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Background: Assessment of human papillomavirus (HPV) type-specific viral load (VL)

is a valid tool for determining the etiology of HPV-related skin tumors, especially when

more than one HPV type is detected within one lesion.

Methods: The causative HPV typewas determined in 185 fresh-frozen tissue specimens

of histologically confirmed common warts (CWs) collected from 121 immunocompetent

patients. All tissues were tested using the type-specific quantitative real-time polymerase

chain reactions (PCR) for the most common wart-associated Alpha-PV (HPV2/27/57)

and Mu-PV types (HPV1/63/204). The presence of 23 additional low-risk HPVs was

evaluated using a conventional wide-spectrum PCR.

Results: HPV DNA was detected in 176/185 (95.1%) CWs and multiple HPV types in

71/185 (38.4%) lesions. Using the VL approach and a robust cutoff of one viral copy/cell

established in this study, HPV2/27/57 were determined as causative agents in 41/53

(77.3%) and 53/71 (74.7%) CWs with single and multiple HPVs, respectively.

Conclusions: CWs are mostly etiologically associated with HPV2/27/57 and only rarely

with HPV1. In the majority of CWs containing multiple HPVs, a single HPV type was

present in high concentration, indicating etiological association. No significant differences

in VLs of lesion-causing HPV types in CWs containing single or multiple HPVs were found.

Keywords: common warts, human papillomaviruses, prevalence, viral load, causality

INTRODUCTION

Cutaneous warts are ubiquitous benign skin tumors (van Haalen et al., 2009; de Koning et al.,
2015), clinically presented as single or multiple dome-shaped keratotic lesions with exophytic
growth (common warts; CWs) or endophytic keratotic papules on pressure points of soles (plantar
warts) or smooth-surfaced flat-topped papules on the face and dorsum of hands (plane warts)
(Jablonska et al., 1985; Cardoso and Calonje, 2011; Hogendoorn et al., 2018). Because cutaneous
warts can be clinically misdiagnosed as corn, callus, fibroma, seborrheic keratosis, lichen ruber
planus, molluscum contagiosum, anogenital wart, or even squamous cell carcinoma andmelanoma
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(De Giorgi and Massi, 2006; Bae et al., 2009; Sondermann
et al., 2016), skin biopsy followed by histological assessment is
considered the diagnostic gold standard (Aldabagh et al., 2013).

Based on large population studies, which were mostly
performed on swabs of warts’ surfaces, cutaneous warts have been
associated with various papillomavirus (PV) types belonging to
genera Alpha-, Gamma-, Mu-, and Nupapillomavirus (Alpha-,
Gamma-, Mu-, and Nu-PVs) (Schmitt et al., 2011; Bruggink
et al., 2012; Al Bdour et al., 2013; de Koning et al., 2015) with
the type spectrum varying across different anatomical regions.
Whereas, CWs have usually been linked with infection with
human PV (HPV) types HPV1, 2, 4, 7, 27, and 57, plantar warts
are usually associated with HPV1, 4, 57, 60, 63, 65, and 66,
and plane warts with HPV3, 10, 26–29, and 41 (Cardoso and
Calonje, 2011). However, de Koning et al. recently showed the
presence of wart-associated HPVs in up to 80% of swab samples
of clinically normal skin (de Koning et al., 2015), thus raising
the question of whether HPV types detected on warts’ surfaces
represent colonization, latent or productive HPV infection. In
contrast to skin swabs, tissue specimens of cutaneous warts can
provide information about HPVs present throughout the entire
thickness of the epidermis (Aldabagh et al., 2013).

To the best of our knowledge, only seven small-scale HPV
prevalence studies performed on a total of 129 histologically
confirmed CW tissue samples have been published in peer-
reviewed literature to date (Supplementary Table 1) (Gross et al.,
1982; Chen et al., 1993; Egawa, 1994; Lei et al., 2009; Sun
et al., 2010; de Koning et al., 2011; Šterbenc et al., 2017), with
HPV2/27/57 and HPV1 being the most prevalent HPVs detected,
but with extremely variable detection rates obtained in different
studies (0–83.5 and 0–46.7% prevalence, respectively). Similarly,
detection rates of multiple HPVs (the presence of more than
one HPV type within one lesion) were tremendously variable
(0–88.9%), prompting the development of tools for assessment
of the most probable lesion-causative HPV among those
detected within a particular CW (Šterbenc et al., 2017). Reliable
information on causative HPV types vs. bystander HPVs in CWs
is of great importance for informed decisions concerning targeted
HPV types in future vaccines against cutaneous HPVs (Senger
et al., 2009, 2010; Vinzón et al., 2014; Gaiser et al., 2015), which
would be most beneficial for immunocompromised patients,
including organ/tissue transplant recipients, often suffering from
numerous and treatment-resistant cutaneous warts (Harwood
et al., 1999; Bouwes Bavinck et al., 2007).

Köhler et al. (2009) suggested HPV type-specific viral load
(VL) estimation as a surrogate marker for determining the
etiology of CWs. Their study included eight dermoscopically
but not histologically confirmed CW tissue samples of
immunocompetent patients, and the VLs of HPV3, 27, and
57 were estimated at 5.1 × 101, 1.1 × 104, and 4.4 × 104 viral
copies/cell, respectively, suggesting an etiological role of these
HPVs in a subset of CWs.

The aim of this study was to accurately determine the
prevalence of several HPV types in by far the largest collection
of fresh-frozen tissue samples of histologically confirmed CWs
and to reliably assess the causative HPV based on estimation of
type-specific HPV VLs using the robust cutoff value established

in this study, especially in the most challenging warts containing
multiple HPV types within one lesion.

MATERIALS AND METHODS

Characteristics of Patients and Wart
Samples
The study included 185 histologically confirmed fresh-
frozen CW tissue samples prospectively collected from 121
immunocompetent patients, older than 5 years, referred to
a single dermatology outpatient clinic in Slovenia between
February 2014 and April 2016.

The majority of patients (108/121; 89.3%) were older than 12
years, with a mean age of 29.3 years (standard deviation (SD)
16.4, median 25 years, range 5–78 years); 66/121 (54.5%) patients
were males.

A single wart was collected from 76/121 (62.8%) patients and
multiple warts from 45/121 (37.2%) patients: two, three, and five
warts were collected from 28/121 (23.2%), 16/121 (13.2%), and
1/121 (0.8%) patients, respectively. Warts were collected from
hands including wrists (n = 131), lower extremities including
dorsal sides of feet (n = 26), upper extremities (n = 14), and
head and neck region (n = 14). Mean duration of warts was 16
months (SD 21.1, median 12 months, range 1–180 months), with
a mean wart diameter of 8.4mm (SD 7.2, median 7.0mm, range
2–60 mm).

After obtaining patients’ written informed consent, their CWs
were photographed and 3–4mm punch biopsies were performed
under local anesthesia. Wart samples were then bisected, with
half of the sample immediately frozen and stored in liquid
nitrogen at −197◦C until HPV testing and the other half fixed
in 4% neutral buffered formalin and further prepared for routine
histological hematoxylin and eosin staining (Kocjan et al., 2015).
In cases in which a single patient had multiple warts, only warts
that were more than 1 cm apart were sampled in order to reduce
potential cross-contamination (de Koning et al., 2011; Tom et al.,
2016).

The study was conducted in compliance with the Declaration
of Helsinki and approved by theMedical Ethics Committee of the
Republic of Slovenia (consent number 63/10/13).

Detection of HPV Infection and HPV Typing
Total DNA from fresh-frozen CW tissue samples was extracted
using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany),
following protocol for nucleic acid purification frommammalian
tissues, and spectrophotometrically quantified using the
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). The integrity of extracted DNA was verified
by real-time polymerase chain reaction (RT-PCR) amplification
of a 268-bp fragment of human beta-globin gene, as described
previously (Jancar et al., 2009). In order to determine the
presence of HPV, 100 ng of each DNA sample was first tested
for the presence of HPV2, 27, and 57, using type-specific
quantitative multiplex RT-PCR, allowing sensitive detection and
differentiation of HPV2, 27, and 57 in a single PCR reaction
(Hošnjak et al., 2016). HPV2/27/57 RT-PCR–negative samples
were additionally tested using a consensus primer set (Odar et al.,
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2014) in combination with Sanger sequencing, preferentially
allowing detection of 23 low-risk Alpha-PVs (LR-HPVs): HPV2,
3, 6, 7, 10, 11, 13, 27, 28, 29, 32, 40, 42, 43, 44, 55, 57, 74,
77, 91, 94, 117, and 125 etiologically associated with various
mucosal and cutaneous warts. Furthermore, in all samples, the
determination of potentialMu-PV (HPV1, 63, and 204) infection
was performed using three type-specific quantitative RT-PCRs,
as described previously (Šterbenc et al., 2017). Type-specific
VLs, expressed as ratios between the number of viral copies and
human diploid cells, were estimated based on concentrations
obtained with type-specific quantitative RT-PCRs and the
quantitative 150-bp beta-globin RT-PCR, respectively (Šterbenc
et al., 2017).

Statistical Analysis
Results were presented as frequencies and percentages of
descriptive nominal variables. For numerical variables, the
minimum, maximum, arithmetic mean, standard deviation, and
median values were calculated.

RESULTS

The 268-bp fragment of human beta-globin gene was successfully
amplified from all 185 CW tissue samples, indicating adequate
sample quality for further HPV testing.

As shown in Table 1, HPV DNA was detected in 176/185
(95.1%) samples, with single and multiple HPV infections
detected in 105/185 (56.8%) and 71/185 (38.4%) samples,
respectively. Two HPV types within a single lesion (double HPV
infection) were present in one-third of CWs (66/185; 35.7%),
and 1 in 50 lesions contained three different HPVs (5/185;
2.7%; Table 1). Overall, 12 different HPVs were identified in
CWs, with HPV57, 27, and 2 representing by far the most
common individual HPVs detected. Moreover, in combination
with HPV1, these three HPVs were also the most prevalent in
CWs containing two HPV types (Table 1).

As shown in Table 2, overall, the most frequent HPVs in
CWs were HPV57, 1, 27, and 2, which were present in 67.7/185
(36.6%), 39.2/185 (21.2%), 38.0/185 (20.5%), and 13.3/185 (7.2%)
CWs, respectively. The overall detection rate of HPV2/27/57
was 64.3% (119/185). In CWs with multiple HPVs, based on
proportional attribution estimate (Insinga et al., 2008) HPV1 was
themost frequent HPV type, detected in 31.2/71 (43.9%) samples,
followed by HPV57, 27, and 63, detected in 19.7/71 (27.7%),
10/71 (14.1%), and 2.7/71 (3.8%) samples tested, respectively.

In the first part of the type-specific HPV VL study, 53 CWs
containing a single HPV type were randomly selected to establish
a robust cutoff value for further study on more challenging
lesions containing multiple HPVs. As shown in Table 3, in these
53 randomly selected CWs containing a single HPV, the median
VLs of HPV2, 27, and 57 were estimated at 3.3 × 104, 3.2 × 104,
and 1.2× 104 viral copies/cell, respectively, andwere significantly
higher compared to the estimated VLs of HPV1 (8.2 × 10−3

viral copies/cell) and HPV63 (1.5× 10−3 viral copies/cell). Based
on the clear bimodal distribution of estimated HPV VLs in 53
randomly selected CWs containing a single HPV, ranging from
5.0 × 10−4 to 7.1 × 106 copies/cell (Supplementary Table 2),

TABLE 1 | Distribution of human papillomavirus (HPV) types in 185 common

warts with single and multiple HPV infections.

HPV types detected within

particular lesion, n (%)

HPV type(s) Samples (n)

Single HPV type: 105 (56.8) HPV1 8

HPV2 11

HPV3 1

HPV7 3

HPV10 2

HPV27 28

HPV57 48

HPV63 3

HPV117 1

Two HPV types: 66 (35.7) HPV1 + HPV2 4

HPV1 + HPV7 2

HPV1 + HPV10 2

HPV1 + HPV27 15

HPV1 + HPV29 1

HPV1 + HPV57 31

HPV1 + HPV63 2

HPV1 + HPV94 1

HPV1 + HPV117 1

HPV7 + HPV57 1

HPV27 + HPV57 3

HPV57 + HPV63 2

HPV57 + HPV204 1

Three HPV types: 5 (2.7) HPV1 + HPV2 + HPV27 1

HPV1 + HPV10 + HPV63 1

HPV1 + HPV27 + HPV57 1

HPV1 + HPV27 + HPV63 1

HPV1 + HPV57 +

HPV204

1

Warts negative for all HPVs tested: 9 (4.8)

Total warts: 185 (100.0)

a cutoff value of one viral copy/cell was used to discriminate
between causative and non-causative HPVs (HPV bystanders).
Consequently, 10/53 (18.9%) CWs containing a single HPV type
and VLs of <1 viral copy/cell were assigned as “warts without
determined causative HPV” (Table 4). As shown in Table 4, the
most frequent causative HPVs in CWs containing a single HPV
type were HPV57, 27, and 2, with an overall prevalence rate
of 77.3% (41/53), followed by HPV1 (2/53; 3.8%). HPV63 was
not determined as a causative agent in any of the CWs tested
containing single HPV infection.

As shown in Table 4, the most prevalent causative HPVs
in CWs containing multiple HPV types were again HPV57,
27, and 2, with an overall prevalence rate of 53/71 (74.7%),
followed by HPV1 (3/71; 4.2%). In addition, based on data from
Supplementary Table 3, the median VLs of HPV2, 27, 57, 1, 63,
and 204 in CWs containing multiple HPVs were estimated at 2.6
× 104, 2.0 × 104, 2.8 × 104, 1.6 × 10−2, 7.2 × 10−3, and 5.7
× 10−3 viral copies/cell, respectively. The VLs of HPV2/27/57
ranged from 6.0 × 10−4 to 3.6 × 105 viral copies/cell and in
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TABLE 2 | Prevalence of human papillomavirus (HPV) types in 185 common warts

of immunocompetent patients.

HPV

type

Cumulative

n = 185 (100%)

Single HPVs

n = 105 (100%)

aMultiple HPVs

n = 71 (100%)

Alphapapillomavirus 2 HPV3 1 (0.5) 1 (1.0) 0

HPV10 3.3 (1.8) 2 (1.9) 1.3 (1.8)

HPV29 0.5 (0.3) 0 0.5 (0.7)

HPV94 0.5 (0.3) 0 0.5 (0.7)

HPV117 1.5 (0.8) 1 (1.0) 0.5 (0.7)

Alphapapillomavirus 4 HPV2 13.3 (7.2) 11 (10.5) 2.3 (3.3)

HPV27 38 (20.5) 28 (26.7) 10 (14.1)

HPV57 67.7 (36.6) 48 (45.7) 19.7 (27.7)

Alphapapillomavirus 8 HPV7 4.5 (2.4) 3 (2.8) 1.5 (2.2)

Mupapillomavirus 1 HPV1 39.2 (21.2) 8 (7.6) 31.2 (43.9)

Mupapillomavirus 2 HPV63 5.7 (3.1) 3 (2.8) 2.7 (3.8)

Mupapillomavirus 3 HPV204 0.8 (0.4) 0 0.8 (1.1)

aTo estimate the HPV type-specific prevalence in 71 warts with multiple HPV infections,

the proportional attribution estimate was used. It was calculated using the method of

Insinga et al. (2008), in which fractional allocation for each distinct HPV type was made.

TABLE 3 | Estimated viral loads in 53 randomly selected warts with single human

papillomavirus (HPV) infections.

No. of warts

(N = 53)

Viral load (copies/cell)

Minimum Maximum Median Mean SD

HPV2 8 2.5×10−3 1.4×105 3.3×104 4.7×104 5.1×104

HPV27 15 6.3×103 2.5×105 3.2×104 6.6×104 7.1×104

HPV57 22 6.0×10−4 1.7×105 1.2×104 2.8×104 3.9×104

HPV1 5 5.0×10−4 7.1×106 8.2×10−3 1.5×106 3.2×106

HPV63 3 1.1×10−3 1.8×10−2 1.5×10−3 6.9×10−3 9.6×10−3

Because estimated viral loads were not normally distributed, the median is statistically

more appropriate than the mean.

TABLE 4 | Determined causative HPV types in 53 randomly selected warts with

single human papillomavirus (HPV) infections and 71 warts with multiple HPV

infections based on estimated type-specific HPV viral loads and set cutoff value.

Single HPVs, n (%)

N = 53 (100%)

Multiple HPVs, n (%)

N = 71 (100%)

HPV2 7 (13.2) 5 (7.1)

HPV27 15 (28.3) 13 (18.3)

HPV57 19 (35.8) 35 (49.3)

HPV1 2 (3.8) 3 (4.2)

Without determined

causative HPV

10 (18.9) 15 (21.1)

the great majority of CWs were higher than 100 viral copies/cell,
whereas the VLs of HPV1/63/204 ranged from 7.0 × 10−4 to
1.6 × 102 viral copies/cell and were generally lower than one
copy/cell, except in five HPV1-positive warts. Consequently, as
shown in Supplementary Table 3, a single HPV with 103-108-
fold higher VLs in comparison to VLs of other HPVs detected
within the same wart was present in 52/71 (73.2%) CWs, and
such an HPV was securely assigned as the causative HPV. In
4/71 (5.6%) warts, two HPVs present in the same lesion had high

VLs and were both co-assigned as potentially causative HPVs
(HPV1+27 and HPV1+57 in two CWs each). The causative
HPV could not be reliably determined in 15/71 (21.1%) CWs
containing multiple HPVs due to the fact that: (i) the VLs of all
HPVs detected within the lesion were far <1 viral copy/cell (six
samples), or (ii) in addition to targeted HPVs with minute VLs,
the CW also contained additional HPVs (HPV7, 10, 29, 94, or
117), for which we were unable to measure VLs due to the lack
of appropriate methods (nine samples; Supplementary Table 3).
Similar to 10 CWs containing single HPVs with minute VLs,
these 15 CWs containing multiple HPVs were labeled as “warts
without determined causative HPV.” Thus, even though HPV63
and HPV204 were indeed detected in 2.7/71 (3.8%) and 0.8/71
(1.1%) warts containing multiple HPVs, respectively, they were
not assigned as causative HPVs in any of the CWs tested due to
minute VLs.

The majority of CWs containing multiple HPVs were
obtained from hands (49/71; 69.0%), and others were collected
from legs (10/71; 14.1%), arms (8/71; 11.3%), and head (4/71;
5.6%). The most frequent causative HPV in all four anatomical
regions was HPV57 and caused all four CWs collected from
the head. Interestingly, all four CWs samples with co-assigned
causative HPVs (HPV1+27 and HPV1+57 in two CWs each)
were collected from hands.

Among 45 patients with multiple CWs sampled, complete
concordance of HPVs detected was found in only 14 (31.1%).
However, at least one common HPV was present across all warts
obtained from the same individual in 40/45 (88.9%) patients. In
addition, in all 21 patients in whommultiple warts were available
and HPV VLs could be estimated in all CWs sampled, 100%
agreement across assigned causative HPVs was found.

DISCUSSION

Although a broad range of HPV types and a relatively high
frequency of multiple HPVs have previously been reported in
CWs’ tissue samples (Gross et al., 1982; Chen et al., 1993; Egawa,
1994; Lei et al., 2009; Sun et al., 2010; de Koning et al., 2011;
Šterbenc et al., 2017), previous studies suffered from small size,
use of suboptimal specimens (formalin-fixed paraffin-embedded
tissues), and inability to reliably assign the causative HPV type,
especially in CWs containing multiple HPVs.

In this study, performed on the largest sample collection of
CWs unambiguously diagnosed by histopathological assessment,
HPV DNA detection rate was 176/185 (95.1%), which is in line
with similar studies, in which HPV positivity ranged from 64.3
to 100% (Gross et al., 1982; Chen et al., 1993; Egawa, 1994; Lei
et al., 2009; Sun et al., 2010; de Koning et al., 2011; Šterbenc
et al., 2017). High HPV DNA prevalence in this study was most
probably due to the use of optimal quality samples (fresh-frozen
tissue), highly sensitive HPV detection and genotyping methods
(Hošnjak et al., 2016; Šterbenc et al., 2017), and a relatively wide
spectrum of HPV types tested (n = 26). Multiple HPVs were
detected in 71/185 (38.4%) CWs, which is substantially higher in
comparison to the majority of similar studies (Gross et al., 1982;
Chen et al., 1993; Egawa, 1994; Lei et al., 2009; Sun et al., 2010;
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de Koning et al., 2011). In agreement with other studies (Chen
et al., 1993; Lei et al., 2009; Šterbenc et al., 2017), the majority
of CWs with multiple HPVs contained two HPVs. LR-HPVs and
Mu-PVs were concomitantly detected in the vastmajority of CWs
containingmultiple HPVs (65/71; 91.5%), with the most frequent
combinations being HPV1+27 and HPV1+57, in line with the
findings of some previous studies (Lei et al., 2009; Šterbenc et al.,
2017).

Although two previous studies showed that, in cutaneous
warts containing multiple HPVs, HPV type-specific VL
measurement could be useful for differentiating between
productive HPV infection and clinically latent infection, a
relatively small number of CWs have previously been evaluated
using the VL approach (n = 8 and n = 9, respectively) (Köhler
et al., 2009; Šterbenc et al., 2017). This study explored HPV
type-specific VLs measured on the largest collection of CWs (n
= 124), and significantly higher median VLs of HPV2/27/57
were observed in comparison to HPV1/63/204 (104 copies/cell
and 10−3 copies/cell, respectively), irrespective of single or
multiple HPVs present in CWs. This phenomenon could be
a consequence of different phylogenetic backgrounds of the
species Alphapapillomavirus 4 and the genus Mu-PV (Bernard
et al., 2010). The estimated high median VLs of HPV27 and 57 in
this study are in line with the results of Köhler et al. (2009) and
might explain the high prevalence of HPV2/27/57 in CWs of this
cohort (119/185; 64.3%) and in previous studies (Gross et al.,
1982; Lei et al., 2009; Sun et al., 2010; de Koning et al., 2011) due
to copious viral shedding in the environment with subsequent
growth of new warts.

To the best of our knowledge, VL cutoff(s) that could be
used to reliably differentiate between causative and bystander
HPV types in CWs, especially in challenging cases such as CWs
containing multiple HPVs, have not been established yet. Based
on the VLs measured in 53 randomly selected CWs containing
a single HPV type, and clear bimodal distribution of the VLs
obtained, in this study the cutoff value for causal determination
was set at one copy/cell. Using this approach, HPV57 has been
identified as the most important CW-related HPV causing a
significant proportion of CWs (35.8 and 50.7% CWs containing
single and multiple HPVs, respectively). Three HPV types
(HPV2/27/57) were determined to be causative HPVs in three-
quarters of CWs irrespective of whether CWs contained single
or multiple HPVs, whereas HPV1 was assigned as the causative
HPV in ∼4% of CWs, again irrespective of single/multiple HPV
status. Similarly, a previous study performed on nine samples
determined HPV2/27/57 and HPV1 to be causative HPVs in
6/9 (66.6%) and 1/9 (11.1%) CWs, respectively (Šterbenc et al.,
2017). Based on our findings, HPV1—a classic skin HPV type—
seems to be rarely causally involved in the development of
CWs, in contrast to its prominent etiological role in plantar
warts in children (Rübben et al., 1993; Bruggink et al., 2012;
de Koning et al., 2015) and its frequent presence in clinically
normal skin (de Koning et al., 2015). Similarly, HPV63 and 204
were present in only a small fraction of CWs, and were not
assigned as causative HPVs in any of the CWs in this study
due to minute VLs. Our results are consistent with previous
studies, reporting frequent etiological association of HPV63 with
plantar warts (Egawa et al., 1993a, 2015; Bruggink et al., 2013; de

Koning et al., 2015) and its frequent presence in normal skin (de
Koning et al., 2015), but not in swabs of CW surfaces (de Koning
et al., 2015). Furthermore, HPV204, the last officially recognized
Mu-PV (Kocjan et al., 2015), could be etiologically more
important in skin/mucosal lesions other than CWs, preferably
in the anogenital region (Šterbenc et al., 2017). In conclusion,
the frequent presence of Mu-PVs in minute concentrations
suggests that they mostly cause clinically latent infections and
are present in tissue specimens of CWs as bystanders, not
causative HPVs.

In 4/185 (2.2%) CWs, we assigned two co-causative HPVs.
In these CWs, we most probably had colliding wart lesions,
each associated with an individual causative HPV, as recently
demonstrated in cervical intraepithelial neoplasia lesions using
laser capture micro-dissection and HPV genotyping, under the
“one virus, one lesion” concept (Quint et al., 2012).

In line with previously reported findings (de Koning et al.,
2015), in this study a remarkable 100% agreement across all
assigned causative HPVs in individuals was found in all 21
patients who had multiple warts and in whom HPV VLs could
be determined in all CWs sampled, suggesting that a single HPV
type might be implicated in the development of multiple CWs in
an individual patient.

In this study, Mu-PVs and LR-HPVs were not detected
in 9/185 (4.9%) CWs, and, in one-fifth of CWs containing
either single or multiple HPVs, the causative HPV remained
undetermined, suggesting that these CWs might be etiologically
attributed to HPV types from other species such as
Alphapapillomavirus 2 or 8, Gamma-PVs, Nu-PVs, or other
novel, still-unidentified HPV types. Although the cumulative
prevalence of HPVs from species Alphapapillomavirus 2 and 8
(HPV7, 10, 29, 94, and 117) was relatively low (11.6/185; 6.3%)
and their VLs were not estimated in this study, these HPV types
could potentially be considered as the causative HPV of warts
in question because HPV1 and 63, co-detected in these CWs,
were present in minute quantities. In previous studies performed
on histologically confirmed CWs, the reported detection rate of
HPV4/60/65 (genus Gamma-PV) and HPV41 (genus Nu-PV)
varied between 0 and 100% (Gross et al., 1982; Chen et al.,
1993; Egawa, 1994; de Koning et al., 2011; Šterbenc et al., 2017).
However, the highest (100%) prevalence of Gamma-PVs in
the study by Egawa (1994) could be attributed to selection bias
due to histologically discerned type-specific cytopathogenic
effects (CPEs), which have assisted in the assignment of
possible causative HPV type(s) in cutaneous warts in the past
(Jablonska et al., 1985; Egawa et al., 1993a,b; Egawa, 1994).
Nowadays, histopathological assessment is not considered a
reliable diagnostic method for differentiation between HPV
types/genus; for this purpose, we need HPV genotyping methods
(Kalantari et al., 2009).

Because the distribution of HPV types and VLs of
wart-associated HPVs were found to be independent of
immunosuppression (Rübben et al., 1993; Köhler et al., 2009),
the findings of this study could also be of importance for
immunocompromised patient populations, for whom potential
future vaccine(s) against cutaneous HPVs would be most
beneficial. In particular, our results reinforce the need for
obligatory inclusion of virus-like particles (VLPs) against
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HPV2/27/57 in such vaccines, which are currently in the early
phase of development (Senger et al., 2010; Gaiser et al., 2015;
Huber et al., 2017).

The main limitation of this study is potential selection
bias because our cohort might not be fully representative of
the general population due to enrollment of patients referred
to the tertiary level of dermatological care, possibly due to
more treatment-resistant warts or clinically atypical lesions. In
addition, considering the benign nature of CWs and potential
adverse events of the biopsy, including pain, allergic reactions
to local anesthetics, and scarring (Wahie and Lawrence, 2007),
only patients who consented to skin biopsy were enrolled, which
may have caused additional selection bias and, consequently,
fewer warts from children and from facial location were obtained.
Another important limitation of this study is that due to technical
limitations we were able to reliably assign the causative HPV
based on an estimation of type-specific HPV VLs only for
the six of the most prevalent CW-associated HPVs: Alpha-PV
types HPV2/27/57 andMu-PV types HPV1/63/204. Although we
identified another sixAlpha-PV 2 and 8 types (HPV types 3, 7, 10,
29, 94, and 117) as potential causative HPVs of nine warts, due to
the lack of appropriate methods we were unable to measure the
VLs of these HPVs, and consequently these CWs remain without
a reliably assigned causative HPV.

In conclusion, this study was performed on by far the largest
collection of histologically confirmed fresh-frozen CWs and—
based on assessment of the causative HPV using an estimation
of type-specific HPV VLs and the robust cutoff value of one
viral copy/cell established in this study—it reliably assigned the
causative HPV type in almost 80% of the CWs tested, including
challenging lesions containing multiple HPVs. HPV57 has been
identified as the most important CW-related HPV, causing at
least one-third of CWs and three HPV types (HPV2/27/57) as
causative HPVs of three-quarters of CWs irrespective of whether
CWs contained single or multiple HPVs. This study provides
further evidence for informed decisions about selecting the most
appropriate targets for future vaccine(s) against cutaneous HPV-
related benign tumors.
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