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1. Introduction  

 

1.1 Polyomaviruses 

Polyomaviruses (PyVs) are small, non-enveloped, double-stranded DNA viruses 

which infect a variety of hosts, from mammals to birds. PyVs are typically highly species-

specific as they only infect the species from which they have been isolated. The first isolated 

PyV was the murine polyomavirus (MPyV). It was identified in 1958 following the 

observations of filterable extracts from murine leukaemia, which induced tumours in the 

parotid gland of newborn mice (1). An additional PyV, named Simian Virus 40 (SV40), has 

been isolated from African green monkey kidney cells, which were used during the 

production of polio vaccine, till 1963 (2,3). These two PyVs, MPyV and SV40, served as 

excellent models for studying the replication strategies of PyVs and how this family of 

viruses causes diseases, including tumours (1,2). In the past, PyVs were classified together 

with papillomaviruses in the family of Papovaviruses. However, in the 7th report of the 

International Committee on Taxonomy of Viruses, published in 2001, PyVs were 

reclassified into their own family, i.e., Polyomaviridae (4). 

Polyomaviridae family is divided into three different genera: Orthopolyomavirus and 

Wukipolyomavirus, representing mammalian virus species, and Avipolyomavirus for avian 

virus species (Figure 1) (4). The most obvious difference between the genera is the host and 

cell specificity. 

 

Figure 1. Phylogenetic tree of polyomaviruses based on whole genomic nucleotide sequence 

Adapted from Johne et al., 2011(5). 
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To date, fourteen humans PyVs (HPyVs) have been identified, thirteen since 2007. 

This increase in the viral identification is largely due to improved virus-detection 

technologies. One of the first identified HPyV was the John Cunningham PyVs (JCPyV). It 

was firstly isolated from the brain of a patient with progressive multifocal 

leukoencephalopathy (PML) in 1971 (6). JCPyV is a common virus that can infect neurons 

(7,8). About 50-90% of adults are infected with JCPyV, with a quarter of this subpopulation 

excreting JCPyV in their urine (8). As being an ubiquitous PyV, JCPyV does not exhibit 

exclusive tropism for a single cell type in its host, unlike other viruses. It is mainly found in 

oligodendrocytes, but also in tissues of the urinary tract, spleen, bone marrow (9), and even 

in chorionic villi and sperm samples (10,11). JCPyV infects 35-70% of the world population 

asymptomatically (12,13). The virus is found primarily in urban sewage systems, suggesting 

that it is ingested and spread via the faecal-oral route (14). The first site of JCPyV infection 

are tonsils, while it spreads and replicates in the lymphoid cells, followed by infection of the 

gastrointestinal tract and kidneys, where it causes latent infection (15). JCPyV has also been 

demonstrated to cause transformation in vitro of human and rodent cells and tumours in 

animal models. (4).  

An additional important HPyV is BK (BKPyV) (10). It was firstly identified in 1971 

by electron microscopic examination of urine from a renal allograft patient (16). Although 

the BKPyV route of transmission being not clear, BKPyV-infected healthy, and sick 

individuals transiently excrete viral particles that can be detected in various body fluids, such 

as urine, blood, and faeces. However, the most plausible route of infection is thought to be 

the respiratory tract (17). As a result of the increase in organ transplantation and the use of 

highly potent immunosuppressive drugs such as Mycophenolate mofetil (MMF) and 

tacrolimus in the early 2000, the reported incidence of BKPyV-related diseases is rising. 

Almost 10% of all kidney transplants show symptoms of BK-associated nephropathy 

(BKVAN), with approximately 50-90% of affected patients eventually experiencing graft 

dysfunction or failure (18).  

Since the initial identification of JCPyV and BKPyV, numerous other human PyVs 

have been discovered, including the Washington University polyomavirus (WUPyV) and 

the Karolinska Institute polyomavirus (KIPyV) in 2007 (19,20). Both viruses have been 

firstly isolated from respiratory secretions, especially in children with severe pulmonary 

symptoms, but their role in causing pneumonia is not clear (19,20).  

Thanks to the advantages of detection technologies such as next generation 

sequencing, more PyVs have been discovered in recent years. The latest HPyV was 

identified by Ondov and co-workers in 2019 (21). The sequences of the new HPyV, named 



7 
 

Quebec polyomavirus (QPyV), were detected in the stool of a patient using the MinHash 

algorithm (21,22). 

The study of HPyVs and their link to human pathologies has becoming a more often 

important area of research. Notably, several proteins encoded by HPyVs have been 

associated with transforming abilities in cell cultures and animal models, thus suggesting a 

possible oncogenic role for these viruses. Other important diseases associated with these 

viruses include kidney infections and trichodysplasia spinulosa (4).  

 

1.2 Merkel Cell Polyomavirus 

Merkel cell polyomavirus (MCPyV, also known as human polyomavirus 5 [HPyV5]) 

is a naked, icosahedral, double-stranded DNA virus (23). MCPyV belongs to the 

Polyomaviridae family, while being the most recently discovered human oncogenic virus 

(4,24). Phylogenetically, it is quite distant from other known HPyVs and SV40, but more 

closely related to viruses of the chimpanzee and gorilla polyomavirus subgroups (25,26). 

Growing evidence suggests that MCPyV plays a causative role in the development of a 

highly lethal form of malignancy of the skin, named Merkel cell carcinoma (MCC) (24,27). 

Indeed, while the aetiological role of other PyVs, such as BKPyV and SV40 in human cancer 

remains controversial (28,29), MCPyV is broadly considered the main cause of a cancer in 

humans (24,27). Indeed, the World Health Organisation and the International Agency for 

Research on Cancer have classified MCPyV as a Group 2A carcinogen because there are 

strong evidences of a causal relationship between its presence and the occurrence of cancer 

in humans (30). Soon after primary infection, MCPyV evokes a physiological immune 

response, then it is maintained in a latent/persistent state lifelong in immunocompetent hosts 

(31). Impairments of the host anti-viral immune response can promote an increase in 

MCPyV replication activity, which ultimately leads to MCC tumorigenesis (31). 

The MCPyV genome is a circular molecule of 5,387 nucleotides and comprises three 

functional domains, namely early and late coding regions and the non-coding control region 

(NCCR), located in between (Figure 2A) (32). NCCR comprises the viral origin of 

replication as well as promoters and enhancers that control the expression of the early and 

late viral genes (32). The late region encodes for genes expressed after the viral genome 

replication initiation as well as for two structural proteins named viral capsid protein 1 (VP1) 

and viral capsid protein 2 (VP2) and a viral microRNA (miRNA) (33–35). MCPyV genome 

is encapsidated in an icosahedral viral capsid consisting of VP1 and VP2. In particular, 

MCPyV virion consists of 72 pentamers of VP1, and each pentamer is lined by one molecule 
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of VP2 on the inner surface (36). Furthermore, VP1 plays a key role in the entry of the virus 

into the host cell. Indeed, VP1 mediates the initial binding of MCPyV on its host cell by 

binding sulphated glycosaminoglycans, specifically heparan sulphate proteoglycans (37).  

Several transcripts are generated from the early region by alternative splicing (Figure 

2B), including large T antigen (LT), small T antigen (sT), 57 kT antigen (57 kT) which is a 

spliced form of LT, and the alternative frame of the large T open reading frame (ALTO) 

(38). Due to alternative splicing events, LT, sT and 57 kT proteins share 78 amino acid (a.a.) 

residues in their N-terminal (N-Ter) region (Figure 2B) (39). The current knowledge on 57kT 

is remarkably poor. 57kT does not seem to support MCPyV replication, and its function in 

MCC carcinogenesis or infection is unclear (40). Since it shares the MCPyV unique region 

(MUR) with LT, while the helicase and origin binding domains are absent, it is hypothesised 

that 57kT indirectly supports MCPyV infection without directly supporting viral genome 

replication like LT. ALTO is encoded in an alternative open reading frame of LT (41). In 

vitro evidences obtained in HEK293 cells demonstrated that it is expressed during the 

MCPyV genome replication (41). However, ALTO does not seems to directly contribute to 

the viral genome replication in this cell culture but most likely may play an additional role 

in the viral life cycle (41).  

MCPyV LT and sT present oncogenic potential in humans. LT contains several 

domains involved in viral genome replication and transcription. In particular, half of the LT 

N-Ter contains the DnaJ domain, followed by the HPDKGG motif responsible for binding 

to Hsc70 (33) and the MUR, which contains the conserved LXCXE retinoblastoma protein 

(RB) binding motif (42). Furthermore, a nuclear localization signal (NLS) containing RKRK 

sequence is located in the LT N-Ter (42). The remaining LT C-terminal (C-Ter) region 

includes an origin binding domain and helicase/ATPase domain, which are both needed for 

viral genome replication (Figure 2C)(43). The MCPyV sT antigen contains 186 a.a. residues, 

while sharing the 80 a.a. residues of the N-Ter with LT (38). The sT antigen comprises the 

DnaJ domain, but the RB motif is absent. The sT C-Ter region is unique while including two 

zinc-binding domains (CXCXXC motif) that provide structural and functional stability, and 

two domains rich in cysteine and proline residues that are responsible for the interaction of 

sT with protein phosphatase 2A (PP2A) (Figure 2C) (44). The LT stabilization domain 

(LSD) is a unique sT domain of MCPyV as being not present in the sT of other HPyVs. The 

LSD region is involved in inhibiting the proteasomal degradation of LT (45). Unlike other 

polyomaviruses, MCPyV does not encode both the agnoprotein (46) and the VP3 protein 

(47).  
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Lastly, the MCPyV genome encodes for a miRNA precursor that is expressed from 

the early region. The precursor can produce two mature miRNAs, named MCV-miR-M1-5p 

and MCV-miR-M1-3p (35,48). Interestingly, MCV-miR-M1 has been found to 

downregulate the expression of MCPyV LT and restrict viral replication. Moreover, it has 

also been reported to be required for establishing a long-term persistent infection in MCPyV-

infected neuroectodermal tumour PFSK-1 cells (48). 

 

 

Figure 2. Schematic representation of Merkel cell polyomavirus (MCPyV) genome. Structure 

of MCPyV genome (A), early region transcripts (B) and the early proteins LT and sT with their 

functional domains (C). Adapted from Pietropaolo et al., 2020. 

 

1.3 Detection of Merkel Cell Polyomavirus in humans 

Since MCPyV being considered highly tumorigenic, several investigations have been 

conducted during the past years to evaluate the impact of MCPyV infection in humans. 

Previous studies have reported the presence of MCPyV DNA in blood and serum from 

healthy subjects (HS) (49–51). About 14% of peripheral blood mononuclear cells (PBMCs) 

from pregnant females have been found to be MCPyV DNA-positive (49). Moreover, nearly 

2% of sera from HS carry circulating MCPyV DNA (50). MCPyV DNA sequences have 

also been detected in cutaneous/nasal swabs, eyebrows, chorionic villi and adrenal glands 

(37,49,52–56). Since being frequently detected in the skin from HS, MCPyV is considered 

a member of the human skin microbiota (33). Although the lack evidences, MCPyV 

transmission has been hypothesized to occur via skin-to-skin contact leading to the virions 

being cutaneously spread (53). Despite MCPyV having high oncogenic potential 

characteristics, its infection seems to be widespread asymptomatically in different human 
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populations. Variating results have been reported on MCPyV seroprevalence in HS. Previous 

immunological studies have revealed widely differing prevalence rates, ranging from 55-

87%, according to the study being considered (9,39,65–67,57–64). However, immunological 

data seems to concordantly indicate that primary MCPyV infection occur early in life 

(57,61). Nearly all MCPyV-positive MCC (MCCP) patients carry circulating abs against 

MCPyV (61,68,69). 

Current immunological assays for detecting serum IgGs against MCPyV comprise 

relatively laborious enzyme-linked immunosorbent assays (ELISAs). These assays mainly 

employ recombinant virus-like particles (VLPs) from MCPyV VP1, as antigens (70). More 

recent studies have reported the development of multiplex detection assays based on 

fluorescent bead technology, in combination with a glutathione S-transferase (GST) capture 

ELISA (71–73). Despite allowing abs against different viruses, including MCPyV, to be 

detected simultaneously, these systems employ viral capsomers as antigens for 

immunoreactions (71–73). Using VLPs could be considered a methodological limitation. 

Indeed, VLPs may increase the probability of cross-reactions between different viruses with 

a certain degree of homology, therefore hampering the result (67,68,74). In addition, VLP 

production is a difficult and laborious task, which requires MCPyV VP1 coding sequence 

cloning and protein in vitro synthesis using Spodoptera frugiperda insect cells, or 

recombinant bacteria. Furthermore, generated VLPs need to be purified and quantified. Only 

after following these time consuming steps can VLPs be employed as antigens for 

immunoreactions (57,67,68). On this ground, current VLPs-based immunological assays 

appear to be expensive, laborious and time consuming (57,67). Given the current state of 

knowledge, it is important to have specific, rapid, and low-cost methods, which allow abs 

against MCPyV to be identified unequivocally, in: (i) patients suffering from various 

diseases, including cancer, such as Merkel Cell Carcinoma (MCC); (ii) 

immunocompromised organ transplant recipients and AIDS patients; (iii) HS, who can be 

blood, stem cell and organ donors.  

 

1.4 Merkel Cell Carcinoma  

MCC is a rare and highly malignant skin tumour of neuroendocrine origin. MCC has 

firstly been described by Cyril Toker (75) as a “trabecular carcinoma of the skin with 

carcinoid features” (75). Subsequently, the presence of neurosecretory granules-membrane-

bound granules containing dense cores within the tumour cells has been reported. This 

feature does not differentiate tumour cells originating from the neural crest and Merkel cells 
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(76). Based on these findings, the tumour name has been modified in Merkel cell carcinoma 

to indicate the similarity between tumour and Merkel cells (77–79). Merkel cells can be 

found in the basal layer of the epidermis, especially around the hair follicles. These cells 

serve as mechanoreceptors for soft touch stimuli, are associated with afferent sensory nerves 

and exhibit neuroendocrine characteristics. Neuroendocrine markers, such as chromogranin-

A, synaptophysin and the epithelial marker cytokeratin 20 are expressed by these cells (80). 

These markers are also typically expressed from MCC cells.  

In general, MCC presents as an erythematous lesion in the dermal layer which expand 

rapidly. It is an extremely malignant disease with a high rate of metastasis and recurrence. 

Indeed, more than one third of MCC-affected patients die from the disease. In addition, MCC 

often metastasises to draining lymph nodes and distant organs, including pancreas, brain, 

liver, lungs, and bones (81). MCC has a local recurrence rate ranging between 33-36%, as 

well as a regional lymph node metastasis rate ranging between 41-55% and a distant 

metastasis rate ranging between 18-35%. The American Joint Committee on Cancer 

estimates a 5-year overall survival rate of 51% for local disease, 35% for nodal disease and 

14% for metastatic disease (81,82). Although MCC is rare, its incidence is currently about 

3/1,000,000 individuals and has increased by more than 95% in the United States since 2000, 

while the number of cases are continuously raising (83). 

The at-risk population for MCC comprise elderly individuals, fair-skinned adults 

with an extensive sunlight and ultraviolet light (UV) exposure, patients with severe 

immunodeficiency diseases, including HIV/AIDS, or with medical treatment for 

autoimmune diseases, solid organ transplantation and other cancers (84). The main features 

of MCC can be summarised by the acronym AEIOU: asymptomatic/lack of tenderness, 

expanding rapidly, immunosuppression, older than 50 years, and UV-exposed/fair skin (85).  

 

1.5 Mechanisms of Merkel cell carcinoma tumorigenesis and tumour pathophysiology 

Although similar presentation and prognosis, two different MCC aetiologies have 

been identified. The first, which accounts for the highest proportion (34), ~80%, is caused 

by MCPyV oncogenic activity (24). The majority of MCC cases are caused by MCPyV 

infection in the northern hemisphere. On the other hand, an opposite trend has been observed 

in Australia and New Zealand where MCC cases have been reported to be mostly caused by 

DNA damages caused by sunlight/UV chronic exposition, without harbouring MCPyV DNA 

and/or proteins (84,86) (Table 1). The UV exposure as MCC-risk factor may also explain, 

at least in part, the observation that MCC patients often have a history of other UV-associated 
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skin cancers, such as basal cell carcinoma or squamous cell carcinoma of the skin (87). UV 

radiation also induce the expression of inflammatory mediators and functional changes in 

antigen-presenting dendritic cells, leading to a cascade of events that modulate immune 

sensitivity (88). It is noteworthy that UV exposure might also play a role in MCPyV-driven 

carcinogenesis by causing local immunosuppression (89).  

Despite important advances in understanding MCC carcinogenesis, the cellular 

origin of MCC remains unclear. Based on histomorphology, gene expression profiling and 

molecular analysis, MCC has been hypothesised to originate from Merkel cell progenitors, 

pre-/pro-B cells (90) or dermal fibroblasts (91). Furthermore, based on the expression of 

specific neuroendocrine markers, Merkel cells were hypothesized to be the cells of origin of 

MCC. However, Merkel cells are fully differentiated and do not undergo cell division (92) 

and there are too few Merkel cells in the skin to account for the millions of copies of MCPyV 

DNA detected on healthy human skin (53). It might therefore be unlikely that Merkel cells 

are the cell of origin for MCC. However, further investigations should be conducted to 

corroborate this conclusion.  

Early studies suspected a viral MCC aetiopathogenesis since it had been determined 

that the MCC incidence resulted as tenfold higher in HIV-1/AIDS patients compared to the 

general population (93). The risk of developing MCC had also been found to be strongly 

increased in patients under iatrogenic immunosuppression for the treatment of autoimmune 

diseases such as rheumatoid arthritis and solid organ transplantation (23,94). Considering 

that MCC disproportionately affects elderly/immunocompromised and healthy individuals, 

Huichen Feng and Masahiro Shuda began looking for a pathogenic cause behind the MCC 

onset (24). To identify possible pathogens, the entire MCC transcriptome was sequenced, 

and all human genes were removed from the analysis. With this approach, a PyV LT-like 

transcript was identified, which resulted to be homologous to the known PyV tumour 

antigens. Complete sequencing of the viral genome in MCC tumours led to the identification 

of a new HPyV, eventually named MCPyV (24). In 8 out of 10 MCC tumours tested, the 

viral DNA of MCPyV has been shown to be integrated into the host genome. Moreover, the 

same restriction fragment length polymorphism pattern has been observed in a primary skin 

tumour and a metastatic lymph node from the same patient. This suggests that MCPyV was 

likely causative or at least an early event in MCC tumorigenesis. Since its discovery, MCPyV 

has been known as a ubiquitous virus that asymptomatically infects different human 

populations (57,62,95). In the last decade, a large number of studies have demonstrated a 

causative role for MCPyV in MCC (27,96).  
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Despite one study reported that almost all MCCs have MCPyV footprints (97), it is 

currently well accepted that about 80% of all MCC cases are MCCP (24). Consistently, a 

reduced fraction of MCC tumours is not related to the presence of MCPyV, MCPyV-

negative (MCCN), and may instead be caused by a different aetiology (98,99). The two MCC 

aetiologies also show differences in the expression of diagnostic markers, while a more 

severe clinical outcome has been described for MCCN than MCCP (100). 

 

Table 1. Features of Merkel cell polyomavirus-positive and -negative Merkel cell 

carcinoma. 

 

MCPyV-positive MCC    MCPyV-negative MCC  

Clonal integration of MCPyV DNA   No presence of MCPyV DNA  
into tumour genome    
  
Expression of MCPyV small T antigen (ST) and  No expression of MCPyV LT and sT 

truncated large T antigen (LT)     RNA or protein 

 

Wild-type RB1 and TP53     Inactivating mutations in RB1 and TP53 

 

No UV mutational signature    High frequency of DNA mutations  

       induced by UV damage 

 

Predominantly diploid with minimal number of   High degrees of aneuploidy 

copy number variations 

 

Minimal number of somatic nucleotide alterations  Inactivating mutations in genes involved  

       in various signalling pathways, including  

       DNA damage response and repair genes  

       and chromatin-modifying genes 

 

 

 

1.6 Merkel cell polyomavirus-positive Merkel cell carcinoma 

MCCP tumours generally presents very few somatic mutations (101–103). The 

expression of the two MCPyV oncoproteins LT and sT antigens, alongside MCPyV DNA 

integration into the host genome, are responsible for driving MCCP tumorigenesis. A 

defining feature of MCCP is that the tumour retains the expression of the early transforming 

viral genes, i.e., LT and sT (24). Consistently, silencing of MCPyV LT/sT genes in MCCP 

cell lines resulted in cell death (104).  

Clonal integration of the viral genome is characteristic of all MCCP tumours 

(24,105). The MCPyV genome is also highly mutated when clonally integrated into the host 

genome (106,107). The NCCR and at least part of the early region are conserved in all 

MCCPs, including an integral sT and a truncated form of LT (tLT) (34,108). In addition, a 

C-Ter tLT form is expressed in MCCPs due to nonsense or frameshift mutations in the LT-

encoding gene that result in premature stop codons. Tumour-derived tLTs retain the DnaJ 
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region and the LXCXE motif, also known as retinoblastoma-associated protein (RB1) 

binding. Contrariwise, the DNA-binding, helicase, and cell growth inhibitory domains 

required for viral DNA replication are lost (109). The tLT is unable to support viral 

replication but retains its oncogenic  potential (33). In some cases, MCCPs express a tLT 

that preserves the nuclear localization signal (110,111). Furthermore, these mutants are 

considered to be required for stable integration of MCPyV genome into the host genome 

(112), although the mechanism of viral gene integration is still unknown.  

Induction of DNA damage by the C-Ter domain of LT stimulates the host DNA 

damage response, resulting in an indirect activation of p53 and inhibition of cell proliferation 

(34,113).  

Moreover, MCPyV LT contains several potential phosphoacceptor sites and 

phosphorylation of specific residues in the C-Ter. These post-translational modifications, 

that occur thought the Ataxia telangiectasia mutated (ATM) kinase activity, could induce 

apoptosis and inhibit proliferation (112,114). Therefore, the LT C-Ter domain exhibits 

antitumor properties and could explain why this region is deleted in MCCP (113).  

RNA interference studies have shown that MCCPs express MCPyV sT. Although its 

exact molecular functions are not well understood, sT presents a potent oncogenic activity 

and it is also required for the growth and survival of MCCP cell lines (115). For instance, in 

vitro evidences indicate that sT can transform rat-1 fibroblasts (116) and cooperate with the 

tLT to transform human fibroblasts (117). Although it seems that sT plays a more dominant 

role during Merkel cell transformation, LT is important for maintaining the oncogenic 

phenotype. Specifically, LT overexpression can rescue MCCP cell lines from cell death after 

T antigen knockdown (115). Expression of sT can lead to significant variations in gene 

expression, including the overexpression of proglycolytic genes, and can induce aerobic 

glycolysis in fibroblasts (118). Malignant tumour cells usually have glycolysis rates up to 

200-fold higher than their normal cells of origin; phenomenon identified as the Warburg 

effect. Although sT is able to induce Warburg effect in MCCP cells (118), it is not clear how 

sT triggers this effect. 

Intriguingly, the MCPyV life cycle does not provides the viral integration as most 

likely being considered a random genetic event (24). Indeed, integrated viral DNA can no 

longer produce viable virions (34). During MCCP onset, the viral DNA integration into the 

host genome may occur multiple times, thus providing multiple copies of inserted MCPyV 

DNA, with each viral genome copy having the same or nearly identical mutations. This 

observation suggests that the viral DNA might be already mutated before viral DNA 

integration (34). Moreover, alongside the multiple copies of integrated MCPyV DNA, some 
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MCCP tumours show that the surrounding cellular DNA is co-amplified with the virus 

(108,119). These observations have led to a model in which the mutant viral DNA is 

integrated into the tumour genome, creating a circular DNA form that is subsequently 

amplifiable by rolling circle amplification before the reinsertion back of the amplified 

insertion into the host genome (34).  

In contrast to MCCNs, MCCP cells generally contain very few mutations, copy 

number variations and/or signs of UV-mediated DNA damage. In particular, MCCPs have 

an extremely low number of mutations, which is in the range of 0.4 mutations per megabase 

(102).  

Although both RB1 and TP53 are almost never mutated in MCCPs, p53 activity is 

reduced (120). However, MCPyV tLT does not bind directly to p53, implying that MCPyV 

sT, tLT or structural changes in the tumour cell genome caused by MCPyV insertion 

contribute to the reduction of wild-type p53 activity (121).  Specifically, the reduction of 

p53 activity has been linked to E3 ubiquitin-protein ligase (MDM2) activation through 

mycL/EP400 induced by the sT activity (122). In MCCPs, it is reasonable believe that LT 

and sT functionally disrupt these signalling pathways, thereby circumventing the need for 

the respective inactivating mutations. 

 

1.7 Merkel cell polyomavirus-negative Merkel cell carcinoma 

The MCCN form is caused by extensive UV-induced mutations and presents a high 

tumour mutational burden (TMB), often exceeding 20 somatic mutations per mega base 

(101,102,123). The high frequency of DNA mutations associated with UV damage is also 

typical of other skin cancers associated with sun exposure, such as melanoma, basal cell 

carcinoma and cutaneous squamous cell carcinoma (CSCC) of the skin (124). The high 

levels of UV-associated DNA mutations in MCCN suggests that the cell of origin might be 

a skin cell exposed to the sun. It is highly likely that MCCN tumours are derived from an 

epithelial cell of the keratinocyte lineage. One argument against a keratinocytic origin of 

MCCN is the typical appearance of MCC tumours in the dermal layer. However, several 

reports of the in situ appearance of MCC in association with CSCC have also been reported, 

thus supporting the possibility that MCCN may originate in the epidermal layer (125–127). 

A whole-genome sequencing data showed a severely damaged genome with many somatic 

single nucleotide modifications, translocations, and copy number alterations. Among the 

genes mutated in MCCN are loss-of-function mutations in the tumour suppressor genes RB 

transcriptional corepressor 1 (RB1) and tumour protein p53 (TP53) (128). Mutations that 
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inactivate RB1, which is involved in cell cycle regulation, are frequently found in MCCNs, 

whereas RB1 is not mutated in most MCCPs. Furthermore, strong genetic evidence suggests 

that the target of the tLT is RB1 (129).  

Loss-of-function mutations are also frequent in neurogenic locus notch homologue 

protein 1 (NOTCH1), lysine methyl transferase 2C (KMT2C), and lysine methyl transferase 

2D (KMT2D) in MCCN tumours (119,130). The phosphoinositide 3-kinase (PI3K) pathway 

is activated in MCCN by activating mutations in phosphatidylinositol-4,5-bisphosphate 3-

kinase catalytic subunit alpha (PIK3CA) or loss of the inhibitors phosphatase and tensin 

homolog (PTEN), tuberous sclerosis 1 (TSC1), and tuberous sclerosis complex 2 (TSC2) 

(102). Furthermore, in addition to the lack of tumour suppressors, the increase of the MYC 

paralog MYCL (MYCL1 or L-MYC) in MCCN is frequently detected (119,131). 

 

1.8 Merkel cell carcinoma therapeutic approaches 

Therapeutic options for MCC are limited (132). Local and nodal MCC can be treated 

with surgery and radiotherapy, but extensive, metastatic, and recurrent cases of MCC usually 

require systemic therapy (133). Until the advent of immunomodulatory therapies, cytotoxic 

chemotherapy based on cisplatin and etoposide was used, which has a high response rate but 

is limited by its short duration (134). MCC patients are also inclined to develop resistance 

to therapies, and most develop metastasis. Furthermore, chemotherapy with 

cisplatin/etoposide is effective but the progression-free survival is improved by ~3 months, 

only (134). A breakthrough in the treatment of MCC was made when it was discovered that 

immune checkpoint inhibitor therapy, including anti-programmed death ligand 1 (PD-L1) 

antibody or anti-programmed death 1 (PD-1) antibody can induce frequent and long-lasting 

responses, with good results (135–137). However, although PD-1/PD-L1 blockade therapy 

is promising for cancer treatment (138), a fraction of patients is either non-responder or 

develop resistance (139). New effective therapeutic options for MCC management are 

therefore urgently required. 

The biological activity of retinoic acid or all-trans retinoic acid (ATRA) is mediated 

by RAR/RXR receptors, ligand-dependent transcription factors that activate genes involved 

in differentiation. Without ligands, RAR/RXR suppresses its gene expression (140). 

Deregulation of RAR/RXR and in particular the receptor β (RARβ) leads to oncogenesis. 

The inhibitory effect of RARβ on cell growth and potent antineoplastic activity of ATRA 

have also been demonstrated in several solid tumours (140). Data from several groups 
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suggest that the RARβ pathway in carcinomas is suppressed epigenetically (141,142). The 

antitumor pharmacological effect of ATRA in MCC is unknown.  

Studies on the clinical application of epigenetic alterations in MCC are limited and 

mainly focus on histone acetylation. Histone acetylation dysregulations are involved in the 

MCC host immune-surveillance escape. Similarly to other tumours (143–146), MCC exert 

a strong immune selective pressure, so it arises and progresses when developing efficient 

immune escape mechanisms. MCC tumours can evade the antitumour immune response 

through the epigenetic silencing of human leukocyte antigen (HLA) genes and the antigen 

presentation machinery. There is evidence that histone acetylation plays a role in this process 

(143,147). Ritter and colleagues reported loss of MHC class I chain-related protein (MIC) A 

and B expression in MCCP cells (147). This loss has been subsequently described as a 

consequence of H3K9 deacetylation in near to MIC promoter (147). MIC expression can be 

epigenetically restored by pharmacological treatment with the histone deacetylases inhibitor 

(iHDAC) vorinostat (147). Additional cell surface receptors i.e., HLA class-I complex, have 

been reported as down-regulated in MCC tissues with unknown MCPyV-positivity and in 

MCCP cell lines (148). The epigenetic re-expression of HLA class-I on the surfaces of MCC 

cells has been demonstrated by domatinostat , an orally available iHDAC compound (149).  

The expression of inhibitory receptors on the anti-tumour immune cells and the 

surface of tumour cells can be considered another mechanism by which MCC escapes the 

immune system. During cell transformation, the interaction between PD-1 and PD-L1 

expressed on the surface of activated T cells and tumour cells, respectively, reduces T-cell 

function and prevents the immune system from acting against tumour cells (150). Although 

the use of PD-1/PD-L1 inhibitors is of remarkable clinical importance for MCC therapy 

(151), a certain proportion of patients develop pharmacological resistance to the therapy. To 

circumvent this negative response, iHDAC panobinostat has been administered to a small 

group of PD-1/PD-L1 non-responder patients with metastatic MCC (152). It has been 

reported that pharmacological treatment of two patients with panobinostat resulted in HLA 

class I expression restoration of and in an increase in CD8+ T-cell infiltration in MCC tissues. 

These data suggest that iHDACs could potentially be helpful in overcoming the loss of HLA 

class I expression in PD-1/PD-L1 non-responder patients (152).  

Dysregulation of histone acetylation in key immune system players is an important 

mechanism by which MCC can escape the antitumour response, while expression restoration 

of immunoregulatory complexes by epigenetic priming with iHDACs could be a helpful 

therapeutic approach based on enhancing the adaptive immune response (153).  



18 
 

Impairment of histone acetylation in MCC involves dysregulation of the proto-

oncogene c-Myc (154). In MCC tumours/cells, c-Myc overexpression has been related to 

acetylated lysine 27 enrichment at histone H3 (H3K27Ac) in an enhancer proximal to the c-

Myc promoter. At the same time, high occupancy of Bromodomain protein 4 (BRD4), a gene 

expression regulator which binds to H3K27Ac has also been reported. In addition, in vitro 

treatment with bromodomain and extraterminal (BET) inhibitors (iBETs), a class of drugs 

that reversibly bind to BET family proteins, comprising BRD4, depleted BRD4 occupancy 

at the c-Myc enhancer and induced c-Myc down-regulation (154). This evidence underlines 

not only that both H3K27Ac and BRDs play a role in MCC, but also that iHDAC and iBET 

combination therapy should be considered as a potentially novel anti-tumour approach.  

Furthermore, MCPyV sT regulates gene expression via cooperation with MYCL and the 

EP400 histone acetyltransferase complex (155). 

On the other hand, the clinical application of DNA methylation in MCC is less well 

understood. Epigenetic modifications, such as DNA methylation, are essential for gene 

regulation. DNA methylation is prone to dysregulation in several types of cancer (140). 

Improper DNA methylation has been reported to be involved in MCC aetiopathogenesis 

(132,156). The methylation of promoter of tumour suppressor genes MGMT, CDKN2A, 

RASSF1A and DUSP2 and the immunoregulatory gene PD-1 has been reported in several 

studies (157–161) It has been shown that in MCC both the presence of MCPyV virus and 

the accumulation of mutations are associated with an accelerated DNA methylation age 

compared to the chronological age (162). 

The biological importance of DNA methylation is underscored also by the clinical 

efficacy of hypomethylating agents (HMAs) such as azacytidine, decitabine and 

guadecitabine (163,164), currently in use for the treatment of various haematological 

malignancies and solid tumours (100,163). MCC exhibits deregulations in DNA methylation 

(132,156). Also, a recent study conducted on MCC cells reported encouraging data with 

decitabine (156). 
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2. Objectives and aims of the study 

  

 The main objective of the present thesis was to investigate the impact of oncogenic 

MCPyV infection in the healthy population. To this purpose, a novel immunologic assay 

was set-up and validated to unequivocally identify circulating IgGs against MCPyV. The 

need for specific and rapid immunologic assays for MCPyV-seropositivity assessment 

prompted us to develop and validate a novel indirect ELISA to identify anti-MCPyV IgGs, 

without using recombinant proteins as antigens.  

In a second phase, in order to identify novel therapeutic options for improving MCC 

management, the antineoplastic drugs ATRA and decitabine were preliminarily evaluated in 

vitro in MCC cells. 

 

2.1 Aim I 

Development of a novel indirect ELISA based on two linear synthetic peptides, which 

mimic MCPyV VP1 and VP2, to unequivocally recognize circulating IgGs elicited against 

linear/conformational MCPyV VP1 and VP2 mimotopes/epitopes. The indirect ELISA was 

developed evaluating its performance in detecting serum anti-MCPyV IgGs, considering a 

number of criteria, such as sensitivity, specificity, efficiency, validity, 

repeatability/reproducibility and linearity, among other criteria, in a set of controls, i.e., 

MCPyV-positive and -negative sera. Receiver operating characteristic (ROC) curve analyses 

were also performed. The assay was then extended, and validated, employing sera from 

different populations of healthy individuals ranging 0-100 yrs old, including 0-20 yrs old 

healthy children (HC), 21-65 yrs old healthy subjects (HS) and 66-100 yrs old healthy elderly 

(ES) subjects. Exposure to MCPyV infection as age/gender-specific MCPyV-seroprevalence 

and serological profile were therefore determined with the new indirect ELISA. 

 

2.2 Aim II 

 Preliminary investigation of the antineoplastic effect of ATRA and decitabine on cell 

proliferation in MCCP cell lines MKL-1 and Peta and in MCCN cell lines MCC26 and 

MCC13. Since the current MCC therapeutic options being limited, the set-up of new 

therapies for MCC management is of primary importance to limit the impact of this tumour.  
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3. Materials and Methods  

3.1 Sera  

 Human sera (n=132) have been tested by indirect ELISAs to evaluate the diagnostic 

performance of our assay. Indeed, the evaluation was performed on human control sera, 

which were previously analysed for MCPyV-seropositivity using a VLPs-based ELISA test, 

as reported (67,68). Controls comprised (i) MCPyV-negative (n=67, mean age ± standard 

deviation of mean [SD], 53 ± [7] years) and (ii) MCPyV-positive healthy individuals (n=65, 

mean age ± SD, 50 ± [9] years). Our assay was then validated on: i) n=344 (mean age ± 

[SD], 9 ± [7] years) sera from healthy children subjects (HC); ii) n=548 (mean age ± [SD], 

42 ± [13] years) sera from healthy subjects (HS); iii) n=226 (mean age ± [SD], 78 ± [7] 

years) sera from healthy elderly subjects (ES) with unknown MCPyV serology taken from 

our serum collection (165–167). Analyses were conducted within age-stratified HC, i.e., 0-

5 (n=138), 6-10 (n=44), 11-15 (n=76), 16-20 (n=86); HS, i.e., 18-30 (n=130), 31-40 (n=120), 

41-50 (n=141), 51-65 (n=157); ES, i.e., 66-70 (n=40), 71-75 (n=46), 76-80 (n=57), 81-85 

(n=47) and 86-100 (n=36) yrs-old groups. 

Furthermore, data from the entire set of sera (n=1,080, mean age ± SD, 40 ± [27] yrs) 

aged 0-100 yrs, were stratified according to age in 0-5 (n=138), 6-10 (n=44), 11-15 (n=76), 

16-20 (n=86), 21-25 (n=39), 26-30 (n=52), 31-35 (n=59), 36-40 (n=61), 41-45 (n=76), 46-

50 (n=65), 51-55 (n=50), 56-60 (n=55), 61-65, 66-70 (n=40), 71-80 (n=103), 81-85 (n=47) 

and 86-100 (n=36) yrs-old groups, and compared. 

Serum samples were collected at the Clinical Laboratory Analysis, University 

Hospital of Ferrara, Ferrara, Italy, from discarded laboratory analysis samples, after routine 

analyses, before their destruction by incineration. The hospital records indicated these 

samples are belonging to healthy subjects. Indeed, blood analysis parameters were all in the 

normal index range. In addition, sera were collected anonymously and coded with 

indications of age and gender. Written informed consent was obtained from all subjects. The 

County Ethical Committee, Ferrara, Italy, approved the study (ID:151078). Samples were 

stored at -80 °C until testing.  

 

3.2 Computational analyses  

In silico analyses were performed to assess the reliability of the two linear synthetic 

MCPyV VP1 S and VP2 F peptides/mimotopes for detecting anti-MCPyV IgGs. Amino acid 

(a.a.) sequences of VP1 S (24 a.a.) and VP2 F (25 a.a.) peptides, are as follows (Figure 3):  

VP1 S: NH2-NSPDLPTTSNWYTYTYDLQPKGSS-COOH;  
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VP2 F: NH2-SLSPTSRLQIQSNLVNLILNSRWVF-COOH.  

Sequence analyses/alignments were carried out using the NCBI database and Clustal 

Omega tool (Hinxton, Cambridgeshire, UK). S and F peptides a.a. sequences were mapped 

on native MCPyV VPs to verify structural similarities. The monomeric form of MCPyV VP1 

was obtained from the Protein data Bank (PDB, ID:4FMG) (168), while MCPyV VP2 was 

obtained via computational prediction carried out using the DNASTAR tool (Lasergene, 

Madison, WI). Molecular VPs visualizations were performed using the DNASTAR tool. 

 

 

 

 

Figure 3. Schematic representation of the MCPyV genome. MCPyV DNA consists of two 

regions: the early region and the late region. The early region contains sequences coding for early 

genes, including the Large T antigen (LT), the small T antigen (sT) and the 57 KT protein. The late 

region contains sequences coding for late genes, including the proteins VP 1 and VP 2. The peptides 

PEP-S and PEP-F, which are used as specific antigens in indirect ELISA tests to detect IgG and IgM 

antibodies against MCPyV, are highlighted in red. 

 

3.3 Indirect ELISA  

The indirect ELISA was developed and validated to detect specific IgGs against 

MCPyV. The initial concept of the assay has been reported for other polyomaviruses (PyVs) 

(29), while the herein newly employed assay was specifically conceived for MCPyV.  
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3.3.1 Peptide coating 

S and F peptides were purchased from UFPeptides s.r.l., Ferrara, Italy. ELISA plates 

(Nunc-immuno plate, Thermo Fisher, Milan, Italy) were coated with 5 μg of selected peptide 

for each well, diluted in 100 μL of Coating Buffer 1X (Candor Bioscience, Wangen, 

Germany). Plates were left at 4°C for 16 h and then rinsed three times with Washing Buffer 

(Candor Bioscience, Wangen, Germany).  

 

3.3.2 Peptide blocking 

Blocking phase was performed using 200 μL/well of blocking solution (Candor 

Bioscience, Wangen, Germany) at 37°C for 90 min (169–171). Wells were rinsed three 

times.  

 

3.3.3 Primary antibody adding 

Each well was covered with 100 μL containing 1:20 diluted sera in low cross-buffer 

(Candor Bioscience, Wangen, Germany). Control sera in each plate were: (i) positive 

controls, three immune sera derived from patients with MCPyV-positive MCC; (ii) negative 

controls, three MCPyV-negative sera. Subsequently, plates were rinsed three times, before 

adding secondary Ab min (169–171).  

 

3.3.4 Secondary antibody adding 

A goat anti-human IgG heavy (H) and light (L) chain specific peroxidase conjugate 

(Calbiochem-Merck, Darmstadt, Germany) or peroxidase-labelled affinity purified antibody 

to human IgM heavy chain μ peroxidase-conjugate (KPL Gaithersburg MD, USA) were 

diluted 1:10,000 in Low Cross-Buffer. The reaction mixture was incubated at room 

temperature (RT) for 90 min (169–172).  

 

3.3.5 Dye treatment and spectrophotometric reading 

Wells were rinsed three times, and then 100 μL of 2,2′-azino-bis-3-

ethylbenzthiazoline-6-sulfonic acid (ABTS) solution (Sigma-Aldrich, Milan, Italy) was 

added to each well. After 45 min at RT plates were read by spectrophotometer (Thermo 

Electron Corp., model Multiskan EX, Vantaa, Finland) at a wavelength (λ) of 405 nm. 

Colour intensity in wells was determined by optical density (OD) reading.  
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3.3.6 Cut-off determination 

The cut-off of each peptide was determined in each ELISA run, as the mean of the 

OD readings of n=3 negative control sera, adding three standard deviations of mean (mean 

+3 SDs) (173,174), as described for other ELISAs (165,169–171,175,176). Sera were 

considered MCPyV-positive when reacting to both S and F synthetic peptides, in three 

replica experiments carried out by independent operators.  

 

3.4 Indirect ELISA performance evaluation  

Indirect ELISA performance in detecting serum anti-MCPyV IgGs was evaluated on 

MCPyV-negative (n=67) and MCPyV-positive (n=65) control sera. The following sample 

conditions were considered: true positive (TP, the number of positive samples according to 

previous analyses), false positive (FP, the number of positive samples with our assay and 

negative with previous analyses), true negative (TN, the number of negative samples 

according to previous analyses) and false negative (FN, the number of negative samples with 

our assay and positive with previous analyses) (177). Assay performance was then assessed 

computing a number of set-up criteria (177–182), as follows: sensitivity (Se, TP/[TP+FN]), 

specificity (Sp, TN/[TN+FP]), positive predictive value (PPV, TP/[TP+FP]), negative 

predictive value (NPV, TN/[TN+FN]), validity (as [Se+Sp]/2), accuracy 

(Se*Prevalence+Sp*[1−Prevalence] and the overall efficiency (Ef) (or relative agreement, 

as [TP+TN]/[TP+TN+FP+FN] (Table 2) (177). Assay accuracy was evaluated considering 

the following combined measures: Youden’s Index (J, Se+Sp-1) (178), positive likelihood 

ratio (LR+, as Se/[1-Sp]), negative likelihood ratio (LR-, [1-Se]/Sp) (176,177). Furthermore, 

Cohen's kappa coefficient (κ) was used to evaluate the agreement between expected and 

obtained results (180). The agreement was interpreted as poor (κ≤0), slight (0<κ≤0.20), fair 

(0.21<κ≤0.40), moderate (0.41<κ≤0.60), substantial (0.61<κ≤0.80), and near-perfect 

(0.81<κ≤1.0) (180). The performance of each S and F peptide was also analysed by building 

receiver-operating characteristic (ROC) curves (183). ROC curves were used to calculate 

the area under the curve (AUC) for each peptide by comparing expected/obtained results 

(181). The AUC provides a global summary of statistic test robustness by considering the 

assay as: non-informative (AUC=0.5), low (0.5<AUC≤0.7), moderate (0.7<AUC≤0.9) and 

high (0.9<AUC<1) accurate and perfect (AUC=1) (182). Concordance in ODs between S 

and F peptides was evaluated on MCPyV-negative/-positive control sera using Spearman 

correlation r coefficient (with the 95% CI) (184). 
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3.5 Determining indirect ELISA precision and dilutional linearity  

Indirect ELISA precision was assessed by evaluating assay repeatability (intra-assay 

variability) and reproducibility (inter-assay variability). Intra-assay repeatability was 

evaluated by measuring the coefficient of variations (CVs) for 90 repeats of 30 sera for each 

MCPyV VP1 S and VP2 F peptide. Sera with high (n=10, OD>0.17 for S peptide and 

OD>0.4 for peptide F), medium (n=10, 0.12<OD<0.17 for S peptide and 0.2<OD<0.4 for F 

peptide) and low (n=10, OD<0.12 for S peptide and OD<0.2 for F peptide) ODs were 

selected. Inter-assay reproducibility was evaluated by performing 3 independent runs for 

each peptide, by different operators. Adequate rates were determined for intra-assay CV to 

10% and inter-assay CV to 15% (185). In order to determine assay dilutional linearity 

(accuracy), 3 samples with high ODs (obtained with the assay used herein) and diluted 1:20, 

1:40 1:80, 1:160, 1:320, 1:640, 1:1,280 and 1:2,560 were selected and tested in triplicate.  

 

3.6 Merkel cell carcinoma cell lines 

The MCC cell lines MCPyV-positive, i.e., PeTa and MKL-1 (European Collection 

of Authenticated Cell Cultures [ECACC] ID: 09111801), and -negative, i.e., MCC-13 

(ECACC ID: 10092302) and MCC-26 (ECACC ID: 10092304) (186), were cultured with 

RPMI 1640 medium containing 10% foetal bovine serum (FBS, EuroClone) (156).  

 

3.7 Pharmacological treatments 

All-trans retinoic acid (ATRA, Merck) and 5-aza-2’-deoxyazacitidine (Decitabine, 

DAC, Merck) were dissolved in DMSO and H2O, respectively, at a concentration of 100 

mM as stock solution. Untreated and 0.1% DMSO treated MCC cell lines were used as 

controls. Pharmacological treatments begun 24 hours after the cell seeding. ATRA was 

administered over a 3-day period, while the HMA drug decitabine was administered over a 

5-day period (141). Moreover, ATRA was administered on the first treatment day, only, 

while decitabine was refreshed daily (Figure 4). Experiments were performed in triplicate.  
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Figure 4. Treatment schedule. MCC cells were treated according to the scheme, incubation with 

one ATRA pulse (A) or five decitabine 24h pulses (B). In the latter case, medium and drugs were 

removed and replaced with fresh medium to which the drugs were added. Cell proliferation was 

evaluated in MCC cell lines using WST-1 assay (1-3 and 1-5 day- schedule for ATRA and decitabine, 

respectively).  

 

3.8 Cell proliferation  

Following pharmacological treatments, the cell proliferation was assessed using the 

WST-1 assay (Roche) in 96-well plates (140,156). Untreated MCC cells and DMSO-treated 

MCC cells, were used as controls. Half-maximal inhibitory concentration (IC50), i.e., the 

value representing the minimal compound concentration required for a 50% inhibition of the 

cell proliferation, was calculated by measuring cell proliferation by WST-1 assay (187).  

 

3.9 Statistical analysis 

  A two-sided chi-square test was used to statistically analyse MCPyV seroprevalences 

(167,188). Values were analysed using the D’Agostino Pearson normality test and then 

parametric and non-parametric tests were applied according to normal and non-normal 

variables, respectively (184,189). Linear regression of correlation coefficient (R2) (with the 

95% CI) was computed to evaluate the ELISA assay linearity (184). Data were analysed 

using the one-way Anova analysis and Kruskal-Wallis multiple comparison test (OD mean, 

95% CI). Statistical analyses were carried out using MedCalc Statistical Software version 

16.2.1 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org) and Graph 

Pad Prism version 8.0 for Windows (Graph Pad, La Jolla, USA) (190,191). P values <.05 

were considered statistically significant (192,193). 
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4. Results  

4.1 MCPyV peptides selected by computer assisted analyses 

Two linear synthetic peptides, named MCPyV VP1 S and VP2 F (S and F peptides), 

which mimic the immunoreactive MCPyV VP1 and VP2 epitopes, respectively, were 

designed and employed in indirect ELISA as mimotopes to detect anti-MCPyV IgGs. The 

identity between a.a. strains from S and F peptides and corresponding VP native 

polyomaviruses (PyVs) from known 16 human/simian PyVs, including MCPyV and its 

different strains, was assessed (Figure 5A-D). The S and F peptides a.a. sequences were 

100% concordant with MCPyV VP1 and VP2 strains, respectively (Figure 5B, D). The S 

peptide a.a. sequence was 100% identical to the corresponding VPs from the five main 

MCPyV isolates, including North American (MCC350 or EU375803.1 and MCC339, or 

EU375804.1), Japanese (TKS and FJ464337), European (MKL-1 or FJ173815), and Chinese 

(HB039C or KC571692.1) isolates (23,194). Likewise, the F peptide a.a. chain was 100% 

identical to that of VPs from North American and European isolates (23,194). Moreover, the 

a.a. sequence of F peptide was 96% (24/25 a.a.) concordant with that of VPs from the 

Japanese and Chinese isolates (F to S at the last a.a. position of the peptide, n.25) (23,194), 

as well as with that from AHW79949 and AWG42110 VP strains (T to I at a.a. position n.5 

of the peptide in both cases) (195,196).The identity with the VP native strains from other 15 

PyVs was below 37.5% and 36% for S and F peptide, respectively. In addition, a total of 12 

and 8 different PyV types shared less than 16.6% and 16% of identity with the a.a. strains 

from S and F peptides, respectively (Figure 5B, D). Both S and F peptides also differ from 

VP native strains from 15 PyVs, due to the frequent presence (or absence) of additional a.a. 

residues within their sequence (Figure 5B, D). 

Computational analyses indicate that S peptide corresponds to a.a. 66-89 of MCPyV 

VP1, while F peptide lies within a.a. 153-177 of MCPyV VP2. In addition, S peptide also 

encompasses the VP1 BC surface loop, an important immunoreactive site. Indeed, the natural 

immune response against MCPyV VP1 is mainly directed against the BC surface loop (197). 

Notably, a.a. sequences from S and F peptides were characterized toward a stable secondary 

structure formation. Indeed, S peptide forms a stable secondary structure from a.a. 8 to a.a. 

11, i.e., 8TSNW11, where an alpha helix domain is found, surrounded by two random coil 

secondary structures (Figure 5E). F peptide has 3 random coil secondary structures, while it 

presents three short beta sheet domains from a.a. 1 to a.a. 2, i.e., 1SL2, from a.a. 18 to a.a. 

19, i.e., 18IL19, and from a.a. 22 to a.a. 23, i.e., 22RW23 (Figure 5E). Tertiary structures of 

MCPyV VPs were retrieved from the available PDB structures (VP1) and computationally 
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predicted by using the DNASTAR tool (VP2). The three-dimensional graphic rendering of 

S and F peptides mapped onto the inferred MCPyV VP1 and VP2 native structures, 

respectively, indicated that these regions are exposed on VP surfaces (Fig. 5F, G) (197). The 

spatial configuration of S and F peptides may thus represent natural short docking sites for 

serum IgGs against both linear and conformational antigens. 
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Figure 5. Amino acid sequences of S/F peptides, polyomaviruses phylogenetic trees and partial 

VP1/2/3 structures visualizations. Panels (A) and (C) show PyVs phylogenetic trees according to 

VP1 and VP2 from human/simian PyVs comparisons. Panels (B) and (D) show identity between 

Merkel cell polyomavirus (MCPyV)-specific VP1 S and VP2 F peptides and VP1 and VP2 from 

human/simian polyomaviruses (PyVs). Both S and F peptides were selected based on their low 

homology with corresponding a.a. sequences from VP1 and VP2 from known human/simian PyVs. 

VP1 and VP2 a.a. sequences/IDs were obtained from https://www.ncbi.nlm.nih.gov/protein/ and 

aligned with Clustal Omega software. Panel (E): computational analyses indicate that both peptides 

show several random coiled domains with 1 alpha helix (S peptide) and 3 beta-sheets (F peptide). 

Panels (F) and (G): partial view of S and F peptides (red) within the three-dimensional (3D) models 

of VP1 and VP2. The partial VP2 representation is based on a structural prediction obtained using 

DNASTAR software (169). 

 

 

 

https://www.ncbi.nlm.nih.gov/protein/
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4.2 Indirect ELISA performance parameters evaluation 

Developing our indirect ELISA provided for an evaluation of its performance in 

detecting serum anti-MCPyV IgGs on MCPyV-negative (n=67) and -positive (n=65) 1:20 

diluted control sera. The evaluated criteria, computed by comparing expected and obtained 

results, are depicted in Table 2. The assay demonstrated 80.00% (95% CI: 68.23–88.89%) 

sensitivity and 91.05% (95% CI: 81.52–96.64%) specificity, with a PPV of 94.32% (95% 

CI: 88.45-97.29) alongside a NPV of 71.03% (95% CI: 59.97-80.03%), in detecting serum 

anti-MCPyV IgGs (Table 2). Likewise, the efficiency, validity and accuracy criteria resulted 

as 85.61%, 85.52% and 83.87% (95% CI: 76.46-89.68%), respectively (Table 2). The 

evaluation also indicated that J, LR+ and LR- were 0.71, 8.93 (95% CI: 4.12-19.35) and 0.22 

(95% CI: 0.13-0.35), respectively (Table 2). Agreement between expected and obtained 

results resulted as 85.60%, with a κ of 0.72 (95% CI: 0.61-0.84) (Table 2).  

 

Table 2. Indirect ELISA diagnostic performance 

criteria.  

 

 Criteria     Values   

Sensitivity (Se)    80.00%      

Specificity (Sp)    91.05%      

Positive Predictive Value (PPV)  94.32%      

Negative Predictive Value (NPV)  71.03%      

Efficiency (Ef)    85.61%      

Validity      85.52%      

Accuracy      83.87%      

Youden’s Index (J)    0.71       

Likelihood ratio (LR+)   8.93       

Likelihood ratio (LR-)   0.22       

Agreement     85.60%      

Cohen’s Kappa value (κ)   0.72        

 

Indirect ELISA diagnostic performance criteria obtained 

by testing MCPyV-negative (n=67) and -positive (n=65) 

control sera (169). 
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ROC curves were built based on ODs obtained on MCPyV-positive and -negative 

control sera, for both S and F peptides. AUC resulted as 0.821 (95% CI: 0.745 to 0.882) for 

the peptide S and 0.738 (95% CI: 0.654 to 0.811) for the peptide F (Figure 6). The difference 

between AUCs for both S and F peptides was statistically significant compared to that of a 

worthless test (AUC=0.5, P<0.001) (Figure 6). ODs obtained with S and F peptides on same 

control sera were also compared. A good correlation between ODs for S and F peptides was 

found to be, using a Spearman correlation coefficient r, 0.8723 (p<0.0001) (Figure 6C). 

Figure 6. Receiver-operator characteristic (ROC) curves and correlation of Optical density 

(OD) values of the indirect ELISA. ROC curves were built based on optical density (OD) values 

obtained on MCPyV-negative (n=67) and -positive (n=65) control sera, for both MCPyV VP1 S and 

VP2 F peptides.  The values for the area under the ROC curve (AUC) were 0.821 for VP1 S peptide 

(A) and 0.738 for VP2 F peptide (B). The diagonal line shows an AUC value of 0.5 which is 

representative of a worthless test. The difference between AUCs for both S and F peptides resulted 

statistically significantly different from that of a worthless test (AUC=0.5, P<0.001). (C) The 

concordance in ODs between the S and F peptides was evaluated on the entire set of MCPyV-

negative/-positive control sera (n=132) using Spearman correlation analysis. Concordance between 

VP1 S peptide and VP2 F peptide was good, with an r of 0.8723 and a p<0.0001 (169).  
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4.3 Indirect ELISA repeatability, reproducibility and dilutional linearity evaluation 

To assess indirect ELISA precision in terms of repeatability (intra-assay variability) 

and reproducibility (inter-assay variability), CVs were measured on n=30 MCPyV-positive 

sera which were tested in triplicate in one run and in three independent experiments, for each 

S and F peptide (Table 3). Sera were selected and stratified according to the ODs obtained 

with both peptides in sera with low (n=10), medium (n=10) and high (n=10) ODs. A total of 

180 repeats were done.  

Intra-assay repeatability CVs for low, medium, and high OD groups were 5.03%, 

7.28% and 7.45% for S peptide, respectively, and 6.41%, 6.02% and 7.17% for F peptide, 

respectively (Table 3). Inter-assay reproducibility CVs were 4.40% and 5.65% for the low 

OD group, 7.09% and 8.05% for the medium OD group and 7.86% and 8.85% for the high 

OD group, for S and F peptide, respectively (Table 3).  

 

Table 3. Indirect ELISA intra-assay and inter-assay coefficient of 

variations (CVs).  

 

Peptides       Groups  

      Low   Medium  High 

      (n=10)  (n=10)  (n=10)  

  

S peptide  

 Intra-assay (n=3 replicates)  

 Mean      0.062  0.156  0.178  

 SD     0.006  0.051  0.057  

 CV (%)    5.03  7.28  7.45  

 Inter-assay (n=3 replicates) 

 Mean     0.063  0.161  0.186 

 SD     0.005  0.049  0.06 

 CV (%)    4.40  7.09  7.86 

 

F peptide  

 Intra-assay (n=3 replicates) 

 Mean     0.077  0.259  0.57  

 SD     0.021  0.087  0.21 

 CV (%)    6.41  6.02  7.17  

 Inter-assay (n=3 replicates) 

 Mean     0.078  0.267  0.592 

 SD     0.022  0.092  0.216 

 CV (%)    5.65  8.05  8.85  

 
Indirect ELISA intra-assay and inter-assay coefficient of variations (CVs) evaluated on 

three set of control sera with high (n=10), medium (n=10) and low (n=10) optical density 

levels, for both Merkel cell polyomavirus VP1 S and VP2 F peptides. SD, standard 

deviation; CV, coefficient of variation (169). 
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Dilutional linearity (accuracy) of the indirect ELISA was determined by performing 

serial dilutions, from 1:20 to 1:2,560, (i) using n=3 MCPyV-seropositive samples with 

known high ODs when tested using both S and F peptides; (ii) on three sets of MCPyV-

seropositive samples (n=15) previously studied (169), with known high (n=5), medium 

(n=5), and low (n=5) ODs.  

In both cases, dilutions were assayed in triplicate, and ODs/dilution values were 

compared by linear regression analysis.  

In the first evaluation, the assay had a high correlation between ODs and sample 

dilutions when the S peptide was employed, with an R2 of 0.9781 (p<0.0001), 0.9925 

(p<0.0001) and 0.9809 (p<0.0001) for samples #1, #2 and #3, respectively (Figure 7A). The 

assay also showed a high correlation between ODs and sample dilutions when using F 

peptide, with an R2 of 0.9793 (p<0.0001) for sample #1, 0.9851 (p<0.0001) for samples #2 

and 0.9853 (p<0.0001) for samples #3 (Figure 7B).  

Results from the second evaluation indicate that the assay had a high correlation 

between ODs and sample dilutions when the S peptide was employed, with an R2 of 0.9786 

(p<0.0001), 0.9959 (p<0.0001) and 0.9768 (p<0.0001) for samples with high, medium, and 

low ODs, respectively (Figure 7C). The assay also showed a high correlation between ODs 

and sample dilutions when F peptide was used, with an R2 of 0.9773 (p<0.0001), 0.9784 

(p<0.0001), 0.9846 (p<0.0001) for samples with known high, medium, and low ODs (Figure 

7D).  

Moreover, in order to assess the reliability of the immunoassay, ODs obtained with 

S and F peptides on HC and ES sera were compared by Spearman correlation analysis. OD 

concordance between S and F peptides for the whole set of HC sera (n=344) was evaluated. 

Results indicate a very strong correlation between ODs for S and F peptides, with a 

Spearman coefficient r of 0.8381 (p<0.0001) (Figure 7E). Moreover, a good concordance in 

OD between MCPyV S and F peptides was also determined for the entire set of ES sera 

(n=226). Results reveal a good degree of correlation between ODs for S and F peptides, with 

a Spearman coefficient r of 0.7991 (p<0.0001) (Figure 7F).  
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Figure 7. Dilutional linearity correlation of Optical density (OD) values of the indirect ELISA. 

Optical Density (OD) readings at λ 405 nm, in response to serial dilutions (1:20, 1:80, 1:160, 1:320, 

1:640, 1:1,280 and 1:2,560) of n=3 MCPyV-positive sera presenting known high ODs. Each dilution 

was assayed in triplicate for each MCPyV VP1 S and VP2 F peptide, and ODs and sera dilutions 

were compared by linear regression analysis. (A) Good correlation between ODs and dilutions was 



37 
 

found for VP1 S peptide with an R2 of 0.9781 (p<0.0001), 0.9925 (p<0.0001) and 0.9809 (p<0.0001) 

for samples #1, #2 and #3, respectively. (B) Good correlation between ODs and dilutions was found 

for VP2 F peptide, with an R2 of 0.9793 (p<0.0001) for sample #1, 0.9851 (p<0.0001) for samples 

#2 and 0.9853 (p<0.0001) for samples #3. (C) Optical Density (OD) response to serial dilutions 

(1:20, 1:80, 1:160, 1:320, 1:640, 1:1,280 and 1:2,560) was evaluated on n=15 MCPyV-seropositive 

sera with known high (n=5), medium (n=5), and low (n=5) ODs.  Each dilution was assayed in 

triplicate for each MCPyV VP1 S and VP2 F peptide, and OD values and sera dilutions were 

compared by linear regression analysis. High correlation between ODs and dilutions was found for 

VP1 S peptide with an R2 of 0.9786 (p<0.0001), 0.9959 (p<0.0001) and 0.9768 (p<0.0001) for 

samples with high, medium, and low ODs, respectively. (D) Good correlation between ODs and 

dilutions was found when VP2 F peptide was employed, with an R2 of 0.9773 (p<0.0001) for sample 

with known high ODs, 0.9784 (p<0.0001) for samples with medium ODs and 0.9846 (p<0.0001) for 

samples with low ODs. (E) ODs concordance between the S and F peptides was evaluated on the 

entire set of healthy children (HC) (n=344) using Spearman correlation analysis. A very strong 

correlation between ODs for S and F was determined, with an r with an r of 0.8381 (p<0.0001). (F) 

The concordance in ODs between the VP1 S and VP2 F peptides was evaluated also on the entire set 

of sera from elderly subjects (ES) (n=226) using Spearman correlation analysis. A good correlation 

between S peptide and F peptide was found, with an r of 0.7991 and a p<0.0001 (169). 

 

4.4 Serum antibodies reacting to Merkel cell polyomavirus VP1 and VP2 mimotopes in 

healthy children  

 

4.4.1 Detection of serum IgG antibodies against Merkel cell polyomavirus by indirect 

ELISA in healthy children  

The developed indirect ELISA, based on VP1 S and VP2 F peptides/mimotopes, was 

designed to determine whether serum samples from HC (n=344) contain IgG Abs reactive 

to MCPyV antigens and to determine the distribution of MCPyV serology in HC. Sera from 

HC reacting to S and F peptides achieved an overall similar prevalence of 47.7% (164/344) 

and 51.5% (177/344), respectively (Table 4, p>0.05).  

 

Table 4. Seroprevalence of IgG antibodies reacting with Merkel cell polyomavirus VP1 

S and VP2 F peptides in heathy children (HC). 

 

Number of positive samples (%) 

 

Age Number of Male  VP1 S   VP2 F   VP1 S+VP2 F 

yrs                  samples  (%) 

 

0-5  138  56.5  29 (21)  30 (21.7) 18 (13) * 

6-10  44  43.2  25 (56.8) 27 (61.4) 23 (52.3) 

11-15  76  44.7  52 (68.4) 55 (72.4) 46 (60.5) 

16-20  86  33.7  58 (67.4) 65 (75.6) 53 (61.6) 

 

Total  344  46.5  164 (47.7) 177 (51.5) 140 (40.7) 

Serum samples (n=344) were from healthy children aged 0-20 years old (HC). Statistical analyses 

were performed using the two-sided chi-square test. *The different prevalence of MCPyV 

antibodies evaluated in 0-5 yrs age-stratified group was statistically significant compared with 

the cohorts aged 6-10 yrs, 11-15 yrs and 16-20 yrs (p<0.0001). 
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Furthermore, negative sera for the S peptide did not react with the F peptide. Only a few 

serum samples were exceptions. Indeed, 10.8% (37/344) of sera were negative for S peptide 

while reacting positively to F peptide. Similarly, 7% (24/344) of sera were negative for F 

while positive for S peptide (p>0.05). When MCPyV-positive sera were combined, for both 

VP1 S and F peptides, the overall prevalence in HC was 40.7% (140/344). Combined S and 

F peptides reactivity was then determined in age-stratified HC, i.e., 0-5 yrs, 6-10 yrs, 11-15 

yrs and 16-20 yrs, and rates were compared. In the HC cohorts aged 0-5, 6-10, 11-15 and 

16-20 years, a prevalence pattern of combined S and F resulted as 13% (18/138), 52.3% 

(23/44), 60.5% (46/76) and 61.6% (53/86), respectively (Table 4). Notably, a significantly 

lower seroprevalence was found in the cohort aged 0-5 yrs compared to all the remaining 

age-stratified cohorts (Figure 8, p<0.0001). 

In order to investigate a correlation between MCPyV infection and gender in HC, the 

presence of Abs against MCPyV was determined in HC males (n=160) and females (n=184) 

and then rates were compared. It was found that the prevalence of anti-MCPyV Abs was 

similar in males and females, 37.5% (60/160) and 42.3% (80/184), respectively (p>0.05). 

 

 

Figure 8. Seroprevalence of anti-

Merkel cell polyomavirus IgG 

antibodies among age-stratified 

healthy children (HC). 

Seroprevalences were compared in 

age-stratified HC i.e., 0-5 yrs, 6-10 yrs, 

11-15 yrs and 16-20 yrs. Statistical 

analyses were performed with two-

sided chi-square test. The prevalence 

detected in 0-5 yrs group resulted 

significantly lower compared to 6-10 

yrs, 11-15 yrs and 16-20 yrs groups 

(p<0.0001).  

 

  

 

 

4.4.2 Serological profiles of IgG reacting to Merkel cell polyomavirus in healthy 

children  

Serological profiles of IgG Abs reacting to VP1 S and VP2 F peptides were analysed, 

both for specific peptide and in combination. Immunological data were taken from the entire 

HC cohort (n=344) and results are reported as OD readings at λ 405 nm. The median 

(interquartile range [IQR]) ODs for S and F peptides, both for specific mimotope and in 
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combination, were then determined in age-stratified HC and values were compared. The 

median (IQR) OD values for S peptide resulted as 0.1 (0.08-0.15), 0.21 (0.16- 0.26), 0.18 

(0.14-0.24), and 0.21 (0.14-0.26) in age-stratified HC groups aged 0-5, 6-10, 11-15, 16-20 

yrs old, respectively (Figure 9A). The median (IQR) OD values for F peptide resulted as 

0.16 (0.11-0.25), 0.32 (0.22- 0.46), 0.33 (0.24-0.42), and 0.33 (0.22-0.46) in age-stratified 

HC groups aged 0-5, 6-10, 11-15 and 16-20 yrs old, respectively (Figure 9B). The median 

(IQR) ODs for combined S and F peptides were 0.13 (0.09-0.19), 0.23 (0.19- 0.36), 0.24 

(0.16-0.35) and 0.24 (0.17-0.35) in age-stratified HC groups aged 0-5, 6-10, 11-15, 16-20 

yrs old, respectively (Figure 9C). The median OD values for S and F peptides individually 

and in combination were significantly lower in the cohort aged 0-5 yrs compared to the other 

age-stratified cohorts (p<0.0001 Figure 9A-C).  

To assess any gender differences in the HC group, the median (IQR) ODs for S 

peptide and F peptide, both for specific peptide and in combination, were also determined in 

HC males (n=160) and females (n=184), while values were compared. The median (IQR) 

ODs for S and F peptides in the male group were 0.15 (0.1-0.2) and 0.24 (0.16-0.36), 

respectively, while in the female group they were 0.16 (0.11-0.24) and 0.26 (0.18-0.42), 

respectively (Figure 9D, E p>0.05). Furthermore, the median (IQR) ODs for combined S 

and F peptides were evaluated in males and in females. Higher median (IQR) ODs for 

combined S and F peptides were found in females 0.21 (0.13-0.33) than in males 0.18 (0.12-

0.3) (p<0.05) (Figure 9F).  
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Figure 9. Serological profiles of serum IgG antibody reactivity to Merkel cell polyomavirus 

VP1 S (A, D), VP2 F (B, E) peptides and for combined S and F peptides (C, F) in age- and 

gender-stratified healthy children (HC). Immunologic data are from age- and gender-stratified HC 

and results are reported as optical density (OD) value readings at λ 405 nm for serum samples assayed 

in indirect ELISA. In the scatter dot plot, each dot represents the dispersion of ODs for each sample. 

The median is indicated by the line inside the scatter plot with the interquartile range (IQR) in age-

stratified HC, i.e., 0-5 (n=138), 6-10 (n=44), 11-15 (n=76) and 16-20 (n=86) yrs and in gender-

stratified HC, i.e., males (n=160) and females (n=184). Panels (A), (B) and (C) ****p<0.0001 for 0-

5 vs 6-10, 0-5 vs 11-15, and 0-5 vs 16-20; (F) *p<0.01. 

 

 

4.4.3 Detection of serum IgM antibodies against Merkel cell polyomavirus by indirect 

ELISA in healthy children  

The indirect ELISA employing S and F peptides/mimotopes was employed to 

evaluate whether serum samples from HC (n=344) contain IgM Abs react to MCPyV 

antigens and to determine the distribution of the early stage of MCPyV exposition in HC. 

Sera from HC reacting to S and F peptides reached an overall equal prevalence of 39.5% 

(136/344) and 39.5% (136/344), respectively (Table 5, p>0.05). Moreover, sera resulted 

negative for the S peptide were also negative for the F peptide, with only a few serum 

samples as exception. In fact, 10% (34/344) of sera were negative for S peptide but reacted 

positively to F peptide. Similarly, 10% (34/344) of sera were negative for F, while positive 

for S peptide (p>0.05). The combination of MCPyV-positive sera, for both S and F peptides, 
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resulted in an overall prevalence of 29.7% (102/344) in HC. The combined S and F peptide 

reactivity was then determined in age-stratified HC, i.e., 0-5 years, 6-10 years, 11-15 years 

and 16-20 years, while rates were compared. The prevalence pattern of combined S and F 

peptides corresponded to 29% (40/138), 29.5% (13/44), 32.9% (25/76), and 27.9% (24/86), 

in the cohorts of HC aged 0-5, 6-10, 11-15 and 16-20 yrs old, respectively (Table 5, p>0.05).  

To determine an association between MCPyV infection and gender, the presence of 

Abs against MCPyV was determined in HC males (n=160) and females (n=184) and then 

the rates were compared. Interestingly, the prevalence of anti-MCPyV-Abs was found to be 

higher in females, 34.2% (63/184), than in males, 24.4% (39/160) (p<0.05).  

 

Table 5. Seroprevalence of IgM antibodies reacting with Merkel cell polyomavirus VP1 

S and VP2 F peptides in heathy children (HC). 

 

Number of positive samples (%) 

Age Number of Male  VP1 S   VP2 F   VP1 S+VP2 F 

yrs                  samples  (%) 

 

0-5  138  56.5  46 (33.3) 54 (39.1) 40 (29)  

6-10  44  43.2  18 (40.9) 16 (36.4) 13 (29.6) 

11-15  76  44.7  37 (48.7) 29 (38.2) 25 (32.9)  

16-20  86  33.7  35 (40.7) 37 (43)  24 (27.9)  

 

Total  344  46.5  136 (39.5) 136 (39.5) 102 (29.7) 

 

Serum samples (n=344) were from healthy children (HC) aged 0-20 yrs old. Statistical analyses were 

performed using the two-sided chi-square test. No statistical differences were detected among age-

stratified groups (p>0.05). 

 

4.4.4 Serological profiles of IgM reacting to Merkel cell polyomavirus in healthy 

children 

The serological profiles of IgM Abs reactivity to MCPyV immunoantigens were 

examined for S and F peptides, both for specific peptide and in combination. Immunological 

data became from the entire HC cohort (n=344) and results are reported as OD readings at λ 

405 nm. The median (IQR) ODs for VP1 S and VP2 F peptide, both for individual 

mimotopes and in combination, were then determined in age-stratified HC and values were 

compared. The median (IQR) OD values for S peptide resulted as 0.1 (0.07-0.23), 0.32 (0.23- 

0.43), 0.32 (0.24-0.4), and 0.2 (0.16-0.27) in age-stratified HC groups aged 0-5, 6-10, 11-

15, 16-20 yrs old, respectively (Figure 10A).  ODs for S peptide were found to be lower in 

HC aged 0-5 than in the remaining age-stratified groups (0-5 yrs vs 6-10 yrs, 0-5 yrs vs 11-

15 yrs, p<0.0001; 0-5 yrs vs 16-20 yrs, p=0.0005; Figure 10A). In addition, lower OD values 
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were also detected in HC aged 16-20 yrs compared to 6-10 yrs and 11-15 yrs groups (16-20 

yrs vs 6-10 yrs, p<0.0008; 16-20 yrs vs 11-15 yrs, p<0.0001, Figure 10A).  

The median (IQR) OD values for F peptide resulted as 0.11 (0.07-0.27), 0.41 (0.32- 

0.53), 0.27 (0.21-0.36), and 0.2 (0.16-0.25) in age-stratified HC groups aged 0-5, 6-10, 11-

15, 16-20 yrs old, respectively (Figure 10B). Furthermore, lower levels of OD for F peptide 

were detected in sera from HC aged 0-5 yrs than in the remaining age-stratified groups (0-5 

yrs vs 6-10 yrs, 0-5 yrs vs 11-15 yrs, p<0.0001; 0-5 yrs vs 16-20 yrs, p<0.05, Figure 10B). 

In addition, ODs were higher in the group aged 6-10 yrs then in the cohorts aged 11-15 yrs 

and 16-20 yrs (6-10 yrs vs 11-15 yrs, p<0.05; 6-10 yrs vs 16-20 yrs, p<0.0001). Lower ODs 

were also detected in HC aged 16-20 yrs compared to 11-15 yrs groups (p<0.01, Figure 

10B). 

The median (IQR) ODs for combined S and F peptides resulted to be 0.1 (0.07-0.26), 

0.37 (0.25-0.48), 0.29 (0.22-0.4) and 0.2 (0.16-0.26) in age-stratified HC groups aged 0-5, 

6-10, 11-15, 16-20 yrs old, respectively (Figure 10C). Moreover, lower ODs for combined 

S and F peptides were detected in 0-5 yrs group than in the remaining age-stratified groups 

(0-5 yrs vs 6-10 yrs, 0-5 yrs vs 11-15 yrs, 0-5 yrs vs 16-20 yrs, p<0.0001; Figure 10C). 

Lower OD values were also detected in HC aged 16-20 yrs compared to 6-10 yrs and 11-15 

yrs groups (p<0.0001, Figure 10C). 

Median (IQR) ODs for S and F peptides, both for individual peptides and in 

combination, were then determined in HC males (n=160) and females (n=184), and values 

were compared. The ODs for S and F peptides in males were 0.19 (0.1-0.3) and 0.19 (0.11-

0.3), respectively, while resulting lower than those found in females, which were 0.24 (0.14-

0.38) and 0.24 (0.15-0.39), respectively (p<0.01, Figure 10D, E). In addition, the median 

(IQR) ODs for combined S and F peptides were 0.18 (0.12-0.3) in males and 0.24 (0.15-

0.39) in females (Figure 10F). Similarly, the male group showed lower OD values than the 

female group for the combination of S and F peptides (p<0.0001, Figure 10F).  
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Figure 10. Serological profiles of serum IgM antibody reactivity to Merkel cell polyomavirus 

VP1 S (A, D), VP2 F (B, E) peptides and for combined S and F peptides (C, F) in age- and 

gender-stratified healthy children (HC). Immunologic data are from age- and gender-stratified HC 

and results are reported as optical density (OD) value readings at λ 405 nm for serum samples assayed 

in indirect ELISA. In the scatter dot plot, each dot represents the dispersion of ODs for each sample. 

The median is indicated by the line inside the scatter plot with the interquartile range (IQR) in age-

stratified HC, i.e., 0-5 (n=138), 6-10 (n=44), 11-15 (n=76) and 16-20 (n=86) yrs and in gender-

stratified HC, i.e., males (n=160) and females (n=184). (A) ****p<0.0001, ***p<0.001; (B) 

****p<0.0001, **p<0.01, *p<0.05; (C) ****p<0.0001. Panels (D) and (E) *p<0.001; (F) 

****p<0.0001. 

 

 

4.4.5 Relationship between circulating IgM and IgG antibodies to MCPyV in healthy 

children throughout ages 

The entire cohort of HC sera (n=344) was then investigated for determining a 

possible relationship between serum anti-MCPyV IgG and IgM. Serological data of IgM and 

IgG Abs reactivity were therefore examined for S and F peptides, both for specific peptide 

and in combination, in 2-yr age-stratified HC and plotted. Results are reported as median 

OD readings at λ 405 nm. 

The IgM levels for S peptide peaked at 0.36-0.33 OD (median OD range) within 12-

14 yrs, whilst being followed by a continuous decline until reaching the median value of 

0.18 OD observed in the older HC group aged 20 yrs old (Figure 11A). Regarding the IgG 
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levels, they remained relatively constant throughout ages until 10-12 yrs where a continuous 

increase was afterwards found. Indeed, the highest median IgG levels peak of 0.23 OD 

(median OD range) was determined at 20 yrs (Figure 11A). 

 A similar pattern was observed in for F peptide, where a median IgM levels peak of 

0.41-0.49 OD (median OD range) was reached within 8-10 yrs and followed by a continuous 

decrease until reaching the median value of 0.17 OD determined at 20 yrs (Figure 11B). 

Contrariwise, IgG levels remained relatively constant throughout ages eventually reaching 

the highest level of median 0.35 OD at 20 yrs (Figure 11B). 

Consistently, results indicate that the pattern throughout ages did not vary 

substantially when combining median OD values of S and F peptides, both for IgMs and 

IgGs. Indeed, a median IgM levels peak of 0.39-0.43 (median OD range), for combined S 

and F peptides, was observed within 8-10 yrs, whilst being followed by a continuous 

decrease until reaching the median value of 0.18 OD determined in the older HC group aged 

20 yrs old (Figure 11C). In contrast, the median IgG levels remained relatively constant 

throughout ages, while peaking at 20 yrs where a median value of 0.3 OD was determined 

Figure 11C).  
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Figure 11. Representative patterns of circulating IgM and IgG antibodies to Merkel cell 

polyomavirus in 2 yr age-stratified healthy children (HC). Analyses were performed with VP1 S 

(A), VP2 F (B) peptides and for combined VP1 S and VP2 F (C). Immunologic data are from age-

stratified HC (n=344) and results are reported as optical density (OD) value readings at λ 405 nm for 

serum samples assayed in indirect ELISA. MCPyV IgM and IgG patterns were reported as green line 

and red line, respectively.  

 



46 
 

4.5 Serum IgG antibodies reacting to Merkel cell polyomavirus VP1 and VP2 

mimotopes in healthy subjects 

 

4.5.1 Detection of serum IgG antibodies against Merkel cell polyomavirus by indirect 

ELISA in healthy subjects  

The novel indirect ELISA employing S and F peptides/mimotopes was developed to 

assess whether serum samples from HS (n=548) contain IgG Abs which react to MCPyV 

antigens and to determine the distribution of MCPyV infection in HS. Sera from HS which 

react to S and F peptides reached an overall similar prevalence, of 72.4% (397/548) and 

67.8% (372/548), respectively (Table 6, p>0.05). Conversely, negative sera for the S peptide 

failed to react with F peptide. Few serum samples were exceptions. Indeed, 4.9% (27/548) 

of sera were negative for S peptide, while testing positive for F peptide. Similarly, 9.5% 

(52/548) of sera resulted negative for F, while testing positive for S peptide. Combining 

MCPyV-positive sera, both for S and F peptides, overall prevalence in HS was 62.9% 

(345/548). Combined S and F peptides reactivity was then determined in age-stratified HS, 

i.e., 18-30 yrs, 31-40 yrs, 41-50 yrs, and 51-65 yrs, and rates were compared. A prevalence 

pattern of combined S and F corresponding to 63.1% (82/130), 56.7% (68/120), 64.5% 

(91/141), and 66.2% (104/157), was found in cohorts of HS aged 18-30, 31-40, 41-50 and 

51-65 yrs old, respectively (Table 6, p>0.05).  

To assess any association between MCPyV infection and gender, the presence of Abs 

against MCPyV were determined in males (n=210) and females (n=338) HS, then rates were 

compared. It turned out that there was a similar prevalence of anti-MCPyV Abs in both males 

and females which resulted as 65.2% (137/210) and 61.5% (208/338) (p>0.05), respectively.  

 

Table 6. Seroprevalence of IgG antibodies reacting with Merkel cell polyomavirus 

VP1 S and VP2 F peptides in heathy subjects (HS). 

 

Number of positive samples (%) 

 

Age Number of Male  VP1 S   VP2 F   VP1 S+VP2 F 

yrs                  samples  (%) 

 

18-30  130  20.8  92 (70.8) 90 (69.2) 82 (63.1) 

31-40  120  36.7  79 (65.8) 72 (60)  68 (56.7) 

41-50  141  39  104 (73.8) 102 (72.3) 91 (64.5) 

51-65  157  53.5  122 (77.7) 108 (68.8) 104 (66.2) 

 

Total  548  38.3  397 (72.4)  372 (67.8)  345 (62.9) 
 

Serum samples (n=548) were from healthy subjects (HS). Statistical analyses were 

performed using the two-sided chi-square test. No statistical differences were detected 

among age-stratified groups (p>0.05) (169). 
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4.5.2 Serological profiles of IgG reacting to Merkel cell polyomavirus in healthy 

subjects 

Serological profiles of serum IgG Abs reactivity to S and F peptides alone and to 

combined S and F peptides are shown in Figure 12. Immunological data are from the entire 

cohort of HS (n=548) whereas results are presented as OD readings at λ 405 nm. The 

dispersion of ODs is reported in the scatter dot plot, where each dot represents one OD for 

each serum sample tested (Figure 12). Median (IQR) ODs were then determined in age-

stratified HS, i.e., 18-30 yrs, 31-40 yrs, 41-50 yrs, and 51-65 yrs and compared.  

The median (IQR) ODs for S peptide resulted as higher in HS aged 41-50 yrs (0.15, 

0.12-0.22) than in those aged 31-40 yrs (0.13, 0.11-0.19, p<0.05) (Figure 12A). The median 

(IQR) ODs for F peptide were higher in sera from both HS aged 51-65 yrs (0.27, 0.21-0.44) 

and 41-50 yrs (0.31, 0.20-0.47) than in those from 31-40 yrs (0.23, 0.17-0.34, p<0.05, Figure 

12B). Furthermore, higher median (IQR) ODs for combined S and F peptides were detected 

in 41-50 yrs group (0.21, 0.15-0.34) than in 31-40 yrs group (0.18, 0.13-0.26, p<0.01, Figure 

12C).  

Serum Ab reactivity to S and F peptides was also evaluated in gender-stratified HS 

(Figure 12D-F). Median (IQR) OD values were therefore determined in males (n=210) and 

females (n=338) and compared. The median (IQR) ODs for S peptide in males (0.15, 0.12-

0.2) resulted higher compared to those in the female group (0.13, 0.1-0.21, p<0.05, Figure 

12D). Similarly, median (IQR) ODs for F peptide were higher in sera from males (0.28, 

0.21-0.42) than in those from females (0.24, 0.17-0.40, p< 0.01, Figure 12E). Consistently, 

higher median (IQR) ODs for combined S and F peptides were detected in males (0.21, 0.15-

0.3) than in females (0.19, 0.12-0.29, p<0.01, Figure 12F). 
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Figure 12. Serological profiles of serum IgG antibody reactivity to Merkel cell polyomavirus 

VP1 S (A, D), VP2 F (B, E) peptides and for combined S and F peptides (C, F) in age- and 

gender-stratified healthy subjects (HS). Immunologic data are from age- and gender-stratified HS 

and results are reported as optical density (OD) value readings at λ 405 nm for serum samples assayed 

in indirect ELISA. In the scatter dot plot, each dot represents the dispersion of ODs for each sample. 

The median is indicated by the line inside the scatter plot with the interquartile range (IQR) in age-

stratified HS, i.e., 18-30 yrs (n=130), 31-40 yrs (n=120), 41-50 yrs (n=141), and 51-65 yrs (n=157), 

and in gender-stratified HS, i.e., males (n=210) and females (n=338) (A) *p<0.05; (B) *p<0.05; (C) 

**p<0.01; (D) *p<0.05; (E) **p<0.01; (F) **p<0.01 (169).  

 

4.6 Serum IgG antibodies reacting to Merkel cell polyomavirus VP1 and VP2 

mimotopes in healthy elderly subjects  

 

4.6.1 Detection of serum IgG antibodies against Merkel cell polyomavirus by indirect 

ELISA in healthy elderly subjects  

In order to assess the distribution of MCPyV infection in elders, sera from ES 

(n=226) were tested by indirect ELISA for IgG Abs reactivity to MCPyV VP1 S and VP2 F 

peptides/mimotopes. A similar overall prevalence of 67.7% (153/226) and 71.2% (161/226) 

was obtained in sera from ES reacting to S and F peptides, respectively (p>0.05) (Table 7).  

Moreover, with a few exceptions, sera testing negative for S peptide did not react to 

F peptide. In detail, 7.5% (17/226) of sera resulting negative for S peptide were positive for 

F peptide, while 3.9% (9/226) of sera were negative for F, while being positive for S peptide. 

The combined overall prevalence, for both S and F peptides, in ES sera resulted as 63.7% 
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(144/226) (Table 7). Serum reactivity to MCPyV was then determined in age-stratified ES 

and rates were compared. A total of 62.5% (25/40), 71.7% (33/46), 64.9% (37/57), 63.8% 

(30/47) and 52.8% (19/36) of serum samples were found to be positive for IgG Abs reacting 

to MCPyV in ES cohorts aged 66-70, 71-75, 76-80, 81-85 and 86-100 yrs old, respectively 

(Table 7). No statistically significant differences in MCPyV seroreactivity were determined 

among groups (p>0.05). 

To evaluate an association between MCPyV infection and gender, MCPyV 

seroprevalence was investigated in gender-stratified ES. To this purpose, the presence of 

IgG Abs against MCPyV was determined in sera from male (n=106) and female (n=120) ES 

and rates were compared. The prevalence of serum Abs reacting to MCPyV resulted as 67% 

(71/106) and 61% (73/120) in male and female groups, respectively, with no differences 

between the two gender groupings (p>0.05). 

 

Table 7. Seroprevalence of IgG antibodies reacting with Merkel cell polyomavirus 

VP1 S and VP2 F peptides in healthy elderly subjects (ES). 

 

Number of positive samples  

 

Age Number of Male  VP1 S   VP2 F   VP1 S+VP2 F 

yrs                  samples  (%) 

 

66-70  40  52.5  28 (70)  26 (65)  25 (62.5) 

71-75  46  50  33 (71.7) 39 (84.8) 33 (71.7) 

76-80  57  56.1  39 (68.4) 38 (66.7) 37 (64.9) 

81-85  47  36.2  32 (68.1) 32 (68.1) 30 (63.8) 

85-100  36  36.1  21 (58.3) 26 (72.2) 19 (52.8) 

 

Total  226  46.9  153 (67.7)  161 (71.2)  144 (63.7) 
 

Serum samples (n=226) were from healthy elderly subjects. Statistical analyses were 

performed using the two-sided chi-square test. No statistical differences were detected 

among age-stratified groups (p>0.05) (170). 

 

4.6.2 Serological profiles of IgG reacting to Merkel cell polyomavirus in healthy 

elderly subjects  

Serological profiles of IgG Abs reactivity to S and F peptides, both for single peptides 

and in combination, were analysed. Immunological data were taken from the entire ES 

cohort (n=226), and results are reported as OD readings at λ 405 nm. The median (IQR) OD 

values for S peptide and F peptide in ES sera were 0.14 (0.10-0.18) and 0.25 (0.18-0.49), 

respectively, while for combined S and F peptides these resulted as 0.18 (0.13-0.30). The 

median (IQR) ODs for S peptide and F peptide, both for single mimotopes and in 
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combination, were then determined in age-stratified ES and values were compared. The 

median (IQR) OD values for S peptide resulted as 0.14 (0.1-0.17), 0.15 (0.11- 0.21), 0.13 

(0.11-0.17), 0.13 (0.11-0.2) and 0.13 (0.1-0.19) in age-stratified ES groups aged 66-70, 71-

75, 76-80, 81-85, 86-100 yrs old, respectively (Figure 13A). The median (IQR) OD values 

for F peptide resulted as 0.25 (0.17-0.53), 0.25 (0.18- 0.53), 0.24 (0.16-0.42), 0.29 (0.18-

0.5) and 0.28 (0.2-0.46) in age-stratified ES groups aged 66-70, 71-75, 76-80, 81-85, 86-100 

yrs old, respectively (Figure 13B). The median (IQR) ODs for combined S and F peptides 

resulted to be 0.17 (0.12-0.26), 0.19 (0.13- 0.37), 0.16 (0.12-0.26), 0.19 (0.12-0.31), 0.19 

(0.12-0.32) in age-stratified ES groups aged 66-70, 71-75, 76-80, 81-85, 86-100 yrs old, 

respectively (Figure 13C). No statistically significant differences in OD values for peptides 

S and F, both for single peptides and in combination, were determined among age-stratified 

ES groups (p>0.05). Similarly, Spearman correlation analysis showed a lack of correlation 

between age and OD levels, for peptides S and F, in the entire cohort of ES (p>0.05) (data 

not shown). 

The median (IQR) ODs for S peptide and F peptide, both for single peptides and in 

combination, were then determined in ES males (n=106) and females (n=120), whereas 

values were compared. The ODs for S and F peptides in the male group were 0.14 (0.11-0.2) 

and 0.24 (0.17-0.50), respectively, while these resulted as 0.13 (0.11-0.17) and 0.28 (0.18-

0.49), respectively, in the female group (Figure 13D, E). Moreover, the median (IQR) ODs 

for combined S and F peptides were 0.19 (0.12-0.28) in males and 0.17 (0.13-0.30) in 

females (Figure 13F). No statistically significant differences in ODs for peptides S and F, 

both for single peptides and in combination, were determined between males and females 

(p>0.05). 
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Figure 13. Serological profiles of serum antibody reactivity to Merkel cell polyomavirus VP1 S 

(A, D), VP2 F (B, E) peptides and for combined S and F peptides (C, F) in age- and gender-

stratified healthy elderly subjects (ES). Immunologic data are from age- and gender-stratified ES 

and results are reported as optical density (OD) value readings at λ 405 nm for serum samples assayed 

in indirect ELISA. In the scatter dot plot, each dot represents the dispersion of ODs for each sample. 

The median is indicated by the line inside the scatter plot with the interquartile range (IQR) in age-

stratified ES, i.e., 66-70 (n=40), 71-75 (n=46), 76-80 (n=57), 81-85 (n=47) and 86-100 (n=36) yrs 

and in gender-stratified ES, i.e., males (n=106) and females (n=120). No statistically significant 

differences in MCPyV seroreactivity were determined among age-/gender-stratified groups (p>0.05) 

(170).  

 

4.7 Age-specific Merkel cell polyomavirus-seroprevalence and serological profile 

comparisons in the entire group of healthy individuals up to 100 years old 

 

4.7.1 Age-specific Merkel cell polyomavirus-seroprevalence  

In a second phase of the immunological investigation, the MCPyV-seroprevalence 

was compared among HC (0-20 yrs; n=344), HS (21-65 yrs; n=510) and ES (66-100 yrs; 

n=266) cohorts. Sera from HC, HS and ES which react to combined S and F peptides reached 

with an overall prevalence of 40.7% (140/344), 61.8% (315/510) and 63.7% (144/226), 

respectively. Notably, a lower IgG MCPyV-seroprevalence was found in HC cohort 

compared to both HS and ES cohorts (p<0.0001) (Figure 14). No statistical differences in 

MCPyV-seroprevalence were found when comparing ES and HS (p>0.05).  



52 
 

0-20 21-65 66-100
0

20

40

60

80

100

Age (yrs)

Ig
G

 s
e

ro
p

re
v

a
le

n
c

e

a
g

a
in

s
t 

M
C

P
y
V

 V
P

 m
im

o
to

p
e
s
 (

%
)

****
****

Figure 14. Seroprevalence of anti- 

Merkel cell polyomavirus IgG 

antibodies among healthy children 

(HC), healthy subjects (HS) and healthy 

elderly subjects (ES). Seroprevalences 

were compared in HC aged 0-20 yrs 

(n=344), HS aged 21-65 yrs (n=510) and 

ES aged 66-100 yrs (n=266). Statistical 

analyses were performed with two-sided 

chi-square test. The prevalence detected in 

HC group resulted significantly lower 

compared to HS and ES groups 

(p<0.0001).  

 

 

  

 

MCPyV-seroprevalences were afterwards evaluated among age-stratified HC, HS, 

and ES. Groups were stratified in 5-yrs range cohorts and rates were compared. In the cohorts 

aged 0-5, 6-10, 11-15, 16-20, 21-25, 26-30, 31-35, 36-40, 41-45, 46-50, 51-55, 56-60, 61-

65, 66-70, 71-80, 81-85 and 86-100 yrs, a prevalence pattern of combined S and F resulted 

as 13% (18/138), 52.3% (23/44), 60.5% (46/76), 61.6% (53/86), 47.5% (19/40), 63.5% 

(33/52), 57.6% (34/59), 55.7% (34/61), 60.5% (46/76), 69.2% (45/65), 72% (36/50), 63.6% 

(35/55), 63.5% (33/52) 62.5% (25/40), 71.7% (33/46), 64.9% (37/57), 63.8% (30/47) and 

52.8% (19/36), respectively (Table 8). It should be underlined that a significantly lower 

seroprevalence was found in the 0-5 yrs cohort compared to the remaining age-stratified 

cohorts (p<0.0001) (Table 8). In addition, a lower MCPyV-seroprevalence was detected in 

the 21-25 yrs cohort compared to 46-50, 55-55 and 71-75 yrs cohorts (p<0.05) (Table 8). No 

statistical differences in MCPyV-seroprevalence were found among the remaining age-

stratified groups (p>0.05) (Table 8).  
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Table 8. Seroprevalence of IgG antibodies reacting 

 with Merkel cell polyomavirus VP1 S and VP2 F  

peptides in age-stratified heathy children (HC),  

healthy subjects (HS) and healthy elderly subjects 

(ES) 

 

Number of positive  

samples (%) 

 

Age Number of  VP1 S+VP2 F 

yrs                  samples   

 

0-5  138   18 (13) *       

6-10  44   23 (52.3)       

11-15  76   46 (60.5)       

16-20  86   53 (61.6)       

21-25  40   19 (47.5)§       

26-30  52   33 (63.5)       

31-35  59   34 (57.6)    

36-40  61   34 (55.7)       

41-45  76   46 (60.5)       

46-50  65   45 (69.2)       

51-55  50   36 (72)        

56-60  55   35 (63.6)       

61-65  52   33 (63.5)       

66-70  40   25 (62. 5)       

71-75  46   33 (71.7)       

76-80  57   37 (64.9)       

81-85  47   30 (63.8)      

86-100  36   19 (52.8)       

 

Total  1080   599 (55.5) 

 

Serum samples (n=1080) were from combined healthy children (HC), healthy subjects (HS), and 

healthy elderly subjects (ES). Statistical analyses were performed using the two-sided chi-square 

test. *The different prevalence of MCPyV antibodies evaluated in 0-5 yrs age-stratified group was 

statistically significant compared to the remaining age-stratified cohorts (p<0.0001). §MCPyV-

seroprevalence was different in the 21-25 yrs cohort compared to 46-50, 51-55 and 71-75 yrs cohorts 

(p<0.05).  

 

To assess any association between MCPyV infection and gender, the presence of IgG 

Abs against MCPyV were determined in HC (n=160), HS (n=204) and ES (n=106) males, 

as well as in HC (n=184), HS (n=306), and ES (n=120) and females and compared (Figure 

15). HC males showed a lower MCPyV-seroprevalence of 37.5% (60/160) compared to 

64.7% (132/204) and 67% (71/106), found in HS and ES males, respectively (p<0.0001) 

(Figure 15). Similarly, a significantly lower prevalence of 42.3% (80/184) was found in HC 

females compared to both HS, 59.8% (183/306), and ES, 61% (73/120), females (HC vs HS, 

p<0.001; HC vs ES, p<0.05, Figure 15). 
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Figure 15. Seroprevalence of anti-

Merkel cell polyomavirus IgG 

antibodies among gender- stratified 

healthy children (HC), healthy subjects 

(HS) and healthy elderly subjects (ES). 

Seroprevalences were compared in HC 

(n=160 males and n=184 females), HS 

(n=204 males and n=306 females) and ES 

(n=106 males and n=120 females. 

Statistical analyses were performed with 

two-sided chi-square test. The prevalence 

detected in HC males resulted 

significantly lower compared to HS and 

ES males (p<0.0001). HC females sowed 

lower prevalence compared to HS females 

(p<0.01) and ES females (p<0.001). 

  

 

4.7.2 Age-specific serological profiles 

 MCPyV-serological profiles of both S and F peptides, alone and in combination, 

were then compared in HC (0-20 yrs; n=344), HS (21-65yrs; n=510) and ES (66-100 yrs; 

n=266) (Figure 16) cohorts. Notably, serological profile analysis indicated that F peptide 

ODs resulted lower in the HC group (median [IQR], 0.26, 0.17-0.38) than in HS (0.27, 0.2-

0.41, p<0.05) (Figure 16B), while no differences were detected when HC were compared to 

ES (0.25, 0.18-0.49, p>0.05). Contrariwise, S peptide ODs were similar in HC (0.15, 0.1-

0.22), HS (0.15, 0.11-0.20) and ES (0.14, 0.10-0.18) groups (p>0.05) (Figure 16A). No 

statistical differences for combined S and F peptides were found in HC group (0.2, 12-0.31) 

compared to both HS (0.2, 0.13-0.29) and ES (0.18, 0.13-0.30) (p<0.05) (Figure 16C). 
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Figure 16. Serological profiles of serum antibody reactivity to Merkel cell polyomavirusVP1 S 

(A), VP2 F (B) peptides and for combined S and F peptides (C) evaluated in healthy children 

(HC) compared to healthy subjects (HS) and healthy elderly subjects (ES). Immunologic data 

are from HC (n=344), HS (n=510) and ES (n=226) results are reported as optical density (OD) value 

readings at λ 405 nm for sera analysed in indirect ELISA. In the scatter dot plot, each dot represents 

the dispersion of ODs for each sample. The median is indicated by the line inside the scatter plot 

with the interquartile range (IQR) in HC, HS, and ES cohorts. (B) *p<0.05.  

 

 

Serological profiles comparison among 5-yrs range age-stratified HC, HS and ES groups 

showed lower median (IQR) ODs for S peptide in 0-5 yrs (0.1, 0.08-0.15) cohort compared 

to 31-35 (0.14, 0.11-0.19), 36-40 (0.13, 0.1-0.21), 41-45 (0.16, 0.12-0.25), 46-50 (0.15, 0.12-

0.21), 51-55 (0.16, 0.12-0.24), 56-60 (0.16, 0.13-0.21), 61-65 (0.14, 0.1-0.19), and 71-75 

(0.15, 0.11-0.21) yrs cohorts (p<0.05, Figure 17A). In addition, lower median (IQR) ODs 

also for F peptide were detected in 0-5 yrs (0.16, 0.11-0.25) cohort compared to 26-30 (0.22, 

0.19-0.35), 31-35 (0.23, 0.19-0.3), 36-40 (0.24, 0.17-0.44), 41-45 (0.32, 0.2-0.41), 46-50 

(0.31, 0.22-0.5), 51-55 (0.32, 0.25-0.52), 56-60 (0.27, 0.2-0.44), 61-65 (0.27, 0.2-0.42), 66-

70 (0.25, 0.17-0.53), 71-75 (0.25, 0.18-0.53), 76-80 (0.24, 0.16-0.42), 81-85 (0.29, 0.18-0.5) 

and 86-100 (0.28, 0.2-0.46) yrs cohorts (p<0.05, Figure 17B). Similarly, lower median (IQR) 

ODs for combined S and F peptides were detected in 0-5 yrs cohort (0.13, 0.09-0.19) when 

compared to 21-25 yrs (0.19, 0.11-0.26), 26-30 yrs (0.18, 0.12-0.26), 31-35 yrs (0.19, 0.13-

0.26), 36-40 yrs (0.18, 0.12-0.28), 41-45 yrs (0.21, 0.15-0.35), 46-50 yrs (0.21, 0.15-0.35), 

51-55 yrs (0.25, 0.16-0.33), 56-60 yrs (0.2, 0.14-0.29), 61-65 yrs (0.2, 0.12-0.27), 66-70 yrs 

(0.17, 0.12-0.26), 71-75 yrs (0.19, 0.13-0.37), 76-80 yrs (0.16, 0.12-0.26), 81-85 yrs (0.19, 

0.12-0.31) and 86-100 yrs (0.19, 0.12-0.32) cohorts (p<0.01, Figure 17C).  
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 The 6-10 yrs cohort (0.21, 0.16-0.26) showed higher ODs for S peptide compared to 

the others aged 21-25 yrs (0.13, 0.1-0.21), 26-30 yrs (0.12, 0.1-0.15), 31-35 yrs, 36-40 yrs, 

61-65 yrs, 66-70 yrs (0.14, 0.1-0.17), 76-80 yrs (0.13, 0.11-0.17), 81-85 yrs (0.13, 0.11-0.2) 

and 86-100 yrs (0.13, 0.1-0.19) (p<0.05, Figure 17A). 

 Likewise, higher median (IQR) OD levels for combined S and F peptides were found 

in 6-10 yrs cohort (0.23, 0.19-0.36) compared to 21-25yrs, 26-30 yrs, 31-35 yrs, 76-80 yrs 

(p<0.05, Figure 17C). 

The cohort aged 11-15 yrs (0.18, 0.14-0.24) showed higher median (IQR) OD values 

for S peptide when compared to 26-30 yrs cohort (p<0.01). In addition, higher median (IQR) 

ODs for combined S and F peptides were detected in 11-15 yrs group (0.24, 0.16-0.35) when 

compared to 21-25 yrs, 26-30 yrs, 31-35 yrs and 76-80 yrs cohorts (p<0.05, Figure 17A).   

Additionally, the cohort aged 16-20 yrs old (0.21, 0.14-0.26) showed higher (median 

(IQR) OD levels for S peptide compared to 21-25, 26-30, 36-40, 66-70 and 76-80 yrs groups 

(p<0.05, Figure 17A). Higher median (IQR) ODs for combined S and F peptides were 

detected in 16-20 yrs group (0.24, 0.16-0.35) when compared to 21-25, 26-30, 31-35, 36-40 

and 76-80 (p<0.05, Figure 17C). 
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Figure 17. Serological profiles of serum antibody reactivity to Merkel cell polyomavirus VP1 

S (A), VP2 F (B) peptides and for combined S and F peptides (C) in age-stratified healthy 

children (HC), healthy subjects (HS) and healthy elderly subjects (ES). Immunologic data are 

from 5 yrs age-stratified HC, HS and ES and results are reported as optical density (OD) value 

readings at λ 405 nm for serum samples assayed in indirect ELISA. In the scatter dot plot, each dot 

represents the dispersion of ODs for each sample. The median is indicated by the line inside the 

scatter plot with the interquartile range (IQR). (A) °p<0.0001 0-5 vs 6-10, 11-15, 16-20, 41-45, 46-

50, 51-55, 56-60; §p<0.001 vs 71-75; *p<0.05 vs 31-35, 36-40, 61-65; °p<0.0001 6-10 vs 26-30; 

#p<0.01 vs 76-80; *p<0.05 vs 21-25, 31-35, 36-40, 61-65, 66-70, 81-85, 86-100; #p<0.01 11-15 vs 

26-30; §p<0.001 16-20 vs 26-30; #p<0.01 vs 76-80; *p<0.05 vs 21-25, 36-40, 66-70. (B) °p<0.0001 

0-5 vs 6-10, 11-15, 16-20, 41-45, 46-50, 51-55, 56-60, 61-65, 71-75, 81-85; §p<0.001 vs 36-40, 86-

100; #p<0.01 vs 66-70, 76-80; *p<0.05 vs 26-30, 31-35. (C) °p<0.0001 0-5 vs 6-10, 11-15, 16-20, 

31-35, 36-40, 41-45, 46-50, 51-55, 56-60, 61-65, 71-75, 81-85; §p<0.001 vs 76-80, 86-100; #p<0.01 

vs 21-25, 26-30, 66-70; #p<0.01 6-10 vs 26-30, 76-80; *p<0.05 vs 21-25, 31-35. #p<0.01 11-15 vs 

26-30, 76-80; *p<0.05 vs 21-25, 31-35; §p<0.001 16-20 vs 26-30; #p<0.01 vs 76-80; *p<0.05 vs 21-

25, 31-35, 36-40. 

 

 

Furthermore, serological profiles for both individual S and F peptides and in 

combination were analysed and compared in HC (n=160), HS (n=204) and ES (n=106) 

males, as well as in HC (n=184), HS (n=306), and ES (n=120) females. 

Median (IQR) ODs for F peptide resulted as lower in HC males (0.24, 0.16-0.36) 

than in HS males (0.29, 0.21-0.43, p<0.001) (Figure 18B), while no statistical differences in 

S peptide ODs were determined in HC and HS males (p>0.05) (Figure 18A). Furthermore, 

lower median (IQR) ODs for combined S and F peptides were detected in HC males (0.18, 

0.12-0.3) when compared to HS males (0.21, 0.15-0.3, p<0.001) (Figure 18C). The median 

(IQR) ODs for both S and F peptide in HC females, were similar when compared to those in 

HS and ES females (p>0.05) (Figure 18D, E). No differences in median (IQR) ODs for 

combined S and F peptides were detected in HC, HS, and ES females (p>0.05, Figure 18F).  
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Figure 18. Serological profiles of serum antibody reactivity to Merkel cell polyomavirus VP1 S 

(A, D), VP2 F (B, E) peptides and for combined S and F peptides (C, F) evaluated in gender-

stratified healthy children (HC) compared to gender-stratified healthy subjects (HS) and 

gender-stratified healthy elderly subjects (ES). Immunologic data are from gender-stratified HC 

(n=160 males and n=184 females), HS (n=204 males and n=306 females) and ES (n=106 males and 

n=120 females). Results are expressed as optical density (OD) value readings at λ 405 nm for serum 

samples assayed in indirect ELISA. In the scatter dot plot, each dot represents the dispersion of ODs 

for each sample. The median is indicated by the line inside the scatter plot with the interquartile range 

(IQR) for each group of subjects analysed. (B) and (C) ***p<0.001. 

 

 

4.8 Preliminary evaluation of IC50s of All-trans retinoic acid (ATRA) and Decitabine 

Merkel cell carcinoma cell lines 

In the second phase of this study, preliminary dose findings experiments were 

conducted in vitro in MCC cells for investigating the effect of different concentrations of the 

antineoplastic compounds ATRA and decitabine on cell proliferation. Changes in 

proliferation were observed with WST-1 assay. Compounds were assayed at different 

concentration ranges in order to determine the specific IC50-dose. In detail, dose findings 

assays conducted with decitabine provided the following concentrations 0.5 nM, 5 nM, 50 

nM, 0.5 μM, 50 μM and 100 μM for five consecutive days (Figure 19); ATRA was titrated 

at 5 μM, 25 μM, 50 μM, 75 μM, 100 μM, 125 μM, 150 μM, while effects were determined 

after three days of treatment (Figure 19). Assays were carried out in MCCP cell lines MKL-

1 and Peta and in MCCN cell lines MCC26, MCC13. 
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As shown in figure 19, MCC13 and Peta cell lines proved to be ATRA sensitive, with 

IC50s ranging from 100 μM for MCC13 to 75 μM for Peta after 3 days of incubation. 

Intriguingly, ATRA induced only modest/null comparable anti-proliferative effects with 

concentrations values of 75-100 μM after 3 days of incubation in MCC26 cell line (Figure 

19A). 

Data showed that the highest effect of decitabine on cell proliferation inhibition was 

obtained at 0.5 μM in MCC13 and MCC26 on day five of treatment (Figure 19B). Similarly, 

MKL-1 cell line was found to be Decitabine sensitive with an IC50 being estimated at 50 nM 

on day five of treatment (Figure 19B). 

 

 

 

 

Figure 18. Dose-finding of Merkel cell polyomavirus (MPCyV)-positive Merkel cell carcinoma 

(MCCP) cell lines MKL-1 and Peta and MCPyV-negative (MCCN) MCC13 and MCC26 cell 

lines for All -trans retinoic acid (ATRA) and Decitabine. (A) Dose-finding for the ATRA IC50-

dose. Proliferation of MCC cells following treatment with increasing doses of ATRA was measured 

by WST-1 assay after 1, 2 and 3 days, normalized to vehicle control (0.015% DMSO). (B) Dose-

finding for the IC50 concentration of Decitabine. Proliferation of MCC cell lines after treatment with 

increasing doses of Decitabine was measured by WST-1 assay after 1, 2, 3, 4, and 5 days, normalized 

to untreated cells. Pooled data of three independent measurements are shown, with three replicates 

in each experiment and cohort. Dashed line: IC50 value representing the minimal compound 

concentration required for a 50% inhibition of the cell proliferation. 

 

 

 

 

 

Figure 19. Dose-finding of Merkel cell polyomavirus (MPCyV)-positive Merkel cell carcinoma 

(MCCP) cell lines MKL-1 and Peta and MCPyV-negative (MCCN) MCC13 and MCC26 cell 

lines for All -trans retinoic acid (ATRA) and Decitabine. (A) Dose-finding for the ATRA IC50-

dose. Proliferation of MCC cells following treatment with increasing doses of ATRA was measured 

by WST-1 assay after 1, 2 and 3 days, normalized to vehicle control (0.015% DMSO). (B) Dose-

finding for the IC50 concentration of Decitabine. Proliferation of MCC cell lines after treatment with 

increasing doses of Decitabine was measured by WST-1 assay after 1, 2, 3, 4, and 5 days, normalized 

to untreated cells. Pooled data of three independent measurements are shown, with three replicates 

in each experiment and cohort. Dashed line: IC50 value representing the minimal compound 

concentration required for a 50% inhibition of the cell proliferation. 
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5.  Discussion 
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5. Discussion 

5.1 Set-up of the new indirect ELISA assay and evaluation of the impact of Merkel 

cell polyomavirus infection in the general population 

The present thesis describes the development and validation of a reliable indirect 

ELISA based on two synthetic peptides used as MCPyV VP mimotopes to detect circulating 

IgGs reacting with MCPyV VP antigens. The assay was set-up using 132 MCPyV-negative/-

positive control sera, while its validation was performed on sera from different populations 

of healthy individuals with unknown MCPyV-serology comprising HC, HS an ES, for a total 

of 1080 sera, whose cumulative ages were ranging 0-100 yrs. Age- and gender-specific 

MCPyV-seroprevalence within and among cohorts were then determined. The need for more 

specific and rapid MCPyV-focused immunoassays prompted us to set-up and validate this 

new method.  

In silico analyses were performed to assess the theoretical reliability of MCPyV VP1 

S and VP2 F peptides as mimotopes/antigens. The S and F a.a. chains (i) are located within 

MCPyV VP1 and VP2 proteins, respectively, (ii) show shapes which are comparable to those 

of the native VPs, (iii) are exposed to the environment. In addition, S peptide is located on 

the VP1 BC surface loop (197). Both S/F positions may thus represent natural antigens 

establishing sites for immunoreactions. These computational data suggest that these peptides 

may be used for detecting IgGs to MCPyV by indirect ELISA, as they meet the requirement 

of mimotopes (198).  

Indirect ELISA performance in detecting serum anti-MCPyV IgGs was then assessed 

on MCPyV-negative/-positive control sera.  Controls were tested to compute a number of 

criteria which are commonly used in determining assay performances, including ELISA 

(177–182). Our assay proved to have adequate sensitivity (80%) and specificity (91%), with 

good PPV (94%) and NPV (71%), in detecting anti-MCPyV Abs, as described 

(177,199,200). Our method was also efficient, valid and accurate, as indicated by suitable 

rates ranging 84-86%, for the corresponding criteria (177). The expected/obtained results 

agreement was 86%, with a κ of 0.72, which is within the 0.61-0.80 range of substantial 

agreement (180,181,201). Acceptable  J (0.71), LR+ (8.93) and LR- (0.22) values were also 

determined (178,179,202). In particular, a J towards 1 excludes the existence of false 

positives/negatives (178,202), while the higher (or lower) LR of a positive (or negative) test 

is, the more reliable is the result of the assay undergoing development (179). These 

trustworthy values cumulatively indicate a relevant correlation between expected and 

obtained results (199), thus underlining that the present immunoassay achieves suitable 

prerequisites for anti-viral IgGs detecting purposes (177,180,199,200). The performance of 
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each S and F peptide was assessed using ROC curve analysis, which is a key evaluating tool 

(183) and corresponding AUCs were calculated (181). AUCs of S (0.82) and F (0.74) 

peptides were both within the adequate 0.7-0.9 range (179,181), and higher than that of a 

worthless test (0.5, p<0.001) (203). 

To evaluate assay precision in terms of repeatability and reproducibility, intra-/inter-

assay CVs were measured (184). Marginal variations were found, as the variance between 

replicates reached the means over replicates and CVs were lower than 9%, thus below the 

acceptable 10-15% range (181,185,203). The assay, described in the present thesis, provides 

for the repeatable and reproducible detection of anti-MCPyV Abs and may be used for 

patient longitudinal monitoring, as abs could be recorded over time (204).  

Then, the performance of the indirect ELISA was evaluated by (i) testing assay 

dilutional linearity (184,205–207), also known as accuracy, using sets of sera with known 

high, medium and low ODs, for MCPyV VP1 S and VP2 F peptides; (ii) comparing S and F 

peptide ODs. Both evaluations were performed on MCPyV-negative/positive control sera 

and in HC/ES sera. A remarkable correlation between ODs and sample dilutions was found, 

as linear regression analyses revealed an R2 ranging 0.98-0.99 (p<0.0001) in two different 

evaluations being performed on MCPyV-positive control sera. This evidence indicates that 

our method is accurate (208,209). Spearman correlation analyses revealed that S and F 

peptide ODs were highly correlated when compared, with an r of 0.87 (p<0.0001) in 

MCPyV-negative/-positive control sera. Moreover, a good concordance between S and F 

peptide ODs was also observed in HC and ES groups, where r (s) of 0.8381 and 0.7991 

(p<0.0001) were determined, respectively. These data indicate that not only is this assay 

robust in detecting anti-MCPyV IgGs with high accuracy, a key prerequisite for reliable 

ELISAs (169,208–212), but also S and F peptides can be exploited simultaneously, showing 

high concordance. In other words, the novel immunoassay presents a high reliability in 

detecting anti-MCPyV IgGs (169,177,181). In summary, these performance criteria 

cumulatively demonstrate that our indirect ELISA is reliable, sensitive, and specific in 

detecting IgG Abs to MCPyV. 

Following the set-up steps, the assay was extended to sera from HC, HS and ES aged 

0-20, 21-65 and 66-100 yrs, respectively, for a total of 1080 human sera with unknown 

MCPyV serology, while samples were tested for reactivity to MCPyV antigens. Indeed, one 

of the main objectives of this study was to determine whether sera from different healthy 

populations carried IgGs against MCPyV. Sera were considered positive when reacting with 

both S and F peptides, as previously performed (169,170).  
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The overall prevalence of IgGs to MCPyV in the HC cohort aged 0-20 yrs old was 

40.7%. Previous data indicate that the seroepidemiology of MCPyV in children and young 

adolescent differs widely across studies, ranging from 3.4% to even 87.6% 

(9,57,62,64,65,73,95,213–215). The results of the present thesis are consistent with previous 

works reporting a prevalence ranging from 30% to 50% in young healthy individuals 

presenting an age range comparable to that of our study population (9,62,64,65,73,95,213–

215). Although the immunoassay described herein does not allow our data and previous data 

to be adequately compared, variations in prevalence may reflect methodological disparities 

among assays (57,67). It should be underlined that previous MCPyV-based immunological 

methods mainly employ VLPs as antigens for immunoreactions, which are in vitro-generated 

recombinant MCPyV VPs (39,58,67,69,70,197,214). VLP-based assays might be 

susceptible to overestimation/cross-reaction, as VLPs shares common antigens with other 

PyVs (67,68,216), therefore potentially hampering the result (67,68). Previous high MCPyV 

serological rates have therefore been mainly obtained with ELISAs based on VLPs as 

antigens. As different PyVs show a certain degree of homology (67,68), data-invalidating 

cross-reactions cannot be excluded, when using VLPs. Our immunoassay differs from 

previous methods since it is based on two synthetic linear peptides mimicking portions of 

MCPyV VPs. Indeed, the S and F peptide a.a. chains used herein present a very marginal 

identity with corresponding VPs from other PyVs, as it has been demonstrated (169). Indeed, 

the S peptide a.a. chain is 100% concordant with that from VP native strains belonging to 

the five main MCPyV isolates, including North American, Japanese, European and Chinese 

isolates (23,194). The F peptide a.a. sequence is 100% identical with that to that of VPs from 

the North American and European isolates (23,194), while it presents 96% of similarity when 

compared with VPs from the Japanese and Chinese isolates and with AHW79949 and 

AWG42110 VP strains (23,194–196). Notably, sequence homologies for VPs from other 

PyVs were found to be remarkably low. This evidence supports the view that our assay is 

reliable in detecting circulating IgGs against MCPyV. In addition, VLP-based systems 

necessitate time consuming/expensive protocols (67,68), which might be susceptible to 

methodological flaws. Considering these aspects, our indirect ELISA exhibits high 

specificity in detecting anti-MCPyV IgGs, while cost/time-saving and a simple procedure 

are also provided (169). 

Anti-MCPyV IgG seroprevalence was analysed herein in HC aged 0-20 years old. 

The lowest seroprevalence of IgG abs against MCPyV VP1/VP2 was observed in the 0-5 yrs 

age old cohort (13%) compared to the older age-stratified HC cohorts (p<0.05). Indeed, upon 

a primary strong increase occurring during the first years of life, MCPyV-serology seems to 
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remain quite stable throughout childhood starting from the 5th-6th yrs of life. These finding 

are consistent with previous studies suggesting an age-related increase in MCPyV-serology 

during 0-4 yrs peaking at about 10 yrs in MCPyV seroprevalence, then IgGs to MCPyV 

seems to stabilizes during prepuberal age (62,64,95,213,215). However, no age-related 

variations have also been reported in additional studies (9,65,73). In this context, further 

investigations are needed to clarify these inconsistencies across studies. Notably, MCPyV 

serological profile indicated that the younger group (0-5 yrs) had the lower OD levels 

compared to the older ones (p<0.0001). These results, consistent with those previously 

reported (213,215), may suggest that HC carry relatively low levels of anti-MCPyV IgGs 

that relatively continuously increase with age during childhood. Possibly, IgGs to MCPyV 

may increase in an age-dependent manner due to an early seroconversion, as previously 

described (9,64,213,215). In summary, the data reported in the present thesis alongside those 

reported previously provide the serological evidence of oncogenic MCPyV infection in the 

healthy paediatric population (9,57,62,64,65,73,95,213–215). 

Analyses of gender-stratified HC showed no differences in terms of MCPyV 

seroprevalence between males and females, suggesting that MCPyV infection might be 

similarly distributed without gender-specific differences during childhood, as hypothesized 

(57,64,65,67,95,214,217). On the other hand, HC females showed herein higher anti-

MCPyV IgG levels than age-matched males (p<0.05). This result may suggest the possible 

presence of differences in exposure or susceptibility to MCPyV infection during childhood. 

It should be noted that only one study found a gender difference with higher IgG levels in 

the male group compared to the female group in children aged 4-7 yrs (213). Therefore, 

additional studies on this issue would help us to explain these differences between males and 

females. 

In the hypothesis that circulating anti-MCPyV IgGs might possibly increase in an 

age-dependent manner due to an early seroconversion (9,64,213,215), the overall IgM abs 

seroprevalence against MCPyV was thus evaluated in HC. The combination of MCPyV-

positive sera, for both S and F peptides, resulted in an overall IgM prevalence of 29.7%; all 

age-stratified HC cohorts also presented comparable rates. The knowledge behind IgM abs 

against MCPyV during childhood is almost completely unknown (215). However, it should 

be underlined that our data are consistent with other seroepidemiological studies suggesting 

that primary infection with MCPyV most likely occurs during early childhood 

(213,215,218). Notably, quantitative data on anti-MCPyV IgM reactivity also indicated the 

presence of significant differences in OD values among age-stratified HC. Indeed, while the 

younger group aged 0-5 yrs had the lowest ODs compared to the remaining HC cohorts 
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(p<0.001), 6-10 yrs and 11-15 yrs cohorts presented highest values compared to the older 

cohort aged 16-20 yrs (p<0.01). These results indicate, for the first time, that the paediatric 

population might be exposed to a primary MCPyV infection during the first years of life as 

reported for other pathogens (172,219,220). The IgM pattern described herein could thus 

explain the early immune response to MCPyV infection in childhood being previously 

hypothesised (57,61).  

The anti-MCPyV IgM and IgG reactivity patterns were afterwards exanimated in 

parallel throughout the various HC ages. Both IgM and IgG had low ODs during the first 

years of life. Then, IgM ODs increased rapidly until peaking at about 10-12 yrs, while 

continuously decreasing until falling at around the 20th yr of age. Conversely, IgG ODs 

remained constantly lower than those of IgM during the first years of life, while gradually 

increasing until peaking at the 20th yr of age. These data indicate, for the first time, the 

presence of an opposite trend between anti-MCPyV IgG and IgM levels during the late 

childhood, with IgG levels being increased and IgM levels decreased in the older HC cohort. 

This is understandable as, after primary MCPyV infection which occur early in life, IgMs 

decrease due to seroconversion to IgGs during late childhood (63,65,73). 

The serum IgM reactivity to MCPyV was also explored in males and females HC. A 

higher seroprevalence of anti-MCPyV IgMs in females compared to males was determined 

(p<0.05). This evidence was also confirmed by the IgM OD values, which were found to be 

higher in females (p<0.01). Gender-differences in IgM serology have also been reported for 

other pathogens in children (219). Notably, the present thesis is the first investigation 

reporting on a difference in IgM against MCPyV in terms of seroprevalence and ODs 

between HC males and females. In summary, the results of the present thesis suggest that 

MCPyV infection appears to be acquired early in life, possibly through familial and 

community transmission (95). Furthermore, this thesis highlights that MCPyV infection, like 

other PyV infections (9,65), is common in healthy children. Serological data obtained from 

HC showed that primary infection with MCPyV probably occurs in early childhood, perhaps 

following the disappearing of the specific maternal antibodies to MCPyV 

(9,95,198,213,215). The respiratory tract is a unique reservoir for MCPyV in children and it 

might be involved in the childhood transmission of the virus (73,221–223). For this reason, 

MCPyV transmission may occur when certain environmental conditions prevail, e.g., 

overcrowding and poor hygiene, and especially in areas where the background prevalence 

of MCPyV may be higher in the general population, such as community schools (95). 

However, the clinical implications of the presence of MCPyV in children remain to be 

elucidated. 
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The present immunoassay was afterwards extended on sera from HS aged 18-65 yrs 

old, with unknown MCPyV serology, while samples were studied for reactivity to MCPyV 

antigens. Indeed, another objective of this thesis was to determine whether sera from HS 

carried IgGs against MCPyV.  

The overall seroprevalence of MCPyV in the entire cohort of HS was 62.9%. This 

finding indicates that MCPyV circulates widely in the adult human population, while its 

infection is asymptomatic. MCPyV seroepidemiology in the healthy adult population is 

highly variable across different studies, ranging 46-87% (9,39,65–

67,69,214,216,217,224,57–64). As mentioned before in the present thesis, methodological 

disparities among studies might explain these variating ranges on MCPyV-serology. It 

should be noted that our results are in agreement with previous works reporting a prevalence 

ranging from 55% to 68%, in healthy individuals with a comparable age range to that of our 

study population (60,65,214,224). However, other reports have also described relatively high 

rates in adults, within 77-87% (57,67,95,217).  

Analyses on age-stratified HS indicate that, although no statistical differences were 

found, MCPyV seroprevalence was slightly higher in the two older (41-50/51-65 yrs) 

groups, reaching 64.5 and 66.2%, respectively. MCPyV seroprevalence in healthy 

individuals has previously been found to increase with age (9,50,58,60–62,64,95,214), while 

no age-related variations have also been reported (57,67,214,217). A potential age-

dependent seroprevalence pattern may imply that, despite the early seroconversion (65,73), 

MCPyV infection most likely occurs throughout life (60,64). Moreover, as MCPyV 

establishes a persistent infection, this kind of infection may also provide a permanent source 

of immune antigens resulting in a continuous/lifetime production of anti-viral IgGs (214). 

Notably, despite all HS having high ODs, the two older groups showed the highest levels 

(p<0.05). These findings, in agreement with those previously reported (57,62,64), may 

indicate that HS carry high levels of anti-MCPyV IgGs, which increase with age. IgGs may 

rise in an age-dependent manner as a result of the viral reactivation or reinfection with 

different strains and the following gradual production of antigenic MCPyV VPs, which is a 

frequent viral-related process during adulthood (225). Progressive viral reactivation during 

life may lead to viremia/immunoresponse (226), as MCPyV proteins are gradually exposed 

to the immune system.  

Although a slightly higher number of HS sera from females was tested herein, 

gender-stratified HS proved no differences in IgG reactivity to MCPyV between males and 

females (p>0.05). This finding may suggest that MCPyV infection is equally distributed 

without disparities based on gender, as theorized (57,64,65,67,95,214,217). By contrast, in 
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this study, males showed higher ODs than females. This may imply that, although similar in 

term of prevalence, differences in exposure, or susceptibility to MCPyV infection may 

potentially exist in the HS studied herein. Higher anti-MCPyV IgG levels and/or 

seroprevalence rates have been described in healthy males compared to females (60,213). 

Additional investigations are needed to clarify this issue. 

Detailed information on MCPyV serology in the healthy elderly population is still 

being debated (169). Herein, the impact of MCPyV infection in elderly individuals was 

determined on a set of ES sera aged from 66 to 100 years old with unknown MCPyV 

serology. MCPyV-seroprevalence and serological profile in ES according to age and gender 

were thus determined. 

The overall prevalence, obtained by combining MCPyV-positive ES sera, for both 

peptides, resulted as 63.7%, a proportion higher to the 40.7% observed in HC cohort aged 

0-20 yrs old, while similar to the 61.8% obtained in HS cohort aged 21-65 yrs old 

(p<0.0001); MCPyV seroprevalence was also higher in HS compared to HC (p<0.0001).  

These data cumulatively suggest that MCPyV seems to circulate asymptomatically not only 

in the young and adult population, but also in elders at a relatively high prevalence. Over the 

years, distinct prevalence figures across studies for individuals aged over 60 years old, with 

rates grouping from about 58-70% (9,50,60,61,214,224) to around 73-95% 

(57,58,64,65,67,95,217). Besides the abovementioned methodological differences among 

immunological studies, differences in geographical region/study populations could reflect 

these variations among studies (57,64). However, variating rates have also been reported 

across studies conducted in the same geographical region (9,50,57,61,62,64,69,95,217). 

Therefore, the currently available data do not allow robust conclusions to be reached about 

the existence of a MCPyV seroprevalence pattern depending on the geographical region. To 

clarify this question, multicentre studies based on large samples should be conducted.  

No gender-related differences in terms of both MCPyV seroprevalence and ODs were 

determined in ES males and females (p>0.05). These data, in agreement with those reported 

previously (57,64,65,67,95,169), support the view that MCPyV infection might be 

homogenously distributed in elderly humans without gender-based disparity.  

In summary, evaluating the impact of MCPyV infection in ES is of paramount 

importance for identifying individuals potentially at risk of MCC. Our indirect ELISA 

proved to be reliable in investigating circulating IgGs reacting to MCPyV VP mimotopes in 

ES sera. The results of the present thesis suggest that oncogenic MCPyV circulates in the 

elderly asymptomatically without variations according to age and gender, at a relatively high 

prevalence.  
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In order to gain knowledge on the impact of oncogenic MCPyV infection in the 

human healthy population, MCPyV-serology was afterwards examined in pooled HC, HS, 

and ES groups being stratified in 5-yrs range cohorts. A significantly lower MCPyV 

seroprevalence was found in the younger cohort aged 0-5 yrs (13%) compared to the 

remaining older cohorts (52.3-72%) (p<0.0001). These latter cohorts also presented similar 

overall rates were when compared (p>0.05); the lower rate exhibited by the 21-25 yrs cohort 

(47.5%) compared to the 46-50 (69.2%), 51-55 (72%) and 71-75 (71.7%) yrs cohorts was 

an exception (p<0.05). These data suggest that MCPyV seroprevalence increases with age 

during the early years of childhood, peaks at about 6-10 yrs, and remains nearly stable 

throughout the rest of life (57,64,214). In other words, after an early seroconversion during 

the early paediatric age, MCPyV seems to circulate asymptomatically across the prepuberal, 

adult and elderly populations at a relatively high prevalence, without substantial age-related 

variations during adulthood and senility.  

Serological profiles of serum IgG reactivity to MCPyV evaluated in age-stratified 

HC, HS, and ES groups corroborate this hypothesis. When comparing OD values, the 

younger group, i.e., 0-5 yrs, showed the lowest ODs compared to the remaining older cohorts 

(p<0.01). Moreover, the higher OD values were found in cohorts aged 6-10 yrs, 11-15 yrs 

and 16-20 yrs compared to the remaining age-stratified cohorts; ODs constantly increased 

from the first years of life (0-5 yrs) to the last years of childhood (16-20 yrs), while decreased 

at 21-25 yrs and remained relatively constant throughout ages until senility (86-100 yrs). 

These immunological results indicate that, after a primary infection occurring during 

childhood, IgG levels against MCPyV remains almost continuously constant throughout life 

until senility. Although previous studies are characterised by fluctuating MCPyV 

seroprevalence rates (227), our results are consistent with previous studies reporting the lack 

of significant fluctuations with age (57,58,60,61,63,65,67,214). Upon early seroconversion 

during childhood, MCPyV establishes a lifelong asymptomatic infection in adults. In 

physiological conditions, this kind of infection may provide a long-lasting/lifetime source of 

viral antigens, which are permanently exposed to the host immune system, while continuous, 

consequent antigen stimulation is provoked (63,214). An alternative scenario provides that 

MCPyV antigens being gradually produced and exposed to the immune system during late 

childhood and adulthood, leading to a gradual increase in the immune response in an age-

dependent manner (226), as described for other viruses (225). Indeed, as for other PyVs (73), 

the gradual production of anti-viral IgGs might be prompted by an increase in MCPyV 

replication levels or reinfections with different strains throughout life (60,64). Consistently, 

MCPyV seroreactivity has also been reported to increase with age (9,62,95,224).  
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Intriguingly, the older cohort, aged 86-100 yrs old, exhibited one of the relatively 

lowest MCPyV seroprevalence, i.e., 53%, that is approximately between 5-20% lower than 

the remaining HC/HS/ES cohorts aged below 85 yrs old. Moreover, the MCPyV 

seroprevalence in the 86-100 yrs old cohort was also almost identical to that of 6-10 yrs old 

cohort (52.3%). In addition, it was only 40% higher to that of the younger cohort aged 0-5 

yrs old (13%); this difference resulted to be one of the lowest when the 0-5 yrs cohort was 

compared to the older cohorts. This result, in agreement with previous findings, suggests a 

possible decrease in MCPyV response during senility (64,65,217). Indeed, the immune 

system is prone to decline in old aged subjects (228), potentially leading to a reduced 

response to MCPyV. At the same time, as high MCPyV DNA amounts have been described 

in elders, a link between age and an increase in viral replication levels has also been theorized 

(229). Physiological immune senescence could therefore favour higher levels of MCPyV 

replication, as a minor response to MCPyV may occur (31,50,229,230), which in turn might 

lead to MCC carcinogenesis. This is understandable, as MCC mainly arises during advanced 

senility following MCPyV reactivation (34,231). The impairment of anti-viral/cancer 

immune surveillance in advanced age can therefore favour MCPyV-driven MCC 

carcinogenesis (232,233).  Immunesenescence might be responsible for a decreased IgG 

antibody response to MCPyV, thereby potentially leading to an increase in MCPyV 

replication levels. In a few cases, alongside other risk factors, this phenomenon might 

prompt MCPyV-driven MCC onset, as described in elders aged over 60 years old (234). 

However, it should be noted that we did not find a substantial decrease in terms of anti-

MCPyV IgG ODs in the 86-100 yrs old cohort compared to the younger cohorts. The reduced 

sample size available for statistical comparisons which hampered the result can be 

considered as an explanation. 

In summary, the data in the present thesis, along with evidence reported previously 

(57,58,60,61,63,65,67,214), cumulatively suggest that, after seroconversion early in life 

(57,61), MCPyV infection seems to remain relatively stable throughout adulthood by 

evoking a physiological immune response, which might be followed by a decrease in 

MCPyV seroreactivity during advanced senility. The decrease in anti-viral/cancer immune 

surveillance might lead to higher MCPyV replication levels ultimately leading to MCC 

onset, despite occurring in certain critical circumstances, only (232,233). 

A decrease in ODs was observed in HC males compared to HS males (p<0.001) 

(169). In addition, although no statistical differences, a decrease in ODs with age was also 

observed in males, but not in females, with low OD values detected in ES males compared 

to HS males. This evidence suggests that males might be more predisposed to develop 
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immune senescence than females, which in turn might possibly favour higher MCPyV 

replication levels. A gender-dimorphism in immune response impairment with age has been 

described as more pronounced in males than females (235). Indeed, although some evidences 

indicate a lack of gender differences (236), MCC seems to occur more frequently in males 

than females (237–240). No additional gender-related differences in terms of MCPyV-

seroprevalence and serological profile were determined among HC, HS and ES groups 

(p>0.05).  

Although the role of MCPyV in MCC is well-known (59), current MCPyV 

immunoassays are far from the clinical routine. These methods can necessitate several 

difficult tasks, as they require VLPs as antigens. This feature provides challenging/prolonged 

steps before ELISA protocol execution per sé (57,67,68,70). On these grounds, our new 

assay, using synthetic peptides, which is specific, rapid, and reliable in detecting Abs to 

MCPyV, may be used in routine clinical laboratory analysis. However, this strategy can be 

pursued by evaluating the antibody titre. The fine-tune of the circulating antibody titre 

against MCPyV with our immunological assay will be object of further studies.  MCC-risk 

individuals/patients including blood donors/recipients, immunocompromised organ 

transplant recipients and oncologic/AIDS patients (85), as well as patients under iatrogenic 

immune compromission with biologics or with JAK inhibitors (23), can benefit from our 

assay. Indeed, monitoring of Abs against MCPyV is crucial for ensuring a good outcome for 

patients, by preventing MCC onset. In addition, since MCPyV LT/ST play an important role 

in MCC carcinogens (23,33,241), investigating the presence of serum IgGs against these 

viral oncoproteins in the healthy population, to identify MCC-risk individuals, might present 

clinical relevance. Our immunoassay can potentially be extended by employing novel 

synthetic linear peptides/mimotopes mimicking MCPyV LT/ST antigens, as previously 

performed for other PyVs (29). The simultaneous evaluation of IgGs against both MCPyV 

VPs and LT/ST antigens will allow a more comprehensive understanding of the impact of 

oncogenic MCPyV infection in the healthy population, in immunosuppressed patients and 

in MCC at risk patients. These experiments are feasible, and they could be part of next 

investigations. 

The present study presents limitations. First, S and F peptides, used herein as 

mimotopes to detect circulating IgGs against MCPyV, were not tested for the detection of 

IgGs against MCPyV variants with mutations in the sequences corresponding to the used 

peptides. However, in silico analyses conducted previously to assess the theoretical 

reliability of the two peptides as mimotopes/antigens, indicated that both peptides were able 

to detect IgGs to a variety of known MCPyV strains with high concordance (169). Second, 
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a relatively small number of sera from HC, HS and ES has been tested. However, the sample 

size employed herein is statistically appropriate. Third, as MCPyV LT/sT plays a role in 

MCC onset/development (24,106), investigating the presence of serum IgGs against these 

viral oncoproteins in the healthy population, to identify MCC-risk individuals. Our ELISA 

method can potentially be extended by using different linear peptides/mimotopes mimicking 

portions of MCPyV LT/sT antigens, as performed previously (242). This methodological 

approach, which might allow a more comprehensive evaluation of the MCPyV infection in 

the healthy population, in immunosuppressed individuals and in MCC-risk patients, will be 

employed in further studies. 

Developing methods to determine MCPyV-serology is needed in order to assess the 

impact of oncogenic MCPyV infection in humans. In this study, a reliable indirect ELISA 

for the detection of anti-MCPyV IgGs in sera from HC, HS and ES was successfully 

developed and validated. In-silico analyses indicated that linear peptides may specifically 

recognize IgGs generated against linear/conformational MCPyV VPs. Assay performance 

criteria, including sensitivity, accuracy, specificity, reliability, as well as other criteria, were 

thoroughly evaluated in MCPyV-positive/-negative controls and resulted as adequate. Our 

results therefore suggest that MCPyV infection, like other HPyV infections, is a relatively 

common event in healthy children, adults, and elders. Indeed, our data show that MCPyV 

infection has spread among healthy children, with a following relatively similar high 

prevalence in adults/elders and with a plausible decrease during senility. In summary, we 

may infer that oncogenic MCPyV is circulating asymptomatically at a relatively high 

prevalence in humans. 

 

5.2 Preliminary evaluation of new therapeutic options in Merkel cell carcinoma 

treatment 

The current therapies aimed at managing MCC-affected patients are limited (243). 

Novel therapeutic approaches are therefore urgently required (243). In the second phase of 

this thesis, as a preliminary approach, the antineoplastic effects of ATRA and the HMA 

decitabine were evaluated in MCC cell lines, with the aim of developing novel antitumor 

therapies applicable in the clinic. Specifically, the activities of the two drugs were assayed 

as a single compound in vitro in MCCP cell lines MKL-1 and Peta and in MCCN cell lines 

MCC26 and MCC13 to verify their anti-proliferative potential.  

Dose-response experiments (141) were carried out to investigate, for the first time, 

the effect of different concentrations of ATRA on cell proliferation in MCC cell lines. 

Treatments with ATRA at various concentrations inhibited at different levels the MCC cell 
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proliferation, according to the cell line being considered. Indeed, results indicated that the 

IC50 value, i.e., the value representing the minimal ATRA concentration required for a 50% 

inhibition of the cell proliferation, was 100 µM and 75 µM in MCC13 and Peta, respectively. 

ATRA did not exhibit any anti-proliferative effect on MCC26. The tumour cell growth-

inhibitory effect of retinoids, including ATRA, has been broadly documented. Retinoids, 

including ATRA, have been reported to present a strong anti-neoplastic effect both in vitro 

and in vivo in several tumour types, including breast, lung, ovarian, neuroblastoma, renal, 

pancreatic, liver, head and neck cancer (244,245). ATRA has also been reported to be 

effective in counteracting liquid tumour growth, such as acute myeloid leukaemia and acute 

promyelocytic leukaemia (140,246). Our data, in agreement with previous findings obtained 

in different tumour models, indicate that ATRA might induce anti-proliferative effects in 

MCC cells. Following ATRA administration, the inhibitory effect on cell proliferation might 

encompass the RARs/RXRs signalling pathway activation, (141). ATRA-driven cellular 

differentiation might prompt MCC cells to a reduced malignant phenotype, as previously 

described for other carcinomas (247). Since the cell growth inhibitory effect of ATRA was 

determined in the majority of MCC cell lines tested for the first time in the present thesis, 

our results suggest the possible involvement of RARs/RXRs activation in inhibiting MCC 

cell proliferation in vitro. On this ground, RARs/RXRs can be considered a pharmacological 

target to treat MCC affected patients. Hence, it will be of interest to further investigate the 

antineoplastic effect of ATRA in MCC cell lines by evaluating apoptosis and additional 

molecular parameters such as RARs/RXRs signalling pathway activation, which is known 

to favour cell differentiation (142). Since the lack of anti-proliferative effect for ATRA 

determined in MCC26, we cannot exclude the possibility that differences may exist between 

cell lines for RARs/RXRs pathway activation. Further studies are therefore needed to clarify 

the role of ATRA-induced RARs/RXRs activation in MCC cells. Moreover, exploring the 

RARs/RXRs pathway following ATRA treatment in order to identify novel combination 

therapeutic targets will be a valuable novel methodological approach for MCC therapy (140). 

These experiments are feasible, and they will be part of further investigations. 

Epigenetically active inhibitor drugs directed at DNA methyltransferases (DNMTs), 

i.e., HMAs such as decitabine, have proven clinical efficacy in different haematological 

malignancies, as well as solid tumours (163,248–250). In the present thesis, we questioned 

whether MCC cell proliferation might be inhibited in vitro with the HMA decitabine. Dose-

response experiments were therefore carried out in MCC13, MCC26 and MKL-1 cell lines. 

Notably, a strong effect of decitabine in inhibiting the cell proliferation was observed in all 

MCC cells investigated at variating concentrations according to the MCC histotype. In 
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particular, the IC50-dose for cell growth-inhibitory effect was obtained at 0.5 μM in both 

MCC13 and MCC 26, while the HMA inhibited the proliferation of MKL-1 cells with a IC50-

dose of 50 nM. Epigenetics dysfunctions, such as improper DNA methylation, are involved 

in MCC aetiopathogenesis (132,156,251). The biological significance of DNA methylation 

is highlighted by the clinical efficacy of HMAs such as decitabine (163,164), which is 

currently in use for the treatment of various tumours (156,163). Furthermore, a recent study 

by Harms et al. conducted on MCC cells reported encouraging data with this HMA, resulting 

strongly effective against MCC via anti-proliferative activity, cell death, and increased 

immune recognition (156). Specifically, the antineoplastic effect of DAC has been analysed 

in a total of sixteen MCCP and MCCN cell lines in this study. Our results are in agreement 

with Harms et al., that reported an average IC50 of 252 nM for the HMA decitabine in MCCP 

and MCCN cell lines (156).  A Phase II clinical trial for decitabine as salvage MCC therapy 

has been planned by the same group based upon their results (156). The preliminary results 

of the present thesis corroborate previous data demonstrating the strong anti-proliferative 

effect of decitabine in tumour cells, including MCC cells. These data, in agreement with 

those previously reported, therefore suggest that decitabine might be considered a novel 

antineoplastic compound for MCC therapy. However, the precise manner by which 

decitabine treatment exerts an inhibitory effect on MCC cell proliferation has been unleashed 

only partially (156). Further studies are required to explore the molecular mechanisms 

behind the anti-neoplastic effect of decitabine on MCC cells. For instance, methylome 

analyses might be useful for this purpose (156).  

It should be recalled that the data obtained in vitro with ATRA and decitabine 

reported in the present thesis are preliminary and require further validation. Moreover, 

additional experiments such apoptosis evaluation, should be performed. If positive data will 

be obtained in vitro, in vivo experiments are required for assess the robustness of ATRA and 

decitabine as antineoplastic agents for MCC management. Consistently, further studies 

aimed in clarifying the antineoplastic role of ATRA and decitabine in MCC are in the 

planning phase.  

In conclusion, both ATRA and decitabine demonstrated to be effective in reducing 

MCC cell proliferation in vitro. These important preliminary results might open the way to 

additional experimental approaches, such as combination treatments based on the 

simultaneous use of both antineoplastic agents.  Indeed, combination therapies with different 

drugs are widely developed in preclinical research and clinical applications (252). These 

approaches are becoming part of routine evaluation in the set-up of novel antitumor 

treatments (252). MCC onset, progression and metastasis is often rapid (253). Since MCC is 
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considered an aggressive and deadly tumour, there is an urgent need to identify novel 

effective therapies. Combination multidrug therapies should therefore be designed (132), as 

being successfully demonstrated previously in treating other tumours (140,141,163,254–

256). Further rigorous preclinical/clinical studies in this direction are required. For instance, 

MCC cell lines could be analysed to assess cell growth and invasiveness after drug treatment. 

Even though cell line screening provides faster results in a cost- and time-efficient manner, 

only cytotoxic agents can be identified. Notably, in vitro cytotoxicity is only one of the 

various effects that play a crucial role in the clinical efficacy of a candidate antitumor agent. 

Factors such as pharmacokinetics, toxicological evaluations and physiochemical properties 

are just as important as the pure efficacy of the anticancer agent. To this end, following the 

initial evaluation in vitro, the anticancer effect should also be meticulously evaluated in vivo 

with animal models. In vivo tumour models include either human tumour 

explants/xenografts or specially bred transgenic mice (257). In vivo tumour models have 

been shown to be more useful than in vitro assays for predicting clinical effects as multiple 

parameters such as pharmacokinetics, therapeutic index and efficacy of drug candidates are 

assessed simultaneously. Both in vitro and in vivo approaches should therefore be applied 

for evaluating novel antitumor agents for MCC therapy.  

 

 

 

 

 

 

 

 

 

 

 

  



76 
 

 

 

 

 

 

6.  References 
  



77 
 

1.  Stewart SE, Eddy BE, Borgese N. Neoplasms in mice inoculated with a tumor agent 

carried in tissue culture. J Natl Cancer Inst (1958) 20:1223–1243. 

doi:10.1093/JNCI/20.6.1223 

2.  Sweet BH, Hilleman MR. The vacuolating virus, S.V. 40. Proc Soc Exp Biol Med 

(1960) 105:420–427. doi:10.3181/00379727-105-26128 

3.  Pipas JM. SV40: Cell transformation and tumorigenesis. Virology (2009) 384:294–

303. doi:10.1016/J.VIROL.2008.11.024 

4.  Gjoerup O, Chang Y. Update on human polyomaviruses and cancer. Adv Cancer 

Res (2010) 106:1–51. doi:10.1016/S0065-230X(10)06001-X 

5.  Johne R, Buck CB, Allander T, Atwood WJ, Garcea RL, Imperiale MJ, Major EO, 

Ramqvist T, Norkin LC. Taxonomical developments in the family Polyomaviridae. 

Arch Virol (2011) 156:1627–1634. doi:10.1007/S00705-011-1008-X 

6.  Padgett BL, Zurhein GM, Walker DL, Eckroade RJ, Dessel BH. Cultivation of 

papova-like virus from human brain with progressive multifocal 

leucoencephalopathy. Lancet (London, England) (1971) 1:1257–1260. 

doi:10.1016/S0140-6736(71)91777-6 

7.  Bellizzi A, Anzivino E, Rodio DM, Cioccolo S, Scrivo R, Morreale M, Pontecorvo 

S, Ferrari F, Di Nardo G, Nencioni L, et al. Human Polyomavirus JC monitoring 

and noncoding control region analysis in dynamic cohorts of individuals affected by 

immune-mediated diseases under treatment with biologics: An observational study. 

Virol J (2013) 10:1–18. doi:10.1186/1743-422X-10-298/TABLES/5 

8.  Del Valle L, Piña-Oviedo S. Human Polyomavirus JCPyV and Its Role in 

Progressive Multifocal Leukoencephalopathy and Oncogenesis. Front Oncol (2019) 

9:711. doi:10.3389/FONC.2019.00711 

9.  Kean JM, Rao S, Wang M, Garcea RL. Seroepidemiology of human 

polyomaviruses. PLoS Pathog (2009) 5:e1000363. 

doi:10.1371/journal.ppat.1000363 

10.  Tagliapietra A, Rotondo JC, Bononi I, Mazzoni E, Magagnoli F, Maritati M, Contini 

C, Vesce F, Tognon M, Martini F. Footprints of BK and JC polyomaviruses in 

specimens from females affected by spontaneous abortion. Hum Reprod (2019) 

34:433–440. doi:10.1093/humrep/dey375 

11.  Rotondo JC, Candian T, Selvatici R, Mazzoni E, Bonaccorsi G, Greco P, Tognon M, 

Martini F. Tracing Males From Different Continents by Genotyping JC 

Polyomavirus in DNA From Semen Samples. J Cell Physiol (2017) 232:982–985. 

doi:10.1002/jcp.25686 



78 
 

12.  Egli A, Infanti L, Dumoulin A, Buser A, Samaridis J, Stebler C, Gosert R, Hirsch 

HH. Prevalence of polyomavirus BK and JC infection and replication in 400 healthy 

blood donors. J Infect Dis (2009) 199:837–846. doi:10.1086/597126 

13.  Bononi I, Mazzoni E, Pietrobon S, Manfrini M, Torreggiani E, Rossini M, Lotito F, 

Guerra G, Rizzo P, Martini F, et al. Serum IgG antibodies from healthy subjects up 

to 100 years old react to JC polyomavirus. J Cell Physiol (2018) 233:5513–5522. 

doi:10.1002/JCP.26457 

14.  Boothpur R, Brennan DC. Human polyoma viruses and disease with emphasis on 

clinical BK and JC. J Clin Virol (2010) 47:306–312. 

doi:10.1016/J.JCV.2009.12.006 

15.  Maginnis MS, Nelson CDS, Atwood WJ. JC polyomavirus attachment, entry, and 

trafficking: unlocking the keys to a fatal infection. J Neurovirol (2015) 21:601–613. 

doi:10.1007/S13365-014-0272-4 

16.  Gardner SD, Field AM, Coleman D V., Hulme B. New human papovavirus (B.K.) 

isolated from urine after renal transplantation. Lancet (London, England) (1971) 

1:1253–1257. doi:10.1016/S0140-6736(71)91776-4 

17.  Bialasiewicz S, Whiley DM, Lambert SB, Nissen MD, Sloots TP. Detection of BK, 

JC, WU, or KI polyomaviruses in faecal, urine, blood, cerebrospinal fluid and 

respiratory samples. J Clin Virol (2009) 45:249–254. 

doi:10.1016/J.JCV.2009.05.002 

18.  van Doesum WB, Abdulahad WH, van Dijk MCRF, Dolff S, van Son WJ, Stegeman 

CA, Sanders JSF. Characterization of urinary CD4+ and CD8+ T cells in kidney 

transplantation patients with polyomavirus BK infection and allograft rejection. 

Transpl Infect Dis (2014) 16:733–743. doi:10.1111/TID.12273 

19.  Allander T, Andreasson K, Gupta S, Bjerkner A, Bogdanovic G, Persson MAA, 

Dalianis T, Ramqvist T, Andersson B. Identification of a third human polyomavirus. 

J Virol (2007) 81:4130–4136. doi:10.1128/JVI.00028-07 

20.  Gaynor AM, Nissen MD, Whiley DM, Mackay IM, Lambert SB, Wu G, Brennan 

DC, Storch GA, Sloots TP, Wang D. Identification of a novel polyomavirus from 

patients with acute respiratory tract infections. PLoS Pathog (2007) 3:0595–0604. 

doi:10.1371/JOURNAL.PPAT.0030064 

21.  Ondov BD, Starrett GJ, Sappington A, Kostic A, Koren S, Buck CB, Phillippy AM. 

Mash Screen: High-throughput sequence containment estimation for genome 

discovery. Genome Biol (2019) 20:1–13. doi:10.1186/S13059-019-1841-

X/FIGURES/5 



79 
 

22.  Moens U, Prezioso C, Pietropaolo V. Functional Domains of the Early Proteins and 

Experimental and Epidemiological Studies Suggest a Role for the Novel Human 

Polyomaviruses in Cancer. Front Microbiol (2022) 0:430. 

doi:10.3389/FMICB.2022.834368 

23.  Rotondo JC, Bononi I, Puozzo A, Govoni M, Foschi V, Lanza G, Gafa R, 

Gaboriaud P, Touzé FA, Selvatici R, et al. Merkel cell carcinomas arising in 

autoimmune disease affected patients treated with biologic drugs including anti-

TNF. Clin Cancer Res (2017) 23:3929–3934. doi:10.1158/1078-0432.CCR-16-2899 

24.  Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a polyomavirus in 

human Merkel cell carcinoma. Science (80- ) (2008) 319:1096–1100. 

doi:10.1126/science.1152586 

25.  Buck CB, Van Doorslaer K, Peretti A, Geoghegan EM, Tisza MJ, An P, Katz JP, 

Pipas JM, McBride AA, Camus AC, et al. The Ancient Evolutionary History of 

Polyomaviruses. PLoS Pathog (2016) 12: doi:10.1371/JOURNAL.PPAT.1005574 

26.  Leendertz FH, Scuda N, Cameron KN, Kidega T, Zuberbühler K, Leendertz SAJ, 

Couacy-Hymann E, Boesch C, Calvignac S, Ehlers B. African great apes are 

naturally infected with polyomaviruses closely related to Merkel cell polyomavirus. 

J Virol (2011) 85:916–924. doi:10.1128/JVI.01585-10 

27.  Chang Y, Moore PS. Merkel cell carcinoma: a virus-induced human cancer. Annu 

Rev Pathol (2012) 7:123–144. doi:10.1146/ANNUREV-PATHOL-011110-130227 

28.  Abend JR, Jiang M, Imperiale MJ. BK virus and human cancer: innocent until 

proven guilty. Semin Cancer Biol (2009) 19:252–260. 

doi:10.1016/J.SEMCANCER.2009.02.004 

29.  Rotondo JC, Mazzoni E, Bononi I, Tognon M, Martini F. Association Between 

Simian Virus 40 and Human Tumors. Front Oncol (2019). Available at: 

https://pubmed.ncbi.nlm.nih.gov/31403031/ [Accessed January 30, 2022] 

30.  Bouvard V, Baan RA, Grosse Y, Lauby-Secretan B, El Ghissassi F, Benbrahim-

Tallaa L, Guha N, Straif K, WHO International Agency for Research on Cancer 

Monograph Working Group. Carcinogenicity of malaria and of some 

polyomaviruses. Lancet Oncol (2012) 13:339–340. doi:10.1016/s1470-

2045(12)70125-0 

31.  Liu W, MacDonald M, You J. Merkel cell polyomavirus infection and Merkel cell 

carcinoma. Curr Opin Virol (2016) 20:20–7. doi:10.1016/j.coviro.2016.07.011 

32.  Prezioso C, Bianchi M, Obregon F, Ciotti M, Sarmati L, Andreoni M, Palamara AT, 

Pascarella S, Moens U, Pietropaolo V. Structural analysis of merkel cell 



80 
 

polyomavirus (MCPyV) viral capsid protein 1 (VP1) in HIV-1 infected individuals. 

Int J Mol Sci (2020) 21: doi:10.3390/ijms21217998 

33.  Pietropaolo V, Prezioso C, Moens U. merkel cell polyomavirus and merkel cell 

carcinoma. Cancers (Basel) (2020) 12:1774. doi:10.3390/cancers12071774 

34.  Decaprio JA. Molecular Pathogenesis of Merkel Cell Carcinoma. Annu Rev Pathol 

Mech Dis (2021) 16:69–91. doi:10.1146/annurev-pathmechdis-012419-032817 

35.  Konstatinell A, Coucheron DH, Sveinbjørnsson B, Moens U. MicroRNAs as 

potential biomarkers in merkel cell carcinoma. Int J Mol Sci (2018) 19: 

doi:10.3390/ijms19071873 

36.  Hurdiss DL, Morgan EL, Thompson RF, Prescott EL, Panou MM, Macdonald A, 

Ranson NA. New Structural Insights into the Genome and Minor Capsid Proteins of 

BK Polyomavirus using Cryo-Electron Microscopy. Structure (2016) 24:528–536. 

doi:10.1016/J.STR.2016.02.008 

37.  Schowalter RM, Pastrana D V., Buck CB. Glycosaminoglycans and sialylated 

glycans sequentially facilitate merkel cell polyomavirus infectious entry. PLoS 

Pathog (2011) 7:e1002161. doi:10.1371/journal.ppat.1002161 

38.  Wendzicki JA, Moore PS, Chang Y. Large T and small T antigens of Merkel cell 

polyomavirus. Curr Opin Virol (2015) 11:38–43. doi:10.1016/j.coviro.2015.01.009 

39.  Coursaget P, Samimi M, Nicol JTJ, Gardair C, Touzé A. Human Merkel cell 

polyomavirus: Virological background and clinical implications. APMIS (2013) 

121:755–69. doi:10.1111/apm.12122 

40.  Kwun HJ, Guastafierro A, Shuda M, Meinke G, Bohm A, Moore PS, Chang Y. The 

minimum replication origin of merkel cell polyomavirus has a unique large T-

antigen loading architecture and requires small T-antigen expression for optimal 

replication. J Virol (2009) 83:12118–12128. doi:10.1128/JVI.01336-09 

41.  Carter JJ, Daugherty MD, Qi X, Bheda-Malge A, Wipf GC, Robinson K, Roman A, 

Malik HS, Galloway DA. Identification of an overprinting gene in Merkel cell 

polyomavirus provides evolutionary insight into the birth of viral genes. Proc Natl 

Acad Sci U S A (2013) 110:12744–9. doi:10.1073/pnas.1303526110 

42.  Houben R, Angermeyer S, Haferkamp S, Aue A, Goebeler M, Schrama D, 

Hesbacher S. Characterization of functional domains in the Merkel cell polyoma 

virus Large T antigen. Int J Cancer (2015) 136:E290-300. doi:10.1002/ijc.29200 

43.  An P, Robles MTS, Pipas JM. Large T antigens of polyomaviruses: Amazing 

molecular machines. Annu Rev Microbiol (2012) 66:213–36. doi:10.1146/annurev-

micro-092611-150154 



81 
 

44.  Kwun HJ, Shuda M, Camacho CJ, Gamper AM, Thant M, Chang Y, Moore PS. 

Restricted Protein Phosphatase 2A Targeting by Merkel Cell Polyomavirus Small T 

Antigen. J Virol (2015) 89:4191–200. doi:10.1128/jvi.00157-15 

45.  Kwun HJ, Shuda M, Feng H, Camacho CJ, Moore PS, Chang Y. Merkel cell 

polyomavirus small T antigen controls viral replication and oncoprotein expression 

by targeting the cellular ubiquitin ligase SCF Fbw7. Cell Host Microbe (2013) 

14:125–35. doi:10.1016/j.chom.2013.06.008 

46.  Spurgeon ME, Lambert PF. Merkel cell polyomavirus: A newly discovered human 

virus with oncogenic potential. Virology (2013) 435:118–30. 

doi:10.1016/j.virol.2012.09.029 

47.  Schowalter RM, Buck CB. The Merkel Cell Polyomavirus Minor Capsid Protein. 

PLoS Pathog (2013) 9: doi:10.1371/journal.ppat.1003558 

48.  Theiss JM, Günther T, Alawi M, Neumann F, Tessmer U, Fischer N, Grundhoff A. 

A Comprehensive Analysis of Replicating Merkel Cell Polyomavirus Genomes 

Delineates the Viral Transcription Program and Suggests a Role for mcv-miR-M1 in 

Episomal Persistence. PLoS Pathog (2015) 11:e1004974. 

doi:10.1371/journal.ppat.1004974 

49.  Tagliapietra A, Rotondo JC, Bononi I, Mazzoni E, Magagnoli F, Gonzalez LO, 

Contini C, Vesce F, Tognon M, Martini F. Droplet‐digital PCR assay to detect 

Merkel cell polyomavirus sequences in chorionic villi from spontaneous abortion 

affected females. J Cell Physiol (2020) 34:1888–1894. doi:10.1002/jcp.29213 

50.  Sadeghi M, Aronen M, Chen T, Jartti L, Jartti T, Ruuskanen O, Söderlund-Venermo 

M, Hedman K. Merkel cell polyomavirus and trichodysplasia spinulosa-associated 

polyomavirus DNAs and antibodies in blood among the elderly. BMC Infect Dis 

(2012) 12:383. doi:10.1186/1471-2334-12-383 

51.  Mazzoni E, Rotondo JC, Marracino L, Selvatici R, Bononi I, Torreggiani E, Touzé 

A, Martini F, Tognon MG. Detection of Merkel cell polyomavirus DNA in serum 

samples of healthy blood donors. Front Oncol (2017) 7:294. 

doi:10.3389/fonc.2017.00294 

52.  Foulongne V, Kluger N, Dereure O, Mercier G, Molès JP, Guillot B, Segondy M. 

Merkel cell polyomavirus in cutaneous swabs. Emerg Infect Dis (2010) 16:685–7. 

doi:10.3201/eid1604.091278 

53.  Schowalter RM, Pastrana D V., Pumphrey KA, Moyer AL, Buck CB. Merkel cell 

polyomavirus and two previously unknown polyomaviruses are chronically shed 

from human skin. Cell Host Microbe (2010) 7:509–515. 



82 
 

doi:10.1016/j.chom.2010.05.006 

54.  Hampras SS, Michel A, Schmitt M, Waterboer T, Kranz L, Gheit T, Fisher K, 

Sondak VK, Messina J, Fenske N, et al. Merkel cell polyomavirus (MCV) T-antigen 

seroreactivity, MCV DNA in eyebrow hairs, and squamous cell carcinoma. Infect 

Agent Cancer (2015) 10:35. doi:10.1186/s13027-015-0030-0 

55.  Peretti A, Borgogna C, Rossi D, De Paoli L, Bawadekar M, Zavattaro E, Boldorini 

R, De Andrea M, Gaidano G, Gariglio M. Analysis of human β-papillomavirus and 

Merkel cell polyomavirus infection in skin lesions and eyebrow hair bulbs from a 

cohort of patients with chronic lymphocytic leukaemia. Br J Dermatol (2014) 

171:1525–8. doi:10.1111/bjd.13215 

56.  Prado JCM, Monezi TA, Amorim AT, Lino V, Paladino A, Boccardo E. Human 

polyomaviruses and cancer: An overview. Clinics (2018) 73:e558s. 

doi:10.6061/clinics/2018/e558s 

57.  Nicol JTJ, Robinot R, Carpentier A, Carandina G, Mazzoni E, Tognon M, Touzé A, 

Coursageta P. Age-specific seroprevalences of merkel cell polyomavirus, human 

polyomaviruses 6, 7, and 9, and trichodysplasia spinulosa-associated polyomavirus. 

Clin Vaccine Immunol (2013) 20: doi:10.1128/CVI.00438-12 

58.  Pastrana D V., Tolstov YL, Becker JC, Moore PS, Chang Y, Buck CB. Quantitation 

of human seroresponsiveness to Merkel cell polyomavirus. PLoS Pathog (2009) 

5:e1000578. doi:10.1371/journal.ppat.1000578 

59.  Xue Y, Thakuria M. Merkel Cell Carcinoma Review. Hematol Oncol Clin North Am 

(2019) 33:39–52. doi:10.1016/j.hoc.2018.08.002 

60.  Zhang C, Liu F, He Z, Deng Q, Pan Y, Liu Y, Zhang C, Ning T, Guo C, Liang Y, et 

al. Seroprevalence of Merkel cell polyomavirus in the general rural population of 

Anyang, China. PLoS One (2014) 9:e106430. doi:10.1371/journal.pone.0106430 

61.  Carter JJ, Paulson KG, Wipf GC, Miranda D, Madeleine MM, Johnson LG, Lemos 

BD, Lee S, Warcola AH, Iyer JG, et al. Association of merkel cell polyomavirus-

specific antibodies with merkel cell carcinoma. J Natl Cancer Inst (2009) 101:1510–

22. doi:10.1093/jnci/djp332 

62.  Tolstov YL, Pastrana D V., Feng H, Becker JC, Jenkins FJ, Moschos S, Chang Y, 

Buck CB, Moore PS. Human Merkel cell polyomavirus infection II. MCV is a 

common human infection that can be detected by conformational capsid epitope 

immunoassays. Int J Cancer (2009) 125:1250–6. doi:10.1002/ijc.24509 

63.  Tolstov YL, Knauer A, Chen JG, Kensler TW, Kingsley LA, Moore PS, Chang Y. 

Asymptomatic primary merkel cell polyomavirus infection among adults. Emerg 



83 
 

Infect Dis (2011) 17:1371–80. doi:10.3201/eid1708.110079 

64.  Viscidi RP, Rollison DE, Sondak VK, Silver B, Messina JL, Giuliano AR, Fulp W, 

Ajidahun A, Rivanera D. Age-specific seroprevalence of merkel cell polyomavirus, 

BK virus, and JC virus. Clin Vaccine Immunol (2011) 18:1737–1743. 

doi:10.1128/CVI.05175-11 

65.  Van Der Meijden E, Bialasiewicz S, Rockett RJ, Tozer SJ, Sloots TP, Feltkamp 

MCW. Different serologic behavior of MCPyV, TSPyV, HPyV6, HPyV7 and 

HPyV9 polyomaviruses found on the skin. PLoS One (2013) 8:e81078. 

doi:10.1371/journal.pone.0081078 

66.  Faust H, Pastrana D V., Buck CB, Dillner J, Ekström J. Antibodies to Merkel cell 

polyomavirus correlate to presence of viral DNA in the skin. J Infect Dis (2011) 

203:1096–100. doi:10.1093/infdis/jiq173 

67.  Touzé A, Gaitan J, Arnold F, Cazal R, Fleury MJ, Combelas N, Sizaret PY, 

Guyetant S, Maruani A, Baay M, et al. Generation of Merkel cell polyomavirus 

(MCV)-like particles and their application to detection of MCV antibodies. J Clin 

Microbiol (2010) 48:1767–70. doi:10.1128/JCM.01691-09 

68.  Samimi M, Molet L, Fleury M, Laude H, Carlotti A, Gardair C, Baudin M, Gouguet 

L, Maubec E, Avenel-Audran M, et al. Prognostic value of antibodies to Merkel cell 

polyomavirus T antigens and VP1 protein in patients with Merkel cell carcinoma. Br 

J Dermatol (2016) 174:813–22. doi:10.1111/bjd.14313 

69.  Touzé A, Le Bidre E, Laude H, Fleury MJJ, Cazal R, Arnold F, Carlotti A, Maubec 

E, Aubin F, Avril MF, et al. High levels of antibodies against merkel cell 

polyomavirus identify a subset of patients with merkel cell carcinoma with better 

clinical outcome. J Clin Oncol (2011) 29:1612–1619. 

doi:10.1200/JCO.2010.31.1704 

70.  Li TC, Iwasaki K, Katano H, Kataoka M, Nagata N, Kobayashi K, Mizutani T, 

Takeda N, Wakita T, Suzuki T. Characterization of self-assembled virus-like 

particles of merkel cell polyomavirus. PLoS One (2015) 10:e0115646. 

doi:10.1371/journal.pone.0115646 

71.  Kjærheim K, Røe OD, Waterboer T, Sehr P, Rizk R, Hong YD, Sandeck H, Larsson 

E, Andersen A, Boffetta P, et al. Absence of SV40 antibodies or DNA fragments in 

prediagnostic mesothelioma serum samples. Int J Cancer (2007) 120:2459–65. 

doi:10.1002/ijc.22592 

72.  Malhotra J, Waterboer T, Pawlita M, Michel A, Cai Q, Zheng W, Gao YT, Lan Q, 

Rothman N, Langseth H, et al. Serum biomarkers of polyomavirus infection and risk 



84 
 

of lung cancer in never smokers. Br J Cancer (2016) 115:1131–9. 

doi:10.1038/bjc.2016.285 

73.  Cason C, Monasta L, Zanotta N, Campisciano G, Maestri I, Tommasino M, Pawlita 

M, Villani S, Comar M, Delbue S. Antibody response to polyomavirus primary 

infection: high seroprevalence of Merkel cell polyomavirus and lymphoid tissue 

involvement. J Neurovirol (2018) 24:314–22. doi:10.1007/s13365-017-0612-2 

74.  Šroller V, Hamšíková E, Ludvíková V, Musil J, Němečková Š, Saláková M. 

Seroprevalence rates of HPyV6, HPyV7, TSPyV, HPyV9, MWPyV and KIPyV 

polyomaviruses among the healthy blood donors. J Med Virol (2016) 88:1254–1261. 

doi:10.1002/jmv.24440 

75.  Toker C. Trabecular Carcinoma of the Skin. Arch Dermatol (1972) 105:107–110. 

doi:10.1001/ARCHDERM.1972.01620040075020 

76.  Tang C-K, Toker C. TRABECULAR CARCINOMA OF T H E SKIN An 

Ultrastructural Study CASE REPORTS Case 1. doi:10.1002/1097-

0142(197811)42:5 

77.  Toker C. Trabecular carcinoma of the skin. A question of title. Am J Dermatopathol 

(1982) 4:497–500. doi:10.1097/00000372-198212000-00003 

78.  Rywlin AM. Malignant Merkel-cell tumor is a more accurate description than 

trabecular carcinoma. Am J Dermatopathol (1982) 4:513–515. 

doi:10.1097/00000372-198212000-00007 

79.  Sidhu GS. What’s in a name? Should it be Merkel cell neoplasm or trabecular 

carcinoma? - PubMed. Am J Dermatopathol 4(6):509–11. Available at: 

https://pubmed.ncbi.nlm.nih.gov/7165059/ [Accessed January 30, 2022] 

80.  Maricich SM, Wellnitz SA, Nelson AM, Lesniak DR, Gerling GJ, Lumpkin EA, 

Zoghbi HY. Merkel cells are essential for light-touch responses. Science (2009) 

324:1580–1582. doi:10.1126/SCIENCE.1172890 

81.  Lewis CW, Qazi J, Hippe DS, Lachance K, Thomas H, Cook MM, Juhlin I, Singh 

N, Thuesmunn Z, Takagishi SR, et al. Patterns of distant metastases in 215 Merkel 

cell carcinoma patients: Implications for prognosis and surveillance. Cancer Med 

(2020) 9:1374. doi:10.1002/CAM4.2781 

82.  Harms KL, Healy MA, Nghiem P, Sober AJ, Johnson TM, Bichakjian CK, Wong 

SL. Analysis of Prognostic Factors from 9387 Merkel Cell Carcinoma Cases Forms 

the Basis for the New 8th Edition AJCC Staging System. Ann Surg Oncol (2016) 

23:3564–3571. doi:10.1245/S10434-016-5266-4 

83.  Paulson KG, Park SY, Vandeven NA, Lachance K, Thomas H, Chapuis AG, Harms 



85 
 

KL, Thompson JA, Bhatia S, Stang A, et al. Merkel cell carcinoma: Current US 

incidence and projected increases based on changing demographics. J Am Acad 

Dermatol (2018) 78:457-463.e2. doi:10.1016/J.JAAD.2017.10.028 

84.  Becker JC, Stang A, Decaprio JA, Cerroni L, Lebbé C, Veness M, Nghiem P. 

Merkel cell carcinoma. Nat Rev Dis Prim (2017) 3: doi:10.1038/NRDP.2017.77 

85.  Heath M, Jaimes N, Lemos B, Mostaghimi A, Wang LC, Peñas PF, Nghiem P. 

Clinical characteristics of Merkel cell carcinoma at diagnosis in 195 patients: the 

AEIOU features. J Am Acad Dermatol (2008) 58: Available at: 

https://pubmed.ncbi.nlm.nih.gov/18280333/ [Accessed January 30, 2022] 

86.  Kok DL, Wang A, Xu W, Chua MST, Guminski A, Veness M, Howle J, Tothill R, 

Kichendasse G, Poulsen M, et al. The changing paradigm of managing Merkel cell 

carcinoma in Australia: An expert commentary. Asia Pac J Clin Oncol (2020) 

16:312–319. doi:10.1111/AJCO.13407 

87.  Kaae J, Hansen A V., Biggar RJ, Boyd HA, Moore PS, Wohlfahrt J, Melbye M. 

Merkel cell carcinoma: incidence, mortality, and risk of other cancers. J Natl 

Cancer Inst (2010) 102:793–801. doi:10.1093/JNCI/DJQ120 

88.  Prasad R, Katiyar SK. Crosstalk Among UV-Induced Inflammatory Mediators, 

DNA Damage and Epigenetic Regulators Facilitates Suppression of the Immune 

System. Photochem Photobiol (2017) 93:930–936. doi:10.1111/PHP.12687 

89.  Popp S, Waltering S, Herbst C, Moll I, Boukamp P. UV-B-type mutations and 

chromosomal imbalances indicate common pathways for the development of Merkel 

and skin squamous cell carcinomas. Int J cancer (2002) 99:352–360. 

doi:10.1002/IJC.10321 

90.  Hausen A Zur, Rennspiess D, Winnepenninckx V, Speel EJ, Kurz AK. Early B-cell 

differentiation in Merkel cell carcinomas: clues to cellular ancestry. Cancer Res 

(2013) 73:4982–4987. doi:10.1158/0008-5472.CAN-13-0616 

91.  Tilling T, Wladykowski E, Failla AV, Houdek P, Brandner JM, Moll I. 

Immunohistochemical analyses point to epidermal origin of human Merkel cells. 

Histochem Cell Biol (2014) 141:407–421. doi:10.1007/S00418-013-1168-8 

92.  Vaigot P, Pisani A, Darmon YM, Ortonne JP. The majority of epidermal Merkel 

cells are non-proliferative: a quantitative immunofluorescence analysis. Acta Derm 

Venereol (1987) 67:517–520. Available at: 

https://europepmc.org/article/med/2451378 [Accessed February 7, 2022] 

93.  Engels EA, Frisch M, Goedert JJ, Biggar RJ, Miller RW. Merkel cell carcinoma and 

HIV infection. Lancet (London, England) (2002) 359:497–498. doi:10.1016/S0140-



86 
 

6736(02)07668-7 

94.  Clarke CA, Robbins HA, Tatalovich Z, Lynch CF, Pawlish KS, Finch JL, 

Hernandez BY, Fraumeni JF, Madeleine MM, Engels EA. Risk of Merkel cell 

carcinoma after solid organ transplantation. J Natl Cancer Inst (2015) 107: 

doi:10.1093/jnci/dju382 

95.  Martel-Jantin C, Pedergnana V, Nicol JÔTJ, Leblond V, Trégouët DA, Tortevoye P, 

Plancoulaine S, Coursaget P, Touzé A, Abel L, et al. Merkel cell polyomavirus 

infection occurs during early childhood and is transmitted between siblings. J Clin 

Virol (2013) 58: doi:10.1016/j.jcv.2013.06.004 

96.  Samimi M, Gardair C, Nicol JTJ, Arnold F, Touzé A, Coursaget P. Merkel cell 

polyomavirus in merkel cell carcinoma: clinical and therapeutic perspectives. Semin 

Oncol (2015) 42:347–358. doi:10.1053/J.SEMINONCOL.2014.12.021 

97.  Rodig SJ, Cheng J, Wardzala J, DoRosario A, Scanlon JJ, Laga AC, Martinez-

Fernandez A, Barletta JA, Bellizzi AM, Sadasivam S, et al. Improved detection 

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

(2012) 122:4645–4653. doi:10.1172/JCI64116 

98.  Schrama D, Peitsch WK, Zapatka M, Kneitz H, Houben R, Eib S, Haferkamp S, 

Moore PS, Shuda M, Thompson JF, et al. Merkel cell polyomavirus status is not 

associated with clinical course of Merkel cell carcinoma. J Invest Dermatol (2011) 

131:1631–1638. doi:10.1038/JID.2011.115 

99.  Handschel J, Müller D, Depprich RA, Ommerborn MA, Kübler NR, Naujoks C, 

Reifenberger J, Schäfer KL, Braunstein S. The new polyomavirus (MCPyV) does 

not affect the clinical course in MCCs. Int J Oral Maxillofac Surg (2010) 39:1086–

1090. doi:10.1016/J.IJOM.2010.06.024 

100.  Harms PW, Harms KL, Moore PS, DeCaprio JA, Nghiem P, Wong MKK, Brownell 

I. The biology and treatment of Merkel cell carcinoma: current understanding and 

research priorities. Nat Rev Clin Oncol (2018) 15:763–776. doi:10.1038/s41571-

018-0103-2 

101.  Harms PW, Vats P, Verhaegen ME, Robinson DR, Wu YM, Dhanasekaran SM, 

Palanisamy N, Siddiqui J, Cao X, Su F, et al. The Distinctive Mutational Spectra of 

Polyomavirus-Negative Merkel Cell Carcinoma. Cancer Res (2015) 75:3720–3727. 

doi:10.1158/0008-5472.CAN-15-0702 

102.  Goh G, Walradt T, Markarov V, Blom A, Riaz N, Doumani R, Stafstrom K, Moshiri 

A, Yelistratova L, Levinsohn J, et al. Mutational landscape of MCPyV-positive and 

MCPyV-negative Merkel cell carcinomas with implications for immunotherapy. 



87 
 

Oncotarget (2016) 7:3403–3415. doi:10.18632/ONCOTARGET.6494 

103.  Starrett GJ, Marcelus C, Cantalupo PG, Katz JP, Cheng J, Akagi K, Thakuria M, 

Rabinowits G, Wang LC, Symer DE, et al. Merkel Cell Polyomavirus Exhibits 

Dominant Control of the Tumor Genome and Transcriptome in Virus-Associated 

Merkel Cell Carcinoma. MBio (2017) 8: doi:10.1128/MBIO.02079-16 

104.  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 antigens. J Virol (2010) 84:7064–7072. 

doi:10.1128/JVI.02400-09 

105.  Becker JC, Stang A, Hausen A, Fischer N, DeCaprio JA, Tothill RW, Lyngaa R, 

Hansen UK, Ritter C, Nghiem P, et al. Epidemiology, biology and therapy of 

Merkel cell carcinoma: conclusions from the EU project IMMOMEC. Cancer 

Immunol Immunother (2018) 67:341–351. doi:10.1007/S00262-017-2099-

3/FIGURES/3 

106.  Shuda M, Feng H, Kwun HJ, Rosen ST, Gjoerup O, Moore PS, Chang Y. T antigen 

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

Natl Acad Sci U S A (2008) 105:16272–16277. doi:10.1073/pnas.0806526105 

107.  Ahmed MM, Cushman CH, Decaprio JA. Merkel Cell Polyomavirus: Oncogenesis 

in a Stable Genome. Viruses (2022) 14: doi:10.3390/V14010058 

108.  Schrama D, Sarosi EM, Adam C, Ritter C, Kaemmerer U, Klopocki E, König EM, 

Utikal J, Becker JC, Houben R. Characterization of six Merkel cell polyomavirus-

positive Merkel cell carcinoma cell lines: Integration pattern suggest that large T 

antigen truncating events occur before or during integration. Int J Cancer (2019) 

145:1020–1032. doi:10.1002/ijc.32280 

109.  Van Ghelue M, Khan MTH, Ehlers B, Moens U. Genome analysis of the new 

human polyomaviruses. Rev Med Virol (2012) 22:354–77. doi:10.1002/rmv.1711 

110.  Nakamura T, Sato Y, Watanabe D, Ito H, Shimonohara N, Tsuji T, Nakajima N, 

Suzuki Y, Matsuo K, Nakagawa H, et al. Nuclear localization of Merkel cell 

polyomavirus large T antigen in Merkel cell carcinoma. Virology (2010) 398:273–

279. doi:10.1016/J.VIROL.2009.12.024 

111.  Laude H, Jonchère B, Maubec E, Carlotti A, Marinho E, Couturaud B, Peter M, 

Sastre-Garau X, Avril MF, Dupin N, et al. Distinct merkel cell polyomavirus 

molecular features in tumour and non tumour specimens from patients with merkel 

cell carcinoma. PLoS Pathog (2010) 6:93–94. 

doi:10.1371/JOURNAL.PPAT.1001076 



88 
 

112.  Li J, Wang X, Diaz J, Tsang SH, Buck CB, You J. Merkel Cell Polyomavirus Large 

T Antigen Disrupts Host Genomic Integrity and Inhibits Cellular Proliferation. J 

Virol (2013) 87:9173–88. doi:10.1128/jvi.01216-13 

113.  Schmitt M, Wieland U, Kreuter A, Pawlita M. C-terminal deletions of Merkel cell 

polyomavirus large T-antigen, a highly specific surrogate marker for virally induced 

malignancy. Int J Cancer (2012) 131:2863–8. doi:10.1002/ijc.27607 

114.  Li J, Diaz J, Wang X, Tsang SH, You J. Phosphorylation of Merkel Cell 

Polyomavirus Large Tumor Antigen at Serine 816 by ATM Kinase Induces 

Apoptosis in Host Cells. J Biol Chem (2015) 290:1874–84. 

doi:10.1074/jbc.M114.594895 

115.  Angermeyer S, Hesbacher S, Becker JC, Schrama D, Houben R. Merkel cell 

polyomavirus-positive merkel cell carcinoma cells do not require expression of the 

viral small T antigen. J Invest Dermatol (2013) 133:2059–64. 

doi:10.1038/jid.2013.82 

116.  Shuda M, Kwun HJ, Feng H, Chang Y, Moore PS. Human Merkel cell 

polyomavirus small T antigen is an oncoprotein targeting the 4E-BP1 translation 

regulator. J Clin Invest (2011) 121:3623–3634. doi:10.1172/JCI46323 

117.  Cheng J, Rozenblatt-Rosen O, Paulson KG, Nghiem P, DeCaprio JA. Merkel cell 

polyomavirus large T antigen has growth-promoting and inhibitory activities. J 

Virol (2013) 87:6118–6126. doi:10.1128/JVI.00385-13 

118.  Berrios C, Padi M, Keibler MA, Park DE, Molla V, Cheng J, Lee SM, 

Stephanopoulos G, Quackenbush J, DeCaprio JA. Merkel Cell Polyomavirus Small 

T Antigen Promotes Pro-Glycolytic Metabolic Perturbations Required for 

Transformation. PLoS Pathog (2016) 12: doi:10.1371/JOURNAL.PPAT.1006020 

119.  Starrett GJ, Thakuria M, Chen T, Marcelus C, Cheng J, Nomburg J, Thorner AR, 

Slevin MK, Powers W, Burns RT, et al. Clinical and molecular characterization of 

virus-positive and virus-negative Merkel cell carcinoma. Genome Med (2020) 

12:30. doi:10.1186/s13073-020-00727-4 

120.  Houben R, Dreher C, Angermeyer S, Borst A, Utikal J, Haferkamp S, Peitsch WK, 

Schrama D, Hesbacher S. Mechanisms of p53 restriction in Merkel cell carcinoma 

cells are independent of the Merkel cell polyoma virus T antigens. J Invest Dermatol 

(2013) 133:2453–2460. doi:10.1038/JID.2013.169 

121.  Borchert S, Czech-Sioli M, Neumann F, Schmidt C, Wimmer P, Dobner T, 

Grundhoff A, Fischer N. High-affinity Rb binding, p53 inhibition, subcellular 

localization, and transformation by wild-type or tumor-derived shortened Merkel 



89 
 

cell polyomavirus large T antigens. J Virol (2014) 88:3144–3160. 

doi:10.1128/JVI.02916-13 

122.  Park DE, Cheng J, Berrios C, Montero J, Cortés-Cros M, Ferretti S, Arora R, 

Tillgren ML, Gokhale PC, DeCaprio JA. Dual inhibition of MDM2 and MDM4 in 

virus-positive Merkel cell carcinoma enhances the p53 response. Proc Natl Acad Sci 

U S A (2019) 116:1027–1032. 

doi:10.1073/PNAS.1818798116/SUPPL_FILE/PNAS.1818798116.SAPP.PDF 

123.  González-Vela M del C, Curiel-Olmo S, Derdak S, Beltran S, Santibañez M, 

Martínez N, Castillo-Trujillo A, Gut M, Sánchez-Pacheco R, Almaraz C, et al. 

Shared Oncogenic Pathways Implicated in Both Virus-Positive and UV-Induced 

Merkel Cell Carcinomas. J Invest Dermatol (2017) 137:197–206. 

doi:10.1016/J.JID.2016.08.015 

124.  Teng Y, Yu Y, Li S, Huang Y, Xu D, Tao X, Fan Y. Ultraviolet Radiation and Basal 

Cell Carcinoma: An Environmental Perspective. Front Public Heal (2021) 9:909. 

doi:10.3389/FPUBH.2021.666528/BIBTEX 

125.  Kervarrec T, Samimi M, Gaboriaud P, Gheit T, Beby-Defaux A, Houben R, 

Schrama D, Fromont G, Tommasino M, Le Corre Y, et al. Detection of the Merkel 

cell polyomavirus in the neuroendocrine component of combined Merkel cell 

carcinoma. Virchows Arch (2018) 472:825–837. doi:10.1007/S00428-018-2342-0 

126.  Busam KJ, Jungbluth AA, Rekthman N, Coit D, Pulitzer M, Bini J, Arora R, 

Hanson NC, Tassello JA, Frosina D, et al. Merkel cell polyomavirus expression in 

merkel cell carcinomas and its absence in combined tumors and pulmonary 

neuroendocrine carcinomas. Am J Surg Pathol (2009) 33:1378–1385. 

doi:10.1097/PAS.0B013E3181AA30A5 

127.  Narisawa Y, Inoue T, Nagase K. Evidence of proliferative activity in human Merkel 

cells: implications in the histogenesis of Merkel cell carcinoma. Arch Dermatol Res 

(2019) 311:37–43. doi:10.1007/S00403-018-1877-X 

128.  Wong SQ, Waldeck K, Vergara IA, Schröder J, Madore J, Wilmott JS, Colebatch 

AJ, De Paoli-Iseppi R, Li J, Lupat R, et al. UV-Associated Mutations Underlie the 

Etiology of MCV-Negative Merkel Cell Carcinomas. Cancer Res (2015) 75:5228–

5234. doi:10.1158/0008-5472.CAN-15-1877 

129.  Hesbacher S, Pfitzer L, Wiedorfer K, Angermeyer S, Borst A, Haferkamp S, Scholz 

CJ, Wobser M, Schrama D, Houben R. RB1 is the crucial target of the Merkel cell 

polyomavirus Large T antigen in Merkel cell carcinoma cells. Oncotarget (2016) 

7:32956–32968. doi:10.18632/ONCOTARGET.8793 



90 
 

130.  Knepper TC, Montesion M, Russell JS, Sokol ES, Frampton GM, Miller VA, 

Albacker LA, McLeod HL, Eroglu Z, Khushalani NI, et al. The Genomic Landscape 

of Merkel Cell Carcinoma and Clinicogenomic Biomarkers of Response to Immune 

Checkpoint Inhibitor Therapy. Clin Cancer Res (2019) 25:5961–5971. 

doi:10.1158/1078-0432.CCR-18-4159 

131.  Paulson KG, Lemos BD, Feng B, Jaimes N, Pẽas PF, Bi X, Maher E, Cohen L, 

Leonard JH, Granter SR, et al. Array-CGH reveals recurrent genomic changes in 

Merkel cell carcinoma including amplification of L-Myc. J Invest Dermatol (2009) 

129:1547–1555. doi:10.1038/JID.2008.365 

132.  Rotondo JC, Mazziotta C, Lanzillotti C, Tognon M, Martini F, Romanell MG. 

Epigenetic Dysregulations in Merkel Cell Polyomavirus-Driven Merkel Cell 

Carcinoma. (2021) 22:11464. doi:10.3390/IJMS222111464 

133.  Villani A, Fabbrocini G, Costa C, Carmela Annunziata M, Scalvenzi M. Merkel 

Cell Carcinoma: Therapeutic Update and Emerging Therapies. Dermatol Ther 

(Heidelb) (2019) 9:209–222. doi:10.1007/S13555-019-0288-Z 

134.  Iyer JG, Blom A, Doumani R, Lewis C, Tarabadkar ES, Anderson A, Ma C, Bestick 

A, Parvathaneni U, Bhatia S, et al. Response rates and durability of chemotherapy 

among 62 patients with metastatic Merkel cell carcinoma. Cancer Med (2016) 

5:2294–2301. doi:10.1002/CAM4.815 

135.  D’Angelo SP, Russell J, Lebbé C, Chmielowski B, Gambichler T, Grob JJ, Kiecker 

F, Rabinowits G, Terheyden P, Zwiener I, et al. Efficacy and Safety of First-line 

Avelumab Treatment in Patients With Stage IV Metastatic Merkel Cell Carcinoma: 

A Preplanned Interim Analysis of a Clinical Trial. JAMA Oncol (2018) 4: 

doi:10.1001/JAMAONCOL.2018.0077 

136.  Kaufman HL, Russell J, Hamid O, Bhatia S, Terheyden P, D’Angelo SP, Shih KC, 

Lebbé C, Linette GP, Milella M, et al. Avelumab in patients with chemotherapy-

refractory metastatic Merkel cell carcinoma: a multicentre, single-group, open-label, 

phase 2 trial. Lancet Oncol (2016) 17:1374–1385. doi:10.1016/S1470-

2045(16)30364-3 

137.  Nghiem PT, Bhatia S, Lipson EJ, Kudchadkar RR, Miller NJ, Annamalai L, Berry 

S, Chartash EK, Daud A, Fling SP, et al. PD-1 Blockade with Pembrolizumab in 

Advanced Merkel-Cell Carcinoma. N Engl J Med (2016) 374:2542–2552. 

doi:10.1056/NEJMOA1603702 

138.  Terheyden P, Becker JC. New developments in the biology and the treatment of 

metastatic Merkel cell carcinoma. Curr Opin Oncol (2017) 29:221–226. 



91 
 

doi:10.1097/CCO.0000000000000363 

139.  Lei Q, Wang D, Sun K, Wang L, Zhang Y. Resistance Mechanisms of Anti-

PD1/PDL1 Therapy in Solid Tumors. Front Cell Dev Biol (2020) 8:672. 

doi:10.3389/FCELL.2020.00672/BIBTEX 

140.  Blagitko-Dorfs N, Jiang Y, Duque-Afonso J, Hiller J, Yalcin A, Greve G, 

Abdelkarim M, Hackanson B, Lübbert M. Epigenetic priming of AML blasts for all-

trans retinoic acid-induced differentiation by the HDAC class-I selective inhibitor 

entinostat. PLoS One (2013) 8: doi:10.1371/JOURNAL.PONE.0075258 

141.  Greve G, Schiffmann I, Lübbert M. Epigenetic priming of non-small cell lung 

cancer cell lines to the antiproliferative and differentiating effects of all-trans 

retinoic acid. J Cancer Res Clin Oncol (2015) 141:2171–2180. doi:10.1007/S00432-

015-1987-1 

142.  Rotondo JC, Borghi A, Selvatici R, Mazzoni E, Bononi I, Corazza M, Kussini J, 

Montinari E, Gafa R, Tognon M, et al. Association of retinoic acid receptor ß gene 

with onset and progression of lichen sclerosus-associated vulvar squamous cell 

carcinoma. JAMA Dermatology (2018) 154:819–823. 

doi:10.1001/jamadermatol.2018.1373 

143.  Paulson KG, Tegeder A, Willmes C, Iyer JG, Afanasiev OK, Schrama D, Koba S, 

Thibodeau R, Nagase K, Simonson WT, et al. Downregulation of MHC-I expression 

is prevalent but reversible in Merkel cell carcinoma. Cancer Immunol Res (2014) 

2:1071–9. doi:10.1158/2326-6066.CIR-14-0005 

144.  Krump NA, Liu W, You J. Mechanisms of persistence by small DNA tumor viruses. 

Curr Opin Virol (2018) 32:71–9. doi:10.1016/j.coviro.2018.09.002 

145.  Davies SI, Muranski P. T cell therapies for human polyomavirus diseases. 

Cytotherapy (2017) 19:1302–1316. doi:10.1016/j.jcyt.2017.08.011 

146.  White EA, Shanmugasundaram S, You J. “Manipulation of the Host Immune 

Response by Small DNA Tumor Viruses,” in (Humana Press, Cham), 261–297. 

doi:10.1007/978-3-030-04155-7_13 

147.  Ritter C, Fan K, Paulson KG, Nghiem P, Schrama D, Becker JC. Reversal of 

epigenetic silencing of MHC class i chain-related protein A and B improves immune 

recognition of Merkel cell carcinoma. Sci Rep (2016) 23:21678. 

doi:10.1038/srep21678 

148.  Ritter C, Fan K, Paschen A, Reker Hardrup S, Ferrone S, Nghiem P, Ugurel S, 

Schrama D, Becker JC. Epigenetic priming restores the HLA class-I antigen 

processing machinery expression in Merkel cell carcinoma. Sci Rep (2017) 7:2290. 



92 
 

doi:10.1038/s41598-017-02608-0 

149.  Song L, Bretz AC, Gravemeyer J, Spassova I, Muminova S, Gambichler T, Sriram 

A, Ferrone S, Becker JC. The HDAC Inhibitor Domatinostat Promotes Cell-Cycle 

Arrest, Induces Apoptosis, and Increases Immunogenicity of Merkel Cell 

Carcinoma Cells. J Invest Dermatol (2020) S0022-202X:32074–1. 

doi:10.1016/j.jid.2020.08.023 

150.  Han Y, Liu D, Li L. PD-1/PD-L1 pathway: current researches in cancer. Am J 

Cancer Res (2020) 10:727. 

151.  Terheyden P, Becker JC. New developments in the biology and the treatment of 

metastatic Merkel cell carcinoma. Curr Opin Oncol (2017) 29:221–226. 

doi:10.1097/CCO.0000000000000363 

152.  Ugurel S, Spassova I, Wohlfarth J, Drusio C, Cherouny A, Melior A, Sucker A, 

Zimmer L, Ritter C, Schadendorf D, et al. MHC class-I downregulation in PD-1/PD-

L1 inhibitor refractory Merkel cell carcinoma and its potential reversal by histone 

deacetylase inhibition: a case series. Cancer Immunol Immunother (2019) 68:983–

90. doi:10.1007/s00262-019-02341-9 

153.  Bobrowicz M, Zagozdzon R, Domagala J, Vasconcelos-Berg R, Guenova E, 

Winiarska M. Monoclonal antibodies in dermatooncology-state of the art and future 

perspectives. Cancers (Basel) (2019) 11: doi:10.3390/cancers11101420 

154.  Sengupta D, Kannan A, Kern M, Moreno MA, Vural E, Stack B, Suen JY, Tackett 

AJ, Gao L. Disruption of BRD4 at H3K27Ac-enriched enhancer region correlates 

with decreased c-Myc expression in Merkel cell carcinoma. Epigenetics (2015) 

10:460–6. doi:10.1080/15592294.2015.1034416 

155.  Cheng J, Park DE, Berrios C, White EA, Arora R, Yoon R, Branigan T, Xiao T, 

Westerling T, Federation A, et al. Merkel cell polyomavirus recruits MYCL to the 

EP400 complex to promote oncogenesis. PLoS Pathog (2017) 13:e1006668. 

doi:10.1371/journal.ppat.1006668 

156.  Harms PW, Verhaegen ME, Vo JN, Tien JC, Pratt D, Su F, Dhanasekaran SM, Cao 

X, Mangelberger D, VanGoor J, et al. Viral Status Predicts the Patterns of Genome 

Methylation and Decitabine Response in Merkel Cell Carcinoma. J Invest Dermatol 

(2021) doi:10.1016/J.JID.2021.07.173 

157.  Haag T, Richter AM, Schneider MB, Jiménez AP, Dammann RH. The dual 

specificity phosphatase 2 gene is hypermethylated in human cancer and regulated by 

epigenetic mechanisms. BMC Cancer (2016) 16: doi:10.1186/s12885-016-2087-6 

158.  Improta G, Ritter C, Pettinato A, Vasta V, Schrama D, Fraggetta F, Becker JC. 



93 
 

MGMT promoter methylation status in Merkel cell carcinoma: in vitro versus 

invivo. J Cancer Res Clin Oncol (2017) 143:1489–1497. doi:10.1007/s00432-017-

2413-7 

159.  Lassacher A, Heitzer E, Kerl H, Wolf P. p14ARF hypermethylation is common but 

INK4a-ARF locus or p53 mutations are rare in Merkel cell carcinoma. J Invest 

Dermatol (2008) 128:1788–1796. doi:10.1038/sj.jid.5701256 

160.  Ricci C, Morandi L, Righi A, Gibertoni D, Maletta F, Ambrosi F, Agostinelli C, 

Uccella S, Asioli S, Sessa F, et al. PD-1 (PDCD1) promoter methylation in Merkel 

cell carcinoma: prognostic relevance and relationship with clinico-pathological 

parameters. Mod Pathol (2019) 32:1359–1372. doi:10.1038/s41379-019-0261-5 

161.  Richter A, Haag T, Walesch S, Herrmann-Trost P, Marsch W, Kutzner H, Helmbold 

P, Dammann R. Aberrant Promoter Hypermethylation of RASSF Family Members 

in Merkel Cell Carcinoma. Cancers (Basel) (2013) 5:1566–1576. 

doi:10.3390/cancers5041566 

162.  Chteinberg E, Vogt J, Kolarova J, Bormann F, van den Oord J, Speel EJ, 

Winnepenninckx V, Kurz AK, Zenke M, Siebert R, et al. The curious case of 

Merkel cell carcinoma: epigenetic youth and lack of pluripotency. Epigenetics 

(2020) 15:1319–1324. doi:10.1080/15592294.2020.1773096 

163.  Stomper J, Rotondo JC, Greve G, Lübbert M. Hypomethylating agents (HMA) for 

the treatment of acute myeloid leukemia and myelodysplastic syndromes: 

mechanisms of resistance and novel HMA-based therapies. Leukemia (2021) In 

press: 

164.  Luker AJ, Graham LJ, Smith TM, Camarena C, Zellner MP, Gilmer JJS, Damle SR, 

Conrad DH, Bear HD, Martin RK. The DNA methyltransferase inhibitor, 

guadecitabine, targets tumor-induced myelopoiesis and recovers T cell activity to 

slow tumor growth in combination with adoptive immunotherapy in a mouse model 

of breast cancer. BMC Immunol (2020) 21: doi:10.1186/S12865-020-0337-5 

165.  Mazzoni E, Di Stefano M, Fiore JR, Destro F, Manfrini M, Rotondo JC, Casali M 

V., Vesce F, Greco P, Scutiero G, et al. Serum IgG antibodies from pregnant women 

reacting to mimotopes of simian virus 40 large T antigen, the viral oncoprotein. 

Front Immunol (2017) 8:411. doi:10.3389/fimmu.2017.00411 

166.  Rotondo JC, Oton-Gonzalez L, Selvatici R, Rizzo P, Pavasini R, Campo GC, 

Lanzillotti C, Mazziotta C, De Mattei M, Tognon M, et al. SERPINA1 Gene 

Promoter Is Differentially Methylated in Peripheral Blood Mononuclear Cells of 

Pregnant Women. Front Cell Dev Biol (2020) 8: doi:10.3389/fcell.2020.550543 



94 
 

167.  Tognon M, Tagliapietra A, Magagnoli F, Mazziotta C, Oton-Gonzalez L, Lanzillotti 

C, Vesce F, Contini C, Rotondo JC, Martini F, et al. Investigation on Spontaneous 

Abortion and Human Papillomavirus Infection. (2020). 

doi:doi.org/10.3390/vaccines8030473 

168.  Neu U, Hengel H, Blaum BS, Schowalter RM, Macejak D, Gilbert M, Wakarchuk 

WW, Imamura A, Ando H, Kiso M, et al. Structures of merkel cell polyomavirus 

VP1 complexes define a sialic acid binding site required for infection. PLoS Pathog 

(2012) 8:e1002738. doi:10.1371/journal.ppat.1002738 

169.  Mazziotta C, Lanzillotti C, Torreggiani E, Oton-Gonzalez L, Iaquinta MR, Mazzoni 

E, Gaboriaud P, Touzé A, Silvagni E, Govoni M, et al. Serum Antibodies Against 

the Oncogenic Merkel Cell Polyomavirus Detected by an Innovative Immunological 

Assay With Mimotopes in Healthy Subjects. Front Immunol (2021) 12: 

doi:10.3389/FIMMU.2021.676627 

170.  Mazziotta C, Lanzillotti C, Govoni M, Pellielo G, Mazzoni E, Tognon M, Martini F, 

Rotondo JC. Decreased IgG Antibody Response to Viral Protein Mimotopes of 

Oncogenic Merkel Cell Polyomavirus in Sera From Healthy Elderly Subjects. Front 

Immunol (2021) 12: doi:10.3389/FIMMU.2021.738486 

171.  Mazziotta C, Pellielo G, Tognon M, Martini F, Rotondo JC. Significantly Low 

Levels of IgG Antibodies Against Oncogenic Merkel Cell Polyomavirus in Sera 

From Females Affected by Spontaneous Abortion. Front Microbiol (2021) 12:3542. 

doi:10.3389/FMICB.2021.789991/BIBTEX 

172.  Mazzoni E, Frontini F, Rotondo JC, Zanotta N, Fioravanti A, Minelli F, Torreggiani 

E, Campisciano G, Marcuzzi A, Guerra G, et al. Antibodies reacting to mimotopes 

of Simian virus 40 large T antigen, the viral oncoprotein, in sera from children. J 

Cell Physiol (2019) 234:3170–3179. doi:10.1002/JCP.27490 

173.  Saraswati K, Phanichkrivalkosil M, Day NPJ, Blacksell SD. The validity of 

diagnostic cut-offs for commercial and in-house scrub typhus IgM and IgG ELISAs: 

A review of the evidence. PLoS Negl Trop Dis (2019) 13:e0007158. 

doi:10.1371/journal.pntd.0007158 

174.  Classen DC, Morningstar JM, Shanley JD. Detection of antibody to murine 

cytomegalovirus by enzyme-linked immunosorbent and indirect 

immunofluorescence assays. J Clin Microbiol (1987) 25:600–4. 

doi:10.1128/jcm.25.4.600-604.1987 

175.  Lardeux F, Torrico G, Aliaga C. Calculation of the ELISA’s cut-off based on the 

change-point analysis method for detection of Trypanosoma cruzi infection in 



95 
 

Bolivian dogs in the absence of controls. Mem Inst Oswaldo Cruz (2016) 111:501–

4. doi:10.1590/0074-02760160119 

176.  Meyer P. Crowther J.R., The ELISA guidebook, Methods in Molecular Biology, vol. 

149, Humana Press, 421 p.,. (2001). doi:10.1016/s0923-2508(00)01178-5 

177.  Teimouri A, Hossein M, Modarressi, Shojaee S, Mohebali M, Rezaian M, 

Keshavarz H. Development, optimization, and validation of an in-house dot-ELISA 

rapid test based on SAG1 and GRA7 proteins for serological detection of 

toxoplasma gondii infections. Infect Drug Resist (2019) doi:10.2147/IDR.S219281 

178.  Youden WJ. Index for rating diagnostic tests. Cancer (1950) doi:10.1002/1097-

0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3 

179.  Gardner IA, Greiner M. Receiver-operating characteristic curves and likelihood 

ratios: Improvements over traditional methods for the evaluation and application of 

veterinary clinical pathology tests. Vet Clin Pathol (2006) doi:10.1111/j.1939-

165X.2006.tb00082.x 

180.  Landis JR, Koch GG. The Measurement of Observer Agreement for Categorical 

Data. Biometrics (1977) doi:10.2307/2529310 

181.  Cabán-Hernández K, Gaudier JF, Ruiz-Jiménez C, Espino AM. Development of two 

antibody detection enzyme-linked immunosorbent assays for serodiagnosis of 

human chronic fascioliasis. J Clin Microbiol (2014) doi:10.1128/JCM.02875-13 

182.  Swets JA. Measuring the accuracy of diagnostic systems. Sci Sci (1988) 

doi:10.1126/science.3287615 

183.  Zweig MH, Campbell G. Receiver-operating characteristic (ROC) plots: A 

fundamental evaluation tool in clinical medicine. Clin Chem (1993) 39:561–77. 

doi:10.1093/clinchem/39.4.561 

184.  Rotondo JC, Oton-Gonzalez L, Mazziotta C, Lanzillotti C, Iaquinta MR, Tognon M, 

Martini F. Simultaneous detection and viral DNA load quantification of different 

human papillomavirus types in clinical specimens by the high analytical droplet 

digital PCR method. Front Microbiol (2020) 11:591452. 

doi:10.3389/fmicb.2020.591452 

185.  FDA F and DA. Bioanalytical Method Validation Guidance. Food Drug Adm (2018) 

186.  Ollier J, Kervarrec T, Samimi M, Benlalam H, Aumont P, Vivien R, Touzé A, 

Labarrière N, Vié H, Clémenceau B. Merkel cell carcinoma and cellular 

cytotoxicity: sensitivity to cellular lysis and screening for potential target antigens 

suitable for antibody-dependent cellular cytotoxicity. Cancer Immunol Immunother 

(2018) 67:1209–1219. doi:10.1007/S00262-018-2176-2/FIGURES/4 



96 
 

187.  Vincenzi F, Rotondo JC, Pasquini S, Di Virgilio F, Varani K, Tognon M. A 3 

Adenosine and P2X7 Purinergic Receptors as New Targets for an Innovative 

Pharmacological Therapy of Malignant Pleural Mesothelioma. Front Oncol (2021) 

11: doi:10.3389/FONC.2021.679285 

188.  Contini C, Rotondo JC, Magagnoli F, Maritati M, Seraceni S, Graziano A, Poggi A, 

Capucci R, Vesce F, Tognon M, et al. Investigation on silent bacterial infections in 

specimens from pregnant women affected by spontaneous miscarriage. J Cell 

Physiol (2018) 234:100–107. doi:10.1002/jcp.26952 

189.  Nakagawa S, Schielzeth H. Repeatability for Gaussian and non-Gaussian data: A 

practical guide for biologists. Biol Rev (2010) doi:10.1111/j.1469-

185X.2010.00141.x 

190.  Oton-Gonzalez L, Rotondo JC, Cerritelli L, Malagutti N, Lanzillotti C, Bononi I, 

Ciorba A, Bianchini C, Mazziotta C, De Mattei M, et al. Association between 

oncogenic human papillomavirus type 16 and Killian polyp. Infect Agent Cancer 

(2021) 16:3. doi:10.1186/s13027-020-00342-3 

191.  Iaquinta MR, Torreggiani E, Mazziotta C, Ruffini A, Sprio S, Tampieri A, Tognon 

M, Martini F, Mazzoni E. In vitro osteoinductivity assay of hydroxylapatite 

scaffolds, obtained with biomorphic transformation processes, assessed using human 

adipose stem cell cultures. Int J Mol Sci (2021) 22:7092. 

doi:10.3390/IJMS22137092/S1 

192.  Rotondo JC, Giari L, Guerranti C, Tognon M, Castaldelli G, Fano EA, Martini F. 

Environmental doses of perfluorooctanoic acid change the expression of genes in 

target tissues of common carp. Environ Toxicol Chem (2018) 37:942–948. 

doi:10.1002/etc.4029 

193.  Mazzoni E, Mazziotta C, Iaquinta MR, Lanzillotti C, Fortini F, D’Agostino A, 

Trevisiol L, Nocini R, Barbanti-Brodano G, Mescola A, et al. Enhanced Osteogenic 

Differentiation of Human Bone Marrow-Derived Mesenchymal Stem Cells by a 

Hybrid Hydroxylapatite/Collagen Scaffold. Front Cell Dev Biol (2021) 8:610570. 

doi:10.3389/fcell.2020.610570 

194.  Jin HT, Park SJ, Choi EK, Kim YS. The frequency of Merkel cell polyomavirus in 

whole blood from immunocompetent and immunosuppressed patients with kidney 

disease and healthy donors. Microb Pathog (2019) 131:75–80. 

doi:10.1016/j.micpath.2019.03.020 

195.  Martel-Jantin C, Filippone C, Tortevoye P, Afonso P V., Betsem E, Descorps-

Declere S, Nicol JTJ, Touzé A, Coursaget P, Crouzat M, et al. Molecular 



97 
 

epidemiology of merkel cell polyomavirus: Evidence for geographically related 

variant genotypes. J Clin Microbiol (2014) 52:1687–1690. doi:10.1128/JCM.02348-

13 

196.  Torres C, Barrios ME, Cammarata RV, Victoria M, Fernandez-Cassi X, Bofill-Mas 

S, Colina R, Blanco Fernández MD, Mbayed VA. Phylodynamics of Merkel-cell 

polyomavirus and human polyomavirus 6: A long-term history with humans. Mol 

Phylogenet Evol (2018) 126:210–220. doi:10.1016/j.ympev.2018.04.025 

197.  Fleury MJJ, Nicol JTJ, Samimi M, Arnold F, Cazal R, Ballaire R, Mercey O, 

Gonneville H, Combelas N, Vautherot JF, et al. Identification of the neutralizing 

epitopes of Merkel cell polyomavirus major capsid protein within the BC and EF 

surface loops. PLoS One (2015) 26:e0121751. doi:10.1371/journal.pone.0121751 

198.  Mazzoni E, Pellegrinelli E, Mazziotta C, Lanzillotti C, Rotondo JC, Bononi I, 

Iaquinta MR, Manfrini M, Fortunato V, Mauro T, et al. Mother-to-child 

transmission of oncogenic polyomaviruses BKPyV, JCPyV and SV40. J Infect 

(2020) 163:91–98. doi:10.1016/j.jinf.2020.02.006 

199.  Domańska-Blicharz K, Tyborowska J, Sajewicz-Krukowska J, Olszewska-Tomczyk 

M, Rąbalski, Kucharczyk K, Szewczyk B, Śmietanka K. Development of a 

recombinant NP protein based indirect ELISA for the detection of antibodies against 

Newcastle disease virus and differentiation of infected or recombinant vaccine 

immunized chickens. Pol J Vet Sci (2019) 22:531–40. 

doi:10.24425/pjvs.2019.129961 

200.  Tankaew P, Singh-La T, Titaram C, Punyapornwittaya V, Vongchan P, Sawada T, 

Sthitmatee N. Evaluation of an In-house indirect ELISA for detection of antibody 

against haemorrhagic septicemia in Asian elephants. J Microbiol Methods (2017) 

doi:10.1016/j.mimet.2017.01.008 

201.  Altman D. Practical statistics for medical research. Chapman and Hall, London, 

1991. (1991). doi:10.1002/sim.4780101015 

202.  Ruopp MD, Perkins NJ, Whitcomb BW, Schisterman EF. Youden Index and 

optimal cut-point estimated from observations affected by a lower limit of detection. 

Biometrical J (2008) 50:419–30. doi:10.1002/bimj.200710415 

203.  Iversen L, Jensen AL, Høier R, Skydsgaard M, Kristensen F. Development and 

validation of an improved enzyme-linked immunosorbent assay for the detection of 

thyroglobulin autoantibodies in canine serum samples. Domest Anim Endocrinol 

(1998) 15:525–36. doi:10.1016/S0739-7240(98)00040-X 

204.  Chandra S, Zheng Y, Pandya S, Yu T, Kearney M, Wang L, Kim R, Phatak H. Real-



98 
 

world outcomes among US Merkel cell carcinoma patients initiating immune 

checkpoint inhibitors or chemotherapy. Futur Oncol (2020) doi:10.2217/fon-2020-

0453 

205.  Huth SP, Relford R, Steiner JM, Strong-Townsend MI, Williams DA. ORIGINAL 

RESEARCH: Analytical validation of an ELISA for measurement of canine 

pancreas-specific lipase. Vet Clin Pathol (2010) 39:346–53. doi:10.1111/j.1939-

165X.2010.00245.x 

206.  Thomsson O, Ström-Holst B, Sjunnesson Y, Bergqvist AS. Validation of an 

enzyme-linked immunosorbent assay developed for measuring cortisol 

concentration in human saliva and serum for its applicability to analyze cortisol in 

pig saliva. Acta Vet Scand (2014) doi:10.1186/s13028-014-0055-1 

207.  Bhadricha H, Khatkhatay MI, Desai M. Development of an in house ELISA for 

human intact osteocalcin and its utility in diagnosis and management of 

osteoporosis. Clin Chim Acta (2019) 489:117–123. doi:10.1016/j.cca.2018.12.007 

208.  Cambron P, Jacquet JM, Hoet B, Lievens M. Development and technical and 

clinical validation of a quantitative enzyme-linked immunosorbent assay for the 

detection of human antibodies to hepatitis B surface antigen in recipients of 

recombinant hepatitis B virus vaccine. Clin Vaccine Immunol (2009) 16:1236–46. 

doi:10.1128/CVI.00431-08 

209.  Hosamani M, Basagoudanavar SH, Tamil Selvan RP, Das V, Ngangom P, 

Sreenivasa BP, Hegde R, Venkataramanan R. A multi-species indirect ELISA for 

detection of non-structural protein 3ABC specific antibodies to foot-and-mouth 

disease virus. Arch Virol (2015) 160:937–44. doi:10.1007/s00705-015-2339-9 

210.  Dehus O, Zimmer J, Döring S, Führer F, Hanschmann KM, Holzhauser T, Neske F, 

Strecker D, Trösemeier JH, Vieths S, et al. Development and in-house validation of 

an allergen-specific ELISA for quantification of Bet v 4 in diagnostic and 

therapeutic birch allergen products. Anal Bioanal Chem (2015) 407:1673-. 

doi:10.1007/s00216-014-8418-z 

211.  Hock BD, Stamp LK, Hayman MW, Keating PE, Helms ETJ, Barclay ML. 

Development of an ELISA-Based Competitive Binding Assay for the Analysis of 

Drug Concentration and Antidrug Antibody Levels in Patients Receiving 

Adalimumab or Infliximab. Ther Drug Monit (2016) 53:606–10. 

doi:10.1097/FTD.0000000000000229 

212.  Leeming DJ, Willumsen N, Sand JMB, Holm Nielsen S, Dasgupta B, Brodmerkel 

C, Curran M, Bager CL, Karsdal MA. A serological marker of the N-terminal 



99 
 

neoepitope generated during LOXL2 maturation is elevated in patients with cancer 

or idiopathic pulmonary fibrosis. Biochem Biophys Reports (2019) 17:38–43. 

doi:10.1016/j.bbrep.2018.11.002 

213.  Chen T, Hedman L, Mattila PS, Jartti T, Ruuskanen O, Söderlund-Venermo M, 

Hedman K. Serological evidence of Merkel cell polyomavirus primary infections in 

childhood. J Clin Virol (2011) 50:125–9. doi:10.1016/j.jcv.2010.10.015 

214.  Vahabpour R, Aghasadeghi MR, Salehi-Vaziri M, Mohajel N, Keyvani H, Nasimi 

M, Esghaei M, Monavari SH. Prevalence of Merkel cell polyomavirus in Tehran: 

An age-specific serological study. Iran Red Crescent Med J (2016) 18:e26097. 

doi:10.5812/ircmj.26097 

215.  Chen T, Tanner L, Simell V, Hedman L, Mäkinen M, Sadeghi M, Veijola R, Hyöty 

H, Ilonen J, Knip M, et al. Diagnostic methods for and clinical pictures of 

polyomavirus primary infections in children, Finland. Emerg Infect Dis (2014) 

20:689–692. doi:10.3201/EID2004.131015 

216.  Šroller V, Hamšíková E, Ludvíková V, Vochozková P, Kojzarová M, Fraiberk M, 

Saláková M, Morávková A, Forstová J, Němečková Š, et al. Seroprevalence rates of 

BKV, JCV, and MCPyV polyomaviruses in the general czech republic population. J 

Med Virol (2014) 86:1560–1568. doi:10.1002/jmv.23841 

217.  Kamminga S, Van Der Meijden E, Feltkamp MCW, Zaaijer HL. Seroprevalence of 

fourteen human polyomaviruses determined in blood donors. PLoS One (2018) 13: 

doi:10.1371/journal.pone.0206273 

218.  Sourvinos G, Mammas IN, Spandidos DA. Merkel cell polyomavirus infection in 

childhood: current advances and perspectives. Arch Virol (2015) 160:887–892. 

doi:10.1007/S00705-015-2343-0 

219.  Zhang L, Lai M, Ai T, Liao H, Huang Y, Zhang Y, Liu Y, Wang L, Hu J. Analysis 

of mycoplasma pneumoniae infection among children with respiratory tract 

infections in hospital in Chengdu from 2014 to 2020. Transl Pediatr (2021) 10:990–

997. doi:10.21037/TP-21-139 

220.  Zaki A. Primary Epstein-Barr Virus Infection in Healthy Children in Saudi Arabia: 

A Single Hospital-Based Study. J Trop Pediatr (2021) 67: 

doi:10.1093/TROPEJ/FMAA121 

221.  Goh S, Lindau C, Tiveljung-Lindell A, Allander T. Merkel cell polyomavirus in 

respiratory tract secretions. Emerg Infect Dis (2009) 15:489–491. 

doi:10.3201/EID1503.081206 

222.  Abedi Kiasari B, Vallely PJ, Klapper PE. Merkel cell polyomavirus DNA in 



100 
 

immunocompetent and immunocompromised patients with respiratory disease. J 

Med Virol (2011) 83:2220–2224. doi:10.1002/JMV.22222 

223.  Kantola K, Sadeghi M, Lahtinen A, Koskenvuo M, Aaltonen LM, Möttönen M, 

Rahiala J, Saarinen-Pihkala U, Riikonen P, Jartti T, et al. Merkel cell polyomavirus 

DNA in tumor-free tonsillar tissues and upper respiratory tract samples: implications 

for respiratory transmission and latency. J Clin Virol (2009) 45:292–295. 

doi:10.1016/J.JCV.2009.04.008 

224.  Zhou X, Nakashima K, Ito M, Zhang X, Sakai S, Feng C, Sun H, Chen H, Li TC, 

Suzuki T. Prevalence and viral loads of polyomaviruses BKPyV, JCPyV, MCPyV, 

TSPyV and NJPyV and hepatitis viruses HBV, HCV and HEV in HIV-infected 

patients in China. Sci Rep (2020) doi:10.1038/s41598-020-74244-0 

225.  Simon AK, Hollander GA, McMichael A. Evolution of the immune system in 

humans from infancy to old age. Proc R Soc B Biol Sci (2015) 282:20143085. 

doi:10.1098/rspb.2014.3085 

226.  Mertz KD, Junt T, Schmid M, Pfaltz M, Kempf W. Inflammatory monocytes are a 

reservoir for merkel cell polyomavirus. J Invest Dermatol (2010) 130:1146–51. 

doi:10.1038/jid.2009.392 

227.  Lunn RM, Jahnke GD, Rabkin CS. Tumour virus epidemiology. Philos Trans R Soc 

B Biol Sci (2017) 372: doi:10.1098/rstb.2016.0266 

228.  Hazeldine J, Lord JM. Immunesenescence: A Predisposing Risk Factor for the 

Development of COVID-19? Front Immunol (2020) 11:573662. 

doi:10.3389/fimmu.2020.573662 

229.  Hashida Y, Kamioka M, Tanaka M, Hosokawa S, Murakami M, Nakajima K, 

Kikuchi H, Fujieda M, Sano S, Daibata M. Ecology of merkel cell polyomavirus in 

healthy skin among individuals in an asian cohort. J Infect Dis (2016) 213:1708–

1716. doi:10.1093/infdis/jiw040 

230.  Prezioso C, Lella FM Di, Rodio DM, Bitossi C, Trancassini M, Mele A, De Vito C, 

Antonelli G, Pietropaolo V. Merkel cell polyomavirus dna detection in respiratory 

samples: Study of a cohort of patients affected by cystic fibrosis. Viruses (2019) 11: 

doi:10.3390/v11060571 

231.  Tabachnick-Cherny S, Pulliam T, Church C, Koelle DM, Nghiem P. Polyomavirus-

driven Merkel cell carcinoma: Prospects for therapeutic vaccine development. Mol 

Carcinog (2020) 59:807–821. doi:10.1002/mc.23190 

232.  Samimi M. Immune Checkpoint Inhibitors and Beyond: An Overview of Immune-

Based Therapies in Merkel Cell Carcinoma. Am J Clin Dermatol (2019) 20:391–



101 
 

407. doi:10.1007/s40257-019-00427-9 

233.  Goldstein RH, DeCaprio JA. “Merkel cell carcinoma in the HIV-1/AIDS patient,” in 

Cancer Treatment and Research (Springer International Publishing), 211–229. 

doi:10.1007/978-3-030-03502-0_8 

234.  Xia YJ, Cao DS, Zhao J, Zhu BZ, Xie J. Clinical Features and Prognosis of Merkel 

Cell Carcinoma in Elderly Patients. Med Sci Monit (2020) 26:e924570-1. 

doi:10.12659/MSM.924570 

235.  Fan H, Dong G, Zhao G, Liu F, Yao G, Zhu Y, Hou Y. Gender differences of B cell 

signature in healthy subjects underlie disparities in incidence and course of SLE 

related to estrogen. J Immunol Res (2014) 2014:1–17. doi:10.1155/2014/814598 

236.  Heli K, Böhling T, Koljonen V, Tukiainen E, Haglund C, Pokhrel A, Sankila R, 

Pukkala E. Merkel cell carcinoma - a population-based epidemiological study in 

Finland with a clinical series of 181 cases. Eur J Cancer (2012) 48:737–42. 

237.  Markku Miettinen. Chapter 29 - Merkel cell carcinoma and metastatic and 

sarcomatoid carcinomas involving soft tissue. (2016). 

238.  Agelli M, Clegg LX, M A, LX C. Epidemiology of primary Merkel cell carcinoma 

in the United States. J Am Acad Dermatol (2003) 49:832–841. doi:10.1016/S0190-

9622(03)02108-X 

239.  Stang A, Becker J, Nghiem P, Ferlay J. The association between geographic location 

and incidence of Merkel cell carcinoma in comparison to melanoma: An 

international assessment. Eur J Cancer (2018) 94:47–60. 

doi:10.1016/J.EJCA.2018.02.003 

240.  Kieny A, Cribier B, Meyer N, Velten M, Jégu J, Lipsker D. Epidemiology of Merkel 

cell carcinoma. A population-based study from 1985 to 2013, in northeastern of 

France. Int J cancer (2019) 144:741–745. doi:10.1002/IJC.31860 

241.  Del Marmol V, Lebbé C. New perspectives in Merkel cell carcinoma. Curr Opin 

Oncol (2019) 31:72–83. doi:10.1097/CCO.0000000000000508 

242.  Tognon M, Corallini A, Manfrini M, Taronna A, Butel JS, Pietrobon S, Trevisiol L, 

Bononi I, Vaccher E, Barbanti-Brodano G, et al. Specific Antibodies Reacting with 

SV40 Large T Antigen Mimotopes in Serum Samples of Healthy Subjects. PLoS 

One (2016) 11:e0145720. doi:10.1371/JOURNAL.PONE.0145720 

243.  Nakamura M, Morita A. Immune activity in Merkel cell carcinoma. J Dermatol 

(2022) 49:68–74. doi:10.1111/1346-8138.16232 

244.  Tang XH, Gudas LJ. Retinoids, Retinoic Acid Receptors, and Cancer. 

http://dx.doi.org/101146/annurev-pathol-011110-130303 (2011) 6:345–364. 



102 
 

doi:10.1146/ANNUREV-PATHOL-011110-130303 

245.  Xu XC. Tumor-suppressive activity of retinoic acid receptor-β in cancer. (2007) 

253: doi:10.1016/J.CANLET.2006.11.019 

246.  Mirza N, Fishman M, Fricke I, Dunn M, Neuger AM, Frost TJ, Lush RM, Antonia 

S, Gabrilovich DI, Lee H. All-trans-retinoic acid improves differentiation of 

myeloid cells and immune response in cancer patients 1. 

247.  Ye L, Zhang L, Li R, Zhu G. Preliminary results of the efficacy and safety of all-

trans retinoic acid combined with low-dose apatinib in the treatment of patients with 

recurrent/metastatic adenoid cystic carcinoma of the head and neck. 

https://doi.org/101200/JCO20213915_suppl6026 (2021) 39:6026–6026. 

doi:10.1200/JCO.2021.39.15_SUPPL.6026 

248.  Nunes SP, Henrique R, Jerónimo C, Paramio JM. DNA Methylation as a 

Therapeutic Target for Bladder Cancer. Cells 2020, Vol 9, Page 1850 (2020) 

9:1850. doi:10.3390/CELLS9081850 

249.  Steele N, Finn P, Brown R, Plumb JA. Combined inhibition of DNA methylation 

and histone acetylation enhances gene re-expression and drug sensitivity in vivo. Br 

J Cancer 2009 1005 (2009) 100:758–763. doi:10.1038/sj.bjc.6604932 

250.  Bohl SR, Bullinger L, Rücker FG. Epigenetic therapy: azacytidine and decitabine in 

acute myeloid leukemia. Expert Rev Hematol (2018) 11:361–71. 

doi:10.1080/17474086.2018.1453802 

251.  Mazziotta C, Lanzillotti C, Gafà R, Touzé A, Durand M-A, Martini F, Rotondo JC. 

The role of histone post-translational modifications in Merkel cell carcinoma. Front 

Oncol (2022) 0:578. doi:10.3389/FONC.2022.832047 

252.  Rationalizing combination therapies. Nat Med 2017 2310 (2017) 23:1113–1113. 

doi:10.1038/nm.4426 

253.  Dubois M, Abi Rached H, Escande A, Dezoteux F, Darloy F, Jouin A, Kyheng M, 

Labreuche J, Dziwniel V, Mirabel X, et al. Outcome of early stage Merkel 

carcinoma treated by exclusive radiation: a study of 53 patients. Radiat Oncol 

(2021) 16:90. doi:10.1186/s13014-021-01815-4 

254.  Young CS, Clarke KM, Kettyle LM, Thompson A, Mills KI, Young CS, Clarke 

KM, Kettyle LM, Thompson A, Mills KI. Decitabine-Vorinostat combination 

treatment in acute myeloid leukemia activates pathways with potential for novel 

triple therapy. Oncotarget (2017) 8:51429–51446. 

doi:10.18632/ONCOTARGET.18009 

255.  Ungerstedt JS. Epigenetic Modifiers in Myeloid Malignancies: The Role of Histone 



103 
 

Deacetylase Inhibitors. Int J Mol Sci 2018, Vol 19, Page 3091 (2018) 19:3091. 

doi:10.3390/IJMS19103091 

256.  J V, Santini V, Lübbert M, Wierzbowska A, Ossenkoppele GJ, Ther A. The Clinical 

Value of Decitabine Monotherapy in Patients with Acute Myeloid Leukemia. Adv 

Ther 2021 (2021)1–15. doi:10.1007/S12325-021-01948-8 

257.  Wong CC, Cheng KW, Rigas B. Preclinical predictors of anticancer drug efficacy: 

critical assessment with emphasis on whether nanomolar potency should be required 

of candidate agents. J Pharmacol Exp Ther (2012) 341:572–578. 

doi:10.1124/JPET.112.191957 

 

 

 

 

 

 

  



104 
 

 

 

 

 

 

7.  Scientific contribution 
  



105 
 

During my PhD studies I have contributed to the publication of the following research 

articles: 

 

1. Mazziotta C, Lanzillotti C, Pellielo G, Tognon M, Martini F and Rotondo JC. Significantly low 

levels of IgG antibodies against oncogenic Merkel cell polyomavirus in sera from females 

affected by spontaneous abortion. Frontiers in Microbiology. doi: 10.3389/fmicb.2021.789991. 

IF= 5.640. 

2. Mazziotta C, Lanzillotti C, Govoni M, Pellielo G, Mazzoni E, Tognon M, Martini F, Rotondo 

JC. Decreased prevalence of IgG antibodies reacting to viral protein mimotopes of oncogenic 

Merkel cell polyomavirus in sera from healthy elderly subjects. Frontiers in Immunology, Viral 

Immunology. 2021. doi: 10.3389/fimmu.2021.738486. IF=6.429 

3. Iaquinta MR, Torreggiani E, Mazziotta C, Ruffini A, Sprio S, Tampieri A, Tognon M, Martini 

F, Mazzoni E. In vitro osteoinductivity of hydroxylapatite scaffolds obtained with biomorphic 

transformation processes, assessed using human adipose stem cell cultures. Int J Mol Sci. doi: 

10.3390/ijms22137092. IF= 5.923 

4. Mazziotta C, Lanzillotti C, Torreggiani E, Oton-Gonzalez L, Iaquinta MR, Mazzoni E, 

Gaboriaud P, Touzé A, Silvagni E, Govoni M, Martini F, Tognon M, Rotondo JC. Serum 

antibodies against the oncogenic Merkel Cell Polyomavirus detected by an innovative 

immunological assay with mimotopes in healthy subjects. Frontiers in Immunology. 2021. 

doi.org/10.3389/fimmu.2021.676627. Immunology 38/158 Q1. IF=7.561. 

5. Oton-Gonzalez L, Rotondo JC, Cerritelli L, Malagutti N, Lanzillotti C, Bononi I, Ciorba A, 

Bianchini C, Mazziotta C, De Mattei M, Pelucchi S, Tognon M, Martini F. Association between 

HPV infection and Killian polyp. Infectious Agents and Cancer, Vol. 16, No. 1, pp: 1-9, 2021. 

doi.org/10.1186/s13027-020-00342-3. IF=2.965. 

6. Mazzoni E, Mazziotta C, Iaquinta MR, Lanzillotti C, D’Agostino A, Trevisiol L, Tognon M, 

Martini F. Enhanced Osteogenic Differentiation of Human Bone Marrow-Derived 

Mesenchymal Stem Cells by a Hybrid Hydroxylapatite/Collagen Scaffold. Frontiers Cell and 

Developmental Biology, Vol. 8, No. 1, pp: 610570-610570, 2021. doi:10.3389/fcell.2020.610570. 

IF=6.684. 

7. Rotondo JC*, Oton-Gonzalez L*, Mazziotta C*, Lanzillotti C, Iaquinta MR, Tognon M, Martini 

F. Simultaneous detection and viral DNA load quantification of different Human 

Papillomavirus types in clinical specimens by the high analytical droplet digital PCR method. 

Frontiers in Microbiology, Vol. 11, pp: 1-14, 2020. doi: 10.3389/fmicb.2020.591452. IF= 5.640. 

*Co-first authors. 

8. Rotondo JC, Oton-Gonzalez L, Selvatici R, Rizzo P, Pavasini R, Campo GC, Lanzillotti C, 

Mazziotta C, De Mattei M, Tognon M, Martini F. SERPINA1 gene promoter is differentially 

methylated in peripheral blood mononuclear cells of pregnant women. Frontiers in Cell and 

Developmental biology, Vol. 8, No. 1, 2020. doi: 10.3389/fcell.2020.550543. IF=6.684. 

9. Tognon M, Tagliapietra A, Magagnoli F, Mazziotta C, Oton-Gonzalez L, Lanzillotti C, Contini 

C, Vesce F, Rotondo JC, Martini F. Investigation on spontaneous abortion and Human 

Papillomavirus infection. Vaccines, Vol. 8, No. 3, pp: 1-14, 2020. doi: 

10.3390/vaccines8030473. IF=4.422. 

10. Mazzoni E, Pellegrinelli E, Mazziotta C, Lanzillotti C, Rotondo JC, Bononi I, Iaquinta MR, 

Manfrini M, Vesce F, Tognon M, Martini F. Mother-to-child transmission of oncogenic 

polyomaviruses BKPyV, JCPyV and SV40. Journal of Infection, Vol. 80, No. 5, pp: 563-570, 

2020. doi: 10.1016/j.jinf.2020.02.006. IF=6.072. 

 



106 
 

During my PhD studies I have contributed to the publication of the following reviews:  

11. Mazziotta C, Lanzillotti C, Gafà R, Touzé A, Durand MA, Martini F, Rotondo JC. The role of 

histone post-translational modifications in Merkel cell carcinoma. Front. Oncol. 2022. doi: 

10.3389/fonc.2022.832047. IF= 6.244  

12. Oton-Gonzalez L, Mazziotta C, Iaquinta MR, Mazzoni E, Nocini R, Trevisiol L, D'Agostino A, 

Tognon M, Rotondo JC, Martini F. Genetics and Epigenetics of Bone Remodeling and 

Metabolic Bone Diseases. International journal of Molecular Sciences. 2022. doi: 

10.3390/ijms23031500. IF= 6.684. 

13. Rotondo JC, Mazziotta C, Lanzillotti C, Tognon M, Martini F. Epigenetic dysregulations in 

Merkel cell polyomavirus-driven Merkel cell carcinoma. International journal of Molecular 

Sciences, 2021. doi: 10.3390/ijms222111464. IF= 5.923. 

14. Mazziotta C, Rotondo JC, Lanzillotti C, Campione G, Martini F and Tognon M. Cancer biology 

and molecular genetics of A3 adenosine receptor. Oncogene. 2021. doi: 10.1038/s41388-021-

02090-z. IF= 9.867 

15. Rotondo JC, Martini F, Maritati M, Mazziotta C, Di Mauro G, Lanzillotti C, Barp N, Gallerani 

A, Tognon M, Contini C. SARS-CoV-2 infection: new molecular, phylogenetic, and 

pathogenetic insights. Safety of current vaccines and the potential risk of variants. Viruses 

2021, 13(9). doi.org/10.3390/v13091687. IF=5.048 

16. Rotondo JC, Lanzillotti C, Mazziotta C, Tognon M, Martini F. Epigenetics of male infertility: 

the role of DNA methylation. Frontiers in Cell and Developmental biology. 2021. doi: 

10.3389/fcell.2021.689624. IF= 6.684. 

17. Iaquinta MR*, Lanzillotti C*, Mazziotta C*, Bononi I, Frontini F, Mazzoni E, Oton-Gonzalez L, 

Rotondo JC, Torreggiani E, Tognon M, Martini F. The role of microRNAs in the osteogenic and 

chondrogenic differentiation of mesenchymal stem cells and bone pathologies. Theranostics, 

Vol. 11, No. 13, 2021. doi:10.7150/thno.55664. IF= 11.556. *Co-first authors. 

 

18. Lanzillotti C, De Mattei M, Mazziotta C, Taraballi F, Rotondo JC, Tognon M, Martini F. Long 

non- coding RNAs and microRNAs interplay in osteogenic differentiation of mesenchymal stem 

cells.  Frontiers in Cell and Developmental biology, 2021. doi: 10.3389/fcell.2021.646032. IF= 

6.684. 

19. Mazziotta C*, Lanzillotti C*, Iaquinta MR*, Taraballi F, Torreggiani E, Rotondo JC, Oton-

Gonzalez L, Mazzoni E, Frontini F, Bononi I, De Mattei M, Tognon M, Martini F. MicroRNAs 

regulate signaling pathways in osteogenic differentiation of mesenchymal stem cells. 

International journal of Molecular Sciences, Vol. 22, No. 5, 2021. doi: 10.3390/ijms22052362. 

IF= 5.923. *Co-first authors. 

20. Mazzoni E, Iaquinta MR, Lanzillotti C, Mazziotta C, Maritati M, Montesi M, Sprio S, Tampieri 

A, Tognon M, Martini F. Bioactive materials for soft tissue repair. Frontiers Bioengineering and 

Biotechnology, Vol. 9, No. 1, pp: 1-17, 2021. doi: 10.3389/fbioe.2021.613787. IF= 5.890. 

21. Iaquinta MR, Mazzoni E, Bononi I, Rotondo JC, Mazziotta C, Montesi M, Sprio S, Tampieri A, 

Tognon M, Martini F. Adult Stem Cells for Bone Regeneration and Repair. Front Cell Dev Biol. 

2019 Nov 12;7:268. doi: 10.3389/fcell.2019.00268. IF=6.684. 

 


