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Abstract

The polyomavirus family is rapidly expanding with twelve new human viruses identified since 2007. A significant number of
the new human polyomaviruses (HPyV) has been found on the skin. Whether these viruses share biological properties and
should be grouped together is unknown. Here we investigated the serological behavior of cutaneous HPyVs in a general
population. 799 sera from immunocompetent Australian individuals aged between 0–87 were analyzed with a Luminex
xMAP technology-based immunoassay for the presence of VP1-directed IgG antibodies against MCPyV, HPyV6, HPyV7,
TSPyV, HPyV9, and BKPyV as a control. Except for HPyV9, overall seropositivity was high for the cutanous polyomaviruses
(66–81% in adults), and gradually increased with age. Children below 6 months displayed seropositivity rates comparable to
the adults, indicative of maternal antibodies. TSPyV seroreactivity levels strongly increased after age 2 and waned later in life
comparable to BKPyV, whereas MCPyV, HPyV6 and HPyV7 seroreactivity remained rather stable throughout. Based on the
identified serologic profiles, MCPyV seems to cluster with HPyV6 and HPyV7, and TSPyV and HPyV9 by themselves. These
profiles indicate heterogeneity among cutaneous polyomaviruses and probably reflect differences in exposure and
pathogenic behavior of these viruses.
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Introduction

The Polyomaviridae constitute a family of small DNA viruses that

infect a variety of hosts. In recent years twelve new human

polyomaviruses (HPyVs) were identified, among which the KI and

WU polyomaviruses [1,2], the Merkel cell polyomavirus (MCPyV)

[3], the human polyomaviruses 6, 7, 9, 10 and 12 (HPyV6,

HPyV7, HPyV9, HPyV10, HPyV12) [4–8], the trichodysplasia

spinulosa associated polyomavirus (TSPyV) [9], the Malawi

polyomavirus (MWPyV) [10], the Mexico polyomavirus (MXPyV)

[11], and the STL polyomavirus (STLPyV) [12]. MWPyV,

HPyV10 and MXPyV seem to belong to one species, because

their whole genomes exceed the 81% identity criterion for

polyomavirus species as proposed by the Polyomaviridae Study

Group of the International Committee on Taxonomy of Viruses

[13].

A number of the new HPyVs has been found on the skin (e.g.

MCPyV, HPyV6, HPyV7, TSPyV, and HPyV9), with frequencies

of 40–80% for MCPyV [4,14,15], 14–50% for HPyV6 [4,16],

11% for HPyV7 [4], 2–4% for TSPyV [9,17] and 1–17% for

HPyV9 [5,16]. In most healthy individuals, the viral DNA load on

the skin was low. HPyV10 might also represent a cutaneous

polyomavirus, as it was identified in an anal wart. However, the

close resemblance with MWPyV, MXPyV, and the phylogenet-

ically slightly more distant STLPyV, all found in feces, may

suggest HPyV10 to be a fecal contaminant rather than a wart-

causing skin virus.

Two of the cutaneous HPyVs, MCPyV and TSPyV, are

considered to be pathogenic, and have stong evidence of causality

in Merkel cell carcinoma (MCC) and trichodysplasia spinulosa

(TS), respectively. MCPyV is clonally integrated in 80% of MCC,

a rare but aggressive neuroendocrine skin tumor most commonly

found in elderly and immunosuppressed persons [3,18]. Recent

improvements to the sensitivity of detection methods suggested

that all MCCs harbor MCPyV [19]. Involvement of MCPyV in

the pathogenesis of MCC is supported by clonal integration of

MCPyV in MCC [3], the presence of specific MCPyV mutations

that prevent viral replication while transformational property

remains [20,21], and the induction of elevated T antigen

seroresponses in MCC patients [22]. Trichodysplasia spinulosa

(TS) is a rare follicular skin disease exclusively found in severely

immunocompromized hosts, characterized by papules and spicules

(spines) mainly present on the face. Involvement of TSPyV in the

pathogenesis of TS is supported by high TSPyV DNA detection

rate and load in TS lesional vs. normal skin [9,17], and abundant

presence of VP1 protein and virus particles in affected follicular

cells [17]. So far, HPyV6, HPyV7 and HPyV9 have not been

associated with any disease.
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Seroepidemiologic studies of the BK (BKPyV) and JC

polyomaviruses (JCPyV) have indicated that these viruses are

ubiquitous and infect the general population early in life with an

overall seroprevalence of 60–80%, respectively [23]. For MCPyV,

seroprevalences of 40–80% were reported in general immuno-

competent populations [4,23–27], and 70% for TSPyV [27–29].

For HPyV6 and HPyV7, seroprevalences of 70–85% and 35–60%

were reported in healthy individuals, respectively [4,27]. Lower

(30–50%) seroprevalence rates in immunocompetent populations

were shown for HPyV9 [27,30,31]. Of note, seroprevalences

deduced from seroresponses directed against VP1 expressed as

either virus-like particle (VLP) or GST-fusion protein, were

generally comparable.

In this study we systematically determined and compared

seropositivity and seroreactivity rates of the pathogenic cutaneous

polyomaviruses MCPyV and TSPyV with those of HPyV6,

HPyV7 and HPyV9 so far without attributable disease. To that

purpose, we extended our previously described Luminex xMAP

technology-based TSPyV VP1 polyomavirus seroassay [29] with

VP1 antigen of MCPyV, HPyV6, HPyV7 and HPyV9. Age-

specific seroresponses were determined for these five cutaneous

HPyVs, in a group of 799 immunocompetent individuals from

Queensland, Australia. BKPyV VP1 was included as a positive

control antigen. Based on the observed differences and similarities

in seropositivity and seroreactivity rates, the cutaneous HPyVs

were grouped in three different serological profiles. These profiles

were mutually compared and discussed with respect to known

aspects of viral infection and pathogenicity.

Materials and Methods

Study population
For the purposes of this study, sera from a group of 799

immunocompetent Australian individuals were assessed. These

samples were collected during October 2008 – June 2009 as part

of a larger study investigating the seroprevalence of Q Fever in

Queensland, Australia [32]. The study population consisted of

three collection sites across the South East Queensland region,

which is the most densely populated area of the state and includes

the capital city of Brisbane. The principal sample set (n = 503) was

obtained from serum collected for routine diagnostic testing at the

largest tertiary public hospital in Brisbane and Queensland, the

Royal Brisbane & Women’s Hospital.

Additional sera (n = 110) collected for routine diagnostic testing

were obtained from the public Toowoomba Hospital, which

services the regional city of Toowoomba and the surrounding

rural population. Sera from both hospitals were originally

collected for a wide range of routine serological and biochemical

testing. Clinical records were used, when available, to exclude

immunocompromized patient sera from the candidate sample

pool. A third sample group (n= 186) was obtained from children’s

sera submitted for routine allergy screening at a Brisbane-based

private pathology clinic.

The age range of the total study population was 0–87 years

(mean 25 yrs, median 15 yrs), with an overrepresentation of ages

from 0–10 yrs. For sub-group analyses to determine seropreva-

lence by age, the total population was divided in 14 different age

groups: 0–0.5 years (n = 31), 0.6–1.9 (n = 63), 2–3 (n= 62), 4–5

(n = 58), 6–7 (n= 58), 8–9 (n= 70), 10–14 (n= 55), 15–19 (n = 59),

20–29 (n= 59), 30–39 (n= 64), 40–49 (n= 54), 50–59 (n= 58), 60–

69 (n= 54), and.70 years of age (n = 54) (Table S1). Appropriate

approval for this research was obtained from the Queensland

Children’s Health Services Ethics Committee. Individual patient

consent was not sought due to the retrospective nature of the

study. The data were analyzed anonymously.

Cloning and expression of GST-VP1.tag fusion proteins
In the polyomavirus multiplex serology methodology, Glutathi-

one-S-Transferase (GST)-VP1.tag fusion proteins were used as

antigen [33]. The construction and expression of GST-

MCPyV344 VP1.tag, GST-TSPyV VP1.tag and GST-BKPyV

VP1.tag was performed as described [29]. To obtain the pGEX-

HPyV6 VP1.tag construct, the VP1 gene of HPyV6 was cloned

into the pGEX5x3 vector (Amersham Biosciences). In the PCR

reaction, p6VP1 vector (Addgene plasmid 24725) [4] was used as

input combined with the following primers with restriction site

linkers (underlined) and a tag sequence (italic) at the 39-end:

HPyV6 sense 59-GAATTCGAATTCTCCCTGCCATCG-

CAAAGGCAACG-39, HPyV6 anti sense 59-

GCGGCCGCTGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTT-

TAAGCTTGAGTTCGCCCTTGCTGGGCTCCTT-39. For

pGEX-HPyV7 VP1.tag, the HPyV7 VP1 gene was cloned into

the pGEX4t3-MCPyV VP1.tag vector after removal of the

MCPyV VP1 sequence. For this purpose, pHPyV7-713a vector

(Addgene plasmid 24728) [4] was used as input for the PCR

reaction with the following primers with restriction site linkers

(underlined): HPyV7 sense 59- GGATCCGGATCCCCCTGT-

CAAAGAAAAGGAAATGG-39 and HPyV7 anti sense 59-

GTCGACGTCGACAATTCCTTCTTGTTGTCTGTG-39.

For PCR and cloning strategy details see van der Meijden et al.

[29]. A synthetic clone of pGEX5x3-HPyV9 VP1.tag was

constructed by GenScript based on the HPyV9 VP1 sequence

with RefSeq NC_015150. GST-HPyV VP1.tag fusion proteins

were expressed in the Bl21 Rosetta Escherichia coli strain as

described [24,33]. Comparable expression of all GST-VP1 fusion

proteins was checked by western blotting using either an anti-tag

antibody (1:5000 dilution, a generous gift from Waterboer and

Pawlita) [34] or an anti-GST antibody (1:5000 dilution, Santa

Cruz) (data not shown).

Multiplex polyomavirus serology
For the measurement of antibodies against the HPyVs described

above, a multiplex antibody binding assay was performed

(Luminex based xMAP technology). This assay is based on

fluorescent beads chemically cross-linked to glutathione-casein

(GC) to which, through affinity purification of 1 mg/ml crude

bacterial GST-VP1.tag fusion protein lysate, the GST-VP1.tag

fusion proteins could bind [33]. The quality of GST-VP1.tag

binding to the beads was tested by detection with either an a-tag

or a-GST antibody. This resulted in approximately comparable

GST-HPyV VP1.tag bead binding. Multiplex serology was

performed as described in van der Meijden et al. [29]. In short,

the serum samples were tested in a 1:100 dilution in blocking

buffer (1 mg/ml casein (Sigma), 0.5% polyvinylalcohol (Pierce),

0.8% polyvinylpyrrolidone (Pierce), 2.5% Super ChemiBlock

(CBS-K, Chemicon international) in PBS) incubated for 1 hour

at room temperature to suppress non-specific binding of antibodies

to the beads. Furthermore, the blocking buffer also contained

2 mg/ml lysate from bacteria expressing GST.tag alone, to block

antibodies directed against residual bacterial proteins and

GST.tag. For competition experiments serial serum dilutions were

either pre-incubated with lysate from bacteria expressing GST.tag

alone or with the individual GST-VP1.tag fusion protein lysate.

Subsequently, serum samples were incubated for 1 hour at room

temperature with the GST-VP1.tag coupled beads. For the

detection of VP1-bound antibodies, biotinylated goat-anti-human

IgG (H+L) (1:1000, Jackson ImmunoResearch Laboratories Inc.)

Serologic Behavior of Cutaneous Polyomaviruses
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followed by streptavidine-R-phycoerythrin (1:1000, Invitrogen)

were used, each with an incubation step of 30 minutes at room

temperature. Finally, the beads and the phycoerythrin signal were

analyzed in a Bio-Plex 100 analyzer (Bio-Rad Laboratories)

resulting in median fluorescent intensity (MFI) units. To correct

for background seroreactivity, MFI values measured against GST

alone were subtracted to obtain HPyV VP1 specific signals. On

every plate a serum pool of 4 serum samples was included as

reference for the multiplex serology. For this purpose 1:4 serial

dilutions of the serum pool were made starting with a dilution of

1:100 up to 1:409.600 and the seroresponse against MCPyV,

HPyV6, HPyV7, TSPyV, HPyV9, and BKPyV was measured.

Little variance was observed between the plates.

Cut-off value determination
Immunoassay cut-off values were based on the group of

immunocompetent children aged 7–24 months (n = 63) among

the study population. A frequency distribution analysis with a bin

width of 250 MFI was performed on the seroresponses of the cut-

off population for each HPyV tested, to determine the seroneg-

ative population, which was defined by samples falling within bins

with a frequency percentage above 10% (Figure S1, red bars).

Cut-off values were calculated by the mean seroresponse for each

virus of the serononresponders plus three times the standard

deviation. While doing so, the following cut-off values were

obtained: MCPyV, 321 MFI; HPyV6, 129 MFI; HPyV7, 604

MFI; TSPyV, 250 MFI; HPyV9, 317 MFI; BKPyV, 428 MFI.

Statistical analysis
Pearson correlation coefficients (r2) were calculated to deter-

mine the association between seroresponses against different

polyomaviruses, as shown in Figure 1 (upper-right triangle).

Odds ratios (OR) were established to describe the association

between seropositivity and age for each of the tested HPyVs, with

age group 0.6–1.9 years as a reference. Differences in mean

seroreactivity between the different age groups and age group 0.6–

1.9 years (reference) were calculated with the Student’s T-test. All

statistical calculations were performed by using SPSS 20 statistical

software (IBM).

Results

Seroresponses
To measure seroresponses against MCPyV, HPyV6, HPyV7,

TSPyV, HPyV9 and BKPyV, the VP1 major capsid protein of

each polyomavirus was expressed and coupled to specifically

colored Luminex beads. Seroresponses against the VP1-coated

antigenic beads were measured for each individual within the

study population using the Luminex xMAP technology. The

obtained serological measurements are shown separately for each

polyomavirus in Figure 2 (Dataset S1, Excel file raw data).

Seroresponses were common for TSPyV, HPyV6 and HPyV7,

intermediate for MCPyV, and low for HPyV9. The highest

seroresponses were measured for BKPyV.

Sero-crossreactivity
Based on shared VP1 amino acid sequence identity (Figure 1,

lower-left triangle), cross-seroreactivity might be expected between

phylogenetically closely related polyomaviruses, such as HPyV6

and HPyV7 (68% identity) [13,35]. To explore this potential

drawback, for the whole study population a correlation analysis

was performed between the seroresponses measured against each

of the VP1 antigens. Poor or absent correlations were observed

between seroresponses against the tested polyomaviruses, with that

between HPyV6 and HPyV7 being the highest (r2=0.181)

(Figure 1, upper-right triangle).

VP1 antigen-competition experiments were performed to

further exclude cross-reactivity between HPyV6 and HPyV7.

Serial dilutions of four HPyV6 and HPyV7-reactive serum

samples were preincubated separately with lysates from bacteria

expressing the individual GST-VP1.tag fusion proteins or the

GST.tag alone, after which HPyV6 and HPyV7 seroresponses

were measured. In all cases, the HPyV6 and HPyV7-directed

seroresponses were completely inhibited after pre-incubation with

the homologous VP1 antigen (Figure 3), whereas pre-incubation

with heterologous polyomavirus VP1 antigens did not affect the

measured seroresponses against HPyV6 or HPyV7. In two sera

tested however (#2 and #4 for HPyV7, and #3 and #4 for

HPyV6; Figure 3), a subtle reduction in HPyV6 and HPyV7

seroreactivity was observed after pre-incubation with the recipro-

cal VP1 antigen, in line with the observed poor correlation

calculated for the total serum set (Figure 1).

Seropositivity
To determine the seroprevalences in our study population for

each of the viruses, seropositivity was assessed by calculating the

proportion of sera that displayed seroreactivity above the

established cut-off value for each virus (Figure S1). In Figure 4,

the proportional seropositivity is shown for each polyomavirus,

distributed by age group. A significant increase in seropositivity

with age was observed for all viruses tested, although for HPyV9

significance was marginal and reached only in the older age

groups (Table S2).

In the 0.6–1.9 year-of-age group, seropositivity varied between

10–20%. By adulthood (.20 years-of-age) seropositivity rates

increased to 68% for MCPyV, 76% for HPyV6, 66% for HPyV7

Figure 1. VP1 sequence identities and seroresponse correla-
tions between tested polyomaviruses. The lower-left triangle
shows homology (percentage sequence identity; 1 corresponds to
100% identity) between VP1 protein sequences of the six polyoma-
viruses tested generated by ClustalW alignment using Geneious Pro
5.6.3 software with default settings. For this alignment the following
RefSeq/GenBank accession numbers were used: MCPyV, NC_010227;
HPyV6, NC_014406; HPyV7, NC_014407; TSPyV, NC_014361; HPyV9,
NC_015150; BKPyV, NC_001538. The upper-right triangle shows cross-
reactivity between seroresponses measured against VP1 of the six
polyomaviruses tested. For this analysis the serologic data from the
complete study population were used (n = 799). Pearson correlation
coefficients (r2) were determined by SPSS 20 software (IBM).
doi:10.1371/journal.pone.0081078.g001
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and 81% for TSPyV. Adult seropositivity for HPyV9 remained

low (24%). Only 4 adult samples (1.2%) were seronegative for any

of the cutaneous HPyVs. Seropositivity for all of the tested

polyomaviruses was observed in 56 individuals (7%) of which 43

(77%) were adults.

Except for HPyV9, in the age group below 6 months of age,

seropositivity was significantly higher than in the next age group

and comparable to the levels measured in the adults (Figure 4

and Table S2). This phenomenon was also observed for BKPyV,

where a seropositivity of 90% was measured in the very young, in

line with very high seropositivity rates in the higher age groups.

Intensity of seroresponses
Among the seropositive individuals, the intensity of the

seroresponses was analyzed for each virus in the different age

groups. From 0.6 years-of-age on, a strong increase in median

seroreactivity was observed for TSPyV that peaked between 2 and

20 years-of-age (Figure 5), and decreased later in life to roughly

half of the intensity of the peak level. The mean TSPyV

seroreactivity was significantly increased in all age groups

compared to the mean seroreactivity measured in age group

0.6–1.9 years of age (p,0.001, Student’s T-test) (Table S3). This

pattern mirrored to what was observed for BKPyV in the same

analysis (Figure 5). The seroreactivity against MCPyV, HPyV6

and HPyV7 only slightly increased with age. For HPyV9 the

number of seropositive individuals was too small to draw any

conclusions in this regard.

Discussion

In order to investigate seroresponses against HPyVs found on

the skin, we extended our TSPyV VP1-antigen immunoassay with

MCPyV, HPyV6, HPyV7 and HPyV9. Except for MCPyV, the

intensities of the measured seroresponses were in general

comparable for the tested HPyVs. Fusion protein expression and

bead binding were comparable between the six HPyVs and cannot

explain the lower maximum MFI value observed for MCPyV

(data not shown). Lower immunogenicity of the used MCPyV

strain 344 might explain this observation, although it contains

aspartic acid (D) and arginine (R) at positions 288 and 316,

respectively, important for proper folding of the MCPyV VP1

protein and epitope recognition [24]. MCPyV strain 344 has a

VP1 sequence identical to strain 339 used in most MCPyV

seroepidemiological investigations.

Minor cross-serorecognition was observed between HPyV6 and

HPyV7 but this correlation was very poor, both in the overall

comparison and in the competition experiments. Another recent

study using VP1 VLP antigen also had some indication of cross-

serorecognition of these viruses [27]. Taken together, the

relevance of these findings for interpretation of our data was

considered low, because both in our and in the French study the

observed crossreactivity was weak, with a calculated Pearson

correlation coefficient of 0.426, r2-value of 0.181 in our study, and

a Spearman correlation coefficient of 0.433 in the French [27]. A

study by Schowalter et al. [4] showed no crossreactivity between

HPyV6 and HPyV7.

We cannot rule out the possibility of crossreactivity between the

six HPyVs analyzed in this study and other polyomaviruses,

especially ones with high VP1 homology [36], for instance as

already described between HPyV9 and simian lymphotropic

polyomavirus (LPyV) [30,31]. However, several studies have

demonstrated the absence of crossreactivity against the different

HPyVs [23–25], even between polyomaviruses with high VP1

homology; e.g. BKPyV and JCPyV (78%) [23,37,38], and KIPyV

and WUPyV (66%) [23,39].

The observed seropositivity rates were within the range of

previously published studies [4,23–29], although the HPyV9 rate

was somewhat lower [27,30,31]. This might be explained by lower

circulation of HPyV9 in Queensland, Australia, compared to

Europe and the USA [27,30,31], by possible local serotype

variation or by different ways of exposure. An alternative

explanation could be the use of the GST-VP1 based Luminex

assay versus VP1 VLP based ELISA employed by others, although

this seemed irrelevant for the other polyomaviruses tested. In

general, seropositivity rates are influenced by the used cut-off

Figure 2. Seroresponses measured against VP1 of MCPyV, HPyV6, HPyV7, TSPyV, HPyV9 and BKPyV. Presented are seroresponses of
799 Australian immunocompetent individuals. Each circle corresponds to the mean fluorecence intensity (MFI) measured for an individual serum
sample in the Bio-Plex 100 analyzer. The cut-off value calculated for each polyomavirus as explained in Figure S1 is depicted as a blue line.
doi:10.1371/journal.pone.0081078.g002
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values, which were defined arbitrarily and differed in the various

studies.

The observed seropositivity patterns of MCPyV, HPyV6,

HPyV7 and TSPyV indicate that primary infections commonly

occur in children and young adults. The increase of seropositivity

with age for most of the viruses tested is compatible with the model

of continuing primary infections throughout adult life. High

seropositivity rates were detected in the first 6 months of life for all

viruses except HPyV9. The rapid decline to the lowest measured

seropositivity rates for each virus in the consecutive (0.6–1.9 yrs)

age group, strongly suggests the presence of maternal antibodies

during infancy. Maternal antibodies against KIPyV and WUPyV

in young infants have been previously reported by Nguyen et al.

[39], and Boldorini et al. have shown a decrease over time of

JCPyV and BKPyV IgG levels in follow-up samples of newborns

[37].

Differences were observed with respect to the intensity of virus-

specific seroreactivities among seropositive individuals. Whereas

Figure 3. VP1-specific competition of polyomavirus seroresponses. Serial dilutions of four serum samples were preincubated with soluble
recombinant fusion protein lysate containing GST.tag alone (black), GST-HPyV6 VP1.tag (orange), GST-HPyV7 VP1.tag (blue) or GST-TSPyV, GST-
MCPyV, GST-BKPyV, GST-HPyV9 (grey). The HPyV6 (left part of the figure) and HPyV7 (right part of the figure) VP1 seroreactivity was measured by the
Bio-Plex 100 analyzer. MFI stands for median fluorescent intensity.
doi:10.1371/journal.pone.0081078.g003

Figure 4. Seropositivity of MCPyV, HPyV6, HPyV7, TSPyV, HPyV9 and BKPyV. Seropositivity is measured for the total study population
divided into 14 different age groups. Error bars indicate 95% confidence intervals.
doi:10.1371/journal.pone.0081078.g004

Serologic Behavior of Cutaneous Polyomaviruses
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MCPyV, HPyV6 and HPyV7 seroreactivity moderately increased

with age, the seroreactivity for TSPyV rapidly increased,

analogous to BKPyV seroreactivity, as reported also by others

[23,40,41]. Advancing adult age correlated with a gradual

decrease of seroreactivity for both TSPyV and BKPyV. A similar

serological TSPyV pattern was observed in a group of healthy

individuals from the Netherlands (van der Meijden and Feltkamp,

unpublished data), and in an Italian population recently described

by Nicol et al. [27]. This pattern of waning seroresponses might be

explained by immunosenescence or diminished boosting of

seroreseponses by less virus exposure or infrequent reactivation.

Further analysis of our serological data revealed no associations

between seropositivity and sex (data not shown). The association

between HPyV9 seroprevalence and men described by Nicol et al.

[30] was therefore not seen. We did observe some differences in

seroresponses between individuals from the three collection

Figure 5. Age-specific seroreactivity against MCPyV, HPyV6, HPyV7, TSPyV, HPyV9 and BKPyV. The age-specific seroreactivity is
measured amongst the respective seropositive individuals. The horizontal line in each boxplot represents the median MFI value. The box includes the
25%–75% MFI value range and the whiskers the 5%–95% MFI value range. Outliers are represented as a circle and extreme outliers as an asterisk.
doi:10.1371/journal.pone.0081078.g005
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centers, but all of these could be explained by mutual differences in

age distribution (Table S1). No information was available on

ethnicity, and specifically Australian Indigenous identity, so

associations in this regard could not be investigated. Given the

general demographics of the areas that were serviced by the three

health centres, we expect the large majority of the study

population to be Caucasian. Furthermore, we compared available

clinical data of patients with either upper or lower quartile

seroresponsiveness for each HPyV tested for conditions including

upper or lower respiratory disease, gastroenteritis, organ dysfunc-

tion or reported cutaneous abnormalities, but no specific patterns

or associations with disease were found.

Based on our data, three different serological profiles seem

apparent for the cutaneous polyomaviruses. Profile 1 was exhibited

by MCPyV, HPyV6 and HPyV7. It is characterized by a

significant increase in seropositivity with age, while the intensity

of the seroresponses remain rather stable. Profile 2 was observed

for TSPyV. Comparable to Profile 1, Profile 2 is characterized by

a significant increase in seropositivity with age, in this case

combined with a steep seroreactivity increase during childhood

that seems to wane later in life. Profile 3 observed for HPyV9

displayed low seropositivity throughout all ages, with occasionally

high seroresponses.

The biological basis behind each polyomavirus’ serological

profile is unknown so far. In part they may reflect differences in

virus exposure, porte d’entree and/or antigen presentation.

Furthermore, the extent of infection within the host and

immunogenicity of the virus possibly play a role. The close

resemblance of Profile 2 (TSPyV) with that of BKPyV, for

instance, could suggest that TSPyV causes a generalized primary

infection with viremia. Consequently, this virus should not be

considered a cutaneous pathogen per se. The low prevalence of

TSPyV on the skin of healthy individuals (,5%) [9,17], as well as

detection of TSPyV DNA in the kidney [42] and lymph node

tissue [8] may support this idea.

Conversely, it is tempting to speculate that serological Profile 1

(MCPyV, HPyV6 and HPyV7) indicates infection without

viremia, for example limited to the skin. In light of the many

reports that revealed the presence of DNA from these viruses in

several different (internal) clinical samples, however, it is too early

to draw any conclusions in this regard. The same is true for

HPyV9 (Profile 3) that has been found both on skin and in blood

[5,6]. To what extent the reported detection rates of these

‘cutaneous’ viruses are skewed by viral DNA contamination from

the skin of test subjects or sample handlers is unknown, but this

may reflect a considerable risk of misinterpretation of data in these

type of studies.

To summarize, on the basis of observed seropositivity and

seroreactivity rates three different serologic profiles were discerned

for the polyomaviruses found on the skin. These profiles probably

reflect differences in exposure and/or in host and pathogenic

behavior of these polyomaviruses, and further study in this regard

is needed. Until that information is available, prudence is called to

group these new viruses together as cutaneotropic.

Supporting Information

Figure S1 Frequency distribution of seroresponses.

Presented are seroresponses of children aged 0.6–1.9 years

(n = 63) for MCPyV, HPyV6, HPyV7, TSPyV, HPyV9 and

BKPyV. Bins with a width of 250 MFI were used and samples

falling within bins with a frequency percentage . 10% were

included for the cut-off value calculation (red bars).

(TIF)

Table S1 Distribution of the serum samples over the

three study centres of sample collection.

(TIF)

Table S2 Associations (odds ratios) between seroposi-

tivity and age.

(TIF)

Table S3 Median and mean seroreactivity among

seropositive patients per age group.

(TIF)

Dataset S1 Dataset S1.

(XLS)

Author Contributions

Conceived and designed the experiments: EM SB TS MF. Performed the

experiments: EM. Analyzed the data: EM SB RR MF. Contributed

reagents/materials/analysis tools: EM SB ST. Wrote the paper: EM SB

MF.

References

1. Allander T, Andreasson K, Gupta S, Bjerkner A, Bogdanovic G, et al. (2007)

Identification of a third human polyomavirus. J Virol 81: 4130–4136. 10.1128/

JVI.00028-07 [doi].

2. Gaynor AM, Nissen MD, Whiley DM, Mackay IM, Lambert SB, et al. (2007)

Identification of a novel polyomavirus from patients with acute respiratory tract

infections. PLoS Pathog 3: e64. 10.1371/journal.ppat.0030064 [doi].

3. Feng H, Shuda M, Chang Y, Moore PS (2008) Clonal integration of a

polyomavirus in human Merkel cell carcinoma. Science 319: 1096–1100.

10.1126/science.1152586 [doi].

4. Schowalter RM, Pastrana DV, Pumphrey KA, Moyer AL, Buck CB (2010)

Merkel cell polyomavirus and two previously unknown polyomaviruses are

chronically shed from human skin. Cell Host Microbe 7: 509–515. 10.1016/

j.chom.2010.05.006 [doi].

5. Sauvage V, Foulongne V, Cheval J, Ar GM, Pariente K, et al. (2011) Human

polyomavirus related to african green monkey lymphotropic polyomavirus.

Emerg Infect Dis 17: 1364–1370. 10.3201/eid1708.110278 [doi].

6. Scuda N, Hofmann J, Calvignac-Spencer S, Ruprecht K, Liman P, et al. (2011)

A novel human polyomavirus closely related to the African green monkey-

derived lymphotropic polyomavirus (LPV). J Virol 85: 4586–4590. 10.1128/

JVI.02602-10 [doi].

7. Buck CB, Phan GQ, Raiji MT, Murphy PM, McDermott DH, et al. (2012)

Complete genome sequence of a tenth human polyomavirus. J Virol 86: 10887.

10.1128/JVI.01690-12 [doi].

8. Korup S, Rietscher J, Calvignac-Spencer S, Trusch F, Hofmann J, et al. (2013)

Identification of a novel human polyomavirus in organs of the gastrointestinal

tract. PLoS One 8: e58021. 10.1371/journal.pone.0058021 [doi]

9. van der Meijden E, Janssens RW, Lauber C, Bouwes Bavinck JN, Gorbalenya

AE, et al. (2010) Discovery of a new human polyomavirus associated with

trichodysplasia spinulosa in an immunocompromized patient. PLoS Pathog 6:

e1001024. 10.1371/journal.ppat.1001024 [doi].

10. Siebrasse EA, Reyes A, Lim ES, Zhao G, Mkakosya RS, et al. (2012)

Identification of MW polyomavirus, a novel polyomavirus in human stool. J Virol

86:10321-6. 10.1128/JVI.01210-12 [doi].

11. Yu G, Greninger AL, Isa P, Phan TG, Martinez MA, et al. (2012) Discovery of a

novel polyomavirus in acute diarrheal samples from children. PLoS One 7:

e49449. 10.1371/journal.pone.0049449 [doi].

12. Lim ES, Reyes A, Antonio M, Saha D, Ikumapayi UN, et al. (2012) Discovery of

STL polyomavirus, a polyomavirus of ancestral recombinant origin that encodes

a unique T antigen by alternative splicing. Virology 436:295–303. 10.1016/

j.virol.2012.12.005 [doi].

13. Johne R, Buck CB, Allander T, Atwood WJ, Garcea RL, et al. (2011)

Taxonomical developments in the family Polyomaviridae. Arch Virol 156:1627–

1634. 10.1007/s00705-011-1008-x [doi].

14. Foulongne V, Kluger N, Dereure O, Mercier G, Moles JP, et al. (2010) Merkel

cell polyomavirus in cutaneous swabs. Emerg Infect Dis 16: 685–687.

15. Wieland U, Mauch C, Kreuter A, Krieg T, Pfister H (2009) Merkel cell

polyomavirus DNA in persons without merkel cell carcinoma. Emerg Infect Dis

15: 1496–1498.

Serologic Behavior of Cutaneous Polyomaviruses

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e81078



16. Foulongne V, Sauvage V, Hebert C, Dereure O, Cheval J, et al. (2012) Human

skin microbiota: high diversity of DNA viruses identified on the human skin by

high throughput sequencing. PLoS One 7: e38499. 10.1371/journal.pone.

0038499 [doi].

17. Kazem S, van der Meijden E, Kooijman S, Rosenberg AS, Hughey LC, et al.

(2012) Trichodysplasia spinulosa is characterized by active polyomavirus

infection. J Clin Virol 53: 225–230. 10.1016/j.jcv.2011.11.007 [doi].

18. Shuda M, Arora R, Kwun HJ, Feng H, Sarid R, et al. (2009) Human Merkel cell

polyomavirus infection I. MCV T antigen expression in Merkel cell carcinoma,

lymphoid tissues and lymphoid tumors. Int J Cancer 125: 1243–1249. 10.1002/

ijc.24510 [doi].

19. Rodig SJ, Cheng J, Wardzala J, DoRosario A, Scanlon JJ, et al. (2012) Improved

detection suggests all Merkel cell carcinomas harbor Merkel polyomavirus. J Clin

Invest 122: 4645–4653. 10.1172/JCI64116 [doi].

20. Shuda M, Feng H, Kwun HJ, Rosen ST, Gjoerup O, et al. (2008) T antigen

mutations are a human tumor-specific signature for Merkel cell polyomavirus.

Proc Natl Acad Sci U S A 105: 16272–16277. 10.1073/pnas.0806526105 [doi].

21. Houben R, Shuda M, Weinkam R, Schrama D, Feng H, et al. (2010) Merkel cell

polyomavirus-infected Merkel cell carcinoma cells require expression of viral T

antigens. J Virol 84: 7064–7072. 10.1128/JVI.02400-09 [doi].

22. Paulson KG, Carter JJ, Johnson LG, Cahill KW, Iyer JG, et al. (2010)

Antibodies to Merkel Cell Polyomavirus T Antigen Oncoproteins Reflect

Tumor Burden in Merkel Cell Carcinoma Patients. Cancer Res. 0008–

5472.CAN-10-2128 [pii];10.1158/0008-5472.CAN-10-2128 [doi].

23. Kean JM, Rao S, Wang M, Garcea RL (2009) Seroepidemiology of human

polyomaviruses. PLoS Pathog 5: e1000363. 10.1371/journal.ppat.1000363

[doi].

24. Carter JJ, Paulson KG, Wipf GC, Miranda D, Madeleine MM, et al. (2009)

Association of Merkel cell polyomavirus-specific antibodies with Merkel cell

carcinoma. J Natl Cancer Inst 101: 1510–1522. 10.1093/jnci/djp332 [doi].

25. Tolstov YL, Pastrana DV, Feng H, Becker JC, Jenkins FJ, et al. (2009) Human

Merkel cell polyomavirus infection II. MCV is a common human infection that

can be detected by conformational capsid epitope immunoassays. Int J Cancer

125: 1250–1256. 10.1002/ijc.24509 [doi].

26. Touze A, Gaitan J, Arnold F, Cazal R, Fleury MJ, et al. (2010) Generation of

Merkel cell polyomavirus (MCV)-like particles and their application to detection

of MCV antibodies. J Clin Microbiol 48: 1767–1770. 10.1128/JCM.01691-09

[doi].

27. Nicol JT, Robinot R, Carpentier A, Carandina G, Mazzoni E, et al. (2013) Age-

specific seroprevalence of Merkel cell polyomavirus, Human polyomaviruses 6, 7

and 9 and Trichodysplasia Spinulosa-associated polyomavirus. Clin Vaccine

Immunol. 10.1128/CVI.00438-12 [doi].

28. Chen T, Mattila PS, Jartti T, Ruuskanen O, Soderlund-Venermo M, et al.

(2011) Seroepidemiology of the Newly Found Trichodysplasia Spinulosa-

Associated Polyomavirus. J Infect Dis 204:1523–1526. 10.1093/infdis/jir614

[doi].

29. van der Meijden E, Kazem S, Burgers MM, Janssens R, Bouwes Bavinck JN, et
al. (2011) Seroprevalence of trichodysplasia spinulosa-associated polyomavirus.
Emerg Infect Dis 17: 1355–1363. 10.3201/eid1708.110114 [doi].

30. Nicol JT, Touze A, Robinot R, Arnold F, Mazzoni E, et al. (2012)
Seroprevalence and Cross-reactivity of Human Polyomavirus 9. Emerg Infect
Dis 18: 1329–1332. 10.3201/eid1808.111625 [doi].

31. Trusch F, Klein M, Finsterbusch T, Kuhn J, Hofmann J, et al. (2012)
Seroprevalence of human polyomavirus 9 and cross-reactivity to African green
monkey-derived lymphotropic polyomavirus. J Gen Virol 93: 698–705.
10.1099/vir.0.039156-0 [doi].

32. Tozer SJ, Lambert SB, Sloots TP, Nissen MD (2011) Q fever seroprevalence in
metropolitan samples is similar to rural/remote samples in Queensland,
Australia. Eur J Clin Microbiol Infect Dis 30: 1287–1293. 10.1007/s10096-
011-1225-y [doi].

33. Waterboer T, Sehr P, Michael KM, Franceschi S, Nieland JD, et al. (2005)
Multiplex human papillomavirus serology based on in situ-purified glutathione s-
transferase fusion proteins. Clin Chem 51: 1845–1853. 10.1373/clin-
chem.2005.052381 [doi].

34. Sehr P, Zumbach K, Pawlita M (2001) A generic capture ELISA for
recombinant proteins fused to glutathione S-transferase: validation for HPV
serology. J Immunol Methods 253: 153–162. S0022175901003763 [pii].

35. Feltkamp MC, Kazem S, van der Meijden E, Lauber C, Gorbalenya AE (2013)
From Stockholm to Malawi: recent developments in studying human
polyomaviruses. J Gen Virol 94: 482–496. 10.1099/vir.0.048462-0 [doi].

36. Moens U, Van GM, Song X, Ehlers B (2013) Serological cross-reactivity
between human polyomaviruses. Rev Med Virol 23: 250–264. 10.1002/
rmv.1747 [doi].

37. Boldorini R, Allegrini S, Miglio U, Paganotti A, Cocca N, et al. (2011)
Serological evidence of vertical transmission of JC and BK polyomaviruses in
humans. J Gen Virol 92: 1044–1050. 10.1099/vir.0.028571-0 [doi].

38. Hamilton RS, Gravell M, Major EO (2000) Comparison of antibody titers
determined by hemagglutination inhibition and enzyme immunoassay for JC
virus and BK virus. J Clin Microbiol 38: 105–109.

39. Nguyen NL, Le BM, Wang D (2009) Serologic evidence of frequent human
infection with WU and KI polyomaviruses. Emerg Infect Dis 15: 1199–1205.

40. Viscidi RP, Rollison DE, Sondak VK, Silver B, Messina JL, et al. (2011) Age-
Specific Seroprevalence of Merkel Cell Polyomavirus, BK Virus, and JC Virus.
Clin Vaccine Immunol 18: 1737–1743. 10.1128/CVI.05175-11 [doi].

41. Antonsson A, Pawlita M, Feltkamp MC, Bouwes Bavinck JN, Euvrard S, et al.
(2013) Longitudinal study of seroprevalence and serostability of the human
polyomaviruses JCV and BKV in organ transplant recipients. J Med Virol 85:
327–335. 10.1002/jmv.23472 [doi].

42. Fischer MK, Kao GF, Nguyen HP, Drachenberg CB, Rady PL, et al. (2012)
Specific Detection of Trichodysplasia Spinulosa-Associated Polyomavirus DNA
in Skin and Renal Allograft Tissues in a Patient With Trichodysplasia Spinulosa.
Arch Dermatol archdermatol 148:726–733. 10.1001/archdermatol.2011.3298
[doi].

Serologic Behavior of Cutaneous Polyomaviruses

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e81078


