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Abstract: The cleavage of viral surface proteins by furin is associated with some viruses’ high
virulence and infectivity. The human papillomavirus (HPV) requires the proteolytic processing of its
capsid proteins for activation before entry. Variability in reactivity with furin and other proprotein
convertases (PCs) among HPV types was investigated. HPV16, the most prevalent and carcinogenic
HPV type, reacted with PCs with the broadest selectivity compared to other types in reactions of
pseudoviral particles with the recombinant PCs, furin, PC4, PC5, PACE4, and PC7. Proteolytic
preactivation was assessed using a well-established entry assay into PC-inhibited cells based on the
green fluorescent protein as a reporter. The inhibition of the target cell PC activity with serpin-based
PC-selective inhibitors also showed a diversity of PC selectivity among HPV types. HPV16 reacted
with furin at the highest rate compared to the other types in time-dependent preactivation reactions
and produced the highest entry values standardized to pseudoviral particle concentration. The
predominant expression of furin in keratinocytes and the high reactivity of HPV16 with this enzyme
highlight the importance of selectively targeting furin as a potential antiviral therapeutic approach.

Keywords: host proteases; virus activation; virus infectivity; human papillomavirus; proprotein
convertases; furin; protease inhibitors; antivirals

1. Introduction

The cleavage of viral surface proteins by the proprotein convertase (PC) family of
proteases is an activating entry regulatory mechanism commonly associated with the
virulence of some highly pathogenic viruses [1]. The localization of the PCs, furin, PC4,
PC5, PACE4, and PC7 to the pericellular environment of the constitutive protein secretion
pathway makes these proteases susceptible to exploitation by viruses during entry and
egress [2]. In addition to some variations in their subcellular distribution, PCs also vary in
reactivity. Therefore, virus PC reaction specificity and selectivity differences can potentially
influence virus infectivity and tropism. HPV was used in this study as a model system to
investigate variability in PC reactivity for virus activation.

Furin is the most reactive PC, and its substrate specificity differs from the other PCs
because of differences in active site and exosite interactions with the substrate [3,4]. Natural
inhibitors of PCs are serpins, and many organisms have serpin-based PC inhibitors [5,6].
Serpin B8 is a mammalian PC inhibitor that preferentially reacts with furin over the other
PCs [3,7]. The serpin α1PDX is a PC inhibitor of high specificity and general selectivity de-
rived by engineering PC reactive site specificity onto the human serpin α1-antitrypsin [3,8].
The homologous addition of serpin B8 reactive site and exosite residues to α1-antitrypsin
generated the furin-selective inhibitor α1ORD (140–400-fold higher specificity) and the
inhibitor α1MDW (20–60-fold higher specificity), which is selective for the other PCs [3].
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Papillomaviruses have nonenveloped capsids composed of the two viral late expres-
sion proteins L1 and L2. Capsids consist of 360 L1 monomers arranged into 72 pentamers,
or capsomers, and 20–72 L2 monomers distributed one per capsomer [9–11]. The cleavage
at the residue L2-Arg12 in HPV16 occurs before or during entry [12]. This cleavage is
essential for virus activation and entry, as demonstrated using in vitro synthesized HPV
pseudoviruses (PsV) [13]. The PC motif at this site is universally conserved at the ho-
mologous position in all the HPV types. Papillomaviruses are double-stranded circular
DNA viruses that proliferate in differentiating epithelial keratinocytes. The viral early
expression proteins E6 and E7 interfere with the cell’s replication mechanism to favor a
cellular environment of continuous growth propitious to viral particle production that may
increase the cell propensity for oncogenic transformation [14,15].

There are about 200 HPV genotypes, or types, that infect cutaneous and mucosal
epithelium [16]. HPV types are strongly associated with specific anatomic sites of infec-
tion [17]. The oncogenic mucosal HPV types 16 and 18 are associated with most HPV-related
anogenital and oropharyngeal cancers [18–20]. HPV16 has the highest transmission, persis-
tency, and transformation rates and is the most prevalent type, followed by HPV18, HPV52,
HPV31, and HPV58 [21–23]. HPV16 is associated with over 60% of oropharyngeal cancers
and HPV 31, 33, and 35 with the rest [24]. HPV18 rarely appears in the oropharyngeal
cavity. HPV-related cancers occur primarily in the transformation zone of the cervix and
the tonsillar crypts, with HPV16 having a higher association with squamous cell carcinoma,
whereas HPV18 associates more often with adenocarcinomas. Therefore, there seems to be
a correlation between anatomic site tropism and oncogenesis particular to each HPV type
for which pre- and post-entry events may contribute to it [25–29].

Because the proteolytic processing of the capsid is a rate-limiting step for virus entry,
any diversity of PC gene expression in keratinocytes at anatomic sites may selectively
influence the entry of HPV types if viruses reacted differently with PCs. Keratinocytes from
different common human anatomic sites of HPV infection express genes differently, such as
those involved with immunity [30]. Our study determined that keratinocytes’ total PC gene
expression narrowly varied among various anatomic sites. The pattern of gene expression
of the five PC genes was also similar among sites, with furin being the most expressed
PC. Also, PsVs of various mucosal HPV types of high, moderate, and low oncogenic risk
reacted significantly different in specificity and selectivity with PCs. HPV16 reacted with
PCs with the broadest selectivity and highest specificity and produced the highest entry
values compared to the other HPV types.

2. Materials and Methods
2.1. Quantification of PC Gene Expression

The PC gene expression in primary keratinocytes was measured following the same
methodology described previously [31]. Primary human keratinocytes were isolated from
biopsy specimens from 2 to 7 donors per anatomic site and combined to form a pool
of cells that were grown in organotypic raft cultures after the first or second passages.
Raft tissues were harvested after 20 days. mRNA was isolated using RNeasy kit (Qia-
gen, Germantown, MD, USA), and cDNA synthesis was performed using the Maxima
First Stranded kit (Thermo Fisher Scientific, Waltham, MA, USA). Quantification of tran-
scriptional gene expression by RT-qPCR was conducted using the standard SYBR Select
Master Mix (Applied Biosystems, Life Technologies, Waltham, MA, USA) and performed
in a Bio-Rad CFX96 Real-Time System thermal cycler programmed for 40 cycles. The
corresponding forward and reverse primers based on the human sequences for each gene
were obtained from The Primer Bank and synthesized by Integrated DNA Technologies
(Coralville, IA, USA, and those were, for furin (ID 20336193c2), 5′-tcggggactattaccacttctg-
3′ and 5′-ccagccactgtacttgaggc-3′; for PC4 (ID 20336189c9), 5′-gctgccggtcggaaatgaa-3′

and 5′-gtcgtagctggcgtaggaat-3′; for PC5 (ID 207030317c2), 5′-gagggacccacagtttcatttc-3′

and 5′-tgggcacgactgaagtcataa-3′; for PACE4 (ID 20336189c2), 5′-gctgccggtcggaaatgaa-3′

and 5′-gtcgtagctggcgtaggaat; for PC7 (ID 20336247c1), 5′-gcagcgtccacttcaacga-3′ and 5′-
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gcccagtcacattgcgttc-3′; and, for GAPDH (ID 378404907c1), 5′-ggagcgagatccctccaaaat-3′ and
5′-ggctgttgtcatacttctcatgg-3′.

2.2. Synthesis of PsV Particles

The HPV pseudovirions were produced following established procedures [32–34]. The
plasmids encoding the capsid proteins L1 and L2 were obtained originally from Dr. Schiller
at the National Institutes of Health in the USA (p18SheLL and p45SheLL), Dr. Muller at the
German Cancer Research Center (p6SheLL and p16SheLL), and Dr. Kanda at the National
Institute of Infectious Diseases in Japan (p31SheLL, p52SheLL, and p58SheLL) and all kindly
provided by Dr. Schiller. The plasmid pcDNA-GFP used as pseudogenome for reporting
purposes and the cell line HEK293TT were also kindly provided by Dr. Schiller. Cells
were grown adherent to collagen (Type I from rat tail, Corning, Corning, NY, USA) coated
plates in high-glucose DMEM supplemented with 10% fetal bovine serum and 400 µg/mL
Hygromycin B (Invitrogen, Carlsbad, CA, USA). PsV particles were extracted three days
post-transfection and allowed to mature overnight, followed by DNAse I treatment and
further purified by size exclusion filtration using Sepharose 2B. Elution of pseudovirion
particles was monitored by DNA absorbance at 260 nm and of protein absorbance at
280 nm, and fractions were pooled together and concentrated by filtration (Amicon ultra
0.5 mL 10K filters, Millipore, Burlington, MA, USA). Pseudovirion stocks were stored at
−80 ◦C in aliquots for further experimentation.

2.3. Production of Recombinant PCs

Enzymatically active PCs were produced as described previously [3,4]. Truncated
forms of the enzymes containing the catalytic domain and the regulatory P-domain were
produced in Sf9 insect cells using the baculovirus expression system (Invitrogen). The
secreted enzymes were purified from culture supernatants by nickel-affinity chromatog-
raphy, which was supported by a poly-histidine tail engineered at the carboxyl terminal
end of the proteins, followed by size exclusion chromatography. Care was given to remove
glycerol during filtration and concentration as it interferes with the activation of PsV and
cell entry assays. The concentration of active proteases was determined by active-site
titrations using the covalent-bound inhibitor dec-Arg-Val-Lys-Arg-chloromethyl ketone
(CMK, Bachem, Torrance, CA, USA) and an activity assay that employs pyr-Arg-Thr-Lys-
Arg-amido-methylcoumarin (Bachem, Torrance, CA, USA) as substrate.

2.4. Production of PC Inhibitors

The PC inhibitors α1PDX, α1ORD, and α1MDW were produced as inclusion bodies
in E. coli BL21 DE3 cells by expressing their genes from a pET expression vector after
the T7 promoter under IPTG regulation [4,35]. The inclusion bodies were dissolved with
guanidine-HCl, and the protein was refolded under dialysis and isolated by two steps of
ionic exchange chromatography [36].

2.5. HPV PsV Entry Assay

The entry of PsV-GFP particles into HEK293TT cells was measured by adapting the
procedure described by Buck et al. [32–34]. Cells were grown in 6-well plates adherent
to collagen (Type I from rat tail, Corning, Corning, NY, USA) in high-glucose DMEM
supplemented with 10% fetal bovine serum and 400 µg/mL Hygromycin B. PsV stock
solutions were appropriately diluted in order to produce GFP+ cell counts within a mea-
surable range, as HPV types differed in their entry values. Volumes of diluted stocks
between 50 and 100 µL were added to 70–80% confluent cells grown under 2 mL of culture
media. After three days of incubation, the plate wells were fully confluent and GFP+
cells were counted using the Auto Imaging System of the Evos FL Auto microscope (Life
Technologies, Walthan, MA, USA). At least 20 cell counts were obtained from each well
with two or more repeats for each experimental condition. As mentioned above, PsV stocks
were appropriately diluted to produce 50–1000 GFP+ cell counts per microscope field at
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a 4× magnification depending on the HPV type, which were reproducible between PsV
batches. This sensitivity range was appropriate for PsV activation and entry inhibition
experiments. For some experiments in which the prior proteolytic activation of PsVs was
studied, the cells’ PC activity needed to be eliminated. The PC inhibitor CMK (1 µM) was
added to HEK293TT cultures 1 h before starting entry assays. This inhibitor concentration
was enough to reduce GFP+ cell counts of non-preactivated PsVs by over 95% with most
HPV types.

2.6. HPV Activation Reactions with PCs

Preactivation reaction mixtures consisted of 100 µL reaction volumes and were com-
posed of 10 µL of PsV stocks, appropriately diluted as described above, PC solutions to
reach 5 or 40 nM, and completed with buffer solution of 100 mM Hepes and 1 mM calcium
chloride at pH 7.4. All buffer and PC solutions were filter sterilized beforehand using
0.22 µm Costar Spin-X centrifuge tube filters Corning, Corning, NY, USA). The reactions
were incubated at 37 ◦C for the specified length of time. Each reaction mixture (100 µL) was
added to a single cell culture well of a 6-well plate containing 2 mL of cell culture media
for downstream cell entry assays.

3. Results
3.1. PC Gene Expression in Human Keratinocytes at Anatomic Sites of HPV Infection

Expression of the furin, PC4, PC5, PACE4, and PC7 genes was measured in human
keratinocytes from representative anatomic sites of HPV infection, such as the cervix, anus,
gingiva, tonsils, and foreskin. Primary keratinocyte isolates included several individual
donors. PC gene expression was assessed in keratinocytes growing in cell-differentiating
raft cultures derived from primary cells (Table S1). The total PC gene expression narrowly
varied among anatomic sites within a four-fold margin (Figure 1A). The proportional
expression of individual PC genes was consistent among anatomic sites (Figure 1B). Furin
was the most abundantly expressed PC (40–50%). PC4 and PACE4 followed, each enzyme
representing 14–27% of the total PC gene expression. PC7 constituted 5–16% and PC5 only
2–10%.

Viruses 2024, 16, x FOR PEER REVIEW 4 of 12 
 

 

counted using the Auto Imaging System of the Evos FL Auto microscope (Life Technolo-
gies, Walthan, MA, USA). At least 20 cell counts were obtained from each well with two 
or more repeats for each experimental condition. As mentioned above, PsV stocks were 
appropriately diluted to produce 50–1000 GFP+ cell counts per microscope field at a 4× 
magnification depending on the HPV type, which were reproducible between PsV 
batches. This sensitivity range was appropriate for PsV activation and entry inhibition 
experiments. For some experiments in which the prior proteolytic activation of PsVs was 
studied, the cells’ PC activity needed to be eliminated. The PC inhibitor CMK (1 µM) was 
added to HEK293TT cultures 1 h before starting entry assays. This inhibitor concentration 
was enough to reduce GFP+ cell counts of non-preactivated PsVs by over 95% with most 
HPV types. 

2.6. HPV Activation Reactions with PCs 
Preactivation reaction mixtures consisted of 100 µL reaction volumes and were com-

posed of 10 µL of PsV stocks, appropriately diluted as described above, PC solutions to 
reach 5 or 40 nM, and completed with buffer solution of 100 mM Hepes and 1 mM calcium 
chloride at pH 7.4. All buffer and PC solutions were filter sterilized beforehand using 0.22 
µm Costar Spin-X centrifuge tube filters Corning, Corning, NY, USA). The reactions were 
incubated at 37 °C for the specified length of time. Each reaction mixture (100 µL) was 
added to a single cell culture well of a 6-well plate containing 2 mL of cell culture media 
for downstream cell entry assays. 

3. Results 
3.1. PC Gene Expression in Human Keratinocytes at Anatomic Sites of HPV Infection 

Expression of the furin, PC4, PC5, PACE4, and PC7 genes was measured in human 
keratinocytes from representative anatomic sites of HPV infection, such as the cervix, 
anus, gingiva, tonsils, and foreskin. Primary keratinocyte isolates included several indi-
vidual donors. PC gene expression was assessed in keratinocytes growing in cell-differ-
entiating raft cultures derived from primary cells (Table S1). The total PC gene expression 
narrowly varied among anatomic sites within a four-fold margin (Figure 1A). The propor-
tional expression of individual PC genes was consistent among anatomic sites (Figure 1B). 
Furin was the most abundantly expressed PC (40–50%). PC4 and PACE4 followed, each 
enzyme representing 14–27% of the total PC gene expression. PC7 constituted 5–16% and 
PC5 only 2–10%. 

 
Figure 1. PC gene expression in keratinocytes from anatomic sites of HPV infection. PC gene expression 
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Figure 1. PC gene expression in keratinocytes from anatomic sites of HPV infection. PC gene expression
was determined in keratinocytes grown in raft cultures out of primary cells isolated from differ-
ent anatomic sites. Raw gene amplification values were standardized to the cDNA concentration
(Table S1). Plotted values are (A) the total PC gene expression values relative to the GAPDH gene
expression and (B) the proportional expression of each PC gene compared to the total PC gene ex-
pressed per anatomic site (bar gray tonality code is as in panel (A)). Statistical difference significance
p-values are shown for the comparison of the furin gene expression combined from all anatomic sites
versus each one of the other PCs using two-tailed Student t-test.

3.2. Production of HPV-Type PsV Particles and Entry Assays

The synthesis of HPV pseudovirus (PsV-GFP, green fluorescence protein) reporter
particles for HPV types of high oncogenic risk (16 and 18), moderate risk (31, 45, 52, and
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58), and low risk (6) was performed following methodologies for the expression and pu-
rification of HPV PsVs used in a well-established entry assay that employs HEK293TT
cells [32–34]. PsV entry is dependent on the target cell PC activity. The total PC gene
expression in HEK293TT cells was determined at 9.1% of the GAPDH gene expression,
which falls within the keratinocyte expression range (Table S2). Similarly to keratinocytes,
PC4, furin, and PACE4 were also found to be the predominantly expressed PC genes in the
HEK293TT cells, although PC4 was expressed more abundantly than furin in HEK293TT.
Analysis of PsVs by nanoparticle tracking analysis (Nanosight 300, Malvern Panalytical,
Salisbury, UK) determined particle concentrations from the area under the distribution
peaks (Figure S1 and Table S3). Factoring of particle concentrations resulted in standard-
ized entry values (Figure 2). HPV16 was the type that produced the highest entry values,
followed by HPV45 and HPV58. The lowest entry values were those of HPV31, which were
21-fold lower than HPV16.
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Figure 2. Entry of HPV types into HEK293TT cells. Entry was measured as GFP+ cell counts and
standardized to PsV particle concentration (Table S3). Entry values represent the average and
standard deviation from two experiments consisting of 20 measurements each. Statistical difference
significance p-values are shown for the comparison of the HPV16 GFP+ cell counts against each one
of the other HPV types using two-tailed Student t-test.

3.3. Reactivity of HPV Types with Furin

In order to test the reactivity of the HPV types with furin without the interference
from the target cell PC activity, PsV particles were pretreated with 40 nM furin starting
three hours prior to initiating entry assays into HEK293TT cells that had their PC activity
inhibited beforehand with 1 µM of the general PC inhibitor CMK. Inhibiting the cell PC
activity reduced entry values by over 95% for non-preactivated PsVs (compare Figure 2
versus black bars in Figure 3A). This means that 5% or less of the PsV particles were
preactivated during synthesis; therefore, they produced baseline GFP+ cell counts resistant
to inhibition by CMK. Only HPV45 retained a significantly higher baseline entry activity
(~15%). A batch of HPV45 was produced in cells treated with 1 µM CMK. That treatment
reduced the baseline entry to ~5%, suggesting that HPV45 is better activated during viral
particle production compared to the other types. Preactivation with furin allowed the PsV
particles to bypass the inhibition of the target cell PCs to gain entry (Figure 3A). Most
HPV types produced higher entry values when preactivated with furin than when they
were dependent on the target cell PCs for activation (Table S3). HPV18 produced similar
entry values when activated by the cell PC activity or furin. HPV6 had the largest entry
enhancement (5.9-fold) upon furin pretreatment. Similar to the entry promoted by the cell
PC activity (Figure 2), HPV16 also produced the highest entry values after preactivation
with furin (Figure 3A). In order to further analyze the differences in reactivity of the HPV
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types with furin, PsVs were preactivated with furin in a time-dependent manner. HPV
particles were incubated with 5 nM furin for different time points up to six hours, and
incubations were followed by entry assays into CMK-treated HEK293TT cells. The kinetic
curves showed significant differences in the rate of proteolytic preactivation among HPV
types (Figure 3B). The faster kinetic curves were sigmoidal in shape (HPV16 and 58). All
curves were fitted to the sigmoidal equation by linear regression analysis to estimate
differences in reactivity based on the time of the inflection point (Figure S2). HPV16 was
the most reactive type, with the shortest time for its inflection point (Table S4). A 16-fold
difference in reactivity between the fastest, HPV16, and the slowest, HPV18, was estimated.
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Figure 3. Preactivation of HPV types with furin. PsV were preactivated with furin and entry was
measured in HEK293TT cells that had their PC activity inhibited with 1 µM CMK. Entry was
measured as GFP+ cell counts and standardized to PsV particle concentration (Table S3). Entry values
represent the average and standard deviation from two experiments consisting of 20 measurements
each. (A) PsVs were added to the cells without furin treatment (black bars) or after preactivation
with 40 nM furin for 3 h (gray bars). (B). Time course reactions of PsV preactivation with 5 nM furin.
Data points correspond to the proportional activation with respect to the entry values obtained after
activation with furin in panel (A).

3.4. Activation of HPV Types with PCs

In order to investigate the contribution of individual PCs to the activation of HPV types,
PsV particles were pretreated with a PC at a concentration of 40 nM overnight, followed
by entry assays into CMK-treated HEK293TT cells. Entry values were standardized to the
entry value obtained with the PC-untreated PsVs into CMK-untreated cells, which was
taken as 100% entry for each type (Figure 4, black control bars). There was considerable
variability in the GFP+ cell counts produced by HPV types preactivated by the different
PCs (Figure 4, gray bars). All PCs strongly preactivated HPV16 and HPV6, the latter to
levels above the standard value. The preactivation of HPV18 was weak and dominated by
furin, consistent with the furin preactivation experiments shown in Figure 3. Preactivation
of HPV45 was also weak with all PCs, especially PC5. All PCs preactivated HPV31 except
PC4. Several PCs, especially PC5, strongly preactivated HPV52. Furin strongly preactivated
HPV58, followed by PC5 and PACE4.

Overnight incubations with PCs also produced entry values below the reference
control with some HPV types in the absence of CMK (Figure 4, black bars). These results
suggest that PCs may cleave the HPV capsid proteins at an additional site(s), negatively
affecting virus entry, therefore, reducing GFP+ cell counts. This entry loss was observed
in the reactions of HPV16 with furin, HPV18 with several PCs, HPV45 and HPV52 with
PACE4, and HPV58 with several PCs. The preactivation of HPV31 or HPV6 produced
no losses of entry.
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Figure 4. Preactivation of HPV types with PCs. PsV particles were pretreated with 40 nM of a PC
overnight. Preactivation was measured by cell entry assays into CMK-treated HEK293TT cells (gray
bars). Control (gray bars) values are the same as in Figure 3A without furin. All entry values are
plotted as activation relative to the entry produced by PC-untreated PsV particles into CMK-untreated
cells (shown also in Figure 2) that was taken as the 100% value (control, black bars). Data values
represent the average and standard deviation from at least two experiments with 20 measurements
in each one.

In order to validate our approach using PsVs, the same treatment with PCs was
repeated but using native HPV16, which led to increased infection of HaCat cells (Figure S3),
and confirmed that PCs also preactivate native HPV16 for entry. Together, these results
show considerable variability in PC reaction selectivity among HPV types, with HPV16
being the type with the broadest PC selectivity as all the PCs strongly activated it.

3.5. Reduction in HPV Entry by PC-Selective Inhibitors

Another approach employed to analyze PC selectivity in the activation of HPV types
was targeting the cells’ PC activity with PC-selective inhibitors. The feasibility of using
an exogenous protein-based inhibitor (α1PDX) compared to a small molecule inhibitor
(CMK) was first verified. These two PC inhibitors are nonselective but highly specific.
They strongly inhibited the entry of HPV types at low nanomolar concentrations when
added to HEK293TT cells one hour before starting entry assays (Figure 5). The cell viability
at a concentration of 500 nM CMK or α1PDX was not different from the untreated cells
(Table S5). Entry assays were started at a cell confluence of about 75%, and GFP+ cells
were counted at full confluence three days later in all cases; therefore, the inhibitors did not
affect cell growth. At 400 nM inhibitor concentration, the furin-selective inhibitor, α1ORD,
reduced the entry of HPV16 by 55%. In contrast, α1MDW, an inhibitor selective for the
non-furin PCs, reduced entry by 15%. These results suggest that furin contributes to HPV16
activation more than the other PCs in HEK293TT cells. The sharper decrease in HPV16
entry caused by α1PDX and CMK, compared to the selective inhibitors, likely reflects the
high specificity of both inhibitors for all PCs [3]. α1ORD inhibited the entry of HPV18
by 53% but α1MDW by 8%. HPV types 31 and 52 were also inhibited more effectively by
α1ORD than by α1MDW. HPV31 was more susceptible to inhibition than the other types.
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These studies further show the intrinsic variability in the activation of HPV types by the
different PCs. Also, they show the effectiveness of PC-selective inhibitors in reducing the
entry of a virus by inhibiting PCs in a cellular assay context.
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Figure 5. Selective PC inhibitors reduced entry of HPV types. Increasing concentrations of the selective
PC inhibitors α1ORD (white circles) and α1MDW (black circles) and of the general PC inhibitors
α1PDX (black triangles) and CMK (white triangles) were added to HEK293TT cells one hour ahead
of starting entry assays with HPV types. Data points represent the average and standard deviation
from two experiments with 20 measurements each. Statistical difference significance p-values are
shown for the effect of 400 nM α1ORD and α1MDW on HPV-type GFP+ cell counts using two-tailed
Student t-test.

4. Discussion

This comparative study used recombinant PCs, selective PC inhibitors, and pseu-
dovirions to describe variability in the proteolytic activation of HPV types. It showed
differences in PC specificity and selectivity among virus types. HPV16, the most prevalent
HPV type and the one associated with most anogenital and oropharyngeal HPV-related
cancers [21–24], had the highest entry values and reacted with PCs with the highest speci-
ficity and broadest selectivity.

The expression of the furin, PC4, PC5, PACE4, and PC7 genes was measured in primary
human keratinocytes from several representative anatomic sites of HPV infection, such as
the cervix, anus, tonsils, gingiva, and foreskin. Total PC gene expression varied narrowly
within a 4-fold factor range among sites, and the pattern of individual PC gene expression
was similar. Furin was the predominant PC, and PC5 was the least expressed gene. Furin,
PC4, and PACE4 were the PCs with the highest gene expression levels and, therefore, the
most likely to contribute to HPV activation at anatomic sites in vivo. Currently, there are
no reliable antibodies specific for each of the PCs; neither are there substrates that could
distinguish activity from any specific PC; therefore, the protein quantification of individual
PCs was not possible.

HPV16 had the highest PsV concentration-standardized entry values promoted by the
PC activity of target cells or recombinant furin in pretreatment reactions. However, entry
values were higher when entry was promoted by the furin pretreatment for the HPV types
6, 16, 45, 52, and 58. HPV18 and HPV31 had the lowest entry values, and their activation
was not or was barely enhanced by the furin pretreatment, which indicates a limitation
to activation determined by an unknown factor. These observations are consistent with
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previously reported differences in furin dependence between HPV16 and HPV18. HPV16
can be efficiently preactivated by furin without additional factors, as shown here and by
others [13,37], while HPV18 may need the involvement of HSPGs [28,37]. Other cell factors
may also influence the activation of HPV types. The entry of HPV6 after preactivation
with all PCs exceeded the entry promoted by the cell PC activity, which means that, in
contrast to HPV18, activation of HPV6 on the cell surface was disfavored compared to
the direct preactivation with PCs. Similar to HPV18, the preactivation of HPV45 was
also inefficient. These results align with other studies that suggest that differences in the
binding to polysaccharides may influence pre-entry events contributing to differences
in the preference of anatomic site amongst high-risk HPV types [29]. In conclusion, the
interaction of the virus with the host cells may promote or hinder proteolytic activation,
depending on the virus type.

The kinetic analysis of preactivation of HPV types with a constant concentration of
furin showed that HPV16 had the fastest rate of preactivation. The sigmoidal pattern of the
rate’s time dependence indicates that the proteolytic processing progressively increased
with time. This pattern is characteristic of co-operative conformational changes, which may
propagate across the capsid triggered by proteolytic cleavages. Differences in reactivity
among HPV types may result from variability at the cleavage site amino acid sequences [1]
or from differences in capsid conformation. Also, co-operativity may be affected by the
capsid rigidity due to different levels of capsid maturation. Because the preactivation
reactions were performed independently of cells and the effect of other influences on
entry would be diluted during the long time between entry and the GFP+ cell counts, the
sigmoidal rate pattern should be the result of the preactivation reactions and not of an
asynchronous mode of virus internalization that was assumed to be associated with cellular
determinants of virus entry [38]. Directly monitoring the cleavage of L2 and analyzing the
capsid structure in several HPV types will be required to determine the origin of the rate
differences. These studies were performed with pseudovirions, which may not necessarily
behave exactly the same as the native viruses. Especially concerning is any difference in
capsid maturation that may affect reactivity with the PCs. Still, the observed variability
in PC reactivity among pseudovirion types should be representative of variability among
actual viruses.

PC selectivity in the activation of HPV types was investigated by performing preactiva-
tion reactions with PCs and by treating the cells with PC-selective inhibitors. Both approaches
demonstrated variations in PC selectivity among virus types. All PCs strongly preactivated
HPV16. In contrast, HPV18 was preactivated mainly by furin. Other virus types showed a
mix of preferences.

In previous biochemical studies, we reported the development of PC-selective serpin-
based inhibitors [3]. Here, the inhibitors were used in cell-based assays of HPV entry. The
two inhibitors demonstrated differential inhibition of several HPV types at concentrations
below 1 µM, in which they react selectively. At higher concentrations, both inhibitors will
increasingly react with all PCs.

Papillomaviruses show strict tropism to infection sites and are probably adapted
to generate productive infections only at specifically localized keratinocytes. Entering
the wrong cells may lead to nonproductive infections, induction of genome instability,
and progression to malignancy [17]. The highest prevalence and cancer risk of HPV16
correlate with this virus having the highest PC reactivity and entry rates. Furin being the
most expressed PC and the one HPV16 depends on the most for activation highlights the
feasibility of selectively inhibiting furin as a potentially safer therapeutic approach than
inhibiting all the PCs with nonselective inhibitors.

5. Conclusions

Microbes’ adaptation to the host conditions may result in some of them becoming
highly successful at taking advantage of the host. HPV16 is highly infective and trans-
missible, and its efficient reactivity with the host PCs plays an essential role in its success.
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The presence of furin cleavage sites in viral envelope proteins indicates the potential for
high virulence in some viruses. However, this potential depends on these cleavage sites
efficiently reacting not only with furin but also with the other PCs.
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www.mdpi.com/article/10.3390/v16010039/s1, Figure S1: PsV concentration and size distribution;
Figure S2: Computer fitting of time-dependent activation curves; Figure S3: Activation of native
HPV16 with PCs; Table S1: Expression of PC genes in human keratinocytes grown in rafts from
primary cells; Table S2: Expression of PC genes in HEK293TT cells; Table S3: PsV nanoparticle
tracking analysis; Table S4: Inflection point for the time-dependent curves of HPV preactivation with
furin; Table S5: Viability of HEK293TT cells treated with α1PDX or CMK.

Author Contributions: Conceptualization, G.I., C.M. and L.R.; methodology, G.I., C.M., L.M.U.P.,
S.A. (Shaan Asif) and S.A. (Samina Alam); formal analysis, G.I.; investigation, G.I.; resources, G.I. and
C.M.; data curation, G.I. and C.M.; writing—original draft preparation, G.I.; writing—review and
editing, G.I.; visualization, G.I.; supervision, G.I.; project administration, G.I.; funding acquisition,
G.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of Allergies and Infectious Diseases of
the National Institutes of Health, USA, grant number R21AI151674.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We thank Ghena Akkawi, Stephanie Mroz, and Jacob Resendiz for their expert
technical assistance and Schiller at the NIH for providing plasmids and cell line for the HPV cell
entry assay.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Izaguirre, G. The proteolytic regulation of virus cell entry by furin and other proprotein convertases. Viruses 2019, 11, 837.

[CrossRef] [PubMed]
2. Seidah, N.G.; Prat, A. The biology and therapeutic targeting of the proprotein convertases. Nat. Rev. Drug. Discov. 2012, 11,

367–383. [CrossRef] [PubMed]
3. Izaguirre, G.; Arciniega, M.; Quezada, A.G. Specific and selective inhibitors of proprotein convertases engineered by transferring

serpin B8 reactive-site and exosite determinants of reactivity to the serpin α1PDX. Biochemistry 2019, 58, 1679–1688. [CrossRef]
[PubMed]

4. Izaguirre, G.; Qi, L.; Lima, M.; Olson, S.T. Identification of serpin determinants of specificity and selectivity for furin inhibition
through studies of α1-PDX (α1-proteinase inhibitor Portland)-serpin B8 and furin active-site loop chimeras. J. Biol. Chem. 2013,
288, 21802–21814. [CrossRef] [PubMed]

5. Bentele, C.; Kruger, O.; Todtmann, U.; Oley, M.; Ragg, H. A proprotein convertase-inhibiting serpin with an endoplasmic
reticulum targeting signal from Branchiostoma lanceolatum, a close relative of vertebrates. Biochem. J. 2006, 395, 449–456.
[CrossRef] [PubMed]

6. Richer, M.J.; Keays, C.A.; Waterhous, J.; Minhas, J.; Hashimoto, C.; Jean, F. The Spn4 gene of Drosophila encodes a potent
furin-directed secretory pathway serpin. Proc. Natl. Acad. Sci. USA 2004, 101, 10560–10565. [CrossRef] [PubMed]

7. Leblond, J.; Laprise, M.H.; Gaudreau, S.; Grondin, F.; Kisiel, W.; Dubois, C.M. The serpin proteinase inhibitor 8: An endogenous
furin inhibitor released from human platelets. Thromb. Haemost. 2006, 95, 243–252. [CrossRef]

8. Anderson, E.D.; Thomas, L.; Hayflick, J.S.; Thomas, G. Inhibition of HIV-1 gp160-dependent membrane fusion by a furin-directed
alpha 1-antitrypsin variant. J. Biol. Chem. 1993, 268, 24887–24891. [CrossRef]

9. Chen, X.S.; Garcea, R.L.; Goldberg, I.; Casini, G.; Harrison, S.C. Structure of small virus-like particles assembled from the L1
protein of human papillomavirus 16. Mol. Cell. 2000, 5, 557–567. [CrossRef]

10. Buck, C.B.; Cheng, N.; Thompson, C.D.; Lowy, D.R.; Steven, A.C.; Schiller, J.T.; Trus, B.L. Arrangement of L2 within the
papillomavirus capsid. J. Virol. 2008, 82, 5190–5197. [CrossRef]

https://www.mdpi.com/article/10.3390/v16010039/s1
https://www.mdpi.com/article/10.3390/v16010039/s1
https://doi.org/10.3390/v11090837
https://www.ncbi.nlm.nih.gov/pubmed/31505793
https://doi.org/10.1038/nrd3699
https://www.ncbi.nlm.nih.gov/pubmed/22679642
https://doi.org/10.1021/acs.biochem.8b01295
https://www.ncbi.nlm.nih.gov/pubmed/30848586
https://doi.org/10.1074/jbc.M113.462804
https://www.ncbi.nlm.nih.gov/pubmed/23744066
https://doi.org/10.1042/BJ20051947
https://www.ncbi.nlm.nih.gov/pubmed/16445382
https://doi.org/10.1073/pnas.0401406101
https://www.ncbi.nlm.nih.gov/pubmed/15247425
https://doi.org/10.1160/TH05-08-0561
https://doi.org/10.1016/S0021-9258(19)74548-7
https://doi.org/10.1016/S1097-2765(00)80449-9
https://doi.org/10.1128/JVI.02726-07


Viruses 2024, 16, 39 11 of 12

11. Goetschius, D.J.; Hartmann, S.R.; Subramanian, S.; Bator, C.M.; Christensen, N.D.; Hafenstein, S.L. High resolution cryo EM
analysis of HPV16 identifies minor structural protein L2 and describes capsid flexibility. Sci. Rep. 2021, 11, 3498. [CrossRef]
[PubMed]

12. Richards, R.M.; Lowy, D.R.; Schiller, J.T.; Day, P.M. Cleavage of the papillomavirus minor capsid protein, L2, at a furin consensus
site is necessary for infection. Proc. Natl. Acad. Sci. USA 2006, 103, 1522–1527. [CrossRef] [PubMed]

13. Day, P.M.; Lowy, D.R.; Schiller, J.T. Heparan sulfate-independent cell binding and infection with furin-precleaved papillomavirus
capsids. J. Virol. 2008, 82, 12565–12568. [CrossRef] [PubMed]

14. Kusakabe, M.; Taguchi, A.; Sone, K.; Mori, M.; Osuga, Y. Carcinogenesis and management of human papillomavirus-associated
cervical cancer. Int. J. Clin. Oncol. 2023, 28, 965–974. [CrossRef] [PubMed]

15. Nelson, C.W.; Mirabello, L. Human papillomavirus genomics: Understanding carcinogenicity. Tumour. Virus. Res. 2023, 15, 00258.
[CrossRef] [PubMed]

16. Doorbar, J.; Egawa, N.; Griffin, H.; Kranjec, C.; Murakami, I. Human papillomavirus molecular biology and disease association.
Rev. Med. Virol. 2015, 25 (Suppl. S1), 2–23. [CrossRef] [PubMed]

17. Egawa, N.; Egawa, K.; Griffin, H.; Doorbar, J. Human papillomaviruses; epithelial tropisms, and the development of neoplasia.
Viruses 2015, 7, 3863–3890. [CrossRef]

18. Ghittoni, R.; Accardi, R.; Chiocca, S.; Tommasino, M. Role of human papillomaviruses in carcinogenesis. Ecancermedicalscience
2015, 9, 526. [CrossRef]

19. Malagutti, N.; Rotondo, J.C.; Cerritelli, L.; Melchiorri, C.; De Mattei, M.; Selvatici, R.; Oton-Gonzalez, L.; Stomeo, F.; Mazzoli, M.;
Borin, M.; et al. High human papillomavirus DNA loads in inflammatory middle ear diseases. Pathogens 2020, 9, 224. [CrossRef]

20. Omland, T.; Lie, K.A.; Akre, H.; Sandlie, L.E.; Jebsen, P.; Sandvik, L.; Nymoen, D.A.; Bzhalava, D.; Dillner, J.; Brøndbo, K.
Recurrent respiratory papillomatosis: HPV genotypes and risk of high-grade laryngeal neoplasia. PLoS ONE 2014, 9, e99114.
[CrossRef]

21. Bruni, L.; Diaz, M.; Castellsagué, X.; Ferrer, E.; Bosch, F.X.; de Sanjosé, S. Cervical human papillomavirus prevalence in 5
continents: Meta-analysis of 1 million women with normal cytological findings. J. Infect. Dis. 2010, 202, 1789–1799. [CrossRef]
[PubMed]

22. Guan, P.; Howell-Jones, R.; Li, N.; Bruni, L.; de Sanjosé, S.; Franceschi, S.; Clifford, G.M. Human papillomavirus types in 115,789
HPV-positive women: A meta-analysis from cervical infection to cancer. Int. J. Cancer 2012, 131, 2349–2359. [CrossRef] [PubMed]

23. Bzhalava, D.; Guan, P.; Franceschi, S.; Dillner, J.; Clifford, G. A systematic review of the prevalence of mucosal and cutaneous
human papillomavirus types. Virology 2013, 445, 224–231. [CrossRef] [PubMed]

24. Pullos, A.N.; Castilho, R.M.; Squarize, C.H. HPV Infection of the Head and Neck Region and Its Stem Cells. J. Dent. Res. 2015, 94,
1532–1543. [CrossRef] [PubMed]

25. Bulk, S.; Berkhof, J.; Bulkmans, N.W.; Zielinski, G.; Rozendaal, L.; van Kemenade, F.J.; Snijders, P.J.; Meijer, C.J. Preferential risk of
HPV16 for squamous cell carcinoma and of HPV18 for adenocarcinoma of the cervix compared to women with normal cytology
in The Netherlands. Br. J. Cancer 2006, 16, 171–175. [CrossRef] [PubMed]

26. Bosch, F.X.; Burchell, A.N.; Schiffman, M.; Giuliano, A.R.; de Sanjose, S.; Bruni, L.; Tortolero-Luna, G.; Kjaer, S.K.; Muñoz,
N. Epidemiology and natural history of human papillomavirus infections and type-specific implications in cervical neoplasia.
Vaccine 2008, 26 (Suppl. S10), K1–K16. [CrossRef] [PubMed]

27. Cruz, L.; Meyers, C. Differential dependence on host cell glycosaminoglycans for infection of epithelial cells by high-risk HPV
types. PLoS ONE 2013, 8, e68379. [CrossRef]

28. Cruz, L.; Biryukov, J.; Conway, M.J.; Meyers, C. Cleavage of the HPV16 minor capsid protein L2 during virion morphogenesis
ablates the requirement for cellular furin during de novo infection. Viruses 2015, 7, 5813–5830. [CrossRef]

29. Richards, K.F.; Mukherjee, S.; Bienkowska-Haba, M.; Pang, J.; Sapp, M. Human papillomavirus species-specific interaction with
the basement membrane-resident non-heparan sulfate receptor. Viruses 2014, 6, 4856–4879. [CrossRef]

30. Israr, M.; Rosenthal, D.; Frejo-Navarro, L.; DeVoti, J.; Meyers, C.; Bonagura, V.R. Microarray analysis of human keratinocytes from
different anatomic sites reveals site-specific immune signaling and responses to human papillomavirus type 16 transfection. Mol.
Med. 2018, 24, 23. [CrossRef]

31. Kang, S.D.; Chatterjee, S.; Alam, S.; Salzberg, A.C.; Milici, J.; van der Burg, S.H.; Meyers, C. Effect of productive human
papillomavirus 16 infection on global gene expression in cervical epithelium. J Virol. 2018, 92, e01261-18. [CrossRef] [PubMed]

32. Buck, C.B.; Pastrana, D.V.; Lowy, D.R.; Schiller, J.T. Efficient intracellular assembly of papillomaviral vectors. J. Virol. 2004, 78,
751–757. [CrossRef] [PubMed]

33. Buck, C.B.; Thompson, C.D.; Pang, Y.Y.; Lowy, D.R.; Schiller, J.T. Maturation of papillomavirus capsids. J. Virol. 2005, 79,
2839–2846. [CrossRef] [PubMed]

34. Buck, C.B.; Thompson, C.D. Production of papillomavirus-based gene transfer vectors. Curr. Protoc. Cell Biol. 2007, 26. [CrossRef]
35. Kwon, K.S.; Lee, S.; Yu, M.H. Refolding of alpha 1-antitrypsin expressed as inclusion bodies in Escherichia coli: Characterization

of aggregation. Biochim. Biophys. Acta 1995, 1247, 179–184. [CrossRef]
36. Pannell, R.; Johnson, D.; Travis, J. Isolation and properties of human plasma alpha-1-proteinase inhibitor. Biochemistry 1974, 13,

5439–5445. [CrossRef]

https://doi.org/10.1038/s41598-021-83076-5
https://www.ncbi.nlm.nih.gov/pubmed/33568731
https://doi.org/10.1073/pnas.0508815103
https://www.ncbi.nlm.nih.gov/pubmed/16432208
https://doi.org/10.1128/JVI.01631-08
https://www.ncbi.nlm.nih.gov/pubmed/18829767
https://doi.org/10.1007/s10147-023-02337-7
https://www.ncbi.nlm.nih.gov/pubmed/37294390
https://doi.org/10.1016/j.tvr.2023.200258
https://www.ncbi.nlm.nih.gov/pubmed/36812987
https://doi.org/10.1002/rmv.1822
https://www.ncbi.nlm.nih.gov/pubmed/25752814
https://doi.org/10.3390/v7072802
https://doi.org/10.3332/ecancer.2015.526
https://doi.org/10.3390/pathogens9030224
https://doi.org/10.1371/journal.pone.0099114
https://doi.org/10.1086/657321
https://www.ncbi.nlm.nih.gov/pubmed/21067372
https://doi.org/10.1002/ijc.27485
https://www.ncbi.nlm.nih.gov/pubmed/22323075
https://doi.org/10.1016/j.virol.2013.07.015
https://www.ncbi.nlm.nih.gov/pubmed/23928291
https://doi.org/10.1177/0022034515605456
https://www.ncbi.nlm.nih.gov/pubmed/26353884
https://doi.org/10.1038/sj.bjc.6602915
https://www.ncbi.nlm.nih.gov/pubmed/16404371
https://doi.org/10.1016/j.vaccine.2008.05.064
https://www.ncbi.nlm.nih.gov/pubmed/18847553
https://doi.org/10.1371/journal.pone.0068379
https://doi.org/10.3390/v7112910
https://doi.org/10.3390/v6124856
https://doi.org/10.1186/s10020-018-0022-9
https://doi.org/10.1128/JVI.01261-18
https://www.ncbi.nlm.nih.gov/pubmed/30045992
https://doi.org/10.1128/JVI.78.2.751-757.2004
https://www.ncbi.nlm.nih.gov/pubmed/14694107
https://doi.org/10.1128/JVI.79.5.2839-2846.2005
https://www.ncbi.nlm.nih.gov/pubmed/15709003
https://doi.org/10.1002/0471143030.cb2601s37
https://doi.org/10.1016/0167-4838(94)00224-5
https://doi.org/10.1021/bi00723a031


Viruses 2024, 16, 39 12 of 12

37. Bronnimann, M.P.; Calton, C.M.; Chiquette, S.F.; Li, S.; Lu, M.; Janice, A.; Chapman, J.A.; Bratton, K.N.; Schlegel, A.M.; Campos,
S.K. Furin cleavage of L2 during papillomavirus infection: Minimal dependence on cyclophilins. J. Virol. 2016, 90, 6224–6234.
[CrossRef]

38. Becker, M.; Greune, L.; Schmidt, M.A.; Schelhaas, M. Extracellular conformational changes in the capsid of human papillo-
maviruses contribute to asynchronous uptake into host cells. J. Virol. 2018, 92, e02106-17. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/JVI.00038-16
https://doi.org/10.1128/JVI.02106-17

	Introduction 
	Materials and Methods 
	Quantification of PC Gene Expression 
	Synthesis of PsV Particles 
	Production of Recombinant PCs 
	Production of PC Inhibitors 
	HPV PsV Entry Assay 
	HPV Activation Reactions with PCs 

	Results 
	PC Gene Expression in Human Keratinocytes at Anatomic Sites of HPV Infection 
	Production of HPV-Type PsV Particles and Entry Assays 
	Reactivity of HPV Types with Furin 
	Activation of HPV Types with PCs 
	Reduction in HPV Entry by PC-Selective Inhibitors 

	Discussion 
	Conclusions 
	References

