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General aspects of TSPyV infecƟ on 

Discovery of the trichodysplasia spinulosa-associated polyomavirus (TSPyV) in 2010 
paved the way for research focusing on the role of this virus in the pathogenesis of 
trichodysplasia spinulosa (TS) [1, 2]. When one considers a causal relaƟ onship be-
tween a pathogen and a certain (proliferaƟ ve) disease, as proposed by Fredericks 

and Relman for instance [3], the prevalence of the putaƟ ve pathogen is expected to be high-
er in the specifi ed paƟ ent group compared to a healthy populaƟ on (Chapters 2 and 3) [2, 
4], and the pathogen (viral)-load of symptomaƟ c Ɵ ssue is expected to signifi cantly exceed 
that of healthy Ɵ ssue (Chapter 3) [4]. Equally important, by acƟ on of its encoded proteins, 
the pathogen should possess specifi c pathogenic (transforming) properƟ es that render the 
infected cell, Ɵ ssue or organ in a state reminiscent of the indicated disease (Chapter 4) [5]. 
In the process, these interacƟ ng viral proteins responsible for adaptaƟ on in the host may 
mutate (Chapter 6). Some of these mutaƟ ons may be recurrent in the virus family arguing 
for a conserved mechanism of virus adaptaƟ on (Chapters 5).
 In this summarizing chapter, most of these aspects of TSPyV infecƟ on, including its 
prevalence, localizaƟ on, latency, and persistence, as well as viral pathogenesis and TSPyV 
host adaptaƟ on and evoluƟ on will be discussed in the light of available literature to estab-
lish a causaƟ ve role for TSPyV in the development of TS.

Virus reservoir for latency/persistence
TSPyV is a ubiquitous virus similarly to most other human polyomaviruses (HPyVs) as can 
be concluded from its high seroprevalence (Table 1). In addiƟ on, the intensity of measured 
TSPyV anƟ body responses is high [8 - 10]. Apparently, TSPyV infecƟ on creates suffi  cient viral 
anƟ gen to promote strong, possibly lifelong, anƟ body responses, suggesƟ ng that effi  cient 
TSPyV replicaƟ on takes place at compartment(s) in the body where virus progeny is pro-
duced. Whether replicaƟ on takes place only in the skin, or elsewhere in the body as well, is 
unclear at the moment. The intensity of the measured seroresponses, to some extent com-
parable with BKPyV-seroresponses, might indicate circulaƟ on of TSPyV in blood (viremia).
 In contrast to its high seroprevalence (~75%), the TSPyV DNA prevalence analyzed 
with PCR in skin-derived samples of groups of asymptomaƟ c (healthy and immunocompr-
omized) individuals is much lower (<5%) (Table 1 and Chapter 2) [2, 11 - 14]. When TSPyV 
is detected on the skin, its load is usually very low (Chapters 2 and 3). The discrepancy 
between DNA-prevalence and seroprevalence is evident for many polyomaviruses, for in-
stance KIPyV and WUPyV, and HPyV9 (Table 1).
 Despite explanaƟ ons of a technical nature, such as diff erences in sensiƟ vity to de-
tect TSPyV infecƟ on, this discrepancy might be explained by persistent infecƟ on of body 
site(s) other than the skin, for instance of internal organs aŌ er disseminaƟ on. In this regard, 
it is worthwhile to note that for instance JCPyV persistently infects lymphocytes and urothe-
lial cells, whereas upon reacƟ vaƟ on it invades central nerve cells and causes encephaliƟ s 
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in immunocompromized hosts [16, 41]. A recent fi nnish study suggested that TSPyV might 
persist in lymphoid Ɵ ssues, specifi cally the tonsils, of healthy individuals [11], and an ameri-
can study showed the presence of TSPyV in a kidney biopsy [42]. Nevertheless, the detected 
percentage in these Ɵ ssues did not exceed the prevalence found on the skin. Previous stud-
ies that looked into lymphoid systems or mucosa (e.g., tonsils) as a residence or reservoir for 
HPyV infecƟ ons suggested that these body compartments might play a role in polyomavirus 
latency/persistence [43 - 46], which might be the case for TSPyV as well. AlternaƟ vely, these 
fi ndings may simply imply a respiratory transmission route for these viruses, which results 
in transient detecƟ on in these lymphoid systems or mucosal Ɵ ssues (e.g., tonsils).

A possible mechanism of polyomavirus latency/persistence
In general, it is believed that parƟ cular virus infecƟ ons may reside in two disƟ nct non-patho-
logical or asymptomaƟ c states, namely the (non-replicaƟ ve) latency and low-level persistent 
replicaƟ on state, together designated latency/persistence. For this state of latency/persis-
tence, viruses have evolved mechanisms that focus on evading detecƟ on and clearance by 
the host immune system. For instance, viruses encode microRNAs that interfere with host 
cellular processes [47, 48]. These small non-coding RNAs [49] are normally uƟ lized by pol-
yomaviruses to regulate their own transcriptome, but can also target the host transcrip-
tome, for example involved in cellular innate and adapƟ ve immune responses (Figure 1) 
[50]. Thus, next to virus transcriptome auto-regulaƟ on – shown for MCPyV [51, 52], BKPyV 

Table 1. Prevalence of human polyomavirus infecƟ on in immunocompetent individuals 
measured by PCR and serology

*, For polyomavirus name abbreviaƟ on see Chapter 1, Table 1
**, HPyV10 includes MWPyV and MXPyV
GI-tract, Gastro-intesƟ nal tract; N/A, No data available so far

   

Polyomavirus* 
Viral DNA 

Range in % (major detec on site) [Ref] 
Viral serum an bodies 

Range in % [Ref] 
BKPyV 30 - 50  (Kidney) [15] 80 - 100 [16 - 19] 
JCPyV 10 - 40 (Kidney) [20] 40 - 70 [16 - 19] 
KIPyV 1 - 12 (Respiratory tract) [21 - 23] 55 - 90 [17, 18, 24, 25] 
WUPyV 1 - 16 (Respiratory tract) [22, 26] 70 - 100 [17, 18, 24, 25] 
MCPyV 60 - 80 (Skin) [27 - 29] 40 - 80 [9, 17, 18, 30 - 32] 
HPyV6 14 - 50 (Skin) [30, 33] 50 - 80 [9, 30] 
HPyV7 11 - 17 (Skin) [30, 33] 35 - 60 [9, 30] 
TSPyV 2 - 4 (Skin/Tonsil) [2, 11 - 14] 70 - 80 [8 - 10] 
HPyV9 1 - 17 (Skin) [33, 34] 30 - 50 [9, 34] 
HPyV10** 1 - 5 (Stool) [35 - 37] N/A 
STLPyV 0 - 1 (Stool) [35] 60 - 70 [38] 
HPyV12 1 - 11 (GI tract) [39] 17 - 23 [39] 
NJPyV N/A (Endothelial cells) [40] N/A 

omavirus infec onPrevalence of poly
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[53] and JCPyV [50, 54] – microRNAs play most probably key roles in controlling specifi c host 
factors to evade the immune system, which could promote latency/persistence (Figure 1) 
[50, 52, 55]. In this context, preliminary genome analysis of TSPyV suggests that it might 
express a microRNA compaƟ ble with regulaƟ on of its early transcripts (Chapter 2, Figure 2; 
Chapter 5, Supplementary Figure S2). Whether this microRNA also targets host cell factors, 
specifi cally those involved in immune recogniƟ on, is unknown.

TSPyV acƟ ve infecƟ on and trichodysplasia spinulosa

From immunosuppression to disease development; a causal relaƟ onship
It seems apparent that all other established pathogenic HPyVs described so far, i.e., JCPyV, 
BKPyV and MCPyV, follow similar rules; i) an asymptomaƟ c primary iniƟ al infecƟ on at an 
early age, ii) widespread prevalence in human populaƟ ons, and iii) upon reacƟ vaƟ on patho-
genic consequences observed only in the elderly and/or immunocompromized individuals. 
TSPyV, with its described (sero)prevalence and its pathogenic consequences in severely im-
munocompromized hosts, seems to fi t these rules.

Figure 1. SchemaƟ c overview of putaƟ ve funcƟ on of polyomavirus microRNA related to infecƟ on. Polyomavi-
rus-encoded microRNAs exert an auto-regulatory role by targeƟ ng their own early messengerRNAs. Upon viral 
infecƟ on, the innate immune response produces factors, such as the stress-induced ligand ULBP3, which are essen-
Ɵ al for recogniƟ on of infected cells by the immune system (e.g., NK cells). This viral microRNA plays also a putaƟ ve 
role in regulaƟ on of this host immune response by targeƟ ng the ULBP3 messengerRNA. Figure adapted from [48].
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 One of the aims described in this dissertaƟ on was to study and describe the path-
ogenic consequences of TSPyV infecƟ on. In Chapter 3 it was reported that high viral loads 
were exclusively measured in lesional samples originaƟ ng from TS paƟ ents, which indicates 
that TSPyV is acƟ vely replicaƟ ng in these lesions [4]. In healthy subjects and Ɵ ssues, TSPyV 
was almost undetectable (Chapters 2 and 3). Another indicaƟ on that acƟ ve TSPyV infec-
Ɵ on is involved in the development of TS was the detecƟ on of viral proteins VP1 solely in 
the aff ected hair follicles (Chapter 3). Furthermore, TSPyV LT-anƟ gen was expressed in all 
lesional TS samples analyzed, lesions which are known to be hyperproliferaƟ ve (Chapter 4) 
(discussed in next paragraph) [5, 56].
 For BKPyV and JCPyV it is well established that when higher viral loads are reached 
in aff ected organs, this could have pathogenic consequences [57 - 59]. According to Roth-
man et al., this could fi t the complete causal eff ect, which states that “an agent that causes 
disease should be both necessary and suffi  cient for the disease to occur and should be 
reproducible and consistent in diff erent seƫ  ngs, and in studies performed by diff erent in-
vesƟ gators” [60]. In this regard, hypotheƟ cally speaking, it could be stated that, when i) the 
correlaƟ on is strong – all TS cases tested are posiƟ ve for TSPyV, compared to healthy sub-
jects, ii) reproducible – other research groups reporƟ ng TSPyV presence in TS lesions, and 
iii) predicƟ ve – when detecƟ on of high TSPyV loads in TS lesions is evident, then a causaƟ ve 
conclusion is highly probable [4, 42, 61, 62]. Equally important iv) would be the molecular 
evidence of acƟ ve infecƟ on in this regard (discussed next). Furthermore, other criteria’s 
could be considered for tesƟ ng to establish a causal relaƟ onship between a microbe and a 
disease, which in this case would also be in line with the Koch’s postulates, by invesƟ gaƟ ng 
the TSPyV infecƟ on and pathogenesis in animal models. 
 Altogether, despite the limitaƟ ons in number of TS cases described and available 
worldwide, and the number of Ɵ ssue samples analyzed, the studies described in Chapter 2 
and parƟ cularly in Chapter 3 provide strong evidence that acƟ ve TSPyV infecƟ on is associat-
ed with TS, and TSPyV is most probably the causaƟ ve agent of this disease. Obviously, more 
studies are needed from independent laboratories that further confi rm the epidemiological 
and experimental studies to underscore causality.

Molecular pathology of trichodysplasia spinulosa

Possible pathogenic events in polyomavirus-associated disease develop-
ment
During polyomavirus-associated human disease development, a complex interplay takes 
place between mulƟ ple factors, like host immunity, ageing and geneƟ cs, and environmental 
exposure. In addiƟ on, virus-host molecular interacƟ ons occur, which can induce changes in 
viral and cellular expression profi les and potenƟ ally disrupt physiological cellular pathways. 
This issue is best illustrated by MCPyV, the HPyV associated with Merkel cell carcinoma 
(MCC) [63, 64], a skin tumor already introduced in Chapter 1 [65]. While MCPyV infects 
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humans early in life in a fashion comparable to many others, including non-pathogenic pol-
yomaviruses, several successive events (although very rare) can result in neoplasm develop-
ment. At fi rst, an exogenous mutagenic exposure such as UV-radiaƟ on causes DNA damage, 
for instance DNA double-strand breaks. The subsequent repair of this damage could facili-
tate virus genome integraƟ on into the host DNA [66] (Figure 2A). AddiƟ onal successive mu-
taƟ ons, for instance also as a result of UV-radiaƟ on, that abrogate the LT-anƟ gen funcƟ on 
involved in viral DNA replicaƟ on without disturbing the pathogenic (transforming) domains 
(e.g., the LXCXE pRB binding site), is an important event in MCC cell survival and prolifera-
Ɵ on (Figure 2A).
 Comparable to MCPyV, TSPyV induces robust proliferaƟ on of its host cells located 
in the hair follicles (see Chapter 4 and discussion next) (Figure 2B) [5]. Whether TSPyV can 
integrate into the host genome is unknown so far. In symptomaƟ c TS disease, however, the 
measured high TSPyV loads argue against integraƟ on in the producƟ ve stage of infecƟ on 
(Chapter 3).

Viral-host molecular interplay
Historically, polyomavirus research has repeatedly revealed idenƟ fi caƟ on of specifi c vi-
ral-protein and host-protein interacƟ ons that lead to important insights into mammalian 
cell biology [70, 71]. Polyomaviruses have evolved mechanisms that enable them to hijack 
host regulatory cell factors for the sake of fulfi lling their life cycle (Figure 3). The ability of 
a polyomavirus to oncogenically transform its host cells was fi rst demonstrated for SV40. 
InoculaƟ on of SV40 DNA into rat and mouse cells resulted in uncontrolled cell growth and 
proliferaƟ on [72]. Ever since, large tumor (LT), middle tumor (MT) and small tumor (ST) an-
Ɵ gen of several polyomaviruses have been invesƟ gated and were postulated as prototype 
virus oncoproteins that can abrogate several host cell regulatory factors (Figure 3). UnƟ l 
recently, MT-anƟ gen expression was demonstrated only for rodent polyomaviruses [71]. 
New data shows that MT-anƟ gen and/or its derivaƟ ve ALTO are expressed also by MCPyV 
[73] and TSPyV (Van der Meijden and Feltkamp et al., unpublished observaƟ ons), as briefl y 
menƟ oned in Chapters 5 and 6.

Figure 2. Molecular events in the (putaƟ ve) pathogenesis of MCC and TS. (A) (1) In general, MCPyV infecƟ on (red 
parƟ cles) is acquired at early childhood. (2) In a state of decreased immunity (either iatrogenic or age-related), 
reacƟ vaƟ on and replicaƟ on of MCPyV may occur. (3) At some stage, such a burst of infecƟ ve virus producƟ on 
could facilitate viral integraƟ on in suscepƟ ble cells. (4) Mutagenic events could result into replicaƟ on-competent 
virus infecƟ on. (5) Expression of MCPyV mutaƟ on-truncated LT-anƟ gen that provides pro-proliferaƟ ve signals (e.g., 
phosphorylaƟ on of pRB) leading to clonal expansion and MCC development [67]. Figure adapted from [68]. (B) (1) 
Also TSPyV infecƟ on (blue parƟ cles) is acquired at early childhood. (2) During decreased immunity, TSPyV reacƟ -
vaƟ on and replicaƟ on may occur. (3) Alongside high viral replicaƟ on, tumor anƟ gens are expressed that provide 
pro-proliferaƟ ve signals (e.g., phosphorylaƟ on of pRB) [5]. (4) Hair follicles accumulate with viral parƟ cles – which 
are also shed from the skin – and trichohyalin-protein aggregates resulƟ ng into keraƟ nized, spiny structures pro-
truding the skin [4, 69].



Summarizing discussion

7

177

A M
C

Py
V

1.
 In

fe
ct

io
n

   
(C

hi
ld

ho
od

)

2.
 Im

m
un

os
up

pr
es

si
on

 w
ith

 v
ira

l r
ea

ct
iv

at
io

n
   

 (O
ld

 a
ge

, A
ID

S
, T

ra
ns

pl
an

ta
tio

n)

3.
 G

en
om

ic
 in

te
gr

at
io

n
 (S

un
, I

R
, M

ut
ag

en
s)

H
um

an
 O

ri.

4.
 S

el
ec

tio
n 

of
 r

ep
lic

at
io

n-
de

fe
ct

iv
e 

vi
ru

s
   

(T
-a

nt
ig

en
 tr

un
ca

tio
n-

m
ut

at
io

n)

5.
 C

el
lu

la
r p

ro
lif

er
at

io
n

   
(C

lo
na

l e
xp

an
tio

n 
of

 tu
m

or
 c

el
ls

)

M
er

ke
l c

el
l c

ar
ci

no
m

a

Fi
gu

re
 2

. F
or

 le
ge

nd
 te

xt
 p

an
el

 A
 se

e 
pr

ev
io

us
 p

ag
e.

 F
or

 p
an

el
 B

 se
e 

ne
xt

 p
ag

e.



Chapter 7

178

B TS
Py

V

1.
 In

fe
ct

io
n

   
(C

hi
ld

ho
od

)

2.
 V

ira
l r

ea
ct

iv
at

io
n 

af
te

r i
m

m
un

os
up

pr
es

si
on

   
 (T

ra
ns

pl
an

ta
tio

n)

3.
 C

el
lu

la
r p

ro
lif

er
at

io
n 

   
 (T

-a
nt

ig
en

 in
du

ce
d 

ce
ll 

cy
cl

in
g)

4.
 H

ai
r l

os
s 

an
d 

sp
ic

ul
e 

fo
rm

at
io

n
   

 (D
iff

er
et

ia
tin

g 
ce

lls
 

 
  p

ac
ke

d 
w

ith
 tr

ic
ho

hy
al

in
)

Tr
ic

ho
dy

sp
la

si
a 

sp
in

ul
os

a

Fi
gu

re
 2

. F
or

 le
ge

nd
 te

xt
 p

an
el

 B
 se

e 
pa

ge
 1

76
.



Summarizing discussion

7

179

 The patho/oncogenicity of the polyomavirus-encoded transforming proteins, most 
notably the LT-anƟ gen, in cell culture and in animal models has been known for decades. 
Cellular interacƟ ng proteins in this regard are the reƟ noblastoma tumor suppressor protein 
(pRB) and its family members (p107 and p130) (discussed next) [74]. The poly-funcƟ onal 
LT-anƟ gen is expressed at early stages of the viral life cycle and is involved in both viral repli-
caƟ on (ori-binding and helicase acƟ vity [75]) and virus-induced cellular transformaƟ on and 
growth [74]. In addiƟ on to the full-length LT-anƟ gen, alternaƟ ve splicing of the LT-anƟ gen 
messengerRNA can occur, as well as premature terminaƟ on of translaƟ on because of muta-
Ɵ ons (discussed before). TruncaƟ on of LT-anƟ gen usually causes removal of the helicase and 
putaƟ ve p53-binding domains, but preserves most of its other domains, for instance the LX-
CXE domain important for interacƟ on with the RB family members [76]. Preliminary fi ndings 
suggest that the LT-anƟ gen of TSPyV, comparable to other in vitro studied polyomaviruses, 
demonstrates comparable versaƟ lity which expression is regulated through the alternaƟ ve 
splicing of TSPyV pre-T-anƟ gen messengerRNA (Van der Meijden and Feltkamp, personal 
communicaƟ on). The regulaƟ on of (L)T-anƟ gen expression emphasizes that TSPyV, just like 
other polyomaviruses, has developed an evoluƟ onary feature that enables switching be-
tween roles in both viral replicaƟ on and cellular transformaƟ on using diff erent versions of 
the same protein (other polyomavirus evoluƟ onary aspects are discussed next).
 Probably one of the most described interacƟ ons and a key mechanism in cellular 
transformaƟ on caused by polyomaviruses is the LT-anƟ gen interacƟ on with the RB family 
proteins (Figure 3). RB family proteins (i.e., pRB, p107 and p130) are important regulators 
of the G1- (rest) to S-phase (DNA synthesis) transiƟ on of cells during cell cycling iniƟ aƟ on 
[99]. Hypophosphorylated pRB, for instance, inhibits funcƟ on of the E2F transcripƟ on factor 
that regulates gene expression required for host DNA synthesis, whereas hyperphospho-
rylated pRB induces pRB–E2F complex dissociaƟ on and cell-cycle entry. The laƩ er can be 
reverted by several inhibitory proteins such as p16ink4a and p21waf [5, 99]. For MCPyV it was 
shown that ST- and LT-anƟ gen, including its derivaƟ ve 57kT that bears also the pRB-binding 
LXCXE moƟ f, are required for the proliferaƟ on of MCC cells [91, 96, 100 - 102]. The TSPyV 
LT-anƟ gen also contains the conserved LXCXE moƟ f idenƟ fi ed in silico (Chapter 5) [1, 6]. The 
colocalizaƟ on of phosphorylated pRB with proliferaƟ on marker Ki-67 observed in TS lesions 
could indicate that pRB is inacƟ vated, which explains the hyperproliferaƟ ve nature of these 
lesions (Chapter 4). Thus, through its LT-anƟ gen or one of its truncated derivaƟ ves, TSPyV 
might induce cell cycle progression through disrupƟ on of the RB-regulatory pathway, and 
create a reservoir of proliferaƟ ng cells that permit viral DNA replicaƟ on. This putaƟ ve mech-
anism could be assessed in future in vitro studies – aside other factors indicated in Figure 
3 – that may be involved in the pathogenic process of cellular transformaƟ on.
 The characterisƟ c TS phenotype observed repeatedly and most notable on the face, 
remains unexplained so far. However, terminal diff erenƟ aƟ on of the large proliferaƟ ng pool 
of cells into inner root sheath (IRS) might explain the accumulaƟ on of trichohyalin-posiƟ ve 
cells that facilitate formaƟ on of the characterisƟ c spicules (Figure 2B, Chapters 3 and 4). IRS 
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cells are known to produce keraƟ ns and trichohyalin that serve as an intracellular “cement”, 
which gives strength to the IRS layer of a hair follicle to support and mold the growing and 
protruding hair shaŌ  [103]. HypotheƟ cally, the excess amounts of keraƟ ns and trichohyalin 
produced could shape the spicule on the skin when the cells have undergone diff erenƟ a-
Ɵ on. To invesƟ gate spicule formaƟ on and involvement of TSPyV T-anƟ gens in more detail, 
TSPyV T-anƟ gen-expressing organotypic raŌ  culture systems could be exploited, which mim-
ic skin growth in a sophisƟ cated 3D-Skin culture system [104].

Figure 3. A selecƟ on of host cellular factors targeted by polyomavirus early proteins. So far known, polyomavirus 
LT- (red), ST- (blue) and MT-anƟ gen (yellow), as shown in the inner circle for each virus protein, interact with many 
cellular proteins (colored according viral proteins), as depicted in the outer circle with their funcƟ on at cellular level 
on top (see also inset, top-right). For LT- and ST-anƟ gen, most experiments that have idenƟ fi ed these interacƟ ons 
have been shown around SV40 polyomavirus [74, 77]. The J-domain, shared by all early T-anƟ gens, recruits Hsp70 
protein homologues that aids in protein folding [78 - 80]. Other regions inside LT-anƟ gen have been shown to bind 
other important factors, like CREB-binding protein (CREBBP) [81], TOP1 [82], p53 [74, 76, 83], Cul7 [84], Bub1 [85] 
and FBXW7 [86]. MCPyV LT-anƟ gen, in addiƟ on, can probably alter hVam6p protein funcƟ on that is important in 
lysosome regulaƟ on [87]. LT-anƟ gen of the human pathogenic polyomaviruses (JCPyV, BKPyV and MCPyV) has been 
shown to abrogate funcƟ ons of RB proteins (i.e., pRB, p107 and p130), which probably includes TSPyV LT-anƟ gen 
(Chapter 4) [5, 88 - 91]. A major funcƟ on of ST-anƟ gen is ascribed to its ability to modulate PP2A cellular signaling 
protein [92 - 94]. Aside that, recently NEMO [95] and 4EBP1 [96] modulaƟ on was idenƟ fi ed for MCPyV ST-anƟ gen. 
MT/ALTO-anƟ gen, expressed by MPyV, HaPyV, MCPyV, TSPyV and likely other members of the Orthopolyomavirus-I 
(Chapter 5), can regulate cellular signal transducƟ on though modulaƟ on of protein kinases Src, PI3K and PLCƴ1 
[71, 97, 98].
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TSPyV evoluƟ on and host adaptaƟ on

Molecular signatures/footprints of polyomavirus host-adaptaƟ on
Virus host adaptaƟ on facilitates virus disseminaƟ on, which could also promote virus spe-
ciaƟ on. Virus adaptaƟ on to the host involves fi xaƟ on of benefi cial mutaƟ ons under the se-
lecƟ on pressure imposed by the host. Successful adaptaƟ ons may eventually lead to estab-
lishment of a new virus species that is geneƟ cally fi t to occupy a separate niche in the host 
or mulƟ ple hosts. Virus evoluƟ on is constrained by host environment and many structural 
and geneƟ c factors [105], including overlapping genes [106, 107]. Overlap regards to the 
expressible nucleoƟ de sequence of one gene that can be part of expressible nucleoƟ de se-
quence of another gene in an alternate reading frame, which may contribute to the expres-
sion and funcƟ on of one or more gene products. The overlapping gene is always de novo, 
in case of polyomaviruses the ALTO/MT-anƟ gen, which overlaps an ancestral gene, i.e., the 
LT-anƟ gen, and the evoluƟ onary forces acƟ ve on these genes may diff er [108]. When the 
ancestral gene product regions are evoluƟ onary conserved - called the short linear moƟ fs 
(SLiMs) - because of their criƟ cal role in regulatory funcƟ on, protein-protein interacƟ on or 
signal transducƟ on [109, 110], selecƟ on pressure may act more meƟ culous on that genomic 
region.
 In Chapter 5, we studied an overlapping open reading frame (ORF), called ORF5, 
that is conserved in a large monophyleƟ c lineage of polyomaviruses designated the Ortho-I 
genogroup of the Polyomaviridae family (Chapter 1, Figure 8) [111], which includes four 
human viruses, i.e., MCPyV, TSPyV, HPyV12 and NJPyV. We have discovered this conserva-
Ɵ on independently from Carter et al. [73], who designed and called this overlapping ORF 
ALTO in their study on MCPyV. Besides the above viruses, Ortho-I genogroup includes two 
rodent polyomaviruses whose ORF5 encodes the second exon of MT-anƟ gen (Figure 3) [71]. 
Sequence region of ORF2 that encodes the N-terminal part of LT-anƟ gen, and the overlap-
ping ORF5 encoding the ALTO or second exon of MT-anƟ gen, encompasses the LXCXE do-
main and the ORF5m2 moƟ f, respecƟ vely, both of which are considered SLiMs. Accelerated 
switching between Valine and Alanine was shown in this SLiM of ORF5 in ORF5-plus viruses 
as a result of the Cysteine residue conservaƟ on in LXCXE domain (Chapter 5). This was also 
the predominant site of amino-acid-changing mutaƟ ons in TSPyV (Chapter 6). This switching 
between residues – called the COCO-VA toggling – implied a posiƟ ve (purifying) selecƟ on on 
this site of ORF5m2, indicaƟ ng the importance of this SLiM to preserve the overall funcƟ on 
of the ALTO/MT-anƟ gen. This observaƟ on lends support to ORF5 expression – either “direct-
ly” through the synthesis of MCPyV ALTO protein [73] or upon alternaƟ ve splicing events 
direcƟ ng the synthesis of TSPyV MT-anƟ gen [71] (Van der Meijden and Feltkamp, personal 
communicaƟ on).
 The MPyV and HaPyV MT-anƟ gens have been invesƟ gated for decades now. It is 
generally accepted that MT-anƟ gen is involved in cellular transformaƟ on through modu-
laƟ on of several cellular protein kinases and signal transducƟ on mediators (Figure 3) [71]. 
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The observed toggling in ALTO/MT-anƟ gen could emphasize a site-reversion mutaƟ on that 
involves, for instance, escape from immunological pressure facilitaƟ ng adaptaƟ on of the 
protein to its niche [112]. SƟ ll, many quesƟ ons remain unanswered. How common is CO-
CO-VA toggling in other (overlapping) SLiMs? Is it one of many only in polyomaviruses or 
also evident even beyond this virus family? These are just few quesƟ ons for future research. 
Finally, as an extreme case of adapƟ ve evoluƟ on, COCO-VA toggling may enlighten evolu-
Ɵ onary thinking and sƟ mulate development of applicaƟ ons to extend the research on other 
(polyoma)virus (overlapping) SLiMs.

TSPyV evoluƟ on as an example of polyomavirus host-adaptaƟ on
Polyomaviruses do not encode viral DNA polymerase enzymes, but rather rely on host-cell 
enzymes for their replicaƟ on [75, 82]. Only during cellular DNA synthesis-phase, an opƟ mal 
condiƟ on is created that facilitates viral replicaƟ on because of excess supply of host pol-
ymerases and deoxyribonucleoƟ des [113]. Human DNA polymerase enzymes are of high 
fi delity and therefore HPyV DNA mutaƟ on rates are expected similar to the host mutaƟ on 
rates. For TSPyV was calculated that it indeed has low intra-host viral DNA subsƟ tuƟ ons per 
site per year [114], comparable to those established for BKPyV and JCPyV [115, 116]. Taken 
into account the host DNA subsƟ tuƟ on rate and the Ɵ me-span over which these viral subsƟ -
tuƟ ons could have taken place, it was calculated that BKPyV and JCPyV may have diverged 
recently from a common ancestor – less than 1000 and 350 years, respecƟ vely, which on the 
evoluƟ onary scale is comparable to what we found for TSPyV – less than 4300 years. SƟ ll, 
these data on TSPyV esƟ maƟ on of divergence (Chapter 6), and notably also on BKPyV and 
JCPyV [115, 116], should be sought with cauƟ on because of the large uncertainty as a result 
of extremely large confi dence intervals of the calculated evoluƟ onary rates.
 The dominant evoluƟ onary model of polyomavirus divergence unƟ l recently was 
virus-host co-evoluƟ on [117 - 119]. On the contrary, recent studies showed that polyoma-
virus evoluƟ on could have taken place at least two orders of magnitude faster making the 
assumpƟ ons of a zoonoƟ c transmission of primate polyomaviruses more probable. The cal-
culated Ɵ me of divergence of the most recent common ancestor (tMRCA) of TSPyV and its 
closest polyomavirus relaƟ ve OraPyV1, provided that it may be valid to assume that these 
two viruses emerged recently from a common ancestor [114]. Similar assumpƟ ons exist 
for JCPyV [116] and BKPyV [115, 120], viruses that most probably have emerged from a 
common ancestor closely related to SV40 and SA12 – both baboon viruses – with a phyleƟ c 
posiƟ on in the Ortho-II polyomavirus genogroup (Chapter 1, Figure 8) [111]. Although sim-
ilar esƟ mates are lacking for most of the recently idenƟ fi ed HPyVs, when analysing the pol-
yomavirus phylogeneƟ c tree and looking at the Ortho-I genogroup, one can note that many 
HPyVs appear to be closely related to viruses isolated from non-human primates (Chapter 
1, Figure 8) [111]. In this regard, HPyV9 is very similar to the B-lymphotropic polyomavi-
rus (LPyV, also known as the African green monkey polyomavirus, AGMPyV). Furthermore, 
MCPyV resembles the Gorilla gorilla gorilla polyomavirus 1 (GggPyV1), as well as the Pan 
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troglodytes verus polyomaviruses (PtvPyV). As indicated above and assessed in Chapter 6, 
TSPyV resembles Bornean orangutan polyomavirus 1 (OraPyV1). Finally, the recently iden-
Ɵ fi ed NJPyV shows close relaƟ onship to the Chimpanzee polyomavirus (ChPyV) [40]. Thus, 
both virus-host co-evoluƟ on as well as a zoonoƟ c non-human to human jump of most (if 
not all) primate polyomaviruses should be considered. Which of these hypotheƟ cal sce-
narios may be true for TSPyV and new HPyVs, awaits future esƟ maƟ ons with the help of 
larger cohorts of virus genome isolates and sophisƟ cated polyomavirus evoluƟ onary esƟ -
maƟ on-models.
 As discussed in the previous paragraph, genome and proteome adaptaƟ on of 
viruses to the host involve mutaƟ ons because of the selecƟ on pleasure imposed by the 
host. In Chapter 5, we described COCO-VA toggling as a probable evoluƟ onary selecƟ on 
mechanism. In Chapter 6, we provided geneƟ c evidence for this mechanism with ORF5 be-
ing the predominant place of non-synonymous subsƟ tuƟ ons during TSPyV evoluƟ on. The 
four idenƟ fi ed moƟ fs in this ORF5 are under selecƟ on pressure because they overlap with 
the conserved ORF2 moƟ fs. The moƟ f involved in COCO-VA mechanism was located in the 
ORF5m2 moƟ f. Out of three TSPyV lineages (TSI, TSII and TSIII), the TSI and TSII viruses used 
the Alanine residue most frequently at the COCO-VA site, implying that the Alanine residue 
provided a fi tness-gain for the virus to adapt to its human host and may have facilitated 
addiƟ onal TSPyV speciaƟ on (see Chapter 6 and previous discussion). Experimental studies 
on TSPyV ALTO/MT-anƟ gen could reveal molecular forces that drive toggling in this protein, 
in parƟ cular in the concerning SLiMs that facilitate in protein funcƟ on by playing criƟ cal 
roles in protein regulaƟ on, protein-protein interacƟ on or signal transducƟ on. Taken togeth-
er, without restraint one could hypothesis that the putaƟ ve ALTO/MT-anƟ gen of TSPyV is 
acƟ ng as a cellular protein kinase and signal transducƟ on protein to sƟ mulate cell growth 
and cellular transformaƟ on and future in vitro studies could prove this proposiƟ on.

Concluding remarks and future perspecƟ ves

We are only beginning to comprehend the basics regarding TSPyV and many knowledge 
gaps remain. One of the unknowns in TSPyV research is the mechanism(s) underlying laten-
cy/persistence and reacƟ vaƟ on. In this regard, it is sƟ ll unknown whether TS disease is the 
result of a primary TSPyV infecƟ on in the midst of immunosuppression or whether it con-
cerns a reacƟ vaƟ on from a latent site, be it skin or another not yet idenƟ fi ed body locaƟ on. 
Especially, limitaƟ ons in the number of TS paƟ ents and availability of follow-up samples 
obtained aŌ er primary infecƟ on from diff erent organs and sites have prevented further in-
sights in this maƩ er. In vitro study of (putaƟ ve) TSPyV microRNA regulaƟ on, which is known 
to play a key role in latency/persistence and reacƟ vaƟ on in other (polyoma)viruses, might 
off er addiƟ onal opportuniƟ es in this regard.
 As indicated in Figure 3, the knowledge about (putaƟ ve) molecular interacƟ ons be-
tween T-anƟ gens of polyomaviruses and cellular pathways is fragmented. Many factors have 
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been analyzed only for SV40 and needs to be validated for other (human) polyomaviruses 
as well. The lack of an experimental model for TSPyV makes answering these quesƟ ons dif-
fi cult. Skin-mimicking organotypic culture models could provide means for invesƟ gaƟ ng the 
TSPyV and other cutaneous polyomaviruses. Knowledge about the cell type(s) that serve as 
the viral reservoir(s) could help to study specifi c mechanisms and pathways locally in mon-
olayers, for instance IRS cells for TSPyV. With these specifi c and tailored in vitro culture sys-
tems at hand for research, one could idenƟ fy interacƟ ng host molecular partners of TSPyV 
T-anƟ gens in vivo.
 BioinformaƟ cs analysis of the polyomavirus evoluƟ on is an area of invesƟ gaƟ on 
that is gradually evolving and recent discoveries highlight that a broader taxonomic range of 
hosts may exist. The Polyomaviridae family tree may grow beyond what is known. The close 
relaƟ onship of primate polyomaviruses may provide interesƟ ng leads for further studies 
into inter- and intra-specifi c evoluƟ on of this virus family, as well as virus adaptaƟ on and 
speciaƟ on. First, with regard to virus-host evoluƟ on, TSPyV is probably a good example be-
cause of its possible recent zoonoƟ c ancestry. Together with OraPyV1 they could be used 
as a model to elucidate intra-host evoluƟ on and adaptaƟ on of other HPyVs that also close-
ly resemble non-human primate polyomaviruses. Second, with regard to host adaptaƟ on 
and speciaƟ on, the novel evoluƟ onary mechanism called COCO-VA toggling described in 
this dissertaƟ on, could be an excellent starƟ ng point for studies invesƟ gaƟ ng the potenƟ al 
eff ect of protein-residue toggling on mechanisms that circumvent host defenses. In silico, 
one could try to idenƟ fy how common this COCO-VA toggling mechanism is in other (viral) 
proteins that show overlapping ORFs, whether it involves SLiMs and what it means for virus 
adaptaƟ on and speciaƟ on. These are just few experimental and bioinformaƟ cs quesƟ ons for 
future research that have surfaced from research described in this dissertaƟ on.

Altogether, the research described in this dissertaƟ on provided many new insights regarding 
the prevalence, pathogenesis, evoluƟ on and host adaptaƟ on of TSPyV, which is one of the 
newer human polyomaviruses. These insights have substanƟ ally increased our understand-
ing of TSPyV and the eƟ ology of trichodysplasia spinulosa. Furthermore, they will allow us 
to beƩ er comprehend the clinical impact of polyomavirus infecƟ ons in general, and provide 
new leads for future studies devoted to the idenƟ fi caƟ on of (anƟ viral) opƟ ons to prevent or 
treat polyomavirus-associated diseases.
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