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ABSTRACT

Human papillomavirus (HPV) is a significant oncogenic virus, but the innate immune response to HPV is poorly understood.
Human �-defensin 5 (HD5) is an innate immune effector peptide secreted by epithelial cells in the genitourinary tract. HD5 is
broadly antimicrobial, exhibiting potent antiviral activity against HPV at physiologic concentrations; however, the specific
mechanism of HD5-mediated inhibition against HPV is unknown. During infection, the HPV capsid undergoes several critical
cell-mediated viral protein processing steps, including unfolding and cleavage of the minor capsid protein L2 by host cyclophilin
B and furin. Using HPV16 pseudovirus, we show that HD5 interacts directly with the virus and inhibits the furin-mediated
cleavage of L2 at the cell surface during infection at a step downstream of the cyclophilin B-mediated unfolding of L2. Impor-
tantly, HD5 does not affect the enzymatic activity of furin directly. Thus, our data support a model in which HD5 prevents furin
from accessing L2 by occluding the furin cleavage site via direct binding to the viral capsid.

IMPORTANCE

Our study elucidates a new antiviral action for �-defensins against nonenveloped viruses in which HD5 directly interferes with a
critical host-mediated viral processing step, furin cleavage of L2, at the cell surface. Blocking this key event has deleterious effects
on the intracellular steps of virus infection. Thus, in addition to informing the antiviral mechanisms of �-defensins, our studies
highlight the critical role of furin cleavage in HPV entry. Innate immune control, mediated in part by �-defensins expressed in
the genital mucosa, may influence susceptibility to HPV infections that lead to cervical cancer. Moreover, understanding the
mechanism of these natural antivirals may inform the design of therapeutics to limit HPV infection.

Defensins are effector peptides of the human innate immune
system. They are divided into two classes, �- and �-defensins,

based on the pattern of disulfide bonds that stabilize their tertiary
structure (1, 2). HD5 is one of six human �-defensins and is con-
stitutively expressed and secreted in the female and male genito-
urinary tracts (3–5). Concentrations of HD5 in vaginal lavage
fluid of healthy women have been reported to be 16.5 � 10.5 �M
(3). Although originally discovered due to their antibacterial
activity, defensin antiviral activity against both enveloped and
nonenveloped viruses has also been described. Neutralization of
enveloped viruses, such as human immunodeficiency virus 1
(HIV-1), herpes simplex virus (HSV), and respiratory syncytial
virus (RSV), is largely dependent on direct interactions of de-
fensins with both viral attachment proteins and cellular receptors,
as well as envelope damage, fusion inhibition, and modulation of
host responses (6). Inhibition of these viruses may be due to mul-
tiple defensin actions rather than a single overriding inhibitory
mechanism. While less is known about the mechanisms of defen-
sin antiviral activity against nonenveloped viruses, human adeno-
viruses (HAdVs), papillomaviruses, and polyomaviruses (PyVs)
are all neutralized by specific �-defensins at physiologic concen-
trations (7–11). Of these viruses, only PyV infection is inhibited by
�-defensins (8). The �-defensin-mediated neutralization mecha-
nisms of HAdV, JC PyV, and BK PyV have been described in some
detail. In each case, �-defensins bind to the viral capsids outside
the cell to block infection. For both HAdV and JC PyV, �-defensin
binding alters intracellular trafficking of the incoming virion (9,
10). In the case of HAdV, escape of the virus from the endosome is
blocked due to a failure to uncoat (10, 12). For JC PyV, trafficking
to the endoplasmic reticulum (ER) is reduced (9). In contrast,

extracellular aggregation of BK PyV through �-defensin interac-
tions alone is sufficient to attenuate infection (8). Although some
aspects of human papillomavirus (HPV) neutralization by �-de-
fensins have been described, the step in the viral entry pathway
that is blocked has not been identified (7).

The cellular entry pathway of HPV is complex. The capsid is
comprised of two structural proteins, the major capsid protein L1
and the minor protein L2. The majority of L2 is protected within
the L1 capsid, although there is a portion of L2 at the N terminus
that is thought to be surface exposed (7, 13). During infection, the
virus initially binds to heparin sulfate proteoglycans (HSPGs) on
the extracellular matrix (ECM) through L1 (14, 15). The virus
then passes to HSPGs on basal keratinocytes, and L1 undergoes a
conformational change that exposes more of L2 (16). It is unclear
if the L1 change happens while the virus is still attached to the basal
membrane or to the cell surface (17). On the cell surface, host
cyclophilin B (CyPB) binds to the exposed portion of L2 and un-
folds a region of the N terminus that contains a highly conserved
furin cleavage site (18). Extracellular host furin then cleaves L2,
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and the virus is passed to an unknown secondary receptor that
mediates internalization (19, 20). After internalization, the virus
traffics through the endosomal system, requiring interactions
with sorting nexin 17 in the endosome as well as the retromer
complex and �-secretase in the trans-Golgi network (21–27). Dur-
ing this process, acidification and further conformational changes
induced by CyPB result in L1 and L2 dissociation and viral un-
coating (28, 29). L2 then interacts with and permeabilizes the host
cell membrane, actions that are dependent upon prior furin cleav-
age at the cell surface (30, 31). The L2-genome complex then trav-
els to the nucleus via dynein-mediated transport along microtu-
bules and localizes to nuclear PML/ND10 domains, where viral
mRNA is transcribed (32–35). Overall, the HPV16 entry pathway
is best characterized, and there are multiple indications that some
of these steps differ among HPV serotypes (36, 37). As such, we
focused our studies on HPV16.

Previous work indicated that HD5 is most effective when pres-
ent with HPV16 at the cell surface (7). Thus, we hypothesized that
binding to the virus in the extracellular milieu would alter or in-
hibit cell surface steps in the viral life cycle, resulting in deleterious
effects on entry. Consistent with this model, treatment of cells
with HD5 before infection or after the virus has been internalized
has minimal effect on infection. We first demonstrated that puri-
fied HD5 can aggregate HPV16 PsV, confirming a direct interac-
tion that was suggested by previous studies. By assaying the steps
in HPV16 entry that occur on the cell surface, we found that furin
cleavage and exposure of the RG-1 epitope in L2 is blocked by
HD5 binding. Disruption of this conserved, critical step in HPV
entry is consistent with the previously described failure of the
genome to escape the endosomal pathway due to HD5 inhibition
and provides a rationale for the broad activity of HD5 against
mucosal and cutaneous HPV types.

MATERIALS AND METHODS
Cell culture and pseudovirus (PsV) production. 293TT cells were a kind
gift from Denise Galloway (University of Washington, Seattle, WA).
HaCaT cells were a kind gift from Paul Nghiem (University of Washing-
ton, Seattle, WA). HeLa cells were purchased from American Type
Culture Collection (ATCC). Cell culture reagents were purchased
from Corning CellGro. All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (Sigma-
Aldrich), 100 units/ml penicillin, 100 �g/ml streptomycin, 4 mM
L-glutamine, and 0.1 mM nonessential amino acids (complete me-
dium). 293TT culture medium was supplemented with 0.4 mg/ml hy-
gromycin B (Sigma-Aldrich).

HPV16 PsV was made as previously described via viral propagation
and the improved maturation method (38, 39) (http://home.ccr.cancer
.gov/lco/ImprovedMaturation.htm). PsV seed stock was made by cotrans-
fecting 293TT cells with plasmids encoding codon-optimized HPV16 L1
and L2 (p16L1L2; kind gift of Martin Müller, GCRC) and an enhanced
green fluorescent protein (eGFP) reporter (pfwB; kind gift of John Schil-
ler, National Cancer Institute, Bethesda, MD). Cleared lysate from this
transfection contained mature PsV and was then used to infect additional
293TT cells. Mature PsV from the lysate of these cells was purified by
ultracentrifugation on a discontinuous Optiprep (Sigma-Aldrich) density
gradient (steps of 27% to 33% to 39% Optiprep). To make 16L2-GP-N
HPV16 PsV (18), L2 G99A and P100A mutations were introduced by
short overlap extension PCR into the L2 open reading frame (ORF) of the
p16L1L2 vector. The mutated plasmid was then used to create PsVs by
viral propagation as described above. Similarly, Myc-16L2-HA HPV16
PsV was made by fusing a Myc epitope tag (EQKLISEEDL) to the amino
terminus and a hemagglutinin (HA) tag (YPVYDVPDYA) to the carboxyl

terminus of L2 via PCR in the p16L1L2 vector. In all cases, the L1 content
of purified PsVs was quantified by SDS-PAGE and SYPRO ruby (Life
Technologies) stain compared to a bovine serum albumin (BSA) stan-
dard. L1 protein content was converted to particle number using a con-
version factor of 3.0 � 107 particles/ng L1 (http://home.ccr.cancer.gov
/lco/pseudovirusproduction.htm).

Dynamic light scattering. Folded HD5 was made from a synthesized
80% pure linearized peptide (CPC Scientific, Sunnyvale, CA) and purified
by reverse-phase high-pressure liquid chromatography, and an HD5 de-
rivative containing L-�-aminobutyric acid in place of cysteine (HD5 Abu)
was chemically synthesized, as previously described (11, 40). HD5 or HD5
Abu was serially diluted in 10 mM Tris and 150 mM NaCl, pH 7.5, and
mixed with 1.3 � 1010 p/ml of HPV16 PsV in a final volume of 50 �l in
disposable cuvettes (Malvern Instruments). Control samples of HPV16
PsV alone were diluted in the same buffer. Samples were incubated on ice
for 45 min and equilibrated at 37°C for 3 min before analysis. Each sample
was measured using a Zetasizer Nano ZS (Malvern Instruments), and
the volume mean diameter was obtained from the manufacturer’s soft-
ware. The fold change was calculated by dividing the average diameter of
the defensin-treated samples by the average diameter of the untreated
controls for each of four independent replicates. Experiments were ana-
lyzed by two-way analysis of variance (ANOVA) with Bonferroni posttests
to compare each concentration of the HD5 isoform to the control sample
using Prism (version 5.0d; GraphPad Software, Inc., La Jolla, CA). For all
tests, P values of �0.05 were considered significant.

Immunofluorescence microscopy. To label PsV with Alexa Fluor 555
(AF555), the standard PsV maturation and lysis buffers were altered to
omit ammonium sulfate (41, 42). After PsV maturation, cleared lysate
(750 �l) was diluted with an equal volume of Dulbecco’s phosphate-
buffered saline (DPBS), 1 M NaH3CO2 was added to a final concentration
of 100 mM, and 35 �g of Alexa Fluor 555 dye dissolved in dimethyl
sulfoxide (DMSO) was added. After 1 h of incubation at room tempera-
ture (RT), the labeling reaction was neutralized by the addition of 13 mM
NaPO4. Labeled PsV was purified from the lysate by ultracentrifugation
through an Optiprep gradient, and HPV16 particle number was deter-
mined as described above. A total of 2.5 � 109 particles of AF555-HPV16
PsV were incubated with or without 5 �M HD5 or 5.4 �g/ml RG-1 (43)
(kind gift of Richard Roden, Johns Hopkins University, Baltimore, MD)
alone or in combination for 45 min on ice in complete medium. As a
control, 5 �M HD5 and 5.4 �g/ml RG-1 were also incubated together in
complete medium without AF555-HPV16 PsV. The samples were then
added to HaCaT cells plated on coverslips (seeded at 3 � 105 cells/cover-
slip 24 h prior to infection) and allowed to infect for 12 h. Assuming that
the cells doubled overnight, this is equivalent to a multiplicity of infection
(MOI) of 4 � 103 PsV particles/cell. Cells were fixed using 4% parafor-
maldehyde (PFA) and then quenched and permeabilized in 20 mM gly-
cine-0.5% Triton X-100 in PBS. All samples were stained using goat
anti-mouse Alex Fluor 488 (Life Technologies) in blocking buffer (1%
BSA-0.05% Tween 80) for 45 min and TO-PRO (Life Technologies) in
PBS-1% Tween 20. Samples were mounted using ProLong Gold (Life
Technologies). Three fields of view were captured for each sample on a
Zeiss 510 Meta laser scanning confocal microscope.

Image analysis was performed using ImageJ of maximum-intensity
z-profiles of cells, excluding images in the z-series above or below the
plane of the nucleus (44). Cell boundaries were defined using bright-field
images. Thresholds for green (antibody) and red (PsV) channels above the
background were determined using uninfected cells. Manders coefficients
were obtained using the JaCoP plugin of ImageJ for 40 to 50 individual
cells per condition (45). M1 coefficients for individual cells were con-
verted to percentages for Fig. 2D and 4B. M2 coefficients for individual
cells were converted to percentages for Fig. 2E and 4C. Experiments were
analyzed by unpaired t test using Prism. For all tests, P values of �0.05
were considered significant.

Neutralization assays. Serial dilutions of HPV16 PsVs in serum-free
DMEM (SFM) were used to infect HeLa cells in 96-well plates for 4 h. The
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cells were washed and cultured in complete medium for 	44 h. Total
eGFP expression was quantified 48 h postinfection (p.i.) with a Typhoon
9400 variable mode imager (GE Healthcare) and ImageJ software. A stan-
dard curve of infection was constructed in Prism software. A virus con-
centration resulting in 	80% total signal was used in inhibition studies.

To determine antiviral concentrations of HD5 or RG-1, increasing
concentrations of either inhibitor were incubated with HPV16 PsV on ice
for 45 min in SFM (Fig. 4D and 5A) or complete medium (Fig. 2A and B
and 5A). The mixture was added to HeLa cells in a 96-well plate and
incubated at 37°C for 4 h. Cells were washed and cultured with complete
medium for 	44 h. Total eGFP fluorescence was quantified as described
above and normalized to a control sample infected without inhibitors
using ImageJ. Fifty-percent inhibitory concentrations (IC50) were deter-
mined using nonlinear regression in Prism.

rL2:13–36 and rL2:1–160 production. To generate rL2:13–36, an
ORF encoding amino acids 13 to 36 of HPV16 L2 with a C-terminal HA
epitope tag, ProTEV enzyme cleavage site, and 6� His epitope tag was
cloned into pRSET-A (Life Technologies). The rL2:1–160 construct en-
coded an N-terminal Myc tag and residues 1 to 160 of HPV16 L2 with a
C-terminal 6� His tag. A total of 0.4 mM isopropyl �-D-1-thiogalactopy-
ranoside (IPTG) was used to induce protein expression in BL21 Codon-
Plus(DE3)-RIPL or BL21-Gold(DE3) Escherichia coli (Stratagene), and
the protein was purified using TALON resin (Clontech) according to the
manufacturer’s instructions. Purified protein was exchanged into 50 mM
NaPO4-130 mM NaCl via dialysis and stored at 
80°C.

RG-1 immunoprecipitation. A total of 10.8 �g/ml RG-1 was incu-
bated alone, with 14 ng of rL2:13–36, or with 14 ng of rL2:13–36 and 5 �M
HD5 in binding buffer (50 mM NaPO4, 150 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride [PMSF] [pH 8; 50 �l total]) at 4°C for 1.5 h. These
concentrations were calculated to approximate the conditions under
which HD5 neutralizes viral infection in our immunofluorescence com-
petition assay. A total of 20 �l 50% TALON resin in binding buffer was
added to each sample and incubated at 4°C for an additional 1 h. Flow-
through was saved, and beads were washed 3 times with wash buffer (50
mM NaPO4, 150 mM NaCl, 1 mM PMSF, 0.1% Triton X-100, 10 mM
imidazole). Samples were eluted using wash buffer without 0.1% Triton
X-100 and containing 250 mM imidazole. Samples were resolved on a
15% SDS-PAGE gel. Antibody heavy chain was visualized using goat anti-
mouse horseradish peroxidase (HRP; 1:5,000; Thermo-Fisher) and en-
hanced chemiluminescence (Bio-Rad).

rL2:13–36 competition assay. We first calculated the concentration of
HPV16 L2 molecules in the control wells of our infection assay, assuming
a maximal 72 copies of L2 per PsV. Based on this number, we incubated a
500-fold molar excess of rL2:13–36 with or without 5.4 �g/ml RG-1, 5
�g/ml mouse IgG1 (Sigma-Aldrich), or 5 �M HD5 in serum-free me-
dium for 1 h on ice. Total protein in all samples was equalized using BSA.
HPV16 PsV was then added to the samples and incubated on ice for an
additional hour. These mixtures were added to HeLa cells that had been
washed with SFM and allowed to infect at 37°C for 4 h. Inoculum was
removed, cells were washed once, and complete medium was added. In-
fection was quantified 48 h p.i. as described above. Treated samples were
normalized to control infections in the absence of inhibitors. Experiments
were analyzed by one-way ANOVA with Bonferroni posttests to compare
selected pairs of samples (see Fig. 3B) or with Dunnett’s posttests to com-
pare each sample to the control (see Fig. 3C) using Prism software. For all
tests, P values of �0.05 were considered significant.

Myc-16L2-HA HPV16 PsV cleavage assay. A total of 4.8 � 1010 par-
ticles of Myc-16L2-HA HPV16 PsV were incubated with or without 1, 5,
or 10 �M HD5 or 40 �M furin inhibitor (dec.-RVKR-cmk; Calbiochem)
in complete medium for 1 h on ice. Samples were added to HeLa cells, and
infection was allowed to proceed at 37°C for 16 h. Medium was removed,
and cells were washed with serum-free medium. Samples were lysed with
2� SDS loading buffer (Bio-Rad) with �-mercaptoethanol and heated at
95°C. Samples were resolved on 7.5% SDS-PAGE gels and immuno-

blotted using mouse anti-HA (1:1,000; Thermo-Fisher) and goat anti-
mouse HRP (1:5,000; Thermo-Fisher).

Furin cleavage assay. A total of 1.8 ng of rL2:1–160 was incubated with
or without 1, 5, or 10 �M HD5 or 40 �M furin inhibitor in 20 �l furin
cleavage buffer (100 mM HEPES-1 mM CaCl2, pH 7.4) on ice for 45 min. One
unit of furin (NEB) was added, and the samples were incubated at 30°C for
1 h. Reduced, denatured samples were resolved on 15% SDS-PAGE gels and
analyzed by immunoblotting with mouse anti-His antibody (1:1,000;
Thermo-Fisher) and goat anti-mouse HRP (1:5,000; Thermo-Fisher).

RESULTS
HD5 interacts directly with HPV16 PsV. For other nonenvel-
oped viruses, direct binding of defensins to the viral capsid is re-
quired for antiviral activity (8, 10, 40, 46). As the antiviral activity
of HD5 is highest when HD5 and HPV16 PsV are first coincubated
outside the cell (7), it is likely that inhibition of HPV16 infection is
also due to direct binding of the defensin to the viral capsid. To
assess this interaction, we quantified viral aggregation as a change
in mean particle diameter using dynamic light scattering (DLS),
which was a correlate for defensin binding in our previous studies
of HAdV (40). HD5 treatment increased the average diameter of
HPV16 PsV in a dose-dependent manner (Fig. 1). No change in
diameter was observed in samples treated with 0.6 �M HD5, con-
sistent with minimal antiviral activity at this concentration (see
Fig. 4D). To assess the importance of defensin tertiary structure in
HPV binding, we analyzed a linear HD5 mutant (HD5 Abu),
which has the same charge as HD5 but no regular structure (11).
Like for HAdV, HD5 Abu has no antiviral activity against HPV16
PsV (data not shown) and did not aggregate HPV16 PsV (Fig. 1).
These data support a model in which HD5 interacts directly with
the HPV16 capsid to neutralize infection.

HD5 inhibits exposure of an L2-neutralizing antibody epitope.
To identify the step in HPV entry that is blocked by HD5, we
assessed the capacity of the anti-L2-neutralizing antibody RG-1 to
bind its epitope. RG-1 is known to bind to L2 only after furin
cleavage (43, 47). Accordingly, binding of the RG-1 antibody can
be used to assess the completion of necessary processing at the
cell surface. HaCaT cells were infected with Alexa Fluor-labeled
HPV16 PsV that had been incubated with HD5, RG-1, or HD5

FIG 1 HD5 binding aggregates HPV16 PsV. The mean diameter of HPV15
PsV was measured upon incubation with increasing concentrations of wild-
type HD5 (black circles) or HD5 Abu (open circles). Data are the average fold
increases in diameter for each condition compared to untreated controls from
4 independent experiments � standard deviations (SD). ****, P � 0.0001.
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and RG-1 together prior to infection. For these experiments, we
used inhibitory concentrations based on the dose-response effects
of these agents on HPV16 infection alone and in combination
(Fig. 2A, B, and F). Cells were fixed at 12 h p.i., and an Alexa Fluor
488-conjugated secondary antibody was added to visualize RG-1
that was bound before fixation. In the absence of both HD5 and
RG-1, HPV16 was well dispersed in the cytoplasm. HD5 treatment
alone had no effect on the intracellular distribution of the virus.
However, RG-1 treatment aggregated the virus, which remained
in proximity to the plasma membrane. Consistent with this effect,
most of the RG-1 signal colocalized with virus (median, 	89%;
Fig. 2D), and a significant portion of the total viral signal colocal-
ized with RG-1 (median, 28%; Fig. 2E). Treatment with both HD5
and RG-1 together resulted in an intracellular distribution of virus
comparable to that of HD5 alone. Some RG-1 signal was observed
in these samples; however, RG-1 colocalization with the virus
(median, 	22%; Fig. 2D) and viral colocalization with RG-1 (me-
dian, 	5%; Fig. 2E) were both dramatically decreased upon the

addition of HD5. We observed some internalization of RG-1 even
in the absence of virus (Fig. 2C, top), which likely explains the
presence of RG-1 that is not colocalized with virus in these sam-
ples. Thus, HD5 prevents RG-1 from binding to the virus.

HD5 does not directly interfere with RG-1 binding to L2. One
possible reason that RG-1 cannot bind to the virus in the presence
of HD5 is that HD5 binds to either RG-1 itself or to the RG-1
epitope on L2 and directly interferes with the antibody-epitope
interaction. To address this, we made a C-terminally 6� His- and
HA-tagged recombinant L2 peptide (rL2:13–36) containing the
RG-1 epitope (residues 17 to 36) (43). RG-1 binds to rL2:13–36
and could be precipitated through the 6� His tag using TALON
beads, while the antibody alone did not bind to the beads (Fig.
3A). The addition of HD5 did not interfere with the ability of the
peptide to precipitate the RG-1 antibody. Importantly, these ex-
periments were performed using HD5, RG-1, and L2 concentra-
tions that were calculated to closely approximate those used in the
immunofluorescence studies and under which we have observed

FIG 2 (A) HD5 neutralizes AF555-HPV16 PsV in complete medium. HeLa cells were infected with AF555-HPV16 PsV incubated with increasing concentrations
of HD5 in complete medium. Data are from three independent experiments normalized to control infection in the absence of inhibitor � SD. IC50 � 1.1 �M,
95% CI � 0.93 to 1.32 �M. (B) RG-1 antibody neutralizes AF555-HPV16 PsV. HeLa cells were infected with AF555-HPV16 PsV incubated with increasing
concentrations of RG-1 antibody in complete medium. Data are from three independent experiments normalized to control infection in the absence of
inhibitor � SD. IC50 � 1,759-fold dilution, 95% CI � 1,428- to 2,167-fold dilution. (C) The presence of HD5 prevents binding of the RG-1 antibody to HPV16
during cell entry. Images of HaCaT cells 12 h p.i. with [(�) HPV16] or without [(
) HPV16] AF555-HPV16 PsV in the presence of no inhibitor (virus alone),
5 �M HD5 (HD5), 5.4 �g/ml RG-1 antibody equivalent to a 200-fold dilution (RG-1), or 5 �M HD5 and 5.4 �g/ml RG-1 together (RG-1 � HD5). Individual
panels depict maximum intensity z-projections of signal above the threshold for images in the z-stack that are coplanar with the nucleus for HPV16 (red) and
RG-1 (2° Ab, green). In the merged images, the nucleus is blue. Scale bar is 10 �m. Manders coefficient values M1 (D) and M2 (E) are plotted as percentages of
RG-1 colocalized with HPV16 and percentages of HPV16 colocalized with RG-1, respectively, for 50 to 60 cells for each condition. Whiskers are 5 to 95%, the
horizontal line is the median, and outliers are depicted as individual points. ***, P � 0.0001. (F) HPV16 PsV treated with a combination of 5.4 �g/ml RG-1 and
5 �M HD5 is neutralized. Data are the means � SD from 3 independent experiments normalized to infection in the absence of inhibitor.
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neutralization of infection (Fig. 2A to C). These experiments in-
dicate that HD5 does not directly interfere with the RG-1–L2 in-
teraction.

To confirm this interpretation, we designed an assay to rescue
viral infection by competing HD5 or RG-1 with a molar excess of
rL2:13–36. The amount of rL2:13–36 was calculated to be 500-fold
greater than the maximum amount of L2 that could be present in
PsVs in the sample. As proof of concept, we first assessed the
ability of the L2 peptide to rescue HPV16 infection in the presence
of RG-1. In the absence of rL2:13–36, RG-1 neutralized the virus
and decreased infection to approximately 20% of the control in-
fection (Fig. 3B). However, incubation of the RG-1 antibody with
the rL2:13–36 peptide before addition of the virus successfully
competed the antibody away from the virus and rescued viral in-
fection to 	70%. We then determined whether excess rL2:13–36
could similarly compete with the virus for HD5 binding. As ex-
pected, HPV16 PsV infection was unaffected by the presence of
excess rL2:13–36, and HD5 alone potently inhibited infection
(Fig. 3C). Incubation of HD5 with excess rL2:13–36 prior to the
addition of the mixture to HPV16 PsV did not attenuate HD5
antiviral activity, indicating that HD5 does not bind to residues 13
to 36 of L2. Taken together, these results indicate that HD5 does
not bind to either the antibody or the epitope on L2. Therefore,
the defensin may be indirectly inhibiting RG-1 binding to the
virus by interfering with exposure of the L2 epitope at the cell
surface.

Bypassing the CyPB-mediated unfolding of L2 does not re-
lieve the HD5 block. Prior to RG-1 epitope exposure, the virus
undergoes an L1 conformational change (16). Inhibition of this
step by neutralizing antibodies blocks viral internalization (48).
Defensin-treated HPV16 is still able to enter the cell, suggesting
that the defensin-dependent block is after this L1 conformational
change (7). The next step is an L2 conformational change medi-
ated by host CyPB that results in exposure of L2 for subsequent
furin cleavage (18). Accordingly, inhibition of CyPB with cyclo-
sporine (CsA) blocks furin cleavage. CsA inhibition is bypassed by
mutation of the CyPB binding site in L2 (G99A and P100A), likely
by altering the flexibility of L2 and increasing exposure of the furin

cleavage site, as demonstrated by detection of the RG-1 epitope
during infection (18). To assess the possibility that HD5 inhibits
the CyPB-mediated unfolding of L2, we engineered these muta-
tions into HPV16 PsVs to make them CyPB-independent (16L2-
GP-N PsVs). We first found that the mutant 16L2-GP-N is as
sensitive to HD5 as wild-type (WT) HPV16, with an almost iden-
tical IC50 (Fig. 4D), indicating that the mutations in L2 were un-
able to bypass the HD5 block. Next, we repeated the RG-1/HD5
competition assay to determine the state of L2. We found that the
intracellular distribution of Alexa Fluor 555-labeled 16L2-GP-N
in the presence of HD5, RG-1, or both HD5 and RG-1 was equiv-
alent to that of the WT under each condition (compare Fig. 2C
and 4A). Furthermore, the ability of HD5 to reduce RG-1 colocal-
ization with virus (Fig. 4B) and virus colocalization with RG-1
(Fig. 4C) was unchanged in 16L2-GP-N compared to that of the
WT. Thus, mutation of the virus to bypass the requirement for a
CyPB-mediated conformational change in L2 at the cell surface
was not sufficient to alleviate the HD5 block in infection, suggest-
ing that this block was at a subsequent step.

HD5 inhibits cleavage of L2. Cleavage of L2 by cellular furin
occurs after the CyPB-induced conformational change (19). In
order to directly assess the cleavage state of L2 during infection, we
made an L2 construct containing a Myc tag on the N terminus and
an HA tag on the C terminus. The HA tag facilitates detection of
L2 in cellular lysates, while the Myc tag extends the N terminus of
L2 and increases our ability to resolve the cleaved and uncleaved
forms of L2 by SDS-PAGE. We generated PsVs incorporating this
L2 construct in place of WT L2 (Myc-16L2-HA). The sensitivity
of Myc-16L2-HA PsV to HD5 inhibition was equivalent to that of
the WT (Fig. 5A). We then assessed the effect of HD5 on the
cleavage state of L2 during infection of HeLa cells. As this bio-
chemical assay required 	10 times more input virus (4.8 � 1010

particles/sample) than we used in previous experiments, we veri-
fied the IC50 of HD5 in complete medium against this higher virus
concentration. Although the dose-responsive effect of HD5 was
slightly altered by the higher viral concentration, 10 �M HD5 was
still inhibitory (Fig. 5A). PsV was incubated with or without in-
creasing concentrations (1 to 10 �M) of HD5, and the mixture

FIG 3 HD5 does not block RG-1-L2 epitope binding. (A) RG-1 was immunoprecipitated by rL2:13–36 in the presence or absence of 5 �M HD5. Shown are
bound antibody from three independent experiments (Exp 1 to 3) and a representative unbound fraction (FT) from one experiment visualized by immuno-
blotting. (B) Excess rL2:13–36 rescues HPV16 from RG-1 neutralization. Infection of HeLa cells by HPV16 PsV incubated with RG-1 alone or in competition with
a 500-fold molar excess of rL2:13–36 was quantified relative to infection in the absence of inhibitor. BSA was used to normalize protein levels in all samples, and
mouse IgG1 was used as an isotype control for RG-1. Data are means � SD from three independent experiments. ***, P � 0.0001. (C) rL2:13–36 does not rescue
HPV16 infection from HD5 neutralization. Infection of HeLa cells by HPV16 PsV incubated with 5 �M HD5 alone or in competition with a 500-fold molar excess
of rL2:13–36 was quantified relative to infection in the absence of inhibitor. BSA was used to normalize protein levels in all samples. Data are means � SD from
three independent experiments. ***, P � 0.0001.
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was added to HeLa cells. Furin inhibitor (40 �M) was used as a
positive control for inhibition of L2 cleavage. Cells were lysed 16 h
p.i., and clarified lysates were resolved by SDS-PAGE and immu-
noblotted for L2. In untreated samples, a minor band with faster
mobility than uncleaved L2 was observed, consistent with removal
of the N terminus of L2, including the Myc tag (Fig. 5B). In sam-
ples treated with furin inhibitor, this cleavage product was absent.
HD5 also completely inhibited cleavage of L2, and this effect was
dose responsive in three independent experiments. To confirm
the disappearance of the L2 cleavage product, we ran twice the
amount of lysate from the 10 �M HD5 sample of experiment 1
and did not detect the cleaved L2 band (Fig. 5C). Thus, HD5
blocks L2 cleavage by furin during cell entry.

We surmised that HD5 was either blocking the furin enzyme
directly or interfering with the ability of furin to access the L2
cleavage site on the virus. To investigate the first possibility, we
purified a truncated L2 protein comprising the first 160 residues of
L2 (rL2:1–160). Using a minimal amount of furin and an amount
of rL2:1–160 (1.8 ng) that on a molar basis was below the total L2
content of the PsVs in the infection assay, we found that antiviral

FIG 4 The cyclophilin B-independent HPV16 mutant (16L2-GP-N) remains
sensitive to HD5 neutralization. (A) Images of HaCaT cells 12 h p.i. with AF555-
16L2-GP-N PsV in the presence of no inhibitor (virus alone), 5 �M HD5 (HD5),
5.4 �g/ml RG-1 antibody (RG-1), or 5 �M HD5 and 5.4 �g/ml RG-1 together
(RG-1 � HD5). Individual panels depict maximum intensity z-projections of
signal above the threshold for images in the z-stack that are coplanar with the
nucleus for 16L2-GP-N (red) and RG-1 (2° Ab; green). In the merged images, the
nucleus is blue. Scale bar is 10 �m. Manders coefficient values M1 (B) and M2 (C)
are plotted as percentages of RG-1 colocalized with 16L2-GP-N and percentages of
16L2-GP-N colocalized with RG-1, respectively, for 45 to 60 cells for each condi-
tion. Whiskers are 5 to 95%, the horizontal line is the median, and outliers are
depicted as individual points. ***, P � 0.0001. (D) HD5 neutralizes 16L2-GP-N.
HeLa cells were infected with WT HPV16 PsV (black circles, IC50 � 0.88 �M, 95%
CI � 0.78 to 0.99 �M) or 16L2-GP-N PsV (open circles, IC50 � 0.89 �M,
95% CI � 0.72 to 0.92 �M) incubated with increasing concentrations of HD5.
Data are the means � SD from three independent experiments compared to con-
trol infection in the absence of inhibitor.

FIG 5 (A) Myc-L2-HA HPV16 PsV is sensitive to HD5. HeLa cells were in-
fected with WT HPV16 PsV in SFM (black circles, IC50 � 1.47 �M, 95% CI �
1.35 to 1.6 �M), Myc-L2-HA PsV in SFM (open circles, IC50 � 1.71 �M, 95%
CI � 1.6 to 1.8 �M), or 10 times as much Myc-L2-HA PsV in complete
medium (gray circles, IC50 � 0.79 �M, 95% CI � 0.69 to 0.9 �M) incubated
with increasing concentrations of HD5. Data are means � SD from three
independent experiments normalized to infection in the absence of inhibitor.
(B) HD5 inhibits furin cleavage of L2. HeLa cells were infected with Myc-
16L2-HA HPV16 PsV in the presence of 40 �M furin inhibitor (FI), 1 to 10 �M
HD5, or no inhibitor (
). L2 cleavage was assessed by immunoblotting of cell
lysates 16 h p.i. using an anti-HA antibody. Cleaved L2 (arrow) is visible as a
faster-migrating band below uncleaved L2. Shown are three independent ex-
periments. (C) Analysis of a greater amount of lysate confirms the inhibition of
furin cleavage. Different amounts of HD5-treated HPV16 PsV lysate, indicated
by fold change relative to the amounts loaded in panel B, were assessed by
immunoblotting with anti-HA antibody. (D) HD5 does not directly affect the
enzymatic activity of furin. A total of 1.8 ng rL2:1–160 was digested with 1 U of
furin in the presence or absence of the indicated inhibitors for 1 h at 30°C.
Samples were immunoblotted using an anti-His antibody. Cleaved rL2:1–160
is the faster-migrating band. Shown are two independent experiments. (E)
Titration of furin required for rL2:1–160 cleavage. rL2:1–160 was digested with
a 3-fold dilution series of furin, starting at 1 U of total furin. Samples were
resolved on a reducing gel and immunoblotted using anti-His antibody.
Cleaved rL2:1–160 is the faster-migrating band.
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concentrations of HD5 had no effect on furin cleavage of this
unencapsidated L2 (Fig. 5D). Importantly, the assay remained
sensitive to inhibition by furin inhibitor. And L2 remained largely
uncleaved in samples treated with 3-fold less furin, suggesting that
even small changes in furin activity would be detectable in this
assay (Fig. 5E). Thus, HD5 does not directly attenuate the protease
activity of furin. Rather, HD5 obstructs L2 cleavage during infec-
tion, likely through steric hindrance of L2 cleavage sites on the
virus.

DISCUSSION

We have uncovered a unique mechanism by which �-defensin
binding to a viral capsid at the cell surface alters host-mediated
processing of viral capsid proteins, which manifests as a block in
cellular trafficking further downstream in the viral entry pathway.
Furin cleavage of L2 is a key step in HPV entry, as inhibition of
furin cleavage during infection results in retention of PsVs in the
endosomal pathway (19). Our finding that HD5 binds to HPV16
PsV and directly and specifically blocks L2 furin cleavage is con-
sistent with the initial description of �-defensin inhibition of
HPV16, which resembled the uncleaved PsV phenotype (7). This
is an appealing model that may explain the broad inhibitory ac-
tivity of defensins against both mucosal and cutaneous PV sero-
types from both humans and other mammals, as the requirement
for furin cleavage is widely conserved, although the generalization
of this mechanism to other HPV serotypes remains to be formally
demonstrated. Our data exclude an effect of HD5 on the enzy-
matic activity of furin itself. Rather, they suggest that the ability of
furin to access L2 in the context of the incoming capsid is com-
promised through steric hindrance, likely imposed by HD5 bind-
ing to L1. Although the molecular mechanisms differ, our data
support a general theme of �-defensin-mediated alteration in in-
tracellular trafficking as an inhibitory mechanism of diverse non-
enveloped viruses.

The most probable scenario is that the antiviral activity of HD5
is due to a direct interaction between the virus and HD5. Our
current data (Fig. 1) and previous studies strongly support this
notion. First, HD5 aggregates HPV16 PsV, indicating a direct in-
teraction between the defensin and virus. In addition, �-defensin
mutants that were attenuated for anti-HAdV activity due to direct
alterations in capsid binding were also deleterious for anti-HPV16
activity (40, 46). Finally, pretreatment of cells with HD5 was not
sufficient to neutralize infection, arguing against a cellular rather
than a viral target that mediates inhibition (7). We speculate that
HD5 likely binds L1 specifically and blocks access of the furin
enzyme to the cleavage site on L2 via steric hindrance, as our data
show that HD5 does not interfere with the interaction between the
RG-1 antibody and the epitope on L2 nor does a molar excess of
rL2:13–36 rescue viral infection, making L2 itself an unlikely bind-
ing partner. This peptide comprises a significant amount of L2
that is thought to be exposed at the capsid surface even after the L1
conformational change (13). Moreover, rL2:1–160 was also un-
able to compete with HD5 for binding to the capsid in experi-
ments analogous to those in Fig. 3 (data not shown). While our
data indicate that L2 is not the sole binding partner, the N termi-
nus of L2 may still comprise part of the interaction site with HD5,
as the exact binding site on the capsid is still unknown. It remains
to be determined exactly how the defensin interacts with the cap-
sid to block furin cleavage at the molecular level. One possibility is
that the defensins bind to an element of the HPV capsid that

facilitates multimeric defensin-defensin interactions, effectively
blanketing the virus and blocking access of furin to the N terminus
of L2 that is exposed following the CyPB interaction. This would
be similar to the AdV-HD5 interaction, which is highly multiva-
lent (11, 46). Indeed, mutations that affect defensin-defensin in-
teractions are markedly detrimental for defensin activity against
both HAdV and HPV16 (40, 46). Alternatively, the specific loca-
tion of the defensin interaction with the capsid may be deleterious
to furin access. These models might be distinguished by future
biophysical measurements of defensin binding or by high-resolu-
tion structures of defensins in complex with HPV.

Beyond a molecular explanation for inhibition of furin cleav-
age, a more detailed delineation of the defensin-virus interface
may provide an explanation for the ability of defensins to bind to
capsids of unrelated viruses. On the virus side of the interaction, it
is unclear if the defensins recognize a conserved sequence or struc-
tural element common to multiple viruses. Our previous studies
have identified critical determinants at the junction of two capsid
proteins of AdV that dictate HD5 binding (11). Analogous exper-
iments using HPV16 or PyVs have not yet been performed. On the
defensin side, much more is known about the specific molecular
features of both HD5 and HNP1 that dictate their antiviral activity
against AdV and HPV16. Alanine scan mutagenesis studies of
HD5 and HNP1 have shown that neutralization of AdV and
HPV16 is reliant on sequence, charge, and specific hydrophobic
residues of each defensin (40, 46). Importantly, most HD5 mu-
tants that alter binding to AdV capsomers are also attenuated for
HPV16 neutralization, indicating that HPV16 inhibition is likely
dependent on a similar binding principle. Thus, future studies of
HPV and other viral systems may reveal common principles that
dictate �-defensin activity against nonenveloped viruses, defining
a mechanism distinct from the more completely characterized ac-
tivity of defensins against bacteria and enveloped viruses (6, 49).

We noted a discrepancy between the concentration of HD5
that completely blocks furin cleavage and the concentration re-
quired to maximally block infection. This may be explained by
differences in the sensitivities of the two assays or by differences in
the total amount of virus in each assay. Alternatively, partial pre-
vention of L2 cleavage may be sufficient to completely block in-
fection, since the proportion of L2 in each virion that must be
cleaved by furin for effective endosome lysis is unknown. A third
possible explanation is that HD5 inhibits the virus via a secondary
mechanism, possibly by altering intracellular trafficking. Consis-
tent with this hypothesis, �-defensins do not block HPV16 un-
coating, perhaps because the virus has entered a noninfectious
pathway where the uncoated virion is unable to deliver its genome
to the nucleus (7). HD5 could mediate this effect via targeting the
virus to defensin-specific receptors, analogous to binding of se-
rum growth factors to HPV16 that allow the virus to enter cells
through growth factor receptors (50). Alternatively, defensins
could block viral protein interactions with cellular proteins in-
volved in endosomal function such as the retromer complex and
�-secretase, which were recently shown to be critical for moving
the viral genome through the endosomal system to the nucleus
(23, 24, 26, 27). Thus, future studies to address the impact of HD5
on intracellular trafficking of HPV are warranted.

Our data reveal a striking contrast between the inhibitory
mechanisms of a secreted innate immune effector, �-defensins,
and secreted effectors of the adaptive immune response, neutral-
izing antibodies. The major difference is that �-defensins block a
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critical step in the viral entry pathway but still allow virus inter-
nalization, whereas most neutralizing antibodies specific to L1 or
L2 inhibit viral entry altogether (47, 48, 51). Indeed, the very fact
that defensin-treated HPV still enters cells indicated to us that the
defensin acts after the L1 conformational change induced by
HSPG binding and through a mechanism distinct from those pre-
viously described for neutralizing antibodies. This difference
likely has ramifications for subsequent immune control of infec-
tion, as internalized virus may be exposed to intracellular sensors
of the innate immune response (e.g., Toll-like receptors, the in-
flammasome, and interferon stimulatory DNA pathways) inac-
cessible to antibody-neutralized virus, leading to the induction of
an antiviral state in neighboring cells (52–54).

�-Defensin-mediated control of HPV infection in the female
and male genitourinary tract may play a direct and indirect role in
preventing HPV-associated cancers, by both inhibiting virus in-
fection and modulating the antiviral immune response. HPV is
associated with roughly 5% of all cancers worldwide and is
thought to be the predominant cause of cervical cancer, with 60%
of cervical carcinomas associated with HPV16 alone (55). Increas-
ingly, HPV has also been linked to anal, oral, and throat cancers
(56). New data suggest that cervical carcinoma originates at cells
of the squamocolumnar junction (57). Recent evidence for re-
duced HD5 expression at these sites could render them more per-
missive to HPV infection (58). Moreover, �-defensins are known
to act as cytokines and chemokines, and immune responses to
HPV at these sites could be attenuated (6, 59, 60). Thus, better
understanding of the molecular mechanisms underlying the inhi-
bition of HPV infection and the potential role for �-defensins in
HPV infection in vivo may lead to improvements in antiviral ther-
apies and vaccine design against these clinically relevant viruses.
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