can be infected.

A rather unconventional mode of receptor engagement has been suggested, in which PVs
and growth factors attached to HSPG mediate PV entry [47]. This idea entails attachment of
particles to HSPG on cells, removal of the HSPG-virus complex by host metalloproteinases,
and reattachment of these complexes to growth factor receptors via growth factors attached
to the shed virus-HSPG complex. Although experimental evidence exists that cells can be
infected in vitro by this mechanism, it is unclear to what extent this mechanism contributes
to infection versus direct cell surface interaction and entry. It is not an obligate entry step as
ECM-bound virus that is cleaved by furin can efficiently infect HSPG-deficient cells [39].
There is currently no evidence that this mechanism contributes to infection in vivo.

DYNAMICS OF CELL SURFACE INTERACTIONS
There is limited information on the dynamics of PV interactions prior to internalization.
Data for virus ensembles suggests that binding is relatively quick but PV endocytose rather
slowly [4-8]. The reason for this protracted cell surface residence is undetermined. Single
virus tracking revealed different types of lateral movement on the plasma membrane
including diffusive and directed motions prior to confinement [48]. The directed motion
(surfing) is most prominent on filopodia [48,49]. Powered by actin retrograde flow, this
motion propels bound virions towards the cell body [48]. It is unclear how important this
motion is for infection in vivo, but it is well established that filopodia play a major role in
epithelial wound healing which appears to be critical for in vivo infection [50] A second
study showed that single endocytic events can occur within two minutes of confinement in
live cells [7]. This suggested that the formation of an endocytic vesicle is quick, and that the
slow uptake reflects an asynchronous mode of internalization is likely to be due to a
stochastic and rate-limiting nature of conformational changes and/or of secondary receptor
engagement.

Day and Schelhaas Page 3

Curr Opin Virol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ENDOCYTOSIS
The early literature on PV endocytosis has little concurrence and indicated uptake by both
clathrin-mediated and clathrin-independent mechanisms [8,51-55], likely due to a
combination of factors.These include the variety of proxy particles used, pleiotropic
inhibitor effects, the potential cell type-dependent use of different mechanisms, and the
complexity of endocytic pathways [56]. A recent comprehensive analysis focused on
HPV16 endocytosis into keratinocyte-derived cells, using PsV-based assays, indicates
vesicle formation during PV endocytosis is clathrin-, caveolin-, and lipid raft-independent
[7]. The cellular machinery facilitating HPV16 endocytosis is most congruent with
macropinocytosis, as it involves actin dynamics, receptor tyrosine kinase and p21-activated
kinase signaling, and as it is sensitive to amiloride. However, in contrast to
macropinocytosis, HPV16 endocytosis forms small, uncoated vesicles rather than large
membrane protrusions. Thus, PV particles likely are internalized by a novel, ligand-
activated endocytic pathway.

This is supported by studies that report an actin-dependent, clathrin-, caveolin-, and lipid
raft-independent uptake of HPV16, and that implicate tetraspanin-enriched microdomains
(TEM) as entry mediators [44,57]. Live cell microscopy revealed that HPV16 co-migrates
with the tetraspanin CD151 and, moreover, co-internalizes with HPV16 into cells [43].
Interestingly, uptake occurs independently of the tyrosine-based sorting motif of CD151
necessary for sorting into clathrin-coated pits, but requires motifs related to integrin-
associated functions. This uptake mechanism is common for several PV types [45].

SIGNALING
Virus binding to receptors often triggers signaling events that facilitate infection. Consistent
with a macropinocytosis-like pathway, inhibition of receptor tyrosine kinases, protein kinase
C (PKC), PI3 kinase (PI3K), and p21-activated kinase (PAK-1) prevents uptake into cells
and infection [7,47]. Other work has implicated signaling by the focal adhesion kinase
(FAK), but not Src family kinases, in HPV uptake and infection [58].

Several studies describe the rapid and transient activation of signaling cascades after cell
exposure to VLPs and PsV. The activation of the Ras/MAPK pathway, and their
downstream targets, by VLPs has been suggested to induce cell proliferation early after
binding [59]. A recent study reports the activation of growth factor receptor kinases as early
as 5 min post virus-host cell interaction, which appears to be responsible for the induction of
the Ras/MAPK pathway [47]. Further receptor kinase targets are PI3K and its effector Akt,
which are activated 10 min post VLP binding [60]. A recent study suggests that activation of
the PI3K downstream effectors PTEN and mTOR leads to inhibition of autophagy [61]. The
observation that inhibition of autophagy facilitates infection suggests that autophagy is a
cellular mechanism to restrict infection [61,62]. In addition, a rapid, transient activation of
FAK, involving integrins, has been seen to occur as early as 10 min after virus addition [58].

Despite the finding that similar signaling molecules are activated after PV binding and are
required for PV endocytosis, it is troubling that the kinetics of activation and uptake are
inherently different. The underlying cause for this discrepancy is not clear. One reason may
be the nonphysiologically high viral dose used in activation studies. Alternatively, it may
indicate a biphasic activation of cellular signaling cascades during HPV infection: a fast
activation caused by binding of PV to cells that remains in search of a function, and an
asynchronous activation caused by secondary receptor engagement required for
internalization.
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VESICULAR TRAFFICKING AND UNCOATING
Following endocytosis, PV are trafficked through the endosomal system. This was initially
suggested by the requirement for a low pH-dependent step in infection [7,44,52,55,57]. This
step occurs on average 2-3h post internalization indicating prolonged residence in the
endosomal system [7]. PV require delivery to early compartments such as early endosomes
or the macropinosomes, as infectivity depends on Rab5 [7,55], a member of the Rab GTPase
family that mark distinct endosomes, and that facilitate sorting between endosomes and
maturation of the endosomal system [63]. In live cells, PV associate only briefly with Rab5-
positive structures [7]. Then, PV particles are detected in multivesicular endosomes and late
endosomes (LE)/lysosomes, supporting the idea that they follow the degradative arm of the
endosomal system [7,44]. In the presence of lysosomotropic agents, PV accumulate in LE.
Interestingly, if the inhibitor is removed after PV accumulation, infection is unperturbed,
suggesting that LE are viable compartments for infection [7]. As several studies report that
Rab7a, responsible for endosome maturation and vesicular transport to late compartments, is
not required for infection [7,55,64], it appears that PV uses an unconventional mode of
delivery to LE like e.g. lymphocytic choriomeningitis virus [65].

Within endosomes further structural changes occur that result in at least partial uncoating of
the virus. Two assays have been developed to examine PV uncoating. They detect exposure
of either an interior region of L2 or the viral pseudogenome labeled with BrdU during
production [66]. Although it is not entirely clear what triggers uncoating, the need for a low
pH-dependent step has been suggested. Additionally, co-internalized CyBP facilitates the
segregation of L1 and the pseudogenome within endosomes [67]. A later study showed that
L1 is retained within LE, and that a subviral structure composed of L2 and the
pseudogenome is transferred to the trans-Golgi network (TGN) [64]. This study also showed
that the transit of L2 and the genome from LE to the TGN is dependent on both Rab7b and
Rab9a. Consistent with previous reports, no role for Rab7a was found. A second study on
Golgi involvement used a genome-wide RNA interference screen to identify novel factors in
HPV entry [68]. These results indicated the requirement of retromer-mediated processes, in
addition to Rab9a, Rab7b and Rab7a, for transit to the TGN. The retromer complex mediates
cargo delivery from the early endosome to the TGN [69]. It is unclear whether PV uses both
mechanisms independently, or whether perturbation of one of the pathways interferes with
the function of the other. Based on results from a very sensitive proximity ligation assay,
this study also suggests that despite L1 and L2 segregation within the endosomal system a
portion of L1 may reach the TGN [68].

Besides the dependency of Rab-mediated sorting events, sorting nexin 17 (SNX17) has been
reported to interact with L2 of several HPV [70,71]. SNX are involved in several endosomal
sorting events. Specifically, SNX17 is involved in preventing degradation of membrane
receptors by facilitating their recycling to the plasmamembrane [72-74]. Depletion of
SNX17 induces increased lysosomal degradation of L2 and interferes with infection [71].
The potential of L2 to biochemically interact with SNX17 has led to the hypothesis that this
physical interaction prevents routing of virions to the lysosomes. It is therefore interesting
that the mapped interaction site on L2 would require the translocation of a substantial part of
L2 to the cytosolic leaflet of endosomal membranes in order to physically interact with the
cytosolic SNX17.

The carboxyl terminus of L2 has been described to mediate membrane penetration of both
L2 and the genome from the endosomal system [75]. How this observation meshes with the
hypothesized interaction with SNX17 remains to be determined as, in this scenario, only a
small portion of L2 would function as a transmembrane domain. It has been suggested that
insertion of this L2 C-terminal domain into membranes would allow for membrane
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penetration [76]. However, to date, there is no evidence for a membrane insertion of L2
during entry.

The involvement of microtubules in PV intracellular trafficking has been established by
multiple studies. The microtubule disrupting drug nocodazole inhibits PV infection until a
late step in infection [7,52,57]. This is unsurprising as endosomal trafficking occurs along
microtubules. However, since L2 of HPV16 and HPV33 can interact with the minus-end
directed, microtubular motor protein dynein, PV subviral structures are likely transported
along microtubules within the cytosol [77]. More specifically, it was found that L2 interacts
with the dynein light chains DYNLT1 and DYNLT3 that mediate specific cargo binding in
the motor complex [78].

NUCLEAR IMPORT AND NUCLEAR EVENTS
How nuclear import of PV genomes occurs is presently undetermined. L2 harbors nuclear
localisation signals for karyopherin-mediated import, which may allow import via nuclear
pore complexes [79,80]. An alternative scenario involves progression of the host cell
through early mitosis, which is required for infection [81]. Many cellular events are linked
to early mitosis including changes in cytoskeletal rearrangement, membrane trafficking,
gene expression profiles, nuclear envelope breakdown, and subnuclear restructuring. It is
presently unclear, which mechanism(s) facilitate(s) PV entry, but it is conceivable that the
breakdown of the nuclear envelope aids PV genomes in accessing the nuclear lumen.

After entry into the nucleoplasm, L2 and the viral genome colocalise at ND10 domains. This
localisation is critical for the establishment of infection, as early PV transcription requires
either intact ND10 or expression of the PML protein [66]. Since the ND10 nuclear
subdomains are dramatically restructured during mitosis [82], early mitotic events may be
required for correct localisation to these domains.

SUMMARY AND OUTLOOK
Recent years have seen a tremendous advance in PV entry research, which can be
synthesized in an integrated model of entry (depicted in Figure 1). The model probably most
consistent with the literature involves initial binding to HS-GAG on the cell surface or
ECM, after which a series of structural changes primes the viral particle for uncoating and
membrane penetration. Interaction with an elusive internalization receptor triggers uptake by
a potentially novel endocytic mechanism. Delivery to an endosomal compartment allows
shedding of the L1 capsomers from a subviral particle, which is then transported to the TGN
where membrane penetration may occur. After nuclear import, the virus locates to ND10
structures to initiate transcription, thus beginning the post entry program.

We are just starting to understand how certain steps in the PV entry program are triggered
and how they are linked. The use of an atypical endocytic mechanism prompts us to
investigate how uptake is mediated mechanistically. Additionally, we need to understand
how sorting decisions from early endosomal compartments lead to TGN delivery and how
membrane penetration occurs.

Another critical issue that is still in its infancy is how in vitro results correspond to the in
vivo situation. This has implications as to what host cells, virus types, methods of
production and harvest, most closely follow the natural situation. In vivo work has largely
been performed with HPV16 PsV in the murine cervicovaginal model. These studies have
highlighted differences between in vitro and in vivo systems [28,38,83]. Importantly, in
vitro the ECM and cell surface provide the initial attachment sites, whereas in vivo this
occurs on the extracellular BM. Unfortunately, it is nearly impossible to know if HPV16
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interacts with human tissues in the same manner. It has recently become possible to look at
species-matched infection events. The newly described MusPV1 provides an opportunity to
use authentic virions for both in vitro and in vivo systems [84,85]. However, MusPV1 is a
PV of the pi types and may not be a useful model to study the more medically important
alpha types [86,87].

Despite the in vivo advances, it remains clear that for the time being detailed study of PV
entry will continue to use in vitro systems, especially as the manipulation of in vivo
infection is not possible to the same extent as in vitro. However it is critical to apply the in
vitro discoveries to the available in vivo models to the extent possible.
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- Papillomaviruses show a protracted time course of entry

- Several extracellular interactions trigger conformational changes in virions

- Internalization occurs by a potentially novel, ligand-activated, endocytic
pathway

- Separation of L1 capsomers and a subviral complex of L2/genome occurs in
endosomes

- The subviral complex is trafficked to the trans-Golgi-network
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Figure 1. Schematic depiction of PV entry
Depicted are certain steps of PV entry into host cells. The initial interaction with cellular
receptors and structural modifications on the cell surface or ECM/basement membrane are
enlarged for a better view. Inidcated is also the uptake by a novel, ligand-activated endocytic
mechanism where actin polymerization assists in vesicle scission from the plasma
membrane. After internalization, the structurally modified PV particles are delivered to an
early endosomal compartment, i.e. early endosome or macropinosome-like endosome.
Delivery of a subviral complex consisting of L2 and the vDNA to the TGN occurs after
separation of most of the L1 capsomers through Rab7b/Rab9- and/or retromer-mediated
vesicular trafficking. After membrane penetration and nuclear import the subviral complex
locates to ND10 in the nucleus. Indicated is the need for acidification of endosomal
organelles by the yellow shading of organelles.
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