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Abstract

UnƟ l a few years ago, the polyomavirus family (Polyomaviridae) included only a dozen vi-
ruses mostly idenƟ fi ed in avian and mammalian hosts. Two of these, the JC and BK-polyo-
maviruses isolated a long Ɵ me ago, are known to infect humans and cause severe illness in 
immunocompromised hosts. Since 2007, tens of new polyomaviruses were idenƟ fi ed, inclu-
ding at least eleven that infect humans. Among them is the polyomavirus associated with 
trichodysplasia spinulosa (TSPyV). In this introductory chapter, the recent developments 
in studying the novel human polyomaviruses unƟ l mid-2014 are summarized, which sets 
the stage for further invesƟ gaƟ on into TSPyV infecƟ on, pathogenesis, evoluƟ on and host 
adaptaƟ on.

Abstract
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Historical background

Polyomaviruses have been recognized as a separate virus family (Polyomaviridae) 
since 1999. Before that Ɵ me, they formed the genus Polyomavirus in the Papovavir-
idae family that also contained the genus Papillomavirus [1, 2]. The fi rst members 
of the polyomavirus family, mouse polyomavirus (MPyV) and SV40, were idenƟ fi ed 

halfway through the last century as fi lterable agents that caused tumors in newborn mice 
and hamsters [3 - 5]. Subsequently, the fi rst two human polyomaviruses were discovered in 
1971. The JC-polyomavirus (JCPyV) was idenƟ fi ed in a brain Ɵ ssue extract from a progressive 
mulƟ focal leukoencephalopathy (PML) paƟ ent with the iniƟ als J.C. [6]. The fi rst reported 
BK-polyomavirus (BKPyV) was isolated from the urine of a nephropathic kidney transplant 
paƟ ent with the iniƟ als B.K. [7]. Both JCPyV and BKPyV have no oncogenic capability in 
humans despite being phylogeneƟ cally closely related to SV40 that was associated with on-
cogenic properƟ es in humans, but this issue remained controversial so far (Figure 1) [2, 8].

t Figure 1. PhylogeneƟ c grouping of 25 polyomaviruses that were known up unƟ l October 2010, including 8 human 
viruses (red), as proposed to the InternaƟ onal CommiƩ ee on Taxonomy of Viruses (ICTV). The tree is based on the 
whole genomic nucleoƟ de sequences. Figure adapted from [2].
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Figure 2. A Ɵ me line is shown that indicates the discovery of mainly human (red) and a number of animal polyo-
maviruses unƟ l June-2014. AddiƟ onally discovered mammal and bird polyomaviruses are indicated in Table 1. The 
year of discovery refers to the fi rst descripƟ on of the virus, not necessarily to the year that the full DNA genome 
was sequenced. The abbreviated names of the viruses are explained in Table 1.

 Subsequently, more polyomaviruses were idenƟ fi ed in rodents, non-human pri-
mates, caƩ le and birds, but not in humans unƟ l this century. From 2007 on, at least eleven 
addiƟ onal human polyomaviruses (HPyVs) were discovered. For three of those (i.e., MCPyV, 
TSPyV and NJPyV) involvement in disease development in immunosuppressed and/or el-
derly paƟ ents seems highly likely [9 - 11]. They seem to fi t the ‘opportunisƟ c’ polyomavirus 
profi le already known for JCPyV and BKPyV characterized by symptomaƟ c reacƟ vaƟ on aŌ er 
a long period of persistent latent infecƟ on. For the other novel HPyVs, disease associaƟ on 
has not been demonstrated and their pathogenicity is sƟ ll unknown.
 A Ɵ meline of a selecƟ on of polyomavirus discoveries is illustrated in Figure 2. A list 
of all polyomaviruses idenƟ fi ed up unƟ l mid-2014, which prototype the (tentaƟ ve) name-
sake species are shown in Table 1, including name abbreviaƟ ons and GenBank (RefSeq) 
numbers of genome sequences.
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IdenƟ fi caƟ on of new human polyomaviruses

With the development of nucleic acid amplifi caƟ on and detecƟ on techniques, the need for 
cytopathic changes observed in cell culture to detect the presence of a virus was bypassed. 
Recent versions of these molecular techniques allowed sensiƟ ve and high-throughput anal-
yses of large number of clinical samples that led to a revoluƟ on of virus discovery. These 
techniques are frequently combined with strategies to enrich the original sample for viral 
DNA or RNA by reducing the content of hosts genomic DNA. Here, recent discoveries of 
human polyomaviruses are summarized.



15

1
General introducƟ on

* Year of fi rst descripƟ on, not necessarily the year of fi rst complete genome sequencing
** Genome sequence according GenBank (RefSeq) number (hƩ p://www.ncbi.nlm.nih.gov/RefSeq/)

Host type Polyomaviruses Year* RefSeq** 

Human 

BK polyomavirus (BKPyV) 1971 [6] NC_001538 
JC polyomavirus (JCPyV) 1971 [7] NC_001699 
KI polyomavirus (KIPyV) 2007 [12] NC_009238 
WU Polyomavirus (WUPyV) 2007 [13] NC_009539 
Merkel cell polyomavirus (MCPyV) 2008 [9] NC_010277 
Human polyomavirus 6 (HPyV6) 2010 [10] NC_014406 
Human polyomavirus 7 (HPyV7) 2010 [14] NC_014407 
Trichodysplasia spinulosa-associated polyomavirus (TSPyV) 2010 [14] NC_014361 
Human polyomavirus type 9 (HPyV9) 2011 [15] NC_015150 
Malawi polyomavirus (MWPyV) 2012 [16] NC_018102 
Human polyomavirus type 10 (HPyV10) 2012 [17] JX262162 
Mexico polyomavirus (MXPyV) 2012 [18] JX259273 
St. Louis polyomavirus (STLPyV) 2013 [19] NC_020106 
Human polyomavirus type 12 (HPyV12) 2013 [20] NC_020890 
New Jersey polyomavirus (NJPyV) 2014 [11] KF954417 

Non-human  
primate 

Simian virus 40 (SV40) 1962 [3] NC_001669 
Baboon polyomavirus 1 (SA12) 1963 [21] NC_007611 
B-lymphotropic polyomavirus (LPyV) 1979 [22] NC_004763 
Squirrel monkey polyomavirus (SqPyV) 2008 [23] NC_009951 
Bornean orang-utan polyomavirus (OraPyV1) 2010 [24] NC_013439 
Sumatran orang-utan polyomavirus (OraPyV2) 2010 [24] FN356901 
Chimpanzee polyomavirus (ChPyV) 2010 [25] NC_014743 
Gorilla gorilla gorilla polyomavirus (GggPyV1) 2011 [26] HQ385752 
Pan troglodytes verus polyomavirus (PtvPyV1a) 2011 [26] HQ385746 
Pan troglodytes verus polyomavirus (PtvPyV2c) 2011 [26] HQ385749 
Cebus albifrons polyomavirus (CAPyV1) 2013 [27] NC_019854 
Ateles paniscus polyomavirus (AtPPyV1) 2013 [27] NC_019853 
Macaca fascicularis polyomavirus (MFPyV1) 2013 [27] NC_019851 
Piliocolobus rufomitratus polyomavirus (PRPyV1) 2013 [27] NC_019850 
Vervet monkey polyomavirus (VePyV1) 2013 [27] NC_019844 

Mammal 
(other) 

Murine pneumotropic virus (MptV) 1953 [28] NC_001505 
Murine polyomavirus (MPyV) 1953 [5] NC_001515 
Hamster polyomavirus (HaPyV) 1967 [29] NC_001663 
Bovine polyomavirus (BPyV) 1976 [30] NC_001442 
Bat polyomavirus (BatPyV) 2009 [31] NC_011310 
California sea lion polyomavirus (CSLPyV) 2010 [32] NC_013796 
Mastomys polyomavirus (MasPyV) 2011 [33] AB588640 
Equine polyomavirus (EPyV) 2012 [34] JQ412134 
Molossus molossus polyomavirus (MMPyV) 2012 [35] JQ958893 
Desmodus rotundus polyomavirus (DRPyV) 2012 [35] JQ958892 
Pteronotus parnellii polyomavirus (PPPyV) 2012 [35] JQ958891 
Pteronotus davi polyomavirus (PDPyV) 2012 [36] NC_020070 
Ar beus planirostris polyomavirus (APPyV2) 2012 [35] JQ958890 
Ar beus planirostris polyomavirus (APPyV1) 2012 [35] JQ958887 
Carollia perspicillata polyomavirus (CPPyV) 2012 [35] JQ958889 
Sturnira lilium polyomavirus (SLPyV) 2012 [35] JQ958888 
Chaerephon polyomavirus (CoPyV1) 2012 [36] NC_020065 
Cardioderma polyomavirus (CdPyV) 2012 [36] NC_020067 
Eidolon polyomavirus (EiPyV1) 2012 [36] NC_020068 
Miniopterus polyomavirus (MiPyV) 2012 [36] NC_020069 
Otomops polyomavirus (OtPyV1) 2012 [36] NC_020071 
Raccoon polyomavirus (RacPyV) 2013 [37] JQ178241 

 African elephant polyomavirus (AelPyV) 2013 [38] NC_022519 

Bird 

Avian polyomavirus (APyV) 1981 [39] NC_004764 
Goose hemorrhagic polyomavirus (GHPyV) 2000 [40] NC_004800 
Finch polyomavirus (FPyV) 2006 [41] NC_007923 
Crow polyomavirus (CPyV) 2006 [41] NC_007922 
Canary polyomavirus isolate (CaPyV) 2010 [42] GU345044 

Table 1: List of 58 polyomavirus names idenƟ fi ed up to mid-2014
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KI-polyomavirus (KIPyV) and WU-polyomavirus (WUPyV)
In 2007, almost coincidentally, two novel HPyVs were reported; the Karolinska InsƟ tute pol-
yomavirus (KIPyV) idenƟ fi ed in Stockholm (Sweden), and the Washington University poly-
omavirus (WUPyV) idenƟ fi ed in St. Louis (USA). Both were discovered in respiratory tract 
samples from individuals with (acute) respiratory tract infecƟ ons, but by diff erent methods.
 KIPyV was idenƟ fi ed by pooling centrifuged and fi ltered supernatants from ran-
domly selected DNase-treated nasopharyngeal aspirates, from which DNA and RNA were 
extracted [12]. The nucleic acids served as a template for random-PCR, and the products 
were separated by gel electrophoresis, cloned and sequenced. This resulted in several se-
quence reads that were subsequently trimmed, clustered and sorted using dedicated soŌ -
ware. Finally, BLAST searches were performed to look for similariƟ es with known (viral) se-
quences listed in GenBank.
 For the idenƟ fi caƟ on of WUPyV, a ‘shotgun sequencing’ strategy was used on a 
single nasopharyngeal aspirate that proved negaƟ ve for 17 known viral respiratory patho-
gens in diagnosƟ c PCR. Total nucleic acid isolated from the sample was randomly amplifi ed 
and PCR products were cloned and sequenced. The DNA sequence reads were analyzed in 
a comparable fashion to the above for KIPyV, which revealed several sequences that dis-
played signifi cant homology with JCPyV and BKPyV [13]. Subsequent analyses of the com-
piled WUPyV genome showed highest sequence homology to KIPyV.

Merkel cell polyomavirus (MCPyV)
The discovery of MCPyV proved the assumpƟ ons of polyomavirus involvement in human 
oncogenesis fi nally to be true. Merkel cell carcinomas (MCC) are a rare but aggressive type 
of cutaneous tumors of neuroendocrine origin that typically develop in the elderly and im-
munocompromized paƟ ents (see paragraph “The new human polyomaviruses and their 
associated diseases”). Using a technique called the digital transcriptome subtracƟ on [43], 
MCPyV was idenƟ fi ed in 8 out of 10 analyzed MCC lesions [9]. This technique compares 
(subtracts) cDNA libraries generated with random RT-PCR from diseased and healthy Ɵ ssues 
and thus can idenƟ fy messengerRNA transcripts potenƟ ally unique for either or both. In 
this case, with the help of sophisƟ cated soŌ ware, unique and unknown sequences were 
followed-up, of which some displayed homology to the monkey B-lymphotrophic polyo-
mavirus (LPyV) and BKPyV. Through primer-genome-walking, subsequently the complete 
genome was sequenced. New to HPyVs, but known for oncogenic animal polyomaviruses 
detected in tumors, the MCPyV genome was found to be monoclonally randomly integrated 
into the genome of the analyzed MCC lesions [9, 44].

Human polyomavirus 6 and 7 (HPyV6 and HPyV7)
In order to detect free, non-integrated, MCPyV genomes on the skin, rolling-circle amplifi ca-
Ɵ on (RCA) was performed on forehead swab samples of healthy individuals. Performing the 
RCA technique on samples results into amplifi caƟ on of circular double-stranded viral DNA 
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by using random primers and strand-displacement DNA polymerase (Figure 3) [45]. With 
some adjustments to boost the RCA sensiƟ vity, this approach revealed the idenƟ ty of a new 
polyomavirus, called the type 6 (HPyV6), on the skin of a healthy individual [14]. By using a 
newly developed degenerate PCR primer-set on the similar pre-treated DNA materials from 
those healthy skin samples to detect HPyV6- and WUPyV-like sequences, an addiƟ onal new 
polyomavirus sequence was idenƟ fi ed and completely sequenced, which was subsequently 
named HPyV7 [14].

DNA from clinical sample+Random Primers

A B C

Figure 3. The rolling-circle amplifi caƟ on (RCA) technique exploits random hexamer primers and a DNA polymerase 
(Phi-29) with proofreading and strand-displacement capabiliƟ es used on clinical DNA samples (A). If a sample 
contains a relaƟ ve excess of a parƟ cular small circular double-stranded DNA molecule, for instance a plasmid or a 
(small) viral genome, RCA will produce long, high-molecular DNA molecules with concatenated (linearized) stretch-
es of DNA of potenƟ al interest (B). These stretches will appear as sharp bands on gel when the RCA-product is cut 
with specifi c restricƟ on enzymes that can subsequently be cloned and sequenced (C). Figure adapted from [10, 45].

Trichodysplasia spinulosa-associated polyomavirus (TSPyV)
Trichodysplasia spinulosa (TS) is a rare skin disease of immunocompromized paƟ ents, 
which will be described in more detail below and in Chapter 2. Already in 1999, Haycox 
and co-workers proposed that TS has a viral origin, because TS lesions contained clusters 
of small virus parƟ cles [46]. It was only in 2010 that the idenƟ ty of the virus was revealed 
[10], with the help of RCA technique (Figure 3) [45]. With specifi c primers used during prim-
er-genome-walking the enƟ re RCA product was sequenced, which revealed the enƟ re TSPyV 
genome in lesions of a TS paƟ ent [10].

Human polyomavirus 9 (HPyV9)
Previously, several serological studies suggested the presence of ‘cross-reacƟ ve’ anƟ bodies 
in a percentage of human sera that recognized a non-human primate polyomavirus (LPyV 
isolated from an African green monkey) capsid-protein [47 - 49]. Furthermore, LPyV-derived 
sequences were obtained from human blood, indicaƟ ng the occurrence of LPyV(-like) infec-
Ɵ ons in humans [50]. In 2011, a novel polyomavirus that closely resembled LPyV was iden-
Ɵ fi ed, independently, by two research groups in human serum and skin swabs, respecƟ vely, 
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and tentaƟ vely called HPyV9. One group used a degenerate polyomavirus PCR primer-set 
[26] to screen serum samples, which generated an unknown, putaƟ ve HPyV sequence, 
next to some known HPyV sequences. With primer-genome-walking, the rest of the HPyV9 
genome was sequenced [15]. The other group isolated DNA from healthy skin swabs and 
subjected the DNA to high-throughput sequencing, which resulted in millions of reads and 
several conƟ gs that matched MCPyV, HPyV6 and HPyV7, as well as many human papillo-
maviruses. Some of the conƟ gs showed the highest homology to LPyV and aŌ er fi lling the 
conƟ g sequence gaps by designing addiƟ onal primers, HPyV9 genome was idenƟ fi ed [51].

Malawi, Mexico and human polyomavirus 10 (MWPyV/MXPyV/HPyV10)
Another novel human polyomavirus was idenƟ fi ed in stool of a child from Malawi [16]. This 
virus was discovered by suspending a small amount of feces that subsequently was centri-
fuged and fi ltered through 0.45 mm and then 0.22 mm pores. AŌ er chloroform and DNase 
treatment, extracƟ on-free-DNA was obtained. The soluƟ on that sƟ ll contained encapsidat-
ed DNA was SDS and Proteinase K-treated, and DNA was isolated. Finally, this DNA was 
subjected to RCA and pyrosequencing. Hundreds of reads were obtained, sequenced and 
aligned to sequences from the GenBank database. This revealed several polyomavirus-like 
reads and with the use of primer-genome-walking strategy the complete MWPyV genome 
sequence was fulfi lled [16].
 Shortly aŌ er, two almost idenƟ cal viruses were idenƟ fi ed, called the HPyV10 and 
Mexico polyomavirus (MXPyV). HPyV10 genome was isolated from an anal wart of an im-
munocompromized paƟ ent with WHIM syndrome with the help of RCA and primer-ge-
nome-walking sequencing [17]. MXPyV was idenƟ fi ed in diarrheal stool collected from a 
child in Mexico [18]. From stool, viral parƟ cles were purifi ed in a PBS suspension, containing 
glass beads and chloroform, by mechanical shaking and centrifugaƟ on. Further process-
ing of the fi ltered supernatant was similar as for MWPyV genome idenƟ fi caƟ on described 
above. Sequencing of the barcoded reads was performed with an Illumina HiSeq 2000. As-
sembled conƟ gs from 75bp reads were used to design primers directed outward for use in 
long-range PCR to amplify and sequence the whole genome. Because MWPyV, HPyV10 and 
MXPyV share at least 95% of their genome sequence, they most probably represent the 
same polyomavirus species.

St. Louis polyomavirus (STLPyV)
As part of a human gut-microbiome-survey study of healthy and malnourished children from 
Malawi performed by the same group that idenƟ fi ed the WUPyV and MWPyV, another new 
polyomavirus was discovered and called STLPyV [19]. Prior to DNA extracƟ on, the stool was 
processed by CsCl ultracentrifugaƟ on to generically enrich for viral parƟ cles. AŌ er DNA was 
extracted and subsequently amplifi ed by a technique called mulƟ ple displacement amplifi -
caƟ on (MDA), shotgun 454 pyrosequencing was performed. MDA technique is comparable 
to the RCA method exploiƟ ng random hexamer primers and a DNA polymerase (Phi-29) with 
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proofreading and strand-displacement capabiliƟ es (Figure 3). AŌ er sequencing, two reads 
were idenƟ fi ed in this sample, which shared limited sequence idenƟ ty to known polyoma-
viruses. Employing these two iniƟ al reads, primers were designed to PCR amplify products 
that span the whole genome in either direcƟ on. STLPyV has a mosaic genome that probably 
shares an ancestral recombinant origin with the MWPyV because of its 64.2% genome sim-
ilarity to this polyomavirus.

Human polyomavirus 12 (HPyV12)
Very recently, a twelŌ h human polyomavirus was isolated (HPyV12) [20]. HPyV12 genome 
was tested posiƟ ve in 11% of liver Ɵ ssues analyzed in that study. Methods used for genome 
idenƟ fi caƟ on and sequencing were idenƟ cal/comparable to the idenƟ fi caƟ on of HPyV9 [15]. 
HPyV12 is distantly related to other viruses from the Orthopolyomavirus-I genogroup (see 
paragraph “Phylogeny and evoluƟ onary trends”). Whether this virus is involved in patho-
genesis of a liver disease, or other gastrointesƟ nal diseases, remains to be seen.

New Jersey polyomavirus (NJPyV)
The most recently idenƟ fi ed human polyomavirus, called the New Jersey polyomavirus 
(NJPyV), was isolated from an immunosuppressed paƟ ent diagnosed with vasculiƟ c myopa-
thy and reƟ nopathy caused by microthrombosis. In tested biopsies, clusters of viral parƟ cles 
were observed in swollen nuclei of endothelial cells [11]. The authors idenƟ fi ed the viral 
genome aŌ er extracƟ on of RNA from secƟ ons of formalin-fi xed paraffi  n-embedded muscle 
Ɵ ssue, from which they generate cDNA libraries that were subsequently used for sequenc-
ing. The obtained sequence reads were all uninformaƟ ve by nucleoƟ de sequence analy-
sis (BLASTn), but when translated amino acid analysis (BLASTx) was performed, they found 
approximately 80% sequence homology with chimpanzee polyomaviruses. Future studies 
should invesƟ gate whether this virus has indeed a tropism for vascular endothelial cells and 
may be involved in vasculiƟ s in general. InteresƟ ngly, the paƟ ent had to evacuate through 
fl oodwaters because of superstorm Sandy weeks prior to development of her symptoms, 
prompƟ ng speculaƟ on about NJPyV contagion through sewage-contaminated waters.

Altogether, since 2007 an explosion in human polyomavirus discoveries took place, among 
which the discovery of TSPyV is evident. These discoveries are most likely due to im-
provement in viral DNA purifi caƟ on and amplifi caƟ on methods and parƟ cularly the use of 
high-throughput Next GeneraƟ on Sequencing to idenƟ fy viral DNA with low copy-numbers 
in the background of excess host genomic DNA. IdenƟ fi caƟ on of addiƟ onal viruses of the 
Polyomaviridae family and studies of their genome, epidemiology, pathogenicity and evolu-
Ɵ on will undoubtedly lead to a beƩ er understanding of the role these viruses play in human 
health and disease.
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The polyomavirus genome and its products

Genome organizaƟ on and transcripƟ on
Viruses of the Polyomaviridae family, including the recently idenƟ fi ed human viruses, are 
among the smallest known to infect humans, both in parƟ cle size and in genome length [52]. 
The non-enveloped virions of about 45-nm harbour a circular double-stranded DNA genome 
of approximately 5000 basepairs that is divided into three regions; (i) the non-coding con-
trol region (NCCR) and in opposing direcƟ ons, (ii) the early (T-anƟ gen) and (iii) the late (VP) 
coding regions (Figure 4).
 The NCCR contains the origin of replicaƟ on fl anked by several large T-anƟ gen-bind-
ing sites, transcripƟ on promoters and regulatory elements. The novel human polyomavirus-
es display a similar NCCR organizaƟ on. In JCPyV- or BKPyV-diseased individuals, the NCCR 
of virus isolates found in diff erent body compartments can vary from what is called the ‘ar-
chetype’ NCCR that is present in transmissible virus found in urine for example. It is believed 
that the rearranged NCCR increases the T-anƟ gen transcripƟ on and replicaƟ on rate, as was 
shown for instance for JCPyV [53]. SystemaƟ c comparisons of NCCR regions among diff erent 
isolates found within diseased and healthy individuals have not been reported (yet) for the 
novel human polyomaviruses.

1

1000
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HPyV

~5,000 bpLarge T

Small T
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Figure 4. Old schemaƟ c representaƟ on of human polyomavirus circular double-stranded DNA genome organiza-
Ɵ on as proposed before, showing only the protein-expressing layer. Updated representaƟ ons, that include middle 
T-anƟ gen and ALTO protein, are shown in Chapter 2 and Chapter 6. Regions coding for the indicated proteins are 
depicted in diff erent colors. The agnoprotein (yellow) is encoded only by some HPyVs.
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 The T-anƟ gen coding region of most HPyVs encodes at least the small and large 
T-anƟ gens that are translated from an alternaƟ vely spliced pre-messengerRNA. In addiƟ on, 
shorter or alternaƟ vely spliced products of T-anƟ gens are expressed, such as 17kT, T4 and 
57kT [54, 55]. Rodent polyomaviruses are known to express an addiƟ onal T-anƟ gen, called 
middle T-anƟ gen [56]. The VP coding region found on the opposite strand codes for at least 
the VP1 and VP2 structural capsid proteins, and oŌ en VP3. The agnoprotein and VP4 ex-
pressed by JCPyV, BKPyV and several animal polyomaviruses, including birds, seem not to 
be encoded by the newly idenƟ fi ed HPyVs [57], but for most of these viruses the transcrip-
Ɵ on-paƩ erns have not been solved yet.
 Besides the NCCR transcripƟ on regulaƟ on, for example shown for SV40, T-anƟ gen 
messengerRNAs are post-transcripƟ onally regulated by microRNAs [58]. In addiƟ on to SV40, 
also for MCPyV and BKPyV a microRNA was idenƟ fi ed that potenƟ ally regulates early gene 
expression [59, 60].

T-anƟ gens
Polyomavirus T-anƟ gens play essenƟ al roles in viral transcripƟ on and replicaƟ on, as well as 
in host-cell tuning to enable effi  cient virus replicaƟ on [52, 61]. As polyomaviruses are com-
pletely dependent on the host cell replicaƟ on machinery, a signifi cant part of this tuning is 
aimed at inducing S-phase and bypassing cell cycle-control measures. In some cases, these 
features can derail and result in uncontrolled cell proliferaƟ on and eventually tumor forma-
Ɵ on. So far, MCPyV is the only (newly idenƟ fi ed) HPyV for which these phenomena have 
been noted [62]. Consequently, the T-anƟ gens of MCPyV have been studied already quite 
extensively (see next, and “MCPyV and MCC” paragraph), whereas for the other new HPyVs 
this knowledge is almost enƟ rely based on predicted moƟ fs in protein sequences.
 The small and large T-anƟ gens share their N-terminus, while having C-terminal re-
gions of diff erent sizes encoded from diff erent reading frames (Figure 4). The novel human 
polyomaviruses seem no excepƟ on to this rule. This shared region occupied by the so-called 
J-domain contains important moƟ fs, such as CR1 and DnaJ, for viral replicaƟ on and cellular 
transformaƟ on [61]. Downstream, the small T-anƟ gen contains a PP2A subunit-binding mo-
Ɵ f probably involved in acƟ vaƟ on of the Akt-mTOR pathway related to (tumor) cell survival 
[63, 64]. The part of large T-anƟ gen, encoded by the second exon, includes many funcƟ onal-
ly important domains or moƟ fs such as: (i) a nuclear-localizaƟ on signal, (ii) an origin-binding 
domain, (iii) an ATPase-containing helicase domain [61, 65], (iv) a pRB-binding and (v) some-
Ɵ mes a p53-interacƟ on domain that both potenƟ ally play a crucial role in cellular transfor-
maƟ on. Apart from MCPyV [55], the presence of (most of) these moƟ fs and domains was 
idenƟ fi ed only by bioinformaƟ cs approach in TSPyV and HPyV9 [10, 15], but they remain to 
be characterized funcƟ onally.
 Murine (MPyV) and hamster (HaPyV) polyomaviruses express also a middle T-an-
Ɵ gen, which serves as the prime oncoprotein during cellular transformaƟ on [56]. Middle 
T-anƟ gen has a C-terminal transmembrane domain, several Tyr, Ser and Thr phosphoryla-
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Ɵ on sites, and some other funcƟ onally unknown conserved domains. PhosphorylaƟ on of 
the Tyr, Ser and Thr residues of middle T-anƟ gen results into binding and acƟ vaƟ on of sever-
al cellular signal transducƟ on proteins (e.g., Src, PI3K, PLC-gamma1) that promotes cellular 
transformaƟ on and oncogenesis [56, 66 - 68].

VP capsid proteins
Together, SV40 encoded late VP structural proteins make up the approximately 45-nm pol-
yomavirus capsid [69]. VP1 molecules interact with VP2 or VP3 molecules to auto-assem-
ble into a full capsid-complex (Figure 5) [52]. Comparable VP1, VP2 and/or VP3 encoding 
sequences have been suggested for the novel polyomaviruses. So far, there is no reason 
to believe that the novel viruses will behave diff erently with respect to capsid formaƟ on, 
although there is debate whether MCPyV VP3 is expressed or is funcƟ onal [70, 71]. The VP4 
protein, noted for SV40, is expressed very late in infecƟ on and serves probably as a porin of 
cellular membrane that facilitates the viral release [72, 73]. So far, this protein has not been 
predicted or reported for any of the newly idenƟ fi ed HPyVs.
 How the polyomaviruses recognize and infect their host target cells is partly known. 
Most of the known polyomaviruses interact by linkage of the major capsid protein VP1 with 
terminal sialic acids (alpha2,3 or alpha2,6) of mainly gangliosides on the host cell membrane 
[74], aŌ er which they are internalized using diff erent entry pathways. For MCPyV, it was 
shown that this virus uses glycosaminoglycans for the iniƟ al aƩ achment, while the sialic 
acids may be important later in the encounter [75]. Future research could reveal whether 
the other novel human polyomaviruses use similar strategies for host cell recogniƟ on.

Figure 5. IllustraƟ on of polyomavirus icosahedral capsid formaƟ on. Six VP1 proteins interact with either a VP2 or 
VP3 to assemble into a hexameric protomere. Five of these protomeres interact to form a capsomere, which sub-
sequently auto-assemble into a full capsid-complex [76].
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The new human polyomaviruses and their associated diseases

For two of the novel HPyVs a causal relaƟ onship with a specifi c clinical condiƟ on is highly 
probable. In both cases, the disease/cancer has lent its name to the virus, trichodysplasia 
spinulosa to TSPyV and Merkel cell carcinoma to MCPyV. For MCPyV, an addiƟ onal associa-
Ɵ on with chronic lymphocyƟ c leukemia that originates from B-cells was suggested, and for 
TSPyV an associaƟ on with pilomatricoma that represents a benign hair follicular skin tumor 
was speculated. However, evidence for these correlaƟ ons is (yet) weak. For the recently 
idenƟ fi ed NJPyV associated with the vasculatory myosiƟ s, reƟ niƟ s and dermaƟ Ɵ s, the evi-
dence is highly suggesƟ ve, but limited to one paƟ ent observaƟ on so far. For the other new 
human polyomaviruses, the evidence for involvement in disease is too weak at the moment.

MCPyV and MCC
MCC is a rare and aggressive neuroendocrine tumor of epidermal origin with an increasing 
incidence of approximately 0.2 - 0.5 per 100,000 depending on age, skin type, (cumulaƟ ve) 
sun exposure and immune status (Figure 6A) [77, 78]. The associaƟ on with fair skin and 
sun exposure suggests a direct eff ect of UV-radiaƟ on in MCC development, but this has not 
been confi rmed experimentally. In 2008, the presence of MCPyV in MCC lesions was shown 
for the fi rst Ɵ me [9], a fi nding that has been confi rmed by many research groups worldwide 
showing that at least 75% of all MCCs have monoclonally integrated MCPyV genome [65].
 Several fi ndings indicate direct involvement of MCPyV in Merkel cell carcinogen-
esis. For instance, in almost all cancer cases MCPyV is found linearized and monoclonally 
integrated in the host tumor-cell genome, although the site of integraƟ on appears random 
[9, 44, 79]. Furthermore, the MCPyV large T-gene was found to carry ‘signature’ mutaƟ ons 
specifi c for the carcinomas. Their expression results into truncated large T-anƟ gen that lacks 
the C-terminal helicase domain, the putaƟ ve p53-interacƟ on domain and the origin-bind-
ing domain [9, 55, 80], consequently rendering the virus inacƟ ve for replicaƟ on. Therefore, 
the funcƟ on of large T-anƟ gen in viral progeny producƟ on is selecƟ vely impaired. Small 
T-anƟ gen is unaff ected by these mutaƟ ons. Therefore, in an apparent parallel to other vi-
rus-associated cancers, e.g. human papillomavirus (HPV)-associated cervical cancer, also in 
MCPyV-posiƟ ve MCC there seems to be a strong associaƟ on with non-producƟ ve MCPyV 
infecƟ on. Probably the strongest evidence of pathogenicity (oncogenicity) of MCPyV is pro-
vided by studies showing that expression of both small and (truncated) large T-anƟ gens are 
indispensable in the maintenance of cancer cell phenotype [81, 82].

TSPyV and trichodysplasia spinulosa
Trichodysplasia spinulosa (TS) is a rare skin disease exclusively found in severely immuno-
compromized hosts, especially the solid organ transplant recipients (Figure 6B) [85, 86]. 
TS is characterized by gradual development of papules and spicules (spines) on the face, 
someƟ mes accompanied by alopecia of the eyebrows and lashes [87]. Worldwide, some 30 
cases have been described so far [88, 89]. In 1999, Haycox and co-workers proposed for the 
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Figure 6. (A) PresentaƟ on of a 5-cm large Merkel cell carcinoma with concomitant nodal spread and highly vascu-
larized surface on the leŌ  cheek of a 72-year-old man [83]. (B) PresentaƟ on of trichodysplasia spinulosa showing 
eyebrow alopecia, spiny spicule erupƟ ons and mulƟ ple infl ammatory papules on the face of a 5-year-old immuno-
compromized girl [84].

fi rst Ɵ me that trichodysplasia spinulosa concerns a viral-associated disease and showed the 
presence of intranuclear clusters of honeycomb-arranged viral parƟ cles in the distended 
and dysmorphic hair follicles [46]. Subsequent reports confi rmed the typical histological 
fi ndings of hyperplasƟ c hair bulbs and the presence of polyomavirus or papillomavirus-like 
parƟ cles [90 - 94]. AƩ empts to idenƟ fy the nature of this virus failed unƟ l TSPyV was idenƟ -
fi ed with the help of RCA in 2010 [10]. More detail about TSPyV’s virological and pathogenic 
properƟ es, as well as epidemiologic, diagnosƟ c, and therapeuƟ c aspects will be presented 
in Chapter 2.

Prevalence, persistence, reacƟ vaƟ on and spread of polyomavi-
rus infecƟ on

Seroprevalence
Cross-secƟ onal, serological studies of JCPyV and BKPyV have shown that both infecƟ ons are 
highly prevalent in the general populaƟ on. The seroprevalence of JCPyV is approximately 
60% and of BKPyV approximately 90% [47]. Serological studies of the novel human polyo-
maviruses revealed a considerable variaƟ on in the presence of serum anƟ bodies [14, 47, 
95 - 101]. The lowest seroprevalence was detected for HPyV9 varying between 15% and 
45% [100, 102, 103], the highest for WUPyV, MCPyV, TSPyV and HPyV6 varying between 
60% and 95% [14, 47, 97, 98, 104]. In all serological studies, the strongest increase in sero-
prevalence is observed at a young age, indicaƟ ng that primary infecƟ ons generally occur at 
(early) childhood [47, 96, 98, 99]. So far, the seroprevalences of the novel HPyVs measured 
with VP1-VLPs and GST–VP1 fusion proteins appear similar, as was shown for instance for 
TSPyV [97, 98].
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Persistence and reacƟ vaƟ on
It is generally believed that primary polyomavirus infecƟ on is followed by a persistent, 
asymptomaƟ c (latent) infecƟ on with very low levels of viral replicaƟ on, which could remain 
hidden in the body lifelong. For JCPyV and BKPyV reacƟ vaƟ on from the latent state and 
manifestaƟ on of symptomaƟ c infecƟ on is observed only in the case of reduced immunity. 
For instance, nephropathy can develop in long-term immunosuppressed solid organ trans-
plant recipients caused by BKPyV, and PML in AIDS paƟ ents and Natalizumab-treated mulƟ -
ple sclerosis paƟ ents caused by JCPyV [52, 105, 106].
 For most polyomaviruses, in healthy individuals the detecƟ on rate of viral DNA is 
much lower than their seroprevalence. In urine of healthy blood donors for example, the 
detecƟ on rate of JCPyV and BKPyV DNA was approximately 3- and 10-fold lower than the se-
roprevalence measured within the same group, respecƟ vely [107]. In immunocompromized 
paƟ ents, however, BKPyV can be detected in urine at very high loads indicaƟ ve of massive 
reacƟ vaƟ on of infecƟ on and shedding of the virus [108, 109].
 For the novel HPyVs, the associaƟ on between diminished immunity and reacƟ va-
Ɵ on is less clear. Only for TSPyV, with a seroprevalence of approximately 75% [97, 98, 103], 
clinical consequences are seen exclusively in severely immunocompromised hosts (see also 
Chapter 2) [85, 86]. However, the TSPyV DNA detecƟ on rate, on the skin at least, hardly 
varies among immunocompetents (2%) and immunocompromised hosts (4%) [10, 85]. Also 
for MCPyV, the DNA detecƟ on rates on the skin do not diff er much between immunocompe-
tents and immunocompromized, albeit they are generally much higher compared to TSPyV 
and resemble the seroprevalence of about 50% [110]. In general, it should be kept in mind 
that both MCC and TS are very rare condiƟ ons implying that (host) factors other than immu-
nity may also play a role in controlling these infecƟ ons. For KIPyV, WUPyV HPyV6, HPyV7, 
HPyV9, MWPyV, HPyV10, MXPyV, STLPyV, HPyV12 and NJPyV infecƟ ons, the relaƟ on with 
immunity is not (yet) solved. This is largely explained by weak disease associaƟ ons or the 
lack of an established clinical condiƟ on that could be aƩ ributed to one of these novel virus-
es and the unawareness of the organ where these viruses could latently persist.

Spread of infecƟ on
Earlier studies have shown that JCPyV and BKPyV are found in urine, feces and saliva. The 
excreted virus numbers are so high that these polyomaviruses even serve as markers of sew-
age polluƟ on or recreaƟ onal waters [111]. Which route of virus excreƟ on primarily drives 
human infecƟ on is not precisely known, but the effi  ciency of infecƟ on seems clear from the 
high seroprevalence, for both the known and novel human polyomaviruses.
 Regarding possible routes of excreƟ on and transmission of cutaneous polyomavi-
ruses, a recent study showed the presence of MCPyV DNA on 75% of samples from environ-
mental surfaces (door handles, Ɵ cket machines etc.). Prior DNase treatment of the samples 
and subsequent viral load measurement suggested that about 5% of the detected MCPyV 
DNA was protected, most probably encapsidated, and therefore potenƟ ally infecƟ ous [112]. 
If this provides a solid clue regarding the virus transmission, remains to be seen.
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Phylogeny and evoluƟ onary trends

So far, the thirteen known HPyVs comprise the largest host-specifi c subset of idenƟ fi ed pol-
yomaviruses. This probably refl ects a bias of the virus discovery eff orts that increasingly 
focus on hunƟ ng for human viruses, parƟ cularly during the past several years as was de-
tailed above and shown in Figure 2. Pairwise divergence between HPyVs varies as much as 
in the enƟ re polyomavirus family. If measured for the combined conserved regions of VP1, 
VP2 and LT proteins it ranges from 15% (for BKPyV/JCPyV pair) to 74% (KIPyV/NJPyV), or, if 
repeated subsƟ tuƟ ons accounted, from 0.16 (BKPyV/JCPyV) to 2.08 (KIPyV/NJPyV) subsƟ tu-
Ɵ ons per posiƟ on on average (Figure 7). Apart from KIPyV/WUPyV, also the HPyV6/HPyV7 
and BKPyV/JCPyV pairs are among the most closely related, which correlates with putaƟ ve 
shared tropism for the respiratory tract, skin and the urinary tract infecƟ on, respecƟ vely. 
 In Figure 8, a tentaƟ ve polyomavirus phylogeneƟ c tree is illustrated. In addiƟ on to 
the older tree shown in Figure 1 [2], the novel tree includes several newly idenƟ fi ed animal 
and human viruses that represent new putaƟ ve polyomavirus species. From this tree, it is 

KIPyV WUPyV HPyV6 HPyV7 BKPyV JCPyV TSPyV MCPyV HPyV9 STLPyV MWPyV HPyV12 NJPyV

KIPyV 0.23 0.55 0.52 0.57 0.60 0.62 0.61 0.61 0.62 0.61 0.63 0.74

WUPyV 0.27 0.54 0.53 0.56 0.57 0.62 0.60 0.62 0.59 0.61 0.61 0.73 0.00 - 0.49

HPyV6 0.92 0.91 0.23 0.63 0.62 0.64 0.59 0.63 0.61 0.63 0.62 0.71 0.50 - 0.99

HPyV7 0.87 0.88 0.26 0.61 0.62 0.62 0.60 0.62 0.61 0.61 0.63 0.71 1.00 - 2.10

BKPyV 1.04 0.99 1.26 1.19 0.15 0.44 0.48 0.46 0.49 0.47 0.48 0.69

JCPyV 1.12 1.02 1.20 1.19 0.16 0.45 0.49 0.47 0.49 0.47 0.46 0.69

TSPyV 1.21 1.20 1.29 1.19 0.64 0.66 0.39 0.35 0.47 0.42 0.38 0.63

MCPyV 1.17 1.12 1.13 1.12 0.74 0.76 0.54 0.42 0.51 0.49 0.41 0.61

HPyV9 1.17 1.19 1.26 1.21 0.71 0.71 0.47 0.60 0.47 0.45 0.41 0.68

STLPyV 1.21 1.12 1.18 1.17 0.76 0.76 0.70 0.81 0.69 0.33 0.48 0.70

MWPyV 1.16 1.16 1.23 1.16 0.72 0.71 0.60 0.76 0.67 0.42 0.45 0.69

HPyV12 1.21 1.16 1.22 1.23 0.72 0.70 0.51 0.58 0.56 0.72 0.67 0.67

NJPyV 2.08 2.01 1.99 1.92 1.76 1.74 1.40 1.31 1.62 1.71 1.75 1.60

0

0

0

0

0

0

0

0

0

0

0

0

0

Figure 7. GeneƟ c comparison between thirteen human polyomaviruses is shown. Two measures of geneƟ c distance 
are shown for the combined polyomavirus protein-idenƟ ty of conserved regions of VP1, VP2 and LT proteins. The 
upper-right triangle shows uncorrected dissimilarity percentages (1 corresponds to 100% dissimilarity; 0 means 
idenƟ cal sequences); the lower-leŌ  triangle shows evoluƟ onary distances that correct for mulƟ ple subsƟ tuƟ ons 
at the same site (the scale is mean subsƟ tuƟ ons per sequence posiƟ on) under the WAG amino acid subsƟ tuƟ on 
model and rate heterogeneity among sites [113] (C. Lauber is acknowledged for updaƟ ng the fi gure).
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clear that the HPyVs do not form a monophyleƟ c cluster. Rather, they are distributed une-
venly among four out of fi ve distant lineages. Two lineages that include human polyomavi-
ruses belong to the genus Orthopolyomavirus [2], and are called Orthopolyomavirus-I and 
-II, respecƟ vely. The third lineage belongs to the genus Wukipolyomavirus, and the fourth 
comprising the genus Malawipolyomavirus includes MWPyV (as well as HPyV10 and MXPyV 
that are almost idenƟ cal to MWPyV) and STLPyV all isolated from human stool.
 The Malawipolyomavirus and Wukipolyomavirus lineages are the least populated 
and include exclusively HPyVs. In contrast, the Orthopolyomavirus-I and -II include 45 puta-
Ɵ ve species from which fi ve and two, respecƟ vely, are composed of HPyVs. Because of the 
observed phyleƟ c distribuƟ on of HPyVs among diff erent lineages, it may be envisaged that 
a number of human polyomaviruses emerged because of cross-species jumps of zoonoƟ c 
viruses rather than of virus-host coevoluƟ on [114, 115]. Recently, the applicability of this 
virus-host coevoluƟ on model to two species of best-sampled polyomaviruses, BKPyV and 
JCPyV [116 - 118], as well as the enƟ re family [119] was quesƟ oned.
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Figure 8. Unrooted phylogeneƟ c tree (up unƟ l June 2014) of known (putaƟ ve) polyomavirus species based on the 
alignment of concatenated VP1, VP2 and LT amino acid sequences. The obtained branching paƩ ern (topology) of 
basal nodes in the tree matches that proposed by Johne and colleagues [2], shown in Figure 1. HPyVs are shown 
in red. The bar indicates number of subsƟ tuƟ ons per site. The numbers at branching events represent probability 
support values ranging from 0 (no support) to 1 (best support). Only support values lower than 1 are shown. The 
full polyomavirus names can be found in Table 1 (C. Lauber is acknowledged for updaƟ ng the fi gure).
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 Resolving the uncertainty about the origins of human polyomaviruses will require 
extending the virus discovery eff orts. For example, conƟ nuaƟ on of hunƟ ng for human virus-
es and characterizaƟ on of other hosts should lead to considerable improvement in our un-
derstanding of polyomaviruses (host) evoluƟ on. Moreover, addiƟ onal polyomavirus studies 
regarding their gene expression and overprinƟ ng mechanisms will facilitate understanding 
of polyomavirus-specifi c paƩ erns of speciaƟ on and host adaptaƟ on.

Concluding remarks

With the availability of sensiƟ ve molecular techniques to detect unknown genome sequenc-
es in the background of human genomic DNA, the discoveries of polyomaviruses have in-
creased signifi cantly over the past few years. It is expected that these discoveries will con-
Ɵ nue in the coming years. 
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  ◊   ◊   ◊

Outline and Scope of this dissertaƟ on

In Chapter 1, the focus was on the recent developments in studying the newly idenƟ fi ed hu-
man polyomaviruses, which reviewed several general aspects of virus idenƟ fi caƟ on, patho-
genicity, epidemiology and complete Polyomaviridae family phylogeny. SƟ ll, detailed anal-
yses of these aspects for each virus are desperately needed. This dissertaƟ on will address 
some of these issues in parƟ cular for TSPyV.
 In Chapter 2, the virological and clinical aspects of TS disease are discussed in more 
detail, including epidemiologic, diagnosƟ c, and therapeuƟ c aspects of TSPyV infecƟ on.
 To study causality between TSPyV infecƟ on and TS disease, in Chapter 3 the prev-
alence, load and localizaƟ on of TSPyV infecƟ on in a series of TS paƟ ents is analyzed in com-
parison to healthy controls.
 In Chapter 4, it is invesƟ gated which cellular mechanisms are potenƟ ally disrupted 
by TSPyV, thereby contribuƟ ng to hyperproliferaƟ on of infected hair follicle cells and spicule 
formaƟ on. Furthermore, the putaƟ ve role of TSPyV Large T-anƟ gen in this process is stud-
ied.
 In Chapter 5, we (re)assessed in-silico the genome sequences of all available (re-
cently idenƟ fi ed) polyomaviruses known so far. A newly idenƟ fi ed ORF encoding MT/AL-
TO-anƟ gen is characterized in more detail, and its role in polyomavirus evoluƟ on and adap-
taƟ on is addressed.
 In Chapter 6, whole genome sequences of TSPyV are obtained and analyzed from 
a series of TS cases described in Chapter 3, for the purpose of gaining insight into the evo-
luƟ on of this polyomavirus. The phenomena regarding polyomavirus evoluƟ on described in 
Chapter 5 are employed on TSPyV evoluƟ on that acts as a unique in-silico model to study 
the molecular basis of amino-acid exchange and toggling in polyomavirus host adaptaƟ on in 
general.
 Finally, in Chapter 7, the fi ndings described in this dissertaƟ on will be discussed 
with regard to TSPyV infecƟ on, pathogenesis, evoluƟ on and host adaptaƟ on, and compared 
to the exisƟ ng knowledge about polyomaviruses in a broader context. In addiƟ on, some 
thoughts about future research direcƟ ons will be shared in this chapter.

  ◊   ◊   ◊



30

Chapter 1

References

1.  Norkin LC, Allander T, Atwood WJ, Buck CB, Garcea RL, Imperiale MJ, Johne R, Major 
EO, Pipas JM, Ramqvist T. Family Polyomaviridae. In: Virus Taxonomy, Ninth Report of 
the InternaƟ onal CommiƩ ee on Taxonomy of Viruses (2012). King AMQ, Adams MJ, 
Carstens EB, LeŅ owitz EJ (editors). London, UK: Academic Press: 279-290.

2.  Johne R, Buck CB, Allander T, Atwood WJ, Garcea RL, Imperiale MJ, Major EO, Ram-
qvist T, Norkin LC. Taxonomical developments in the family Polyomaviridae (2011) 
Arch. Virol. 156: 1627-1634.

3.  Eddy BE, Borman GS, Grubbs GE, Young RD. IdenƟ fi caƟ on of the oncogenic substance 
in rhesus monkey kidney cell culture as simian virus 40 (1962) Virology 17: 65-75.

4.  Girardi AJ, Sweet BH, Slotnick VB, Hilleman MR. Development of tumors in hamsters 
inoculated in the neonatal period with vacuolaƟ ng virus, SV-40 (1962) Proc. Soc. Exp. 
Biol. Med. 109: 649-660.

5.  Gross L. A fi lterable agent, recovered from Ak leukemic extracts, causing salivary 
gland carcinomas in C3H mice (1953) Proc. Soc. Exp. Biol. Med. 83: 414-421.

6.  PadgeƩ  BL, Walker DL, ZuRhein GM, Eckroade RJ, Dessel BH. CulƟ vaƟ on of papo-
va-like virus from human brain with progressive mulƟ focal leucoencephalopathy 
(1971) Lancet 1: 1257-1260.

7.  Gardner SD, Field AM, Coleman DV, Hulme B. New human papovavirus (B.K.) isolated 
from urine aŌ er renal transplantaƟ on (1971) Lancet 1: 1253-1257.

8.  Strickler HD, Rosenberg PS, Devesa SS, Hertel J, Fraumeni JF, Jr., Goedert JJ. Con-
taminaƟ on of poliovirus vaccines with simian virus 40 (1955-1963) and subsequent 
cancer rates (1998) JAMA 279: 292-295.

9.  Feng H, Shuda M, Chang Y, Moore PS. Clonal integraƟ on of a polyomavirus in human 
Merkel cell carcinoma (2008) Science 319: 1096-1100.

10.  van der Meijden E, Janssens RW, Lauber C, Bouwes Bavinck JN, Gorbalenya AE, Felt-
kamp MC. Discovery of a new human polyomavirus associated with trichodysplasia 
spinulosa in an immunocompromized paƟ ent (2010) PLoS Pathog. 6: e1001024.

11.  Mishra N, Pereira M, Rhodes RH, An P, Pipas JM, Jain K, Kapoor A, Briese T, Faust PL, 
Lipkin WI. IdenƟ fi caƟ on of a Novel Polyomavirus in a PancreaƟ c Transplant Recipient 
With ReƟ nal Blindness and VasculiƟ c Myopathy (2014) J. Infect. Dis. 15: 1595-1599.

12.  Allander T, Andreasson K, Gupta S, Bjerkner A, Bogdanovic G, Persson MA, Dalianis T, 
Ramqvist T, Andersson B. IdenƟ fi caƟ on of a third human polyomavirus (2007) J. Virol. 
81: 4130-4136.

13.  Gaynor AM, Nissen MD, Whiley DM, Mackay IM, Lambert SB, Wu G, Brennan DC, 
Storch GA, Sloots TP, Wang D. IdenƟ fi caƟ on of a novel polyomavirus from paƟ ents 
with acute respiratory tract infecƟ ons (2007) PLoS Pathog. 3: e64.



31

1
General introducƟ on

14.  Schowalter RM, Pastrana DV, Pumphrey KA, Moyer AL, Buck CB. Merkel cell polyoma-
virus and two previously unknown polyomaviruses are chronically shed from human 
skin (2010) Cell Host Microbe 7: 509-515.

15.  Scuda N, Hofmann J, Calvignac-Spencer S, Ruprecht K, Liman P, Kuhn J, Hengel H, 
Ehlers B. A novel human polyomavirus closely related to the african green mon-
key-derived lymphotropic polyomavirus (2011) J. Virol. 85: 4586-4590.

16.  Siebrasse EA, Reyes A, Lim ES, Zhao G, Mkakosya RS, Manary MJ, Gordon JI, Wang D. 
IdenƟ fi caƟ on of MW Polyomavirus, a Novel Polyomavirus in Human Stool (2012) J. 
Virol. 86: 10321-10326.

17.  Buck CB, Phan GQ, Raiji MT, Murphy PM, McDermoƩ  DH, McBride AA. Complete 
genome sequence of a tenth human polyomavirus (2012) J. Virol. 86: 10887.

18.  Yu G, Greninger AL, Isa P, Phan TG, MarƟ nez MA, de la Luz SM, Contreras JF, San-
tos-Preciado JI, Parsonnet J, Miller S, Derisi JL, Delwart E, Arias CF, Chiu CY. Discovery 
of a novel polyomavirus in acute diarrheal samples from children (2012) PLoS One 7: 
e49449.

19.  Lim ES, Reyes A, Antonio M, Saha D, Ikumapayi UN, Adeyemi M, SƟ ne OC, Skelton 
R, Brennan DC, Mkakosya RS, Manary MJ, Gordon JI, Wang D. Discovery of STL pol-
yomavirus, a polyomavirus of ancestral recombinant origin that encodes a unique T 
anƟ gen by alternaƟ ve splicing (2013) Virology 436: 295-303.

20.  Korup S, Rietscher J, Calvignac-Spencer S, Trusch F, Hofmann J, Moens U, Sauer I, 
Voigt S, Schmuck R, Ehlers B. IdenƟ fi caƟ on of a novel human polyomavirus in organs 
of the gastrointesƟ nal tract (2013) PLoS One 8: e58021.

21.  Malherbe H, HARWIN R. The cytopathic eff ects of vervet monkey viruses (1963) S. 
Afr. Med. J. 37: 407-411.

22.  zur Hausen H, Gissmann L. Lymphotropic papovaviruses isolated from African green 
monkey and human cells (1979) Med. Microbiol. Immunol. 167: 137-153.

23.  Verschoor EJ, Groenewoud MJ, Fagrouch Z, Kewalapat A, Van Gessel S, Kik MJ, Heeney 
JL. Molecular characterizaƟ on of the fi rst polyomavirus from a New World primate: 
squirrel monkey polyomavirus (2008) J. Gen. Virol. 89: 130-137.

24.  Groenewoud MJ, Fagrouch Z, Van Gessel S, Niphuis H, Bulavaite A, Warren KS, Heeney 
JL, Verschoor EJ. CharacterizaƟ on of novel polyomaviruses from Bornean and Suma-
tran orang-utans (2010) J. Gen. Virol. 91: 653-658.

25.  Deuzing I, Fagrouch Z, Groenewoud MJ, Niphuis H, Kondova I, Bogers W, Verschoor 
EJ. DetecƟ on and characterizaƟ on of two chimpanzee polyomavirus genotypes from 
diff erent subspecies (2010) Virol. J. 7: 1-7.

26.  Leendertz FH, Scuda N, Cameron KN, Kidega T, Zuberbuhler K, Leendertz SA, Coua-
cy-Hymann E, Boesch C, Calvignac S, Ehlers B. African great apes are naturally infect-
ed with polyomaviruses closely related to Merkel cell polyomavirus (2011) J. Virol. 
85: 916-924.



32

Chapter 1

27.  Scuda N, Madinda NF, Akoua-Koffi   C, Adjogoua EV, Wevers D, Hofmann J, Cameron 
KN, Leendertz SA, Couacy-Hymann E, Robbins M, Boesch C, Jarvis MA, Moens U, 
Mugisha L, Calvignac-Spencer S, Leendertz FH, Ehlers B. Novel polyomaviruses of 
nonhuman primates: geneƟ c and serological predictors for the existence of mulƟ -
ple unknown polyomaviruses within the human populaƟ on (2013) PLoS Pathog. 9: 
e1003429.

28.  Kilham L, Murphy HW. A pneumotropic virus isolated from C3H mice carrying the 
BiƩ ner Milk Agent (1953) Proc. Soc. Exp. Biol. Med. 82: 133-137.

29.  Graffi   A, Schramm T, Bender E, Bierwolf D, Graffi   I. On a new virus containing skin 
tumor in golden hamster (1967) Arch. Geschwulsƞ orsch. 30: 277-283.

30.  Reissig M, Kelly TJ, Jr., Daniel RW, Rangan SR, Shah KV. IdenƟ fi caƟ on of the stump-
tailed macaque virus as a new papovavirus (1976) Infect. Immun. 14: 225-231.

31.  Misra V, Dumonceaux T, Dubois J, Willis C, Nadin-Davis S, Severini A, Wandeler A, 
Lindsay R, Artsob H. DetecƟ on of polyoma and corona viruses in bats of Canada 
(2009) J. Gen. Virol. 90: 2015-2022.

32.  Colegrove KM, Wellehan JF, Jr., Rivera R, Moore PF, Gulland FM, LowensƟ ne LJ, Nor-
dhausen RW, Nollens HH. Polyomavirus infecƟ on in a free-ranging California sea lion 
(Zalophus californianus) with intesƟ nal T-cell lymphoma (2010) J. Vet. Diagn. Invest. 
22: 628-632.

33.  Orba Y, Kobayashi S, Nakamura I, Ishii A, Hang’ombe BM, Mweene AS, Thomas Y, 
Kimura T, Sawa H. DetecƟ on and characterizaƟ on of a novel polyomavirus in wild 
rodents (2011) J. Gen. Virol. 92: 789-795.

34.  Renshaw RW, Wise AG, Maes RK, Dubovi EJ. Complete genome sequence of a polyo-
mavirus isolated from horses (2012) J. Virol. 86: 8903.

35.  Fagrouch Z, Sarwari R, Lavergne A, Delaval M, de TB, Lacoste V, Verschoor EJ. Novel 
polyomaviruses in South American bats and their relaƟ onship to other members of 
the family Polyomaviridae (2012) J. Gen. Virol. 93: 2652-2657.

36.  Tao Y, Shi M, Conrardy C, Kuzmin IV, Recuenco S, Agwanda B, Alvarez DA, Ellison JA, 
Gilbert AT, Moran D, Niezgoda M, Lindblade KA, Holmes EC, Breiman RF, Rupprecht 
CE, Tong S. Discovery of diverse polyomaviruses in bats and the evoluƟ onary history 
of the Polyomaviridae (2013) J. Gen. Virol. 94: 738-748.

37.  Dela Cruz FNJ, Gianniƫ   F, Li L, Woods LW, Del VL, Delwart E, Pesavento PA. Novel 
polyomavirus associated with brain tumors in free-ranging raccoons, western United 
States (2013) Emerg. Infect. Dis. 19: 77-84.

38.  Stevens H, Bertelsen MF, Sijmons S, Van RM, Maes P. CharacterizaƟ on of a novel pol-
yomavirus isolated from a fi broma on the trunk of an African elephant (Loxodonta 
africana) (2013) PLoS One 8: e77884.

39.  Bozeman LH, Davis RB, Gaudry D, Lukert PD, Fletcher OJ, Dykstra MJ. CharacterizaƟ on 
of a papovavirus isolated from fl edgling budgerigars (1981) Avian Dis. 25: 972-980.



33

1
General introducƟ on

40.  Guerin JL, Gelfi  J, Dubois L, Vuillaume A, Boucraut-Baralon C, Pingret JL. A novel pol-
yomavirus (goose hemorrhagic polyomavirus) is the agent of hemorrhagic nephriƟ s 
enteriƟ s of geese (2000) J. Virol. 74: 4523-4529.

41.  Johne R, Wiƫ  g W, Fernandez-de-Luco D, Hofl e U, Muller H. CharacterizaƟ on of Two 
Novel Polyomaviruses of Birds by Using MulƟ ply Primed Rolling-Circle Amplifi caƟ on 
of Their Genomes (2006) J. Virol. 80: 3523-3531.

42.  Halami MY, Dorrestein GM, Couteel P, Heckel G, Muller H, Johne R. Whole-genome 
characterizaƟ on of a novel polyomavirus detected in fatally diseased canary birds 
(2010) J. Gen. Virol. 91: 3016-3022.

43.  Feng H, Taylor JL, Benos PV, Newton R, Waddell K, Lucas SB, Chang Y, Moore PS. 
Human transcriptome subtracƟ on by using short sequence tags to search for tumor 
viruses in conjuncƟ val carcinoma (2007) J. Virol. 81: 11332-11340.

44.  Martel-JanƟ n C, Filippone C, Cassar O, Peter M, Tomasic G, Vielh P, Briere J, Petrella 
T, Aubriot-Lorton MH, MorƟ er L, Jouvion G, Sastre-Garau X, Robert C, Gessain A. Ge-
neƟ c variability and integraƟ on of Merkel cell polyomavirus in Merkel cell carcinoma 
(2012) Virology 426: 134-142.

45.  Johne R, Muller H, Rector A, van Ranst M, Stevens H. Rolling-circle amplifi caƟ on of 
viral DNA genomes using phi29 polymerase (2009) Trends Microbiol. 17: 205-211.

46.  Haycox CL, Kim S, Fleckman P, Smith LT, Piepkorn M, Sundberg JP, Howell DN, Miller 
SE. Trichodysplasia spinulosa--a newly described folliculocentric viral infecƟ on in an 
immunocompromised host (1999) J. InvesƟ g. Dermatol. Symp. Proc. 4: 268-271.

47.  Kean JM, Rao S, Wang M, Garcea RL. Seroepidemiology of Human Polyomaviruses 
(2009) PLoS Pathog. 5: e1000363.

48.  Viscidi RP, Clayman B. Serological cross reacƟ vity between polyomavirus capsids 
(2006) Adv. Exp. Med. Biol. 577: 73-84.

49.  Pawlita M, Clad A, zur HH. Complete DNA sequence of lymphotropic papovavirus: 
prototype of a new species of the polyomavirus genus (1985) Virology 143: 196-211.

50.  Delbue S, Tremolada S, Brancheƫ   E, Elia F, Gualco E, Marchioni E, MaseraƟ  R, Fer-
rante P. First idenƟ fi caƟ on and molecular characterizaƟ on of lymphotropic polyoma-
virus in peripheral blood from paƟ ents with leukoencephalopathies (2008) J. Clin. 
Microbiol. 46: 2461-2462.

51.  Sauvage V, Foulongne V, Cheval J, Ar Gouilh M, Pariente K, Dereure O, Manuguerra 
JC, Richardson J, Lecuit M, Burguiere A, Caro V, Eloit M. Human polyomavirus related 
to african green monkey lymphotropic polyomavirus (2011) Emerg. Infect. Dis. 17: 
1364-1370.

52.  Imperiale MJ, Major EO. Polyomaviruses. In: Fields VIROLOGY (2007). Knipe DM, 
Howley PM (editors). Philadelphia: Wolters Kluwer / LippincoƩ  Williams & Wilkins: 
2263-2299.



34

Chapter 1

53.  Gosert R, Kardas P, Major EO, Hirsch HH. Rearranged JC virus noncoding control re-
gions found in progressive mulƟ focal leukoencephalopathy paƟ ent samples increase 
virus early gene expression and replicaƟ on rate (2010) J. Virol. 84: 10448-10456.

54.  Zerrahn J, Knippschild U, Winkler T, Deppert W. Independent expression of the trans-
forming amino-terminal domain of SV40 large I anƟ gen from an alternaƟ vely spliced 
third SV40 early mRNA (1993) EMBO J. 12: 4739-4746.

55.  Shuda M, Feng H, Kwun HJ, Rosen ST, Gjoerup O, Moore PS, Chang Y. T anƟ gen muta-
Ɵ ons are a human tumor-specifi c signature for Merkel cell polyomavirus (2008) Proc. 
Natl. Acad. Sci. U. S. A. 105: 16272-16277.

56.  Fluck MM, Schaĭ  ausen BS. Lessons in signaling and tumorigenesis from polyomavi-
rus middle T anƟ gen (2009) Microbiol. Mol. Biol. Rev. 73: 542-563.

57.  Johne R, Muller H. Polyomaviruses of birds: eƟ ologic agents of infl ammatory diseas-
es in a tumor virus family (2007) J. Virol. 81: 11554-11559.

58.  Sullivan CS, Grundhoff  AT, Tevethia S, Pipas JM, Ganem D. SV40-encoded microRNAs 
regulate viral gene expression and reduce suscepƟ bility to cytotoxic T cells (2005) 
Nature 435: 682-686.

59.  Seo GJ, Chen CJ, Sullivan CS. Merkel cell polyomavirus encodes a microRNA with the 
ability to autoregulate viral gene expression (2009) Virology 383: 183-187.

60.  Broekema NM, Imperiale MJ. miRNA regulaƟ on of BK polyomavirus replicaƟ on dur-
ing early infecƟ on (2013) Proc. Natl. Acad. Sci. U. S. A. 110: 8200-8205.

61.  Sullivan CS, Pipas JM. T AnƟ gens of Simian Virus 40: Molecular Chaperones for Viral 
ReplicaƟ on and Tumorigenesis (2002) Microbiol. Mol. Biol. Rev. 66: 179-202.

62.  Chang Y, Moore PS. Merkel cell carcinoma: a virus-induced human cancer (2012) 
Annu. Rev. Pathol. 7: 123-144.

63.  Buchkovich NJ, Yu Y, Zampieri CA, Alwine JC. The TORrid aff airs of viruses: eff ects of 
mammalian DNA viruses on the PI3K-Akt-mTOR signalling pathway (2008) Nat. Rev. 
Microbiol. 6: 266-275.

64.  Andrabi S, Hwang JH, Choe JK, Roberts TM, Schaĭ  ausen BS. Comparisons between 
murine polyomavirus and Simian virus 40 show signifi cant diff erences in small T anƟ -
gen funcƟ on (2011) J. Virol. 85: 10649-10658.

65.  Arora R, Chang Y, Moore PS. MCV and Merkel cell carcinoma: a molecular success 
story (2012) Curr. Opin. Virol. 2: 489-498.

66.  Whitman M, Kaplan DR, Schaĭ  ausen B, Cantley L, Roberts TM. AssociaƟ on of phos-
phaƟ dylinositol kinase acƟ vity with polyoma middle-T competent for transformaƟ on 
(1985) Nature 315: 239-242.

67.  Cheng SH, Harvey R, Espino PC, Semba K, Yamamoto T, Toyoshima K, Smith AE. Pep-
Ɵ de anƟ bodies to the human c-fyn gene product demonstrate pp59c-fyn is capable 
of complex formaƟ on with the middle-T anƟ gen of polyomavirus (1988) EMBO J. 7: 
3845-3855.



35

1
General introducƟ on

68.  Su W, Liu W, Schaĭ  ausen BS, Roberts TM. AssociaƟ on of Polyomavirus middle tu-
mor anƟ gen with phospholipase C-gamma 1 (1995) J. Biol. Chem. 270: 12331-12334.

69.  Baker TS, Drak J, Bina M. The capsid of small papova viruses contains 72 pentamer-
ic capsomeres: direct evidence from cryo-electron-microscopy of simian virus 40 
(1989) Biophys. J. 55: 243-253.

70.  Pastrana DV, Tolstov YL, Becker JC, Moore PS, Chang Y, Buck CB. QuanƟ taƟ on of 
Human Seroresponsiveness to Merkel Cell Polyomavirus (2009) PLoS Pathog. 5: 
e1000578.

71.  Schowalter RM, Buck CB. The Merkel cell polyomavirus minor capsid protein (2013) 
PLoS Pathog. 9: e1003558.

72.  Daniels R, Sadowicz D, Hebert DN. A very late viral protein triggers the lyƟ c release of 
SV40 (2007) PLoS Pathog. 3: e98.

73.  Raghava S, Giorda KM, Romano FB, Heuck AP, Hebert DN. The SV40 late protein VP4 
is a viroporin that forms pores to disrupt membranes for viral release (2011) PLoS 
Pathog. 7: e1002116.

74.  Neu U, Stehle T, Atwood WJ. The Polyomaviridae: ContribuƟ ons of virus structure to 
our understanding of virus receptors and infecƟ ous entry (2009) Virology 384: 389-
399.

75.  Schowalter RM, Pastrana DV, Buck CB. Glycosaminoglycans and sialylated glycans se-
quenƟ ally facilitate Merkel cell polyomavirus infecƟ ous entry (2011) PLoS Pathog. 7: 
e1002161.

76.  Belnap DM, Olson NH, Cladel NM, Newcomb WW, Brown JC, Kreider JW, Christensen 
ND, Baker TS. Conserved features in papillomavirus and polyomavirus capsids (1996) 
J. Mol. Biol. 259: 249-263.

77.  Schrama D, Ugurel S, Becker JC. Merkel cell carcinoma: recent insights and new treat-
ment opƟ ons (2012) Curr. Opin. Oncol. 24: 141-149.

78.  Van KA, Mascre G, Youseff  KK, Harel I, Michaux C, De GN, Szpalski C, Achouri Y, Bloch 
W, Hassan BA, Blanpain C. Epidermal progenitors give rise to Merkel cells during em-
bryonic development and adult homeostasis (2009) J. Cell Biol. 187: 91-100.

79.  Laude HC, Jonchere B, Maubec E, Carloƫ   A, Marinho E, Couturaud B, Peter M, Sas-
tre-Garau X, Avril MF, Dupin N, Rozenberg F. DisƟ nct merkel cell polyomavirus mo-
lecular features in tumour and non tumour specimens from paƟ ents with merkel cell 
carcinoma (2010) PLoS Pathog. 6: e1001076.

80.  Sastre-Garau X, Peter M, Avril MF, Laude H, Couturier J, Rozenberg F, Almeida A, Boit-
ier F, Carloƫ   A, Couturaud B, Dupin N. Merkel cell carcinoma of the skin: pathological 
and molecular evidence for a causaƟ ve role of MCV in oncogenesis (2009) J. Pathol. 
218: 48-56.

81.  Houben R, Shuda M, Weinkam R, Schrama D, Feng H, Chang Y, Moore PS, Becker JC. 
Merkel cell polyomavirus-infected Merkel cell carcinoma cells require expression of 
viral T anƟ gens (2010) J. Virol. 84: 7064-7072.



36

Chapter 1

82.  Shuda M, Kwun HJ, Feng H, Chang Y, Moore PS. Human Merkel cell polyomavirus 
small T anƟ gen is an oncoprotein targeƟ ng the 4E-BP1 translaƟ on regulator (2011) J. 
Clin. Invest. 121: 3623-3634.

83.  Jouary T, Lalanne N, Siberchicot F, Ricard AS, Versapuech J, Lepreux S, Delaunay M, 
Taieb A. Neoadjuvant polychemotherapy in locally advanced Merkel cell carcinoma 
(2009) Nat. Rev. Clin. Oncol. 6: 544-548.

84.  Schwieger-Briel A, Balma-Mena A, Ngan B, Dipchand A, Pope E. Trichodysplasia 
spinulosa--a rare complicaƟ on in immunosuppressed paƟ ents (2010) Pediatr. Der-
matol. 27: 509-513.

85.  Kazem S, van der Meijden E, Kooijman S, Rosenberg AS, Hughey LC, Browning JC, 
Sadler G, Busam K, Pope E, Benoit T, Fleckman P, de VE, Eekhof JA, Feltkamp MC. 
Trichodysplasia spinulosa is characterized by acƟ ve polyomavirus infecƟ on (2012) J. 
Clin. Virol. 53: 225-230.

86.  MaƩ hews MR, Wang RC, Reddick RL, Saldivar VA, Browning JC. Viral-associated 
trichodysplasia spinulosa: a case with electron microscopic and molecular detecƟ on 
of the trichodysplasia spinulosa-associated human polyomavirus (2011) J. Cutan. 
Pathol. 38: 420-431.

87.  Wanat KA, Holler PD, Dentchev T, Simbiri K, Robertson E, Seykora JT, Rosenbach M. 
Viral-associated trichodysplasia: characterizaƟ on of a novel polyomavirus infecƟ on 
with therapeuƟ c insights (2012) Arch. Dermatol. 148: 219-223.

88.  Chastain MA, Millikan LE. Pilomatrix dysplasia in an immunosuppressed paƟ ent 
(2000) J. Am. Acad. Dermatol. 43: 118-122.

89.  Izakovic J, Buchner SA, Duggelin M, Guggenheim R, IƟ n PH. [Hair-like hyperkeratoses 
in paƟ ents with kidney transplants. A new cyclosporin side-eff ect] (1995) Hautarzt 
46: 841-846.

90.  Lee JS, Frederiksen P, Kossard S. Progressive trichodysplasia spinulosa in a paƟ ent 
with chronic lymphocyƟ c leukaemia in remission (2008) Australas. J. Dermatol. 49: 
57-60.

91.  Osswald SS, Kulick KB, Tomaszewski MM, Sperling LC. Viral-associated trichodysplasia 
in a paƟ ent with lymphoma: a case report and review (2007) J. Cutan. Pathol. 34: 
721-725.

92.  Sadler GM, Halbert AR, Smith N, Rogers M. Trichodysplasia spinulosa associated with 
chemotherapy for acute lymphocyƟ c leukaemia (2007) Australas. J. Dermatol. 48: 
110-114.

93.  Sperling LC, Tomaszewski MM, Thomas DA. Viral-associated trichodysplasia in pa-
Ɵ ents who are immunocompromised (2004) J. Am. Acad. Dermatol. 50: 318-322.

94.  WyaƩ  AJ, Sachs DL, Shia J, Delgado R, Busam KJ. Virus-associated trichodysplasia 
spinulosa (2005) Am. J. Surg. Pathol. 29: 241-246.



37

1
General introducƟ on

95.  Carter JJ, Paulson KG, Wipf GC, Miranda D, Madeleine MM, Johnson LG, Lemos BD, 
Lee S, Warcola AH, Iyer JG, Nghiem P, Galloway DA. AssociaƟ on of Merkel Cell Poly-
omavirus-Specifi c AnƟ bodies With Merkel Cell Carcinoma (2009) J. Natl. Cancer Inst.  
4: 1510-1522.

96.  Chen T, Hedman L, Maƫ  la PS, Jarƫ   T, Ruuskanen O, Soderlund-Venermo M, Hedman 
K. Serological evidence of Merkel cell polyomavirus primary infecƟ ons in childhood 
(2011) J. Clin. Virol. 50: 125-129.

97.  Chen T, Maƫ  la PS, Jarƫ   T, Ruuskanen O, Soderlund-Venermo M, Hedman K. Seroep-
idemiology of the Newly Found Trichodysplasia Spinulosa-Associated Polyomavirus 
(2011) J. Infect. Dis. 204: 1523-1526.

98.  van der Meijden E, Kazem S, Burgers MM, Janssens R, Bouwes Bavinck JN, de Melker 
H, Feltkamp MC. Seroprevalence of Trichodysplasia Spinulosa-associated Polyomavi-
rus (2011) Emerg. Infect. Dis. 17: 1355-1363.

99.  Viscidi RP, Rollison DE, Sondak VK, Silver B, Messina JL, Giuliano AR, Fulp W, Ajidahun 
A, Rivanera D. Age-specifi c seroprevalence of Merkel cell polyomavirus, BK virus, and 
JC virus (2011) Clin. Vaccine Immunol. 18: 1737-1743.

100.  Trusch F, Klein M, Finsterbusch T, Kuhn J, Hofmann J, Ehlers B. Seroprevalence of 
human polyomavirus 9 and cross-reacƟ vity to African green monkey-derived lym-
photropic polyomavirus (2012) J. Gen. Virol. 93: 698-705.

101.  Touze A, Gaitan J, Arnold F, Cazal R, Fleury MJ, Combelas N, Sizaret PY, Guyetant S, 
Maruani A, Baay M, Tognon M, Coursaget P. GeneraƟ on of Merkel cell polyomavirus 
(MCV)-like parƟ cles and their applicaƟ on to detecƟ on of MCV anƟ bodies (2010) J. 
Clin. Microbiol. 48: 1767-1770.

102.  Nicol JT, Touze A, Robinot R, Arnold F, Mazzoni E, Tognon M, Coursaget P. Seroprev-
alence and Cross-reacƟ vity of Human Polyomavirus 9 (2012) Emerg. Infect. Dis. 18: 
1329-1332.

103.  van der Meijden E, Bialasiewicz S, RockeƩ  RJ, Tozer SJ, Sloots TP, Feltkamp MC. Diff er-
ent serologic behavior of MCPyV, TSPyV, HPyV6, HPyV7 and HPyV9 polyomaviruses 
found on the skin (2013) PLoS One 8: e81078.

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

105.  Bloomgren G, Richman S, Hotermans C, Subramanyam M, Goelz S, Natarajan A, Lee 
S, Plavina T, Scanlon JV, Sandrock A, Bozic C. Risk of natalizumab-associated progres-
sive mulƟ focal leukoencephalopathy (2012) N. Engl. J. Med. 366: 1870-1880.

106.  Major EO. Progressive mulƟ focal leukoencephalopathy in paƟ ents on immunomodu-
latory therapies (2010) Annu. Rev. Med. 61: 35-47.

107.  Egli A, InfanƟ  L, Dumoulin A, Buser A, Samaridis J, Stebler C, Gosert R, Hirsch HH. 
Prevalence of polyomavirus BK and JC infecƟ on and replicaƟ on in 400 healthy blood 
donors (2009) J. Infect. Dis. 199: 837-846.



38

Chapter 1

108.  BenneƩ  SM, Broekema NM, Imperiale MJ. BK polyomavirus: emerging pathogen 
(2012) Microbes Infect. 14: 672-683.

109.  Hirsch HH, Randhawa P. BK virus in solid organ transplant recipients (2009) Am. J. 
Transplant. 9 Suppl 4: S136-S146.

110.  Wieland U, Silling S, Scola N, PoƩ hoff  A, Gambichler T, Brockmeyer NH, Pfi ster H, 
Kreuter A. Merkel cell polyomavirus infecƟ on in HIV-posiƟ ve men (2011) Arch. Der-
matol. 147: 401-406.

111.  Korajkic A, Brownell MJ, Harwood VJ. InvesƟ gaƟ on of human sewage polluƟ on and 
pathogen analysis at Florida Gulf coast beaches (2011) J. Appl. Microbiol. 110: 174-
183.

112.  Foulongne V, Courgnaud V, Champeau W, Segondy M. DetecƟ on of Merkel cell poly-
omavirus on environmental surfaces (2011) J. Med. Virol. 83: 1435-1439.

113.  Whelan S, Goldman N. A general empirical model of protein evoluƟ on derived from 
mulƟ ple protein families using a maximum-likelihood approach (2001) Mol. Biol. 
Evol. 18: 691-699.

114.  Shadan FF, Villarreal LP. The evoluƟ on of small DNA viruses of eukaryotes: past and 
present consideraƟ ons (1995) Virus Genes 11: 239-257.

115.  Perez-Losada M, Christensen RG, McClellan DA, Adams BJ, Viscidi RP, Demma JC, 
Crandall KA. Comparing PhylogeneƟ c Codivergence between Polyomaviruses and 
Their Hosts (2006) J. Virol. 80: 5663-5669.

116.  Shackelton LA, Rambaut A, Pybus OG, Holmes EC. JC virus evoluƟ on and its associa-
Ɵ on with human populaƟ ons (2006) J. Virol. 80: 9928-9933.

117.  Krumbholz A, Bininda-Emonds OR, Wutzler P, Zell R. EvoluƟ on of four BK virus sub-
types (2008) Infect. Genet. Evol. 8: 632-643.

118.  Zheng HY, Nishimoto Y, Chen Q, Hasegawa M, Zhong S, Ikegaya H, Ohno N, Sugimoto 
C, Takasaka T, Kitamura T, Yogo Y. RelaƟ onships between BK virus lineages and human 
populaƟ ons (2007) Microbes Infect. 9: 204-213.

119.  Krumbholz A, Bininda-Emonds OR, Wutzler P, Zell R. PhylogeneƟ cs, evoluƟ on, and 
medical importance of polyomaviruses (2009) Infect. Genet. Evol. 9: 784-799.



39

1
General introducƟ on


