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Human papillomavirus type 16 (HPV16) is the primary etiologic agent for cervical cancer. The infectious entry of HPV16 into
cells occurs via a so-far poorly characterized clathrin- and caveolin-independent endocytic pathway, which involves tetraspanin
proteins and actin. In this study, we investigated the specific role of the tetraspanin CD151 in the early steps of HPV16 infection.
We show that surface-bound HPV16 moves together with CD151 within the plane of the membrane before they cointernalize
into endosomes. Depletion of endogenous CD151 did not affect binding of viral particles to cells but resulted in reduction of
HPV16 endocytosis. HPV16 uptake is dependent on the C-terminal cytoplasmic region of CD151 but does not require its ty-
rosine-based sorting motif. Reexpression of the wild-type CD151 but not mutants affecting integrin functions restored virus
internalization in CD151-depleted cells. Accordingly, short interfering RNA (siRNA) gene knockdown experiments confirmed
that CD151-associated integrins (i.e., �3�1 and �6�1/4) are involved in HPV16 infection. Furthermore, palmitoylation-defi-
cient CD151 did not support HPV16 cell entry. These data show that complex formation of CD151 with laminin-binding integ-
rins and integration of the complex into tetraspanin-enriched microdomains are critical for HPV16 endocytosis.

Human papillomaviruses (HPVs) are nonenveloped viruses
with an icosahedral capsid containing 360 copies of the major

capsid protein L1, up to 72 copies of the minor capsid protein L2
(1–5), and a double-stranded circular DNA genome (6). There are
over 150 different types of HPV, infecting epithelial cells and
mainly causing benign epithelial warts on skin and mucosa, but
there are also high-risk types, especially HPV16, which have been
identified as primary etiologic agents for cervical cancer and other
anogenital malignancies (7–9).

Cellular entry of HPVs is a multistep process. The first viral
contact occurs through interaction with glycosaminoglycans
(GAGs), mostly heparan sulfate proteoglycans (HSPGs) (10–13),
or with non-HSPG components of the extracellular matrix
(ECM), such as laminin-332 (previously named laminin-5) (14,
15). These interactions cause conformational changes in the cap-
sid, followed by partial externalization and cleavage of the inner
virion protein L2 by cyclophilin B and furin, respectively (11,
16–20).

It has been proposed that, subsequent to cell surface binding,
the virus is transferred from the primary receptor (e.g., proteogly-
cans) to a secondary receptor molecule (e.g., �6-integrins or epi-
dermal growth factor receptor [EGFR]) (21–25), which may be
linked to tetraspanin microdomains (26). Subsequent internaliza-
tion of the virus into the endosomal system of the host cell occurs
via clathrin-, caveolin-, and dynamin-independent mechanisms
(26, 27). This uptake is an asynchronous and prolonged process
and involves tyrosine kinases and actin (27). After endocytosis and
vesicle acidification, capsid disassembly occurs within the endo-
some, thereby releasing a complex of viral genome and the L2
protein. The minor capsid protein mediates all further steps es-
sential for establishing infection (20, 28–33).

Our recent results suggest that viral entry and postentry traf-
ficking of HPV16 also involve tetraspanin CD151 (26). Tetraspa-
nins constitute a conserved superfamily of four-span membrane
proteins that are widely expressed at the cell surface and in intra-
cellular membranes in multicellular organisms. Like other tetra-
spanin proteins, CD151 is recruited to tetraspanin-enriched mi-

crodomains (TEM or TERM) and may play a critical role in
TERM-associated functions, including regulation of cellular re-
sponses to external stimuli which control cell motility and prolif-
eration (34–39). Importantly, CD151 forms stoichiometric com-
plexes with laminin-binding integrins (e.g., �3�1 and �6�1/4),
and most of its known functions are intricately linked to these
integrins (40, 41). TERM are used by various viruses, such as hep-
atitis C virus (HCV), HIV-1, and influenza virus as molecular
platforms for their entry and postentry stages during infection
(42–45). One of the first discoveries was the identification of tet-
raspanin CD81 as a ligand for HCV. Further experiments have
shown that HCV internalization relies on additional interactions
with other cell surface molecules, thus suggesting that CD81 func-
tions as a coreceptor in a multistep internalization process (46,
47). HIV-1 assembles at and buds off TERM, but the role for
tetraspanins in viral infection seems to be cell type specific
(44, 45).

In our previous report, we detected a strong colocalization of
HPV viral particles with CD151 and CD63 on the surface of in-
fected HeLa cells. Furthermore, the association of HPV16 parti-
cles with CD151 on the plasma membrane was confirmed by im-
mune-electron microscopy (20, 26). Importantly, inhibition of
HPV16 infection by tetraspanin-specific antibodies and short in-
terfering RNA (siRNA) suggested that TERM act as molecular
platforms for papillomavirus entry (26).
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In this study, we investigated in detail how CD151 regulates
HPV16 endocytosis. Using total internal reflection (TIRF) mi-
croscopy for live-cell imaging, we observed lateral movement and
internalization of HPV16 in association with CD151. Infection
assays and the quantification of cell surface-bound, internalized,
and disassembled particles in cells expressing different CD151
mutants revealed the importance of palmitoylation, glycosylation,
and interaction with integrins for CD151-dependent HPV endo-
cytosis and infection. Furthermore, we were able to demonstrate
that CD151-interacting integrins (�3�1 and �6�1/4) are neces-
sary for efficient papillomavirus infection.

MATERIALS AND METHODS
Cell lines and pseudovirions (PsV). The human cervical carcinoma cell
line HeLa was purchased from the German Resource Centre for Biological
Material (DSMZ). HaCaT cells (human nonvirally transformed keratino-
cytes) were obtained from Cell Lines Services (CLS), Eppelheim, Ger-
many. The cells were grown at 37°C in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FCS), 1%
Glutamax I (Invitrogen), 1% modified Eagle’s medium nonessential
amino acids, and antibiotics. Normal human epidermal keratinocytes
(NHEK) were purchased from PromoCell and cultivated according to the
manufacturer’s instructions.

HPV16 PsV were prepared as previously described (48). Briefly, ex-
pression plasmids carrying codon-optimized HPV16 L1 and L2 cDNA
were cotransfected with a pcDNA3.1/Luciferase reporter plasmid into
293TT cells (30). Forty-eight hours posttransfection, the cells were pro-
cessed by lysis and nuclease digestion. The PsV were purified from the cell
lysates by Optiprep gradient centrifugation. Codon-optimized L1 and L2
expression vectors pUF3/hu16L1 and pUF3/hu16L2 for HPV16 were
kindly provided by Martin Müller, Heidelberg, Germany (49). Quantifi-
cation of pcDNA3.1/luciferase-positive PsV was performed by quantita-
tive PCR in an AB 7300 reverse transcription-PCR (RT-PCR) system with
a luciferase forward primer (5=-CGCGGAGGAGTTGTGTTTGT-3=), a
luciferase reverse primer (5=-TTTTCTTGCGTCGAGTTTTCC-3=), and a
luciferase TaqMan probe (5=-AAGTACCGAAAGGTCTTAC-3=). For
this, the marker plasmid was extracted from PsV using the High Pure viral
nucleic acid kit (Roche) according to the manufacturer’s instructions.

For HPV16 PsV labeling, purified HPV16 PsV were incubated for 1 h
at room temperature in phosphate-buffered saline (PBS) with a 10-fold
molar excess of Alexa Fluor 488 succinimidylester (Molecular Probes)
over that of the major capsid protein L1 as described previously (50). PsV
were separated from the labeling reagent by size-exclusion chromatogra-
phy using NAP5 columns (GE Healthcare) and stored at 4°C. Infectivity
after labeling was measured using a luciferase infection assay.

Plasmids and antibodies. Expression plasmids encoding wild-type
CD151 (CD151-wt) and various CD151 mutants, including CD151-
YALA, CD151-QRD, CD151-gly(�), CD151-�C, and CD151-palm(�),
were previously described (51, 52). Cyan fluorescent protein (CFP)-

tagged CD151 (CFP-CD151) was generated by isolating the CD151 gene
from pEGFP-C1/CD151 with BspEI and XmaI and inserted into
pECFP-C1 (Clontech). The HPV16 L1-specific antibodies, mouse mono-
clonal antibodies (MAbs) L1-7 and 16L1-312F and rabbit polyclonal an-
tibody (PAb) K75, have been described previously (19, 26, 53, 54). The rat
MAb anti �6-integrin (NKI-GoH3), the �3-integrin mouse MAb (P1B5),
the mouse MAb anti-CD151 (IIG5A), the mouse MAb anti-laminin-5
(laminin-332) (MAB1947), and the mouse MAb anti-�-actin (AC-15)
were purchased from Abcam, Santa Cruz, Serotec, Millipore, and Sigma-
Aldrich, respectively. Rabbit anti-CD151 serum was generated against the
recombinant large extracellular loop of CD151 (rCD151), and the PAbs
were affinity purified on the immobilized rCD151.

Immunofluorescence microscopy. NHEK or HeLa cells were grown
on coverslips. After transfection and/or infection, cells were treated with
paraformaldehyde-Triton X-100 or methanol. Fixed cells were incubated
with the indicated primary antibodies and with Alexa-conjugated species-
specific secondary antibodies (Invitrogen). DNA was stained with
Hoechst 33342 (Sigma) and is shown in blue. Coverslips were mounted
onto slides using Fluoprep mounting medium (bioMérieux). Images were
acquired using a laser scanning microscope (LSM) 710 (Carl Zeiss, Jena,
Germany) and the LSM software ZEN 2008 or using an Zeiss Axiovert 200
M microscope equipped with a Plan-Apochromat 100� objective lens
(1.4 numeric aperture [NA]) and the Axiovision deconvolution and/or
colocalization software (version 4.7; Zeiss). Images were assembled into
figures using Photoshop (Adobe).

Immunostaining of tissue slices. Paraffin-embedded cervix tissue
slices were deparaffinized with xylol two times for 20 min and rehydrated
in decreasing concentrations of ethanol (90, 70, and 50%) for 10 min each
as described previously (55). The slices were rinsed with water and boiled
3 times for 30 s in 10 mM citric buffer (pH 6.0). The staining was per-
formed as described above.

TIRF and fluorescence microscopy. For total internal reflection flu-
orescence (TIRF) microscopy, HaCaT and HeLa cells were grown on
35-mm glass-bottom dishes (MatTek Corporation, Ashland, MA). Cells
expressing the CFP-CD151 plasmid were infected with Alexa Fluor 488-
labeled HPV16 PsV for 2.5 h. Dynamics of viral particles in relation to
CD151 were recorded every 5 s for 2 to 4 min using a Zeiss Axiovert 200 M
microscope equipped with a Plan-Apochromat 100� objective lens (1.4
NA), a TIRF slider, a multiline argon laser, and a Zeiss AxioCamHR digital
camera. For quantification of Alexa Fluor 488 fluorescent signal, nonco-
localized and colocalized with CFP-CD151, 20 time-lapse images of two
TIRF movies were analyzed. Pixel-by-pixel analysis was performed using
the Axiovision colocalization module with fixed thresholds for all images.

Knockdown of CD151 and integrins. The CD151-specific siRNAs
CD151#1 (CAUGUGGCACCGUUUGCCUdTdT), obtained from
Qiagen, and CD151#2, an siRNA smartpool which contains the target
sequences UCACAGGACUGGCGAGACA, CCUCAAGAGUGACUAC
AUC, GCAAGACGGUGGUGGCUCU, and GAUCAUCGCUGGUAUC
CUC, obtained from Dharmacon, all target the coding region of the
CD151 gene. CD151#3 (Hs_CD151_5 [Qiagen]; CACAUACAGGUGCU

FIG 1 Tetraspanin CD151 is important for HPV16 infection in keratinocytes. (A) Distribution of CD151 in the cervical mucosa. Human cervical tissue sections
are stained with anti-CD151 (red) showing a high expression level of basal cells (upper right panel; laminin 332 staining, indicating the basement membrane, is
shown in green). Nuclei are shown in blue (A and B). (B) CD151 colocalizes with HPV16-L1 in primary keratinocytes. Primary keratinocytes (NHEK) were
infected with HPV16 PsV for 4 h and analyzed by confocal and deconvolution fluorescence microscopy (right panel; the lower right shows the X/Z view of the
z stack). (C) TIRF microscopy of HaCaT cells transfected with CFP-CD151 and infected with Alexa Fluor 488-labeled HPV16 pseudovirions for 1.5 h. Arrows
depict colocalization of HPV16 and CD151. (D, E, and F) Knockdown of CD151 by CD151 siRNAs. Cells were transfected with CD151-specific siRNAs for 48 h.
(D) The knockdown of the CD151 level on the cell surface was measured by flow cytometry in HeLa and HaCaT cells. (E) CD151-specific siRNAs have no
significant influence on luciferase expression. HeLa cells were cotransfected with control, luciferase-specific, or CD151-specific siRNA and with luciferase-
expressing plasmid to control the influence of siRNA transfection on luciferase expression. The luciferase-specific siRNA serves as a positive control. (F)
Depletion of CD151 in HeLa, HaCaT, and NHEK cells correlates with reduced infection. SDS-PAGE (upper panels) was performed under nonreducing
conditions and shows the amount of CD151. The loading control is an unspecific band produced by the CD151 polyclonal rabbit antibody that serves as a control
for protein input. For infection assay (lower panels), cells were transfected with siRNA as indicated for 48 h and then infected for 24 h with HPV16 PsV. Infectivity
was measured by luciferase activity and normalized by lactate dehydrogenase (LDH) measurements. The control siRNA infection rate was set to 100%. *, P � 0.05
compared to the control.
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CAAUAAAdTdT) targets the 3=-untranslated region (3=UTR) of the
CD151 gene but does not affect expression of the protein from the trans-
fected CD151-encoding plasmid. Integrin �3 and �6 subunits were tar-
geted using the following siRNAs: �3-integrin #1 GCUACAUGAUUCA
GCGCAA), �3-integrin #2 (GUUUGAAGGCUUGGGCAAA), �6-
integrin #1 (GGAUAUGCCUCCAGGUUAA), and �6-integrin #2 (CUG
UAAGGAUCCGGAAAGA), obtained from Sigma. HeLa, HaCaT, or
NHEK cells were transfected with 30 nM siRNA using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s instructions.
Subsequent experiments were done 24 or 48 h after siRNA transfection.
Knockdown efficiency was quantified by Western blotting and flow cy-
tometry.

Pseudovirus infection assay. Cells were grown in 24-well plates and
infected with 100 (HeLa and HaCaT) or 500 (NHEK) luciferase vector-

positive PsV per cell (56). Infection efficiencies of HPV PsV were assessed
by quantification of luciferase expression 24 (HeLa and HaCaT) or 48 h
(NHEK) postinfection (p.i.). Briefly, cells were lysed with cell culture lysis
reagent (Promega), and relative luciferase activity was measured with the
luciferase assay system (Promega) according to the manufacturer’s in-
structions using the Tristar LB 941 luminometer (Berthold Technologies,
Bad Wildbad, Germany). Statistical significances (P � 0.05) were calcu-
lated with the t test (two-tailed, paired).

Luciferase expression control assay. HeLa cells were seeded on 24-
well plates. Cells were cotransfected with 30 nM siRNA and 0.2 �g lucif-
erase reporter plasmid using JetPrime (Polyplus transfections) according
to the manufacturer’s instructions. Forty-eight hours after transfection,
cells were lysed with cell culture lysis reagent (Promega). One hundred �l
of lysate was used for detection of luciferase activity. Relative luciferase

FIG 2 Lateral surface movement and cointernalization of HPV16-bound CD151. Shown are TIRF images of HeLa cells transfected with CFP-CD151, infected
with Alexa Fluor 488 (AF488)-labeled HPV16 pseudovirions for 2.5 h, and analyzed by TIRF microscopy for 2 to 4 min. Time-lapse images show (A) lateral
movement of HPV16-bound CD151 and (B) cointernalization of HPV16 and CD151. Arrows depict colocalization of HPV16 and CD151 during the process of
internalization. (C) Quantitative analysis of HPV16 endocytosis. Cell surface areas with approximately 50% of the particles in colocalization with CFP-CD151
were selected, and the loss of fluorescent signal was determined over time. HPV16 Alexa Fluor 488 pixels noncolocalized (green) and colocalized with CFP-
CD151 (blue) were analyzed by the Axiovision colocalization module with fixed thresholds for all images of two time-lapse sequences (20 frames every 5 s). The
averages of the corresponding frames from two independent movies are shown with error bars representing the standard deviations of the pixel numbers.
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activity was measured with the luciferase assay system (Promega) accord-
ing to the manufacturer=s instructions using the luminometer Lumat LB
9507 (Berthold Technologies).

Cell binding assay. HeLa, HaCaT, or NHEK cells grown in 12-well
plates were transfected with siRNAs for 48 h. Subsequently, cells were
detached, resuspended in serum-free DMEM, and transferred to sili-
conized reaction tubes. Cells were incubated with HPV16 PsV for 1 h at
37°C, washed four times with PBS, and then collected in SDS sample
buffer for Western blotting. Cell-bound HPV16 particles were stained
with anti-L1 antibody 312F, and �-actin was stained as an input control.

Detection of surface-bound particles by flow cytometry. HeLa cells
were transfected with the indicated siRNAs and/or plasmids and infected
with HPV16 PsV for 1 h (for binding of virions to the cell surface). Sub-
sequently, cells were extensively washed with PBS to remove unbound
virions and analyzed by flow cytometry or incubated for an additional 17
h (18 h total). Cells were trypsinized with 0.25% trypsin–2.5 mM EDTA.
Surface-bound particles were stained using the anti-L1 (K75) antibody
and secondary anti-rabbit Alexa Fluor 488 antibody. Background staining
was determined using an unspecific IgG serum. For double staining,
CD151 was stained using the anti-CD151 (IIG5A) antibody and second-
ary anti-mouse Qdot 705 antibody. Cells were analyzed by flow cytometry
(FACScan; Becton, Dickinson) and CellQuest 3.3 (Becton, Dickinson)
software.

Detection of internalized particles by immunofluorescence. HeLa
cells were grown on coverslips and transfected with siRNAs targeting
CD151. Twenty-four hours later, cells were infected with HPV16 PsV and
incubated for 7 h at 37°C. Subsequently, cells were fixed with methanol
and processed for staining with MAb L1-7 as described previously (26).
This MAb recognizes a specific epitope located in the interior of the pseu-

dovirion capsid and is not accessible in intact virions (53, 57). The samples
were analyzed by fluorescence microscopy using a Zeiss Axiovert 200 M
inverted microscope and quantified by ImageJ software. For quantifica-
tion, the relative amount of internalized particles was determined based
on the L1-7-positive pixels relative to the cell nucleus signal (DNA/
Hoechst 33342-positive pixels) out of 100 randomly selected pictures
(knockdown experiments) and 100 CD151-expressing cells (recovery ex-
periments) from at least two independent experiments. A threshold value
was set to exclude background.

Recovery experiments. HeLa cells were treated with CD151-specific
siRNA targeting the 3=UTR of the gene or control siRNA for 24 h and
transfected with the indicated plasmids encoding CD151-wt and various
CD151 mutants using Lipofectamine 2000 (Invitrogen) for an additional
24 h. Afterwards, the cells were infected with HPV16 PsV and an infection
assay was performed.

RESULTS
HPV16 virions are closely associated with CD151 containing
microdomains on the plasma membrane. HPV virions exclu-
sively infect the basal cells within the stratified epithelial tissue in
order to establish infection (8). We studied the distribution of
CD151 in cervical mucosa by immunofluorescence staining of
cervical tissue sections and detected a high expression level
of CD151 only within the basal cells (Fig. 1A). Confocal fluores-
cence microscopy of primary keratinocytes infected with HPV16
virions showed extensive colocalization of virions with CD151 in
intracellular vesicles (Fig. 1B). Note that under the permeabiliza-
tion conditions used, cells lost most of their surface pools of

FIG 3 CD151 is involved in HPV16 internalization but not in cell surface binding. (A) HeLa cells were treated with siRNAs for 48 h and subsequently incubated
with HPV16 PsV for 1 or 18 h as indicated. The amount of surface-associated PsV was assessed by flow cytometry using anti-L1 PAb (K75). Mean fluorescence
intensity for cells incubated with HPV16 PsV for 1 h was adjusted to 100%. Shown are compiled results of three independent experiments. (B) Primary binding
of HPV16 to the cell surface is independent of CD151. HeLa, HaCaT, and NHEK cells were transfected with control or CD151-specific siRNAs for 48 h and
subsequently incubated with HPV16 PsV for 1 h. Cell-bound PsV were detected in cell lysates by Western blotting using specific anti-L1 PAb. (C and D) HeLa
cells were treated with siRNAs for 48 h and infected with HPV16 PsV for 7 h. Virus internalization was analyzed by immunofluorescence using monoclonal
antibody (L1-7) recognizing an epitope that is located on the inner side of intact capsids and only accessible after internalization and capsid disassembly.
Representative images are shown in panel C. (D) For quantification of virus internalization and disassembly, L1-7-positive pixels of at least 100 cells were
analyzed using an ImageJ script. Shown are the results of three independent experiments normalized to control siRNA-treated and infected cells. *, P � 0.05
compared to the control.
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CD151. The side view of z stacks shows colocalization of the major
capsid protein L1 with CD151 in different regions of the cyto-
plasm (Fig. 1B, X/Z axes side view). In addition, TIRF microscopy
revealed prolonged colocalization of CD151 and HPV16 on the

cell surface of HaCaT cells (Fig. 1C) when labeled viral particles
were incubated with cells for 1 to 4 h. Importantly, knockdown of
CD151 reduced expression of plasma membrane-expressed (Fig.
1D) and endogenous CD151 (Fig. 1F, upper) and inhibited

FIG 4 Tyrosine-based sorting motif in CD151 is not required for HPV16 internalization and infection. (A) Overexpression of CD151-wt and CD151-YALA
increases HPV16 infection. HeLa and HaCaT cells were transfected with control or CD151 plasmids as indicated for 24 h and then infected for 24 h with HPV16
PsV. Infectivity was measured by luciferase activity and normalized to LDH measurements. *, P � 0.05 compared to the control). (B to E) Reexpression of
CD151-wt and -YALA in CD151-depleted cells recovers HPV16 infection and virus internalization in CD151-depleted cells. HeLa cells were transfected with
control or CD151-specific siRNA (CD151#3) which targets the untranslated region of the mRNA. After 24 h, cells were transfected with a control plasmid or with
a plasmid encoding CD151-wt or -YALA to recover CD151 expression. (B and C) Recovery of CD151 expression in CD151-depleted cells was controlled by flow
cytometry and additionally monitored using a luciferase infectivity assay. (C) Infectivity was measured by luciferase activity and normalized by LDH measure-
ments. The control siRNA infection rate was set to 100%. *, P � 0.05 compared to the control; $, P � 0.05 compared to CD151 knockdown. (D and E)
Internalization and disassembly of HPV16 PsV. HeLa cells were treated with siRNAs for 48 h and infected with HPV16 PsV for 7 h. Virus internalization was
analyzed by immunofluorescence using monoclonal antibody (L1-7) recognizing an epitope that is located on the inner side of intact capsids and only accessible
after internalization and capsid disassembly. Representative images are shown in panel D. (E) For quantification, at least 100 CD151-overexpressing cells were
analyzed using an ImageJ script. *, P � 0.05 compared to cells transfected with control siRNA and control plasmid; $, P � 0.05 compared to cells transfected with
CD151#3 and control plasmid.
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HPV16 PsV infectivity of keratinocytes as tested using a standard
luciferase assay (Fig. 1F, lower). In control experiments, we found
that depletion of CD151 does not affect the expression level of the
luciferase gene (Fig. 1E). These results support the biological rel-
evance of the tetraspanin CD151 for HPV16 infection.

To examine how CD151 controls HPV16 infection, we first
analyzed the dynamics of cell-bound virions in relation to CD151-
containing microdomains. In these experiments, we used TIRF
microscopy for live-cell imaging to monitor movements of virions
within the plane of the plasma membrane and their internaliza-
tion. HeLa cells were transiently transfected with CFP-tagged
CD151 and 24 h later were infected with Alexa Fluor 488-labeled
HPV16 PsV. After virus binding to the cell surface, cells were
incubated for 2 to 4 h at 37°C, and subsequently single particles
were tracked with 10 frames per min. These experiments showed
that viral particles remained associated with CD151 during their
lateral movement on the cell surface (Fig. 2A; also see Movie S1 in
the supplemental material). In addition, we observed disappear-
ance of CD151-colocalized virions from the TIRF field due to
internalization of viral particles as vesicles leave the evanescent

FIG 5 CD151-interacting integrins �3�1 and �6�1/4 are important for
HPV16 infection. HeLa cells were transfected with siRNAs targeting �3�1-
and �6�1/4-integrin subunits, and after 48 h cells were incubated with HPV16
PsV for 24 h. (A) The level of integrin knockdown was assessed by flow cytom-
etry. Data are presented as percentages relative to the level expressed in cells
transfected with an siRNA control. (B) Relative infectivity was measured by
luciferase activity and normalized by LDH measurements. *, P � 0.05 com-
pared to the control.

FIG 6 Integrin association and palmitoylation of CD151 are important for
HPV16 infection. (A) Schematic diagram of CD151 mutants. (B) HeLa cells
were transfected with control plasmid, CD151-wt, or CD151 mutants for 24 h.
CD151 expression levels in cell lysates were analyzed by Western blotting. (C)
Influence of CD151 mutants on HPV16 infection was analyzed after CD151
overexpression as described in the legend to Fig. 4A.
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field (27) (Fig. 2B; also see Movie S2 in the supplemental mate-
rial). Importantly, we found that only CD151-associated virions
disappeared from the TIRF field, while the CD151-free particles
remained on the plasma membrane for the time of the observation
(Fig. 2C). These results suggest the association of CD151 with
microdomains as a precondition for HPV16 internalization.

CD151 is required for endocytic uptake of HPV16 virions.
Close association of internalizing HPV16 with CD151-containing
microdomains suggests that CD151 controls early stages of viral
infection. To examine the role of CD151 in viral entry, control and
CD151-depleted cells were incubated with HPV16 PsV for 1 or 18
h, and surface-associated virions were quantified by flow cytom-
etry using polyclonal anti-L1 antibody K75 (Fig. 3A). In cells
treated with the control siRNA, the amount of surface-bound PsV
after 18 h of incubation decreased to 25% of the initial binding
level (i.e., binding after 1 h of incubation). In contrast, the amount
of PsV which remained on the surface of CD151-depleted cells
after 18 h was �4-fold higher than the amount of PsV on control-
treated cells (Fig. 3A). In additional experiments, we found that
depletion of CD151 has no effect on the initial binding of HPV16
to the cell surface of HeLa, HaCaT, or primary keratinocytes
(Fig. 3B). To monitor HPV16 invasion further, we examined the
amount of disassembled capsids in endosomes after internaliza-
tion using the specific anti-L1 MAb L1-7 (19, 26). For these exper-
iments, siRNA-transfected cells were infected with HPV16 PsV for
7 h. As illustrated in Fig. 3C and D, CD151 knockdown resulted in
a marked decrease in the number of L1-7-positive endosomes,
thereby suggesting inhibition of HPV16 disassembly.

Taken together, these data demonstrated that although CD151
is not involved in the initial binding of HPV16 to cells, it plays a
critical role in endocytic uptake of the virus, leading to disassem-
bly of the capsid.

Tyrosine-based sorting motif in CD151 is not required for
HPV16 infection. To begin characterization of molecular mech-
anisms underlying the activity of CD151 in HPV16 infection, we
initially examined the role of the tyrosine-based sorting motif in
the CD151 C-terminal cytoplasmic region (i.e., the Y245-R-S-L
sequence). We have recently shown that this sequence plays an
important role in the antibody-induced surface clearance of
CD151 (51). Thus, it was also possible that the Y245-R-S-L motif
would be important for proendocytic function of the protein in
controlling HPV16 infection. To investigate the role of the Y245-
R-S-L motif, we carried out infectivity assays using cells overex-
pressing either wild-type CD151 or a CD151 mutant with two
point mutations within this sorting motif (CD151-YALA). Inter-
estingly, overexpression of the YALA mutant resulted in a 2- to
3-fold increase of HPV16 infection in HeLa and HaCaT cells, re-
spectively (Fig. 4A). We also noticed that the activity of the YALA
mutant was slightly stronger than that of CD151-wt. As a comple-

mentary approach, we analyzed the activity of the CD151-YALA
mutant using the recovery assay for HPV16 infection (Fig. 4B and
C). To this end, the endogenous CD151 was depleted from cells
using siRNA-CD151, which targets the 3=UTR of the mRNA; 24 h
later, tetraspanin-depleted cells were transiently transfected with
the constructs encoding siRNA-resistant wild-type CD151 or
CD151-YALA. Reexpression of the wild-type protein increased
infectivity in CD151-depleted cells from 30% in CD151 knock-
down cells to �60% (Fig. 4C). Importantly, the activity of the
YALA mutant in these experiments was comparable to that of the
wild-type protein. Accordingly, the CD151-YALA mutant was as
effective as the wild-type protein in recovering the virus disassem-
bly steps (Fig. 4D and E). These experiments showed that the
Y245-R-S-L sorting motif is not important for the function of
CD151 in HPV16 infection.

The role of the CD151-integrin complexes in HPV16 infec-
tion. CD151 controls activities of the associated integrins (41, 58).
Furthermore, at least one of the CD151-associated integrins
(�6�4) is proposed to serve as a receptor for HPV (22, 24). Thus,
we investigated whether CD151 functions in HPV16 infection in
the complex with integrins. Initially, we observed a decrease in
HPV16 infectivity in cells depleted of either �3- or �6-integrin
(Fig. 5B). Furthermore, in contrast to CD151-wt, overexpression
of CD151 mutants which are known to affect integrin functions
and localization [i.e., CD151-QRD, CD151-gly(�), CD151-�C,
and CD151-palm(�)] (Fig. 6C) did not increase HPV16 infection
(Fig. 6C). The expression levels of the CD151 constructs were
controlled by Western blotting (Fig. 6B).

We next used the approach of infection and recovery of inter-
nalization/endocytosis to analyze the activity of CD151 mutants
(Fig. 7). The CD151-QRD mutant is unable to associate directly
with �3�1- and �6-integrins (59) and to support various integrin-
dependent functions (52, 60). Notably, in agreement with the im-
portant role played by CD151-integrin complexes in HPV16 in-
fection, the CD151-QRD mutant did not restore the activity of
CD151 in internalization recovery experiments (Fig. 7B to D). The
importance of CD151-integrin cooperation in HPV16 infection
was further emphasized when we used the glycosylation-deficient
and C terminus-deleted mutants of CD151 [CD151-gly(�) and
CD151-�C, respectively]. We have previously reported that the
CD151-gly(�) protein is unable to restore integrin-dependent
migration in CD151-deficient cells (52). Others have demon-
strated that the C-terminal cytoplasmic portion of CD151 is crit-
ical for the activity of the tetraspanin-associated integrins (61).
Here, we found that, similar to the CD151-QRD mutant, overex-
pression of CD151-gly(�) or CD151-�C did not increase HPV16
infection (Fig. 6C). We also examined activities of CD151 mutants
in the virion internalization/disassembly assay. In accordance
with the results of the infectivity experiments, we found that only

FIG 7 Recovery of endocytosis and disassembly using CD151 mutants. (A) HeLa cells were treated with siRNAs for 24 h and then transfected with plasmids as
indicated. CD151 expression levels on the cell surface were analyzed by flow cytometry. (B) Primary binding of HPV16 to the cell surface is not affected by
overexpression of CD151 mutants, but only CD151-wt and -YALA are able to reconstitute HPV16 endocytosis. HeLa cells were treated with CD151 siRNAs for
24 h, transfected with CD151 plasmids as indicated, and subsequently incubated with HPV16 PsV for 1 and 18 h. The amount of cell surface-bound virus particles
was quantified by flow cytometry using anti-L1 pAb (K75). Mean of fluorescence intensity for cells treated with control siRNA and plasmid and incubated with
HPV16 PsV for 1 h was adjusted to 100%. *, P � 0.05 compared to cells transfected with CD151#3 and control plasmid. (C) HeLa cells were treated with siRNAs
and plasmids as described for panel B and infected with HPV16 PsV for 7 h. The major capsid protein L1 was detected with monoclonal anti-L1 antibody (L1-7;
green) reacting with an L1 epitope that is accessible exclusively after viral entry, and CD151 was detected with monoclonal anti-CD151 antibody (red). The upper
panels show the costaining of CD151 and HPV16-L1, and the lower panels show the staining of HPV16-L1 only. (D and E) Virus internalization was analyzed by
immunofluorescence as described in the legend to Fig. 4D and E.
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the wild-type protein could rescue the internalization-deficient
phenotype observed in CD151-depleted cells (Fig. 7C to E). Taken
together, these results indicated that CD151 functions via integ-
rins in HPV16 infection.

Recruitment to TERM is critical for the activity of CD151 in
HPV16 infection. Palmitoylation is critical for lateral interactions
of CD151 with other tetraspanins and, therefore, has an important
role in positioning associated integrins within TERMs (62–64).
When analyzed in the internalization recovery experiments, pal-
mitoylation-deficient CD151 [CD151-palm(�)] was unable to
restore L1-7 reactivity in CD151-depleted cells (Fig. 7C to E) and
had no effect on HPV infection after overexpression (Fig. 6C).

To exclude the possibility that loss of L1-7 reactivity is
caused by inhibition of capsid binding, we examined whether
expression of any of the mutants affected HPV-16 cell binding
by flow cytometry of surface-bound particles. Virus binding
was analyzed after cells were incubated with HPV16 PsV for
1 h. We also incubated PsV with cells for 18 h to determine the
endocytic capacity of the cells. Surface-associated virions then
were quantified as described above. As illustrated in Fig. 7B,
none of the mutants affected surface binding of HPV16. In
addition, endocytosis assay (18 h p.i.) confirmed that only the
wild-type CD151 and the YALA mutant were able to restore
virus internalization. Accordingly, expression of the other mu-
tants did not rescue the HPV16 entry deficiency in CD151-
depleted cells. Thus, interaction of CD151 with its integrin
partners and recruitment of CD151-integrin complexes to
TERM is important for endocytic uptake of HPV16.

DISCUSSION

The data presented in this study indicate that entry of HPV16
into keratinocytes is mediated by the tetraspanin CD151. Re-
sults with CD151 mutants suggest that HPV16 endocytosis is
dependent on the recruitment of the tetraspanin to TERM and
its association with laminin-binding integrins (i.e., �3�1 and
�6�1/�4). Together, these data strongly suggest that papillo-
maviruses use TERM and their specific components as a plat-
form for viral entry.

HPV virions infect the basal cells within the stratified epithelial
tissue. We found that, similar to other epithelial organs (e.g., skin
and mammary gland), CD151 is highly expressed in the basal lay-
ers of cervical mucosa, where epithelial cells come into direct con-
tact with the basement membrane. Unlike HSPGs, which are
expressed throughout the epithelium, expression of the CD151-
associated integrins (�3�1 and �6�1/4 integrin) is largely found
in basal keratinocytes (65, 66). Here, we demonstrate for the first
time that the formation of integrin-CD151 complexes in kerati-
nocytes is critical for HPV16 infection. These results strongly sug-
gest that these molecular assemblies are used by HPV16 as entry
points to infect its target cells in vivo. Previous studies implicated
�6-integrins in HPV6b (22, 23) and HPV16 cell binding (24, 67).
Expression of �6-integrin subunit in binding-negative B cells,
DG75, caused binding of HPV6b virus-like particles (VLPs) to the
cell surface (23). In addition, anti-�6-integrin antibody was able
to block VLP/cell binding. In contrast to these reports, we found
that depletion of CD151 or �6-integrins (not shown) had no effect
on primary cell binding of HPV16 to keratinocytes. However, we
discovered that �3�1- and �6-integrins in complex with CD151
function in a postbinding step(s) during viral infection, thereby
playing a possible role of secondary receptors.

Our earlier studies described colocalization of viral particles
with CD151 at the plasma membrane of infected cells (26). Here,
we used TIRF microscopy and live-cell imaging to show that only
CD151-bound HPV16 could enter the cells. Importantly, we also
observed that CD151-associated virus particles underwent lateral
movement within the plane of the membrane before internaliza-
tion. These results add further complexity to the initial (i.e.,
preentry) steps in HPV infection and indicate that CD151 func-
tions as a surface chaperon which facilitates recruitment of the
virus to the sites of its entry into the cells. This model suggests that
binding to CD151 (or a CD151-contaning complex) is a prereq-
uisite for HPV internalization. It is tempting to speculate that
tetraspanin-enriched microdomains represent the target sites for
the moving CD151-HPV complex to initiate viral entry. Indeed,
we found that surface-bound HPV16 is colocalized with other
tetraspanin proteins, including CD9, CD81, CD82 (K. Scheffer,
G. A. Spoden, and L. Florin, unpublished data), and CD63 (26).
Furthermore, we show that palmitoylation-deficient CD151, a
mutant that cannot be recruited into TERM, is unable to recon-
stitute HPV16 entry when expressed in CD151-depleted cells.

Our data show that in addition to its role in the preentry steps
(i.e., recruitment of viral particles to TERM), CD151 also controls
internalization of HPV16. Indeed, we found that CD151 is coint-
ernalized with HPV16 particles to be found in HPV16-positive
endosomes of infected primary keratinocytes. While the identity
of the endocytic receptor(s) for HPV16 remains to be established,
our data suggest that laminin-binding integrins (�3�1 or �6�1/
�4) are involved. Binding of HPV to cells triggers integrin-depen-
dent activation of focal adhesion kinase (FAK) and phosphotidy-
linositol 3-kinase (PI3K) (67, 68), both of which are important for
early steps of viral entry (27, 67). Importantly, we and others have
previously reported that CD151 plays an important role in regu-
lating both of these signaling pathways (63, 69), which may ex-
plain the proendocytic function of the protein toward HPV16.
Alternatively, CD151-integrin complexes may facilitate HPV16
entry via the EGF receptor, which is also a component of TERM
(70) and has been shown to be important for HPV16 infection
(25). In this regard, Yang and colleagues have recently found that
CD151 regulated cellular responses to EGF (71).

It remains to be established whether continuing interaction
with CD151-associated receptors (integrins and/or EGFR) is re-
quired for viral entry into cells. Growth factor-activated EGFR is
known to endocytose via clathrin- and caveolin-dependent path-
ways (72). However, neither of these pathways seems to be impor-
tant for HPV16 entry (26, 27). Thus, one expects CD151 to control
a novel clathrin-independent endocytic pathway. Furthermore, it
is feasible that CD151 controls HPV16 entry by regulating endo-
cytosis of the associated integrins. Accordingly, we found that, like
other TERM components, integrins (and growth factor receptors)
are cointernalized with HPV16 into endosomes of infected kera-
tinocytes (K. Scheffer, G. A. Spoden, and L. Florin, unpublished
data). Whatever the mechanisms underlying the role of CD151 in
integrin-dependent HPV infection, this pathway is unlikely to in-
volve a tyrosine-based sorting motif, a putative binding site of the
clathrin adaptor AP2, in the C-terminal cytoplasmic part of
CD151 (Y245-R-S-L sequence). Indeed, our overexpression and
expression recovery experiments indicate that the activities of the
CD151-YALA mutant were comparable to those of wild-type
CD151. Future work should clarify whether the ability of CD151
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to regulate trafficking of the associated integrins is linked to integ-
rin-dependent viral infection.

In summary, we propose that after papillomavirus binding to
heparan sulfate proteoglycans, accompanied by structural rear-
rangement of the capsid and/or putative cleavage of syndecan,
viral particles are transferred to secondary receptor complexes
composed of CD151 and associated integrins. In turn, these com-
plexes are responsible for virus-induced signaling and subsequent
internalization of viral particles. It is also possible that GFRs are
included in this multiprotein complex and contribute to the tet-
raspanin-dependent endocytic pathway (20, 27, 73). Further in-
vestigation is under way to establish how various components of
TERM and CD151 control the multifactorial process of HPV in-
fection.
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