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Human papillomavirus type 18 (HPV18), one of the HPVs with malignant potential, enters cells by an unknown endocytic mech-
anism. The key cellular requirements for HPV18 endocytosis were tested in comparison to those for HPV16 and -31 endocytoses.
HPV18 (like HPV16 and -31) entry was independent of clathrin, caveolin, dynamin, and lipid rafts but required actin polymer-
ization and tetraspanin CD151, and the viruses were routed to the same LAMP-1-positive compartment. Hence, the viruses
shared similar cellular requirements for endocytic entry.

The human papillomaviruses (HPVs) are a family of nonenvel-
oped DNA viruses with transforming potential. A particular

subgroup of HPVs, the high-risk types, are additionally associated
with cervical and anogenital cancers. Of those high-risk types,
HPV type 16 (HPV16) is the most prevalent and the best studied.
HPVs enter the basal cells of squamous epithelia by endocytosis
during initial infection (1). For cell entry, most viruses employ
one of several existing pathways for endocytosis (2, 3). These path-
ways are typically differentiated by the cellular proteins mediating
endocytic vacuole formation, by the ultrastructural morphology
of endocytic pits, and by the timing of vesicle formation (2–4).
Although HPV16 cell entry was originally attributed to clathrin-
mediated endocytosis (CME) in various cell types (5–8), it has
recently been shown that HPV16 enters cells by a novel ligand-
induced endocytic pathway that is clathrin, caveolin, lipid raft,
and dynamin independent but that depends on highly regulated
actin dynamics and an association with CD151-containing tetra-
spanin-enriched microdomains (9–11) The high-risk-type HPV31
may differ in the mode of endocytosis from HPV16, as it has been
described to enter into human keratinocytes by a caveolin/lipid
raft-mediated mechanism (12). However, in COS-7 cells and
293TT cells, HPV16 and -31 endocytoses appear to occur by a
similar mechanism that is independent of lipid rafts (5).

One of the more-prevalent high-risk types, which has not been
analyzed for its mode of endocytic entry, is HPV18. Here, we
aimed to delineate the general endocytic requirements for infec-
tious HPV18 endocytosis. In particular, we aimed to analyze
whether HPV18 exhibits requirements similar to those of HPV16
or -31 for endocytic entry into host cells. Therefore, we compared
the efficacy of cell entry after cell perturbation for the main deter-
minants of several endocytic pathways in HeLa and HaCaT cells.
The cell biological determinants that allow differentiation of the
different endocytic pathways include clathrin for CME, caveolin
for caveolin-mediated mechanisms, cholesterol depletion for lipid
raft-dependent mechanisms (e.g., caveolar/lipid raft endocytosis
or glycosphingolipid-enriched endocytic carriers), dynamin-2 for
dynamin-mediated endocytic processes (e.g., CME, caveolar
endocytosis, and the interleukin-2 pathway), and actin polym-
erization dynamics for actin-mediated endocytic processes (mac-
ropinocytosis, caveolar endocytosis, and HPV16 endocytosis)
(summarized in references 3 and 4). For perturbation of these

determinants, RNA interference (RNAi)-mediated knockdown of
cellular factors, small-compound inhibitors, and the expression of
dominant-negative (DN) proteins were used. To follow HPV en-
try, we employed the pseudovirion (PsV) system. This system
makes use of a viral pseudogenome that encodes a reporter gene
that is encapsidated by the major and minor capsid proteins, L1
and L2, respectively (13). The expression of the reporter is used as
the readout for successful cell entry after delivery of the viral
pseudogenome to the nucleus. Luciferase was used as the re-
porter in this study, and PsVs were prepared as described pre-
viously (14, 15).

HPV16, -18, and -31 PsV preparations yielded homogeneous
particles that were about 50 nm in diameter (Fig. 1A). The incor-
poration of L2 into virions and correct allocation of the capsid
proteins were tested using type-specific antibodies for L1 and L2
and Western blotting. For L1 detection, the following antibodies
were used: 16L1-212C detecting HPV16 and -31 L1, 312F detect-
ing HPV16 L1 (16), and 18L1-1E detecting HPV18. For L2, L2-1
detecting HPV16 and -31 L2 (17), K18 detecting HPV16 L2 (18),
and 18L2-412F detecting HPV18 L2 were used. The mouse mono-
clonal antibodies 16L1-212C, 18L1-1E, and 18L2-412F were ob-
tained after immunization of BALB/c mice with G16L1-46/269,
G18L1 (19), and G18L2 (18) glutathione S-transferase (GST) fu-
sion proteins, respectively, as described previously (17, 19). 16L1-
312F, 18L1-1E, and 18L2-412F are type specific for their respective
types. 16L2-212C recognizes L1 proteins of the alpha-papilloma-
virus species 9 HPV types. In all cases, the incorporation of type-
specific L2 was detected (Fig. 1B).

HPV entry is asynchronous and slow, with half times of inter-
nalization ranging from 4 to 12 h (6, 9, 20–22). To ascertain that
the entry of the three HPV types would be evaluated at the same
time of progress during entry, we analyzed the kinetics of infection
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in HeLa cells. For this, we used PsVs bearing the sensitive lucifer-
ase reporter. Luciferase expression was quantified after infection
of cells with 1,000 PsVs/cell using the luciferase cell culture lysis
reagent and assay system (Promega) as described previously (23).
At 16 h postinfection (p.i.), luciferase activity was clearly detect-
able for all three HPV types (Fig. 1C). Thereafter, luciferase activ-
ity increased to reach its maximum at 31 h p.i. (Fig. 1C). As no
significant differences between the HPV types were observed, the
different HPV types appeared to follow a similar itinerary during
cell entry and to enter cells with similar efficiency. In the experi-
ments described hereinafter, infections were quantified at 24 h
p.i., when the increase of luciferase expression was linear, so that
absolute and kinetic effects of perturbations with respect to infec-
tion could be detected.

To analyze whether HPV18, like HPV16 and -31, would enter
cells independently of clathrin, we refrained from using the inhib-
itor chlorpromazine, which is often used for this purpose. Chlor-
promazine is supposed to sequester the clathrin adaptor AP2 from
membranes (24). However, chlorpromazine can also interfere
with the formation of phagosomes or macropinosomes, cause in-
hibition of phospholipase C (PLC)-regulated actin rearrange-
ments, and change plasma membrane fluidity (25–28). Instead of
using chlorpromazine, we initially made use of the DN mutants of
Eps15 to block CME. Eps15, which interacts with the major clath-
rin adaptor protein AP2, is an integral component of clathrin-
coated pits, and the expression of the Eps15 DIII or E�95/295

mutant inhibits CME (29). To control for the efficacy of inhibition
by the dominant-negative constructs, we infected the Eps15-over-
expressing cells with Semliki Forrest virus (SFV), which is estab-
lished as using CME for entry (30). When expressed in HeLa cells,
the mutants inhibited SFV but not HPV18 infection compared to
the results using the control construct, Eps15 D3�2, which does
not perturb CME (Fig. 2A and B). As expected, HPV16 and -31
were also not inhibited (Fig. 2A). Instead, we observed an increase
of luciferase activity, which may suggest an increased routing of
particles into an infectious pathway if CME is blocked. To assess
any role of clathrin more directly, clathrin heavy chain (CHC) was
depleted from HeLa and HaCaT cells by RNAi after the transfec-
tion of 100 nM small interfering RNA (siRNA) oligonucleotides
(Hs_CLTC_10; Qiagen) with RNAiMax (Invitrogen). Cells were
infected with HPV18 or, as control, with HPV16 or -31 PsVs at 48
h posttransfection. Neither HPV18 nor HPV16 or -31 exhibited
any decrease of infection in either HeLa or HaCaT cells, suggesting
that clathrin depletion did not inhibit infectious endocytosis
(Fig. 2D and E). Instead, luciferase activity was increased in clath-
rin-depleted cells compared to the level in cells treated with a
scrambled siRNA control (AllStars negative-control siRNA; Qia-
gen). To control the efficiency of knockdown, the abundance of
clathrin heavy chain was analyzed by Western blotting using a
mouse monoclonal antibody against CHC (clone 23; BD Biosci-
ences). The clathrin level was reduced by about 90% compared to
the level in control-transfected cells (Fig. 2C). To assess whether
the knockdown levels would functionally perturb CME, we used
infection of knockdown cells by SFV and vesicular stomatitis virus
(VSV) as controls. Both viruses are established as using CME for
entry (30, 31). For quantification by flow cytometry, a recombi-
nant VSV that expresses green fluorescent protein (GFP) was used
(9). For SFV, infection was quantified after antibody staining as
previously described (9). As expected, RNAi-mediated clathrin
depletion significantly inhibited SFV and VSV infection of HeLa
cells (Fig. 2F), which suggested that the knockdown was function-
ally efficient. Taken together, the data indicated that HPV18 in-
fection, similar to HPV16 and -31 infection, does not depend on
CME for entry into host cells.

Next, we analyzed whether the caveolin/lipid raft-dependent
endocytic mechanism was required for HPV18 infection. Similar
to the experiments described above, we infected HeLa and HaCaT
cells after RNAi-mediated depletion of caveolin. Cells were trans-
fected with caveolin-1-specific siRNA (Hs_Cav1_6; Qiagen) or
the scrambled control for 48 h, followed by infection with HPV18
and with HPV16 and -31 as controls. HPV18 infection was not
inhibited by caveolin-1 depletion (Fig. 3A and B). In line with
previous reports (9, 10), we also did not observe an inhibition of
HPV16 infection (Fig. 3A and B). In addition, we did not observe
any inhibitory effect of caveolin-1 knockdown on HPV31 infec-
tion. Again, the efficiency of knockdown of caveolin-1 was con-
trolled by Western blotting using a rabbit polyclonal antibody
against caveolin-1 (ab18199; Abcam) (Fig. 3I, top). To corrobo-
rate our findings, we investigated HPV infection in mouse embry-
onic fibroblasts (MEFs) from caveolin-1 knockout mice (Fig. 3I,
bottom, note the absence of caveolin-1 signal in the Western blot)
(32). The luciferase activity after infection with HPV18, as well as
after HPV16 and -31 infection of caveolin-1 knockout MEFs, was
significantly increased compared to the luciferase activity after
infection of wild-type MEFs (Fig. 3C). Altogether, these results
suggested that all three HPV types can infect cells independently of

FIG 1 HPV pseudovirion assembly and infection. (A) Purified HPV16, -18,
and -31 PsVs were subjected to negative staining and visualized by electron
microscopy. (B) HPV PsVs were subjected to SDS-PAGE and analyzed by
Western blotting with type-specific L1 antibodies 16L1-212C, 16L1-312F, and
18L1-1E and L2 antibodies L2-1, K18, and 18L2-412F. (C) HeLa cells were
infected with HPV16, -18, or -31 PsVs harboring a luciferase reporter. The
amounts of luciferase activity were determined at the indicated time points
p.i., and background activity of noninfected control cells was subtracted. Ac-
tivities are given as relative light units (RLU) � standard deviations (SD).
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caveolin. This conclusion is in line with previous observations for
HPV16 (9, 10). In contrast, a previous study reports sensitivity of
HPV31 to overexpression of GFP– caveolin-1, which has also been
dubbed a DN mutant (12). Since the overexpression of caveolin
results in the generation of modified endosomal vacuoles (33) and
since HPV31 requires endosomal trafficking (34), it is not unlikely
that intracellular trafficking of HPV31 was perturbed during entry
in GFP– caveolin-1-expressing cells and that this is what caused
the reduced infectivity observed by Smith and colleagues (12).
Hence, caveolin-1 depletion would not affect the infection of
HPV31.

To test whether lipid rafts would be required for HPV18 infec-
tion, we depleted HeLa and HaCaT cells of cholesterol by nystatin-
progesterone treatment at the concentrations indicated in Figure
3. This combination of drugs is widely used to deplete cholesterol
and to inhibit its synthesis (35). Here, cells were treated for 24 h
prior to infection, and the treatment was continued throughout
infection. As controls, Simian virus 40 (SV40), which requires
lipid raft-dependent mechanisms for uptake (32), and SFV, which
requires cholesterol in the viral envelope for fusion (36), were
used. Both viruses exhibited significantly reduced infection after
nystatin-progesterone treatment of HeLa cells (Fig. 3F). In con-
trast, neither HPV18 nor HPV16 or -31 was inhibited by the cho-
lesterol depletion induced by nystatin-progesterone (Fig. 3D and

E). Also, an alternate inhibitor of lipid rafts, filipin III, did not
affect the infectivity of HPV18, -16, or -31 (Fig. 3G and H), which
indicated that all three HPV types could enter cells independently
of lipid raft-mediated mechanisms of endocytosis.

Next, we analyzed the impact of dynamin-2 on HPV18 infec-
tion, as this large GTPase is involved in endocytic vesicle forma-
tion for a number of pathways (reviewed in reference 4). For this,
we transfected HeLa cells with a GFP-tagged DN mutant of dy-
namin-2 (K44A) that is deficient in GTP hydrolysis, and we com-
pared the infectivities of HPV18, -16, and -31 in those cells with
their infectivities in GFP-transfected control cells. For all HPV
types, there was no difference in infectivities between the K44A
mutant and the control-expressing cells (Fig. 4A). In contrast, the
levels of infection by SFV and SV40, which enter cells by CME and
caveolar endocytosis, respectively, were reduced (Fig. 4B) (32, 36).
In addition, HeLa and HaCaT were depleted of dynamin-2 by
transfection of dynamin-2-specific siRNA (CCGAAUCAAUCGC
AUCUUCdTdT; Sigma-Aldrich) (37) for 48 h, resulting in almost
complete depletion as judged by Western blotting (Fig. 4E). When
infection of HPV18, -16, or -31 was compared to that in control
siRNA-transfected cells, no significant difference was observed
(Fig. 4C and D). Altogether, our observations suggested that nei-
ther HPV18 nor HPV16 or -31 required a dynamin-2-mediated
mechanism for endocytosis.

FIG 2 Perturbation of clathrin-mediated endocytosis does not inhibit HPV entry. (A) HeLa cells were transfected for 24 h with the dominant-negative Eps15
mutants DIII and E�29/295 or, as a control, with the nonperturbing Eps15 D3�2 construct. Cells were subsequently infected with HPV PsVs for 24 h, at which
time luciferase activities were measured. Depicted are the amounts of infection (�SD) relative to that in the Eps15 D3�2 control cells. (B) The experiment was
performed as described for panel A, but cells were infected for 6 h with SFV. Infection by SFV was analyzed by antibody staining using flow cytometry. Given are
the amounts of infection (�SD) relative to that in the Eps15 D3�2 control cells. (C) HeLa or HaCaT cells were transfected with siRNA targeted against clathrin
heavy chain (CHC) or control (ctrl) for 48 h. Cell lysates were analyzed by Western blotting for the levels of CHC or of �-tubulin as a loading control. Also given
are lactate dehydrogenase (LDH) activities (�SD) after siRNA transfection relative to that in control-transfected cells, which were used for normalization of the
luciferase activities shown in panels D and E. (D, E) siRNA-transfected HeLa or HaCaT cells were infected 48 h after siRNA transfection with HPV PsVs as
indicated. At 24 h p.i., luciferase activities were determined. Luciferase activities were normalized to LDH activity for cell viability and are depicted as percentages
of infection (�SD) relative to that in control siRNA-transfected cells. (F) siRNA transfection was performed as described for panel D, but cells were infected for
6 h with SFV and VSV as indicated. Infection by SFV or by VSV was analyzed by antibody staining or GFP expression, respectively, using flow cytometry. Given
are the amounts of infection (�SD) relative to those in control siRNA-transfected cells.
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Since HPV18, as well as HPV16 and -31, was not inhibited by
the perturbation of clathrin-, caveolin/lipid raft-, or dynamin-2-
mediated mechanisms of endocytosis, we analyzed further factors
that have been implicated in HPV16 endocytosis. Among those,
regulated actin polymerization and depolymerization contribute
to scission of endocytic vesicles during HPV16 uptake (9). To
analyze whether actin dynamics are also involved in HPV18 infec-
tion, HeLa and HaCaT cells were preincubated with cytochalasin
D for 30 min at the concentrations indicated in Figure 5 and were
subsequently infected with HPV18, -16, and -31. Like HPV16 and

-31 infection, HPV18 infection was strongly decreased by actin
perturbation (Fig. 5A and B). In contrast, SFV infection of HeLa
cells was unaffected, and VSV infection was decreased in a con-
centration-dependent manner as previously reported (Fig. 5C) (9,
38). These results suggested that HPV18 and -31 required actin
polymerization for infectious endocytosis, as previously observed
for HPV16 and -33 (9, 21).

In addition to actin, CD151, a component of tetraspanin-en-
riched microdomains, previously shown to be required for
HPV16 infection (10, 11), may be involved in HPV18 and -31

FIG 3 HPV entry is caveolin-1 and lipid raft independent. (A, B) HeLa or HaCaT cells were siRNA transfected with a caveolin-1-specific siRNA or control as
described in the legend to Figure 2 and subsequently infected with HPV PsVs as indicated. Infectivities were determined as described in the legend to Figure 2C.
(C) Equal cell numbers of wild-type (wt) and caveolin-1 knockout mouse embryonic fibroblasts (MEFs) were infected with HPV PsVs. At 24 h p.i., luciferase
activities were determined. Luciferase activities were normalized by an ATP-based cell viability assay (CellTiter-Glo; Promega) and to luciferase activities in
control siRNA-transfected cells and are depicted as relative percentages of infection � SD. (D, E) HeLa or HaCaT cells were preincubated overnight with the
indicated concentrations of nystatin-progesterone and subsequently infected with HPV PsVs. At 24 h p.i., luciferase activities were determined. Luciferase
activities were normalized to LDH activity for cell viability and are depicted as percentages of infection (�SD) relative to the luciferase activity in dimethyl
sulfoxide (DMSO)-treated cells. (F) The experiment was performed as described for panel D, but cells were infected with SV40 or SFV for 24 h or 6 h, respectively.
Infection by SV40 or SFV was analyzed by antibody staining against T-antigen or glycoproteins, respectively, using flow cytometry. Given are the amounts of
infection (�SD) relative to those in DMSO-treated cells. (G, H) HeLa or HaCaT cells were preincubated with the indicated concentrations of filipin III and
infected with HPV PsVs for 24 h. Infectivities were assessed as described for panels D and E. (I) Cell lysates of HeLa or HaCaT cells transfected with caveolin-1
or control siRNA for 48 h (top) or of caveolin wt or knockout (k.o.) MEFs (bottom) were analyzed for the levels of caveolin-1 or, as a loading control, �-tubulin
(B-5-1-2; Sigma-Aldrich) by Western blotting. Also depicted are the LDH activities (�SD) after siRNA transfection relative to that in control-transfected cells,
which were used for normalization in the experiments whose results are shown in panels A and B.
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entry. Therefore, HeLa and HaCaT cells were transfected with
CD151-specific siRNA or a control siRNA for 48 h and subse-
quently infected (Fig. 5D and E). The efficiency of CD151 siRNA
knockdown was controlled by Western blotting using a rabbit
antiserum against CD151 (Fig. 5F) (11). RNAi-mediated knock-
down of CD151 led to significant inhibition of HPV18, -16, and
-31 infection (Fig. 5D and E). These data lead to the conclusion
that tetraspanin-enriched microdomains may represent a com-
mon entry platform for all high-risk HPV types tested.

Since we observed that HPV16, -18, and -31 required similar
host cell factors for entry, we analyzed whether the viruses would
be commonly internalized and routed to the same endocytic target
organelle. Previous work showed that, after uptake, HPV16 and
HPV31 localize to late endosomal/lysosomal compartments,
which are marked by the presence of LAMP-1 (9, 34). For analysis,
PsVs of the three subtypes were covalently labeled with Alexa
Fluor dyes, a procedure that does not affect the infectivity of par-
ticles (39). HeLa cells were simultaneously infected with HPV18,
-16, and -31 and were fixed at 6 or 8 h p.i. The cells were stained
with Hoechst stain to visualize the nuclei, and the degree of colo-
calization was determined by confocal microscopy and computa-
tional image analysis using Imaris (version 7.4.2; Bitplane). To
assess the maximal degree of colocalization, the cells were also
infected with two preparations of HPV16 that were labeled with
different dyes. To determine the degree of coincidental colocaliza-
tion, the cells were infected with HPV16 labeled with Alexa Fluor
647 (AF-647) for 6 h, after which the cells were superinfected with

HPV16 labeled with AF-488 for an additional 2 h. The AF-647-la-
beled virus marked partially internalized viruses, whereas the AF-
488-labeled virus localized mostly to the surface of the cells (9).

At 6 or 8 h p.i., the viruses localized mostly to the perinuclear
area (Fig. 6A to C; also data not shown). The degree of colocaliza-
tion of HPV18/HPV16 or of HPV31/HPV16 was the same as for
the control for maximal colocalization (HPV16/HPV16) at 6 h p.i.
(Fig. 6B to D) or at 8 h p.i. (not shown), which indicated that
HPV16, -18, and -31 are routed into the same compartment after
internalization. As previously observed, HPV16 localized to
LAMP-1-positive compartments in HPV16-infected cells, which
indicated internalization into late endosomal/lysosomal compart-
ments (Fig. 6D and E). In conclusion, internalization and intra-
cellular transport of HPV18, -16, and -31 commonly routed the
virions to late endosomes/lysosomes. Since the degree of colocal-
ization at a given time after internalization appeared to be indis-
tinguishable between the different HPV types, we concluded in
addition that the viruses were internalized with similar kinetics, in
line with our observation that all three viruses had identical infec-
tion kinetics.

The results from this study indicate that the high-risk-types
HPV16, -18, and -31 share similar requirements for endocytic
entry into host cells. Entry occurred over a protracted period of
time that was indistinguishable between HPV16, -18, and -31.
HPV entry was independent of clathrin, caveolin, dynamin, and
lipid rafts but required actin polymerization dynamics. In addi-
tion, fluorescently labeled HPV particles were commonly inter-

FIG 4 HPV infection is dynamin independent. (A) HeLa cells were transfected for 24 h with constructs expressing GFP or a dominant-negative dynamin-2
(K44A) tagged with GFP and subsequently infected with HPV PsVs. At 24 h p.i., luciferase activities were determined. Luciferase activities were normalized to that
of the GFP control and are depicted as relative percentages of infection � SD. (B) The experiment was performed as described for panel A, but cells were infected
with SFV or SV40 for 6 h or 24 h, respectively. Infection by SFV or SV40 was analyzed by antibody staining against glycoproteins or T-antigen, respectively, using
flow cytometry. The amounts of infection (�SD) relative to that in control-transfected cells are given. (C, D) HeLa or HaCaT cells were transfected with siRNA
targeted against dynamin-2 or control for 48 h. siRNA-transfected HeLa or HaCaT cells were infected 48 h posttransfection with HPV PsVs as indicated. At 24
h p.i., luciferase activities were determined. The luciferase activities were normalized to LDH activities (relative to that in control-transfected cells; shown [�SD]
in panel E) for cell viability and to the luciferase activity in control siRNA-transfected cells and are depicted as relative percentages of infection � SD. (E) Cell
lysates were analyzed for the levels of dynamin-2 or, as a loading control, �-tubulin by Western blotting.
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nalized and routed to late endosomal/lysosomal compartments.
Importantly, depletion of the tetraspanin CD151 reduced infec-
tion by all HPV types tested, suggesting that tetraspanin-enriched
microdomains may provide a common entry platform for
HPV16, -18, and -31. Overall, these findings suggested that
HPV16, -18, and -31 make use of a similar mechanism of entry.

In agreement with previous reports (9, 10), HPV16 entry was
insensitive to clathrin, caveolin, and dynamin depletion, to per-
turbation by DN mutants of CME or of dynamin-mediated pro-
cesses, and to pharmacological perturbation of lipid rafts. Also,
HPV16 entry was sensitive to drugs perturbing actin polymeriza-
tion dynamics, which has been attributed to endocytic vesicle scis-
sion from the plasma membrane (9). Since no differences in the
cellular requirements were observed for HPV18 infection, endo-
cytosis of this HPV type likely occurred by a similar mechanism,
which constitutes a potentially novel ligand-induced endocytic
mechanism related to macropinocytosis (9). The hypothesis that
all three HPV types make use of a similar mechanism is further
strengthened by the fact that endocytosis and intracellular traf-
ficking routed HPV16, -18, and -31 to the same subcellular
LAMP-1-positive compartment, which has been defined to be the
infectious route for HPV16 (9, 34) and to which HPV31 has been
localized (34). In addition, our studies confirmed that HPV31
entry does not require a clathrin-mediated mechanism, as previ-
ously suggested (5, 12).

Interestingly, our results for HPV31 differed in part from pre-
vious observations with regard to the involvement of caveolin and
dynamin and the sensitivity to cholesterol-depleting drugs. In one
study, HPV31 infection of raft-derived particles appeared to be
sensitive to nystatin treatment in human keratinocytes, whereas
for PsV in COS-7 or 293TT cells, it was not (5, 12). In addition,
Smith and colleagues (12) suggested that HPV31 entry uses caveo-
lar endocytosis, based on the sensitivity of HPV31 infection to the
expression of GFP-caveolin. In general, cellular perturbations
bear the risk of pleiotrophic effects. To exclude such effects, per-
turbations have to be controlled rather rigorously. Therefore, in-
fection studies of viruses with established entry requirements were
used in this study as controls for the efficacy and specificity of
perturbation. Virus infection was used as the control rather than
uptake of certain cell biological ligands of specific endocytic path-
ways as this readout provides comparable sensitivities to pertur-
bation. Hence, we surmise that our approach, using cell biological
controls for the efficacy and specificity of perturbations, was in
this respect superior to previous studies and that it provided a
more realistic view of the cellular requirements of HPV31 than the
studies without any such controls. When we used caveolin-1
knockdown, caveolin-1 knockout cells, and cholesterol depletion,
HPV31 infection was unperturbed, whereas SV40 and SFV infec-
tions were blocked by cholesterol depletion. Our data thus sup-
port the notion that HPV31 entry would not occur via the caveolar

FIG 5 HPV infection commonly requires actin polymerization dynamics and the tetraspanin CD151. (A, B) HeLa or HaCaT cells were preincubated for 30 min
with the indicated concentrations of cytochalasin D and subsequently infected with HPV PsVs. At 24 h p.i., luciferase activities were determined. Luciferase
activities were normalized to LDH activities (relative to that in control-transfected cells; shown [�SD] in panel F) for cell viability and are depicted as percentages
of infection � SD relative to luciferase activity in DMSO-treated cells. (C) The experiment was performed as described for panel B, but cells were infected with
SFV or VSV for 6 h. Infection by SFV or VSV was analyzed by antibody staining or GFP expression, respectively, using flow cytometry. The amounts of infection
(�SD) relative to that in control siRNA-transfected cells are given. (D, E) HeLa or HaCaT cells were transfected with siRNA targeted against CD151 or control
for 48 h. At 24 h p.i. with HPV PsVs, luciferase activities were determined. Luciferase activities were normalized to LDH activities (see panel F) for cell viability
and to luciferase activity in control siRNA-transfected cells and are depicted as relative percentages of infection � SD. (F) The experiment was performed as
described for panels D and E, but 48 h after siRNA transfection, the levels of CD151 in HeLa and HaCaT cell lysates were analyzed by Western blotting with a
rabbit anti-CD151 serum. SDS-PAGE was performed under nonreducing conditions. A nonspecific band recognized by the CD151 antibody is shown as a
loading control.
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route, as caveola function clearly depends on the presence of cho-
lesterol (40). Since the overexpression of caveolin-1 leads to the
formation of modified late endosomes (previously termed
“caveosomes” [33]), the sensitivity of HPV31 infection to GFP-
caveolin overexpression may thus be caused by intracellular traf-
ficking defects.

Similar to HPV31 entry, HPV16 entry has been attributed to
different endocytic pathways, including pathways involving clath-
rin and caveolin (5–8). Although no study has directly addressed
why a number of studies differed in their results on the require-
ments and localization of the virus, different production methods
for HPV particles, the use of different cell types, and most impor-

FIG 6 HPV16, -18, and -31 are commonly internalized into the same late endosomal/lysosomal compartments. HeLa cells were infected at the same time with
HPV16, -18, and -31 PsVs labeled with AF-647, AF-488, and AF-594, respectively. Cells were fixed at 6 h p.i., stained with Hoechst stain for cell nuclei, and
analyzed by laser scanning confocal microscopy using a Zeiss 510 Meta. (A, B) Depicted is a medial single focal plane of a representative cell showing the
cell-associated fluorescent signals of HPV16, -18, or -31 (A) or the merge of signals (B). (B) Colocalization of the HPV18 (green), HPV31 (red), and HPV16
(cyan) signals is indicated by white. The outline of the cell is shown in yellow. (C) Maximum intensity projection (MIP) of the same cell, with the nucleus shown
in blue and the cell outline in yellow. (D) Colocalization analysis was carried out by pixel-by-pixel analysis and thresholding using Imaris (Bitplane). Depicted
are the relative amounts of colocalization of the signals. For the negative control (neg. ctrl.), cells were infected for different times with HPV16 (8 h) and HPV18
or -31 (2 h) to determine the amount of coincidental colocalization. For the positive control (pos. ctrl.), cells were infected simultaneously with HPV16 labeled
with AF-488 and with HPV16 labeled with AF-594 to determine the amount of maximal colocalization. Shown are the mean values of three independent
experiments � SD. For each experiment, a minimum of 10 cells were analyzed. (E) HeLa cells were infected with HPV16 labeled with AF-488. Cells were fixed
at 6 h p.i. and stained for LAMP-1 (mouse monoclonal antibody sc-20011 [Santa Cruz] and secondary anti-mouse AF-594 antibody [Invitrogen]) and analyzed
as described above. Depicted is a medial single focal plane of a representative cell. Scale bars indicate 10 �m.
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tantly, pleiotrophic effects of inhibition have been suggested (8, 9,
41, 42). Here, HPV16, -18, and -31 particles were produced by the
same methodology. The same number of viral particles was used
for infection of the same keratinocyte-derived cells by the different
HPV types. Under these conditions, the viruses showed the same
requirements for the diagnostic determinants of the key endocytic
pathways, which suggested that their mode of entry is similar as
long as the viral particles enter with similar efficacy. A compre-
hensive future study may be warranted that elucidates whether
and, if so, why virus particles produced by different methods show
different requirements for entry. Conceivably, any interpretation
of experimental results on the mode of uptake, trafficking, pene-
tration, or nuclear import is made more difficult by impurities
associated with viral particle preparations and a high viral load.
The latter may be influenced by, among other factors, the stoichi-
ometric ratio of genome equivalents or L2 incorporation into par-
ticles and/or how particles mature (43–45).

It is interesting to note that RNAi-mediated depletion of the
tetraspanin CD151 reduced infection by HPV16, -18, and -31. In
general, tetraspanins are part of specialized membrane microdo-
mains associated with various cellular functions, including the
regulation of cellular responses to external stimuli which control
adhesion, motility, and proliferation (46–49). Tetraspanins were
identified as an entry platform for HPV16 (10), and the role of
tetraspanin microdomains in HPV16 infection has been suggested
to include a function as a receptor/coreceptor or membrane-or-
ganizing structure for receptors and/or endocytic machinery (11).
Based on the results of this study, their function may extend to
HPV18 and -31.

In summary, the results of this study provide a framework
upon which further comparative entry studies between different
HPV types should be based. On the one hand, it would be inter-
esting to comparatively analyze different virion particle prepara-
tions of the same HPV type for their mode of entry, whereas on the
other hand, a more-detailed analysis on the cellular requirements
for virus entry is required to more firmly attribute entry of the
different HPV types to the same mechanism of endocytosis and
intracellular trafficking. Indeed, it is conceivable that a more-de-
tailed analysis will show more similarities but also highlight cer-
tain differences between HPV types that may already be reflected
in the divergent findings in the literature.
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