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Abstract

High-risk human papillomaviruses (HPV) are sexually transmitted viruses causally associated

with several cancers. During its natural life cycle, HPV16, the most common high-risk genotype,

infects the epithelial basal cellsin a process facilitated through a recently identified receptor, the

annexin A2 heterotetramer (A2t). During infection, HPV16 also interacts with Langerhans cells

(LC), the antigen presenting cells of the epithelium, inducing immune suppression, which is

mediated by the HPV16 L2 minor capsid protein. Despite the importance of these virus-immune

cell interactions, the specific mechanisms of HPV16 entry into LC and HPV16-induced immune

suppression remain undefined. An N-terminal peptide of HPV16 L2 (aa 108-126) has been shown

to specifically interact with A2t. Here, we show that incubation of human LC with this peptide

blocks binding of HPV16. Inhibiting this interaction with an A2t ligand or by siRNA

downregulation of A2t, significantly decreases HPV16 internalization into LC in an L2-dependent

manner. A2t is associated with suppression of LC maturation as demonstrated through attenuated

secretion of Th1-associated cytokines and decreased surface expression of MHC II on LC exposed

to A2t. Conversely, small molecule inhibition of A2t prevents HPV16-induced suppression of LC

immune function as indicated by significantly increased secretion of inflammatory cytokines and

surface expression of CD86 in HPV16 treated LC pre-exposed to A2t inhibitors. These results
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demonstrate that HPV16 suppresses LC maturation through an interaction with A2t, revealing a

novel role for this protein.

Introduction

Cervical cancer is the second most common cancer among women worldwide with

>500,000 new cases reported and >274,000 associated deaths each year (1, 2). Persistent

high-risk human papillomavirus (HPV) infection is causally associated with several cancers,

including cervical cancer (3–5). Over half of all cervical cancer cases are associated with

HPV16, the most common of the cancer-causing high-risk genotypes (6). During the natural

life cycle of HPV16, the virus infects the basal cells of the epithelium and interacts with

Langerhans cells (LC), the resident antigen presenting cells (APC) within the epithelia (7),

which are responsible for initiating immune responses against pathogens entering the

epithelium (8). However, 15% of women with high-risk HPV infections do not produce an

effective immune response against the virus (7), and therefore represent a critical population

of women particularly susceptible for developing invasive cervical cancer. In contrast to the

extensive body of research defining the mechanism of infection within epithelial cells,

limited studies actually focus on identifying and characterizing the HPV16 internalization

pathway in LC and how these pathways affect LC immune responses.

HPV16 is a non-enveloped double stranded DNA virus whose 55 nm-diameter capsid is

composed of two proteins: the L1 (late protein 1) major capsid protein and the L2 (late

protein 2) minor capsid protein (9), each of which has unique functions during the infectious

process. Infectious HPV16 virion production depends on the differentiation of basal

epithelial cells into mature keratinocytes as the expression of late genes is contingent on host

RNA factors (10). Therefore the majority of the literature concerning receptors uses HPV

pseudovirions (PsV) and/or virus-like particles (VLP) to report specific aspects of viral

uptake. When expressed in vitro, the major capsid protein L1 self-assembles into L1 VLP,

which possesses a 72-pentamer-icosahedral structure (11–13). If L1 is expressed at the same

time as the minor capsid protein L2, they assemble into L1L2 VLP with up to 72 L2 proteins

per particle (12, 14). The L2 minor capsid protein plays an important role in efficient

encapsidation of DNA within HPV16 (15, 16), allowing for the production of HPV16 L1L2

PsV that incorporate DNA within the capsid.

In epithelial cells, HPV16 infection is initiated upon viral capsid binding through an initial

interaction between L1 and heparan sulfate proteoglycans (HSPG) (17), as well as other

interactions with α6β1/4 integrins, cyclophilin B, growth factors and growth factor receptors

(GF and GFR), and various tetraspanins (18–21). The eventual uptake of HPV16 into

epithelial cells has been shown to be clathrin-, caveolin-, cholesterol-, and dynamin-

independent, which points to a non-canonical and possibly novel ligand-induced

internalization pathway related to macropinocytosis (22). Similarly, it was previously

demonstrated that HPV16 entry into LC occurred via a clathrin- and caveolin-independent

pathway (23) implicating a related HPV16 entry pathway into both epithelial and

Langerhans cells.
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Many functions aside from DNA encapsidation have been identified for L2 in the context of

HPV16 infection of epithelial cells [reviewed in (24)] including endosomal escape (25–28),

cytoskeletal interaction and cytoplasmic trafficking (29), and chaperoning of packaged DNA

to the host cell nucleus (30). Historically, the role of L2 in HPV16 internalization into

epithelial cells was implicated by studies demonstrating the existence of L2-neutralizing

epitopes (31–36). Additionally an L2 peptide (L2108-126) was shown to bind to the cell

surface and blocked HPV16 pseudo-infection of multiple cell lines (37). We recently

identified and characterized the role/mechanism of the annexin A2 heterotetramer (A2t) as

an HPV16 L2-specific entry receptor (38). We demonstrated that A2t specifically binds to

L2108-126, co-localizes with HPV16 at the cell surface, and mediates HPV16 VLP entry and

HPV16 pseudo-infection in an L2-dependent manner (38). The role of A2t in HPV16 entry

was confirmed by an independent group, and A2t was further shown to co-internalize with

HPV16 and mediate intracellular trafficking (39).

Interestingly, the presence of L2 in the viral capsid has been shown to double the rate of

HPV16 entry into LC, and is responsible for HPV16-induced suppression of LC immune

function (40). To date, no specific L2 receptor on LC has been identified. Thus far, it has

been demonstrated that LC internalize HPV16L1L2 VLP via a clathrin- and caveolae-

independent mechanism (23), whereas LC internalize HPV6bL1 VLP through a caveolae

dependent pathway (41) and HPV16L1 VLP through a clathrin dependent pathway (42).

While these results may seem contradictory, it is likely due to the presence or absence of the

L2 minor capsid protein within the VLP used for these studies. Collectively, these studies

suggest that a specific L2 receptor and receptor-specific mechanism exist for HPV16 uptake

into LC. (23, 40), and our previous report points to A2t as a potential candidate as it is the

only identified L2-specific receptor (38). A2t is found at the cell surface as a heterotetramer

consisting of two annexin A2 (anxA2) monomers and an S100A10 dimer (43–46), which are

co-expressed by LC (47). Understanding HPV16-LC interactions and identifying HPV16

receptors on LC involved in internalization are critical to delineating the local immune

events in the mucosa during an active HPV16 infection. Therefore, due to the previous

identification of A2t as an L2-specific receptor on epithelial cells and the role of L2 in

HPV16 internalization and immune escape in LC, we hypothesized that internalization of

HPV16 into LC is mediated through A2t in an L2-dependent manner and that entry via A2t

suppresses LC maturation. To explore this possibility, we examined the interactions between

A2t and HPV16 in LC and the role of A2t in LC maturation. In the current study, we

expanded the role for A2t as an HPV16 L2-specific receptor in epithelial cells to include

LC, and additionally reveal a novel role for A2t as an immune modulator of LC maturation.

Materials and Methods

LC generation

Human peripheral blood monocytes (PBMC) from healthy donors were obtained by

leukapheresis (48). LC were generated from human PBMC as previously described (49), and

incubated in complete media (RPMI 1640 supplemented with 10% FBS, 1X Pen/Strep, 1X

Non-essential amino acids, and 1X 2-mercaptoethanol) with the addition of 1000 U/mL
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(~180 ng/mL) GM-CSF, 1000 U/mL (~200 ng/mL) IL-4, and 10 ng/ml TGF-β for 7 days.

All studies were approved by USC’s IRB and informed consent was obtained from donors.

Antibodies

The following antibodies were used in this study: mouse-anti-anxA2, mouse-anti-anxA2

light chain, mouse-CD86-FITC, mouse-HLA-DR, DP, DQ-FITC, isotype controls (BD

Biosciences, San Jose, CA); H16.V5 mouse-anti-L1 (gift from Neil Christensen, Ph.D.);

rabbit-anti-beta actin (Cell Signaling, Danvers, MA); rabbit-anti-pAKT (ser 473), rabbit-

anti-Akt (Santa Cruz Biotechnology); rabbit-anti-GAPDH (Cell Signaling, Danvers, MA);

Alexa Fluor 680 goat-anti-rabbit (Invitrogen, Carlsbad, CA) and IRDye 800 donkey-anti-

mouse (Rockland, Gilbertsville, PA).

Virus-like particles and pseudovirions

HPV16L1 VLP and HPV16L1L2 VLP were produced as previously described (50). Western

blot analyses confirmed the presence of L1 and L2 while an ELISA and transmission

electron microscopy confirmed the presence of intact particles. An E-toxate kit (Sigma-

Aldrich, Carlsbad, CA) was used to semi-quantitate endotoxin. The endotoxin level in the

preparations was less than 0.06 endotoxin units/ml and this level does not activate LC (48).

Baculovirus DNA used in VLP production procedure does not activate LC (48). VLP were

validated in binding assays via pre-incubation with heparin, a component of heparan sulfate

proteoglycans (HSPG) that binds positively charged residues of HPV16, or with H16.V5

neutralizing antibody (51), prior to cellular exposure, which inhibits intact capsids from

binding with cell surface receptors, and minimal binding of less than 20% was observed. To

produce VLP with a mutated L2108-126 region (aa substitution of GGDD for LVEE in the L2

capsid region aa 108-111) (37), site-directed mutagenesis was performed as previously

described (38). HPV16 pseudovirions were produced by cotransfection of 293TT cells with

plasmids encoding codon-optimized HPV16 L1 and L2 following published procedures

(52). To produce pseudovirions with a mutated L2108-111 region (GGDD for LVEE), site-

directed mutagenesis was performed following published procedures (38). L1 content was

quantitated by Coomassie Blue staining next to BSA standards following SDS-PAGE.

Recombinant protein expression and purification

Recombinant anxA2 and S100A10 was produced as previously described (38).

Concentrations of all proteins and peptides, including the A2t complex, were determined

using bicinchoninic acid assays (Pierce, Rockford, IL) compared to measured absorbance of

albumin standards at 562nm. Purified A2t was produced by and purified by combining

S100A10 and anxA2 at a molar ratio of 1:1 as previously described (38), and used in

exogenous A2t activation assays.

HPV16 L1L2 VLP binding assay with L2108-126

LC were incubated with increasing concentrations of the HPV16 L2108-126 peptide

(LVEETSFIDAGAPTSVPSI) (37), or a scrambled analog of the same peptide

(IESPVSDTALGTPEIFVSA) with a maximum concentration of 50 μg/mL (0.5×106 cells)

for 1 h at 4° C. Subsequently, the LC were incubated with 0.25μg of HPV16L1L2 VLP/
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treatment for 1h at 4° C and then incubated with an anti-L1 (H16.V5) Ab at a dilution of

1:25,000 for 30 min at 4° C. The cells were then incubated with biotinylated anti-mouse-

IgG2b for 30 min at 4° C. Next, the HPV16L1L2 VLP/anti-L1/biotin treated cells were

stained with streptavidin-FITC for 30 min. In control experiments, cells were left untreated

or probed with either peptide/anti-L1/biotin-strepavidin-FITC (no VLP), VLP/anti-L1/

biotin-strepavidin-FITC (no peptide), or peptide/Heparin-VLP/anti-L1/biotin-strepavidin-

FITC (VLP incubated with 2.5μg Heparin for neutralization). Finally, HPV16L1L2 VLP

binding to LC was assessed by flow cytometry with neutralization controls mentioned under

VLP preparation. Data were normalized to the untreated groups.

L2108-126 peptide pulldown assay

LC were harvested, washed with PBS, and aliquoted into 1.5 ml microcentrifuge tubes in

PBS. Then (6x)His-L2108-126 peptide was added to the LC, at a concentration of 50 μg/0.5

×106 cells, and incubated for 1hr. In control experiments, LC were left untreated (no peptide

added) but exposed to each condition thereafter. Following the incubation, the extracellular

cross-linking agent, 3,3′-Dithiobis-(sulfosuccinimidylpropionate) (DTSSP) was added at a

concentration of 1.5 mM to the LC and incubated for 2 hr to cross-link the peptide to the

receptor. After the cross-linking reaction was quenched with 1 M Tris, LC were washed

with PBS to remove excess unbound peptide, and resuspended in and incubated with a

bursting solution [10 mM Hepes, 2 mM MgCl, 10 mM KCl2, 0.05% Tween-20, and Halt

Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL)] for 20 min. Next, the cells

were centrifuged for 30 min at 13000 RCF. The supernatants were decanted and LC were

resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 50 mM imidazole, 0.05%

Tween-20, and Halt Protease Inhibitor Cocktail, pH 8.0). The cells were snap frozen,

allowed to thaw, incubated on ice for 30 min, and sonicated for 10 sec. Subsequently, the

lysates were centrifuged for 30 min at 10000 RCF. The lysate supernatants were decanted,

mixed with 50% Ni-NTA agarose slurry (Qiagen, Valencia, CA) and incubated overnight.

The following day an affinity column (Thermo Scientific) was assembled to elute the

proteins from the Ni-NTA agarose slurry. Once the column was assembled, the lysate-Ni-

NTA agarose slurry was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl,

50 mM imidazole, and 0.05% Tween-20, pH 8.0). The proteins associated with the Ni-NTA

agarose were eluted with imidazole containing elution buffer (50 mM NaH2PO4, 300 mM

NaCl, 250 mM imidazole, and 0.05% Tween-20, pH 8.0). All steps were performed at 4° C.

The eluates then were separated via gel electrophoresis on 10% Bis-Tris gels using the

NuPAGE Electrophoresis System (Invitrogen, Carlsbad, CA) according to manufacturer’s

instructions and transferred to nitrocellulose membranes for immunoblot analysis. The

membranes were then probed for anxA2 and S100A10, and stained with secondary infrared

Abs. Protein bands were visualized and quantified with the Odyssey Imaging System (LI-

COR Biosciences, Lincoln, NE). Furthermore, the eluates were separated via gel

electrophoresis on 10% Tris-HCL gels (Bio-Rad)under reducing conditions for silver stain

analysis.

HPV16 VLP uptake assay with SLPI

HPV16L1 VLP and HPV16L1L2 VLP were labeled with carboxyfluorescein diacetate,

succinimidyl ester (CFDA-SE) (Invitrogen) as directed by the manufacturer’s instructions.
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After labeling the HPV16 VLP were column filtered with 2% agarose beads size standard

50–150 μm (Agarose Bead Technologies, Tampa, FL) with DPBS/0.5 M NaCl to remove

excess free label. LC were harvested, washed with PBS, and aliquoted at a concentration of

106 cells/200 μl cold PBS into 1.5 ml amber tubes. Subsequently the cells were either left

untreated or incubated with 30 μg/ml of rhu-SLPI (R&D Systems, Minneapolis, MN) for 1 h

at 4° C (optimal concentration was determined through titration). Following the incubation

the cells were washed with 500 μl cold PBS and spun down at 800 RCF for 5 min at 4° C.

The supernatant was removed and the LC were resuspended in 400 μl of room temperature

FACS buffer. Next, CFDA-SE labeled HPV16L1L2 VLP or HPV16L1 VLP (1 μg/1×106)

were incubated with the LC at 37° C. In control experiments, LC were treated with H16.V5

(1:1500) neutralized CFDA-SE labeled VLP to ensure VLP integrity and lack of residual

free CFDA-SE label. After 15 min, LC were harvested and fixed in 2% paraformaldehyde.

Finally, HPV16 VLP internalization by LC was assessed via flow cytometry and data was

normalized to untreated groups.

siRNA knockdown of anxA2 in LC and HPV16 VLP uptake assay

The S100A10 subunit of A2t is post-transcriptionally stabilized by anxA2 (53, 54), and

knockdown of anxA2 has been shown to be sufficient for successful reduction in both

subunits of A2t (38). A Human anti-anxA2 siRNA SMARTpool was synthesized (Thermo

Scientific Rockford, IL) with the following sequences: #1

(AUACUAACUUUGAUGCUUGA); #2 (CGACGAGGACUCUCUCAUU); #3

(CUGUCAAAGCCUAUACUAA); #4 (AGACCAAAGGUGUGGAUGA). Control non-

target siRNA (Thermo Scientific) was against no known protein. Anti-anxA2 or Control

siRNA was transfected into LC using Lipofectamine 2000 (Invitrogen) as directed by the

manufacturer’s instructions (20 pmol siRNA/2×105 cells). Protein from transfected cells was

collected for 7 consecutive days and assessed via Western blot determining that minimal

(approx. 50%) anxA2 levels were achieved 5 days post-transfection (data not shown). LC

were then incubated for 5 days post-siRNA transfection before use in an HPV16 VLP

uptake assay. HPV VLP were labeled with CFDA-SE as described above. CFDA-SE

labeled, HPV16L1L2 VLP, or HPV16 L2 mutant VLP (37) (1 μg/2×105 cells) were

incubated with the anti-anxA2 siRNA transfected, control siRNA transfected, or untreated

LC at 37° C. After 45 min, LC were harvested and fixed in 2% paraformaldehyde. In control

experiments LC were treated with H16.V5 neutralized VLP as described above. Finally,

HPV16 VLP internalization by LC was assessed via flow cytometry and the data were

normalized to the untreated groups. For anxA2 quantification, protein was collected from

LC five days post-siRNA transfection with Mammalian Protein Extraction Reagent (Pierce),

and reduced samples were run on 10% Bis-Tris gels using NuPAGE Electrophoresis System

(Invitrogen) according to manufacturer’s instructions and transferred to nitrocellulose

membranes for immunoblot analysis. The membranes were then probed for anxA2 and beta-

actin, and stained with secondary infrared Abs. Protein bands were visualized and quantified

with the Odyssey Imaging System.

LC activation assay with HPV16 wild type or L2 mutant PsV

106 LC were seeded in a 6-well plate and either left untreated, treated with 10 μg

lipopolysaccharide (LPS) (Sigma-Aldrich), 10 μg HPV16 PsV, or 10 μg HPV16 L2 mutant
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PsV. The toll-like receptor 4 (TLR4) agonist LPS was chosen as a positive control as it has

been shown to elicit strong immune responses in LC (55). The cells were then incubated at

37°C for 48 hr in 2 ml complete medium with periodic mixing for the first 1 hr. After 48 hr,

the cells were harvested, washed, stained for surface MHC II (mouse-HLA-DR, DP, DQ-

FITC) and CD86 or isotype controls, and analyzed by flow cytometry.

LC activation assay with recombinant proteins

106 LC were seeded in a 6-well plate and either left untreated, treated with 10 μg LPS

(Sigma-Aldrich), 10 μg A2t, 10 μg anxA2, or 10 μg S100A10. The cells were then incubated

at 37° C for 48 hr in 2 ml complete medium with periodic mixing for the first 1 hr. After 48

hr, supernatants were collected and cells were harvested, washed, stained for surface MHC

II (mouse-HLA-DR, DP, DQ-FITC) or isotype controls, and analyzed by flow cytometry.

Supernatants of selected groups were analyzed using the MILLIPLEX MAP Human

Cytokine Kit (EMD Millipore).

LC signaling assay with recombinant A2t

LC were treated with as described above in the activation assay with recombinant proteins at

37° C for 15 min. Cellular extracts were prepared using the Mammalian Protein Extraction

Reagent (Pierce). Normalized aliquots of cell lysates were electrophoresed on 10% NuPage

Novex Bis-Tris gels (Invitrogen) under reducing conditions and transferred to nitrocellulose

membranes. Immunoblotting was performed using Akt, pAkt, or GAPDH Abs followed by

secondary infrared Abs. Protein bands were visualized and quantified with the Odyssey

Imaging System.

LC activation assay with A2t inhibitor

106 LC were seeded in a 6-well plate and either left untreated, treated with 10 μg LPS

(Sigma-Aldrich), or treated with increasing concentrations of a previously identified A2t

inhibitor (A2ti: 2-[4-(2-Ethylphenyl)-5-o-tolyloxymethyl-4H-[1,2,4]triazol-3-

ylsulfanyl]acetamide) (56) alone or A2ti for 1 hr prior to exposure to 10 μg HPV16 PsV.

The half maximal inhibitory concentration (IC50) value of the A2ti was reported to be 24

μM (56). The cells were then incubated at 37°C for 48 hr in 2 ml complete medium with

periodic mixing for the first 1 hr. After 48 hr, supernatants were collected and cells were

harvested, washed, stained for surface MHC II and CD86 or isotype controls, and analyzed

by flow cytometry. Supernatants were analyzed using the MILLIPLEX MAP Human

Cytokine Kit (EMD Millipore).

Statistical analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software Inc., San

Diego, CA).
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Results

The HPV16 L2108-126 peptide reduces binding of HPV16 L1L2 VLP to LC

We recently reported that the N-terminal L2108-126 peptide binds to the S100A10 subunit of

A2t and is exposed on the capsid surface of HPV16 VLP and PsV, and through a

competition assay showed that a scrambled version of the same peptide had no effect on

L2108-126 binding to A2t in ten-fold excess (38). Interestingly, it was demonstrated that this

A2t-binding peptide bound to A2t-expressing cervical epithelial cell lines (HeLa, SiHa, and

CaSki) as much as four times more than A2t-negative cell lines (Alexander and Hep G2

cells), however no immune cells were tested (37). To determine whether this same A2t-

binding L2 peptide facilitates attachment to LC, we incubated LC with either L2108-126, a

scrambled version of the same peptide, or no peptide, and subsequently exposed the cells to

HPV16L1L2 VLP. We then assessed the amount of bound HPV16 L1L2 VLP on the surface

of LC with flow cytometry. When LC were pre-incubated with the L2108-126 peptide (50 μg/

mL), there was a significant decrease (approx. 50% with p<0.05) in the amount of HPV16

L1L2 VLP bound to the LC surface compared to the scrambled peptide or untreated control

(Fig. 1a), suggesting that the N-terminus of L2 facilitates HPV16 binding to LC, similar to

epithelial cells. Titration experiments determined that the IC50 value of the peptide is

20μg/mL (data not shown).

HPV16 L2108-126 binds to LC cell surface A2t

Next, we wanted to determine if there was a direct interaction between the L2108-126 peptide

and A2t on the LC cell surface to evaluate its potential as an L2-specific HPV16

internalization receptor on LC. Therefore, LC were either incubated with a (6x)His-

L2108-126 peptide or left untreated, and subsequently exposed to the extracellular cross-

linking agent DTSSP. After cross-linking L2108-126 to cell surface proteins, LC were lysed

and the lysates were incubated in a Ni-NTA affinity column followed by elution with the Ni-

binding competitor imidazole. Eluates were subsequently separated by gel electrophoresis

for immuno-blot analysis. We found that both A2t subunits, anxA2 and S100A10, were

present in the L2108-126 peptide pulldown eluate and not in the untreated control (Fig. 1b)

demonstrating that A2t interacts with the L2108-126 peptide on the surface of LC. A reduced

silver stain gel showed the annexin A2 subunit of A2t as a unique band (confirmed with

mass spectrometry) in the L2108-126 peptide treated pulldown eluate compared to the

untreated control (Supplemental Fig. 1)

SLPI reduces the uptake of HPV16L1L2 VLP by LC

We next sought to assess whether A2t plays a role in the internalization of HPV16 VLP into

LC. SLPI is an anxA2 ligand that has been shown to inhibit HPV16 PsV infection of

epithelial cells, which mimicked the effects of an anti-anxA2 antibody (38). Moreover, SLPI

has been shown to block HIV-1 infection through its interaction with anxA2 (57), and

HIV-1 is another virus that specifically targets LC during initial infection (58, 59).

Therefore, LC were pretreated with SLPI prior to exposure to CFDA-SE-labeled HPV16

L1L2 VLP and internalization was analyzed via flow cytometry. Fluorescence of CFDA-SE

occurs when acetate groups are cleaved by intracellular esterases, and consequently only

VLP that have been internalized by cells are detected (60). LC exposed to SLPI showed a
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significant decrease in the internalization of HPV16 L1L2 VLP (Fig. 2). To examine if the

decrease in uptake was dependent on the presence of the L2 protein, LC were pretreated

with SLPI and similarly exposed to CFDA-SE-labeled HPV16 L1 VLP. Notably, no

reduction in HPV16 L1 VLP internalization by LC treated with SLPI was observed (Fig. 2),

indicating that SLPI inhibition of VLP uptake is L2 dependent. Similar to what we have

previously observed on epithelial cells, L1 VLP enter LC less efficiently than L1L2 VLP

(Fig. 2A) (38, 40). Notably, similar internalization was observed between baseline L1 VLP

internalization and SLPI-blocked L1L2 VLP internalization, suggesting that when A2t is

blocked, the L1L2 VLP may default to a pathway utilized by L1 VLP. To evaluate the effect

of overall SLPI on internalization of either L1 or L1L2 VLP, the fluorescence of the SLPI-

treated groups were normalized to the untreated groups independently for L1 and L1L2 VLP

(Fig. 2B). To confirm that the CFDA-SE signals observed were not due to free CFDA-SE

label, and to verify VLP integrity, HPV16 L1 and HPV16 L1L2 VLP were pre-incubated

with H16.V5 (an anti-L1 Ab) for neutralization. Under these conditions, no significant

internalization was observed (Fig. 2B).

siRNA-mediated knockdown of anxA2 in LC reduces HPV16 L1L2 VLP internalization

To further establish the role of A2t in HPV16 uptake into LC, we examined the effect of A2t

siRNA knockdown in LC on HPV16 internalization. S100A10 is post-transcriptionally

stabilized by annexin A2 (anxA2) and therefore it is sufficient to only target annexin A2 for

knockdown of A2t (38). There was a significant reduction in anxA2 protein in LC treated

with anxA2 siRNA compared to both mock-transfected untreated and control siRNA-treated

LC (Fig. 3A). To specifically determine the effect of anxA2 knockdown on HPV16 L2-

mediated uptake in LC, untreated and siRNA-transfected LC were exposed to CFDA-SE

labeled-HPV16 L1L2 VLP or HPV16 VLP with a mutation in the A2t-binding region of L2

[a previously described substitution of GGDD for LVEE of L2 108-111 (37)] (Fig. 3B). This

mutation in L2 significantly reduces HPV16 VLP binding to A2t and HPV16 PsV infectivity

of epithelial cells (38). Knockdown of anxA2 resulted in a significant reduction in the

uptake of HPV16 L1L2 VLP into LC compared to the untreated control. Importantly, no

decrease in HPV16 L2 mutant VLP uptake was detected, demonstrating N-terminal L2

specificity for uptake through A2t. LC treated with non-target control siRNA showed no

reduction in the expression of anxA2 protein (Fig. 3A), resulting in no change in HPV16

L1L2 or HPV16 L2 mutant VLP internalization (Fig. 3B). Similar to the experiments

described above for SLPI-blocking, L2 mutant VLP enter slower than L1L2 VLP, therefore

uptake was normalized to untreated controls independently. Collectively, the results from

Figures 1–3 strongly indicate that A2t interacts with the L2 protein and is involved in the

binding and internalization of HPV16 by LC.

Specific mutations in HPV16 L2108-111 increase HPV16 immunogenicity in LC

We have shown that LC exposed to HPV16 L1L2 VLP are not activated, implicating an

HPV immune escape mechanism targeting LC (48, 49), and we further established that L2 is

responsible for the suppression of LC immune function when LC are exposed to HPV16

VLP (40). Therefore, we next sought to determine the role of the A2t-binding region of L2

(L2108-126) in LC immune responses. To determine the effects of L2108-126 on the level of

phenotypic activation of LC, the expression of cell surface MHC II and CD86 on LC after
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exposure to either wild type HPV16 PsV or HPV16 L2 mutant PsV was assessed. The MHC

II profile of LC exposed to HPV16 L2 mutant PsV more closely resembled that of activated

LC treated with LPS (Fig. 4A middle and right), whereas the MHC II profile of LC exposed

to wild type HPV16 PsV closely mirrored that of untreated LC (Fig. 4A left). Furthermore,

there was a statistically significant increase in MHC II and CD86 expression of LC treated

with HPV16 L2 mutant PsV compared to wild type HPV16 PsV (Fig. 4B–C). These results

show that altering the capsid’s interaction with A2t through mutation of the A2t binding

region of L2 results in the phenotypic maturation of LC. While the L2 mutated PsV did not

activate as strongly as LPS, the statistically significant increase in immunogenicity

highlights the importance of L2 in LC immune responses, and specifically, the A2t-

interacting region of L2. Though indirect, these results indicate that there is a role for A2t in

HPV16-induced suppression of LC immune function.

Exogenous A2t induces suppression of LC immune function

While the results above suggest a role for A2t in suppression of LC maturation by HPV16,

we next sought to characterize the precise contribution of A2t in LC activation in the

absence of HPV16. Exogenous A2t was found to activate murine macrophages (61); and

HPV16 was also shown to cause increased translocation and accumulation of A2t to the

outer leaflet, which we hypothesized can be mimicked without HPV16 through the addition

of excess exogenous A2t. Therefore we studied the effect of externally provided purified

A2t on LC activation. To test this, LC were left untreated or treated with purified A2t or its

individual subunits anxA2 and S100A10 to determine if the subunits or the heterotetramer

form are associated with LC immune responses. The expression of cell surface MHC II and

CD86 on LC after treatment with purified proteins was then assessed via flow cytometry.

There was a significant reduction in the surface expression of MHC II on LC treated with

A2t compared to untreated, anxA2 treated, or S100A10 treated LC (Fig. 5A). Since CD86

expression on immature LC is low, we were not able to detect any decrease in protein

expression below baseline levels (data not shown). However, MHC II is normally expressed

by immature LC and indeed a decrease in extracellular MHC II was observed in A2t treated

LC. These results indicate a suppressive role for A2t in LC immune responses, and that the

tetramer form of the receptor is required to induce a suppressed LC phenotype. Furthermore,

we analyzed cytokine and chemokine secretion by LC that were exposed to purified A2t,

and found that LC exposed to A2t showed a significant and pronounced decrease in the

release of many pro-inflammatory cytokines and chemokines (Table 1) indicative of a Th1

cell-mediated immune response (40). Specifically, there was a statistically significant

decrease in the secretion of MCP-1, MIP-1α, IP10, and RANTES. There was no significant

change observed in the secretion of MIP-1β or TNF-α, and the secreted levels of IL-6 and

IL-12 were below measurable levels for untreated and A2t treated LC. While there was a

statistically significant increase in the secretion of IL-8 in A2t treated LC compared to

untreated LC, the levels were much lower than LC treated with LPS.

A2t induces an immune suppressive signal cascade in LC

We have previously reported that HPV16 L2 induces an immune suppressive signal

transduction cascade within LC that is hallmarked by a reduction in p-Akt in LC treated with

HPV16 L2-containing VLP (40). To determine if A2t is associated with this suppressive
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signal transduction cascade, LC were treated with purified A2t prior to analysis of Akt and

p-Akt levels via an immuno-blot assay. Cellular levels of p-Akt were reduced to 64% with

p=0.008 (95% CI, 51–77%) in LC exposed to A2t compared to untreated (95% CI, 78–

122%) and LPS-treated (95% CI, 94–136%) controls (representative example shown in Fig.

5B). These results indicate that exogenous A2t causes the same suppressive signaling events

that are associated with HPV16 L2, further implicating a role for A2t in the suppression of

LC immune function.

Small molecule inhibition of A2t prevents HPV16-induced immune suppression of LC

Recently, small molecule inhibitors of A2t (A2ti) have been identified that can disrupt the

A2t tetramer by blocking the binding between anxA2 and S100A10 (56). As shown above,

the role for A2t in the suppression of LC immune function is dependent on the tetramer

form, and not on the individual subunits. In this manner, A2ti has the potential to disrupt the

immune-suppressive properties of A2t in LC without affecting other cellular roles for either

anxA2 or S100A10. Hence the effect of A2ti on LC activation with and without the addition

of HPV16 L1L2 PsV was examined. Increasing concentrations of A2ti led to an increase in

the surface expression of MHC II and the activation-associated surface marker CD86 on LC

(Fig. 6A). At all concentrations of A2ti tested, there was not a significant increase in MHC

II expression compared to LC treated with HPV16 alone, but there was a significant increase

in MHC II expression on LC treated with 25 μM and 50 μM of A2ti with the addition of

HPV16. Additionally, at 10 μM and 25 μM of A2ti, which are well below and near the

reported IC50 value of 24 μM respectively, there was not a statistically significant increase

in CD86 in the A2ti-treated groups compared to those treated with HPV16 alone. However,

when HPV16 PsV were added to these groups (i.e. LC pre-treated with 10 μM or 25 μM

A2ti), there was a significant increase in the surface expression of CD86 showing that the

L2-containing PsV were no longer able to suppress the maturation of LC. At 50 μM of A2ti,

LC were phenotypically activated as indicated by a significant increase in CD86 without

HPV16 PsV, but were even further activated in the presence of HPV16 PsV, indicating a

significant increase in the LC activating potential of HPV16 when A2t is disrupted.

In addition to cellular phenotype, the secretion of inflammatory cytokines and chemokines

by LC pre-treated with A2ti was examined with and without the addition of HPV16 PsV. It

was found that LC treated with 25 μM A2ti prior to exposure to HPV16 PsV showed a

significant increase in the secretion of IL-8, MIP-1α, MIP-1β, and RANTES compared to

both HPV16 only and A2ti only treated LC. There was a subtle yet non-significant increase

observed in the secretion of TNF- α in LC treated with A2ti prior to exposure to HPV16

PsV compared to HPV16 only and A2ti only treated LC, and no change seen in the secretion

of IL-10. The secreted levels of IL-6 and IL-12 were found to be below measurable levels

while MCP-1 levels were at saturated levels for all treatment groups (all results can be seen

in Sup. Table 1). Taken together, these data demonstrate that targeted small-molecule

disruption of A2t reverses HPV16-induced LC-targeted immune suppression, and strongly

suggest that HPV16 entry via A2t leads to the suppression of LC maturation.
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Discussion

The HPV16 life cycle is strictly intraepithelial, and as a result HPV16 antigens should be

processed and presented by LC, the professional APC that reside in the parabasal and lower

suprabasal layers of squamous epithelium (62). Various studies have found that HPV L1

VLP and HPV L1L2 VLP can bind to and stimulate activation of human dendritic cells (DC)

(49, 63–66), providing evidence that the capsids of HPV can induce the maturation of APC.

However, HPV16 has evolved over time using a mechanism in which internalization of

capsids of HPV16 into LC results in suppressive signaling and defective activation (48, 49).

In this sense, LC that are normally targeted by HPV16 during a natural infection, may be

uniquely manipulated by HPV compared to other immune cells or DC subsets through A2t,

though future research is needed to determine if A2t plays a role in immune responses of

other DC types.

We have shown that internalization of HPV16 by human LC indicated the presence of a

specific L2 receptor and internalization mechanism that results in the suppression of LC

maturation (40). The highly evolutionarily conserved HPV16 L2108-126 epitope has been

shown to be vital in the binding and infectivity of HPV16 in different cell types (37), and it

binds specifically to the recently identified HPV16 uptake receptor A2t on epithelial cells

(38). In the current study, we demonstrate that this conserved A2t binding region of L2 is

associated with HPV16 binding to LC, and interacts with A2t on the LC surface. We further

show that mutations in this region increase HPV16 immunogenicity, highlighting the

importance of this region in the suppression of LC maturation. Through uptake assays we

demonstrate that internalization of HPV16 L1L2 VLP by LC is facilitated by A2t, which can

be inhibited by SLPI- or siRNA-mediated knockdown of A2t in LC. A2t was shown to

suppress LC immune function, and small molecule disruption of A2t prevented HPV16-

induced LC-targeted immune suppression. Collectively, these data demonstrate that A2t is

involved in the binding and internalization of HPV16 into LC through an L2-dependent

mechanism, and that this entry mechanism is associated with suppression of LC immune

function.

It is conventional to use VLP and PsV to study HPV receptor binding and entry, especially

with primary immune cells (23, 40–42, 48, 63, 67). Here, L1 and L1L2 VLP, as well as L2

mutated PsV, were used to examine the significance of the interaction between the L2

protein and A2t in HPV16 uptake in LC, where the primary difference was the absence or

presence of the wild-type or mutated L2 protein. A noteworthy observation from the present

assays is that HPV16 L1L2 VLP binding and internalization was never completely inhibited

on LC with down-regulation or inhibition of A2t. Additionally, while A2t-mediated entry

was shown to be dependent on L2, L1-only VLP still entered LC, and this type of entry has

been shown to induce LC activation (49). This implies that there may be multiple and/or

redundant uptake pathways for HPV16 that differentially activate LC. For these reasons, it is

attractive to hypothesize a model where L1-mediated entry leads to LC activation, and

conversely that L2/A2t-mediated entry suppresses LC immune responses. This model would

further imply that inhibiting the L2/A2t-mediated pathway would not completely block

entry, but would rather lead to HPV entry via an L1-mediated activating pathway thus

preventing HPV16-induced immune suppression, which fully fits with the data presented
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herein. Future studies will aim to investigate such a model and determine all necessary

cellular factors for each entry mechanism. Our current study identifies A2t as a novel

HPV16 receptor on LC, but other studies are needed to determine if previously identified

HPV receptors and cofactors of keratinocytes such as HSPG, integrins, cyclophilins, growth

factors and growth factor receptors, and tetraspanins [reviewed in (68)] are also used for

HPV16 internalization by LC.

Our data clearly show that A2t plays a role in suppressing the maturation of LC in

experiments where purified A2t was added to LC in vitro, and this is the first study to

identify a function for A2t in suppression of LC maturation. In contrast, exogenous A2t was

previously shown to activate murine macrophages, which is in stark opposition to the

suppressive role A2t plays on human LC (61). This may indicate a unique function for A2t

in LC-mediated immune suppression that HPV16 has evolved to take advantage of. A recent

report that confirmed A2t is an HPV16 receptor on epithelial cells provided evidence that

initial HPV16 binding increases recruitment and translocation of A2t to the extracellular

surface (39). Therefore, we hypothesized that the addition of A2t would bind to the outer

leaflet of LC in culture simulating the reported increase in A2t on the cell surface on HPV16

treated cells. Though no mechanism has yet been delineated, evidence in the literature

suggests that the early binding of HPV16 to α6 integrins prior to A2t binding and

internalization can be linked to the local recruitment of A2t to the cell membrane. For

example, it has been shown that binding and clustering of α6β1/4 integrins cause the

recruitment of talin and facilitate the activation of focal adhesion kinase (FAK) (69), which

plays an important role in HPV16 infection (70). Talin directly interacts with and activates

phosphatidylinositol 4-phosphate, 5-kinase (PIP5K) (71, 72), which then catalyzes the focal

production of phosphatidylinositol (4,5)-bisphosphate (PIP2) (73). Of note, it was

demonstrated that PIP2 actively recruits A2t to specific regions of the cell membrane (74,

75). As mentioned above, early HPV16-integrin binding activates FAK, which in turn

activates src-family kinases (SFK) (69, 76). Importantly, it was shown that SFK regulates

the translocation of the A2t to the cell surface both in vitro and in vivo (45). Now, we can

begin to see a hypothetical signal cascade in which the binding of HPV16 to the cell surface

leads to the local recruitment and subsequent translocation of A2t to the cell surface to

which HPV16 can then bind. This HPV16-induced local recruitment of A2t may lead to the

suppression of LC maturation observed in our exogenous A2t experiments and perhaps

initiates clathrin-, caveolin-, lipid raft-, flotillin-, cholesterol-, dynamin-independent

endocytosis of HPV16.

Protein-protein interactions are key players in cellular processes, and are increasingly targets

for small molecule discovery. The interaction between anxA2 and S100A10 has been well

characterized by mutagenesis and crystallography (77, 78). In the current study, we show

that LC derived from primary human PBMC express both proteins, and it has previously

been reported that S100A10 is highly expressed by LC derived from umbilical blood CD34+

progenitor cells (47), and the S100 family of proteins is commonly used as an LC marker in

vivo (79, 80), indicating similarities in the expression of A2t in LC from tissue in vivo and

cellular progenitors in vitro. The 14 residue N-terminal region of two separate anxA2

molecules bind, primarily through hydrophobic interactions, to two binding pockets created
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by S100A10 dimerization. Recently, a group used a ligand-guided method and information

about the topological arrangement of chemical features of the anxA2 N-terminus to

successfully identify compounds that are able to compete with the binding of the anxA2 N-

terminus to S100A10 (56). The most efficient of these A2t small molecule inhibitors (A2ti)

was used to disrupt A2t on LC and was shown to effectively prevent HPV16-induced

immune suppression.

Aside from HPV16, anxA2 has been shown to play a role in the binding and uptake of a

variety of different viruses including human cytomegalovirus, respiratory syncytial virus,

enterovirus 71, and was shown to be a cofactor for HIV-1 infection (58, 81–84). Like

HPV16, HIV is another virus that specifically targets LC during infection (59), which may

have implications in HIV-HPV co-infections through targeting of the same receptor and cell

type. Though unknown for other viruses, it is unlikely that HPV16 binding to A2t is

mediated indirectly by association with other cell surface binding proteins, because we have

previously reported a strong direct interaction exists between the L2 protein and A2t in the

absence of other cellular proteins (38). Our findings herein are the first to identify A2t as an

HPV16 receptor on LC, and represent the first demonstration of specifically targeting A2t to

overcome HPV16-induced immune suppression. Interestingly, our lab has recently

demonstrated that LC exposed to capsids of HPV types 18, 31, 45, 11, and HPV5 similarly

suppress LC activation (85), and future research will aim to determine if A2t is involved.

The targeted inhibition of A2t in viral studies is both exciting and promising, and ongoing

studies are currently underway to test the ability of A2ti to prevent HPV16 infection of

epithelial cells, and in the future, the targeted inhibition of A2t may have broad anti-viral

implications.
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Figure 1. The HPV16 L2108-126 peptide reduces binding of HPV16L1L2 VLP and binds to A2t
on LC
A. LC were left untreated or were treated with the L2108-126 or scrambled peptide and

subsequently incubated with HPV16L1L2 VLP. After washing, HPV16L1L2 VLP

remaining on the surface of LC were detected using an L1 specific conformational antibody

(H16.V5). Binding was assessed by flow cytometry. These data are expressed as the mean of

three separate experiments ± SEM (*P < 0.05 as determined by a two-tailed, unpaired t-test,

as compared to untreated LC). B. LC were incubated with either no peptide or (6x)His-

L2108-126 peptide and subsequently cross-linked with DTSSP. Cells were then lysed and

mixed with a Ni-NTA agarose slurry overnight and eluted. Eluates were then

electrophoresed, transferred to nitrocellulose and probed with either an anti-AnxA2 or an

anti-S100A10 antibody. One representative experiment of three is shown.
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Figure 2. SLPI reduces the uptake of HPV16L1L2 VLP by LC
A. LC were left untreated (gray line) or treated with SLPI (30 μg/ml), then incubated with

CFDA-SE labeled HPV16L1 or HPV16L1L2 VLP (black lines) for 15 min and

internalization was assessed via flow cytometry. B. LC were incubated with SLPI (30 μg/

ml), then incubated with CFDA-SE labeled HPV16L1, HPV16L1L2, or H16.V5 neutralized

HPV16L1 or HPV16L1L2 VLP for 15 min. Uptake of CFDA-SE labeled VLP by LC was

assessed by flow cytometry and normalized to untreated LC. The mean percentage of uptake

± SEM of three separate experiments is presented (*P < 0.05 by a two-tailed, unpaired t-test,

as compared to the untreated LC).
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Figure 3. Downregulation of anxA2 reduces uptake of HPV16L1L2 VLP
A. LC were transfected without siRNA (untreated), with control siRNA or an anti-anxA2

siRNA SMARTpool. The cells were incubated for 5 days before analysis of anxA2 protein

expression by Western blot. Beta-actin served as the loading control. One representative

experiment of four is shown. B. LC were transfected without siRNA (untreated), with Non-

Target siRNA or with an anti-anxA2 siRNA SMARTpool. The cells were incubated for 5

days and exposed to CFDA-SE labeled HPV16 L1L2 VLP, or HPV16 L2 mutant VLP for

45 min. Uptake was assessed by flow cytometry normalized to untreated LC. These data are
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representative examples of three experiments performed in triplicate shown as the mean ±

SD (**P < 0.01 as determined by a two-tailed, unpaired t-test, as compared to untreated LC)
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Figure 4. Expression of MHC II on LC treated with wildtype HPV16 or L2 mutant HPV16 PsV
A. LC were either left untreated (grey lines), treated with LPS, HPV16 wild-type (WT) PsV,

or HPV16 L2 mutant PsV (black lines). After 48 hr, the cell surface expression of MHC II

was and analyzed by flow cytometry. The HPV16 L2 mutant PsV and LPS caused

phenotypic activation of LC compared to untreated cells while there was a slight decrease in

MHC II expression in WT HPV16PsV treated LC. Isotype controls are shown as grey dotted

lines B. The mean fluorescent intensity (MFI) of MHC II-FITC stained cells was 624 for

WT PsV and 837 for HPV16 L2 mutant PsV with p = 0.04 as determined by a two-tailed,

unpaired t-test, for the means of 3 independent experiments. C. LC were either left

untreated, treated with LPS, HPV16 WT PsV, or HPV16 L2 mutant PsV. After 48 hr, the

cell surface expression of CD86 was and analyzed by flow cytometry. The HPV16 L2

mutant PsV caused a significantly greater expression of CD86 compared to WT HPV16

VLP (p<0.05 as determined by a two-tailed, unpaired t-test, for the means of 3 independent

experiments).
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Figure 5. Exogenous A2t suppresses LC immune function
A. LC exposed to A2t show reduced surface expression of MHC II compared to untreated

LC and LC exposed to annexin A2 or S100A10. LC were left untreated (Unt.) or incubated

with LPS, A2t, Annexin A2, or S100A10 and subsequently analyzed via flow cytometry for

the change in expression of MHC II. The mean of three experiments ± SD is presented (*P <

0.05 as determined by a two-tailed, unpaired t-test, as compared to untreated LC). B. A2t

induces an immune suppressive signal transduction cascade in LC. LC were left untreated

(Unt.) or incubated with LPS or A2t for 15 min. Cellular lysates were isolated and subjected

to Immuno-blot analysis demonstrating a reduction in pAKT in the A2t treated cells. One

representative example of three is shown.
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Figure 6. Inhibition of A2t prevents HPV16-induced immune suppression of LC
A. Inhibition of A2t increases immunogenicity of HPV16 PsV. LC were left untreated

(Unt.), or treated with LPS, HPV16 PsV, or treated with increasing concentrations of A2t

inhibitor (A2ti) alone or A2ti prior to exposure to HPV16 PsV and subsequently analyzed

via flow cytometry for the change in expression of MHC II and CD86. B. LC exposed to

A2ti and HPV16 PsV show increased secretion of Th1-associated chemokines compared to

LC treated with HPV16 PsV alone. LC were left untreated (Unt.) or treated with LPS,

HPV16 PsV, A2ti (25 μM), or A2ti plus HPV16 PsV. Supernatants were collected at 48

hours and analyzed in triplicate for the presence of cytokines and chemokines. These data

are a representative example of an experiment performed three times expressed as the mean

concentration ± SD (**P < 0.01, ***P < 0.001 as determined by a two-tailed, unpaired t-

test, as compared to HPV16 PsV only treated LC).
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Table I
LC exposed to A2t show reduced secretion of Th1-associated cytokines compared to
controls

LC were left untreated or incubated with LPS or A2t. Supernatants were collected at 48 hours and analyzed in

triplicate for the presence of cytokines and chemokines.

Untreated LPS A2t

IL-6 <LL 2469 ± 86 <LL

IL-8 718 ± 36 3927 ± 543 1239 ± 54**

IL-12 <LL 6 ± 0 <LL

TNF-α 8 ± 1 3721 ± 124 12 ± 3

MCP1 862 ± 40 6189 ± 298 81 ± 6***

MIP-1α 58 ± 3 2612 ± 431 34 ± 2***

MIP-1β 56 ± 7 4900 ± 384 49 ± 3

IP10 189 ± 2 761 ± 10 14 ± 1***

RANTES 125 ± 9 2541 ± 92 ± 8**

These data are a representative example of an experiment performed three times expressed as the mean concentration ± SD (**P<0.01, ***P <
0.001 as determined by a two-tailed, unpaired t-test, as compared to untreated LC).

J Immunol. Author manuscript; available in PMC 2015 May 15.


