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Abstract 

The early stages of Human Papillomavirus infection proceeds through a series of 

steps that involve interactions between cell surface molecules and viral capsid proteins. 

While the role of viral protein Ll in internalization ofthe virus has been well 

characterized, the role of minor capsid protein L2 in internalization and infection is less 

clear. However, cleavage of L2 by furin, a proprotein convertase, and the resulting 

exposure of an N-terminal region, the RG-l epitope, has been shown to be a critical step 

in infection. In this study, we aimed to explicitly show furin cleavage during infection 

and identify the cellular conditions required for this cleavage event and establishment 

of infection. An assay to detect furin cleavage of L2 was developed, and for the first 

time, furin cleavage was directly shown during infection. In vivo data suggests that 

cyclophilin B, a peptidyl-prolyl isomerase believed to playa role in the conformational 

changes that occur prior to internalization, may playa less prominent role than 

previously thought. Understanding the role of L2 in entry and infection provides a more 

comprehensive picture of the mechanism of papillomavirus infection and exposure of 

the RG-l epitope, the major target for next-generation broadly protective pan-HPV 

vaccines. 



Introduction 

Human Papillomavirus (HPV) is the most commonly sexually transmitted infection both 

in the United States and globally. Although infection is typically subclinical, 13-18 of the 

over 40 known HPV types are considered to present a high oncogenic risk (1), and the 

virus is the principal etiologic agent for approximately 50% of all cervical cancers. More 

recently, HPV has also been shown to playa role in cancers ofthe head and neck (2). 

Human papillomaviruses are a large family of non-enveloped double-stranded DNA 

viruses. The isocahedral protein coat of HPV consists of 72 pentamers of the highly 

conserved major capsid protein L1 and variable numbers (up to 72) of minor capsid 

protein L2, localized on the inner surface ofthe capsid (3). There is evidence that 

indicates that papillomavirus entry occurs via clathrin-dependent receptor-mediated 

endocytosis involving multiple receptors (4). During infection in vivo, binding to the 

basement membrane and later the epithelial cell surface induces conformational 

changes in L1 and L2, which are required for interaction with the unknown secondary 

receptor and entry into the cell. In cultured cell lines, virions can bind directly to the cell 

surface, but undergo a very similar series of conformational changes and proteolytic 

cleavages before being transferred to the secondary receptor (5). After viral entry, 

acidification of the endosome initiates the disassembly of the viral capsid, and an 

L2/genome complex escapes into the cytoplasm and enters the nucleus to localize at 

nuclear domain 10 and initiate viral gene transcription. Although this general 

mechanism for viral entry and infection is well-recognized, the exact timeline and 

mechanism of HPV interaction with cell surface proteins prior to internalization remains 

unclear, and is the focus of our research. 

During early infection in vivo, the L1 capsid binds to heparin sulfate proteoglycans 

(HSPGs) on the basement membrane (in vivo) or cell surface (in vitro). This binding event 

induces an important conformational change that exposes the N-terminus of L2 for 

cleavage by furin, a proprotein convertase, at a consensus site (RxxR) that is completely 



conserved across all known human papillomavirus types (6). Consistent with this model 

for entry is the observation that furin-precleavage of virions or treatment with 

exogenous furin can bypass the necessity for HSPG interaction (7). While it has been 

shown that HSPGs are required for initial binding of the virus to cells, they are not 

directly involved in viral internalization and there is evidence that suggests the 

involvement of a second receptor that mediates viral entry into the cell. The nature of 

HSPGs- as non-specific, ubiquitous components of the extracellular matrix and the cell 

surface of many cell types- make it likely as a binding receptor but strongly suggest the 

existence of a more specific entry receptor located on the cell surface (8). The slow and 

asynchronous nature of papillomavirus internalization also fits with the multiple

receptor hypothesis, particularly ifthe second, more specific entry receptor is scantly 

distributed on the epithelial cell surface (9). This secondary receptor is thought to 

interact primarily with L1, based on experiments in which L1-only virus particles bind 

and enter cells in a manner similar to particles containing both L1 and L2 (4). 

Upon cleavage by furin, a 21-amino acid region located upstream ofthe cleavage site, 

the RG-1 epitope, is exposed. This region of L2 is inaccessible in mature virions, in order 

to prevent host antibody response to the virus prior to binding and entry into host cells 

(10). In previous experiments in murine models in which furin activity is blocked and the 

RG-1 epitope remains unexposed, the virus retains the ability to bind the BM but 

prevents binding to the epithelial cell surface (11), suggesting a possible role for L2 in 

facilitating transfer of the capsid to the unknown secondary receptor in vivo. Blocking 

furin activity also has consequences in the later steps of infection. In experiments in 

which furin has been inhibited, viruses can enter the cell but fail to escape the 

endosome, suggesting that furin cleavage and the subsequent exposure of RG-1 is 

required for endosomal penetration of L2/vDNA and the establishment of infection (12). 

A peptidylproline isomerase located on the cell surface, cyclophilin B, has also been 

identified as playing a role in the conformational changes that allow for internalization 



of HPV. Cyclophilins are a class of proteins that facilitate the events involved in protein 

folding and processing, and the most abundant of these are cyclophilins A and B. 

Cyclophilins are peptidyl-prolyl isomerases, catalyzing the switch of proline-containing 

substrates from the cis- to the trans- conformation, a structural shift that imparts a 

major directional change to the substrate peptide chain. Cyclophilin A is located in the 

cytoplasm, and cyclophilin B is present in the endoplasmic reticulum and can be 

secreted to localize on the cell surface in complex with HSPGs. Previous studies have 

shown that inhibiting cyclophilin B allows for internalization but prevents infection by 

blocking exposure ofthe RG-1 epitope (10). However, it is not known whether 

cyclophilin B activity is required for furin cleavage of L2 or if furin cleavage precedes and 

is necessary for cyclophilin B modification of virions. 

Our project aims to elucidate the complex relationships between HSPG binding, L2 

interaction with furin and cyclophilin B, and RG1 exposure in papillomavirus infection. 

These relationships not only provide considerable insight into the infectious process, but 

also have significant clinical implications. While the current HPV vaccine is based on L1-

only virus-like particles (VLPs), vaccines based on L2 have the potential to induce 

broadly genotype cross-neutralizing antibodies, capable of protecting against multiple 

HPV genotypes. The epitopes that induce this immune response are highly conserved 

and located in the RG-1 region (13). The multiple-receptor mechanism for infection, 

wherein the RG-1 epitope must become accessible in order to bind the secondary 

receptor, and the prolonged exposure of this region of L2 during the slow and 

asynchronous process of infection provide the basis for an effective L2-based 

prophylactic vaccine. 



Materials and Methods 

General cell culture 

An immortalized human keratinocyte line, HaCaT, is grown in high glucose Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% bovine growth serum and 

antibiotics/antimycotics. A Chinese Hamster Ovary cell line, CHO, was grown in Ham's 

F12-K medium supplemented with 10% fetal bovine serum and antibiotics. 293TT cells 

were grown in DMEM high glucose media supplemented by 10% bovine growth serum 

and antibiotics/antimycotics and maintained with O.4ug/mL Hygromycin B (Omega, HG-

80). 

Cloning of PSTCD-L2 

The codon-optimized L2 cDNA was PCR amplified from the pXULL expression plasmid, 

deleting the ATG start codon and introducing unique Kpnl and AatJ/ restriction sites for 

fusion of sequences to the N-terminus of L2. The engineered L2 was re-cloned back into 

pXULL with Natl and feaRI, replacing the L2 ORF in pXULL. The lO-residue PSTCD ORF 

was then PCR-cloned with Kpnl and AatJ/ from plasmid pAd-Red-IX-PSTCD (Campos ref 

14), introducing a new ATG start. The resulting plasmid, pXULL-PSTCD-L2 encodes a 

PSTCD-L2 fusion in place of the wt L2 ORF, 

Preparation of Reporter Viruses 

Virions containing the luciferase reporter plasmid pGL3 and either the wild type L2 gene 

or the PSTCD-L2 gene were generated by calcium phosphate transfection of 293TT cells 

with pXULL-based L1/L2 expression plasmids, and purified by cesium chloride gradient 

ultracentrifugation. Quantification of L1 and L2 or L2-PSTCD capsid proteins was 

performed by comparison against BSA standards on SDS-PAGE gel using Coomassie 

staining. Genome quantification was performed by SYBR green qPCR with primers 

against the luciferase gene of pGL3. 



Viral infection and luciferase assay (HaCaT and CHO celilinesl 

HaCaT or CHO cells were plated in a 24-well plate in complete DMEM media 

supplemented with 10% fetal bovine serum (FBS). Cells were infected in 1ml of this 

same media with 3.0 x 108 viral genomes per well and incubated at 37" C. At 24 hours, 

cells are lysed in lOOul Reporter lysis Buffer and assayed for luciferase activity using a 

DTX-800 multimode plate reader (Beckman-Coulter). Infections were plated and 

performed in triplicate and normalized results presented as mean luciferase activity +/

standard deviations. 

In Vitro furin cleavage assays 

1.5 x 1010 PSTCD-l2 virions were incubated in a 7.5pH HEPES buffer for 6 hours at 37° C 

with various combinations ofthe following: 1 unit purified furin enzyme (Enzo, SE-536), 

cyclophilin B enzyme (ProSpec, ENX-313), and varying dilutions of soluble heparin 

sodium salt (Sigma, H4784). Furin and cyclophilin B inhibition experiments were 

performed by adding dRVKR (CaIBiochem, 239835), Hexa-d-arginine (CaIBiochem, 

344931), and cyclosporin A at concentrations of 25 uM, 100 uM, and 10 uM, 

respectively. A non-reducing, non-denaturing SDS-PAGE buffer was added to the lysate 

and the samples were heated to 95° C for 5 minutes before being run on a 10% 

polyacrylamide SDS-PAGE gel. The gel was transferred to a nitrocellulose membrane 

and blocked in a 5% dry milk-TBST mixture. Mouse K4 primary antibody (a kind gift from 

Martin Miiller, DKFZ, Germany) was used at a 1:5000 dilution in a 20% block solution of 

TBST, 4% dry milk, 4% BSA, and 1% goat serum. IRDye 800CW goat anti-mouse 

secondary antibody was used at 1:10,000 in a 5% milk-TBST block solution. Images were 

obtained using the LI-COR far IR-dye scanner and processed using LI-COR Odyssey 

software. 

Continuous infection timecourse and detection of l2 with K4 antibody via western blot 

HaCaT cells were plated in a 12-well plate in complete DMEM media supplemented with 

10% BGS and infected with 3.0 x 108 l2-PSTCD viral genomes per well. Cells were 



harvested and lysed in 100ul of a combination of cell lysis buffer and non-reducing, 

non-denaturing 50S-PAGE buffer at five timepoints (30 minutes, 2 hours, 4 hours, 

8hours, and 16 hours). The samples were heated to 95' C for 5 minutes before being run 

on a 10% acrylamide 50S-PAGE gel. A western blot using K4 primary antibody was 

performed using the same method as above. 

In Vivo Furin Cleavage Assays with Furin and Cyclophilin Inhibitors 

HaCaT cells were plated in a 12-well plate in complete OMEM media supplemented with 

10% BGS and infected with 3.0 x 108 l2-PSTCO viral genomes per well. Furin inhibitors 

dRVKR and hexa-d-arginine were added to concentrations of 2SuM and 100uM, 

respectively, cyclosporin A was added to a concentration of 10uM. After 24 hours, cells 

were harvested and lysed in lOOul of a combination of cell lysis buffer and non

reducing, non-denaturing 50S-PAGE buffer. The samples were heated to 95' C for 5 

minutes before being run on a 10% acrylamide 50S-PAGE gel. A western blot using K4 

primary antibody was performed using the same method as above. 

Viral Infection with Cyclophilin Band Furin Inhibitors 

HaCaT cells were plated in a 24-well plate in complete OMEM media supplemented with 

10% fetal bovine serum (FBS). Cells were infected in 1ml of this same media with 3.0 x 

108 viral genomes per well, and furin inhibitors (dRVKR, 25uM, and hexa-d-arginine, 

100uM) and cyclophilin inhibitor (10uM) were added. After incubation at 37' C for 24 

hours, cells are lysed in 100ul Reporter lysis Buffer and assayed for luciferase activity 

using a OTX-800 multi mode plate reader (Beckman-Coulter). 



Results 

PSTCD-L2 Viruses Infect Human Keratinocyte Cells. 

To create "furin reporter" viruses, we fused a 70-residue Propionibacterium shermanii 

transcarboxylase domain (PSTCD) to the N-terminal end of the L2 protein (Figure 1a). 

PSTCD has been successfully used as a fusion tag within various viral capsid proteins (14) 

(15), and its size and structure were ideal for our purposes: a small compact ~-sandwich 

fold (16) that is large enough to cause a visible size shift on a polyacrylamide gel when 

cleaved at the furin consensus site. Furin reporter and wild type papillomaviruses were 

generated side-by-side via calcium phosphate transfection of 293TT cells with plasm ids 

containing the genes for L1 protein, L2 or PSTCD-L2 protein, and a luciferase reporter 

plasmid that is packaged within nascent virions and will be expressed by the host cell 

upon virus infection. SDS-PAGE gels and Western blot of purified wild type virus showed 

the appropriate-sized bands for L1 (SOkDa) and L2 (67kDa) proteins when 

immunostained with antisera against L1/L2 capsids (Figure 1b). SDS-PAGE and Western 

blot of the PSTCD-L2 virus showed the expected L2 size shift of 9 kDa (total L2 weight, 

76kDa) and suggested that fusion of the PSTCD to the N-terminus of L2 caused no 

defects in virus particle assembly or encapsidation of L2. A side-by-side infection was 

performed in a human keratinocyte cell line with wild type and PSTCD-L2 viruses, to 

ensure that the PSTCD-L2 virus was infectious. A luciferase assay showed that the 

PSTCD-L2 virus retained the ability to infect human keratinocyte cells (Figure 1c). 



 

     



Elrly studies with the PSTCD-Ll virus showed reduced levels of InfectMty after 

prolo~ storqe at 4-c, I temperature It which wild type virus Is stable and retains 

infectivity for extended periods ohime. To confirm Ind to better qUlntifythis observed 

10SIi oflnfectivlty, weekly Infections were performed with PSTCD-Ll virus thit WlS 

stored at 4·C and compared to wild type infectivity levels. PSTCD-Ll viAlSes show a 

continuous loss of infectivity over approximately the firJt three weeks of storap at 4-C 

to approximately SO% of wild type Infectivity (Fllure 2). This loss of Infectious ability 

may Indicate the presence of a dme-dependent stability defect thlt Iiten the Jtructure 

of Ll. After this defect was dllCOVered, n_vlrus was lenerated, Illquoted, and stored 

at-8O"C and muldple freeze/thaw cycles were lvolded. 

.. .. 
" 

o L-__ 
~ , 

In!«tivity of PSTCD-L2 and Wild Ty~ Vlru •• "ora,~ at 4· C 

- ., 

" " " .,. .... " ........ >c 

FIfIuN 1: CIJIIIfIarJsaII of In/fttIIIIt1 at PSTCD-U tmd 'IIIIId t)'pI vIrw stored III: 4"C. Both 
vIr/Jse$ weti!' stDred at 40e and ~~ weekly for InfectMty. 3.0 x 1(/ PSrCD-l2 and wild 
type vlt'Q1 f1I!nomes weti!' used to Infect HaCaT cells. Aluclferae QSSQ)I was petfotmed 24 
haurs pcJSt-/nfectIon.lnfedlons weti!' performed In triplicate, wIrtr PSTCD-llinfectlon 
dora nomtrllized to wild !)'pI! Infection /ellflis. The PSrCD-ll virus shows a loss af 
InfectIous captldty beglnnlnri/ a INfll!k after stDrt1f1I! and loses IlCf:IvIty continuousI)' CNef 

the foIIDwlrIri/ thn:1! INfltlics. 
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parent line, demonstrating the requirement for HSPGs in infection with the PSTCD-L2 
virus. 

Furin Cleavage in vitro. 

To determine if we could detect furin cleavage in vitro, we added purified furin to 

combinations of PSTCD-L2 virus and furin inhibitors, dRVKR and hexa-d-arginine. dRVKR 

is a peptidyl chloromethylketone that mimics the consensus sequence for furin 

cleavage, irreversibly binding to the catalytic site of furin and eliminating its proteolytic 

capacity. A second inhibitor, hexa-d-arginine, acts as a competitive inhibitor of furin and 

other related proprotein convertases. While hexa-d-arginine cannot penetrate the cell 

surface, dRVKR can inhibit both intracellular and extracellular furin cleavage. After a 6-

hour incubation, samples were run on an SDS-PAGE gel to determine the extent of L2 

cleavage in the presence ofthe inhibitors. The blot was probed with K4, a primary 

antibody to the RGl epitope of L2. The upper band (at approximately 76 kDa) 

represents full-length PSTCD-L2 and the lower band represents furin-cleaved L2. 

Efficient cleavage of L2 was observed with only furin and PSCTD-L2 virus in buffer, which 

was an unexpected result. In viva, interaction with HSPGs is believed to expose the N

terminus for cleavage by furin. dRVKR effectively inhibited furin cleavage almost 

entirely, while hexa-d-arginine blocked cleavage only partially, even at high 

concentrations (Figure 4b, lanes 3 and 4-7). 

Although our data showed evidence of robust furin cleavage with only virus and purified 

furin enzyme, we also wanted to evaluate the effect of cyclophilin B (CypB) on cleavage, 

as it has been shown to be involved in the exposure of the RGl epitope and has been 

therefore identified as necessary for infection. We found that the addition of cyclophilin 

B enhances cleavage in vitro, perhaps indicating that its presence induces some 

structural change in L2 that facilitates cleavage. We also wished to test the 

effectiveness of a cyclophilin B inhibitor, cyclosporin A (CsA). CsA appeared to have no 

effect on furin cleavage in the presence of CypB (Figure 4c, lane 7). However, a negative 



control containing only virus, furin, and CsA showed that, curiously, the addition CsA 

may enhance cleavage of L2 (Figure 4c, lane 6). Thus, it is difficult to make any 

conclusions about the samples in which CsA is used as a means to inhibit Cyp8 activity. 

Although we demonstrated a clear heparin-dependency of infection in vivo, we wanted 

to determine if there was a heparin requirement for furin cleavase in lIitro. We added 

various concentrations of a soluble heparin salt to PSTCD-L2 virus and purified furln. 

Heparin appeared to have a negligible effect on furin cleavage of PSTCO-L2 when added 

In quantities up to 100 times the number of expected heparin binding sites per viral 

capsid (Figure 4.1, lanes 3-4; and 4c, lanes 4-5, 7-8). 

b. 

75'D, 4 - ::::======== 
Figure 4: In witro cIeavGp af PSTCD-L2. Reactions were performed in a totoillolume of 
15 ilL. 1 unIt of turin enzyme was added to a solution 1.5 x ufO PSTCD-l2 IIlrus particles 
in HEPES buffer. and IIOrious combinations of inhibitors and enzymes were added. 



Addition of 5.6 x 10'" molecules of heparin was used to achieve a sub-saturating heparin 
concentration ([heparin) low}, assuming 760 binding sites for heparin per viral capsid. 
3.5 x lUiJ molecules of heparin were added to achieve a saturating concentration 
([heparin) high} of heparin. CypB was added at a concentration of 170 nM. Enzyme 
Inhibitors dRVKR, Hexa-li-arglnine, and cyclosporln A were added at concentrations of 25 
pM, 25-200 pM, and 10 JiM, respectively. Samples were incubated at 3rCfor 6 hours, 
and run on an 5D5-PAGE gel under reducing and denaturing conditions. K4 immunoblot 
shows turln-cleaved (lower band) and uncleaved L2 {upper bond}. (AJ In vitro furin 
cleavage con be seen using this method, and appears independent of heparin at the 
concentrations used. {B} dRVKR shows Inhibition atturln cleavage, hexa-d-arglnlne 
shows incomplete blockage of cleavage even at high concentrations {250pM}. (el 
Cyclophilin 8 appears to enhance cleavage, and this enhancement is not affected by the 
addition of CsA {although the negative control, with only virus, furin, and CsA shows an 
unexpected increase in turin deavage}. All cleavage appears independent of heparin at 
the concentrations used. 

In Vivo Furin Cleavage of PSTCD-L2 During Infection. 

After successfully showing furln cieavage In vitro, we aimed to show cieavage In vivo by 

Infecting the HacaT and CHO-Kl cell lines with our PSTCD-L2 virus and monitoring L2 

size by western blot. At 6 hours post-infection, robust cieavage is visible in both cell 

lines (Figure 5, lanes 5 and 7), confirming the functionality of this assay for testing furin 

cleavage in vivo. This Is the first time, to our knowledge, that furln cieavaae of L2 has 

been explicitly shown during infection. 

1h 6h 

CHO-Kl HaCaT CHO-Kl HaCaT 

PSTCD-l 2 M PSTCD·l2 M PSTCD-l 2 M PSTCD·l2 M 

75kD'i-L _____ .... _________ .... __________________ ~ _______ ---__ ~ 
Figure 5: Furin dNtfGge durin, inJection oj HfJClIT lind CHo-Kl celllin~s. HaCaT and 
CHO-Kl cells were infected with 1.5 x lUo PSTCD-L2 virus particles. Mock somples were 
not Infected. Ceillysates were harvested 24 hours post-Infection ond run on an 50s-PAGE 
gel under denaturing and reducing conditions. K4 immunoblot shows furin-cleaved 



(lower band) and uncleaved L2 (upper band). At 1 hour. minimal cleavage Is observed; at 
6 hours, bands representing cleaved L2 can be seen clearly. 

Althou8h preliminary tests of the furin cleava8e assay in 'Iivo showed a sizable L2 

cleavage product at 6 hours, we aimed to create a more detailed timeline offurin 

cleava8e durin8 infection. In order to do this, we assayed for cleava8e of L2 at five 

different time points during infection with the PSTCD-L2 virus. Cleavage was detected as 

early as 30 minutes post-infection, and robust cleava8e is observed at 4 and 6 hours 

post-infection (Figure 6, lanes 4-5). Increasing amounts of L2 cleavage product were 

observed as infection progressed. 

Figure 6: Furin cleavage durin8 continuous infection of HaCaT cells. 

Mock 30min 2h, 4h, 6h, 8h, 16hr 

7S kDa _ .,.. 

F""u~ 6; Furin ~ during continuous ;,t!et:6on 0/ HoCaT t:el&. HaCaT ~//S were 
injec:ml with 1.5 J( 1(10 PSTCD-L2 virus particles, and celllysates were harvested at 
3Ominutes, 2 hours, 4 hout'S, 6 hout'S, 8 hout'S and 16 hours post-injection. Samples were 
run on on SDS-PAGE gel under reducing and denaturing conditions, and K4 
immunoblotting shows increasing intensity 0/ the cleaved L2 band as infection 
progresses. Furin clea'IDge of L2 con be seen as early as 30 minutes post-injection, and 
4096 clea'IDge is observed by 16 hours. 

Requirements for In Vivo Furln Cleavage. 

The Inhibitors used In the In vitro experiments were tested for their effects on 

furln cleavage during Infection with the P5TCD-L2 virus In HaCaT cells. Predictably, both 

dRVKR and hexa-d-arglnlne blocked cleavage of L2/n 'Ilvo. dRVKR blocked furln activity 

more effectively than hexa-d-arginine, consistent with the results from the in vitro 



experiments (Figure 7, lanes 3-4). Notably, the cyclophilin inhibitor CsA, had no effect on 

furin cleavage (Figure 7, lane 5), arguing that cell surface cyclophilins play no role in 

furin cleavage although previous work suggests a role for cyclophilin B in RG-1 epitope 

exposure (10). It is also notable that CsA seemed to show some toxicity to the infected 

HaCaT cells (cells were alive and attached but displayed some rounding). As a result, it is 

challenging to draw definitive conclusions regarding the effects of inhibiting CypB on 

furin cleavage and further work is needed to confirm our findings. Our results suggest 

that cell-surface CypB perhaps plays a less prominent role in furin cleavage than 

previously thought. 

Two neutralizing antibodies that inhibit infection through different mechanisms were 

tested for their effect on furin cleavage. The V5 antibody binds to L1, preventing 

transfer to the entry receptor and internalization of the virus, but still allows for initial 

binding to HSPGs. Previous studies have shown that during infection in the presence of 

V5 antibody, virus particles are effectively 'trapped' on the cell surface and unable to 

enter the cell (17). At a concentration of 1:5000, we found that V5 blocks furin cleavage 

entirely (Figure 7, lane 6). It is possible that V5 binding to L1 prevents a conformational 

change that must occur for furin cleavage of L2 to occur, or perhaps that binding of V5 

sterically hinders the interaction of furin with the correct portion of L2. Our findings 

support the conclusions of Day et al.(17) who showed that V5 neutralization effectively 

blocks RG-1 epitope exposure. 

The K4 antibody binds to the RG1 epitope of L2, which is exposed transiently as a result 

of furin cleavage prior to internalization of the virus. At a concentration of 1:5000, the 

presence of K4 significantly enhances furin cleavage (Figure 7, lane 7). This is a curious 

result, but perhaps blocking virus internalization through K4 neutralization causes 

accumulation of virus at an extracellular locale whereby virions are still vulnerable to 

furin cleavage. Indeed, previous work on the mechanisms of RG-1 neutralization (K4 and 

RG-1 antibodies both bind the RG-1 epitope) have shown that virus particles are blocked 



for entry and become St!questered on the ECM(17). Our data suggests these K4-

neutralized, ECM-bound virions, are further processed by furin. 

+ inhibitors + antibodies 
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FlfUIY 7: In llillO dt!fWminants tl/furin cIeavogt!. HaCaT cells weI? injected with 1.5 x 
1(tO PSTCD-L2 virus particles and inhibitors/antibodies weI? added. dRVKIt hexo-d
arginine, and (sA were used in the same concentrations as in the in vitro experiments: 
25 ",M, l00JJM, and 10,.,M, I?spective/y. The V5 and K4 antibodies weI? both used at 
dilutions oj 1:5000. Ceillysates weI? harvested 24 hours after injection and run on an 
5DS-PAGE gel under reducing and denaturing conditions. Immunobfotting was 
performed with the K4 antibody. dRVKR bloclced lurin c1ea'lOge more ef/t!ctitle/y than 
hexo-d-orginine. (sA did not appear to I?duce lurin cfea'lOge. The V5 antibody, which 
binds to Ll, blocked lurin c1t!QWlge entil?fy, and the K4 antibody, which binds to the RGl 
epitope oj L2, seemed to enhance lurin c1ea'lOge. HA (human influenza hemagfuttinin), 
an irrefe'lOnt antibody, served as a negatitle control. 

To test the effects of inhibiting furin and cyclophilins on infection, cells were infected 

with the PSTCD-L2 virus In the presence of the Inhibitors used In the In vitro 

experiments. The two furln Inhibitors were used to determine the location of furln 

cleavage of L2. The cell-permeable furln Inhibitor (dRVKR) reduced Infection by 

approximately 2a-fold, and the non-cell-permeable furln Inhibitor (hexa-<!-arglnlne) 

reduced Infection by approximately Hold (Figure 8). These results Indicate that 

blocking extracellular furtn cleavage does Inhibit Infection. However, few conclusions 

can be drawn about what portion, If any, of furln cleavage may take place Intracellularty, 

because dRVKR showed more complete Inhibition of furln cleavage than hexa-d-arglnlne 



In oifm Thu," tile 1_ de!ll'ft oflnhlbltion seen w1tll dRVKR could be due to the 

more complelll! blodAp offurtn deWilteo Instead of the DCl:urrence ofilibacellulir 

furtn dill ..... CIA bloc1a!d Infection almost entirely, clemonstrati,..the requirement 

fDrqo:lophlllnsln 1""'<IIon (I'IpJre II. The V5 Ind K4lnt1bodles were IIID _d for 

their abll1ty'to Inhibit 1""'<IIon. IIoth Intibodles neutrlllzRllnfed:lon almort entirely 

(Fllurel). 

Inf..:tion with Inhibitor. and N~utrall.ln. AntibodiM 

v .... _ "." "'~'" " 
Iir,~""AI/ . ' .... rs.W-UttffM" FcoollhrlllDlu,lII'nlLD I L • 
...... fA, HaOIT r;ds ~ IrJ[rctH IIIft/r 3.0x 1" PS1tI).l.2 "tIraI1/M",ues In tripbM 
<lIId Inh/bnanjfantlbDdles -... <HkIn. dflWII,. h~e. rmd CIA ...., usn It! 
flrt Jamt _ntnIlfoM as In tilt In I/Itn:I etpfIfmfnts: 2511M.. l~ IIIId 10 11M.. 
resp«tM1y. T1rfI ~ tIIId "" QtltIbodIes ...., wed at II dIIvtIott gf1:sooo. ~TfM 
fJSSIIY _ p",P",;ul241tours crftu'~'"cliD4 crnd ",suits "'" ~ as mean IlLI4 
+/nmmdtml dft'IIItlCllr. 1ICltIr/Urin IIIIIIbIfI!In, da'tVICII tIIId ~ mJutJH 
In/MSon lIS CIqJ«'tIed. Q.-\ ~ tIIId "" GlllIIodtd IIJjec:t/otr crIIriOft encnly. 



Discussion 

In this study, we have successfully developed a system for detecting furin cleavage both 

in vitro and in vivo, and have shown direct furin cleavage of L2 during infection for the 

first time. We have discovered various clues as to what conditions may be necessary for 

furin cleavage and have come closer to elucidating what its exact role in infection may 

be. However, the precise relationship between HSPG interaction, furin cleavage of L2 

and resulting RGl exposure, and L2 interaction with CypB is yet unclear. 

We found that in HSPG-deficient cell lines, infectivity is reduced. HSPGs are thought to 

be an attachment receptor, and thus determining their involvement in furin cleavage 

has been difficult due to lack of attachment and infection in these cells (viruses don't 

bind well to CHO-74Ss). However, our results are consistent with previous studies that 

have implicated HSPGs as the primary attachment receptor of HPV and showed that this 

interaction induces structural changes that are necessary for the infectious process to 

continue. 

Our in vitro data suggests HSPGs are not required for furin cleavage per se, but caution 

must be taken in interpreting these data because the assay uses a relatively high 

amount of purified furin as compared to the physiological levels encountered during 

cellular infection. Previous work demonstrating that furin-precleaved virions can infect 

HSPG-deficient cells suggests that furin cleavage and the resultant RG-l exposure allows 

HPV16 to bypass HSPGs as an initial attachment factor (7), but it does not directly 

implicate HSPGs as a necessary factor for furin cleavage, aside from its role as an 

attachment factor. Further studies will be necessary to delineate the relationships 

between furin cleavage and HSPGs. 

Our study has also provided further evidence ofthe role of cyclophilins in HPV16 

infection. Previous research suggests that CypB facilitates exposure of the RGl epitope 



presumably by by enabling furin cleavage of L2, and showed that inhibition of CypB 

results in noninfectious internalization (10). However, our in vitro data showed that 

addition of CypB is not necessary for furin cleavage of L2. Although it is possible that 

this may also be the result of the relatively high quantity of purified furin enzyme that 

was used in our assay as compared to physiological levels, inhibition of CypB activity 

with CsA both in vitro and in vivo points towards a different conclusion. The addition of 

CsA seemed to have no effect on furin cleavage, suggesting that the activity of CypB is 

not required for cleavage to occur as previously suggested. An alternative pathway for 

endocytosis of viral particles via cell-surface HSPGs that does not rely upon furin 

cleavage or interaction with a secondary receptor has been previously described (11). 

Therefore, it is possible that these particles are still able to be endocytosed via a furin

independent pathway, which may account for the noninfectious internalization that was 

observed in these experiments. 

However, we have not completely eliminated the possibility that cyclophilins may play 

an integral role at some postfurin step in infection. Studies that have shown that furin

precleaved viruses are equally as susceptible to cyclophilin inhibition as wild type 

viruses, indicating that cyclophilins are still important in infection, but at some point 

after furin cleavage (11). Additionally, cyclophilin A (CypA), a form typically localized in 

the cytoplasm, has been shown to be important in HPV16 infection (although its exact 

role has not yet been identified) (10). Together, these data suggest that the reduction in 

infection that was seen in the presence of CsA was a result of either inhibition of 

cytoplasmic CypA activity or postfurin CypB activity, neither of which are yet well 

understood. 

The effects of the K4 and V5 antibodies on cleavage of L2 also provide some insight into 

the conditions required for cell-surface furin cleavage. Both antibodies blocked infection 

effectively, but exhibited opposite effects on furin cleavage. The V5 antibody was shown 

to block furin cleavage almost entirely. Earlier work has shown that V5 neutralizes 



infection by preventing endocytosis of virus particles, leaving virus bound to cell surface 

HSPGs (17). Our results suggest that this antibody also blocks furin cleavage, suggesting 

that it binds L1 in such a way that either sterically inhibits interaction with furin or 

prevents a conformational change required for furin cleavage to occur. 

Addition of the K4 antibody unexpectedly enhanced furin cleavage. Although it is 

unclear exactly what percentage of L2 must be cleaved for successful infection, previous 

studies have found that in furin-precleaved virions, cleavage of approximately 35% of L2 

is sufficient for infection. In our in vivo experiments, 40% cleavage was observed after 

18 hours, and in the presence of K4, 55% cleavage is observed. Because furin cleavage 

must first occur for the K4 antibody to bind the RG1 epitope of L2, we postulate that K4 

binds to the exposed RG1 region and somehow prevents internalization. Previous work 

on mechanisms of RG-1 neutralization have demonstrated that RG-1 neutralized virus is 

blocked from entering cells and particles instead become sequestered on the ECM (17). 

Our data presented herein suggest these ECM-bound virions remain susceptible to 

further processing by furin. It is also possible that binding of K4 to L2 somehow 

facilitates cleavage of neighboring L2 molecules, which may also account for more 

extensive cleavage in the presence of K4. 

The development of an effective method for directly detecting furin cleavage during 

infection will allow more studies to be conducted in order to assess furin cleavage under 

various conditions. Further, the PSTCD-L2 virus will be a valuable tool to monitor furin 

cleavage and assess its role and relationship in regards to RG-1 epitope exposure, 

disulfide reduction of the RG-1 epitope, and endosomal penetration of L2/vDNA. 
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