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INTRODUCTION

. Merkel cell carcinoma

1. Historical perspectives and current definition
In 1878, Friedrich Sigmund Merkel, a German anatomist and histopathologist, identified a new
cell type located on the basal layer of the epidermis (Figure 1) (Halata et al. 2003). These so-
called Merkel cells (MCs) are more frequently observed in acral skin and are often located in
contact with the terminal part of dermal nerve fibers. Electronic microscopy studies later
confirmed the close contact between these MCs and small nerve endings (Halata et al. 2003),
suggesting a mechanoreceptor function. In addition, ultrastructural detection of neuro-
secretory granules in MCs cytoplasm linked these cells to the disseminated endocrine system

(Halata et al. 2003).

In 1972, Toker reported five observations of "trabecular carcinomas" of the skin (Figure 1)
(Toker 1972). This new tumor entity was characterized by nests of tumor cells, located in the
deepeer parts of the skin (dermis or subcutis), without connection to the overlying epidermis.
Although, based on morphology, Toker initially postulated an adnexal origin of this tumor, the
ultrastructural study performed in 1978 by the same group revealed the presence of
neurosecretory granules (Figure 1) (Tang and Toker 1978). Consequently, the authors to
hypothesize that trabecular carcinoma of the skin derives from MCs and accordingly the name

of this entity was changed into "Merkel cell carcinoma" (MCC).

Currently, MCC is defined in the updated World Health Organization (WHQO) classification of
the skin tumors (WHO 2018) as “the eponymous name for primary neuroendocrine carcinoma
of the skin”. Interestingly, although, the MCC chapter is now included in the epidermal tumors
part, the authors stated that “the cell of origin of MCC is unknown, the assumption that MCC
derives from normal MC is now in doubt and alternative histogenetic contenders include
cutaneous stem cells, pro/pre-B cells and either cancer stem cells or lineage specific cancer

stem cells capable of neometaplasia”.



Figure 1. Historical description of Merkel cells and Merkel cell Carcinoma. a: portrait of
Friedrich Sigmund Merkel; b: initial draft of MCs by Friedrich Sigmund Merkel (adapted from
Halata. 2003); c-d: microscopic and ultrastructural features of « trabecular carcinoma of the
skin (adapted from Tang and Toker. 1978): microscopic examination of trabecular carcinoma
of the skin (c) revealed a diffuse proliferation of tumor cells with high nucleocytoplasmic ratio.
Ultrastructural investigation revealed in tumor cells the presence of dense core granule, a
hallmark of MCs in the skin.



2. Epidemiology

Due to the rarity of MCC and the lack of a large international registry, the MCC incidence rate
is difficult to evaluate (Schadendorf et al. 2017). Around 1600 new cases are diagnosed each
years in the United States (Paulson et al. 2018) and estimated incidence rates of 0.70 and 0.17-
0.30 cases/100 000 persons/years have been reported in the United States (Fitzgerald et al.
2015) and in European populations (Eisemann et al. 2014; Kieny et al. 2019), respectively.
Although rare, most of the recent publications revealed a dramatic increase in MCC incidence
over the two last decades (Schadendorf et al. 2017).

MCC arises mostly in elderly, with a median age at diagnosis of 75 years and less than 5% of
the patients are diagnosed before 50 years of age (Albores-Saavedra et al. 2010). Of note,
exceptional pediatric cases have been reported (Koksal et al. 2009). In addition, MCC
predominantly occurs in white peoples; about 95% of the cases (Albores-Saavedra et al. 2010),
and a slight male predominance has been observed (Schadendorf et al. 2017).
Immunosuppression including hematologic malignancies, organ transplants, autoimmune
diseases and HIV infection appears to be associated with an increased risk of MCC (Asgari et
al. 2014; Cook et al. 2019). Indeed, a ten-fold increased incidence is observed in HIV patients
(Engels et al. 2002) and patients with chronic lymphoid leukemia further have a 30-fold risk of
developing MCC (Cook et al. 2019; Heath et al. 2008). Of note, poor outcome has been
reported in such immunocompromised patients (Cook et al. 2019; Paulson et al. 2013). An
additional risk factor is sun exposure, a conclusion supported by predominance of MCC in sun
exposed areas (about 80% of the cases (Heath et al. 2008)) and by the higher MCC incidence
rate observed in high UV-index countries such as Australia (reported incidence rate: 1.6 cases/

100 000 persons/years (Youlden et al. 2014)).

3. Clinical features
MCC mostly appears as a fast growing, painless solitary nodule, almost always without
epidermal alterations (Figure 2). Clinical features of MCC have been summarized in the AEIOU
criteria (Heath et al. 2008): Asymptomatic, Expanding rapidly (< 3 months),
Immunosuppression, Older than 50 years, UV exposed site. However, although 89% of MCC
cases fulfill at least three of these criteria, the clinical presentation is actually quite unspecific
and based only on physical examination, MCC cases are frequently misdiagnosed as benign

skin tumor or cyst (Heath et al. 2008). While MCC arise preferentially in sun exposed area



especially head and neck (Heath et al. 2008; Schadendorf et al. 2017), these tumors can also
be observed in any skin location. Moreover, MCC arising on mucosae (Islam et al. 2018; Lewis
et al. 2010) or appearing as lymph node metastasis without skin primary tumors (de Biase et
al. 2012; Pan et al. 2014) have been reported. At diagnosis, median tumor size is around 2 cm
but can vary from 0.1 to more than 7 cm (lyer et al. 2014). Use of dermoscopy has been
proposed (Dalle et al. 2012; Harting et al. 2012; Jalilian et al. 2013) and might contribute to
the diagnosis of cutaneous tumors which in any case has anyway to be confirmed by
microscopic examination. Paraneoplastic syndromes seem to be exceptionally associated with
MCC and only few published cases reported Myasthenia/Lambert-Eaton syndrome as well as

hyponatremia (lyer et al. 2016; Nguyen et al. 2019).

Figure 2. Clinical features of MCC tumors. An MCC tumor arising in the face in a 87-years old
woman is depicted. MCC tumors frequently develop in sun exposed area and appear as fast-
growing nodule lacking specific clinical features (adapted from Samimi. 2015).

4. Histology

a. Tumor classification

Tumor classification system is based on the phenotypic similarities between tumor cells and
the healthy tissues and according to Boyd : “Rare cancers, have historically been divided into
two groups: cancers defined by their unusual histogenesis (cell of origin or differentiation

state)—including chordomas or adult granulosa cell tumours—and histologically defined



subtypes of common cancers” (Boyd et al. 2016). In this context, although the initial
assumption that MCC derives from MCs would fit with the first category, the current WHO
definition defining MCC as a primary neuroendocrine carcinoma of the skin clearly belongs to

the second category.

n

Indeed “neuro”-“endocrine” differentiation, defining a subgroup of human cancers, is a
complex concept referring to the phenotypic similarities of tumor cells with the physiological
disseminated neuroendocrine system. Although endocrine organs have been identified for a
long time, the concept of neuroendocrinology arose at the beginning of the 20th century
based on the observation of the pancreas and digestive tissues. In 1902, Bayliss and Starling
identified in the digestive tract a first human hormone they called “secretin” suggesting that
this organ harbors endocrine secretion properties (Vinik 2000). Subsequently, based on the
tinctorial affinities of endocrine cells for silver and chromium, a new population of so-called
enterochromaffin cells or Kulchitsky cells or “Helle Zellen” (clear cells) were described as
disseminated elements in digestive tissues and pancreas (Champaneria et al. 2006; Modlin et
al. 2006). In 1938, based on i) morphologic and histochemical characterizations of these “clear
cells”, ii) their comparison with hypothalamus and adrenal glands, iii) the proof of a chemical
transmission by nerves, Feyrter and Masson proposed that these “clear cells” derived from
the nervous system. Subsequently, they introduced the concept of a diffuse integrated
neuroendocrine network contributing to the regulation of intestinal tissue network
(Champaneria et al. 2006; Feyrter 1938). In line with this hypothesis, Pearse later
demonstrated that a group of previously unrelated cells with a widespread distribution over
the human body (including clear cell of the pancreas, and enterochromaffin cells of the
intestine) had the same ability to produce amino hormone. The author reported them as the
APUD system (amine precursor uptake and decarboxylation) (Pearse 1969) including the MCs
(Hartschuh and Grube 1979; Winkelmann 1977). Histochemical and ultrastructural studies
then provided proof that these APUD cells producing small polypeptide hormone. APUD cells
are characterized by a common phenotype with respect to expression of proteins necessary
for hormone production (Pearse 1969; Pearse 1968). Ultrastructural analysis notably revealed
presence of dense core granules containing secretion products (Scalettar et al. 2012), a
structure closely related to what was observed in the neurons synapses. Based on these

similarities between neurons and APUD cells, Pearse proposed a common embryologic



neurectodermal origin and additionally suggested a neural crest origin of the APUD cells
(Pearse 1968). This hypothesis was initially supported by the results obtained in a chimeric
quail-chicken models investigating the thyroid C cells which were also regarded as neural crest
derived. However, there is currently clear evidences that such C cells are deriving from the
endodermis and acquire secondary a neuroendocrine differentiation (Johansson et al. 2015).
Therefore, the current view is that neurons and neuroendocrine cells acquire a common

phenotype, despite of different embryologic origin (Modlin et al. 2006).

Tumors harboring neuroendocrine differentiation virtually arise from all parts of the body.
Initial description in the digestive tract in 1907 referred such as “Karzinoid” tumors due to
their relatively low aggressiveness potential compared to other carcinoma arising from the
same site (Oronsky et al. 2017). The term neuroendocrine neoplasia describes nowadays a
very heterogeneous tumor group also including aggressive tumors entities (Oronsky et al.
2017). Indeed based on behavior, neuroendocrine tumors (NET) also previously referred as
carcinoids, have a more indolent course and are frequently observed in the digestive tract
whereas neuroendocrine carcinomas are an aggressive tumor entity (Oronsky et al. 2017). The
latter subgroup is further divided in small cell and large cell types based on morphological
variations which are expected to reflect different genetic background (Rekhtman et al. 2016).
While Large cell carcinoma tumor cells harbor abundant cytoplasm and prominent nucleoli,
small cell carcinoma cases are characterized by high nucleocytoplasmic ratio and granular
chromatin. In this setting, small cell neuroendocrine carcinoma are characterized by TP53 and
RB1 alterations regardless to the primary site (Zheng et al. 2015). Interestingly, following the
same argumentation as used by Pearse to propose a neural crest origin of APUD cells, an APUD
and neural crest origin of small cell lung neuroendocrine carcinomas has been proposed
(Tischler 1978; Yesner 1980). However, an epithelial origin of these cancers has now been
provided (Yazawa 2015; Yoshimoto et al. 2018), suggesting that the neuroendocrine
phenotype might arise during the oncogenesis and may reflect of specific oncogenetics

alterations (Meder et al. 2016).
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b. Morphology

According to the WHO definition (WHO 2018), microscopic examination of MCC reveals a
proliferation of tumor cells harboring high-grade neuroendocrine carcinoma features (Figure
3). Tumor cells almost always massively infiltrate the dermis and/or subcutaneous tissues
without any connection with the overlying epidermis. Connections with appendages might be
observed (Walsh 2001). Tumor cells have intermediate size, although few cases of large cell
neuroendocrine carcinoma of the skin cases have been reported (Nagase et al. 2016; Walsh
2001). Classical MCC tumor cells features include high nucleocytoplasmic ratio, scant
cytoplasm, round nucleus with frequent nuclear molding and fine, granular so called “salt and
pepper” chromatin. Mitotic figures and large areas of necrosis are frequent and reflect tumor
aggressiveness. Trabecular, diffuse or solid architectures have been described without
significative impact on prognostic (Pilotti et al. 1988) and it should be noted that such
architectural patterns are frequently intermixed in tumor specimens. Interestingly, a
trabecular pattern has been reported as specific of MCC among neuroendocrine carcinoma
(Bandino et al. 2018). Unusual features are presence of ulceration (Nagase et al. 2019),
intraepidermal involvement (Jour et al. 2017), association with epidermal tumors or presence
of a divergent differentiation (Carter et al. 2018; Martin et al. 2013; Walsh 2001). Depending
on MCC etiology, several variations in tumor morphology, which will be discussed latter, have
been reported (lwasaki et al. 2013b; Kuwamoto et al. 2011a). Here, it is important to note that
the current WHO MCC definition does not include etiology and accordingly, no

recommendations regarding etiologic factor determination are currently available.

Since MCC belongs to the spectrum of small, round and blue cells proliferations, the main
differential diagnosis included hematological malignancies (acute leukaemia and chronic
lymphocytic leukaemia), sarcomas (primary neuroectodermal tumors, rhabdomyosarcoma,
synovialosarcoma) and small cell variants of melanoma. MCC diagnosis has also to be
considered in the context of basal cell carcinoma (Stanoszek et al. 2017). In current
pathological practice, metastasis of another neuroendocrine carcinoma remains the most
challenging differential diagnosis of MCC, underlining the need for a thorough

immunohistochemical analysis.
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Figure 3. Morphological and immunohistochemical features of Merkel cell carcinoma. a:
Microscopic observation of an MCC tissue section (hematein-phloxin-saffron staining) reveals
a diffuse proliferation of tumor cells harboring scant cytoplasm, round nucleus and dusty
chromatin. Immunohistochemical analysis (b-h) demonstrates: b: cytokeratin 20 expression
with paranuclear dot-like pattern; c: thyroid transcription factor-1 negativity; d:
chromogranin A cytoplasmic positivity; e: membranous CD56 expression; f: special AT-rich
sequence-binding protein 2 (SATB2) nuclear expression; g: neurofilament expression with a
dot-like pattern; h: terminal deoxynucleotidyl transferase weak/moderate expression; i: low
paired box 5 weak expression in tumor cells in comparison to intratumoral lymphocytes
(arrows). Adapted from Kervarrec et al 2018.
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c. Immunohistochemical profile

Immunohistochemical investigations confirm the dual epithelial and neuroendocrine
differentiation of MCC tumor cells (Figure 3) in accordance with the WHO classification
definition (WHO 2018). Indeed, MCC tumors express epithelial markers notably
pancytokeratins such AE1/AE3 and KL1 and display frequent positivity for EPCAM (Garcia-
Caballero et al. 2003; WHO 2018) whereas a panel of markers is used to confirm
neuroendocrine differentiation including chromogranin A, synaptophysin, CD56 (Fernandez-

Figueras et al. 2007) and more recently INSM1 (Leblebici et al. 2019b; Lilo et al. 2018).

Since MCC belongs to the spectrum of the neuroendocrine carcinomas, several markers are
available to distinguish MCC from extracutaneous neuroendocrine carcinomas (eNECs).
Although, extension work-up by imaging contributes to distinguish cutaneous primary MCC
from metastatic eNEC, MCC cases without skin primary remain a diagnosis challenge and
immunohistochemistry is a crucial tool in such setting (Kotteas and Pavlidis 2015; Pan et al.
2014). Indeed, most MCC cases harbor cytokeratin 20 (KRT20) (Chan et al. 1997; Cheuk et al.
2001) with paranuclear dot-like pattern as well as Neurofilament (Schmidt et al. 1998;
Stanoszek et al. 2019) and the recently described marker SATB2 (Bellizzi 2019; Fukuhara et al.
2016) whereas these markers are almost lacking in eNEC. A subset of MCC (5-10%) can
express TTF-1 and/or KRT7 which are more frequently observed in eNEC cases (Calder et al.
2007; Pasternak et al. 2018; Reddi and Puri 2013). As for MCs (Halata et al. 2003; Moll et al.
2005), an expression of cytokeratin 8, 18 and 19 is also common in MCC but might also be
observed in eNEC (Badzio et al. 2019). Although, more predominant in MCC, dot-like pattern
expression of the cytokeratins is an hallmark of extracutaneous small cell neuroendocrine

carcinomas (Badzio et al. 2019).

Of note, neuroendocrine differentiation might be observed in other epithelial skin tumors: i)
exceptional cases of low-grade neuroendocrine tumors of the skin have been reported (Goto
et al. 2017), ii) various degree of neuroendocrine marker expression is observed in endocrine
mucin-producing sweat gland carcinoma (WHO 2018), iii) frequent expression of such markers
are also detected in basal cell carcinoma (Houcine et al. 2017). However, no expression of

KRT20, SATB2 or neurofilament is observed in these entities.
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Moreover, MCC frequently expresses CD99 (55 to 100% of cases) and consequently should
not be misdiagnosed as Ewing sarcoma (Dominguez-Malagon et al. 2016; Rajagopalan et al.
2013). Similarly, MCC frequently harbors a B cell phenotype with positivity of lymphoid
markers (PAX5: 100%, TdT: 73%, immunoglobulin light and heavy chains: about 50% of cases)

which should not lead to the diagnosis of leukemia (Zur Hausen et al. 2013).

5. Staging, treatment and survival
Disease extension is evaluated according the 8™ edition of the AJCC stage as detailed below.
At the time of diagnosis, MCC patients present with localized tumor, lymph node involvement
or distant metastases in 66, 26 and 8 % of the cases (Harms et al. 2016) with a five-year overall
survival estimated at 51, 35, and 14 %, respectively (Harms et al. 2016). Patients with nodal
metastasis without detectable skin primary tumor, have been shown to experiment improved
prognosis compared to those with a skin primary (estimated overall survival of 42 vs. 27 %)
(Harms et al. 2016). Treatment of localized stages consists in complete excision surgery with
1-2 cm margins combined with sentinel lymph node procedure (Becker et al. 2019). Adjuvant
radiotherapy of the primary tumor bed and the lymph node area should be considered on an
individual basis (Becker et al. 2019; Tseng et al. 2017). Until recently, advanced metastatic
MCC cases (unresectable stage lll or stage IV disease) received platinum salts based
chemotherapy without evidence of benefit on survival (Becker et al. 2017; Nghiem et al. 2017).
Although, response rates up to 50% were observed in first line setting with such
chemotherapy, patients experimented short term recurrences (median response duration: 3
months) and important toxicities (Nghiem et al. 2017; Samimi 2019). The unmet need for
innovating therapies in advanced stages led to several single-arm trials investigating immune
checkpoint inhibitors (CPIl), either blocking PD-1 (pembrolizumab and nivolumab) or PD-L1
(avelumab). Such immunotherapies allow responses in 50% of metastatic, chemonaive MCC
patients (first-line setting) and 30% of chemoresistant MCC patients (second-line setting).
Importantly, these responses are durable overtime (75% at one year) (D’Angelo et al. 2018;
Kaufman et al. 2018a; Kaufman et al. 2018b; Kaufman et al. 2016; Nghiem et al. 2019; Nghiem
et al. 2016). Although not assessed in randomized studies in comparison with chemotherapy,
rates and durability of responses with CPls were meaningful enough to allow authorities and
experts to consider such strategies as a standard of care in metastatic MCC. Avelumab is

approved since 2017 in USA and Europe for treating patients with advanced MCC and
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pembrolizumab was approved by the US FDA in December 2018 in the same setting. The 2018

US NCCN and 2019 S2K German guidelines currently recommend Check-point inhibitors in a

first line setting for all patients with advanced MCC (Becker et al. 2019b; Bichakjian et al.

2018).

Table: Staging of Merkel cell carcinoma according to the 8" edition of the AJCC stage

(Harms et al. 2016)

Site Stage Criteria
Primary tumor (pT) | pTX primary tumor cannot be assessed
pTO no evidence of primary tumor
pTis in situ primary tumor
pT1 maximum clinical tumor diameter <2 cm
pT2 maximum clinical tumor diameter >2 cm but <5 cm
pT3 maximum clinical tumor diameter >5 cm
pT4 primary tumor invades fascia, muscle, cartilage or bone
Regional lymph pNX cannot be assessed
nodes (pN) pNO: no regional metastasis detected
pN1la microscopic lymph node metastasis clinically occult
pN1b microscopic confirmation of clinically detected regional lymph node metastasis
pN2 in transit metastasis without lymph node metastasis
pN3 in transit metastasis with lymph node metastases
Distant metastasis pMO no evidence of distant metastasis by clinical or radiological examination
(pM) pM1la microscopic confirmation of metastases to skin, distant subcutaneous tissue or
distant lymph nodes
pM1b microscopic confirmation of metastases to lung
pMlc: microscopic confirmation of metastases to all other distant sites

AJCC pathological prognostic stage groups (pTNM)

Stage group 0:  Tis
Stagegroupl: T1
Stage group T2 -

HA: T3
Stage group
11B: T4
Stage group T1-
HIA: T4

T0
Stage group
1IB: T1-T4

Stage group IV: T0-4

NO MO
NO MO
NO MO
NO MO
N1a(sn) or

N1la MO
Nib MO
Nib - N3 MO
NO - N3 M1
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Il. MCC Etiologic factors
1. Merkel cell polyomavirus
a. Merkel cell polyomavirus identification

Genetic alterations driving MCC oncogenesis remained, for a long time, unknown (Houben et
al. 2009; Kanitakis 2008). Indeed although alterations in the PDGF-R gene have been
described, it was unclear at that time if these changes would represent only single nucleotide
variants or real mutations (Swick et al. 2008). In addition, while high expression levels of KIT
have been observed in tumors, no activating mutations of KIT were detected in the
investigated MCC samples (Su et al. 2002; Swick et al. 2013; Swick et al. 2007). Similarly, lack
of MAP kinase pathway activation had been described in MCC tumor cells (Houben et al.
2006). MCC karyotype investigation revealed frequent loss of chromosome 10 long arm, which
harbor the tumor suppressor gene PTEN. However, the authors were not sure about a crucial

involvement of PTEN inactivation in MCC development (Van Gele et al. 2001).

Based on increased MCC incidence in the immunocompromised individuals, an infectious
etiology of MCC was further suggested (Kanitakis 2008). However, no involvement of Human
papillomaviruses or EBV in MCC development were evidenced (Kanitakis et al. 2006; Shaw et

al. 2006).

The discovery of Merkel cell polyoma virus integrated in the genome of MCC tumor cells in
2008, then received a lot of attention because it was not only the starting point for
understanding MCC carcinogenesis but also the first identification of a polyomavirus-induced
cancer in humans (Feng et al. 2008). The research group, that had already identified the
contribution of the Human Herpes virus 8 (HHV8) to Kaposi disease, developed a new method
called digital transcriptome subtraction (DTS), in order to identify foreign non-human
transcripts in MCC. Comparing MCC tumor cDNA with human sequences databases, they
identified non-human transcripts harboring high homology levels with known polyomavirus
sequences. The sequence of this new polyomavirus, therefore called Merkel cell polyomavirus
(MCPyV), was further detected in 80% of the tested MCC cases (n=8/10) and was in addition

shown to be integrated into the tumor cell genome.
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b. Polyomavirus overview
From an historical view, discovery of the polyomaviruses widely contributed to our
understanding of tumor biology (Gross 1953; Morgan 2014). Indeed, in 1953, Gross et al.
demonstrated for the first time that injection of a viral agent, the murine Polyomavirus
(MuPyV), promoted tumor development in salivary glands and in other solid tissues in mice
(Gross 1953; Morgan 2014). Accordingly, Stewart and Eddy proposed to call this new virus
« poly » « oma » due to their ability to induce multi-organs tumors in vivo (Stewart et al. 1958).
Further researches on MuPyV especially allowed the identification of the Phosphoinositide 3-
kinase (PI3K) pathway (Kaplan et al. 1987; Shuda et al. 2011). A further important step was
the isolation of the simian virus SV40 from a monkey kidney cell lines (Atkin et al. 2009; Sweet
and Hilleman 1960). Its ability to transform human cell lines and to induce cancer in hamsters,
led to the identification of the TP53 gene (Tan et al. 1986), again underlining the crucial impact
of polyomavirus research on our cancer understanding on the molecular basis of cancer. Of
note, SV40 involvement in human cancer development is still a controversial issue, since
approximately 100 millions people received a SV40 contaminated poliovirus vaccine between
1955 and 1963 in the USA (Poulin and DeCaprio 2006). Although, clear oncogenic abilities of
the virus were demonstrated in vitro, evidences of association with cancer or of any oncogenic

properties have not been provided in human (Poulin and DeCaprio 2006).

In 1971, the two first human Polyomaviruses, BK and JC were respectively identified in urine
and brain of patients with kidney transplant and progressive multifocal encephalopathy (PML)
respectively (Gardner et al. 1971; Padgett et al. 1971). Additional investigations revealed
widespread latent infections of the healthy population by these viruses (Kardas et al. 2015)
and that their reactivation upon immunosuppression can result in either BK-induced
nephropathy or JC related-PML. Although debated for a long time, recent advances suggest
that BK virus might be oncogenic in kidney-transplant patients by contributing to the
oncogenesis of urothelial carcinoma (Miiller et al. 2018; Papadimitriou et al. 2016; Sirohi et

al. 2018).

While polyomaviruses and papillomaviruses were initially considered to belong to the same
family (referred as Papoviridae), the international Committee on Taxonomy of Virus

recognized them as two distinct families in 1999 (International Committee on Taxonomy of
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Viruses et al. 2000). The Polyomavirus family was then divided in 4 genera with alpha-
polyomaviruses including MCPyV whereas BK and JC belong to the beta-polyomaviruses
(Moens et al. 2017). HPyV 6 and 7 are members of delta-polyomaviruses whereas gamma-
polyomaviruses are observed in birds (Moens et al. 2017).

Up to now, about 100 different polyomaviruses have been identified in several species
including mammals, reptiles, birds, fishes and invertebrates (Buck et al. 2016). Although some
of them induce severe, acute, sometimes lethal diseases like for bird polyomaviruses,
pathogenicity of the others is widely unknown. Of note, oncogenic abilities in the natural host
were only demonstrated in four of them (MuPyV, MCPyV, Hamster Polyomavirus (HaPv) and

Raccoon Polyomavirus (RaPv ) (Dela Cruz et al. 2013).

In humans, 13 polyomaviruses have been identified (genomic sizes: 4776-5387 pb) and while
a 14 one called Lyon IARC HPyV has been reported, its natural host(s), humans or cats, still
needs to be clarified (Fahsbender et al. 2019; Gheit et al. 2017). Most of the human
polyomaviruses have been detected in pathologic conditions as shown below, however the
causal pathogenic properties remain to be demonstrated for most of them. Trichodysplasia
spinulosa associated Polyomavirus (TSPyV) is involved in the eponym disease characterized by
follicular papules of the face associated with skin thickening and alopecia occurring in
immunocompromised young people (van der Meijden et al. 2010; Rouanet et al. 2016; Sheu
et al. 2019). HPyV6 and 7 were identified by rolling circle amplification from healthy skin swabs
and both viruses seem to be involved in pruritic and dyskeratotic dermatoses with
characteristic “peacock plumage” histology observed in immunocompromised people
especially bone marrow transplant patients (Ho et al. 2015; Nguyen et al. 2017; Schowalter et
al. 2010). Further involvement of HPyV6 in epithelial proliferations arising in patients treated
with BRAF inhibitors and in keratoacanthoma were reported (Beckervordersandforth et al.

2016; Schrama et al. 2014; Sheu et al. 2019).
To conclude, infection during childhood followed by latent infectious state in a majority of

healthy individuals, and reactivation upon host immunosuppression with potential acquisition

of pathogenic properties appear as common features of human polyomaviruses.
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Table : Identified Human Polyomaviruses and potential related diseases, adapted from (Moens et al.

2017b)

Virus

Genome
(bp)

Associated-Disease

HPyV1 (BKPyV)

5153

BK-associated nephropathy (Hirsch 2005)

haemorrhagic cystitis (Erard et al. 2004)

ureteral stenosis (Coleman et al. 1978)

progressive multifocal leukoencephalopathy
(Reploeg et al. 2001)

meningitis and encephalitis (Chittick et al. 2013)

Retinitis (Reploeg et al. 2001)

Pneumonitis (Akazawa et al. 2012)

prostate cancer (Delbue et al. 2014)

HIV-associated salivary gland disease
(Jeffers and Webster-Cyriaque 2011)

renal carcinoma (Kenan et al. 2017)

HPyV2 (JCPyV)

5130

progressive multifocal leukoencephalopathy (Calabrese et al. 2015)

multiple sclerosis(Brew et al. 2010)

colon cancer (Niv et al. 2005)

HPyV3 (KIPyV) 5040 respiratory disease(Dehority et al. 2017)
HPyV4 (WUPyV) 5229 respiratory disease (Toptan et al. 2016)
HPyV5 (MCPyV) 5387 Merkel cell carcinoma (Feng et al. 2008a)
HPyV6 4926 Keratoacanthoma (Beckervordersandforth et al. 2016)
Kimura disease (Rascovan et al. 2016)
pruritic and dyskeratotic dermatosis (Nguyen et al. 2017)
HPyV7 4952 Thymoma (Rennspiess et al. 2015)
pruritic and dyskeratotic dermatosis (Ho et al. 2015; Nguyen et al.
2017)
HPyV8 (TSPyV) 5232 Trichodysplasia spinulosa (van der Meijden et al. 2010)
HPyV9 5026 Unknown
HPyV10 (MWPyV) 4927 Unknown
HPyV11 (STLPyV) 4776 Unknown
HPyV12 5033 Unknown
HPyV13 (NJPyV) 5108 Vasculitis (Mishra et al. 2014)
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c. Polyomaviruses structure

Polyomaviruses are naked viruses with a double stranded DNA genome consisting in about
5000 bp (MCPyV= 5387bp) (Figure 4). Such viruses harbor a conserved genomic organization
with an early region encoding the “Tumor” T Antigens (TAg), expressed during the early steps
of the viral cycle, and a late region containing the structural capsid proteins sequences,
expressed after the replication. A bidirectional non coding control region (NCCR) including the
replication origin (ori), promotors and enhancer elements is located between early and late
regions. From the early region one single pre-mRNA is transcribed giving rise to 2 to 5 proteins
by alternative splicing as well as occasional use of an alternative reading frame (e.g. ALTO).
Universally a small (sT) and a Large T (LT) are encoded by all polyomaviruses, while further
proteins like Middle T of MuPyV or 57kT and ALTO of MCPyV are specific to certain members
of the family (Figure 5). Structures of sT and LT are highly conserved among polyomaviruses
(Pipas 1992) since such proteins are crucial for viral life cycle and are involved in viral
replication, regulation of the early and late genes transcription and viral assembly (Kwun et
al. 2009). As described for other polyomaviruses, MCPyV sT binds to PP2A whereas wild type
Large T sequestrates pRB and p53 thus hijacking the cell cycle. Moreover, LT harbors an origin
binding domain and a core Helicase/ATPase which are both necessary for viral replication
(Houben et al. 2015; Shuda et al. 2011; Wendzicki et al. 2015). Functional domains and

oncogenic properties of the oncoproteins will be described in detail below.

Polyomavirus virion size is about 40-50 nm and the capsid consists in 72 capsomeres harboring
icosahedral T=7 symmetry (Figure 6). Each capsomere includes 5 major capsid proteins
(VP1=40-50 kDa) with C-term residues interacting with the neighboring pentamer and N-term
part connected to the viral genome (Ben-nun-Shaul et al. 2009). A single copy of the VP2
protein (=39 kDa) is present at the center of the capsomere (Schowalter and Buck 2013). VP3

is expected not to be expressed in MCPyV (Schowalter and Buck 2013).
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Figure 4. Merkel cell polyomavirus genomic organization. Polyomaviruses harbor double
stranded DNA genome consisting of about 5000 bp (MCPyV= 5387bp). The early region
encodes the T Antigens comprising small (sT), medium (57kT/ALTO) and Large T (LT) which are
obtained by alternative splicings, while the late region contains the capsid protein sequences.
A bidirectional non coding control region (NCCR) including the replication origin (ori),
promotor and enhancer elements is located between early and late regions (Figure kindly
provided by Dr Schrama and Dr Houben).
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Figure 5. MCPyV T antigens structures. T Antigens are produced by alternative splicing. The
N-terminal part of the first exon encodes the initial 78 aminoacids shared by sT and LT. ALTO
is expected to be the product of an alternative open reading frame however it is unclear
whether ALTO is expressed in MCC tumors (adapted from Wendzicki 2015).
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Figure 6. Polyomavirus viral particle structure. a. Ultrastructural features of MCPyV pseudo-
particles (kindly provided by Pr. Antoine Touzé); b. Graphic representation of the SV40
infectious particle. Association of major (VP1) and minor (VP2-VP3) capsid proteins leads to
the viral particle assembly containing DNA genome associated cellular histones (adapted from
Swiss Institute of Bioinformatic, http://expasy.org).
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d. MCPyV life-cycle

As for other human polyomaviruses, asymptomatic primary MCPyV infection arises in
childhood with a seroprevalence reaching more than 75% in healthy adults. (Martel-Jantin et
al. 2013; Nicol et al. 2013; Pastrana et al. 2009; Tolstov et al. 2011; Tolstov et al. 2009; Touzé
et al. 2010). Respiratory and/or cutaneous transmission routes have been proposed (Cason
et al. 2018; Foulongne et al. 2010; laria et al. 2015; Shikova et al. 2017). Indeed, frequent
detection of MCPyV genome in skin swabs of healthy donors (Schowalter et al. 2010; Wieland
et al. 2009) and further detection in the environment (Foulongne et al. 2010) indicate the skin
as a main infection site, although MCPyV has been detected in a wide range of other tissues
(Goh et al. 2009; Kantola et al. 2009; Mancuso et al. 2017; Mertz et al. 2010). In the skin,
dermal fibroblasts have been proposed as MCPyV natural cellular host (Liu et al. 2016), a
conclusion suggested by their ability to support the complete viral cycle in vitro, while the

ability of MCPyV to enter in a wide range type of cell types was also shown (Liu et al. 2016).

MCPyV viral entry process involves initial interactions of the VP1 with glycosaminoglycans
such as heparan sulfates and/or chondroitin sulfates. Sialic acid (Neu5Ac) seems to be
secondarily required for MCPyV attachment to the target cell (Neu et al. 2012; Schowalter et
al. 2011). Minor capsid protein, VP2, might play a role in post-attachment steps (Schowalter
and Buck 2013). MCPyV entry is dependent on caveolar/lipid raft-mediated endocytosis
(Becker et al. 2019). Following the decapsidation step in the endosomal compartment, the
binding of the host cell RNA polymerase Il to the NCCR results in the transcription of a single
precursor mRNA which will generate several early antigens by alternative splicing. LT is
expected to be the first viral protein expressed followed by 57kT, and sT (Feng et al. 2011).
The alternative protein named “Alternate frame of the LT Open reading frame” (ALTO) as
result of an overprinting open reading frame might also be expressed (Carter et al. 2013). As
for other polyomaviruses, transfer of the oncoproteins to nucleus due to the nuclear
localization signal (NLS) sequence of the LT is followed by recognition by LT of the origin
replication sequence consisting of repeated G(A/G)GGC pentamers (Harrison et al. 2011;
Kwun et al. 2009). Subsequent steps are likely to be similar to what was described for SV40
with LT assembly into double hexameric structures, recruitment of DNA binding proteins and

topoisomerase | (Fanning and Zhao 2009) and finally initiation of the replication. Contribution
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of sT to the MCPyV replication as a coeffector, in a LT stabilization-independent manner, has
been proposed (Feng et al. 2011) and binding of iron /sulfur clusters to sT cysteins are required
for this function (Tsang et al. 2016). LT phosphorylation status (Diaz et al. 2014), and cellular
components such as bromodomain containing 4 protein (BRD4) (Wang et al. 2012) and DNA
damage repair system (Tsang et al. 2014) are involved in the regulation of MCPyV replication.
Replication initiation is associated with the downregulation of early genes expression and
transcription of the two capsids proteins VP1 and VP2. VP3 capsid protein might be generated
from an alternative start codon in VP2 sequence but was not yet detected in experimental
models (Schowalter and Buck 2013). VP1 protein also harbors a Nuclear localization signal
(NLS) sequence allowing its targeting to the nucleus. Whereas NLS were identified on VP2/3
proteins in others PyV, such sequences were not predicted for MCPyV, suggesting that the
transfer to the nucleus is passive and due to interaction with VP1. In the nucleus, viral particle
self assembles around the viral genome associated with cellular histones (Schowalter and
Buck 2013). Cell lysis is then expected in order to release virions during productive infection

which therefore results in cell death rather than transformation.

After primary infection, MCPyV is expected to persist in a latent phase in most of healthy
individuals (Krump et al. 2018) as attested by high MCPyV seroprevalence (Martel-Jantin et al.
2014; Martel-Jantin et al. 2013; Nicol et al. 2013; Tolstov et al. 2011). By contrast to the
productive cycle, such latency is characterized lack of infectious particles production and
replication of the viral genome in such setting might therefore be mainly dependent of cell
host division. Ubiquitination and subsequent degradation of phosphorylated LT by the cellular
E3 ubiquitin ligases Fow7, BTrCP, and Skp2 Skp-F-box-cullin (SCF) (Kwun et al. 2017) as well
as miR expression (Seo et al. 2009) have been identified as crucial regulators in the latent
phase. Alternatively, combination of low viral load production and establishment of viral

immune escape mechanisms might allow MCPyV persistence (Krump et al. 2018).

As described for other polyomaviruses (Krump et al. 2018), MCPyV reactivation upon
immunosuppression appears as a required step for MCPyV pathogenicity, i.e. resulting in
genomic integration and subsequent cell transformation (Wiedinger et al. 2014). Although,

molecular determinants of this step are poorly understood, sT expression induction by UV
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radiation (Mogha et al. 2010) might explain why MCPyV-positive MCC arise mostly in sun

exposed area while no UV signature is detected in tumor cells (Sunshine et al. 2018).

e. MCPyV: an oncogenic agent
i MCPyV in MCC tumors
Two hallmarks distinguish MCC-associated MCPyV genome from wild-type viral genome
detected in healthy tissue or in the environment. First, MCPyV genome is always found to be
integrated in the genome of the MCC tumor cells (Feng et al. 2008) and second, mutations or
deletions in the LT antigen coding sequence resulting in the expression of a truncated LT are
always present (Shuda et al. 2008). Although the molecular determinants and mechanisms
leading to these two key features are largely unknown, genomic integration of the MCPyV
might result from the genome fragmentation occurring during the viral replication step
(Harms et al. 2018; Kwun et al. 2009). No preferential site of integration or hotspot have been
detected neither in the human nor the viral genome, and consequently disruption of cellular
genes (either inactivation of tumor suppressor or activation of oncogenes) is unlikely to

represent a main oncogenic mechanism in MCC (Sastre-Garau et al. 2009).

Evidence of a clonal integration pattern in MCPyV-positive tumor cells as well as presence of
the conserved integration points in primary tumor and related metastases strongly suggest
that viral integration occurs prior to clonal expansion (Houben et al. 2015; Laude et al. 2010;
Shuda et al. 2008). In MCC tumors, clonal integration is always associated with mutation or
deletion of the viral sequences, which are likely to occur prior or during viral integration, a
notion supported by cases with concatemer integration (Schrama et al. 2019). Of note, since
both MCPyV genome mutation and integration are required for MCC development, the low
probability of both events happening in combination might explain the low incidence of MCC

(Harms et al. 2018).

Although T antigen mutations are different for each MCC tumor case, they always result in the
expression of a truncated LT harboring an intact pRb1 binding site but lacking the C-terminal
part including p53 binding site, ori, ATPase/helicase domain (Hesbacher et al. 2016; Shuda et
al. 2008). Accordingly, no viral replication (Kwun et al. 2009) and no expression of the late

proteins are observed in MCC tumor cells (Shuda et al. 2008; Touzé et al. 2011).
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Interestingly, ectopic expression of wild type LT in vitro results in p53 pathway and DNA
damage repair activation, leading to cell death (Li et al. 2013). Moreover, growth inhibitory
activities of the C-terminal part of the LT, which is lacking in MCC tumors, have been
demonstrated (Cheng et al. 2013). Therefore, the constant detection of a mutated LT in MCC
tumor cells is likely to be due to selection pressure. In addition to the impairment of viral
replication and capsid proteins expression, truncation of the LT additionally results in
overexpression of both sT and truncated LT (Borchert et al. 2014; Kwun et al. 2009; Rodig et
al. 2012; Shuda et al. 2008). Accordingly, the clear expression of these two viral proteins in
MCPyV-positive tumors (Houben et al. 2015; Shuda et al. 2011) suggest these two factors as

potential actors of MCPyV-positive MCC oncogenesis.

ii.  Oncogenic properties of the TAg
Several observations suggest a causative role of TAgs in MCC development: the detection of
MCPyV integration in 80% of MCC cases together with constant mutation of the LT sequence;
evidence of TAgs overexpression in MCC tumors; similarities between MCPyV and others
oncogenic polyomaviruses (such as MPyV and SV40). In addition, two independent
experimental demonstrations of TAgs oncogenic properties were provided. First, knock-down
of the T-antigens in MCC tumor cells results in cell cycle arrest and death in vitro and in
xenograft mice model (Houben et al. 2012; Houben et al. 2010). Second, ectopic
overexpression of both TAgs in the epidermis of transgenic mice induces epithelial

transformation (Spurgeon et al. 2015).

Oncogenic functions of sT were further supported by its ability to induce cell transformation
in fibroblasts in vitro (Shuda et al. 2011). Ectopic expression of sT alone leads to the
development of anaplastic tumors in transgenic mice (Shuda et al. 2015) while combined
expression of sT with Atonal homolog-1, the main transcription factor driving MC
differentiation, induces formation of MCC-like tumor aggregates in mice epidermis
(Verhaegen et al. 2017a). Although controversial (Shuda et al. 2014), sT expression does not
seem to be required for tumor growth in MCC cell lines, as shown by sT knock-down
experiments, or ectopic reintroduction of sT expression after TAgs knock-down (Angermeyer
et al. 2013). By contrast, LT expression is crucial in this setting and ectopic re-expression of LT

in TAgs knock-down cells resulted in complete rescue of tumor cells growth. Therefore, the
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TAgs are now recognized as the two main oncogenic triggers of MCPyV-positive MCC.
Whereas sT harbors transforming abilities, LT expression is required for tumor growth

maintenance (Angermeyer et al. 2013; Harms et al. 2018a; Shuda et al. 2015).

iii.  TAg structures and related oncogenic functions

Both sT and LT structures are provided in Figure 7. While the 78 N-terminus amino-acids are
common to the two proteins, the remaining C -terminal parts are obtained by alternative

splicing.

The common part the TAgs is composed of a J domain and the Psycho motif including a YGT
sequence. Similarly to the Dnal chaperone protein from E. coli (Kelley and Georgopoulos
1997), the MCPyV Dnal sequence including the conserved region CR1 (LXXLL) and the Hsc70
binding sequence (HPDKGG), binds to the ATPase domain of the heat shock protein 70
(Hsc70), subsequently inducing activation of this protein (Adam et al. 2014; Wendzicki et al.
2015). Interestingly, the DnaJ domain was demonstrated to be necessary for both virus
replication and MCPyV-positive MCC tumor growth in vitro (Houben et al. 2015; Kwun et al.
2009) as confirmed by the reduction of tumor growth upon pharmacological HSP70 inhibition
in a MCC mouse model (Adam et al. 2014). Conservation of the Dnal sequence was further
identified as necessary for pRB sequestration by LT (Houben et al. 2015). The YGT sequence
and Psycho motif are dispensable for MCC tumor cell proliferation (Houben et al. 2015) but
are thought to modulate folding of Dnal and pRB binding sites respectively (Johnson 2010;
Kim et al. 2001).

In addition to the common part, sT harbors a LT stabilization domain (LSD) (Shuda et al. 2011),
as well as PPAC (Abdul-Sada et al. 2017) and PP2A (Shuda et al. 2011) binding sites (Wendzicki
et al. 2015). While other polyomaviruses such as SV40 affect cell cycle via sT -PP2A interaction
therefore impacting on the AKT-mTor pathway (Gjoerup and Chang 2010), this function is
dispensable for MCPyV sT transforming abilities (Shuda et al. 2011; Verhaegen et al. 2017)
accompanied by only a restricted ability of MCPyV sT to inhibit PP2A B subunit assembly (Kwun
et al. 2015). Transforming potential of sT is indeed related to the LSD domain which prevents

degradation of other oncogenic proteins including LT (Kwun et al. 2013). Although Kwun et al.
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reported this stabilization as a consequence of Fbw7 E3-ubiquitin ligase inhibition, this
interaction could not be confirmed by others (Dye et al. 2019). The LSD also promotes cap-
dependent translation via the eukaryotic translation initiation factor 4E-binding protein 1 (4E-
BP1) (Shuda et al. 2011).

Moreover, sT binding to L-MYC allows the recruitment of the EP400 histone acetyltransferase
and chromatin remodeling complex, and L-MYC and EP400 have been shown as essential to
maintain tumor cell viability (Cheng et al. 2017). Together, the sT-L-MYC-EP400 complex
transactivates specific target genes such as MDM2 and casein kinase 1, a serine-threonine
kinase targeting MDM4. Subsequent overexpression or activation of MDM2 and MDM4 |ead
to the ubiquitination of p53 and inhibition of p53 functions (Park et al. 2019).

sT additionally alters metabolism pathways by increasing aerobic glycolysis and, in line with
these findings, inhibition of the monocarboxylate lactate transporter MCT1 leads to the loss
of the transforming abilities of sT (Berrios et al. 2016). Furthermore, interaction of sT with
PPAC is expected to inhibit the NF-kB pathway and cause cytoskeleton disruption therefore
improving mobility and invasiveness of tumor cells (Abdul-Sada et al. 2017; Griffiths et al.

2013; Knight et al. 2015).

In addition to the common part harboring the Hsc70 binding site, the LT sequence includes a
Merkel unique region (MUR) 1, the Vamp6 binding domain and the Rb binding site followed
by the MUR2, the nuclear location signal, the origin of replication binding site and
ATPase/helicase domain(Wendzicki et al. 2015). MUR1 and MUR2 regions are specific for
MCPyV and were not observed in the polyomaviruses discovered prior to MCPyV identification
(Gjoerup and Chang 2010; Johnson 2010). Although, they are not essential for tumor cell
growth in vitro, both might slightly contribute to tumor growth promotion by LT (Houben et
al. 2015). In addition, MUR1 contributes to maintaining high LT expression in MCC cell lines
(Houben et al. 2015). The Vamp6 binding domain is included in the MUR1 region and induces
relocation and sequestration of this lysosomal protein into the nucleus (Liu et al. 2011).
Mutation of the Vamp6 binding domain leads to increased genome replication in vitro (Feng

et al. 2011).

Truncated LT promotes tumor growth by sequestrating pRB via the LxCxE motif (Houben et al.

2012). Indeed among the pocket proteins, the MCPyV LT exhibits a specific affinity for pRB
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(Giacinti and Giordano 2006; Hesbacher et al. 2016) and subsequent sequestration of such
protein induces the release of E2F family transcription factors thereby promoting G1/S
transition and tumor growth (Chen et al. 2009; Hesbacher et al. 2016). Indeed, several lines of
evidence clearly demonstrate the crucial role of pRB sequestration in MCC tumor promotion.
First TAgs knock-down can be totally rescued by RB1 knock-down (Hesbacher et al. 2016).
Second, MCC cell lines with deletion of RB1 gene are insensitive to TAgs knock-down
(Hesbacher et al. 2016). Finally, ectopic expression of a LT construct with mutated pRB binding
site fails to rescue MCC cell lines after TAgs knock-down (Houben et al. 2015). Of note,
phosphorylation of serine 220 was demonstrated as crucial for LT-pRB interaction and
accordingly mutation of this serine into alanine results in tumor cell growth arrest (Schrama
et al. 2016).

The MUR2 region including the NLS (RKRK) in position 277— 280 is located after the pRB
binding site in the LT sequence. Nakamura et al. firstly reported high conservation of the NLS
motif (Nakamura et al. 2010), however this sequence is actually lacking in several tumors and
cell lines and a mixed nuclear and cytoplasmic location of LT is observed in such cases (Houben
et al. 2015). Indeed, premature stop codon leading to the LT truncation frequently occurs in
MUR2 region resulting in loss of the p53 and ATPase/helicase domains. Besides loss of viral
replication and lack of the late region transcription (Shuda et al. 2008), several other changes
are induced by the truncation resulting in enhanced LT oncogenicity compared to the wild
type form. Indeed, truncated LT is expressed at higher levels and harbor higher affinity for pRB
than full length LT (Borchert et al. 2014). Furthermore, truncated LT yields similar or higher
potential than the full length protein to transform the cells when associated with sT (Borchert
et al. 2014), and accordingly is more efficient than full length LT in promoting fibroblast growth
in culture (Cheng et al. 2013). In contrast to other polyomaviruses which are able to
sequestrate p53 (Gjoerup and Chang 2010), no direct binding of wild type MCPyV LT to p53
was observed although an inhibitory effect of wild type LT expression on p53 targeted genes
was confirmed (Borchert et al. 2014). By contrast, truncated LT lacking the p53 binding site
had no inhibitory effect (Houben et al. 2013) or even induce p53 activation (Borchert et al.
2014). This findings might be detrimental for tumor development, although they are

counterbalanced by p53 inhibitory properties of sT (Park et al. 2019).

29



Hsc70 . R .
Binding Vamép Binding
(HPDKGG) ~ Binding
CR1
(LXXLL)

b
NLS
/ Zn-finger Domain Exon 3 Region
f_;\ '_L_\
| ...OBD |

817

LTM
1 209

Hsc70
Binding
1 (HPDKGG) PP2A

(LXXLL) Binding

sT ww
1 91 186
| \ PP4C/NEMO

LSD Interaction

Figure 7. Functional domains of Merkel cell polyomavirus small T and Large T. The first N
terminal 78 amino acids are common to the two T antigens and contain the Heat shock protein
binding site. The sT protein also harbors a Large T stabilisation domaine (LSD) as well as PP2A
and PP4C binding sites. Wild Type large T protein contains Vamép, RB1 binding sites associated
with a helicase and ATPase domaie required for viral replication. MUR (Merkel unigue regions)
1 and 2 are not observed in most other polyomaviruses (adapted from Wendzicki 2015).

30



iv.  MCPyV detection in medical practice
Regarding the specific association between MCPyV and MCC, the detection of MCPyV may be
a useful diagnostic tool in difficult to diagnose MCCs cases (unusual phenotype, absence of
primary skin tumour, metastasis revealing the disease). However, low loads of the episomal
virus are present in the skin of healthy subjects (Foulongne et al. 2010) and can also be
detected in non-MCC tumors (Bellott et al. 2017; Hillen et al. 2017; Kassem et al. 2010; Mertz
et al. 2013; Ota et al. 2012; Scola et al. 2012). In this context, diagnosis procedures based on
MCPyV detection should discriminate MCC-associated MCPyV from the episomal virus. For
this purpose, two commercial antibodies allowing the recognition of T antigen expression are
now available (CM2B4 and 2T2 clones). The use of semi-quantitative score according the
Allred's method has been proposed for the interpretation of the CM2B4 staining (Figure 8)
(Moshiri et al. 2017) and a positivity rate of 60% is reported in MCC tumors using this protocol.
Of note, some immune cells, especially lymphocytes, can be positive using this technique. In
addition, various molecular methods have been proposed to demonstrate virus integration
(PCR, real-time PCR, Detection of integrated polyomavirus sequences-PCR (DIPS), next
generation sequencing, Fluorescence in situ Hybridation (FISH) (Duncavage et al. 2011; Eid et
al. 2017; Haugg et al. 2014; Iwasaki et al. 2013c; Sastre-Garau et al. 2009))while most of these
methods are not available in current practice. The detection of LT mutation by exon 2
sequencing and the detection of the MCPyV genome by FISH which might differentiate
between integrated and episomal forms, could additionally be considered (Figure 8) (Haugg
et al. 2014). Quantitative methods controlling the detection threshold can alternatively be
used (Eid et al. 2017). Indeed, only low viral loads are observed in case of episomal virus,
therefore the use of a sufficiently high detection limit makes it possible to rule out false

positives.

Behind such diagnostic considerations, detection of the serological response against MCPyV
components in MCC patients have been shown as relevant markers for prognostic and follow-
up. Indeed high titers of antibodies again VP1 in serum of MCC patients at the diagnosis time
are associated with better outcome (Touzé et al. 2011) whereas an increase in LT antibody

titers during the follow up predicts recurrence (Paulson et al. 2010; Samimi et al. 2016).
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Figure 8. MCPyV detection in MCC tumor samples. In tumor samples, nuclear large T
expression can be detected by immunohistochemistry (clone CM2B4), while MCPyV genome
is evidenced by FISH (illustrations of the FISH were kindly provided by Mr. Klufah/Pr. Zur
Hausen) (of note, the samples investigated by immunohistochemistry and FISH were
independents).
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2. MCPyV-negative tumors

In addition to MCPyV-induced tumors, about 20% of the MCC cases are not related to viral
integration. DNA damages caused by UV radiations are regarded as the main oncogenic factor
of such MCPyV-negative tumors, as suggested by several findings: i) high mutation burden
similar to those observed in melanoma (around 1100 somatic single nucleotide variants per-
exome) (Carter et al. 2018; Goh et al. 2016; Starrett et al. 2017; Sunshine et al. 2018; Yarchoan
et al. 2019), ii) predominant UV signature with C to T transition (Carter et al. 2018; Goh et al.
2016; Starrett et al. 2017), iii) association of MCPyV-negative MCC with other UV-induced
neoplasia such as Bowen's disease (Walsh 2001). Frequent damaging mutations of TP53 and
RB1 (Carter et al. 2013; Goh et al. 2016; Starrett et al. 2017), alterations of PIK3C, HRAS, and
NOTCH pathways (Harms et al. 2015) as well as mutations in genes involved in chromatin
modification (ASXL1, MLL2, and MLL3) and in DNA-damage repair (ATM, MSH2, and BRCA1)
(Goh et al. 2016a) are observed in this subset. Furthermore, arsenic exposure has been
proposed as an alternative etiologic factor of of MCPyV-negative MCC (Ho et al. 2005; Lien et
al. 1999).

Interestingly, alteration of the same oncogenic pathways (especially inactivation of pRB and
p53) either by TAg or somatic mutations, may account for the common neuroendocrine
phenotype observed in virus-positive and negative MCCs (Gonzdlez-Vela et al. 2017; Kaplan-
Lefko et al. 2003; Starrett et al. 2017; Syder et al. 2004). Nevertheless, variations in phenotype
and behavior have been reported between the two subsets. Although controversial, MCPyV-
negative cases seems to be associated with worst outcome (Moshiri et al. 2017; Schrama et
al. 2011). Under microscopic examination, distinct cytological features of tumor cells have
been reported (lwasaki et al. 2013; Kuwamoto et al. 2011). Indeed, MCPyV-positive tumor
cells typically harbor scant cytoplasm and round nuclei, with clear chromatin, whereas more
irregular nuclei and more abundant clear cytoplasm are observed in MCPyV-negative
cases(lwasaki et al. 2013; Kuwamoto et al. 2011). Additionally, presence of a divergent
component is suggestive of MCPyV-negative tumors (Carter et al. 2018; Foschini and Eusebi
2000; Martin et al. 2013). Ulceration, hyperkeratosis or an intraepidermal component are also
associated with MCPyV-negative cases (Kervarrec et al. 2019; Nagase et al. 2019). Moreover,

MCPyV-negative cases dysplay a so-called “aberrant” immunohistochemical profile
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(Pasternak et al. 2018a) with frequent KRT20-negativity (Miner et al. 2015). Such variations in
phenotype and behavior are likely to reflect significant differences in genetic background
between MCPyV-positive and -negative MCC cases.

Table: Distinct features of MCPyV-positive and —negative MCC cases

Compared to the MCPyV-positive MCC cells, MCPyV-negative MCC tumor cells have been
described to harbor more irregular nuclei, more abundant cytoplasm and display more
frequently so-called divergent differentiation. Moreover, MCPyV-negative cases are
characterized by a specific immunohistochemical profile with frequent lack of expression of
KRT20 and neurofilaments, and more frequent positivity for TTF1 and KRT7. Finally, a very

high mutational burden with UV signature are observed only in MCPyV-negative cases.

Divergent differentiation

Kuwamoto et al. 2011)
No (Busam et al. 2009; Martin
et al. 2013)

Features MCPyV(+) Merkel cell MCPyV(-) Merkel cell
carcinoma carcinoma
Morphology
Nucleus Round (lwasaki et al. 2013; irregular/spindle (Iwasaki et al.
Kuwamoto et al. 2011) 2013; Kuwamoto et al. 2011)
Cytoplasm Few (lwasaki et al. 2013; more abundant (lwasaki et al.

2013; Kuwamoto et al. 2011)
yes (Busam et al. 2009; Martin
et al. 2013)

Immunohistochemical
markers

KRT20

KRT7

TTF1

Neurofilament

+(Harms et al. 2016; Pasternak
et al. 2018)
-(Pasternak et al. 2018)

-(Czapiewski et al. 2016;
Pasternak et al. 2018)
+(Pasternak et al. 2018; Pulitzer
et al. 2015; Stanoszek et al.
2018)

+/-(Harms et al. 2016;
Pasternak et al. 2018)
+/-(Pasternak et al. 2018)

+/-(Czapiewski et al. 2016;
Pasternak et al. 2018)
+/-(Pasternak et al. 2018;
Pulitzer et al. 2015; Stanoszek
et al. 2018)

Oncogenic triggers

MCPyV TAg
(Feng et al. 2008; Houben et al.
2012b; Shuda et al. 2015;
Shuda et al. 2011)

UV induced genetic
alterations (Goh et al. 2016;
Harms et al. 2015; Wong et

al. 2015)

Mutation load

Low
(Goh et al. 2016; Harms et al.
2015; Wong et al. 2015)

High
(Goh et al. 2016; Harms et al.
2015; Wong et al. 2015)

(+): frequent positivity of the marker; (-): frequent negativity of the marker, (+/-) increased
or decrease expression frequency of this marker compared to the MCPyV(+) subset.
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M. Histogenesis of MCC

Despite identification of both viral and UV-induced oncogenetic triggers in MCC, the nature of
the cell where MCC oncogenesis occurs remains unknown (Harms et al. 2018). Actually,
several hypotheses have been presented. The aim of this section is to provide a

comprehensive overview of current knowledge of the histogenesis of MCC.

1. The Merkel cell: the historical candidate

According to Boyd et al., rare cancer types identified before the molecular biology era were
“either tumours presumed to originate from or resemble a cell type that infrequently gave
rise to cancer, or histologically defined subsets within a more common type of cancer” (Boyd
et al. 2016). MCC, a perfect illustration of the first group, was classified according to its
similarities with skin physiological Merkel cells. MCs are highly specialized epithelial cells
located in the basal layer of the epidermis and in the external part of the hair follicle (Figure
9). They have been shown to act as mechanoreceptors by transforming tactile stimuli into
Ca®*-action potentials (lkeda et al. 2014) and serotonin release (Chang et al. 2016) and
transmit these signals on to afferent nerve endings. The protein allowing transformation of
mechanic into electric signals is the ion channel Piezo2 (lkeda et al. 2014), which is also highly
expressed by MCC cells [(Harms et al. 2013), unpublished data]. Expression of this MC-
characteristic molecule is only one of many features shared by MCs and MCC cells. Indeed in
addition to the numerous neuroendocrine granules containing dense cores, observed in MCC
tumor cells by Tang and Toker (Tang and Toker 1978), further immunohistochemical analysis
revealed a shared expression of many markers in MCs and MCC (Godlewski et al. 2013),
whereas only a few markers distinguish them from each other, as detailed in the Table below.
Indeed, both MCs and MCC express KRT 20 ((Cheuk et al. 2001; Van Keymeulen et al. 2009),
neuroendocrine markers chromogranin A and synaptophysin (Koljonen et al. 2005a; Moll et
al. 1995) and neuropeptides (Godlewski et al. 2013; Halata et al. 2003). By contrast, the
expression of vasoactive intestinal peptide and metenkephalin (Nguyen and McCullough
2002) are specific to MCs, whereas CD117 and CD171 are detected only in MCC cells
(Deichmann et al. 2003; Su et al. 2002).
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Despite the remarkable phenotypic similarity of phenotypic features, several points argue
against MCC deriving directly from MCs. First, in other organs such as the lung, strong data
suggest that neuroendocrine carcinoma rather derives from epithelial progenitors than
neuroendocrine cells (Yazawa 2015; Yoshimoto et al. 2018). Second, MCs are mainly post-
mitotic cells (Van Keymeulen et al. 2009) and thus have low sensitivity to oncogenic stimuli.
Accordingly, ectopic expression of sT antigen in MCs failed to induce cell proliferation or
transformation in a transgenic mouse model (Shuda et al. 2015). Of note, hyperplasia of MCs
as well as mitotic activity in keratin 20-positive cells has been reported in pathologic
conditions (Kanitakis et al. 1998; Narisawa et al. 2018). However, whether these observations
are due to proliferation of already differentiated MCs or to a MC differentiation process is still
unclear. Third, MCs are most frequently present in the palms and soles in humans (Fradette
et al. 1995; Vela-Romera et al. 2018), whereas MCC occurs mainly in sun-exposed areas [head
and neck, limbs (Kervarrec et al. 2017; Miller and Rabkin 1999)]. Moreover, no infection of
MCs by MCPyV has been reported (Tilling and Moll 2012a). Finally, in an in vitro model, MCPyV
pseudovirions could barely infect KRT20-positive cells obtained from the fetal scalp (0.8%) (Liu
et al. 2016). Overall, these data argue against an efficient MCPyV infection triggering MCC

oncogenesis in an already differentiated MC.

36



Table: Markers expressed by physiological Merkel cells and Merkel cell carcinoma

Markers

Merkel cells

Merkel cell carcinoma

Epithelial markers
Cytokeratin 20

Cytokeratin 8
Cytokeratin 18
R1 integrin

LRIG1
CSPG4

+(Perdigoto et al. 2016; Van
Keymeulen et al. 2009)
+(Perdigoto et al. 2016; Van
Keymeulen et al. 2009)
+(Perdigoto et al. 2016; Van
Keymeulen et al. 2009)
+(Tilling et al. 2014)
+(Tilling et al. 2014)
+(Tilling et al. 2014)

+(Kervarrec et al. 2018; WHO
2018)
+(Baudoin et al. 1993)

+(Kontochristopoulos et al.
2000; Li et al. 2015)
lacking data
lacking data
lacking data

Neuroendocrine markers
Chromogranin A

Synaptophysin
CD56
ISL1
INSM1
Vasoactive intestinal peptide
Metenkephalin

MAO Aand B

+(Garcia-Mesa et al. 2017;
Moll et al. 1995)
+(Garcia-Mesa et al. 2017;
Moll et al. 1995)
+(Boulais et al. 2009;
Mouchet et al. 2014)
+(Perdigoto et al. 2014)
lacking data
+(Hoefler et al. 1984; Nguyen
and McCullough 2002)
+(Hoefler et al. 1984; Nguyen
and McCullough 2002)
+(Hoefler et al. 1984; Nguyen
and McCullough 2002)
+(Vitalis et al. 2003)

+(Koljonen et al. 2005)
+(Koljonen et al. 2005)

+(Fernandez-Figueras et al.
2007)
+(Agaimy et al. 2013)

+(Lilo et al. 2018)

-(Hoefler et al. 1984; Nguyen
and McCullough 2002)
-(Hoefler et al. 1984; Nguyen
and McCullough 2002)
lacking data

Neurogenic/

mechanoreceptor markers
Neuropeptides
Neurofilament

CD171
SATB2

PIEZO2
PGP9.5
SOX2

WNT1
TUBB3
p75NTR
TrkC
NT-3
Advillin

+(Godlewski et al. 2013)
-(Moll et al. 1995)

-(Deichmann et al. 2003)
+(Fukuhara et al. 2016)

+(Garcia-Mesa et al. 2017)
+(Sebastian et al. 2017)
+(Perdigoto et al. 2014)

+(Szeder et al. 2003)
+(Sebastian et al. 2017)
+(Sieber-Blum et al. 2004)
+(Sieber-Blum et al. 2004)
+(Sieber-Blum et al. 2004)
+(Hunter et al. 2018)

+(Halata et al. 2003)
+(Kervarrec et al. 2018;
Stanoszek et al. 2018)
+(Deichmann et al. 2003)
+(Fukuhara et al. 2016;
Kervarrec et al. 2018)
+(unpublished data)

+(Inoue et al. 1997)
+(Azmahani et al. 2016;
Lasithiotaki et al. 2017)

lacking data
+(Jirasek et al. 2009)
lacking data
lacking data
lacking data
lacking data

B cell markers
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CD117 (c-KIT)
PAX5

TdT

Immunoglobulins

-(Grichnik et al. 1996)
lacking data

lacking data

lacking data

+(Su et al. 2002)
+((Johansson et al. 2018;
Kervarrec et al. 2018; Zur

Hausen et al. 2013)
+(Johansson et al. 2018;
Kervarrec et al. 2018; Zur

Hausen et al. 2013)
+(Murakami et al. 2014;

Sauer et al. 2017)

(+): positivity of the marker; (-): negativity of the marker, CSPG4: chondroitin sulfate
proteoglycan 4, INSM1: insulinoma associated 1, ISL1: Islet-1, LRIG1: leucin rich repeats and
immunoglobulin like domains 1, MAO: monoamine oxydase, NT-3: neurotrophin 3, p75NTR:
neurotrophin receptor p75, PAX5: paired box 5, PGP9.5: ubiquitin C-terminal hydrolase L1,
SATB2: special AT- rich sequence binding site 2, SOX2: SRY-box2, TdT: terminal
deoxynucleotidyltransferase, TRKC: neurotrophic tyrosine kinase receptor type 3, TUBB3:
tubulin beta 3 class Ill, WNT1: Wnt family member 1.
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a KRT20/SATB2 b

Figure 9. Immunohistochemical and ultrastructural features of physiological Merkel cells:
immunohistochemical staining of normal skin (a,b) revealing one Merkel cell located in the
infundibulum of a hair follicle and coexpression of cytokeratin 20 (cytoplasmic expression in
red) and SATB2 (nuclear expression in brown) (bar = 100 and 50 um for A,B).
Immunofluorescence staining of healthy skin revealing some Merkel cells expressing
cytokeratin 20 (c,d), cytokeratin 8 (e) and Piezo2 (f) in the epidermis (c) and in hair follicles (d—
f) (bar = 40 um for c—f). Electron microscopy of a Merkel cell (g,h) revealing numerous dense-
core granules (bars =2 and 0.5 um for g,h respectively). A cropped region is shown in the inset
(h). Adapted from Kervarrec et al. 2019
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2. Putative mechanism of a “non-MC” origin for MCC

The tumour classification system is based on tumour differentiation and should not be
considered a direct indicator of tumour histogenesis (Fletcher 2006). Indeed, several
phenotypic changes occurring during the oncogenic process contribute to the final
differentiation profile of tumour cells, which consequently differs from the primary cell in
which the first oncogenic event took place (Fletcher 2006). Accordingly, acquisition of an MC-
like phenotype including neuroendocrine differentiation (Chteinberg et al. 2018) during MCC
oncogenesis could explain the similarities between MCs and MCC (Harms et al. 2018b). In
MCC, both UV and virus-induced oncogenic triggers are thought to impact shared molecular
pathways, accounting for the common phenotype between MCPyV-positive and -negative
tumours (Gonzdlez-Vela et al. 2017). In this respect, disruption of pRB function occurs by
somatic mutations and repression of protein expression in virus-negative tumours (Harms et
al. 2015a), whereas sequestration by MCPyV LT antigen inactivates pRB in virus-positive MCC
cells (Houben et al. 2012a). Interestingly, disruption of this pathway has been identified as a
main driver of the acquisition of a neuroendocrine phenotype in tumours of other organs

(Meder et al. 2016; Shamir et al. 2018; Syder et al. 2004).

In the skin, MC differentiation occurs in specific epithelial precursors upon expression of one
main transcription factor, atonal homolog 1 (ATOH1) (Van Keymeulen et al. 2009). Under
physiologic conditions, ATOH1 expression in the skin is restricted to MCs (Van Keymeulen et
al. 2009). Because ATOH1 is also observed in MCC, its expression could explain the shared
phenotype between MCs and MCC (Gambichler et al. 2016). Moreover, genetic ablation of
Rb1 and the related Rb-family gene p130 in the intestinal epithelium in a mouse model leads
to increased expression of Atohl (Haigis et al. 2006), which suggests that Atohl induction

could occur during an oncogenic process associated with Rb1 inactivation.

Considering these findings, a non-MC could also be candidate for the ancestry of MCC. As
such, an epithelial non-MC, as well as fibroblastic, neuronal and B-cell origin have been

proposed (Figure 10).
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Table: Pros and cons of current hypotheses for the potential cell of origin of Merkel cell

carcinoma (MCC)

Expression of B-cell markers (PAX5, TdT

and Immunoglobulins)

Detection of MCPyV integration in B-

cell neoplasia

Candidate Pros Cons
Merkel cell | Phenotypic similarities: No mitotic activity
(immunohistochemical profile: KRTS,
KRT18, KRT20 + neuroendocrine No MCPyV infection
markers+ultrastructural findings) No transformation by MCPyV antigens
Lack of epidermal connection in almost all
MCC cases
Epithelial Ability to differentiate into Merkel cells | Exclusive dermal/hypodermal location of
progenitor MCC
Ability to generate combined MCC
No UV signature in MCPyV-positive cases
Most probable origin of
Lack of epidermal connection in almost all
neuroendocrine carcinoma in other MCC cases
sites
Fibroblast Site of replication of the MCPyV No proof of the ability of fibroblasts to
and dermal acquire an MC-like phenotype
stern cell Ability of MCPyV antigens to induce
transformation in these cell types Unexpected origin for a neuroendocrine
carcinoma
Presence of SKP with reprogramming
abilities UV signature in MCPyV-negative MCCs
Pre/pro B Epidemiologic association between No proof of the ability of B cells to acquire an
cell MCC and B-cell neoplasia MC-like phenotype

Unexpected origin for a neuroendocrine

carcinoma

UV signature in MCPyV-negative MCCs

MC: Merkel cell; MCPyV: Merkel cell polyomavirus; SKP: skin-derived precursors
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Figure 10. Graphic summary of the 4 putative cells of origin of Merkel cell carcinoma (MCC).
(a) Physiological MC differentiation (b) First hypothesis: physiological MC as the cell of origin
of MCC, suggesting that T antigens can induce transformation in this cell type. (c—e) Second
hypothesis: oncogenic events occur in a non-MC and induce transformation and acquisition
of an MC-like phenotype. Potential ancestries are epithelial progenitors (c), fibroblast/dermal
stem cells (d) or pre/pro B cells (e) from the B cell lineage. Adapted from Kervarrec et al. 2019.
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3. A non-MC epithelial origin

Whether MCs derive from the neural crest or epidermal lineage has been a matter of debate.
Of note, both neural crest and epidermal lineages derive from the same embryologic
structure, and this common ectodermal origin might explain the mixed
neuroendocrine/epithelial phenotype observed in MCs. Indeed, ultrastructural studies of MC
reveals on the one hand intracytoplasmic neuroendocrine granules suggesting a neural crest
origin (Winkelmann 1977) and on the other hand frequent desmosomes and cytokeratins, two
hallmarks of the epithelial subset (Lucarz and Brand 2007). Accordingly,
immunohistochemistry also demonstrated both expression of “neural crest” as well as
epithelial markers. The neural crest origin hypothesis was further supported by chimeric
chicken/quail models (Grim and Halata 2000; Halata et al. 1990). However, xenograft of
human fetal skin free of neural crest progenitors in immunocompromised mice led to the
development of human MCs, suggesting an epidermal origin of these cells (Moll et al. 1990).
An epithelial origin of MCs in mammals was finally demonstrated in 2009 by two consecutive
transgenic mouse studies (Morrison et al. 2009; Van Keymeulen et al. 2009). In both studies,
deletion of Atoh1 in epidermal progenitors resulted in a complete absence of MCs. Besides,
Morrison and colleagues demonstrated that Atoh1 deletion in the neural crest lineage did not

affect the MC population (Morrison et al. 2009) .

Additional studies in mouse models revealed that the acquisition of MC phenotype upon
Atoh1l expression was restricted to a specific subpopulation of keratinocyte progenitors,
characterized by an activated Hedgehog pathway (Xiao et al. 2015; Xiao et al. 2014). Indeed,
Atoh1 expression failed to induce MC differentiation in other keratinocytic sub-populations
(Van Keymeulen et al. 2009) and induced distinct differentiation towards other cell types
(Aragaki et al. 2008; Mulvaney and Dabdoub 2012; Shi et al. 2014). MC differentiation
regulation is controlled by redundant transcription factor networks (Perdigoto et al. 2014).
While the Notch pathway (Logan et al. 2018) and the histone methyltransferases, Ezh1 and
Ezh2 (Bardot et al. 2013; Perdigoto et al. 2016) act as repressors, the transcription factors Sox2
(Bardot et al. 2013; Laga et al. 2010; Lesko et al. 2013) and Isl1 (Perdigoto et al. 2014)

cooperate with Atoh1 to induce MC differentiation (Figures 11-12).
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Limited data characterizing the MC progenitor population in humans are available (Moll et al.
1993). Therefore, our current knowledge on this cellular subset is mainly based on findings in
mice. In this model, cells bearing MC differentiation potential are mainly located in the outer
root sheet and hair follicle bulge region (Akiyama et al. 1995; Narisawa et al. 2015) but also in
the interfollicular epidermis in specialized structures called touch domes (Xiao et al. 2014).
The MC progenitors are expected to derive from Sox9-positive cells of the hair placode
(Nguyen et al. 2018), and activation of the sonic hedgehog pathway is required for
establishment of this population (Perdigoto et al. 2016). Additionally to the Glil positivity
reflecting sonic hedgehog pathway activation, MCs progenitor are characterized by Krt17
positivity (Doucet et al. 2013; Wright et al. 2017; Xiao et al. 2015). Interestingly, these hair
follicle- and touch- dome—derived stem cells have been determined as the preferential origin
of basal cell carcinoma (Peterson et al. 2015). Therefore, their ability to acquire an MC
phenotype and to proliferate, as well as their high sensitivity to oncogenic stimuli, could
promote their transformation into MCC, rendering them bona fide candidates as cells of
origin. Of note, MCC developing within follicular cysts (Requena et al. 2008) as well as
preferential MCPyV infection of the dermal cells around hair follicles (Liu et al. 2016) support

MCPyV(+) MCC as being derived from hair follicles.

A hair-follicle origin of MCC would also weaken one argument frequently used against an
epithelial origin of MCC. Indeed, MCC cells are mostly found in the dermis and subcutis lacking
a connection to the epidermis, making an epidermal origin unlikely (Zur Hausen et al. 2013a).
However, some appendage tumours such as trichoblastoma (TB) and spiradenoma (Tellechea

et al. 2015; Zheng et al. 2014) are well known to lack an epidermal connection (WHO 2018).

The observation of so-called combined MCC (or MCC with divergent differentiation) further
supports an epithelial origin of MCC. Combined MCC represent 5% to 10% of cases and are
characterized by the association of an MCC component with a tumour of another
differentiation lineage (Busam et al. 2009; Martin et al. 2013). Although several divergent
components have been described (sarcomatous, adnexal) (Martin et al. 2013; Pulitzer et al.
2015), MCC is most frequently associated with squamous/eccrine carcinoma (Walsh 2001).
Shared genetic alterations have been reported for both components in some cases, which

implies acommon progenitor (Carter et al. 2017), whereas other cases gave proof of a collision
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tumour (Falto Aizpurua et al. 2018). Furthermore, similar aberrant p53 expression is
frequently observed in both components of combined MCC (Husein-EIAhmed et al. 2016). In
some combined MCC cases, intra-epidermal neoplasia such as actinic keratosis or Bowen’s
disease (Walsh 2001) was detected close to the squamous cell carcinoma component. Since
Bowen’s disease originates from the epidermis, and invasive squamous cell carcinoma derive
from Bowen’s disease; hence, the clonality between squamous cell carcinoma and the MCC
component (Carter et al. 2017) favours an epidermal origin of these typically MCPyV-negative
MCC (Narisawa et al. 2015). Of note, hyperplasia of MCs in the squamous cell carcinoma
component of combined tumours (Narisawa et al. 2018) might suggest that such component

contains precursors with the ability to acquire an MC phenotype.

As mentioned before, such combined cases have been usually described to be typically UV-
induced MCCs, displaying morphologic and immunohistochemical features distinct from
MCPyV-positive MCC and carrying high mutational load (Carter et al. 2017; Martin et al. 2013;
Pulitzer et al. 2015). Of note, low viral load of MCPyV in some cases is probably related to an
episomal virus genome present in the skin. Hence, although combined cases imply that
MCPyV-negative cases derive from some epidermal progenitors of the interfollicular
epidermis, they provide no information about the origin of MCPyV-positive tumours (Sunshine

et al. 2018).

In agreement with this observation, Sunshine et al. hypothesized that there might be two
different cells of origin for the two MCC subtypes (Sunshine et al. 2018). They provided several
arguments for this hypothesis. While the UV-mutation signature of virus-negative MCC favors
an epidermal origin, the failure of epidermis targeted TA-expression to produce MCC tumors
in mouse models (Shuda et al. 2015; Spurgeon et al. 2015; Verhaegen et al. 2015) suggests
that other cells in the skin, such as dermal fibroblasts, may serve as origin of MCC (Sunshine
et al. 2018). In line with this hypothesis, both UV- and virus-induced MCC occur in sun-exposed
areas where frequent UV-induced mutations are observed in keratinocytes (Martincorena et
al. 2015), whereas only MCPyV-negative cases are characterized by high mutational load and
UV signature (Harms et al. 2015a; Sunshine et al. 2018). Sunshine and colleagues excluded an
epithelial and instead proposed a fibroblastic origin of MCPyV(+) MCC (Sunshine et al. 2018).

However, low mutational burden as well as lack of UV-signature in MCPyV(+) MCC might also
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be explained by MCPyV integration into a cell from the hair follicle which, like dermal

fibroblasts, is located deeper in the skin than epidermal keratinocytes.

In conclusion, and acting on the assumption that MCC generally has an epithelial origin, one
could speculate that UV-induced MCC derives from a keratinocyte progenitor from the
interfollicular epidermis that acquires the ability to differentiate into MCs during the
oncogenic process, whereas MCPyV-driven oncogenesis is initiated in a progenitor cell from

a hair follicle.
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Figure 11. Graphic summary of Merkel cell differentiation in embryonic mice. KRT8, 18 and
20 expression arise sequentially during the MC differentiation process whereas markers of
epithelial progenitors such as KRT14 are lost (Perdigoto, 2014). Transcription factors activating
MC differentiation are depicted in green whereas repressors are in red. Atoh1, Sox2 and Isl1
are transcription factors involved in MC differentiation. a: Atohl is the most crucial
transcription factor driving MC differentiation (Van Veymeulen, 2009; Morrison, 2009); b:
Atoh1 protein binds to the promotor of Atoh1 1 gene inducing a positive feedback (Bardot
2013). C: Activation of the sonic hedgehog pathway (SHH) associated with hair follicle
development is required for ATOH1 expression (Perdogoto 2016). Sox2 induces Atohl 1
expression by acting on Atoh 1 enhancer (d) (Bardot 2013), moreover Sox2 increases Isl1
expression and interacts with its own promotor inducing a positive feedback loop (Bardot
2013), finally Sox2 is involved in the late MC differentiation and is necessary for KRT20
expression (Perdigoto 2014). Isl1 interacts with Sox2 to increase Atohl 1 expression (h)
(Perdigoto 2014) and contributes to the middle of MC differentiation process (i). The
polycomb repressive complex 2 (PRC2) including EZH2 acts as a repressor of MC
differentiation by adding a transcription repressive mark on Atoh1, Sox2 and Isl1 via H3K27
trimethylation (Bardot 2013, Perdigoto 2016). Notch pathway was also identified as a
repressor of Atohl 1 expression (Logan 2018). Kc: Keratinocytes, KRT: cytokeratins, MC:
Merkel cell, SHH: sonic hedgehog
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Figure 12. the sonic Hedgehog Pathway (adapted from Athar 2014).
In an off state, PTCH binds and subsequently inactivates SMO. By contrast, interaction of the
Hedgehog (Hh) ligand with PTCH, leads to the release and the translocation of SMO in the
cilium structure therefore resulting in transcriptional activation of GLI1. Indeed, SMO forms a
complex with multiple cellular proteins which results in the dissociation of GLI factors from
their endogenous inhibitor SuFu, translocation of GLI to the nucleus and transcription of GLI

target genes. GLI: Glioma-associated oncogene homolog;
smoothened; SuFu: suppressor of fused homolog.

Ptchl: patched 1; SMO:

48



4. Afibroblastic origin

Another hypothesis is MCC developing from fibroblastic cells. This hypothesis might account
for the quasi-exclusive dermal location of MCC, as discussed above. Furthermore, the
fibroblastic origin of MCCs would be consistent with our knowledge of the MCPyV life cycle
because fibroblasts of the papillary dermis have been identified as the main site of replicative
infection (Liu et al. 2016). Although infectious MCPyV particles can enter several cell types
including keratinocytes, with various efficiency rates (Liu et al. 2016; Schowalter et al. 2012),
fibroblasts remain the only host evidencing early and late viral protein expression. One could
argue that replication and transformation could occur in independent cell types, as previously
demonstrated for the polyomavirus SV40 (Pipas 2009). However, the ability of fibroblasts to
allow replication of the MCPyV genome increases the likelihood of accidental integration of
the viral genome. Moreover, the in vitro transforming potential of sT antigen has until now
been demonstrated only in fibroblasts (Pipas 2009; Shuda et al. 2015). Notably, ectopic
expression of SV40 TAg in fibroblastic cells (Knapp and Franke 1989) triggered the induction
of cytokeratin expression, which suggests that polyomavirus infection can influence a
differentiation lineage. In such setting, acquisition of an MCC phenotype induced by viral
protein expression could require a transient pluripotent stage. Indeed, fibroblasts are widely
used for reprogramming to pluripotent cells. The resulting induced pluripotent stem cells
(Takahashi and Yamanaka 2006) can be differentiated into epithelial cells in vitro.
Furthermore, physiological stem cells of the papillar dermis [i.e., dermal skin precursors or
skin-derived precursors (Naska et al. 2016)] share phenotypic similarities with induced
pluripotent stem cells, such as expression of the stem cell factors c-Myc and Sox2 (Kwok et al.
2013), two markers also expressed by MCC (Azmahani et al. 2016; Kwun et al. 2013). These
dermal skin precursors are able to differentiate into epithelial or neuronal cells in vitro. Hence,
because of the close proximity of these cells to dermal fibroblasts, which can support
productive MCPyV infection (Liu et al. 2016), as well as their expression of pluripotency factors
and their differentiation abilities, MCPyV integration in such cells could lead to MCC

oncogenesis and acquisition of an MCC phenotype.
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5. A pre/pro or pre—B-cell origin

Because of the recurrent association between MCC and B-cell neoplasias (Brewer et al. 2012;
Howard et al. 2006; Koljonen et al. 2015; Tadmor et al. 2011) , the occasional integration of
MCPyV in hematopoietic cells as well as phenotypic similarities between MCC and B cell
precursorsand, a lymphoid pre/pro B-cell origin is also discussed (Sauer et al. 2017; Zur Hausen
et al. 2013a). Although no resident B-cell are observed in the skin, MCC might derived from a

circulating B-cell progenitor.

Indeed, chronic lymphocytic leukaemia (CLL) is the most frequent neoplasia associated with
MCC development. Whether this is due to a common transforming event or the CLL creating
an immunological microenvironment facilitating the development of the MCC or merely due
to both tumours appearing in older immunocompromised people, has yet to be determined

(Tadmor et al. 2011).

Moreover, MCC shares morphological features with other small round blue cell tumours,
which explains why B-cell neoplasia must be considered as a differential diagnosis of MCC. In
addition, the co-expression of terminal deoxy nucleotidyl transferase (TdT), paired box 5
(Pax5) and immunoglobulin chains, all markers expressed during B-cell differentiation, has
been observed in MCC tumours (Sauer et al. 2017; Zur Hausen et al. 2013). Initially, the rates
of TdT and Pax5 positivity were reported to reach about 65% (N=187) and 90% (N=143) of
MCC cases (Sauer et al. 2017); however, recently observed rates were lower, 26% (N=217) or
23% (N=213) (Johansson et al. 2018). Of note, expression of immunoglobulin chains was
restricted to the MCPyV(+) subset and detected in about 70% of cases (Murakami et al. 2014).
In addition, rare observations of MCC with monoclonal immunoglobulin rearrangement of
heavy chain as well as monoclonal expression of Kappa light chain were reported (Murakami
et al. 2014). As already discussed, determination of the histogenesis based on phenotype
similarities between terminally differentiated tumour and physiological cells does not account
for phenotypic changes during oncogenesis (Fletcher 2006). In this regard, induction of
immunoglobulin expression during the oncogenic process has been reported for several
epithelial and soft-tissue neoplasias such as carcinoma, Ewing and osteosarcomas (Chen et al.
2011; Chen and Gu 2007) and may contribute to tumour aggressiveness (Yang et al. 2009).

Furthermore, immunoglobulin rearrangement due to the expression of essential enzymes
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required for gene rearrangement and class switch recombination has been described in non-
hematopoietic neoplasia (Chen et al. 2011). Hence, immunoglobulin expression and
rearrangement might result from the oncogenic process, and their occurrence in MCC cannot
rule out a non-lymphoid cell origin. Induction of immunoglobulin expression in epithelial cells
has been reported to result from Epstein-Barr virus infection (Liu et al. 2007) and was also
observed in papillomavirus-induced neoplasia (Li et al. 2004). These findings, combined with
the exclusive expression of immunoglobulins in MCPyV(+) MCC, led Murakami and colleagues
to hypothesize that the immunoglobulin expression in MCC cells is induced by MCPyV
oncoproteins (Murakami et al. 2014). In the same manner, the concomitant expression of TdT
and Pax5, which is restricted to immature B cells and thymocytes under physiological
conditions (Buscone et al. 2014) could be explained by an oncogene driven differentiation
process. In this regard, positivity for one of these markers has also been demonstrated in
several epithelial neoplasias (Dong et al. 2005; Mhawech-Fauceglia et al. 2007), which
indicates that these markers can be acquired during the oncogenic process. Moreover, MCPyV
genome integration (Haugg et al. 2011) associated with a deletion leading to a truncated LT
antigen (Pantulu et al. 2010), the two hallmarks of MCC oncogenesis, have been evidenced in
some cases of chronic lymphocytic leukaemia and tropism of other tumor viruses for the Pre-
Pro B cells had been previously emphasized (Coleman et al. 2010). Although these findings
demonstrate that MCPyV integration associated with transformation can occur in B cells, lack

of acquisition of an MCC phenotype in these cases argue against a B-cell origin of MCC.

To conclude, our current knowledge on MCC histogenesis also challenges the basis of the
current tumour classification system. Indeed, tumours are mostly classified according to their
differentiation status and their level of similarities with physiological cells at the same location
(Boyd et al. 2016). However, we should keep in mind that the final phenotype of a given
tumour cell may result from strong differentiation changes occurring during oncogenesis and
thus does not necessarily directly reflect the cell ancestry (Fletcher 2006). Accordingly, despite
strong similarities, MCC likely does not derive from already differentiated MCs, which suggests
that acquisition of an MC-like phenotype occurs during the carcinogenesis. From the
observations of combined MCC tumours, and the high somatic mutation loads and detection
of an UV signature in this subset, UV-induced MCC cases probably derive from a progenitor

cell of the epidermis. By contrast, the nature of the cell in which MCPyV driven MCC
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development occurs remains to be clarified. Use of experimental models in addition to
phenotypic characterization of MCC to monitor phenotype changes induced by MCPyV in

several cell types are needed to fully address this question.
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Review Article

Histogenesis of Merkel Cell Carcinoma: A Comprehensive Review. Kervarrec T, Samimi M,
Guyétant S, Sarma B, Chéret J, Blanchard E, Berthon P, Schrama D, Houben R, Touzé A. Front
Oncol. 2019

(see supplements)
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CONTEXT AND OBIJECTIVES

Briefly after the identification of the MCPyV genome into MCC tumor cells (Feng et al. 2008a),
the virologist research team of Dr. P. Coursaget/Prof. Antoine Touzé (“Biologie des Infections
a Polyomavirus” team (BIP) UMR INRA ISP 1282, University of Tours, France) started to
investigate the specific association between MCPyV and MCC. For this purpose, a close
collaboration was established with the Department of Dermatology (Prof. G. Lorette/Prof. M.
Samimi) and the Department of Pathology (Prof. S. Guyétant) of the University Hospital center
of Tours. This collaborative research group initially focused on MCPyV serological markers.
Indeed they demonstrated that MCPyV seroconversion mainly occurs in childhood and
accordingly observed high MCPyV seroprevalence in the healthy adult population (Martel-
Jantin et al. 2014; Martel-Jantin et al. 2013). Moreover they identified that high level of anti-
VP1 antibodies at the diagnosis time as associated with better survival in MCC patients (Touzé
et al. 2011; Touzé et al. 2010), while, assessment of the TAg antibody titer by enzyme-linked
immunosorbent assay (ELISA) was demonstrated as a useful technique for patient follow-up,
and is currently routinely used in French Hospitals from the GCC (Groupe de Cancérologie

Cutanée) network (Samimi et al. 2016).

With regards to the rarity of such tumors, extensive MCC tumor characterization required the
establishment a multicentric cohort. To this end, under the supervision of Prof. Samimi, a
network of physicians and pathologists was set up mostly in the West part of the France,
currently including 8 Hospital centers (Angers, Besancon, Le Mans, Orléans, Poitiers, Nantes,
Paris, Tours). The procedure was validated by the local ethical committee of Tours (no. ID
RCB2009-A01056-51). MCC cases are included in the historical-prospective cohort after
diagnosis confirmation by a pathologist expert in neuroendocrine pathology (Prof. S.
Guyétant, from the TENPath network). Biological samples are collected after patients’ written
consent. Clinical data regarding demographic characterization, staging and outcome are
collected at the inclusion time and frequent follow-up updates are conducted. After
microscopic selection of representative tumor area, FFPE tumor specimen are included in a
tissue micro-array. This MCC collection currently includes currently more than 150 paraffin-
embedded MCC tumors and already allowed to the investigation of tumor metabolism
(Samimi et al. 2014), somatostatin receptor expression (Gardair et al. 2015) and immune

responses (Kervarrec et al. 2018; Ollier et al. 2018; Zaragoza et al. 2016) in MCC patients.
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In 2017, The BIP team and the research group of Dr. R. Houben and Dr. D. Schrama (Tumor
Biology Forschung Laboratory (TBFL), University Hospital of Wirzburg, Germany) established
a collaboration in order to identify the cell of origin of MCC. As detailed before, TBFL members
largely contributed to our understanding of oncogenic mechanisms in MCC tumors. Indeed
they initially confirmed the presence of MCPyV in European MCC patients (Becker et al. 2009)
and demonstrated the requirement of LT antigen expression for MCC tumor cell proliferation
maintenance (Houben et al. 2010). Furthermore, they characterized LT functional domains
(Houben et al. 2015) notably demonstrating the crucial role of the pRB binding site of the LT
in such proliferation maintenance (Houben et al. 2012a). In addition, TBFL investigated several
MCC aspects such as activation or inhibition of signaling pathways (Hafner et al. 2012; Houben
et al. 2007), p53 contribution to the oncogenesis (Houben et al. 2013; Lill et al. 2011) and
tumor immune response in MCC patients (Behr et al. 2014; Willmes et al. 2012). Taking
advantage of their complementary expertise fields, TBFL and BIP team designed together a
research collaborative project investigating MCC histogenesis, resulting in the present co-

supervised PhD thesis.

Characterization of MCC tumors samples was considered by both teams as an essential
preliminary step for working hypothesis establishment and subsequent in vitro experimental
design. Indeed tumor cells phenotype is the result of two main factors combination: the
nature of the primary cell hit and the phenotypic changes induced during the oncogenesis
(Becker and Zur Hausen 2014; Visvader 2011). Therefore, any phenotypic variation between
MCC tumors samples might reflect different oncogenic mechanisms, different cells of origin
or combination of these two factors and accordingly some authors proposed different cells of
origin for MCPyV-positive and negative tumors. In line with such considerations, the following
guestions were investigated on our MCC cohort: i) are MCC i.e. primary neuroendocrine
carcinoma of the skin different from eNEC ii) should MCPyV-positive and -negative MCC be
considered as the same tumor? iii) does MCC without cutaneous primary really belonging to
the same tumor entity as cutaneous MCC and could this subset therefore provide indications
regarding the cell of origin? iv) can the study of combined tumors further improve the

understanding of MCC histogenesis?
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Indeed, the WHO classification defined MCC as the eponymous name for primary
neuroendocrine carcinoma of the skin underlining the similarities between MCC and other
neuroendocrine carcinomas especially the small cell type. These findings further suggest that
the neuroendocrine tumors of other locations might also provide clues regarding the
pathogenesis of MCC. Of note, determination of the cell of origin was also a priority research
qguestion in this setting and lineage tracking experiments in transgenic mouse models
demonstrated that lung extracutaneous neuroendocrine carcinoma (eNEC) derives either
from epithelial progenitors or already differentiated neuro-endocrine cells (Park et al. 2011;
Sutherland et al. 2011), a conclusion already suggested by combined tumors of the lung
harboring a neuroendocrine component developed from adeno or squamous cell carcinoma
(Oser et al. 2015). Although close phenotypic similarities between eNEC and MCC might
although suggest an epithelial origin of the latter (Park et al. 2011; Sutherland et al. 2011), any
phenotypic variations between the two groups should reflect differences either in the nature
of the ancestry or the oncogenic mechanism. Therefore, in order to clarify the phenotypic
variations between MCC and extracutaneous tumors and validate relevant discriminative
criteria for diagnosis, we compared the immunohistochemical profiles of both subsets (Article
1. Diagnostic accuracy of a panel of immunohistochemical and molecular markers to
distinguish Merkel cell carcinoma from other neuroendocrine carcinomas). Since phenotypic
changes with acquisition of a MC-like phenotype during the oncogenesis is regarded as the
most likely theory, the extensive characterization of the tumor phenotype performed in this
study also represent a crucial preliminary step for later in vitro investigations of the

differentiation processes induced by MCPyV TAgs.

The second objective of this work was to identify immunomorphological variations between
MCPyV-positive and -negative tumors. Indeed, variations in morphology (lwasaki et al. 2013;
Kuwamoto et al. 2011), immunophenotype (Pasternak et al. 2018; Walsh 2001) and behavior
(Moshiri et al. 2017) have been previously reported between the two groups and although
these differences might be related to different oncogenic factors, they can alternatively be
related to a different cell of origin as previously suggested (Sunshine et al. 2018). Therefore,
clinical characteristics, morphologic and immunohistochemical features were compared

between MCPyV-positive and -negative cases (Article 2. Morphologic and
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immunophenotypical features distinguishing Merkel cell polyomavirus-positive and

negative Merkel cell carcinoma).

Next, specific MCC subtypes were then investigated. MCC without a primary tumor represent
5to 10% of all MCC cases and are characterized by a nodal metastasis without any detectable
skin primary tumors (Fields et al. 2011; Haymerle et al. 2015; Kotteas and Pavlidis 2015;
Reichgelt and Visser 2011). This tumor group might be considered as an independent tumor
entity, primary developing from the lymph node (therefore suggesting a non-epithelial origin).
On the other hand, they might alternatively represent a metastases derived from an occult
and/or totally regressive skin primary tumors. Therefore, we first confirmed that these MCC
without a primary tumor harbored all phenotypic hallmarks of cutaneous MCC (Article 3.
Differentiating Merkel cell carcinoma of lymph nodes without a detectable primary skin
tumor from other metastatic neuroendocrine carcinomas: The ELECTHIP criteria. We then
assessed whether these tumors result from a metastatic process with spontaneous regression
of the primary or from a primary tumor of the lymph node, by investigating expression of the
epithelial-mesenchymal transition markers (Article 4. Merkel cell carcinoma of lymph nodes
without skin primary tumor are metastatic neoplasia associated with an efficient immune

response).

Finally, our investigations of tumor specimens focused on combined MCC cases, which also
account for 5-10% of all MCC cases (Martin et al. 2013; Pulitzer et al. 2015; Walsh 2001).
Combined MCCs are characterized by occurrence of an MCC in close association with another
tumor type. Indeed, a large variety of differentiation subtypes (e. g. basal-cell-like, adnexal,
melanocytic, glandular, sarcomatous and ganglioneuroblastic) of tumors associated with MCC
have been reported (Lach et al. 2014; Martin et al. 2013a; Pulitzer et al. 2015b; Walsh 2001).
The majority of the cases harbored squamous cell carcinoma component, sometimes
associated with Bowen's disease (Walsh 2001). Since such Bowen's disease and related
invasive squamous cell carcinoma are believed to derive from an epithelial cell, confirmation
of the clonal filiation between the MCC and the squamous cell carcinoma component of such
tumors might bring a clear demonstration of the epithelial origin of MCC, as suggested earlier
and sequencing of such combined cases are actually on going in our team. However such

combined cases have been reported to almost always belong to the MCPyV-negative subset
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(Martin et al. 2013; Pulitzer et al. 2015). Therefore, we first identified the combined cases of
our cohort, in order to determine the MCPyV viral status and characterize the
immunohistochemical profile of these MCCs in comparison to pure cases (Article 5. Detection
of the Merkel cell polyomavirus in the neuroendocrine component of combined Merkel cell
carcinoma). We then focused our investigations on a MCPyV-positive combined MCC case,
starting with an exceptional combined tumor consisting of a trichoblastoma (TB) and MCPyV-
positive MCC (Article 6. Polyomavirus-positive Merkel cell carcinoma derived from a TB
suggests an epithelial origin of this Merkel cell carcinoma). This exceptionally rare case
provided us a model to understand the MCPyV induced MCC tumor development. The
characterization of this tumor provided a clear proof that an MCPyV-positive MCC can derive
from an epithelial cell and further suggests that MCPyV integration occurs in an MC progenitor
cell of the hair follicle and induces acquisition of an MC-like phenotype by mimicking
physiological differentiation process. Based on these findings, we consequently developed in
vitro models to assess the respective contribution of the cell of origin and of the TAg
expression in the final phenotype of MCPyV-positive tumor cells (Article 7. Determinants of

Human Merkel cell differentiation under physiologic and oncogenic conditions)
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RESULTS
Article 1. Diagnostic accuracy of a panel of immunohistochemical and molecular markers
to distinguish Merkel cell carcinoma from other neuroendocrine carcinomas.

Modern Pathology 2019.

Article 2. Morphologic and immunophenotypical features distinguishing Merkel cell
polyomavirus-positive and negative Merkel cell carcinoma.

Modern Pathology 2019.
Article 3. Differentiating Merkel cell carcinoma of lymph nodes without a detectable
primary skin tumor from other metastatic neuroendocrine carcinomas: The ELECTHIP

criteria. JAAD 2018.

Article 4. Merkel cell carcinoma of lymph nodes without skin primary tumor are metastatic

neoplasia associated with an efficient immune response. Manuscript in preparation.

Article 5. Detection of the Merkel cell polyomavirus in the neuroendocrine component of

combined Merkel cell carcinoma. Virchows Archiv 2018.

Article 6. Polyomavirus-positive Merkel cell carcinoma derived from a TB suggests an

epithelial origin of this Merkel cell carcinoma. Accepted in J invest Dermatol.

Article 7. Merkel cell Polyomavirus T antigens promote Merkel cell differentiation in

epithelial progenitors of the skin. Manuscript in preparation.
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Abstract

Merkel cell carcinoma is a rare neuroendocrine carcinoma of the skin mostly induced by Merkel cell polyomavirus
integration. Cytokeratin 20 (CK20) positivity is currently used to distinguish Merkel cell carcinomas from other
neuroendocrine carcinomas. However, this distinction may be challenging in CK20-negative cases and in cases without a
primary skin tumor. The objectives of this study were first to evaluate the diagnostic accuracy of previously described
markers for the diagnosis of Merkel cell carcinoma and second to validate these markers in the setting of difficult-to-
diagnose Merkel cell carcinoma variants. In a preliminary set (n = 30), we assessed optimal immunohistochemical patterns
(CK20, thyroid transcription factor 1 [TTF-1], atonal homolog 1 [ATOH1], neurofilament [NF], special AT-rich sequence-
binding protein 2 [SATB2], paired box protein 5, terminal desoxynucleotidyl transferase, CD99, mucin 1, and Merkel cell
polyomavirus-large T antigen) and Merkel cell polyomavirus load thresholds (real-time PCR). The diagnostic accuracy of
each marker was then assessed in a validation set of 103 Merkel cell carcinomas (9 CK20-negative cases and 15 cases
without a primary skin tumor) and 70 extracutaneous neuroendocrine carcinoma cases. The most discriminant markers for a
diagnosis of Merkel cell carcinoma were SATB2, NF expression, and Merkel cell polyomavirus DNA detection (positive
likelihood ratios: 36.6, 44.4, and 28.2, respectively). Regarding Merkel cell carcinoma variants, cases without a primary skin
tumor retained a similar immunohistochemical profile and CK20-negative tumors displayed a different profile (decrease
frequency of NF and SATB2 expression), but Merkel cell polyomavirus DNA remained detected (78% of cases by qPCR).
Moreover, 8/9 (89%) CK20-negative Merkel cell carcinoma cases but only 3/61 (5%) CK20-negative extracutaneous
neuroendocrine cases were positive for at least one of these markers. In conclusion, detection of SATB2 and NF expression
and Merkel cell polyomavirus DNA helps distinguish between Merkel cell carcinoma classical and variant cases and
extracutaneous neuroendocrine carcinomas.

Introduction

Merkel cell carcinoma is a rare primary carcinoma of the
These authors contributed equally: A. Tallet, E. Miquelestorena- skin with both epithelial and neuroendocrine differentiation
Standley [1]. This tumor occurs essentially in older or immunosup-
pressed people and features aggressive behavior, with an
overall 5-year survival estimated at 40%. In 2008, Feng
Electronic supplementary material The online version of this article et al. discovered the genome of a new polyomavirus in
(httpss//dm.o.rg/l.().103§/s41379-018—Q155—y) contains supplementary Merkel cell carcinoma tumors [2]. Indeed, genomic inte-
material, which is available to authorized users. . . . .
gration of the Merkel cell polyomavirus is observed in
P4 Serge Guyétant about 80% of Merkel cell carcinoma cases and is associated
serge.guyetant@univ-tours.fr with mutations of the viral sequence that lead to truncation
Extended author information available on the last page of the article. of the large T antigen (LTAg) [2, 3]. Besides the truncated
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LTAg, small T antigen is the only viral protein generally
expressed in Merkel cell carcinoma; the expression of
capsid proteins is frequently lost [4] and both T-antigens are
considered the main oncogenic triggers in Merkel cell
polyomavirus-positive Merkel cell carcinomas [5, 6].

Under microscopy examination, Merkel cell carcinoma
appears as an undifferentiated, round, blue-cell neoplasm of
the skin with high-grade neuroendocrine carcinoma features
[1]. Immunohistochemical analysis reveals the expression
of neuroendocrine markers, associated in most cases with
cytokeratin 20 (CK20). Indeed, CK20 positivity and nega-
tivity for thyroid transcription factor 1 (TTF-1) are routinely
used to distinguish Merkel cell carcinoma from metastasis
of extracutaneous neuroendocrine carcinoma [1, 7]. How-
ever, Merkel cell carcinoma variants lacking CK20
expression [8, 9] or expressing TTF-1 [10] are observed in
about 10% of cases. Furthermore, CK20 positivity has been
reported in extracutaneous neuroendocrine carcinomas
[7, 11], which led the World Health Organization to
recommend a systematic whole-body imaging work-up in
all suspected Merkel cell carcinoma cases to exclude
metastasis of extracutaneous primary neuroendocrine car-
cinomas [1]. In addition, Merkel cell carcinoma may present
as an isolated lymph node tumor without a detectable pri-
mary skin tumor [12, 13] and be misdiagnosed as lymph
node metastasis of extracutaneous neuroendocrine carci-
noma [13].

During the past few years, several immunohistochemical
and molecular markers have been suggested as additional
candidates for a positive diagnosis of Merkel cell carci-
noma. Indeed, besides the expression of CK20 and neu-
roendocrine markers, Merkel cell carcinoma was found to
express Merkel cell markers (e.g., neurofilament [NF]
[14, 15], atonal homolog 1 [ATOH1] [16], and special AT-
rich sequence-binding protein 2 [SATB2] [17]), lymphoid
markers [18, 19] (e.g., paired box protein 5 [PAXS] and
terminal desoxynucleotidyl transferase [TdT]), CD99 [20],
and the cell surface-associated mucin 1 (MUCI1) [21].
Because of Merkel cell polyomavirus-driven oncogenesis,
detection of Merkel cell polyomavirus by immunochemistry
[22, 23] and molecular procedures [2] has been suggested
for Merkel cell carcinoma diagnosis. However, such mar-
kers were frequently assessed in small cohorts and without
controlling for the main differential confounders of Merkel
cell carcinoma, represented by neuroendocrine carcinoma
metastasis. Therefore we have no comprehensive data on
the accuracy of these markers for a positive diagnosis of
Merkel cell carcinoma.

The aim of this study was to compare the diagnostic
performance of these markers for distinguishing Merkel
cell carcinoma from extracutaneous neuroendocrine car-
cinoma, with a focus on difficult-to-diagnose Merkel cell
carcinoma variants such as CK20-negative cases and
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Merkel cell carcinoma of the lymph node without a skin
primary tumor.

Methods
Design and settings

Merkel cell carcinoma cases were selected from a historical/
prospective multicentric French cohort of patients with a
diagnosis of Merkel cell carcinoma established between
1998 and 2017 (Local Ethics Committee in Human
Research, Tours, France; no. ID RCB2009-A01056-51).
Inclusion criteria for the cohort were previously described
[24, 25]. Briefly, tumors with available formalin-fixed and
paraffin-embedded tissue samples were included as Merkel
cell carcinoma cases if they displayed a compatible mor-
phology, with the combination of CK20 positivity and at
least one neuroendocrine marker (synaptophysin and chro-
mogranin A) [1] or in the absence of CK20 positivity,
expression of at least two neuroendocrine markers together
with absence of deep neuroendocrine carcinoma confirmed
by imaging work-up (CT scan or 18-FDG-TEP scan).
Merkel cell carcinoma without a skin primary tumor cases
were identified as previously described [13] as lymph node
metastasis revealing the cancer, with no previous history of
cutaneous Merkel cell carcinoma or deep neuroendocrine
carcinoma and no evidence of cutaneous or extracutaneous
primary neuroendocrine carcinoma after work-up consisting
of cutaneous physical examination and imaging (CT scan
and/or 18-FDG-TEP scan).

All extracutaneous neuroendocrine carcinomas registered
between 1999 and 2017 in one department of pathology
(Tours, France) were reviewed by using the following
inclusion criteria: extracutaneous primary tumor, surgical
biopsy or resection with available formalin-fixed and
paraffin-embedded samples, high-grade and/or poorly dif-
ferentiated features on pathological examination—classified
as small-cell neuroendocrine carcinoma, large-cell neu-
roendocrine carcinoma, or mixed adenoneuroendocrine
carcinoma—as well as immunohistochemical expression of
pancytokeratin AE1-AE3 and at least two of the four fol-
lowing makers: chromogranin A, synaptophysin, CD56,
and TTF-1 [26, 27].

The above inclusion criteria were considered the refer-
ence standards [28] for classification of Merkel cell carci-
noma and neuroendocrine carcinoma.

Clinical data
Age, sex, and location of the primary tumor were collected

from patient files. In addition, American Joint Committee
on Cancer stage at the time of diagnosis, immune



Diagnostic accuracy of a panel of immunohistochemical and molecular markers to distinguish Merkel cell...

suppression (HIV infection, organ transplant recipients,
hematological malignancies) [29] and follow-up data were
collected for Merkel cell carcinoma patients.

Tissue microarray and immunochemistry

All Merkel cell carcinoma and neuroendocrine carcinoma
samples were included in a tissue microarray. Central
intratumor areas without necrosis were selected on hema-
toxylin phloxin saffron (HPS)-stained sections to exclude
non-specific staining. The selected areas were extracted by
using a 1-mm tissue core, and cores were mounted in tri-
plicate on the tissue microarray by using a semi-motorized
tissue array system (MTA booster OI v2.00, Alphelys).
Immunohistochemical staining for CK20, TTF-1, NF,
PAXS, TdT, and CD99 involved using a BenchMark XT
Platform as instructed. Staining was performed manually for
ATOHI1 [16], MUCI1 [30], and CM2B4 [5] as described.
Antibodies and dilutions are in Supplemental Method S1.

Interpretation of immunohistochemical staining

The staining of immunohistochemical markers was eval-
uated independently by two pathologists (EMS, TK) who
were blinded to the clinical data, and discordant cases were
reviewed together. The interpretation of immunohis-
tochemistry (staining categories) was as follows: CK20 [1]
and TTF-1 [10] staining was classified binarily as positive
or negative, and CK20-negative cases detected on tissue
microarray were confirmed by overall slide staining [31];
NF [15], and CD99 [20] staining was classified as negative,
diffuse, or paranuclear dot pattern positive; ATOH1 [16],
SATB2 [17], PAXS [19], and MUC-1 [21] staining was
classified by using a semiquantitative score: 0: lack of
staining, 1: low/moderate or heterogenous expression, 2:
diffuse, strong, and homogenous staining identified by low
magnification (x5). Only cases with nuclear staining were
classified as positive for TdT [32]. A semiquantitative
Allred score was used for evaluating CM2B4 (LTAg of
Merkel cell polyomavirus); scores>?2 were considered
Merkel cell polyomavirus-positive tumors, as descibed [22].
Representative illustrations of immunostainings are in
Supplemental Method S1.

Detection and quantification of Merkel cell
polyomavirus DNA

Detection and quantification of Merkel cell polyomavirus
DNA were performed by a biologist (AT) who was blinded
to the clinical and immunohistochemical data. Genomic
DNA was isolated from tissue samples by use of the
Maxwell 16 Instrument (Promega) with the Maxwell 16
formalin-fixed and paraffin-embedded Plus LEV DNA

purification kit (Promega). LTAg real-time PCR assay was
performed as described [23]. Briefly, 50ng DNA was
mixed with 0.2 uM primers (Supplemental Method S2), 0.1
uM DNA probe and Mix Life technologies (Applied)
GoTaq Probe real-time PCR Master Mix 2x (Promega) in a
final volume of 20 pul. PCR reactions involved use of the
LightCycler 480 II platform (Roche) with an initial dena-
turation at 95 °C x 2 min, followed by 45 cycles at 95 °C x
15s and 58 °C x 60 s. Normalization was with albumin as
the reference gene and the Waga Merkel cell carcinoma cell
line (RRID:CVCL_E998) included as a control. The ACt
method was used for quantification and results expressed as
number of Merkel cell polyomavirus copies/cells. As
negative controls, 37 non-Merkel cell carcinoma skin
tumors (18 basal cell carcinomas, 9 squamous cell carci-
nomas, and 10 melanomas) were included, with no ampli-
fication observed in these cases.

Statistical analysis

Continuous data are described with median (Q1-Q3) and
categorical data with number (%) of interpretable cases.
Categorical data were compared by two-tailed Fisher’s
exact test. P<0.05 was considered statistically significant.
Diagnostic accuracy of index tests was determined in
accordance with the STARD guidelines [28]. The inclusion
criteria described above (Methods section, data and settings
criteria) were considered the reference standards. Categories
and thresholds of index tests were determined with a pre-
liminary set of 30 cases. The diagnostic accuracy of index
tests was compared with the reference standard by using the
positive likelihood ratio as a measure of accuracy combin-
ing sensitivity and specificity. Index tests with positive
likelihood ratio > 10 were considered efficient [33]. Only
markers with efficient diagnostic accuracy (positive like-
lihood ratio>10) were considered for further analyses
(validation step, subgroup analysis between classical and
variant Merkel cell carcinomas and CK20-negative neu-
roendocrine carcinoma setting). Statistical analysis involved
use of XL-Stat-Life (Addinsoft, Paris, France).

Results
Patient characteristics

Among the Merkel cell carcinoma cohort, 118 cases were
included in this study (Fig. 1). Median age was 78 years
(Q1-Q3: 70-84) and sex ratio was 1.35 (F/M: 66/49).
Immunosuppression was identified in 13% of cases (n =11/
83). Tumors were diagnosed at American Joint Committee
on Cancer stages I, I, III, and IV in 31, 26, 38, and 5% of
cases, respectively. Most common primary tumor sites were
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Fig. 1 Flow of cases in the
study. ATOHI1 atonal homolog

Merkel cell carcinoma cases with confirmed diagnosis
(n=223)

Neuroendocrine carcinoma cases with
confirmed diagnosis (n=152)

1, SATB2, special AT-rich
sequence-binding protein 2, NF
neurofilament, PAXS paired box

Cases without available
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Merkel cell carcinoma cases included in this study
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MUCI cell surface-associated
mucin 1. (*) cases with
insufficient data for

Preliminary set (n=30)
optimal categories and thresholds (n=30)

% %

determination of the primary site
(cutaneous or superficial lymph
node location)

Validation set: diagnostic accuracy of markers between Merkel cell carcinomas (n=103) and

(ATOHI1, SATB2,NF, CD99, PAXS, TdT, MUC1, CM2B4) and Merkel cell polyomavirus status

neuroendocrine carcinomas (n=70)

Cutaneous
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(n=77)

Unclassifiable
cases™
(n=11)

Nodal cases without
a skin primary
tumor (n=15)
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(n=68)

CK20(-)
(n=9)

Diagnostic accuracy in classical Merkel cell carcinomas (n=68) versus

(SATB2, NF and Merkel cell polyomavirus status)

variant (n=24)

Diagnostic accuracy in the CK20(-) setting (n=70): CK20(-) Merkel cell carcinomas (n=9) versus CK20(-)

neuroendocrine carcinomas (n=61)
(SATB2,NF and MCPyYV status)

lower limbs (39%) and head or neck (32%). Follow-up data
were available for 85 Merkel cell carcinoma cases. Median
duration of follow up was 16 months (ranges 1-209), and
34 recurrences and 30 deaths were reported during follow
up. Fifteen cases (14%) were Merkel cell carcinomas
without a skin primary tumor, 9 (8%) were CK20-negative
cutaneous Merkel cell carcinomas, and 83 (78%) were
CK20-positive cutaneous Merkel cell carcinomas. Thirteen
cases (12%) showed TTF-1 expression. In 11 cases, clinical
and imaging data did not allow for identification of the
primary tumor site (skin or lymph node) and the cases were
excluded from subgroup analysis (Fig. 1).

Among extracutaneous neuroendocrine carcinoma cases
that met inclusion criteria (Fig. 1), median age was 65
(Q1-Q3: 55-72) and sex ratio 1.9 (F/M: 56/29). Primary
tumor sites were lung (n =52, 61%) and digestive (n = 22,
26%), urologic (n =17, 8%), and gynecologic tract (n =4,
5%). The histological subtype was small-cell neuroendo-
crine carcinoma in 49% of cases (n =42), large-cell neu-
roendocrine carcinoma in 47% (n=40) and mixed
adenoneuroendocrine carcinomas in 4% (n = 3). Overall, 4
(5%) and 45 (58%) cases showed expression of CK20 and
TTF-1, respectively.
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Detailed immunohistochemical profiles of all Merkel cell
carcinoma and neuroendocrine carcinoma cases by site of
primary tumor and histological subtype are in supplemental
Data S1.

Preliminary step: determining optimal categories
and thresholds of index tests

Because several immunohistochemical markers were clas-
sified in three categories (semiquantitative score or
expression by pattern) and lack of a consensual threshold
for Merkel cell polyomavirus real-time PCR, optimal cate-
gories for a positive diagnosis of Merkel cell carcinoma
versus neuroendocrine carcinoma were determined in an
exploratory set of 30 cases. Fifteen Merkel cell carcinoma
cases were randomly selected among the CK20-positive
cutaneous Merkel cell carcinoma cases, considered the most
representative, and compared with 15 neuroendocrine car-
cinoma cases from various anatomic sites randomly selected
in each category (8 lung and 4 digestive, 2 urologic and 1
gynecologic tract). The detailed phenotype of these cases
and representative illustrations of scoring are in supple-
mental Data S2-S3. In this preliminary analysis, NF and
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CD99 “dot staining”; ATOHI1, SATB2, and MUCI high
and diffuse staining (“score 2”) and Pax5 positivity (“scores
1-2”) showed optimal accuracy for a positive diagnosis of
Merkel cell carcinoma (see Supplemental Data S2) and
were then assessed in the validation step.

The optimal positive threshold of real-time PCR (Merkel
cell polyomavirus copies/cell = 1.2) for a positive diagnosis
of Merkel cell carcinoma was determined by the area under
the receiver operating characteristic curve (AUC: 0.962;
sensitivity: 0.93 (95% confidence interval [CI] 0.66-1;
specificity: 1 (95% CI: 0.757-1) (Supplemental Data S4)
and was then assessed in the validation step.

Validation step: diagnostic accuracy of histological
and virological markers for a positive diagnosis of
Merkel cell carcinoma

After excluding the 30 cases used in the preliminary step,
the performance of markers was assessed by using the
identified thresholds/categories. Comparison of immuno-
histochemical and virological features between Merkel cell
carcinoma and neuroendocrine carcinoma cases is in
Table 1 and representative illustrations are in Fig. 2.

All markers showed significant differential expression
between Merkel cell carcinomas and neuroendocrine car-
cinomas (Fisher’s exact test: p < 1 x 107°), except PAX5 (p
=0.9). Positive likelihood ratio > 10, considered to provide
substantial benefit for diagnostic accuracy [33], was
observed for three index tests: detection of NF, SATB?2, and
Merkel cell polyomavirus (Table 1). Dot-pattern NF
expression (Fig. 2c) was observed in 75% of Merkel cell
carcinoma cases and only one small-cell bladder neu-
roendocrine carcinoma case (positive likelihood ratio: 44.4).
In all, 64% of Merkel cell carcinoma cases and only one
small-cell gallbladder neuroendocrine carcinoma case
(positive likelihood ratio: 36.6) showed high and diffuse
SATB2 expression (score 2) (Fig. 2d). However, both
Merkel cell carcinoma (24%) and neuroendocrine carci-
noma (18%) cases showed low and heterogenous SATB2
expression (score 1). Merkel cell polyomavirus detection,
both by immunochemistry (LTAg expression) and real-time
PCR, demonstrated high specificity for Merkel cell carci-
noma. With the cutoff determined in the preliminary set,
real-time PCR (positive likelihood ratio: 28.2) was more
sensitive (83% of positive Merkel cell carcinoma cases)
than immunohistochemistry with LTAg (64% positivity)
p<lx 1073) (Table 1). In contrast, LTAg immunohis-
tochemistry was specific for Merkel cell carcinoma,
whereas real-time PCR also detected Merkel cell poly-
omavirus above the pre-specified threshold in two extra-
cutaneous neuroendocrine carcinoma cases: one large-cell
colic case (Merkel cell polyomavirus copies/cell =4)

and one small-cell bladder case previously described as
NF-positive (Merkel cell polyomavirus copies/cell = 30).
Neither of these two neuroendocrine carcinoma cases
stained positive for LTAg, CK20, or SATB2 on
immunohistochemistry.

NF and SATB2 expression and Merkel cell
polyomavirus detection in Merkel cell carcinoma
variants

Because Merkel cell carcinoma phenotypic variants (CK20-
negative and Merkel cell carcinoma without a skin primary
tumor) are the most challenging Merkel cell carcinoma
diagnoses in current practice, SATB2 and NF expression
and Merkel cell polyomavirus detection were compared
between classical cutaneous Merkel cell carcinoma cases
and such variants (Fig. 1 and Table 2). Regarding Merkel
cell carcinomas of the lymph node without a skin primary
tumor, dot pattern NF expression, high and diffuse SATB2
expression (score 2), and Merkel cell polyomavirus detec-
tion above the pre-specified threshold were observed in
85%, T4%, and 93% of cases, respectively, and the diag-
nostic performance of these markers was similar to that for
cutaneous Merkel cell carcinomas (Table 2) (positive like-
lihood ratios in Merkel cell carcinoma without a skin pri-
mary tumor: 51 (95% CI. 7-357), 41.8 (95% CI: 6-299),
and 32 (95% CI: 8-124) respectively).

By contrast, CK20-negative Merkel cell carcinoma cases
showed significantly lower dot pattern NF expression than
classical Merkel cell carcinoma cases (44 vs 78%, p = 0.03)
and lower, although not significantly, SATB2 (score 2)
expression (37.5 vs 61%, p=0.25) (Table 2). In total, 4
(50%) and 7 (78%) CK20-negative Merkel cell carcinoma
cases featured LTAg and Merkel cell polyomavirus genome
detection, respectively (Table 2).

SATB2 and NF expression and Merkel cell
polyomavirus detection in the CK20-negative
neuroendocrine carcinoma setting

Because neuroendocrine carcinoma metastasis remains the
main differential diagnosis to exclude when assessing a
cutaneous CK20-negative tumor, we assessed the diagnostic
accuracy of our markers in the restricted CK20-negative
setting (Fig. 1 and Table 3). SATB2 and NF expression and
Merkel cell polyomavirus real-time PCR remained accurate
tools for Merkel cell carcinoma diagnosis in this setting
(positive likelihood ratio: 20, 24, and 24, respectively).
Accordingly, 8/9 (89%) CK20-negative Merkel cell carci-
noma cases and only 3/61 (5%) extracutaneous neu-
roendocrine carcinoma cases were positive for at least one
of these markers.
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Table 1 Diagnostic accuracy of immunochemical and virological features between Merkel cell carcinoma and neuroendocrine carcinoma

populations
Marker Merkel cell Neuroendocrine Pt Sensitivity Specificity Positive
carcinoma carcinoma (95%CI) (95%CI) likelihood
(n=103) (n=170) ratio
(95% CI)
Cytokeratin 20 <1 91% 94% 14.8 (6-38)
Positive 94 (91%) 4 (6%) 1072 (84-95) (85-98)
Negative 9 (9%) 61 (94%)
Uninterpretable 0 5
cases
TTF-1 <l x 89% 57% 2.1
Positive 10 (11%) 37 (57%) 107 (81-95) (44-69) (1.6-2.8)
Negative 85 (89%) 28 (43%)
Uninterpretable 8 5
cases
ATOHI1 <l x 68% 51% 1.4 (1-1.9)
Score 2 65 (68%) 29 (49%) 107 (58-78) (38-64)
Score 1 29 31%) 14 (24%)
Score 0 1 (1%) 16 27%)
Uninterpretable 8 11
cases
NF <l x 75% 98% 44.4
Dot 73 (75%) 1 2%) 1073 (65-83) (91-100) (6-311)
Diffus 0 2 (2%)
Negative 24 (25%) 56 (96%)
Uninterpretable 6 11
cases
SATB2 <1 64% 98% 36.6
Score 2 63 (64%) 1 (2%) 1073 (54-74) (91-100) (5-257)
Score 1 23 (24%) 10 (18%)
Score 0 12 (12%) 46 (80%)
Uninterpretable 5 13
cases
CD9%9 < 65% 83% 3.8 (2-8)
Dot 63 (65%) 6 (17%) Ix (55-74) (66-93)
Diffus 19 (20%) 21 (60%) 10
Negative 15 (15%) 8 (23%)
Uninterpretable 6 35
cases
PAXS5 0.9 23% 76% 0.9
Score 2 4 (5%) 3 (5%) (15-33) (62-86) 0.2-3.4)
Score 1 18 (18%) 11 (19%)
Score 0 74 (77%) 43 (76%)
Uninterpretable 7 13
cases
TdT < 20% 100% —
Positive 20 (20%) 0 Ix (13-30) (94-100)
Negative 78 (80%) 58 (100%) 10
Uninterpretable 5 12
cases
MUCI1 4.5 (2-11)
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Table 1 (continued)

Marker Merkel cell Neuroendocrine p* Sensitivity Specificity Positive
carcinoma carcinoma (95%CI) (95%CI) likelihood
(n=103) (n="170) ratio
(95% CI)
Score 2 45 (48%) 6 (10%) < 48% 90%
Score 1 26 (28%) 44 (73%) 1x (37-58) (79-96)
-5
Score 0 23 (24%) 10 (17%) 10
Uninterpretable 9 10
cases
LTAg (CM2B4) < 64% 100% —
Positive 60 (64%) 0 }625 (53-73) (94-100)
Negative 34 (36%) 60 (100%)
Uninterpretable 9 10
cases
Merkel cell < 83% 97% 28.2
polyomavirus gPCR 1x (74-90) (90-100) (7-111)
5
Positive 83 (83%) 2 3%) 10
Negative 17 (17%) 66 (97%)
Uninterpretable 3 2
cases

Results are expressed in percentages of interpretable cases

Positive likelihood could not be determined for TdT and LTAg expression. Positive likelihood ratio > 10 indicated in bold were considered for
further analysis. Merkel cell polyomavirus positive or negative status were determined by the Allred score and predeterminated cutoff (Merkel cell
polyomavirus copies/cell > 1.2) for immunochemistry and qPCR, respectively

ATOH]I atonal homolog 1, CK20 cytokeratin 20, LTAg large T antigen, MUCI cell surface-associated mucin 1, NF neurofilament, PAX5 paired
box protein 5, gPCR quantitative PCR, SATB2 special AT-rich sequence-binding protein 2, 7dT terminal deoxynucleotidyl transferase, TTF-1

thyroid transcription factor 1

“Fisher’s exact test

Fig. 2 Representative immunohistochemical staining of Merkel cell
carcinoma tissue sections. a CK20 expression with paranuclear dot
pattern, b lack of TTF-1 expression; ¢ NF expression with a dot pat-
tern; d high and diffuse nuclear expression of SATB2; e high and
diffuse nuclear expression of ATOHI; f high and diffuse nuclear

expression of LTAg (Allred score =8); g CD99 expression with
paranuclear dot pattern; h low TdT expression; I high and diffuse
expression of MUC1; j low expression of PAXS with intratumor
lymphocytes as positive controls
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Table 2 Detection of the MCC markers NF, SATB2, and Merkel cell
polyomavirus in classical MCC compared with MCC phenotypic
variants

Marker Classical Merkel cell carcinoma variants
Merkel cell
carcinoma
cases
Cutaneous Cutaneous Nodal cases
CK20 (+) CK20 (—) without a skin
cases (n =68) cases (n=9) primary
tumor
(n=15)
CK20
Positive 68 (100%) 0 15 (100%)
Negative 0 9 (100%) 0
Uninterpretable 0 0 0
cases
NF
Dot 50 (78%) 4 (44%) 12 (85%)
Diffuse 0 0 0
Negative 14 (22%) 5 (56%) 2 (15%)
Uninterpretable 4 0 1
cases
SATB2
Score 2 39 (61%) 3 (37.5%) 11 (74%)
Score 1 19 (30%) 2 (25%) 2 (13%)
Score 0 6 (9%) 3 (37.5%) 2 (13%)
Uninterpretable 4 1 0
cases
LTAg (CM2B4)
Positive 38 (62%) 4 (50%) 10 (71%)
Negative 23 (38%) 4 (50%) 4 (29%)
Uninterpretable 7 1 1
cases
Merkel cell polyomavirus qPCR
Positive 54 (82%) 7 (78%) 13 (93%)
Negative 12 (18%) 2 (22%) 1 (7%)
Uninterpretable 2 0 1

cases

The results are expressed in percentages of interpretable cases

Merkel cell polyomavirus positive or negative status were determined
by the Allred score and predeterminated cutoff (Merkel cell
polyomavirus copies/cell >1.2) for immunochemistry and qPCR,
respectively

CK20 cytokeratin 20, LTAg large T antigen, NF neurofilament, gPCR
quantitative PCR, SATB2 special AT-rich sequence-binding protein 2

Discussion

The diagnosis of Merkel cell carcinoma is mainly based on
the association of clinical data, microscopic features of
high-grade neuroendocrine carcinoma, and CK20 positivity
and TTF-1 negativity on immunohistochemistry. In current
practice, distinguishing between Merkel cell carcinoma and
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metastasis from a non-cutaneous neuroendocrine carcino-
mas may be challenging with some phenotypic variants of
Merkel cell carcinoma, notably Merkel cell carcinoma
without a skin primary tumor [12, 34] and CK20-negative
cases [8, 9] (14 and 8% of our cases, respectively). The aim
of this study was to evaluate the accuracy of additional
markers in a large cohort of Merkel cell carcinoma cases in
comparison with extracutaneous neuroendocrine carcino-
mas. Our results suggest that NF and SATB2 immunohis-
tochemical expression as well as Merkel cell polyomavirus
real-time PCR detection are accurate tools to distinguish
Merkel cell carcinoma from extracutaneous neuroendocrine
carcinoma metastasis. Regarding Merkel cell carcinoma
variants, which remain the most challenging diagnostic
issue, Merkel cell carcinoma of the lymph node without a
skin primary tumor cases had frequent expression of these
three markers (85, 74 and 93%, respectively). For CK20-
negative cases, NF and SATB2 were less frequently
expressed; however, the three markers still retained high
diagnostic accuracy in this setting. Accordingly, at least one
of these markers was positive in 89% of CK20-negative
Merkel cell carcinoma cases and only 5% of extracutaneous
CK20-negative neuroendocrine carcinoma cases.

A range of markers was previously reported to be
expressed in Merkel cell carcinoma, but their diagnostic
accuracy had not been compared to neuroendocrine carci-
noma, which remains the main differential diagnosis of
Merkel cell carcinoma.

In 1878, Sigmund Friedrich Merkel identified a new
cellular type of cells located in the basal layer of the epi-
dermis that frequently aggregated to form a specialized
structure involved in proprioception—the touch dome [35].
Indeed, Merkel cells harbor a mechanoreceptor phenotype,
form synaptic-like structures with afferent terminals [36]
and express some neural-cell markers such as NF [37]. NF
is frequently observed in Merkel cell carcinoma [14, 15],
and we found that the “dot pattern” of NF expression is
sensitive (75%) and highly specific (98%) for a positive
diagnosis of Merkel cell carcinoma in the setting of neu-
roendocrine carcinoma.

SATB?2 seems to be another useful marker of Merkel cell
carcinoma [17]. SATB2 is a nuclear matrix-associated
protein involved in chromatin remodeling and gene reg-
ulation [38]. In the skin, SATB2 expression is restricted to
Merkel cells [17]. In extracutaneous tissues, SATB2 is
involved in cell differentiation of neuronal [39] and colonic
cells [40] and drives CK20 expression [39] in this latter, so
it could also contribute to the Merkel cell phenotype in the
skin. Recently Fukuhara et al. [17] reported SATB2 as a
specific marker of Merkel cell carcinoma in comparison
with 37 cutaneous tumors. In the present study, we con-
firmed the high specificity (98%) of SATB2 for the diag-
nosis of Merkel cell carcinoma among neuroendocrine
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Table 3 Diagnostic accuracy of

. Index test No. of CK20 No. of CK20(—) Sensitivity Specificity Positive
NF (dot pattern) and SATB2 (—) Merkel cell neuroendocrine (95%CI) (95%CI) likelihood
(score 2) expression and Merkel . . X
cell polyomavirus detection Carmr;omas Carcué(;mas rgtsl(; o i
(Merkel cell polyomavirus (n=9) (n=61) (95%CD
cgple/ce.ll > 1.2) for a positive NF 44 (14-79) 98 (90-100) 24 (3-191)
diagnosis of Merkel cell
carcinoma in the CK20-negative Dot pattern 4 (44%) 1 (2%)
neuroendocrine carcinoma Other 5 (56%) 53 (98%)
setting (70 cases) Uninterpretable 0 7
cases
SATB2 37.5 98 (90-100) 20 (2-168)
Score 2 3 (37.5%) 1 2%) (8.52-75)
Score 0-1 5 (62.5%) 52 (98%)
Uninterpretable 1 8
cases
Merkel cell 78 (40-97) 97 (89-100) 24 (6-97)
polyomavirus qPCR
Positive 7 (78%) 2 (3%)
Negative 2 (22%) 59 97%)
Uninterpretable 0 0

case

The results are expressed in percentages of interpretable cases

Nine CK20-negative Merkel cell carcinoma and 61 CK20-negative neuroendocrine cases were analyzed.
Merkel cell polyomavirus positive or negative status were determined by the Allred score and
predeterminated cutoff (Merkel cell polyomavirus copies/cell >1.2) for immunochemistry and qPCR,

respectively

NF neurofilament, SATB2 special AT-rich sequence-binding protein 2

carcinoma cases. Of note, in the spectrum of neuroendo-
crine tumors, well-differentiated tumors of the lower
digestive tract showed SATB2 expression [41] and could be
easily distinguished from Merkel cell carcinoma on mor-
phology and tumor location.

ATOHI did not show high diagnostic performance in our
study. In mice, ATOH1 have been found the most important
transcription factor driving Merkel cell differentiation [42].
In 2010, Heiskala et al. investigated ATOH1 expression in
neuroendocrine neoplasia and observed ATOH1 positivity
in Merkel cell carcinoma and in tumors of the digestive tract
and parathyroid [43]. Accordingly, we found ATOHI
positivity in our extracutaneous neuroendocrine carcinoma
cases, which rules out its use for Merkel cell carcinoma
diagnosis. Similarly, other markers such as TdT and PAXS,
CD99 or MUCI1 did not seem relevant for Merkel cell
carcinoma diagnosis because they were expressed in a few
Merkel cell carcinoma cases and/or were expressed in other
neuroendocrine carcinoma cases. Of note, INSM1 (Insuli-
noma-associated protein 1) was recently identified as a
performant marker to confirm the neuroendocrine nature of
Merkel cell carcinoma [44, 45]. Due to its lack of abilities to
distinguish Merkel cell carcinoma from other neuroendo-
crine carcinoma cases, this marker was not tested in the
present study but still remains an useful tool in combination
with CK20, SATB2, NF, and Merkel cell polyomavirus

detection to confirm Merkel cell carcinoma diagnosis in
current practice.

Assessing Merkel cell polyomavirus DNA as a marker of
Merkel cell carcinoma has previously been debated. Merkel
cell polyomavirus has been detected in a large range of non-
Merkel cell carcinoma neoplasia [46] because this virus is
ubiquitous in the papillary dermis of healthy people [47, 48]
and can be detected in the environment if sufficiently sen-
sitive methods are applied [49]. In a diagnosis context, the
main issue is to distinguish Merkel cell polyomavirus epi-
somal virus, which can be detected at very low levels in the
skin of healthy people [48], from an integrated virus
detected at higher levels, in at least each cell of Merkel cell
polyomavirus-positive Merkel cell carcinomas. Thus, real-
time PCR seems a relevant tool in this setting. Also, we
determined an optimal threshold of Merkel cell poly-
omavirus load that allowed for accurately differentiating
Merkel cell carcinomas from 100% of non-Merkel cell
carcinoma cutaneous tumors included as negative controls
and from 97% of extracutaneous neuroendocrine carcinoma
tumors. Detection of Merkel cell polyomavirus-LTAg by
immunochemistry with the commercial clone CM2B4 has
recently been found have the best overall accuracy for
classifying Merkel cell carcinomas as virus-positive or
-negative [22]. However, with this technique, we and others
[50] identified only 64% of viropositivity among Merkel
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cell carcinoma cases as compared with 83% with molecular
procedures [2]. Lower sensitivity of this antibody as com-
pared with another non-commercial antibody was pre-
viously emphasized [23]. Of note, real-time PCR still
detected Merkel cell polyomavirus in two neuroendocrine
carcinoma cases, including a bladder neuroendocrine car-
cinoma tumor that also stained positive for the Merkel cell
carcinoma marker NF. Merkel cell polyomavirus has been
suggested to be involved as a carcinogenic agent in bladder
carcinoma [51]. However, further investigations are needed
to confirm the existence of Merkel cell polyomavirus (+)
primary tumors of the bladder.

After having identified the most accurate markers in the
overall Merkel cell carcinoma cases, we assessed them in
the setting of difficult-to-diagnose cases, such as Merkel cell
carcinomas without a skin primary tumor or CK20-negative
Merkel cell carcinomas, which are the main challenge in
practice. Indeed, Merkel cell carcinoma of the lymph node
without a skin primary tumor, which represented 14% of
our Merkel cell carcinoma cohort, can be misdiagnosed as
lymph node metastases from other neuroendocrine carci-
noma, with detrimental consequences on disease manage-
ment. In a previous study, we reported that Merkel cell
carcinoma without a skin primary tumor shared similar
morphological and phenotypical features with cutaneous
Merkel cell carcinoma but was accurately distinguished
from other superficial neuroendocrine carcinoma lymph
node metastasis by a spectrum of clinical, histological and
virological criteria summarized as the ELECTHIP criteria
(Elderly:>70 years, Location: inguinal or parotid, Extent
restricted to the lymph node area, CK20 positivity, TTF-1
negativity, Histological type: small cell neuroendocrine
carcinoma, Polyomavirus detection) [13]. Accordingly, NF
and SATB2, the relevant immunohistochemical Merkel cell
carcinoma markers assessed in the current study, were
expressed in Merkel cell carcinoma without a skin primary
tumor cases at similar levels as cutaneous primary Merkel
cell carcinoma cases (NF, dot staining: 85%; SATB2
positivity, score 2: 74%) and therefore could be used as
additional tools to confirm the Merkel cell carcinoma
without a skin primary tumor diagnosis.

In contrast, we identified CK20-negative Merkel cell
carcinoma cases (8% of the cases) as a distinct subgroup
with decreased frequency of NF and SATB2 expression
(44% and 37.5% of positive cases, respectively). Only few
data are available on the phenotype of this Merkel cell
carcinoma subset. TTF-1 negativity has been confirmed in
this population [8, 52] and NF expression was previously
detected in two of three investigated cases [8]. Although
CK7 positivity has been observed [52], it was an infrequent
finding in another study [8] and in our study (n = 0/9 cases,
data not shown). In 2015, Miner et al. [8] reported 77%
Merkel cell polyomavirus-negativity among CK20-negative
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Merkel cell carcinoma cases. Additional analysis [9]
revealed a high level of chromosomal anomalies and fre-
quent somatic mutations with a UV signature, which sug-
gested non-viral, UV-induced oncogenesis for CK20-
negative cases and ruled out the relevance of Merkel cell
polyomavirus detection as a diagnostic tool for this Merkel
cell carcinoma subset. By contrast, in our study, Merkel cell
polyomavirus detection was the most sensitive tool for
Merkel cell carcinoma diagnosis (78% of real-time PCR
positivity above predefined threshold—7/9 CK20-negative
cases). However, considering that Merkel cell polyomavirus
detection methods are only available in a few specialized
centers and because of the widespread availability of
SATB2 and NF markers, a first immunohistochemical
investigation of NF and SATB2 status, which conferred a
high positive likelihood ratio in this setting (24 and 20,
respectively), followed by Merkel cell polyomavirus
detection in a specialized center may represent an alter-
native approach in current practice.

To conclude, we provide evidence of NF and SATB2
protein expression and Merkel cell polyomavirus DNA
detection as three relevant additional accurate markers for
Merkel cell carcinoma. Moreover, regarding these three cri-
teria, we demonstrate that Merkel cell carcinoma without a
skin primary tumor shares a similar phenotype with other
Merkel cell carcinoma, whereas CK20-negative Merkel cell
carcinoma constitutes a distinct group, which nevertheless can
be distinguished from other neuroendocrine carcinoma cases
by using NF, SATB2 and Merkel cell polyomavirus detection.
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Abstract

In 2008, Feng et al. identified Merkel cell polyomavirus integration as the primary oncogenic event in ~80% of Merkel cell
carcinoma cases. The remaining virus-negative Merkel cell carcinoma cases associated with a high mutational load are most
likely caused by UV radiation. The current study aimed to compare the morphological and immunohistochemical features of
80 virus-positive and 21 virus-negative Merkel cell carcinoma cases. Microscopic evaluation revealed that elongated nuclei
—similar to the spindle-shape variant of small cell lung cancer—were less frequent in Merkel cell polyomavirus-positive
Merkel cell carcinoma compared to the virus-negative subset (p = 0.005). Moreover, virus-negative cases more frequently
displayed a “large-cell neuroendocrine carcinoma” phenotype with larger cell size (p = 0.0026), abundant cytoplasm (p =
4x1077) and prominent nucleoli (p = 0.002). Analysis of immunohistochemical data revealed frequent positivity for thyroid
transcription factor 1 and cytokeratin 7, either absence or overexpression of p53, as well as frequent lack of neurofilament
expression in virus-negative cases. By contrast, cytokeratin 8, 18 and 20 and a CD99 with a dot pattern as well as high EMA
expression were identified as characteristic features of virus-positive Merkel cell carcinoma. In particular, the CD99 dot-like
expression pattern was strongly associated with presence of the Merkel cell polyomavirus in Merkel cell carcinoma
(sensitivity = 81%, specificity = 90%, positive likelihood ratio = 8.08). To conclude, virus-positive and -negative Merkel
cell carcinoma are characterized by distinct morphological and immunohistochemical features, which implies a significant
difference in tumor biology and behavior. Importantly, we identified the CD99 staining pattern as a marker indicating the
virus status of this skin cancer.

Introduction

Merkel cell carcinoma is a rare and aggressive neuroendo-
crine carcinoma of the skin with a 5-year overall survival
rate of 40% [1]. The two main risk factor are immunosup-
pression [2] and sun exposure [1]. Whereas the incidence is
still low, with 0.7 cases per 100,000 person-years in the
United States in 2013, a dramatic increase of 95% was
observed between 2000 and 2013, and a further rise in
incidence has been predicted [3].

In 2008, Feng et al. identified a polyomavirus which they
found integrated in the genome of Merkel cell carcinoma
cells and accordingly named it Merkel cell polyomavirus
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(MCPyV) [4]. Currently, integration of this virus and the
expression of viral oncoproteins named T antigens are
established as the primary oncogenic events for
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approximately 80% of Merkel cell carcinoma cases [4]. The
remaining 20% of Merkel cell carcinoma cases lacking
MCPyV integration are considered as a distinct tumor
subset primarily caused by UV radiation [5, 6]. In line with
this notion, substantial differences between the two subsets
with respect to morphology [7], and immunohistochemical
profiles [8] have been described. Moreover, virus-negative
Merkel cell carcinomas are characterized by higher muta-
tional burden with predominant UV signature [5, 6], and a
worse outcome than their virus-positive counterparts [9].

In a previous study [10], to assess performance of a set of
markers for Merkel cell carcinoma diagnosis, we char-
acterized the expression of nine proteins by immunohis-
tochemistry and determined the MCPyV status by
quantitative PCR in a cohort of 118 patients with Merkel
cell carcinoma in comparison to 85 with extra-cutaneous
neuroendocrine carcinomas. To further exploit this dataset,
the current study aimed to (1) compare the morphological
and immunohistochemical features of MCPyV-positive and
-negative Merkel cell carcinoma and (2) evaluate whether
discriminative features could be used as surrogate markers
for MCPyV status.

Methods
Patients and samples

Merkel cell carcinoma cases were selected from an historical/
prospective cohort of Merkel cell carcinoma patients from 6
French hospital centers. Inclusion criteria for the cohort have
been described previously [11]. Briefly, patients had a diag-
nosis of Merkel cell carcinoma established between 1998 and
2017 (local ethics committee, Tours, France; no. ID
RCB2009-A01056-51) [12]. Among the cohort, only cases
with sufficient available formalin-fixed paraffin-embedded
tumors for representative hematein phloxin saffron (HPS)
slide staining and previously determined MCPyV status [10]
were included in the present analysis.

Clinical and follow-up data

Age, sex, immunosuppression (HIV infection, organ trans-
plant recipient, hematological malignancies), American
Joint Committee on Cancer (AJCC) stage at the time of
surgery [13], location of the primary tumor and follow up
(recurrence free and specific survival) were collected from
patient files.

MCPyV status determination

MCPyV status was determined using real time PCR with a
ROC curve validated cut-off as previously described [10].
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The Merkel cell carcinoma cell line WaGa (RRID:
CVCL_E998) [14] was used as positive control. To note,
while immunohistochemical detection of Large T antigen
has been proposed as an efficient method to determine
MCPyV status [9], our previous study comparing the per-
formances of both procedures to distinguish Merkel cell
carcinoma from other neuroendocrine carcinoma, revealed
higher sensitivity (83%) and high specificity (97%) of
MCPyV genome detection by quantitative PCR [10].
Consequently, LT staining was performed but the classifi-
cation into MCPyV-positive and negative was based on
quantitative PCR results.

Morphologic study

For all specimens, one representative 4 um thick, Hematein-
phloxin-saffron stained section was reviewed by two
pathologists (SG, TK) with blinding to diagnosis. Mor-
phologic features were assessed by the following criteria:
nuclear shape (0: regular, 1: elongated), presence of nucleoli
(0: absent or inconspicuous, 1: present), cell size (0: small:
<2 lymphocytic nuclei, 1: moderate: 2 to 3 lymphocytic
nuclei, 2: large: >3 lymphocytic nuclei), cytoplasm volume
(0: none/inconspicious, 1: abundant), clear cytoplasm (0:
no, 1: yes), rosette-like structure (0: no, 1: yes), intraepi-
dermal component (0: no, 1: yes), divergent component (0O:
no, 1: yes) and associated intraepidermal neoplasia such as
actinic keratosis or Bowen disease (0: no, 1: yes). All dis-
cordant cases were reviewed collegially.

Immunohistochemistry

We extracted data for the expression of the following
markers from a previous study [10]: cytokeratin 20, thyroid
transcription factor 1 (TTF- 1), atonal homolog 1 (ATOH1),
neurofilament (NF), special AT-rich sequence-binding
protein 2 (SATB2), paired box protein 5 (PAXS), terminal
desoxynucleotidyl transferase (TdT), CD99, epithelial
membrane antigen (EMA) referred as MUCI in the pre-
vious study, and large T antigen (CM2B4).

In addition, we analyzed cytokeratin 7 and p53
expression as well as the staining pattern (dot, diffuse or
mixed) for cytokeratins 8, 18 and 20. All antibodies are
available in supplementary method Table S1. A Bench-
mark platform was used for staining, except for cytoker-
atins 8, 18 and CM2B4 stainings, which were manually
performed. p53 expression was evaluated according to the
Allred score whereas 0, 7 and 8 are considered as
abnormal expression, indicating loss of active p53 [15].
For all immunohistochemical analyses, the number of
uninterpretable samples (mainly due to failure of tissue
microarray inclusion) is mentioned in the corresponding
figures.
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Statistical analyses

Continuous data are described by medians (Q1-Q3) and
categorical data with number and percentage of inter-
pretable cases.  Associations were assessed by
Mann—Whitney and two-tailed Fisher’s exact tests for
continuous and categorical data, respectively. P <0.05 was
considered statistically significant. MCPyV status was
determined by qPCR with a previously validated cut-off
(MCPyV load >1.2 copies/cell) [10]. Categories and
thresholds of immunohistochemical markers were derived
from previous studies [10, 16—18]. Since no thresholds were
previously determined for cytokeratins 8, and 18, the same
categories as for cytokeratin 20 were applied. The diag-
nostic accuracy of immunohistochemical markers to deter-
mine MCPyV status was compared with the reference
standard (quantitative PCR) by using the positive likelihood
ratio as a measure of accuracy combining sensitivity and
specificity. Recurrence-free survival and specific survival
related to patient MCPyV status were analyzed by log-rank
test and presented as Kaplan-Meier curves. Univariate and
multivariate Cox proportional-hazards regression was used
to identify factors associated with Merkel cell carcinoma
recurrence and death, estimating hazard ratios (HRs) and
95% confidence intervals (Cls). Specific deaths were con-
sidered events. Covariates were identified as potential
prognostic confounders with p<0.25 on Cox univariate
regression analysis and then included in the multivariate
Cox analysis. Statistical analysis involved use of XL-Stat-
Life (Addinsoft, Paris, France).

Results
Patient characteristics and clinical outcome

For 101 Merkel cell carcinoma cases corresponding to 80
MCPyV-positive and 21 MCPyV-negative, sufficient
material for morphologic examination allowed inclusion
(Fig. 1/Flow Chart). To underline common and distinctive
features of the two groups, clinical data are compared in
Table 1. Virus-positive and -negative Merkel cell carcinoma
did not differ with respect to age, sex, immune status, stage
(American Joint Committee on Cancer), and location of the
primary tumor. By contrast, Merkel cell polyomavirus-
positivity was significantly associated with lower risk of
recurrence (HR 0.36 CI 0.18-0.74, P =0.005) and specific
death (HR 0.37 CI 0.15-0.89), P =0.03) on univariate
analysis (Table 1/supplementary data S1) and was also
statistically significant in multivariate Cox analysis (sup-
plementary data S1). These results confirm virus-negative
status as a negative prognostic marker for Merkel cell car-
cinoma [9].

Merkel cell carcinoma cases included in the previous study
(n=118)

Cases without representative
material for morphological
analysis or undetermined
MCPyYV status (n=17)

Merkel cell carcinoma cases included in the present analysis (n=101)

l l

MCPyV-positive cases (n=80)

! |

Comparison of clinical features:
Age, sex, immunosuppressive status, AJCC stage, tumor location,

recurrence free and specific survival

| |

Comparison of morphological features:
Nuclear shape, presence of nucleoli, cell size, cytoplasmic volume,
presence of a clear cytoplasm, rosette-like structures, intraepidermal
involvement, presence of Bowen disease/ divergent differentiation

| |

Comparison of immunohistochemical features:
ATOH1, CDY9, cytokeratins 7, 8, 18 and 20, EMA, Large T Antigen,
Neurofilament, P53, Pax5, SATB2, TdT and TTF-1 expressions

| I

Determination of relevant markers associated with MCPyV-positive
status: comparison of the diagnostic performances (Likelihood ratio)

MCPyV-negative cases (n=21)

Fig. 1 Flow chart of the study

MCPyV-positive and -negative cases harbor distinct
morphologic features

To evaluate the morphologic differences between the virus-
positive and -negative Merkel cell carcinoma cases,
assessment of nine microscopic criteria was conducted
(Table 1/Fig. 2). We identified nuclear roundness to be
associated (p =0.005) with virus-positivity, while elon-
gated nuclei—similar to the spindle-shape variant of small
cell lung cancer—were observed more frequently in virus-
negative cases. Moreover, the latter samples more fre-
quently displayed a “large cell neuroendocrine carcinoma”
phenotype, with larger cell size (p=0.026), abundant
cytoplasm (p =4x1077) and clearly visible nucleoli (p =
0.002) (Table 1/Fig. 2). The combination of elongated
nuclei and abundant cytoplasm was observed in 19% (n =
4) and 1% (n=1) of virus-negative and -positive cases,
respectively. Furthermore, rosette-like structures (supple-
mentary data S2) and clear cytoplasm (Fig. 2) were also
associated with absence of Merkel cell polyomavirus (p =
0.02 and 2x10~° respectively). To note, 100% of cases with
clear cytoplasm have also an extended cytoplasmic size.
Finally, only virus-negative Merkel cell carcinoma harbored
intraepidermal Merkel cell carcinoma components and dis-
played Bowen-associated disease or divergent differentia-
tion (supplementary data S2).
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Table 1 Clinical, morphologic and immunohistochemical features of MCPyV-negative (n = 21) and -positive MCC (n = 80) cases. Characteristics
of the two subsets were compared by non-parametric Mann Whitney and Fisher’s exact tests for quantitative and qualitative data, respectively. For
survival analyses, log rank test was used. Positive likelihood ratios for MCPyV positivity were assessed for markers that differed between the two
groups (p <0.05), by MCPyV status, by real-time PCR as the gold standard and predetermined cutoffs (underlined criteria vs rest) [4, 6, 11]

Merkel cell carcinoma cases

MCPyV-negative MCPyV-positive P value* Positive likelihood
n=21) (n=280) ratio (95% CI)
Clinical features
Age, years 0.25 -
Median, quartiles 81 (76-85) 78 (69-84)
Missing data 3 4
Sex 0.8 -
F/M 12/8 45/35
Missing data 1 0
Immunosuppressive status 0.67 -
Yes 1 (7%) 9 (16%)
No 13 (93%) 46 (84%)
Missing data 7 25
AJCC stage 0.45 -
1 7 (47%) 18 27%)
I 3 (20%) 22 (32%)
I 5 (33%) 24 (36%)
v 0 2 (3%)
Missing data 6 14
Location 0.09 -
Head 9 (60%) 21 30%)
Trunk 0 4 (6%)
Upper limb 0 5 (7%)
Lower limb 5 (33%) 28 (39%)
Unknown primary 1 (6.7%) 13 (18%)
Missing data 6 9
Recurrence free, month 0.005 -
Mean survival, 95% CI 11 (9-13) 66 (54-79)
Missing data 8 13
Specific death, month 0.027 -
Mean survival, 95% CI 30 (5-21) 88 (76-99)
Missing data 8 13
Morphologic features
Nuclear shape 0.005 1.39
Regular 14 (67%) 74 (93%) (1.02-1.89)
Elongated 7 (33%) 6 (7%)
Uninterpretable cases 0 0
Nucleoli 0.002 1.30
None/inconspicuous 16 (76%) 78 (99%) (1.02-1.65)
Present 5 (24%) 1 (1%)
Uninterpretable cases 0 1
Cell size 0.026 1.20
Small (<2 Lc) 5 (24%) 17 (22%) (0.97-1.49)
Moderate (2-3 Lc) 12 (57%) 58 (75%)
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Table 1 (continued)

Merkel cell carcinoma cases

MCPyV-negative MCPyV-positive P value* Positive likelihood
(n=21) (n=280) ratio (95% CI)
Large (>3 Lc) 4 (19%) 2 (3%)
Uninterpretable cases 0 3
Cytoplasm volume 4x1077 2.70
None/inconspicious 7 (33%) 71 (90%) (1.47-4.96)
Abundant 14 (67%) 8 (10%)
Uninterpretable cases 0 1
Clear cytoplasm 2x10°° 1.73
No 12 (57%) 78 (99%) (1.19-2.50)
Yes 9 (43%) 1 (1%)
Uninterpretable cases 0 1
Rosette-like structure 0.02 1.35
No 14 (67%) 71 (90%) (0.99-1.84)
Yes 7 (33%) 8 (10%)
Uninterpretable cases 0 1
Intraepidermal component 0.04 1.1
No 19 (90%) 80 (100%) (0.96-1.27)
Yes 2 (10%) 0
Uninterpretable cases 0 0
Divergent differentiation 0.001 1.24
No 17 (81%) 80 (100%) (1-1.52)
Yes 4 (19%) 0
Uninterpretable cases 0 0
Associated intraepithelial 0.04 1.1 (0.96-1.27)
neoplasia
No 19 (90%) 80 (100%)
Yes 2 (10%) 0
Uninterpretable cases 0 0
Immunohistochemical profile
Cytokeratin 20 0.02 4.5
Negative 2 (10%) 6 (8%) (0.64-31.63)
Diffuse 2 (10%) 0
Mixed 14 (75%) 52 (68%)
Dot-like pattern 1 (5%) 18 (23%)
Uninterpretable cases 2 4
Cytokeratin 8 0.02 1.73
Negative 0 0 (0.90-3.33)
Diffuse 0 0
Mixed 10 (63%) 26 35%)
Dot-like pattern 6 (37%) 48 (65%)
Uninterpretable cases 5 6
Cytokeratin 18 0.006 2.18
Negative 1 (5%) 0 (1.01-4.70)
Diffuse 0 0
Mixed 13 (69%) 28 (39%)
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Table 1 (continued)

Merkel cell carcinoma cases

MCPyV-negative MCPyV-positive P value* Positive likelihood
(n=21) (n=280) ratio (95% CI)
Dot-like pattern 5 (26%) 43 (61%)
Uninterpretable cases 2 9
TTF-1 4x107 1.92
Negative 10 (40%) 72 (96%) (1.24-2.98)
Positive 10 (50%) 3 (4%)
Uninterpretable cases 1 5
ATOH1 0.05 -
Negative 0 1 (1%)
Low/heterogenous 3 (15%) 29 (38%)
High and diffuse 17 (85%) 46 (61%)
Uninterpretable cases 1 4
Neurofilament 0.04 1.49
Negative 9 (47%) 17 (22%) (0.95-2.31))
Dot-like pattern 10 (53%) 61 (78%)
Uninterpretable cases 2 2
SATB2 0.07 -
Negative 5 (25%) 6 (8%)
Low/heterogenous 6 (30%) 19 (24%)
High and diffuse 9 (45%) 54 (68%)
Uninterpretable cases 1 1
CD99 0.02 8.08
Negative 1 (5%) 12 (15%) (2.16-30.21)
Dot-like pattern 2 (10%) 63 (81%)
Diffus 17 (85%) 3 (4%)
Uninterpretable cases 1 2
PAXS 0.90 -
Negative 16 (80%) 57 (74%)
Low/heterogenous 4 (20%) 16 (21%)
High and diffuse 0 4 (5%)
Uninterpretable cases 1 3
TdT 0.34 -
Negative 16 (89%) 60 (76%)
Positive 2 (11%) 19 (23%)
Uninterpretable cases 3 1
EMA 0.003 2.70
Negative 5 (25%) 22 (29%) (1.10-6.64)
Low/heterogenous 11 (55%) 13 (17%)
High and diffuse 4 (20%) 41 (54%)
Uninterpretable cases 1 4
Cytokeratin 7 0.006 1.36
Negative 12 (71%) 69 (96%) (1-1.85)
Positive 5 (29%) 3 (4%)
Uninterpretable cases 4 8
p53 2x107° 3.63
No expression 7 (37%) 2 (3%) (1.71-7.7118)

SPRINGER NATURE



Morphologic and immunophenotypical features distinguishing Merkel cell polyomavirus-positive and...

Table 1 (continued)

Merkel cell carcinoma cases

MCPyV-negative MCPyV-positive P value* Positive likelihood
(n=21) (n=280) ratio (95% CI)

Heterogenous expression 5 (26%) 63 (95%)

Overexpression 7 (37%) 1 2%)

Uninterpretable cases 2 14

Large T antigen 2x107° -

Negative 17 (100%) 17 (23%)

Positive 0 58 (77%)

Uninterpretable cases 4 5

AJCC American Joint Committee on Cancer, ATOHI atonal homolog 1, CI 95 confidence interval 95%, Lc lymphocytes, MUCI cell surface-
associated mucin 1, PAX5 paired box protein 5, gPCR quantitative PCR, SATB2 special AT-rich sequence-binding protein 2, 7dT terminal
deoxynucleotidyl transferase, 7TF-1 thyroid transcription factor 1. *quantitative and qualitative variables were compared by Mann Whitney and
Fisher’s tests, for survival analyses log rank test was used p values < 0.05 and subsequent positive likelihood ratios are in bold

These results confirmed that many Merkel -cell
polyomavirus-positive and -negative Merkel cell carcinoma
can be distinguished based on morphological criteria
[7, 18, 19] which probably reflects significant biological
differences between the two groups. However, we also
identified difficult-to-classify MCPyV-negative cases lacking
prototypic morphologic features (supplementary data S2).

MCPyV-positive and -negative cases feature distinct
immunohistochemical profiles

To determine whether also immunohistochemistry could
discriminate between virus-positive and -negative Merkel
cell carcinoma, we compared the two groups with respect to
expression of a panel of diagnostic markers (Fig. 3/Table 1).
Positivity for TTF1 and cytokeratin 7, lack of or over-
expression of p53, and frequent lack of expression of neu-
rofilament were hallmarks of the virus-negative cases
(Table 1). By contrast, virus-positive cases not only featured
large T antigen-positivity but also high EMA expression
and more frequently a dot like staining pattern for the
cytokeratins 8, 18 and 20, as well as for CD99. These
findings demonstrate substantial variations in the immuno-
histochemical profiles of virus-positive and -negative Mer-
kel cell tumors and additionally suggest a possible impact of
the T antigens on cytoskeletal organization.

CD99 dot-like pattern as a marker of MCPyV-
positive Merkel cell carcinoma

To compare the performances of all investigated markers to
predict virus status, positive likelihood ratios were deter-
mined by using previously described cut-offs [7, 10, 16, 18]
(Table 1). These analyses identified CD99 dot-like expres-
sion pattern as most highly associated with virus-positivity

of Merkel cell carcinoma (sensitivity =81% [95% CI:
70-89], specificity =90% [95% CI. 68-99], positive pre-
dictive value =97% [95% CI. 89-99], negative predictive
value 55% [95% CI: 43-66], positive likelihood ratio =
8.08 [95% CI: 2.16-30.21]). In line with this, such CD99
dot-like pattern was found in 86% (n =49/57) of the cases
which demonstrated large T antigen-expression in immu-
nohistochemistry, as compared with only 35% (n = 12/34)
of large T antigen-negative cases (supplementary data S3).
Of interest, 10 MCPyV-positive cases lacking immunohis-
tochemical large T antigen expression still showed a CD99
dot-like expression pattern (positive and negative predictive
values of CD99 dot pattern for MCPyV status determination
in the Large T non expressing cases: 83% [95% CI: 56-95]
and 71% [95% CI: 56-82] respectively). These results
suggest that the CD99 expression pattern might serve as an
additional indicator to evaluate the Merkel cell carcinoma
virus status.

Discussion

With respect to tumor cell morphology and immunophe-
notype, several differences between virus-positive and
—negative Merkel cell carcinoma were assessed in the pre-
sent study. In accordance with previous reports [7, 18],
several distinctive microscopic features were observed
between the two groups. Moreover, the virus-negative
tumors differed from the others by a so called “aberrant”
immunohistochemical profile [8] with reduced expression
of the Merkel cell carcinoma marker i.e., neurofilament and
a more prevalent positivity of those normally observed in
extra-cutaneous neuroendocrine carcinomas such as TTF-1
and cytokeratin 7. Interestingly, dot-like expression patterns
of cytokeratins and CD99 were more frequent in virus-
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Fig. 2 Morphologic features of MCPyV-negative and -positive Merkel
cell carcinoma cases (bar=100um): on standard examination,
MCPyV-negative cases are characterized by more irregular, elongated
nuclei as observed in small cell lung cancer Additionally, some cases

positive cases and accordingly, CD99 expression pattern
was identified as suitable additional marker for the deter-
mination of the Merkel cell polyomavirus status of Merkel
cell carcinoma.

Two viral oncoproteins i.e., small T and Large T are
expressed in Merkel cell carcinoma tumor cells and are
considered as the main oncogenic triggers for the devel-
opment of virus-positive Merkel cell carcinoma [20, 21]. In
contrast, UV-induced mutations are thought to drive carci-
nogenesis of virus-negative Merkel cell carcinoma
[5, 6, 22, 23]. Targeting of the same oncogenic pathways
(RB1 and p53) either by T antigens or somatic mutations,
may account for the common neuroendocrine phenotype
[24-26] observed in virus-positive and negative Merkel cell
carcinomas. Nevertheless virus-negative tumors are now
considered as a subset genetically distinct from the others
[27] and characterized by a very high mutational burden (10
mutations per Mb) while very low mutation frequencies (0.4
mutations per Mb) were detected in Merkel cell

SPRINGER NATURE

had large cell neuroendocrine carcinoma features with abundant and
clear cytoplasm and predominant nuclei. By contrast, MCPyV-positive
cases are composed of medium to small round tumor cells with scant
cytoplasm and round nucleus. MCC: Merkel cell carcinoma

polyomavirus-positive Merkel cell carcinoma [5, 28-30].
Interestingly genomic complexity and cancer mutation
burden have been demonstrated to correlate with micro-
scopic features of tumor cells such as nuclear pleomorphism
[31] and cytological atypia [32]. Indeed, in soft tissue
tumors [33], “simple karyotype” neoplasias such as Ewing
sarcoma with recurrent EWSRI rearrangement display uni-
form, regular cytology, while “complex karyotype” sarcoma
feature more pronounced cytological atypia. Similarly, the
degree of differentiation was directly related to genomic
alteration level in cutaneous squamous cell carcinoma [34].

In line with such observations, substantial morphologic
differences were observed between virus-positive and
-negative Merkel cell carcinoma. Indeed, Katano et al. [19]
reported that the 6 Merkel cell polyomavirus-positive cases
investigated were characterized by round and vesicular
nuclei with fine granular chromatin and small nucleoli
whereas, by contrast, most of the five virus-negative sam-
ples had polygonal nuclei with clear cytoplasm. Applying
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morphometry, Kuwamoto et al. [7, 18] confirmed that virus-
negative cases had more irregular nuclei and more abundant
cytoplasm in a set of 26 Merkel cell carcinoma cases. In our

<« Fig. 3 Immunophenotypes of MCPyV-negative and -positive Merkel

cell carcinoma cases (bar = 100 um): Immunohistochemical investi-
gation of CD99 (a), cytokeratins 7 (b), 8 (c), 18 (d) and 20 (e), EMA
(f), p5S3 (g) and TTF-1 (h) revealed several distinctive features between
the two groups: MCPyV-positive status was associated with cytoker-
atins 8, 18 and 20 and CD99 dot-like expression pattern as well as high
EMA expression, whereas MCPyV-negative cases frequently dis-
played expression of cytokeratin 7 and TTF-1 and abnormal p53
expression. MCC: Merkel cell carcinoma

series, investigating 101 Merkel cell carcinoma cases we
provide further confirmation of these microscopy-studies.

Indeed, we found MCPyV-positive cases to be char-
acterized by uniform round-ovoid nuclei, scant cytoplasm,
and frequently displaying a morphology close that of Burkitt
lymphoma or Ewing sarcoma, both neoplasias either induced
by virus or chromosomal translocation [33, 35]. By contrast,
more heterogeneous cytological features with marked atypia
were observed in virus-negative Merkel cell carcinoma
which, in our view, exhibited close similarities with extra-
cutaneous neuroendocrine carcinoma. Indeed some virus-
negative cases appeared as a dense proliferation of spindle
cells with elongated dark nuclei similar to the spindle shape
variant of small cell lung cancer [36] while others cases,
comparable to the tumor previously reported as large cell
neuroendocrine carcinoma of the skin [37], feature abundant
cytoplasm and prominent nuclei as shown in Fig. 2. To note,
intermediary phenotypes were also observed.

While virus-positive Merkel cell carcinoma is almost
exclusively located in the dermis and subcutis, involvement
of the epidermis has been mostly reported for virus-negative
cases. Indeed, detection of an associated intra-epidermal
neoplasia as well as a divergent differentiation are pre-
dictive of MCPyV-negative status [7, 38—40]. Although,
intra-epidermal spreading of Merkel cell carcinoma was
only observed in two cases in our study, both of them were
virus-negative suggesting that epidermotropism as an
additional —although rare- characteristic of virus-negative
Merkel cell carcinoma.

Whereas cytokeratin 20-positivity and TTF-1 negativity
are currently used in routine practice to distinguish Merkel
cell carcinomas from extra-cutaneous carcinomas [10, 41],
our study confirms the prevalence of so called “aberrant”
immunohistochemical profiles in virus-negative cases [8].
Indeed, these latter differed from the viral induced tumors
by a more frequent negativity of the Merkel cell carcinoma
markers i.e., neurofilament [8, 42, 43], and more frequent
positivity of TTF-1 [44] and cytokeratin 7 [8, 45] again
underlining the phenotypic similarities between virus-
negative Merkel cell carcinoma and extra-cutaneous neu-
roendocrine carcinomas. In addition, abnormal p53
expression probably due to loss of protein function by
somatic mutations was frequently observed in UV-induced
tumors as previously reported [46, 47].
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Interestingly, cytokeratins and CD99 “dot-like” patterns
were associated with virus-positivity of Merkel cell carci-
noma. In the interfollicular epidermis under physiological
conditions, cytokeratins 8, 18 and 20 expression is restricted
to the Merkel cell lineage [48—50] and accordingly, frequent
positivity of Merkel cell carcinoma for these cytokeratins is
observed [27]. In contrast to non-neoplastic Merkel cells
that show a diffuse cytokeratin expression, Merkel cell
carcinoma cells often harbor cytokeratins arranged in
paranuclear dots. Of note, expression of cytokeratins 8 and
18 either in a diffuse or in a dot-like pattern can also be
observed in extra-cutaneous high grade neuroendocrine
carcinomas [51, 52]. Interestingly such cytokeratins dot-like
pattern in virus-positive Merkel cell carcinoma not only
renders this feature a useful additional marker for diagnosis
but also suggests a potential involvement of the T antigens
in cytokeratin “dot like” relocation. Indeed, using a trans-
genic mouse model, Verhaegen et al. [53] previously
obtained similar cytokeratins 8 and 20 dot-like pattern upon
ectopic expression of small T in Merkel cells and in line
with such findings, capability of T antigens to disrupt cel-
lular cytoskeletal organization has previously been empha-
sized [54, 55]. A possible explanation for these dots is
entrapment of the Golgi apparatus in the cytokeratin
aggregates which might explain why not only cytokeratins
but also the membrane protein CD99 can be found in
paranuclear dots. Indeed, CD99 is a transmembrane protein
involved in a broad spectrum of physiological and patho-
logical conditions such as cell migration and intracellular
trafficking [56]. In Epstein Barr virus-related Hodgkin
lymphoma, direct downregulation of CD99 by the latent
membrane protein 1 (LMP1) affects tumor cell differentia-
tion and contributes to immune escape via downregulation
of major histocompatibility complex class 1 [57]. Therefore
CD99 sequestration in cytoplasmic “dot”, might reduce the
protein membrane delivery, and consequently contribute to
the aggressiveness of virus positive-Merkel cell carcinoma.

While determination of the Merkel cell polyomavirus
status is not yet recommended in the Merkel cell carcinoma
guidelines, virus-negative cases constitute a subset of
tumors phenotypically [8, 18] and genetically [5, 6] distinct
from the others as described above and as underscored by
the present study. In particular, increased aggressiveness
and worse outcome [9] suggest a potential value of routine
determination of the virus status in Merkel cell carcinoma
patients. Although further confirmation in independent
cohorts are needed, our results suggest that CD99 expres-
sion—with testing already available in pathology labora-
tories—might be used as a surrogate or associated with
large T antigen immunohistochemistry to predict MCPyV
status in clinical practice.

To conclude, our results confirm that MCPyV-positive
and -negative Merkel cell carcinoma cases are characterized

SPRINGER NATURE

by distinct morphological and immunohistochemical fea-
tures that imply a significant difference in tumor biology
and behavior. Importantly, we identified a dot-like pattern in
CD99 expression as a relevant marker associated with
MCPyV status.
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Differentiating Merkel cell carcinoma
of lymph nodes without a detectable Crostirk
primary skin tumor from other
metastatic neuroendocrine carcinomas:
The ELECTHIP criteria

Thibault Kervarrec, MD, MSc,™” Julia Zaragoza, MD, Pauline Gaboriaud,” Amélie Le Gouge, MSc,
Agnes Beby-Defaux, MD,“" Yannick Le Corre, MD,* Ewa Hainaut-Wierzbicka, MD,"
Francois Aubin, MD, PhD,’ Guido Bens, MD,’ Patrick Michenet, MD,* Hervé Maillard, MD,'
Antoine Touzé, PhD,” Mahtab Samimi, MD, PhD,” and Serge Guyétant, MD, PhD""

Tours, Poitiers, Angers, Besangon, Orléans, and Le Mans, France

Background: Merkel cell carcinoma (MCC) can present as a cutaneous tumor or a lymph node metastasis
without a primary tumor. MCC presenting without a primary tumor (MCCWOPT) can be misinterpreted on
histologic examination as lymph node metastasis (LNM) from another neuroendocrine carcinoma
(LNMNEC). However, this distinction is crucial for therapeutic management.

Objective: To determine the discriminative criteria for the differential diagnosis of MCCWOPT, LNM from
cutaneous MCC, and LNMNECs.

Methods: Clinical, morphologic, and immunohistochemical data (expression of cytokeratins AE1, AE3, 7,
19, and 20; chromogranin A, synaptophysin, thyroid transcription factor-1 [TTF-1]), as well as the presence
of Merkel cell polyomavirus (by immunohistochemistry and PCR) were compared in patients with
MCCWOPT (n = 17), LNM from a cutaneous MCC (n = 11), and LNMNEC (n = 20; 8 lung, 7 thyroid, 3
digestive tract, 2 other).

Results: MCC (including MCCWOPT and LNM from a cutaneous MCC) differed from LNMNEC by 7
discriminative criteria: 1) elderly age, 2) location of the tumor, 3) extent of the disease, 4) cytokeratin
expression, 5) TTF-1 expression, 0) histologic type, and 7) Merkel cell polyomavirus detection, summarized
under the acronym ELECTHIP. All MCC patients had =5 of the ELECTHIP criteria, whereas all patients with
LNMNEC (except 1) had <3 criteria.

Limitations: The discriminant ability of the ELECTHIP criteria should be validated in a second
independent set.
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Conclusion: MCCWOPT can be distinguished from other LNMNEC by the ELECTHIP criteria. (J] Am Acad

Dermatol 2018;78:964-72.)

Key words: CK20; differential diagnosis; lymph nodes; MCPyV; Merkel cell carcinoma; metastasis;

neuroendocrine carcinoma; TTF-1.

Merkel cell carcinoma
(MCC) is a rare aggressive
cutaneous neoplasm with a
5-year overall survival rate of
40%." It occurs essentially
in elderly patients, and
the main risk factors are
sun exposure and immuno-
suppression. Histologic ex-
amination reveals infiltration
of the dermis or hypodermis
by  small cells  with
neuroendocrine  features.
Immunochemical stainings
show the expression of both
epithelial and neuroendo-
crine markers in tumor cells.
Cytokeratin (CK) 20 expression is observed in 92% of
MCC CaSQSZ; thyroid transcription factor-1 (TTF-1)
expression is rare.”

Merkel cell polyomavirus (MCPyV) is a ubiquitous
human polyomavirus with seroprevalence reaching
90% in adults.’” In 2008, Feng et al’ identified
integration of the MCPyV genome in tumor cells
of most MCCs. MCPyV DNA is detected by PCR in
~80% of cutaneous MCC cases, and the large
T antigen, a major viral oncoprotein, is detected by
immunochemical staining in 60% of cases.”’

Approximately 5%-15% of MCC cases present as a
lymph node metastasis (LNM) without a primary skin
tumor.”” In such cases, superficial lymph nodes are
removed and standard histologic examination
reveals features of high-grade neuroendocrine
carcinoma (NEC) indistinguishable from LNM of an
unidentified (non-Merkel cell) NEC (LNMNEC).
However, the distinction between MCC without a
primary skin tumor (MCCWOPT) and LNMNEC is
crucial because of significant differences in
therapeutic management and outcome.” Indeed,
treatment of MCCWOPT requires lymph node
dissection combined with radiotherapy,” and
treatment of LNMNEC requires chemotherapy. The
outcome for patients with MCCWOPT is worse with
chemotherapy alone than with surgery and
radiotherapy,” which highlights the need for
accurate differential diagnosis of MCCWOPT from
LNMNEC.

CK20 and TTF-1 expression profiles, which
enable a differential diagnosis between cutaneous

CAPSULE SUMMARY

» Merkel cell carcinoma can initially

present in lymph nodes without an nosis of MCC. Although
evident primary skin tumor.

« When this occurs the tumor might be
misdiagnosed as lymph node metastasis
from other neuroendocrine carcinomas.

« The ELECTHIP criteria assists in
differentiating between these diagnoses
and might facilitate the classification of
patients with lymph node metastasis
from neuroendocrine tumors.

MCC and small-cell NEC
from other sites,'”'* are
currently used as diagnostic

criteria for a positive diag-

features of MCCWOPT have
been compared with those
from cutaneous MCC,'> !
no study has investigated
the diagnostic accuracy of
any marker for the differen-
tial diagnosis of MCCWOPT,
LNM from a cutaneous MCC,
and LNMNEC.

We aimed to compare
the clinical, histologic, and
virologic features of these
3 conditions to establish relevant criteria for their
differential diagnosis.

METHODS
Design and settings

MCC cases diagnosed in the dermatology
departments from 6 hospital centers were
considered for inclusion in the historical prospective
MCC cohort'” (local ethics committee, Tours, France,
no. ID RCB2009-A01056-51). Formalin-fixed
paraffin-embedded (FFPE) tumor samples were
reviewed by a pathologist from the French
TENPath network (Dr Guyétant) and were included
as MCC cases if they displayed a morphology
compatible with MCC, together with positive
immunostaining for CK20 and =1 neuroendocrine
marker (eg, synaptophysin and chromogranin A).
CK20-negative tumors were also considered if
the morphology was compatible and =2 neuroen-
docrine markers were expressed. Cases of LNMNECs
were retrieved from the database of 1 department of
pathology (Tours, France) by a search of samples
registered during 1999-2015.

Inclusion criteria

MCC cases. For the specific needs of our study,
all MCC cases included in our cohort that had
available FFPE samples had their medical history
and clinical and imaging data reviewed. A diagnosis
of MCCWOPT was retained with LNM revealing the
cancer, no history of cutaneous MCC or deep NEC,
no evidence of cutaneous or extracutaneous primary
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Abbreviations used:

CK: cytokeratin
CT: computed tomography
ELECTHIP:  elderly age, location of tumor, extent

of the disease, cytokerain expres-
sion, TTF-1 expression, histologic t-
ype, and MCPyV detection

FFPE: formalin-fixed paraffin-embedded
LNM: lymph node metastasis
LNMNEC: lymph node metastasis from neuro-

endocrine carcinoma

MANEC: mixed adenoneuroendocrine
carcinoma
MCC: Merkel cell carcinoma

MCCWOPT: Merkel cell carcinoma of lymph no-
des without skin primary tumor

MCPyV: Merkel cell polyomavirus

NEC: neuroendocrine carcinoma

TTF-1: thyroid transcription factor 1

NEC after exhaustive work-up consisting of cuta-
neous physical examination and extensive imaging
(whole-body computed tomography [CT] scan, 18-
fludeoxyglucose positron emission tomography CT
scan, or both). The samples from patients with LNM
from cutaneous MCC were included on the basis of
the following criteria: LNM with confirmation of
cutaneous MCC primary tumor.

Cases of LNMNEC. MCCWOPT occurs mostly in
superficial lymph nodes,” so only patients with
superficial LNMs originating from other NECs were
included in this group. From our database, we
retrieved data of patients with LNMs from any NEC
histologic subtype in a superficial location (parotid,
cervical, supraclavicular, axillary, or groin areas)
and with a lymph node revealing cancer or
relapsed cancer, presence of histologic NEC features,
and immunohistochemical expression of both
neuroendocrine (chromogranin A or synaptophysin)
and epithelial (CKAE1-CKAE3) markers.

Exclusion criteria

We excluded data for patients without available
tissue samples or insufficient samples to perform
molecular analysis.

Clinical and follow-up data

Age, sex, history of cancer, and lymph node
location were collected from patient files. Disease
extent at the time of diagnosis was classified as
localized (restricted to the primary skin and/or one
superficial lymph node area) or systemic (extension
beyond the skin and the lymph node). Regarding
LNMNECs, the primary tumor location was classified
as proved (diagnosis on the basis of histologic
examination of primary tumor sample), possible
(diagnosis on the basis of strong clinical and imaging

] AM AcAD DERMATOL
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arguments without biopsy of the primary tumor
sample), or undetermined.

Histology and immunohistochemistry

Histologic classification of tumors was assessed
by a pathologist (Dr Guyétant) according to the
World Health Organization classification,'®'® which
distinguishes 3 NEC subtypes (small cell, large cell,
well-differentiated) on the basis of cytologic features
and proliferation rate. Briefly, cases of poorly differ-
entiated NEC shared features of high proliferative
activity and frequent necrosis; they were subclassi-
fied as small cell NEC when composed of small- to
medium-sized cells with a high nucleocytoplasmic
ratio, salt-and-pepper chromatin, and inconspicuous
nucleoli or subclassified as large cell NEC when
composed of larger cells with more abundant
cytoplasm  and  apparent  nucleoli.  Well-
differentiated NECs showed a more prominent
nested or trabecular pattern (often with the absence
of necrosis), bland cytology, and low proliferation
rate.

Tissue samples were included in a tissue
microarray with a semimotorized tissue arrayer
(tissue microarray booster OI v2.00, ALPHELYS,
Westburg, The Netherlands). Triplicate spots were
obtained for all patients. Immunohistochemical
staining was performed according to the manufac-
turer’s instructions on a BenchMark XT platform
(Ventana Medical Systems Inc, Basel, Switzerland).
Tumors were screened with relevant markers
for NEC (pan-CKAE1-AE3, chromogranin A,
synaptophysin), MCC (CK19, CK20, large T
antigen) and other NEC markers (TTF-1, CK7).
Antibodies and dilutions are in Supplemental Table I
(available at http://www.jaad.org). CKAE1—AE3—
and CK20—positive cases were classified as dot-like
or diffuse according to the staining pattern.
Chromogranin A and synaptophysin positive cases
were classified as low or high according a arbitrary
threshold of 30% of stained cells. Positivity for MCPyV-
specific antibody CM2B4 was assessed using the
Allred score as previously described."”

Detection of MCPyV DNA

Genomic DNA was isolated from tissue samples
by using the Maxwell 16 Instrument (Promega,
Madison, WI) with the Maxwell 16 FFPE Plus LEV
DNA Purification Kit (Promega). PCR assays were
performed as described.” Briefly, 15 ng of DNA was
mixed with 0.2 uM primers (Supplemental Table TI,
available at http://www.jaad.org), 0.1 puM DNA
probe, and Mix Life technologies Tagman Universal
PCR Master Mix (2X) (Applied Biosystems, Foster
City, CA) in a final volume of 25 uL. PCR reactions
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223 MCC with confirmed diagnosis

l

128 MCC with available FFPE samples

1

44 MCC with lymph node metastasis

102 samples encoded as NEC from the
LN diagnosed between 1995 and 2015

LNM material

Exclusion (n=16):
- cutaneous MCC with no

Exclusion (n=82):
-without inclusion criteria (n=79)
-without available FFPE sample (n=3)

11 LNM from

17 MCCWOPT cutaneous MCC

20 LNMNEC

Insufficient material for
IHC study (n=1)

Insufficient material for
IHC study (n=2)

Insufficient material for
IHC study (n=2)

43 samples available for IHC analysis
(16 MCCWOPT, 9 LNM from cutaneous MCC and 18 LNMNEC)

48 samples for molecular analysis
(17 MCCWORPT, 11 LNM from cutaneous MCC and 20 LNMNEC)

Fig 1. Flow of patients in this study. FFPE, Formalin-fixed paraffin-embedded;
IHC, immunohistochemical; ZN, lymph node; ZNM, lymph node metastasis; MCC, Merkel cell
carcinoma; MCCWOPT, Merkel cell carcinoma of lymph node without primary tumor;

NEC, neuroendocrine carcinoma.

were performed with the Applied Biosystems 7500
Real-Time PCR Systems platform programmed with
an initial denaturation at 95°C for 15 min, followed by
45 cycles at 95°C for 15 sec and 60°C for 60 sec.

Statistical analysis

Data involving continuous variables are described
with median and quartiles 1-3, and categorical vari-
ables with number and percentages of the interpret-
ables cases. Categorical variable data were
compared between groups by using the 2-tailed
Fisher’s exact test. P values <.05 were considered
statistically significant.

RESULTS
Patient characteristics

Among the 223 patients included in the MCC
cohort, FFPE samples were available for 128 cases,
including 44 with LNM at the time of diagnosis
(Fig 1). Among these, 17 met our criteria for

MCCWOPT and 11 for LNM from cutaneous MCC
(Fig 1). Among the 17 patients with MCCWOPT, a
dermatologist had performed a skin examination to
exclude a primary tumor of the skin or mucosae for
16, and an oncologist had performed multiple
physical examinations for 1 (patient 9).
Extracutaneous primary NEC was excluded in all 17
cases by imaging (8 with 18-fludeoxyglucose
positron emission tomography CT scan, 4 with
whole body CT scan, and 5 with both). Two patients
underwent endoscopy and indium-111 somatostatin
analog scintigraphy (Octreoscan) (patients 1 and 17).
Among the 102 patients with NEC and LNM retrieved
from our database, 23 with LNMNEC met our
inclusion criteria and 3 were excluded because of
unavailable samples (Fig 1). Patients had primary
LNMNEC tumors of the lung (n = 8; 5 with small cell
carcinoma and 3 with large cell NEC); thyroid (n =7),
or gastrointestinal tract (n = 3; 1 with small cell
carcinoma and 2 with large cell neuroendocrine
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Table I. Characteristics of patients with MCC without primary tumor, LNM from cutaneous MCC, and LNM from

neuroendocrine carcinoma

Characteristic MCCWOPT, n = 17 LNM from cutaneous MCC, n = 11 LNMNEC, n = 20 P value
Age, y, n (%) <.001
<70 8 (47) 1(9) 16 (80)
=70 9 (53) 10 (91) 4 (20)
Sex ratio (male/female) 8/9 4/7 11/9 NS
Lymph node location, n (%) <.01
Parotid 2(12) 1(9) 0 (0)
Cervical 0 (0) 1(9) 10 (50)
Supraclavicular 0 (0) 0 (0) 6 (30)
Axillar 0 (0) 2 (18) 3 (15)
Inguinal 15 (88) 7 (64) 1 (5)
Disease extent, n (%) <.02
Localized 16 (94) 11 (100) 9 (45)
Systemic 1 (6) 0 (0) 11 (55)

LNM, Lymph node metastasis; LNMNEC, lymph node metastasis from neuroendocrine carcinoma; MCC, Merkel cell carcinoma;
MCCWOPT, Merkel cell carcinoma without primary tumor; NS, not significant.

component of mixed adenoneuroendocrine
carcinoma [MANEC)); atypical carcinoid tumor of
the arytenoid (n = 1); and unknown cancer (n = 1;
large cell NEC).

Clinical data

Clinical features of patients are described in
Table 1. The median age was 70 (63-79) years. At
the time of diagnosis, most of the MCC cases were
limited to the inguinal area (15 MCCWOPT and 7
LNM from cutaneous MCC). In contrast, LNMNEC
patients with a pulmonary primary tumor (n = 8) had
advanced metastatic disease at diagnosis (large
mediastinal tumor bulk, extensive lymph-node
involvement, and visceral metastases) with no
history of NEC. Patients with a gastrointestinal
primary tumor (n = 3) had a previous history of
NEC and showed aggressive relapse (2 had general-
ized disease and 1 had localized disease with fast
disease progression and death). All patients with
primary thyroid (n = 7) and arytenoid (n = 1) cancer
showed localized lymph node recurrence. One pa-
tient with an unknown primary site (patient 27) had
extensive metastatic disease and died a few days
after lymph node biopsy.

Immunomorphologic and virologic data

The 3 groups showed close morphological simi-
larities, as illustrated by representative microscopic
features of MCCWOPT, LNM from cutaneous MCC
and LNMNEC cases in Fig 2. All cases of MCCWOPT
and LNM from cutaneous MCC were classified as
small cell carcinoma, whereas LNMNEC cases dis-
played small cell (n = 6), large cell (n = 6), or well-
differentiated NEC (n = 8) features.

Comparative immunostaining data for the 43
tumors analyzed is reported in Table II. Marker
expression by histologic type and primary tumor
site is reported in Supplemental Table III (available at
http://www .jaad.org). MCPyV DNA was detected in
15 of 17 (88%) patients with MCCWOPT, all patients
(100%) with LNM from cutaneous MCC, and 1 patient
(5%) with LNM from a large cell NEC of the lung.

Determining diagnostic features — the
ELECTHIP criteria

We were able to identify 7 features that differed
significantly among MCCWOPT, LNM from
cutaneous MCC, and LNMNEC. MCCWOPT and
LNM from cutaneous MCC differed from LNMNEC
by age (=70 years vs <70 years, P <.001), location of
the lymph node (inguinal or parotid vs other
locations, P < .01), disease extent (localized vs
systemic, P < .01), histologic type (small cell
carcinoma vs large cell carcinoma and well-
differentiated tumors, P < .01), CK expression
(CK20 positive vs CK20 negative, P < .01), TTF-1
expression (absent vs present, P < .01), and MCPyV
detection (present vs absent, P < .01). These 7
features can be summarized using the abbreviation
ELECTHIP (elderly: =70 years, location: inguinal or
parotid, extent restricted to the lymph node area,
CK20 positivity, TTF-1 negativity, histological type:
small cell carcinoma, polyomavirus detection)
criteria. In contrast, no differences were observed
with sex ratio, CKAE1-CKAE3 expression, and
neuroendocrine marker expression between the
MCC and LNMNEC groups.

The classification of patients by their diagnosis
and number of positive ELECTHIP criteria (0-7) is
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Fig 2. Microscopic features of Merkel cell carcinoma of lymph node without primary tumor
(MCCWOPT) (A), lymph node metastasis (LNM) from cutaneous MCC (B), and LNM from other
neuroendocrine carcinomas (NECs) (C-F). C, Small cell carcinoma of the lung. D, Large cell
carcinoma of the lung. E, Well-differentiated neuroendocrine tumor of the thyroid (medullar
thyroid carcinoma). F, Neuroendocrine component of mixed adenoneuroendocrine carcinoma
from the digestive tract. On morphologic examination, all high-grade NEC cases shared a
similar architectural pattern, forming islands and ribbons of uniform tumor cells. Tumors
classified as small cell carcinoma (A, B, C) displayed a high nucleocytoplasmic ratio, salt-and-
pepper chromatin, and a high number of mitoses; large cell NEC (D, F) were characterized by
abundant cytoplasm and apparent nuclei. Well-differentiated neuroendocrine tumors (E:
medullar thyroid carcinoma) showed few mitosis and a more obvious nested pattern. (A-F,
Hematoxylin-eosin staining; original magnifcations: X200.)
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Table II. Histologic, immunohistochemical, and virologic features of patients with MCCWOPT, LNM from

cutaneous MCC, and LNMNEC

MCCWOPT, LNM from cMCC, LNMNEC,
Feature n=17 n=11 n =20 P value
Histologic features
Histologic subtypes <.01
Small cell carcinoma 17 (100) 11 (100) 6 (30)
Large cell carcinoma 0 (0) 0 (0) 6 (30)
Well-differentiated tumor 0 (0) 0 (0) 8 (40)
Immunochemical features
Cytokeratin expression
AE1 and AE3 NS
Dot staining 14 (88) 7 (78) 3(17)
Diffuse staining 2 (13) 2 (22) 15 (83)
CK7 0 (0) 0 (0) 8 (44) <.01
CK19 10 (63) 1(11) 3(17) <.01
CK20 <.01
Dot staining 5 (31) 6 (67) 0 (0)
Diffuse staining 11 (69) 2 (22) 1(6)
Neuroendocrine marker expression
Chromogranin A expression NS
High 14 (88) 7 (78) 14 (78)
Low 2(13) 2 (22) 4 (22)
Synaptophysin expression NS
High 9 (56) 2 (22) 11 (61)
Low 3(19) 6 (67) 5(22)
Other markers
TTF-1 1 (6) 0 (0) 14 (78) <.01
MCPyV detection by immunochemistry 8 (50) 4 (44) 0 (0) <.01
Virologic features
MCPyV detection by PCR 15 (88) 11 (100) 1(5) <.01

CK, Cytokeratin; LNM, lymph node metastasis; LNMNEC, lymph node metastasis from neuroendocrine carcinoma; MCC, Merkel cell carcinoma;
MCCWOPT, Merkel cell carcinoma without primary tumor; MCPyV, Merkel cell polyomavirus; NS, not significant; TTF-1, thyroid transcription

factor 1.

shown in Fig 3. Among patients with MCCWOPT and
LNM from cutaneous MCC, the 7 criteria were
assessable in 16 of 17 and 9 of 10 patients, respec-
tively. All of these patients had =5 criteria (4 patients
had 5 criteria, 12 had 6 criteria, and 9 had 7 criteria).
In contrast, 19 of 20 patients with LNM from NEC had
<3 criteria (2 patients had 0 criteria, 13 had 1
criterion, and 4 had 2 criteria), except for 1 patient
with metastatic digestive MANEC (patient 28), who
had 5 criteria.

DISCUSSION

In this study, we examined the diagnostic markers
for MCCWOPT, LNM from cutaneous MCC, and
LNMNEC to establish criteria for the differential
diagnosis of these cancers. MCCWOPT shared
similar morphologic and phenotypic features as
LNM from cutaneous MCC but were accurately
distinguished from other superficial LNMNEC by a
spectrum of clinical, histologic, and virologic criteria
that were summarized as the ELECTHIP criteria

(elderly: = 70 years, location: inguinal or parotid,
extent restricted to the lymph node area, CK20
positivity, TTF-1 negativity, histological type: small
cell carcinoma, polyomavirus detection).

Although MCCWOPT features have been
compared with those from cutaneous MCC
tumors,' " the biologic connection between
MCCWOPT and cutaneous MCC is still unclear:
whether MCCWOPT primarily originates in nodal
lymph nodes or occurs after a metastatic process is
unknown. In current practice, superficial LNMNEC
represents the main differential diagnosis of
MCCWOPT and must be distinguished from
MCCWOPT because of different therapeutic
management and outcome.” It must be emphasized
that there is no current gold standard for the
positive diagnosis of MCCWOPT. In our study, the
classification of cases involved multiple pathology
reviewing, as well as a multidisciplinary approach to
develop criteria that could be easily used in routine
practice.
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Fig 3. Patient diagnoses by ELECTHIP criteria. All patients with MCCWOPT and LNM from
cutaneous MCC had =5 ELECTHIP criteria, whereas 19 of 20 patients with LNM from NEC had
<3 criteria, except for 1 patient with metastatic digestive mixed adenoneuroendocrine
carcinoma, who had 5 criteria. ELECTHIP, elderly: =70 years, location: inguinal or parotid,
extent restricted to the lymph node area, CK20 positivity, TTF-1 negativity, histologic type:
small cell carcinoma, polyomavirus detection; LNM, lymph node metastasis; MCC, Merkel cell
car; MCCWOPT;, Merkel cell carcinoma of lymph nodes without skin primary tumor;

NEC, neuroendocrine carcinoma.

The ELECTHIP criteria include 3 clinical features:
age, disease extent, and LNM location. Indeed,
MCCWOPT mainly affects older people (median
age at onset, 81 years”") and is often confined to a
single lymph node area.'* However, LNMNEC,
especially small cell carcinoma of the lung,** occurs
in younger patients, often in a setting of extensive
disease.

The ELECTHIP criteria include the tumoral CK20
expression, which appears as a robust but not
specific marker for MCC. In our study, all patients
with MCCWOPT expressed CK20, as did 1 patient
with LNMNEC, a large cell NEC component of a
metastatic digestive MANEC (patient 28). Although
CK20 expression is rare among patients with
NEC,'""'"* it can be expressed in patients
with  MANEC, who have a nonneuroendocrine
component (mainly adenocarcinoma) associated
with their disease in the primary tumor.'’
Therefore, 1 patient with LNM from MANEC in our
series had 5 ELECTHIP criteria, which indicates that
LNM from MANEC remains a major diagnostic pitfall
in the differential diagnosis of MCCWOPT. Similarly,
TTF-1 expression was rarely detected in MCC,” but 1
of our patients with MCCWOPT showed moderate
nuclear TTF-1 expression (patient 12). In our expe-
rience, as in others,”’ moderate nuclear expression
of TTF-1 is not an infrequent feature of MCC (15% of
our MCC cohort, data not shown) and moderate
expression of TTF-1 should not by itself exclude the
diagnosis of MCC.

The last ELECTHIP criterium was detection of
MCPyV DNA by PCR in tumor samples. Indeed,

MCPyV DNA was detected in 15 of 17 patients with
MCCWOPT, all with LNM from cutaneous MCC, and
only 1 with LNMNEC. Previously, De Biase et al'’
detected MCPyV DNA by PCR in 5 of 5 patients
with MCCWOPT as compared with 7 of 22 with
MCCWOPT by Pan et al."* Using immunohistochem-
istry, Haymerle et al* detected MCPyV in 4 of 6
patients with MCCWOPT. Such discrepancies have
been observed for cutaneous MCC” and probably
reflect heterogenous technical procedures (DNA
fragmentation in FFPE tissue samples, PCR
amplicon size, primer sets, and CM2B4 antibody
immunostaining sensitivity). Altogether, our results
suggest that MCPyV prevalence in MCCWOPT is
probably the same as in its cutaneous counterpart.
However, we also detected MCPyV DNA in a large
cell NEC of the lung, which is consistent with
previous detection of MCPyV in non-Merkel cell
neoplasms.”

Because none of the markers we describe allow
for accurate discrimination between MCC and
LNMNEC when used alone, we suggest combining
them into the 7 ELECTHIP criteria. In our cohort, all
patients with assessable MCC had =5 of the 7 criteria,
whereas all patients with other metastatic NEC
except 1 (with MANEC, discussed previously)
showed <3 criteria. When considering the
ELECTHIP criteria as a 7-point diagnostic score, an
ELECTHIP score =3 would be associated
with a MCCWOPT diagnosis with sensitivity of
100% (95% confidence interval 84%-100%) and a
specificity of 95% (95% confidence interval
75%-100%) in our study sample. Although this score
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should be validated in a second independent set of
patients before drawing definite conclusions
regarding its accuracy, we assessed our tool
with 19 additional MCCWOPT patients, with all
available items retrieved from the literature,' >
and confirmed ELECTHIP scores of =3 in all patients:
1 patient had a ELECTHIP score of 3, four score 4,
three score 5, seven score 6, and 4 score 7.

To conclude, MCCWOPT represents a well-
defined entity in the MCC tumor spectrum.
MCCWOPT can be discriminated from LNMNEC by
a body of clinical, radiologic, morphologic, and
biologic criteria. We suggest the use of the
ELECTHIP criteria to optimize classification of these
cancers and thus management in current practice.
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(Tours, France), Roseline Guibon (Tours, France),
Dr Micheline Chargeboeuf (Lons le Saunier, France),
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(Angers, France), and Dr Isabelle Valo (Angers, France) for
their help and contributions to the study.
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Supplemental Table I. Antibodies used for immunohistochemistry*

Antigen Clone Provider Dilution
CKAE1—AE3 M3515 Dako 1/200
CK7 M7018 Dako 1/200
CK19 M8880 Dako 1/100
CK20 M7019 Dako 1/100
Chromogranin A A0430 Dako 1/2000
Synaptophysin RBKO11 Zytomed 1/200
TTF-1 SP141 Roche Prediluated
Large T antigen sc-136172 Santa Cruz 1/50

CK, Cytokeratin; TTF-1, thyroid transcription factor-1.
*Kit used for all antibodies was Ultraview Universal DAB Detection Kit (ref 760-500; Ventana Medical Systems Inc, Basel, Switzerland).
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Supplemental Table II. Large T-antigen primer sequences for Merkel cell polyomavirus detection by PCR

Primer or probe Sequence

LT3F 5'-TCG-CCA-GCA-TTG-TAG-TCT-AAA-AAC-3’

LT3R 5'-CCA-AAC-CAA-AGA-ATA-AAG-CAC-TGA-3'

LT3S 6-FAM 5'-AGC-AAA-AAC-AAC-ACT-CTC-CCC-ACG-TCA-GAC-AG-3’ BHQ

BHQ, Black hole quencher; 6-FAM, 6-carboxyfluorescein.
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Supplemental Table III. Detailed immunohistochemical features of MCCWOPT, LNM from MCC and LNMNEC

CKAE1 and CKAE3 positivity Chromogranine Synaptophysine

Cases, Dot Diffuse High Low High Low Large T
Tumors N staining staining CK7 CK19 CK20 staining staining staining staining TTF-1 CDX2 antigen
MCCWOPT 16 14 2 0 10 16 14 2 9 3 1 0 8
LNM from MCC 9 6 2 0 1 8 7 2 2 6 0 0 4
LNMNEC, total 18 3 15 8 3 1 14 4 11 5 14 0 0
Lung NEC
Small cell carcinoma 5 3 2 0 0 0 3 2 3 1 5 0 0
Large cell carcinoma 1 0 1 1 0 0 1 0 1 0 1 0 0
Digestive NEC
Small cell carcinoma 1 0 1 0 1 1 1 1 1 0 0 0 0
MANEC 2 0 2 1 0 0 0 1 1 0 1 0 0
MTC 7 0 7 5 2 0 7 0 3 4 7 0 0
Arytenoid carcinoid 1 0 1 0 0 0 1 0 1 0 0o o 0
Unknown 1 0 1 1 0 0 1 0 1 0 0 0 0

CK, Cytokeratin; LNM, lymph node metastasis; LNMNEC, lymph node metastasis from neuroendocrine carcinoma; MANEC, mixed
adenoneuroendocrine carcinoma; MCC, Merkel cell carcinoma; MCCWOPT, Merkel cell carcinoma without primary tumor; MTC, medullar
thyroid carcinoma; NEC, neuroendocrine carcinoma; NS, not significant; TTF-1, thyroid transcription factor 1.
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Abstract
Backround: Overall, 5% to 15% of Merkel cell carcinoma (MCC) cases appear as isolated

adenopathy and have been reported as MCC without primary tumor (MCCWOP). However
whether this tumor results from a metastatic process with regression of a primary skin tumor
or either constitutes itself a primary tumor is debated.

Objective: To determine the metastatic or primitive nature of MCCWOP.

Methods: Cases from an MCC cohort were classified as primary cutaneous tumors (n=60),
lymph node metastasis (LNM) from primary cutaneous tumors (n=18) or MCCWOP (n=15).
Immunochemistry was used to compare the expression of 4 potential metastatic markers
related to the epithelial-mesenchymal transition (E-cadherin, N-cadherin, zinc finger E-box
binding homeobox 1 [ZEB1], vimentin) among the three groups. Because high immune
response may explain the regression of an occult primary tumor, density of intratumoral
immune cells, which have been associated with improved outcome (CD8 and CD33 cells), was
evaluated.

Results: Among MCC cases with identified primary, high and diffuse expression of ZEB1 was
more frequently observed in LNM (74%) than in primary MCC (36%) (p=0.017), and could be
therefore considered as indicative of the metastatic nature. Accordingly high and diffuse
expression of ZEB1 was observed in the majority of MCCWOP cases (67%). Moreover,
MCCWOP were characterized by more frequent CD8 and CD33Prisk/CD8Positive intratumor
immune infiltrate than MCC with cutaneous primary (both primary MCC and LNM) (p=0.03
and p=0,0012 respectively).

Conclusion: Frequent ZEB1 expression and high immune infiltrate suggest that MCCWOP

results from a metastatic process associated with an efficient immune response.



Bulleted statement

What'’s already known about this topic?

Whether Merkel cell carcinoma without a primary results from a metastatic process with
regression of a primary skin tumour or constitutes itself a primary tumor is debated.

What does this study add?

Frequent expression of the transcription factor ZEB1, one of the main regulator of the
epithelial-mesenchymal transition, and high density of CD8 and CD33 immune cells are
observed in Merkel cell carcinoma lymph nodes without a cutaneous primary.

What is the translational message ?

Merkel cell carcinoma without a primary result from a metastatic process associated with

marked immune response.



Introduction

Merkel cell carcinoma (MCC) is a rare and aggressive neuroendocrine cutaneous carcinoma
occurring mainly in elderly. The two identified risk factors are sun exposure and
immunosuppression®. In 2008, Feng et al.? reported genomic integration of a new
polyomavirus (MCPyV) into MCC tumor cells. Additional studies confirmed Merkel cell
polyomavirus (MCPyV) DNA detection in approximately 80% of cutaneous MCC cases while

the remaining 20% of MCPyV-negative MCC cases are thought to be due to UV exposure3.

In current practice, MCC diagnosis is supported by microscopic examination, revealing
infiltration of the dermis and/or subcutaneous tissues by tumor cells harboring high-grade
neuroendocrine carcinoma features and frequent immunohistochemical expression of the
cytokeratin 20%. However, in approximately 5% to 15% of cases, MCC presents as lymph-node
metastasis (LNM) without a primary skin tumor (MCCWOP)*”’. We and others®*? confirmed
that MCCWOP share a common phenotype with their cutaneous counterparts while being
distinct from other neuroendocrine carcinomas. However biological connections between
MCCWOP and cutaneous MCC have been, nevertheless, a matter of debate. In one hand,
MCCWOP might be nodal metastatic location deriving from an occult, infraclinical, and/or
totally regressive skin MCC*3, and accordingly detection of an UV signature in MCCWOP
genome!?, argues in favor of an cutaneous origin of such specimens. On the other hand,
MCCWOP might alternatively derive from intranodal nests of MCC cell precursors'?, as
reported for nodal melanocytic naevi'®, and therefore constitute a primitive, non-metastatic
process.

To note, metastastic evolution is closely related to the tumor cells invasion abilities and to

epithelial-mesenchymal transition (EMT)'®7. EMT is characterized by a loss of epithelial



markers such as E-cadherin and acquisition of a mesenchymal phenotype with abnormal
expression of N-cadherin or vimentin. EMT depends on a few transcription factors that are
common to most neoplasias®!’. Among these, zinc finger E-box binding homeobox 1 (ZEB1)®
is an crucial determinant of the EMT in many solid cancers!®. In the current study, we
hypothesize that investigating markers of EMT in MCCWOP would help to determine either
they constitute a primary neoplasia or result from a metastatic process. The metastatic nature
of MCCWOP would imply a complete regression of a skin primary tumor. Indeed, complete
spontaneous regression of both localized and metastatic MCC has previously been reported?®3.
Inoue et al. identified increased apoptosis as well as high cytotoxic T-cell-mediated
responses'®? as major determinants of this regression. Accordingly, the significant impact of
immune infiltrates on MCC behavior has been demonstrated in non-regressive tumors.
Notably, brisk CD8 lymphocytic infiltrate in the intratumoral area of MCC cases are associated
with improved ouctome?®22, Additionally, CD33-expressing myeloid cells were also found to

be associated with an efficient immune respons?®.

In this context, to clarify whether MCCWOP could represent a metastatic process associated
with a robust immune response which could account for regression, this aim of this study was
to assess the epithelial-mesenchymal transition status and intratumor immune infiltrates in

such tumors.

Methods



Design and settings

MCC cases were selected from an ongoing historical/prospective cohort of MCC patients from
5 French hospital centers. Inclusion criteria of the cohort were previously described??. Briefly,
patients had a diagnosis of MCC established between 1998 and 2016 (local ethics committee,
Tours, France, no. ID RCB2009-A01056-51). Only cases with available formalin-fixed paraffin-
embedded (FFPE) samples were considered for inclusion in the present study.

Among these cases, MCCWOP cases were identified as previously described?*!

MCC cases with identified cutaneous primary tumor were included as cutaneous primary
tumor or LNM, according to the location of the available FFPE sample. In cases with available
FFPE samples from both the primary tumor and metastasis were available, only the metastasis
was included. Cases in which the primitive or metastatic nature of the FFPE tumor specimen

available could not be clarify were excluded from the study.

Clinical and follow-up data
Age, sex, immunosuppression (HIV infection, organ transplant recipients, hematological
malighancies)?> and American Joint Committee on Cancer (AJCC) stage?® at the time of surgery

were collected from patient files.

Immunohistochemistry
Tumor samples were included in a tissue microarray as previously described?’.
Immunohistochemistry for CD8, E-cadherin and vimentin staining was performed on a

BenchMark XT Platform as instructed. Staining was performed manually for ZEB1, N-cadherin



and CD33 as previously described?®. Antibodies and dilutions are summarized in

supplementary Method S1.

Interpretation of immunohistochemical staining

E-cadherin, N-cadherin and vimentin expression was considered positive or negative®.
Because of significant variations in expressing cells proportion and staining intensity, ZEB1
expression was evaluated with a semiquantitative score: 0, lack of expression; 1, low staining
of tumor cells or high staining of less than 50% of the tumor cells; 2, high staining of more
than 50% of tumor cells, as shown in supplementary Method S1. CD8 infiltration was scored
according to Paulson et al.?2, considering only intratumor cells. CD33 infiltrates were assessed
as previously described?”.The representativeness of this TMA regarding assessment of
immune infiltrates was previously validated?3. In order to validate the representativeness of
this TMA for the four epithelial-mesenchymal transition markers assessed in the current
study, 9 randomly selected MCC cases were included in an independent TMA and evaluated
for E-cadherin, N-cadherin, ZEB1 and vimentin expression. Concordance between the two

evaluations was assessed using a Kappa test, as shown Supplementary Method S1.

Statistical Analysis

Continuous data are described with medians (ranges) and categorical data with number
(percentage of the population with available data). Continuous data were compared by Non-
parametric Mann Whitney test and categorical data by two-tailed Fisher exact test. P<0.05
was considered statistically significant. Statistical analysis involved use of XL-Stat-Life

(Addinsoft, Paris, France).



Results

Patient characteristics

Among the whole MCC cohort (n=242), FFPE tumor samples were available for 103 patients
which were considered for inclusion in this study. The nature of the FFPE tumor (primitive
tumor or metastasis) could not be determined in 10 cases, which were excluded from further
analysis. The 93 remaining cases consisted of 60 cutaneous primary MCC, 18 LNM from
cutaneous MCC and 15 MCCWOP (Flow chart/Figure 1). Clinical features of the 3 groups are

reported in Table 1.

MCCWOP frequently harbored high and diffuse ZEB1 expression suggesting a metastatic
process

To determine whether MCCWOP might constitute a primary neoplasia or result from a
metastatic process, we first investigate EMT markers expression among the MCC cohort.
Overall, loss of E-cadherin expression, aberrant positivity of N-cadherin and vimentin were
observed in 91% (n=82), 88% (n=75) and 6% (n=5) of interpretable cases respectively
(supplementary Figure 1). Moreover, ZEB1 expression was evaluated as score 0, 1 and 2 in
25.5% (n=21), 25.5% (n=21) and 49% (n=42) of the cases (Figure 2).

EMT markers were then assessed in MCC cases with an identified primary, to select those with
a differential expression among primary tumors and LNM. As reported in Table 2, only
transcription factor ZEB1 was found to be overexpressed in LNM compared to primary
tumours (p= 0.047) (Table 2). In line with this, 74% of the LNM (n=11/15) but only 36% of
primary tumours (n=19/52) showed high and diffuse expression of ZEB1 (score 2) (p=0.017).
Therefore, we considered high and diffuse ZEB1 staining (score 2) as the most relevant marker

of metastatic process in MCC. In line with these findings, such profile of Zeb 1 expression



(score 2) was found for 38%, 56%, 58% and 100% of MCC cases with AJCC stage |, II, llland IV,
respectively (p=0.22). In addition, MCC tumors with score 2 ZEB1 expression more frequently
displayed aberrant N-cadherin expression (97%, n=37) compared to others (75%, n=30)

(p=0.007), arguing in favour of an on-going EMT process in these cases.

After validation of ZEB1 as a marker of metastatic process, the latter was investigated among
the MCCWOP group. In this setting, 67% of cases (n=10/15) displayed high and diffuse
expression of ZEB1 (score 2) (Table 3). Therefore, more frequent detection of high and diffuse
ZEB1 expression in LNM from cutaneous MCCs (74%) as well as in MMCWOP (67%) compared
to primary cutaneous MCCs (Table 3) (p=0.014) might suggest that MCCWOP results from a

metastatic process.

Frequent detection of intratumoral immune infiltrates in MCCWOP suggest that immune
response contribute to the natural history of such tumors.

To investigate whether an efficient immune response might contribute to MCCWOP natural
history, we subsequently focused on intra-tumoral immune cells (CD8 and CD33 infiltrates) in
primary and metastatic MCC cases. Among the 87 MCC cases with interpretable staining, 34
cases did not harbor any tumor-infiltrating CD8 lymphocytes (score 0, 39%). In other cases (n=
53), most displayed low CD8 infiltrates (score 1, n=45) whereas brisk infiltrates (scores 2-5)
were found in only 8 cases (9%) (Table 4). Of note, only primary cutaneous MCC displayed
such brisk CD8+ infiltrates. We had previously reported that the subgroup of MCC cases with
CD33Prsk/CD8* immune infiltrates experimented better outcome?3; such profile of immune

infiltrates was identified in 32 of our cases (42%) (Table 4).



Among the 78 MCC cases with a known primary, intratumor CD8-infiltrates (scores 1-5) were
more frequently observed in primary cutaneous MCC than LNM (66% vs 31%, p=0.04), as was
CD33/CD8"e infiltrate (48% vs 7%, p=0.005) (Table 4). However, such MCC cases with a known
primary were less frequently immune-infiltrated than MCCWOP, as intratumoral CD8 and
combined CD33Prsk/CD8* infiltrates were observed in 73% and 69% of MCCWOP respectively
(p=0.03 and 0.001 respectively) (Table 4/Figure 2). Therefore, more frequent detection of
intratumor immune infiltrates in MCCWOP than in LNM from cutaneous MCCs might indicate

that MCCWOP are associated with marked immune response.



Discussion

While MCCWOP belonging to the MCC spectrum is supported by the close phenotype
similarities between such tumours and their cutaneous counterpart®*°, whether MCCWOP
constitutes a primary nodal tumor or results from the metastasis of an infraclinical skin MCC,
remains a matter of debate. In our study, analysis of ZEB1, one of the main regulators of EMT,
revealed a common high and diffuse expression profile shared by MCCWOP and LNM from
cutaneous MCC, and mainly lacking from cutaneous primary MCC tumors. Moreover, we
evidenced more frequent intratumoral immune infiltration by both CD8 lymphocytes and
CD33Pisk/CD8* infiltrates within MCCWOP when compared to primary MCC and LNM from
cutaneous MCC. Altogether, our data might suggest MCCWOP consist in a metastatic

neoplasia associated with marked immune response.

Metastasis results from complex biological mechanisms implying invasion, migration,
preparation of the pre-metastatic niche and metastatic tumor development. EMT, occurring
during such metastatic process, is defined as the ability of the carcinoma to lose its epithelial
phenotype, and to acquire mesenchymal features required for invasion!®!’ and the N-
cadherin/E-cadherin couple has notably been used to reflect this balance!’. As previously
described?®, our study revealed frequent positivity of N-cadherin and frequent lack of E-
cadherin expression in MCC, confirming such tumour as an aggressive neoplasia. Interestingly,
molecular determinants driving EMT seem to be common in most carcinomas?® and depend
on a few transcription factors — ZEB1, ZEB2, SNAIL, SLUG and TWIST. In the neuroendocrine
carcinoma setting, frequent EMT features were demonstrated in small-cell lung

carcinomas3®3!, mainly related to ZEB1 expression?.



In line with such findings, frequent ZEB1 positivity in MCC tumors, notably in metastases
suggests ZEB1 as a new unexplored determinant of aggressiveness in MCC. Of note, in addition
to its key role in EMT, ZEB1 has been associated with other aggressiveness mechanisms such

IlI

as “cancer stem-cell” ability, and cisplatin chemotherapy resistance?®.

In this context, frequent ZEB1 expression in MCCWOP and LNM from cutaneous MCC,
supported the concept that MCCWOP are metastatic neoplasia. However, in comparison with
other metastatic MCC cases, MCCWOP show better outcome??, which led to its reclassification
as AJCC stage Illa%®. Recently, Vandeven et al.'* confirmed increased survival in a cohort of 72
MCCWOP cases in comparison with other stage Ill MCC and evidenced elevated level of tumor
immunogenicity in this setting4. Tumor mutation burden was notably higher in the MCCWOP
compared to metastatic MCC cases suggesting that neoantigen formation might enhance
immunogenicity in MCCWOP. Interestingly, high mutation burden was previously reported as
the hallmark of MCPyV(-) MCC cases®, a tumor subset associated with poor outcome34,
Therefore, high tumor mutational burden appears as a double edge sword with both positive
and negative impact on behavior. Similarly, MCCWOP cases harbored an unexpected
association of the EMT marker, ZEB1, invmved tumor immune escape3® with high intratumor
CD8 and CD33 infiltrates. Altogether these findings supported the notion that MCCWOQOP
results from the balance between tumor aggressiveness and marked immune response which

could induce regression of an occult primary.

While fewer than 40 cases of total regression of cutaneous primary MCC have been reported,
always after biopsy*3, MCCWOP represents up to 15% of all MCC cases**’. However such

discrepancies might be explained by under-reported incidence of spontaneous regression.



Moreover, spontaneous regression might occur in the skin at a subclinical, undetectable
tumor stage.

Biological determinants of the MCC regression were investigated by Inoue et al*¢, who showed
marked lymphocytic CD8 infiltrates on prior biopsies of MCC before spontaneous regression.
Indeed, specific CD8 cells targeted against viral and cellular antigens have been detected in
the MCC microenvironment, and intratumoral CD8 density is also associated with better
outcome in non-spontaneous MCC?!. However, in a large portion of MCC, CD8 populations are
excluded from the intratumor area and are confined to the fibrous septa surrounding the
tumor?23, Moreover, CD8 populations show expression of anergy markers, probably because
of the expression of immune checkpoints. Here we observed frequent infiltration of CD8 cells
in MCCWOP, probably related to an effective lymphocyte response, which could be
responsible for the spontaneous regression of an undetectable cutaneous primary tumor and
for the better outcome of MCCWOP as compared with other AJCC stage Il tumors®. In
addition, we identified a frequent CD33%"sk/CD8* infiltrate in MCCWOP which have also been
associated with better outcome?3. In a previous study, comparing primary cutaneous tumors
with MCC lymph node locations (both MCCWOP and MCC with LNM), we did not find any
difference concerning the immune infiltrate density. In this present work, separating
MCCWOP from LNM from cutaneous MCC, we revealed specificity of both entities. Indeed,
MCCWOP appeared as a high immune-infiltrating cell tumor, in contrast to MCC with LNM,
which lacked relevant immune infiltrates. Our study shows some limitations essentially the

low number of MCCWOP and LNM from cutaneous, due to the low incidence of the disease.

To conclude, our study favors the view of MCCWOP as a metastasic process associated with a

specific high and efficient immune response rather than a primitive LN tumor. ZEB1 appears



as a potential marker of the metastatic process in MCC. Further investigations are needed to

define the specific molecular pathway triggered by this factor in MCC.
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Abbreviation and acronyme list:

AJCC: American Joint Committee on Cancer
CD: Cluster of differentiation

DNA: Desoxyribonucleic acid

EMT: Epithelial-mesenchymal transition
HES: Hematein-eosin safran

LNM: Lymph node metastasis

MCC: Merkel cell carcinoma

MCCWOP: Merkel cell carcinoma of lymph nodes without skin primary tumor
MCPyV: Merkel cell polyomavirus

PCR: Polymerase chain reaction

TMA: Tissue micro array

ZEB1: Zinc Finger E-Box Binding Homeobox 1
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Figures and tables:

242 MCC cases included in the cohort

139 cases without FFPE
samples

103 MCC cases with available FFPE samples

10 cases with unclear tumor
location

93 MCC cases included in the study

v v v

78 MCC with identified skin primary 15 MCCWOP
60 cutaneous 18 LNM from
primary MCC cutaneous MCC

v v

Study of both EMT markers and intratumoral immune infiltrate
(60 cutaneous primary MCC, 18 LNM from cutaneous MCC, 15 MCCWP)

Figure 1. Flow chart.

EMT: Epithelial-mesenchymal transition; FFPE: Formalin-Fixed Paraffin-Embedded; LNM:
lymph node metastasis; MCC: Merkel cell carcinoma; MCCWOP: Merkel cell carcinoma of
lymph node without primary tumor.
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Figure 2. Representative immunochemical stainings of ZEB1 (a, b,c), CD8 (d,e,f) and CD33
(g,h,i) in the primary cutaneous tumor (a,d,g), metastasis of cutaneous MCC (b,e,h) and
MCCWOP (c,f,i)



Table 1. Clinical characteristics of the 3 groups: primary cutaneous Merkel cell carcinoma
(MCC), lymph-node metastasis (LNM) from cutaneous MCC and MCC of the lymph node

without primary tumor (MCCWOP).

Age:
Median, range

Sex:
F/M

Stage:
I
Il
1
vV

Immunosuppression:
Yes
No

82 (49-100)

37/19

16 (37%)

18 (42%)

9 (21%)
0

7 (17%)
34 (83%)

74 (54-90)

10/8

0
0

16 (89%)

2 (11%)

1(6%)
15 (94%)

70 (59-84)

6/9

0
0
14 (93%)
1(7%)

0
15 (100%)




Table 2. Immunohistochemical expression of epithelial-mesenchymal transition (EMT)

markers in primary cutaneous MCC and LNM from cutaneous MCC.

E-cadherin:
Yes
No

N-cadherin:
Yes
No

ZEB1:
Score 0
Score 1
Score 2

Vimentin:
Yes
No

|

6 (10%)
52 (90%)

47 (85%)
8 (15%)

17 (33%)
16 (31%)
19 (36%)

4 (8%)
47 (92%)

I B

ZEB1 score: 0, lack of expression; 1, low staining of tumor cells or high staining of less than

0
18 (100%)

14 (93%)
1(7%)

2 (13%)
2 (13%)
11 (74%)

0
14 (100%)

50% of the tumor cells; 2, high staining of more than 50% of tumor cells.

Table 3. Immunohistochemical expression of ZEB1 in primary cutaneous MCC, LNM from

cutaneous MCC and MCCWOP.

Score 0-1

33 (64%)

4 (26%)

5 (33%)

0.30

0.67

0.047

0.56

Score 2

Score 0, lack of expression; 1, low staining of tumor cells or high staining of less than 50% of

19 (36%)

11 (74%)

10 (67%)

the tumor cells; 2, high staining of more than 50% of tumor cells.




Table 4. Immune infiltrates in primary cutaneous MCC, LNM from cutaneous MCC and
MCCWOP

CD8 score: 0.03

Absent 34 19 (34%) 11 (69%) 4 (27%)

Present 53 37 (66%) 5(31%) 11 (73%)
CD33brisk/CDg* 0.001
infiltrate: 42 24 (52%) 14 (93%) 4 (31%)

No 32 22 (48%) 1(7%) 9 (69%)
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Supplemental Method S1. Protocol of the immunochemical study.

a. Antibodies used and dilutions

E-cadherin NCH-38 / Dako 1/100
N-cadherin 13A9 /Novus Biological 1/100
Vimentin V9/Dako 1/1000

Zebl PAB19268/Abnova 1/500

CD8 C8/144B/Dako 1/50

CD33 SP266/Ventana ready to use solution

b. Representative illustrations of the Zeb1 score
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c. Validation of EMT markers evaluation in a cohort of 9 cases included twice in two

independents tissue microarray (Kappa test).

E-cadherin 0.94
N-cadherin 0.94
Vimentin 1

ZEB1 0.83
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Supplementary Figure 1. Representative pictures of E-cadherin, N-cadherin and vimentin

expression in MCC.
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Abstract

Merkel cell carcinoma (MCC) is an aggressive neuroendocrine carcinoma of the skin. The main etiological agent is Merkel cell
polyomavirus (MCPyV), detected in 80% of cases. About 5% of cases, called combined MCC, feature an admixture of neuroen-
docrine and non-neuroendocrine tumor cells. Reports of the presence or absence of MCPyV in combined MCC are conflicting,
most favoring the absence, which suggests that combined MCC might have independent etiological factors and pathogenesis.
These discrepancies might occur with the use of different virus identification assays, with different sensitivities. In this study, we
aimed to determine the viral status of combined MCC by a multimodal approach. We histologically reviewed 128 cases of MCC
and sub-classified them as “combined” or “conventional.” Both groups were compared by clinical data (age, sex, site, American
Joint Committee on Cancer [AJCC] stage, immunosuppression, risk of recurrence, and death during follow-up) and immunochem-
ical features (cytokeratin 20 and 7, thyroid transcription factor 1 [TTF1], p53, large T antigen [CM2B4], CD8 infiltrates). After a
first calibration step with 12 conventional MCCs and 12 cutaneous squamous cell carcinomas as controls, all eight cases of
combined MCC were investigated for MCPyV viral status by combining two independent molecular procedures. Furthermore,
on multiplex genotyping assay, the samples were examined for the presence of other polyoma- and papillomaviruses. Combined
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MCC differed from conventional MCC in earlier AJCC stage, increased risk of recurrence and death, decreased CD8 infiltrates,
more frequent TTF1 positivity (5/8), abnormal p53 expression (8/8), and frequent lack of large T antigen expression (7/8). With the
molecular procedure, half of the combined MCC cases were positive for MCPyV in the neuroendocrine component. Beta papil-
lomaviruses were detected in 5/8 combined MCC cases and 9/12 conventional MCC cases. In conclusion, the detection of MCPyV
DNA in half of the combined MCC cases suggests similar routes of carcinogenesis for combined and conventional MCC.

Keywords Merkel cell carcinoma - Merkel cell polyomavirus - Combined merkel cell carcinoma - Squamous carcinoma -

Polyomavirus - Papillomavirus

Introduction

Merkel cell carcinoma (MCC) is a rare tumor of the skin that
features an aggressive course, with overall 5-year survival
estimated at 40% [1]. MCC occurs essentially in older people
and the two main risk factors are sun exposure and immuno-
deficiency [1]. The diagnosis is based on histology, which
reveals high-grade neuroendocrine morphological features
close to small cell carcinoma and expression of neuroendo-
crine markers and/or cytokeratin 20 [2].

In 2008, Moore et al. described Merkel cell polyomavirus
(MCPyV) as the major etiological agent of MCC [3]. MCPyV
establishes a latent chronic infection in the dermis of most
healthy individuals, and the mechanisms leading to oncogen-
esis are still under investigation. In about 80% of cases, tumor
cells harbor integrated virus. Of note, MCPyV large T antigen
in tumor cells is characterized by non-sense mutations leading
to the loss of replicative abilities of the virus and the lack of
late protein synthesis [4]. MCPyV genome expression in tu-
mors is restricted to the early oncogenic proteins (small and
large T antigens), and expression of T antigens is required for
tumor proliferation [5]. These two viral proteins are probably
the main early determinants of MCC oncogenesis.

Whether MCPyV-negative tumors should be considered a
specific biological entity is debated. Indeed, MCPyV-negative
MCC is thought to be essentially due to UV exposure [6] because
the rates of somatic genetic mutations with a predominant UV
signature are higher than in MCPyV-positive tumors. Moreover,
levels of intratumoral CD8 infiltrates are lower, which suggests
decreased immunogenicity [7] and a worse outcome [8].

Combined MCC involves rare MCC variants that represent
5 to 10% of MCC cases [9]. Combined MCC cases are char-
acterized by the association of a main component of MCC
with one or more other tumor components harboring non-
neuroendocrine differentiation, including an epidermic
orthologous component [2] (squamous, basal-cell-like,
adnexial, and melanocytic) or a heterologous component
[10] (glandular and sarcomatous).

Three main studies detected no MCPyV in combined MCC
[9-11]. Conversely, a few recent case reports have demon-
strated the presence of MCPyV in the MCC component of
combined MCC [12], associated with papillomavirus infec-
tion in one case [13].
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Papillomaviruses and polyomaviruses are closely related
double-strand DNA viruses with similar oncogenic abilities.
Indeed, beta human papillomaviruses are involved in the on-
cogenesis of cutaneous squamous cell carcinoma, and alpha-
human papillomaviruses involved in cutanecous Bowen dis-
ease and combined tumors in the oropharynx (associating
neuroendocrine and squamous components) [14]. Hence, hu-
man papillomavirus might be an etiological agent of com-
bined carcinomas.

Whether combined MCC belongs to the spectrum of virus-
induced tumors or should be considered a non-MCPyV MCC
induced by an alternative oncogenetic pathway remains un-
clear. In this study, we compared the clinical features of con-
ventional and combined MCC and determined the viral status
of combined MCC by systematic assessment of MCPyV, 9
other polyomaviruses and 46 papillomaviruses.

Methods
Study period, data, and settings

MCC cases were selected from an ongoing historical/
prospective cohort of 223 patients with MCC from six French
hospital centers. The diagnosis of MCC was established be-
tween 1998 and 2015 (local ethics committee approval,
Tours, France, no. RCB2009-A01056-51). The cohort inclu-
sion criteria were previously reported [15]. All tumors were
submitted to histological review by an endocrine pathologist
(SG), based on the identification of morphological features of
high-grade neuroendocrine carcinoma and immunohistochem-
ical expression of epithelial and neuroendocrine markers. Only
cases with available formalin-fixed paraffin-embeded (FFPE)
samples and sufficient tumor material for tissue microarray
inclusion were included in the study (n =107).

Design of the study

Tumors were classified as combined MCC when the follow-
ing criteria were met on pathological examination: presence in
the same tumor mass of a conventional MCC component and
an additional subpopulation of tumor cells showing non-
neuroendocrine differentiation in contact with MCC. Both



Virchows Arch (2018) 472:825-837

827

conventional and combined MCC were compared on clinical
and immunochemical features.

All cases of combined MCC, 12 randomly selected con-
ventional MCC cases from the cohort and 12 cutaneous squa-
mous cell carcinoma cases from the pathology department of
the hospital center of Tours were considered for molecular
analysis.

Clinical and histological data

The following data were collected from patient files: age, sex,
tumor site, tumor extension at the time of diagnosis (reported
in accordance with American Joint Committee on Cancer
[AJCC] staging), immunosuppression (HIV infection, organ
transplant recipients, hematological malignancies) [16], and
follow-up data. On histology, the characteristics of the non-
MCC component were noted: histological type confirmed by
immunochemistry, notable expression of squamous cell carci-
noma markers, degree of cytological atypia, and presence of
keratinization. In addition, the relation between the two tu-
moral components was investigated: the tumor was consid-
ered admixed when one component surrounded multiple small
foci of another component and distinct when the two compo-
nents were located in two distinct areas of the tumor. Finally,
the characteristics of the epidermis (connection with the tumor
or not, presence of an ulceration) were noted.

Immunohistochemistry

FFPE tumor samples were included in a tissue microarray.
Briefly, representative areas were selected on hematoxylin/
eosin-stained sections (representative of the two tumor com-
ponents in combined MCC), extracted by using a 1-mm tissue
core and mounted by using a semi-motorized tissue arrayer
(MTA booster OI v2.00, Alphelys). For each patient, five
tumor cores were placed adjacent to each other on the tissue
microarray.

Tumors were screened with a panel of antibodies including
conventional MCC markers used for diagnosis (pan-
cytokeratin AE1-AE3, chromogranin A, synaptophysin,
cytokeratin 20), several markers rarely expressed by MCC
(thyroid transcription factor 1 (TTF-1), cytokeratin 7), squa-
mous differentiation markers (cytokeratin 5/6, p40), MCPyV
large T antigen, and p53. Antibodies and dilutions are available
in Supplemental Table S1. Staining was performed on a
Benchmark platform, except for CM2B4 staining, which
was manually performed, as previously described [5].
Immunohistochemical viral status was interpreted by using
the Allred score [8]: intensity and percentage of positive cells
were assessed by an 8-point semi-quantitative score. A score >
2 was considered MCPyV-positive. In the same way, p53
expression was evaluated according to the Allred score, con-
sidering scores 0, 7, and 8 as abnormal expression, predictive

for loss of active p53 [17]. Intratumor CDS infiltrate was
scored as previously described [7]. For all immunohistochem-
ical analyses, the number of uninterpretable samples (mainly
due to failure of tissue microarray inclusion) is mentioned in
the figures.

DNA extraction

Three 10-pm-thick FFPE sections of representative tumor
areas were used for molecular analysis. In addition, for
MCPyV-positive combined MCC cases showing “distinct
patterns” (defined as a large distinct area of both components),
each component underwent specific sample coring, followed
by a morphological control on HE slides. Genomic DNA was
isolated from FFPE tissue samples by using a Maxwell 16
instrument (Promega) with the Maxwell 16 FFPE Plus LEV
DNA purification kit (Promega) according to the manufac-
turer’s instructions.

VP1 gene PCR assay

MCPyV VP1 coding sequence was detected by nested PCR as
previously described [4]. Primer sequences are listed in
Supplemental Table S2.

Large T antigen quantitative PCR assay

Quantitative PCR assay was performed as reported previously
[18]. Briefly, 100 ng DNA was mixed with 0.2 uM primers
(Supplemental Table S2), 0.1 uM DNA probe, and 2xTagman
Universal PCR Master Mix (Applied Biosystems) in a final
volume of 25 pl. PCR reaction involved use of Applied
Biosystems 7500 Real-Time PCR Systems programmed for
50 °C x 2 min with an initial denaturation at 95 °C x 15 min,
followed by 45 cycles at 95 °C x 15 s and 60 °C x 60 s.
Normalization was to human albumin gene level under the
same conditions. DNA range was determined by using the
MKL-1 cell line as a reference (6 points: 100 copies to
10,000,000 copies).

MCPyV viral status determination

Because MCPyV is a ubiquitous virus of the skin infecting a
large part of the population and the papillary dermis is the site
of replication of wild-type episomal MCPyV [19], low viral
load detection may be expected in the dermis of healthy peo-
ple in the absence of MCC and in non-MCC skin neoplasms
when using ultrasensitive methods [19-21]. To avoid detec-
tion of wild-type episomal MCPyV of the dermis unrelated to
MCC tumors, a first validation step of the MCPyV detection
procedures (VP1 PCR, large T antigen quantitative PCR) was
performed with 12 conventional MCC and 12 non-MCC tu-
mor samples as positive and negative controls, which
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confirmed the high sensitivity and specificity of the proce-
dures. Therefore, MCPyV-positive status was retained only
in cases positive with both validated molecular procedures.

Type-specific multiplex genotyping assays

In total, 76 different polyomaviruses and papillomaviruses
were investigated by type-specific multiplex genotyping
(TS-MPGQG) assay, a validated, highly sensitive procedure
[22] designed to detect low load of episomal viruses in the
skin [23] and the environment [24].

The procedure combines multiplex PCR and bead-
based Luminex technology (Luminex Corp., Austin,
TX, USA), as previously described [22, 25]. Multiplex
type-specific PCR involved use of specific primers for
detecting 9 polyomaviruses (BKV, KIV, JCV, WUV,
TSV, HPyV6, HPyV7, HPyV9, and SV40), 19 high-
risk alpha-human papillomaviruses (types 16, 18, 26,
31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68a,
68b, 70, 73, and 82), 2 low-risk alpha-human papillo-
maviruses (types 6, 11), and 46 beta human papilloma-
viruses (types 5, 8, 9, 12, 14, 15, 17, 19, 20, 21, 22,
23, 24, 25, 36, 37, 38, 47, 49, 75, 76, 80, 92, 93, 96,
98, 99, 100, 104, 105, 107, 110, 111, 113, 115, 118,
120, 122, 124, 143, 145, 150, 151, 152, 159 and 174).
Two primers for amplifying beta-globin were added to
provide a positive control for determining quality of the
template DNA. Of note, the original set of primers in-
cluded MCPyV sequences, which were excluded from
the present study because of detection of the episomal
virus in healthy skin as well as non-MCC tumors [21]
as described previously.

Statistical analysis

Continuous data are described as median and range and cate-
gorical data as number and percentage of cases for which data
were available. Proportional analysis was assessed by two-
tailed Fisher’s exact test. Continuous variables were compared
by non-parametric Mann-Whitney U test. Recurrence-free
survival and overall survival related to patient characteristics
were analyzed by log-rank test and represented by Kaplan-
Meier curves. Univariate and multivariate Cox proportional-
hazards regression was used to identify factors associated with
MCC recurrence and death, estimating hazard ratios (HRs)
and 95% confidence intervals (CIs). Overall deaths were con-
sidered as events and living patients were censored on the date
of last follow-up. AJCC stage [26], immunosuppression [16]
and covariates with p <0.20 on Cox univariate analysis were
included in the multivariate Cox analysis as potential prog-
nostic confounders. Statistical analysis involved use of XL-
Stat-Life (Addinsoft, Paris, France). p < 0.05 was considered
statistically significant.
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Results
Characterization of the MCC population

Among 128 MCC cases with available FFPE samples, 8 (6%)
met combined MCC criteria (Fig. 1), exhibiting squamous cell
carcinoma differentiation in all cases. Characteristics of these
cases are shown in Table 1. The 120 other tumors were clas-
sified as conventional MCC; the 8 combined MCC and 99
conventional cases could be included in the tissue microarray
and were considered in this study.

Comparison between combined and conventional
MCC

Clinical and immunohistochemical data of both groups are
summarized in Table 2.

Combined MCC cases were more often diagnosed at local-
ized stages (stage I: n =35, 63%; stage II: n=3, 37%) than
conventional MCC cases (stage I: n =23, 28%; stage II: n=
26, 32%, stage 11I: n =29, 36%; stage IV: n =3, 4%; localized
(stages I-1I) vs metastatic diseases (stages III-IV), p = 0.046).
In addition, most combined MCC cases (n =5, 62%) occurred
in the head and neck area, with no significant difference from
conventional MCC cases (n =27, 34%) (p =0.3).

On immunohistochemistry, combined MCC cases showed
frequent expression of TTF1 (n=5, 62%), which was rarely
expressed in the other tumors (=10, 11%; p=2.1073).
Furthermore, all combined MCC cases but only 15 (16%)
conventional MCC cases demonstrated abnormal p53 stain-
ing, possibly reflecting p53-inactivating mutation (p =
3.107%). Intratumoral CD8 infiltrates were absent in 6 (75%)
combined MCC cases and was brisk (score 1) in the other
cases. In contrast, CD8 intratumoral cells were observed in
64 (67%) conventional MCC cases (p = 0.03), with high den-
sity (scores 2-5) in 12 (13%). Representative illustrations of
immunohistochemical staining are in Fig. 2. Only one com-
bined MCC case presented weak large T antigen positivity
(Fig. 3), whereas the viral protein was detectable by immuno-
histochemistry in 56 (62%) conventional MCC cases (p =
0.01).

Follow-up data were available for 86 patients including 7
combined MCC cases. Median duration of follow-up was
17 months (ranges 2—-209) and 36 recurrences and 33 deaths
were reported during follow-up. On univariate analysis, com-
bined MCC patients harbored a trend towards increased risk
of recurrence (HR 2.44, 95% CI 0.95-6.29, p=0.065) as
shown in Fig. 4. Only male sex was associated with a de-
creased risk of recurrence (HR 2.83, 95% CI 1.44-5.56, p=
0.002) (Supplemental Table S3) whereas male sex and older
age were associated with death (HR 2.27, 95% CI 1.13-4.58,
p=0.022 and HR 2.07, 95% CI 1.02-4.19, p=0.043,
respectively).
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A multivariate Cox analysis model including age, sex, im-
munosuppression, and AJCC stage (Table 3) revealed in-
creased risk of recurrence (HR 4.15, 95% CI 1.37-12.57,
p=0.012) and death (HR 4.15, 95% CI 1.22-14.16, p=
0.023) with combined MCC.

MCPyV genome detection

The preliminary validation step of the MCPyV detection pro-
cedures (VP1 PCR, Large T antigen quantitative PCR)
allowed us to detect MCPyV in all 12 conventional MCC
cases except one by quantitative PCR (Table 2). All non-
MCC tumors were negative for MCPyV with the two proce-
dures, which led to the validation of this bimodal strategy for
MCPyYV status characterization.

This bimodal approach revealed MCPyV-positive status in
4/8 combined MCC cases, as shown in Table 2. Median
MCPyV load was lower in combined MCC than MCC control
cases (5.7 [range 0.13-28] vs 58 [4-313] copies/cell) (p =

0.04). Three of the four MCPyV-positive combined tumors
were eligible for specific sampling independently targeting
the two tumor components, and the remaining case consisted
of closely intermixed components, which ruled out reliable
specific separation. MCPyV DNA could be detected in the
MCC component of the three tumors but was consistently
absent in the other non-MCC part of the tumor.

Clinical, histological, and immunochemical features of
MCPyV-positive and MCPyV-negative combined MCC cases
are summarized in Table 1, and representative histological fea-
tures of both subgroups are in Fig. 5. MCPyV was detected in
combined MCC cases with basaloid squamous cell carcinoma
(n=2) and conventional squamous cell carcinoma (1 =2).

Other polyomaviruses and papillomaviruses
Beta papillomavirus DNA was detected in 5/8 combined

MCC cases (63%), 9/12 conventional MCC cases (75%),
and 9/12 (75%) squamous cell carcinoma cases. No

@ Springer
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Table 1  Features of combined Merkel cell carcinoma (MCC) cases
Case number Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Clinical data
Age 85 95 81 80 68 88 92 79
Sex M F F F F F F M
Tumor location Neck Ear Leg Leg Eyelid Face Leg Lip
AJCC stage I I I 1 I I I 1
Immunosuppression - UD - - - - - -
Morphologic features SCC component
Morphology Basaloid Basaloid  Conventional =~ Conventional ~ Conventional ~ Bowen Bowen Conventional
Atypia + +++ ++ +++ ++ ++ ++ ++
Keratinization - - + + + - + +
Architecture epidermis Admixed  Distinct Distinct Distinct Admixed Distinct ~ Distinct ~ Admixed
Connection + + + + + + + UD
Ulceration + - + + - - + UD
References (Fig. 5) a b c d e f g h
Immunochemical features: MCC component
CK20 + + + + - + + +
CK7 - - - - - - - -
TTF1 - - Low Low Low High Low -
p53 (status/Allred score) ~ PMS/0 PMS/8 PMS/8 PMS/0 PMS/0 PMS/8 PMS/8 PMS/8
LTAg - + - - - - - -
CDS8 (score) 0 1 0 0 0 1 0 0
SCC component
CK5/6 +
p40 +
Virologic features polyomavirus detection
VP1 PCR + + + + - - - -
qPCR (Nb of copy/cell) 0,13 11 28 0,38 - - - -
Other HPyV - - - - - - - -
Papillomavirus detection
« type - - — - - - — -
{3 type - - 98 9/12/98/110 - 5/38 107 21/122

AJCC American Joint Committee on Cancer, CK cytokeratin, LTAg large T antigen, MCC Merkel cell carcinoma, + positive, — negative, MCPyV Merkel
cell polyomavirus, PCR polymerase chain reaction, PMS predicted mutated status (i.e., Allred score =0, 7, or 8), PWTS predicted wild-type status (i.e.,
Allred score =1 to 6), SCC squamous cell carcinoma, TTF/ thyroid transcription factor, UD unavailable data

recurrence considering genotypes was observed in the com-
bined MCC group, except for human papillomavirus 98,
which was present in 2 cases (Supplemental Table S4). In
addition, we detected human polyomavirus 6 in one conven-
tional MCC case and human papillomavirus 16 in 2 squamous
cell carcinoma cases.

Discussion
We identified 8 cases of combined MCC in a series of 128
MCC tumors. Combined MCC often expressed TTF1, which

is almost always absent in conventional MCC cases and often
showed p53-aberrant expression. In addition, multivariate

@ Springer

analysis revealed an increased risk of recurrence and death
in this population. Using two independent validated molecular
procedures, we detected MCPyV in half of our combined
MCC cases, only in the MCC component. Moreover, com-
bined MCC cases showed lower MCPyV load as compared
with conventional MCC tumors and frequent large T antigen
negativity on immunochemistry. Finally, beta papillomavi-
ruses were frequent in combined and conventional MCC and
non-MCC tumor samples.

In accordance with previous reports, our series shows that
combined MCC is a rare tumor, representing 6% of our co-
hort. Combined MCC tumors occurred preferentially on the
head, the main sun-exposed area in our country. On immuno-
histochemistry, the neuroendocrine component of these
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Table 2

combined and conventional MCC cases

Clinical, immunochemical, and virological features of

Clinical data Combined  Conventional p value
MCC (n=8) MCC (n=99)
Age, y, median, range 83 (68-95) 76 (45-96) 04
Sex 0.5
Female 6 50
Male 2 35
Missing data 0 14
Location 0.3
Head 5 27
Trunk 0 7
Upper limb 0 8
Lower limb 3 24
Unknown primary 0 13
Missing data 0 20
Disease extension at diagnosis 0.046
Localized (stages I-1I) 8 49
Metastatic (stages 1II-1V) 0 32
Missing data 0 18
Immunodepression 0.9
Yes 0 9
No 7 68
Missing data 1 22
Immunochemical features n=38) n=99) p value
Cytokeratin 20 0.12
Positive 6 89
Negative 2 6
Uninterpretable cases 0 4
Cytokeratin 7 0.9
Positive 0 9
Negative 8 80
Uninterpretable cases 0 10
TTF1 2.107°
Positive 5 (4 low) 10
Negative 3 80
Uninterpretable cases 0 9
p53 3.10°°
PMS 8 15
PWTS 0 76
Uninterpretable cases 0 8
Large T antigen (CM2B4) 0.01
Positive 1 56
Negative 7 35
Uninterpretable cases 0 8
CD8 0.03
Absent (score 0) 6 31
Present (score 1-5) 2 64
Uninterpretable cases 0 4
Virological features n=38) (n=12) p value
MCPyV detection (VP1 PCR) 0.01
Positive cases 4 12
Negative cases 4 0
Uninterpretable cases 0 0
MCPyV detection (LTAg qPCR) 0.1
Positive cases 4 11
Negative cases 4 1
Uninterpretable cases 0
Other polyomavirus detection 0.9

Table 2 (continued)

Clinical data Combined  Conventional p value

MCC (n=8) MCC (n=99)

Positive cases 0
Negative cases 8 12
Uninterpretable cases 0 0
Papillomavirus detection 0.6
Positive cases 5 9
Negative cases 3 3
Uninterpretable cases 0 0

AJCC American Joint Committee on Cancer, CMCC combined MCC,
LTAg large T antigen, MCC classical MCC, + positive, — negative,
MCPyV(+) Merkel cell polyomavirus-positive MCC, MCPyV(—)
Merkel cell polyomavirus-negative MCC, PMS predicted mutated status
(i.e., Allred score=0, 7, or 8), PWTS predicted wild-type status (i.e.,
Allred score =1 to 6), SCC squamous cell carcinoma, 77F/ thyroid tran-
scription factor 1

tumors harbored the same phenotypical markers as conven-
tional MCC, notably cytokeratin 20, but with unusual expres-
sion of TTF1 [27]. In addition, aberrant expression of p53,
suggesting p53 mutation [9, 28], was common. This finding
agrees with genomic analysis performed by Pullitzer et al.
reporting higher somatic gene mutation rate in combined than
conventional MCC [29].

In accordance with the Martin et al. study, which found
61% mortality®, we found combined MCC an aggressive neo-
plasm with decreased recurrence-free survival (p =0.012) and
overall survival (p =0.023) as compared with conventional
MCC, which highlights the importance of this morphological
distinction in current practise.

Three studies [9-11] by Busam (in 2009), Martin (in 2013),
and Carter (in 2017) reported the absence of MCPyV in com-
bined MCC (7 and 15 cases, respectively). As a result, the
authors proposed that combined MCCs should be included
in the MCPyV-negative cutaneous tumor group. However,
two case reports have given contradictory results, identifying
MCPyV in two combined MCC cases by molecular biology
[13, 30]. In addition, MCPyV was identified in the neuroen-
docrine component of a combined MCC case by high-
sensitive immunofluorescence staining [12] and in another
case by conventional immunochemistry [31]. Here, using a
multimodal approach for MCPyV detection, we confirm these
findings in a large series of combined MCC.

Weak expression of MCPyV large T antigen was detectable
by immunochemistry in only one case with high MCPyV viral
load (11 copies/cell), and MCPyV DNA was identified in half
of the cases with a lower viral load. Variations in viral load offer
an explanation for the previous discordant results. Indeed, im-
munochemical procedures used in most studies have a sensi-
tivity of 80% as compared with amplification techniques,
which probably reflects the influence of viral load on the sen-
sitivity of the different identification approaches [32].

@ Springer
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Fig. 2 Representative microphotographs of the immunohistochemical components of combined cases harbored same immunochemical p53
study for cytokeratin 20 (a—c), TTF-1 (d-f), p53 (g-i), and CDS8 profile as illustrate in (i): overexpresion of p53 in a small islet of
immune infiltrate (j-1) in conventional (a, d, g, j) and combined MCC squamous carcinoma (black star) surrounding by the MCC component

(MCC (b, e, h, k) and squamous (¢, f, i, 1) component. To note, both

Fig. 3 Immunohistochemical
detection of Merkel cell
polyomavirus (MCPyV) large T
antigen in a combined MCC
sample: a moderate nuclear large
T antigen expression in the MCC
component and b lack of large T
antigen expression in the
squamous carcinoma component
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Considering the high prevalence of the MCPyV in normal
skin, the use of highly sensitive molecular biology procedures
might represent a pitfall in the identification of an MCPyV-
related tumor, introducing a risk of false-positive results, which
justifies our multimodal approach. Although MCPyV is consid-
ered a hallmark of MCC, episomal MCPyV can be detected with
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very low load in the papillary dermis of normal skin in many
healthy adults [19] and in non-MCC skin tumors [20]. With the
lack of an international gold standard for MCPyV quantification,
arbitrary cutoffs have been used [33] to distinguish MCPy V-
negative from MCPyV-positive tumors. To avoid this bias, we
introduced a first step of calibration of our molecular MCPyV

Table 3 Multivariate Cox
proportional-hazard analysis of
factors associated with MCC
recurrence and death

Covariate

Age (=77 vs <77 years)
Sex (male vs female)
AJCC stages (34 vs 1-2)

Immunosuppression (yes vs no)

MCC status (combined vs conventional)

Recurrence Death

Adjusted HR p Adjusted HR P
(95% CI) (95% CI)

2.14 (1.04-4.41) 0.040 2.87 (1.27-6.52) 0.011
4.67 (2.12-10.32)) 0.0001 5.53 (2.26-13.57) 0.0002
1.64 (0.76-3.52) 0.206 2.10 (0.96-4.60) 0.065
0.93 (0.32-2.73) 0.901 2.23 (0.93-5.34) 0.072
4.15 (1.37-12.57) 0.012 4.15 (1.22-14.16) 0.023

HR hazard ratio, CI confidence interval, MCC Merkel cell carcinoma
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Fig. 5 Representative
microphotographs of MCPyV-
positive (a—d) and MCPyV-
negative (e-h) combined MCC
samples. The neuroendocrine
component is characterized by
sheet of small uniform cells with
high nucleocytoplasmic ratio
(white star). It is associated with
another carcinomatous
component (black star): basaloid
squamous cell carcinoma (a, b),
conventional squamous cell
carcinoma (¢, d, e, h), and Bowen
disease (f, g)

detection test in the study, using conventional MCC and non-
MCC skin tumors as controls. Indeed in our setting, the sensitiv-
ity of the MCPyV detection was carefully managed to detect
only significant MCPyV loads associated with MCC.

The significance of MCPyV detection in tumors and its
relation with somatic mutations is still unclear. According to
the “hit and run” phenomenon [34], MCC could feature loss
of large T antigen dependence. Indeed, accumulation of so-
matic mutations—notably p53 mutations—could cause an
empowerment process and might finally cause loss of
MCPyV sequence by a selection process. In this way, the
low viral load that we detected in combined MCC cases could

@ Springer

be due to the presence of a minor MCPyV-positive tumor
subpopulation. The divergent differentiation component that
we found was squamous cell carcinoma in all cases. Because
squamous cell carcinoma is related to papillomavirus infection
[35], papillomaviruses could represent a possible etiological
agent for combined MCC. Beta human papillomaviruses were
detected in 63% of our combined MCC cases and 75% of
conventional MCC cases, which rules out the possibility of a
specific association between human papillomavirus and com-
bined MCC. However, the frequent detection of cutaneous
human papillomavirus in MCC in our study raises the ques-
tion of their potential impact as a co-carcinogen.
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Because specific morphological features—notably non-
keratinizing basaloid morphology—have been described in
virus-induced tumors [36], we compared morphological fea-
tures of MCPyV-positive and MCPyV-negative tumors (data
not shown). Although we found no statistically significant
difference because of the small number of cases, we detected
MCPyV in the two tumors containing squamous components
with basaloid morphology, which suggests possible interac-
tions between viral status and morphology.

MCPyV integration has been found in the main oncogenic
event in MCC, but the nature of the cell in which this integra-
tion occurs is unknown. Of note, in contrast to conventional
MCC, combined MCC with squamous differentiation showed
an epidermal connection in all of our cases. The development
of combined tumors implicates a common progenitor cell; as
previously mentioned, Bowen’s disease is an epidermic
intraepithelial neoplasm often present in combined MCC.
Considering these two findings, combined MCC might origi-
nate from an epidermal cell. In addition, keratinocytes have
been suggested as precursors of Merkel cells [37]. These con-
siderations led us to hypothesize that MCPyV infection in a
keratinocyte could be the first oncogenic event in combined
MCC. Premature occurrence and accumulation of UV-
induced somatic mutations could secondarily lead to the loss
of'the virus in a portion of the cell population and to squamous
differentiation in the intraepithelial component. At the same
time, the MCC component could invade the dermis and fur-
ther undergo progressive loss of MCPyV. Hence, advanced
combined MCC would feature very low load or lack of
MCPyV, high somatic mutation rate, lack of T cell response
and impaired outcome. In this way, our results do not rule out
that combined MCC shares the same genetic background and
behavior as other MCC types with negative-status or low-load
MCPyV but may improve our understanding of their
oncogenesis.

Our study has some limitations, owing to the low number
of combined MCC cases, which is inherent to the low inci-
dence of the tumor. The frequent MCPyV negativity found on
immunostaining in combined MCC—currently considered
the main tool for viral status determination [8]—Ied us to
use molecular detection procedures, which implies sensitivity
bias management, as discussed previously. Nonetheless, our
results were validated by bimodal molecular procedures and
positive and negative relevant controls.

To conclude, we detected MCPyV in half of our combined
MCC cases, with a lower viral load than with conventional
MCC, which suggests a shared oncogenesis between both
MCC variants. The impact of MCPyV on the oncogenesis
and behavior of the tumor remains to be determined.
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trichoblastoma suggests an epithelial origin of this Merkel cell carcinoma
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Abstract

Merkel cell carcinoma (MCC), an aggressive neuroendocrine carcinoma of the skin, is to date
the only human cancer known to be frequently caused by a polyomavirus. However, it is a
matter of debate which cells are targeted by the Merkel cell polyomavirus (MCPyV) to give
rise to the phenotypically multifaceted MCC cells.

To assess the lineage of origin of MCPyV-positive MCC, genetic analysis of a very rare tumor
combining benign trichoblastoma and MCPyV-positive MCC was conducted by massive
parallel sequencing. Although MCPyV was found to be integrated only in the MCC part, six
somatic mutations were shared by both tumor components. The mutational overlap between
trichoblastoma and MCPyV-positive MCC part of the combined tumor implies that MCPyV
integration occurred in an epithelial tumor cell prior to MCC development. Therefore, our

report demonstrates that MCPyV-positive MCC can derive from the epithelial lineage.



Introduction

Merkel cell carcinoma (MCC) is a rare, aggressive neoplasm of the skin with a 5-year overall
survival rate of 40% (Becker et al. 2017). In about 80% of MCC cases the Merkel cell
polyomavirus (MCPyV), an ubiquitous virus causing asymptomatic infections in the general
population, is integrated into the genome of the tumor cells (Feng et al. 2008). In addition to
the random integration of MCPyV, alterations of the viral sequence resulting in a truncated
Large T antigen (LT) devoid of replicative abilities seem to be essential for MCC oncogenesis.
Together with the truncated LT a viral small T antigen (sT) with multiple oncogenic properties
is expressed in MCC cells, and both oncoproteins are considered as the main drivers for
development and growth of MCPyV-positive MCC (Becker et al. 2017).

Although it is well established that MCPyV is a crucial oncogenic trigger in MCC pathogenesis,
the nature of the cell in which virus integration occurs is unknown. Despite close phenotypic
similarities with MCC such as expression of keratin (KRT) 20 and neuroendocrine markers, the
eponym Merkel cell (MC) is considered as an unlikely candidate because this mechanoreceptor
cell is post-mitotic (Van Keymeulen et al. 2009), insensitive to oncogenic stimuli in mice
(Shuda et al. 2015), and - while MCCs are predominantly dermal or hypodermal (Pulitzer 2017)
- resides in the basal layer of the epidermis (Halata et al. 2003). Alternatively, MCPyV
integration could occur in a non-MC, and an MC-like phenotype might be acquired during
tumorigenesis (Sunshine et al. 2018). In this respect, epithelial, fibroblastic, lymphoid as well
as a neural crest origin of MCC have been discussed as potential candidates for MCC origin
(Liu et al. 2016; Sunshine et al. 2018; Tilling and Moll 2012; Zur Hausen et al. 2013). Here,
analysis of a rare combined tumor consisting of trichoblastoma and MCC parts, suggests that

an MCPyV-positive MCC can arise from an epithelial cell.



Results

An MCPyV-positive MCC within a benign epithelial follicular tumor

In this study, a case of combined trichoblastoma/MCC tumor was subjected to extensive
analyses. Details of the case are available in Supplementary Table S1 and Supplementary
Figures S1-2. Briefly, morphological examination revealed a well-delimitated tumor located
in the subcutis, without connection to the epidermis and harboring two different components
(Figure 1a and b). On the borders, the combined tumor displayed typical trichoblastoma
features with epithelial follicular germinative cells arranged in nodules or anastomotic strands
entrapped in a prototypic stroma mimicking the dermal papillae (Figure la-b and
Supplementary Figure S1). By contrast, the MCC part, located in the center of the combined
tumor, was composed of sheets of round, medium-sized tumor cells with scant cytoplasm,
round nucleus and dusty clear chromatin (Figure 1a-b). Immunohistochemical investigations
(Figure 1c-e/Supplementary Figure S2) confirmed the diagnosis, notably revealing co-
expression of KRT20 and neuroendocrine markers in all MCC cells and scattered KRT20-
positive MCs in the trichoblastoma, a hallmark of this entity (Kurzen et al. 2001).

It has been suggested that MCPyV is not involved in the development of combined MCCs
(Martin et al. 2013) which account for 5-10% of all MCCs (Kervarrec et al. 2018a). However,
quantitative PCR demonstrated a substantial MCPyV viral load (20 copies/cell) in the MCC
component, and staining for MCPyV-LT (Figure 1c) revealed moderate expression in the MCC
cells suggesting an MCPyV-driven oncogenesis. In contrast, most of the trichoblastoma stained
negative, and only in one restricted area a fraction of cells expressed LT (Figure 1c). It could,
however, not be concluded whether these cells represented MCPyV-infected trichoblastoma
cells or disseminated cells from the adjacent MCC tumor (Figure 1b). Interestingly, an
increased number of cells expressing the MC differentiation markers SOX2, KRT8 and KRT20

was present in this area, with KRT8 and KRT20 frequently displaying a distinct paranuclear



dot-like pattern dissimilar from the diffuse cytoplasmic KRT20-distribution in normal MCs in
the rest of the trichoblastoma component (Figure 1d-e/Supplementary Figure S3a-c).
Furthermore, co-expression of KRT20 and LT in about 50% and KRT20 and the proliferation
marker MKi67 in about 10% of the KRT20-expressing cells was observed (Supplementary
Figure S3a, c-d).

In summary, the morphological and immunohistochemical analyses of the combined tumor
revealed presence of MCPyV in specific trichoblastoma areas and widespread presence of

MCPyV in the MCC part suggesting a virus-induced MCC oncogenesis.

MCPyV integration and LT truncation in the MCC

Two molecular features characterize MCPyV-associated MCC. First, the virus genome is
clonally integrated into the genome of the tumor cells (Feng et al. 2008) and second, the LT
antigen coding sequence is always affected in a way leading to expression of a truncated protein
(Shuda et al. 2008). Applying combination of whole genome and Sanger sequencing onto DNA
isolated from the MCC part, we could detect and confirm integration of MCPyV in chromosome
3 of the tumor genome (Figure 2a-b). Moreover, the presence of MCPyV sequences beyond
the unique break points suggest integration of a concatemer consisting of one or more viral
copies in addition to the sequence between the break points. Sequencing further indicates that
even two differently truncated LT proteins may be expressed in the MCC part. One truncation
caused by the integration break point at 1956, the other by a deletion spanning base pairs 2248
— 2542 (both according to GenBank EU375803) (Fig. 2b). In conclusion, the genetic analysis
of MCPyV in the MCC part of the combined tumor revealed that this carcinoma harbors the
hallmarks of an MCPyV-positive MCC.

Importantly, amplification of the insertion sites and a fragment specific for the LT-truncating

deletion was only achieved with DNA from the MCC while from the trichoblastoma DNA only



wild type LT sequence could be amplified (Figure 2c). These results clearly indicate that the

trichoblastoma tumor cells do not harbor the integrated form of the virus found in the MCC.

Shared mutations in trichoblastoma and MCC component

In order to prove a genetic relationship between the MCPyV-positive MCC and the
trichoblastoma part of the combined tumor, DNA isolated from the different tumor components
and healthy tissue was analyzed by whole exome sequencing and somatic mutations were
identified (Supplementary Tables S2-4). Several acquired variants were present in only one
of the tumor samples indicating that each tumor component partly experienced its own genetic
history. Strikingly, however, the six acquired non-synonymous variants detected with the
highest allelic frequencies in the trichoblastoma were also present in the MCC part
(Supplementary Table S2). This was confirmed by Sanger sequencing (Figure 3) thus
suggesting a common origin of the two tumor parts. Since integrated MCPyV could only be
detected in the MCC part (Fig. 2c), these results imply that upon MCPyV integration occurring
in an epithelial cell of the trichoblastoma component the MCC developed. In line with this,
allelic frequencies of approximately 50% for the shared somatic mutations in the MCC part
(lacking significant stroma (Figure 1)) are in accordance with heterozygous mutations being
present in all MCC tumor cells. Measured allelic frequencies of 21-32% in the trichoblastoma
part (Figure 3 and Supplementary Table S2), which harbors more extensive stroma (Figure
1), may reflect heterozygotic presence of the shared mutations in most if not all trichoblastoma
cells. Interestingly, all further mutations detected in the trichoblastoma part were less frequent
(Supplementary Table S2) suggesting that they are not present in all trichoblastoma cells. This
is in line with a scenario where MCPyV integration has occurred in a trichoblastoma cell
lacking these mutations. Among the somatic variants present in only the MCC part there are

some which were detected with frequencies close to those of the shared mutations (e.g. GRIK4



and FAM219A) (Supplementary Table S2). They either may represent (i) mutations, present
below the detection limit in the trichoblastoma but, nevertheless existent in the specific “MCC
cell of origin”, or (ii) may have been acquired early during MCPyV-mediated oncogenesis.
Finally, the low number of mutations lacking any UV-signature (Supplementary Table S4)
confirms that the MCC part of the combined tumor matches also these attributes of MCPyV-
positive MCC (Becker et al. 2017).

In conclusion, the data provided so far, clearly indicate that an MCPyV -positive MCC can arise

from an epithelial cell.

Analogy between trichoblastoma and MC progenitor

Next, we asked whether the analyses of the combined tumor would allow further conclusions
regarding the cellular origin of this MCPyV-positive MCC. As expected, an epithelial lineage
descendance was confirmed by widespread expression of cytokeratins in trichoblastoma cells.
Moreover, trichoblastoma cells characteristically bear intrinsic MC-differentiation capability
and phenotypically resemble hair follicle stem cells (Kurzen et al. 2001) (Figure 4a-c) which
have been demonstrated to be essential for MC development (Nguyen et al. 2018; Perdigoto et
al. 2016). In particular, GLI1 activation in the hair follicle and the surrounding touch domes is
critical for the maintenance of the MC lineage (Perdigoto et al. 2016; Xiao et al. 2015).
Interestingly, we could demonstrate in the trichoblastoma part of the combined tumor, like in
normal hair follicles, widespread expression of KRT17 and SOX9, two markers shared by hair
follicle and MC-progenitors as well as GLI1 nuclear localization (Figure 4c-e) (Brownell et al.
2011; Larouche et al. 2008; Moll et al. 1993; Nguyen et al. 2018; Nguyen et al. 2018; Xiao et
al. 2015) in association with the interspersed presence of KRT8-and KRT20-positive MCs
(Figures 1c and 4f, Supplementary Figure S3b-d). Therefore, the trichoblastoma cell in
which MCPyV integration occurred as demonstrated by genomic analyses could be either a cell

resembling an epithelial progenitor cell of the hair follicle or an already differentiated MC.



A second case of MCPyV-positive MCC arising within a trichoblastoma

Our study has limitations and most prominent, our conclusions are based on only one case. Due
to the exceedingly low incidence of combined trichoblastoma/MCC, we could identify only one
additional case published previously (Battistella et al. 2011). Analyses of this second combined
MCC by immunohistochemistry confirmed a further case of MCPyV-positive MCC arising
within a trichoblastoma composed of KRT17- and SOX9-positive MC-precursor-like cells and
interspersed KRT20- and KRT-8 expressing MCs (Supplementary Figure
S4/Supplementary Table S5). Unfortunately, additional molecular analyses could not be

performed due to very poor DNA quality related to Bouin fixation.



Discussion

Identification of the cellular origin of MCPyV-positive and virus-negative MCC are considered
as high-priority research questions not only to improve our understanding of the initiation of
this disease, but also for developing appropriate models and possibly new therapeutic
approaches (Harms et al. 2018; Sauer et al. 2017; Sunshine et al. 2018). Due to close phenotypic
similarities with MCC, MC — a highly specialized mechanoreceptor, and a descendant from
KRT14-positive epidermal progenitors (Halata et al. 2003; Van Keymeulen et al. 2009) - was
historically regarded as the cell of origin of MCC. Proposed alternatives as potential MCC
origin include pre/pro-B cells, dermal fibroblasts, dermal mesenchymal stem cells and epithelial
progenitor cells (Becker and Zur Hausen 2014; Kervarrec et al. 2019; Lemasson et al. 2012;
Liu et al. 2016; Tilling and Moll 2012; Verhaegen et al. 2017; Woo et al. 2010; Zur Hausen et

al. 2013).

Although investigating only a single case belonging to an exceptionally rare tumor entity, the
results presented here provide a clear proof that MCPyV-positive MCC can arise from the
epithelial lineage, i.e., either from already differentiated MCs or their progenitors. Moreover,
while an alternative histogenesis either in mesenchymal or lymphoid cells could not formerly
be excluded for other MCPyV-positive MCC cases such scenario appears unlikely because a
tumor cell phenotype is determined by both, the tumorigenic alterations and by the primary
nature of the cell of origin ,(Bailleul et al. 1990; Brown et al. 1998; Visvader 2011). This
concept referred to as “oncogene lineage-addiction” (Garraway and Sellers 2006) was proven
for MCPyV oncoproteins using transgenic mice. Indeed, in such model, ectopic expression of
the T antigens (ST alone or in combination with LT) failed to generate tumors with an MCC-
like phenotype in all tested compartments (Shuda et al. 2015; Spurgeon et al. 2015; Verhaegen

etal. 2015) except for the Merkel cell lineage (Verhaegen et al. 2017). In light of these findings,



while trichoblastoma tumors could not be considered as a frequent site of MCPyV integration,
it is conceivable that MCPyV induced carcinogenesis occurs in a similar cellular context i.e. an
epithelial cell of the MC lineage being either an hair follicle progenitor or an already

differentiated MC.

Indeed, we confirmed trichoblastoma as a benign epithelial tumor phenotypically resembling
progenitor cells of the hair follicle (Kurzen et al. 2001) and bearing MC differentiation ability
(Katona et al. 2008; Kurzen et al. 2001; Leblebici et al. 2018). Under physiological conditions,
the hair follicle is a privileged niche for MC differentiation and accordingly, abrogation of hair
follicle development in transgenic mice resulted in complete MC loss (Perdigoto et al. 2016).
Furthermore, Sox9- and Fgfr2-expressing cells in the embryonic hair follicle were identified as
MC progenitors, and active Sonic hedgehog signaling was shown to be critical for
establishment of this population , and for subsequent MC differentiation (Nguyen et al. 2018;
Perdigoto et al. 2016). Interestingly, all these features can also be found in the trichoblastoma
germinative cells of the presented combined tumor and accordingly sparse MCs were detected.
Therefore our results suggest that hair follicles with potential for MC differentiation might
represent a major cellular origin of MCPyV-positive MCC. This notion has been suggested
earlier (Tilling and Moll 2012), and is also corroborated by rare cases of MCC found within
follicular cysts (Requena et al. 2008; Su et al. 2008). Furthermore, frequent connections
between MCC tumors and hair follicles have been described (Walsh 2001) although one might
also argue that collision with a hair follicle is an inevitable consequence when a dermal tumor

reaches a certain size.

Of note, while the lineage from which tumor cells derived have been identified for several solid

cancers, the precise differentiation degree of the cell in which transformation occurs remains



elusive in most cases (Visvader 2011). In the analyzed tumor, oncogenic virus integration may
have occurred in one of the differentiated MCs present in the trichoblastoma. On the other hand,
arguments against the possibility that MCCs arise from already differentiated MCs include i)
lack of mitotic activity of MCs (Moll et al. 1996), although a recent publication demonstrated
some proliferative activity (Narisawa et al. 2019), ii) poor MCPyV infectibility (Liu et al. 2016)
and iii) insusceptibility of these cells to oncogenic stimuli (including T antigens) in mice (Shuda
et al. 2015; Van Keymeulen et al. 2009).. Alternatively, MCC could derive from MC
progenitors (Tilling and Moll 2012) which can arise from GLI1-expressing hair follicle stem
cells. Interestingly, this population has been demonstrated to be highly susceptible to
tumorigenic stimuli, and can serve as an important cellular origin in the development of other
skin cancers (Peterson et al. 2015). In such a scenario phenotypic changes may arise during
oncogenesis (Fletcher 2006). In this regard, it has been suggested that TA expression can induce
an MC-like differentiation process (Sunshine et al. 2018). Indeed, expression of LT of the
polyomavirus simian virus 40 in gastric or prostate murine epithelial cells can induce an
epithelial to neuroendocrine differentiation (Kaplan-Lefko et al. 2003; Syder et al. 2004).
Moreover, in human prostate cancer as well as mouse models, inactivation of RB1 and TP53 —
both expected outcomes of MCPyV-TA expression (Houben et al. 2012; Park et al. 2019) —
have been demonstrated to induce the epigenetic reprogramming factors SOX2 and EZH2 (Ku
et al. 2017), i.e. two critical actors involved in Merkel cell differentiation. In line with these
published results, we observed an increase in cells positive for the MC markers KRT8, SOX2
and KRT20 in a trichoblastoma region containing MCPyV-LT expression. Although a

2

metastatic spreading of the MCC tumor cells with “small cell morphology” into the
trichoblastoma might explain these findings, it could alternatively be the result of LT-induced
MC proliferation, or indicate a differentiation process promoted by MCPyV oncoproteins. This

notion is supported by more frequent cells expressing SOX2 and KRT8 which appear earlier



during MC differentiation than the less frequently expressed KRT20 (Supplementary Figure
3) (Perdigoto et al. 2014). Taken together, it is conceivable that MCPyV-TAs contribute to the

development of a MC-like phenotype upon expression in an epithelial precursor cell.

Irrespective of these more speculative considerations, the mutational overlap between a benign
epithelial tumor and a MCPyV-positive MCC provides a clear proof that an MCPyV-positive
MCC can evolve from an epithelial cell. Moreover, close similarities between trichoblastoma
and MC progenitors suggest that cells of the MC lineage might represent a prominent cellular

target of MCPyV in MCC carcinogenesis.



Methods
Ethics
This study was approved by the local ethics committee (Tours, France, N° ID RCB2009-

A01056-51), and consent of the patient was obtained.

Immunochemistry

Immunohistochemical staining for CD274, CHGA, pan-KRT (AE1/AE3), KRT14, KRT20,
MKI67, MCPyV-LT, TP53, SOX9, TDT and TTF1l as well as double staining for
KRT20/MCPyV-LT and KRT/MKI67 was performed using a BenchMark XT Platform as
instructed (Kervarrec et al. 2018b; Kervarrec et al. 2018a). Immunohistochemical staining for
GLI1, KRT8, KRT15, KRT17 and SOX2 was performed manually. Antibodies and dilutions
are provided in Supplementary Materials. TP53 as well as MCPyV-LT were analyzed using
an Allred score (Moshiri et al. 2016). Quantification of LT, KRT8 and -20, SOX2 and MKI67
positive cells in MCPyV/(+) and (-) trichoblastoma areas was performed by counting cells in 8

independent fields (0.027 mmz) and compared using a Mann-Whitney test.

DNA isolation and MCPyV quantitative PCR

After microdissection of the two tumor components and of the healthy tissue under a binocular
magnifier, genomic DNA was isolated by use of the Maxwell 16 Instrument (Promega) with
the Maxwell 16 formalin-fixed and paraffin-embedded Plus LEV DNA purification kit
(Promega). MCPyV-LT real-time PCR was performed as described (Kervarrec et al. 2018b).
Of note, dissection of the trichoblastoma was performed in areas devoid of LT expression.
Briefly, 50 ng DNA was mixed with primers (0.2 uM), probe (0.1 uM) and Mix Life
technologies GoTaq Probe real-time PCR Master Mix 2X (Promega) in a final volume of 20
ul. PCR reactions were performed with the LightCycler 480 II (Roche) with an initial
denaturation at 95°C x 2 min, followed by 45 cycles at 95°C x 15 sec and 58°C x 60 sec.

Albumin was used as reference gene for normalization. The 2-act method was used for



quantification, and results expressed as number of MCPyV copies per cell (Kervarrec et al.
2018b). Sequences of the primers used for quantitative PCR are available in Supplementary

Materials.

PCR amplification and Sanger sequencing.

Nested PCRs with primers listed in Supplementary Materials were performed to amplify the
respective regions. PCR reactions were carried out in a total volume of 20 pl containing 1x HF
buffer, I uM of each primer, 200 uM dNTPs, 1 unit Q5 Phusion (NEB) and 1 pl of template.
After an initial denaturation at 98°C for 1 min, the thermal profile consisted of denaturation at
98°C for 10 sec, annealing at the optimal temperature for 30 sec and elongation at 72°C for 1
min (30 cycles for pre-amplification and 40 cycles for amplification). After PCR purification

the amplicons were sent to Seqlab (Microsynth) for sequencing.

Next Generation Sequencing

For the library preparation of the exomes the SureSelectXT Library Prep Kit (Agilent) was
used. Enrichment was performed using Agilent’s SureSelectXT Human All Exon V6 Kit. The
genomic library was prepared using TruSeq Nano DNA (lllumina). Paired end sequencing with
a read length of 100 bps (exomes) and 150 bps (genome) was performed on a NovaSeq 6000

(Humina).

Data analysis

Demultiplexing of the sequencing reads was performed with Illumina bcl2fastq (v2.19).
Adapters were trimmed with Skewer, v0.2.25 (Jiang et al. 2014). An initial quality assessment
was performed using FastQC, v0.11.5 (Andrews S., 2010. Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Low-quality reads were trimmed
with  TrimGalore, v0.4.0  (Krueger, F., 2012:  Available online at:

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) powered by Cutadapt, v1.86



(Martin 2011). The trimmed reads were mapped to the human reference genome (hg19) using
BWA mem, v0.7.127 (Li and Durbin 2009) and sorted and indexed using Picard, v1.125
(available online at: http://broadinstitute.github.io/picard/) and SAMtools, v1.38 (Li et al. 2009)
respectively. Duplicates were marked with Picard. For the exomes local realignment around
indels was executed with GATK, v3.59 (McKenna et al. 2010). GATK was also used for

coverage calculations.

Somatic variant calling

MuTectl, v 1.1.410 (Cibulskis et al. 2013) and VarScan2, v2.4.111(Koboldt et al. 2012) were
used to identify somatic single nucleotide variants (SNVs). Samtools (mpileup) with VarScan2
and Scalpel, v0.5.312 (Fang et al. 2016) were applied to identify small somatic insertions or
deletions. All variants were annotated with ANNOVAR, v2017-06-0113 (Wang et al. 2010).
Six somatic variants shared by the trichoblastoma and the MCC were visually examined using
the Integrative Genomics Viewer, v2.3.6814 (Thorvaldsdottir et al. 2013) and confirmed with
Sanger sequencing if they have an impact on the protein sequence or affect a splice site, are
rare in the population (below a frequency of 2 % in 1000g2015aug_all, EXAC_nontcga ALL,
gnomAD_exome_ALL and gnomAD_genome_ALL) and the position is covered by at least 20
reads and the alternative allele is covered by at least 8 reads and comprised at least 5 %.
Mutational signatures were identified using MuSiCa (Diaz-Gay et al. 2018) investigating

somatic variants comprised at least 10%.

Detection of the virus integration site
Seeksv, v1.2.315 (Liang et al. 2017) was used with the human reference genome sequence
(hg19) and the MCPyV MCC350 genome sequence (GenBank EU375803) to detect the virus

integration site.
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Figure 1. Microscopic and immunohistochemical features of the trichoblastoma/MCC
combined tumor. (a) Morphological features of the case (hematein-phloxin-saffron staining
(HPS)). Low magnification revealed a well delimitated tumor mainly located in the subcutis
without connection to the epidermis (bar=1 mm); higher magnification shows the MCC in close
association with the trichoblastoma (TB; bar=250 um). Indeed, the trichoblastoma was
composed of clusters and anastomotic strands of basaloid epithelial cells surrounded by a clear
stroma containing mucin deposits whereas the MCC was characterized by sheets of small to
medium sized cells with scant cytoplasm, round nucleus, dusty chromatin, and a high mitotic
rate. (b-e) Microscopic and immunohistochemical details of the case (bar=100 pm). Two
regions from the trichoblastoma part, representing either the majority of TB area without LT
expression (LT(-) TB) or an TB area with occasional LT expression (LT(+) TB), as well as
one representative region from the MCC part are displayed. In the LT-positive area of the
trichoblastoma, a population of clear cells with coarse chromatin morphologically distinct from
the other cells of the trichoblastoma but also from the MCC tumor cells (black arrows) was
evident in the HPS staining. While KRT20 stained with a diffuse pattern in virus-negative parts
of the trichoblastoma, in MCPyV-LT-expressing areas a KRT20 dot-like pattern was observed
comparable to MCC. The LT expressing area was additionally characterized by an increased
number of SOX2-expressing cells compared to the rest of the trichoblastoma, while the MCC
cells generally displayed nuclear positivity for this marker.
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Figure 2. The MCC part of the combined tumor fulfills the hallmarks of MCPyV-positive MCC. (a) Integration of MCPyV in chromosome 3 of the
MCC genome. DNA isolated from the MCC part of the combined tumor was analyzed by whole genome sequencing (WGS) and confirmed by
Sanger sequencing. The integration break points in the viral genome (Genbank EU375803) as well as in chromosome 3 (GRCh37; NC000003.11)
are depicted. To note, human sequences adjacent to the integration break points were found to be swapped. Moreover, sequencing revealed a
deletion in the viral genome (A2248-2542). Frequently, MCPyV integrates as head to tail concatemer. In this case, nucleotides 1557-1956 are
followed by one or more full length copies (1957-1956) which is predicted to lead to (b) one or two different truncated Large T antigen proteins
expressed in the MCC part. One premature stop codon is caused by the integration break point at nucleotide 1956 in the final MCPyV genome of
the concatemer and will lead to expression of the 443 N-terminal amino acids of LT followed by 3 additional amino acids. A second larger
truncated LT is encoded in case that the concatemer encompasses more than two full copies of the MCPyV genome. The A2248-2542 deletion
leads to an LT sequence coding for the 540 N-terminal amino acids followed by three frame shifted amino acid codons prior to a stop codon. (c)
PCR was performed with primers for general MCPyV detection (MCPyV; product size = 84 bp), flanking A2248-2542 (A region), or for the 5’ (5’
integ.; product size = 171 bp) and 3’ (3’ integ.; product size = 172 bp) integration sites, respectively. For MCPyV wt the A region PCR will produce
a PCR product of 398 bp, while it will be only 103 bp when the MCPyV contains the deletion. Notice a faint band for the 5’ integration site with
DNA from the trichoblastoma part at around 200 bp. Sanger sequencing, however, confirmed it to be an unspecific product.
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Figure 3. Trichoblastoma and MCC cells of the combined tumor share six protein-altering
somatic variants. Whole exome sequencing identified six variants shared by trichoblastoma
and MCC (Supplementary Table S2). The variant as well as the allelic frequency for the
alternative sequence (alt.) derived from the massive parallel sequencing are given in the figure.
DNA obtained from PBMC or any of the two tumor components were amplified by primers
specific for the respective variants. The results of the direct sequencing are depicted. Blue
shading indicates the position of the variant or the frame shift region caused by deletion,
respectively.



a HPS b KRT15 c KRT17




Figure 4. Shared morphologic and immunohistochemical features of MC progenitors in the hair follicle and trichoblastoma cells. Overview
photographs (bar = 1 mm) of the complete specimen containing the combined TB/MCC and a hair follicle as well as details of each component
(bars = 100 mm) are displayed. (a) Morphological examination (hematein-phloxin saffron (HPS) staining) revealed clusters of basaloid cells
displaying focal palisading in the trichoblastoma periphery, similar to the germinative cells of the hair follicle. In line with these findings, expression
of (b) KRT15, a marker expressed by the outer root sheath of the hair follicle, was observed also in the trichoblastoma periphery. Furthermore, in
TB as well as in the hair follicle cells, the progenitor markers (¢c) KRT17 and (d) SOX9 are frequently present. The same applies to nuclear
localization of GLI1 (e) indicating activation of the sonic hedgehog pathway which is known to be critical for the maintenance of MC progenitors
and their subsequent MC differentiation. In accordance with the presence of many markers indicating MC differentiation capability in the hair
follicle and TB KRT20-positive MCs (f) can be found in both tissues.
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Supplementary Table S1. Clinical features of the combined trichoblastoma/MCC
case analyzed in this study as well as a second case described by Battistella

and colleagues.

characteristics

Battistella et al.

present case

age (year)

sex

medical history

tumor location

clinical presentation

tumor size (cm)

tumor spread at the time of

diagnosis
initial treatment

follow up (months)

recurrence

additional treatment

84

female

left forearm

rapidly growing mass

appeared 4 months ago

15

localized

surgery

70
male

myocardial infarction, cardiac arrhythmia,

coma, diabetes, tuberculosis
chest wall

recurrence of a trichoblastoma partially

excised 3 years earlier
4
regional nodal metastases
(2 axillary lymph-node)
surgery & radiotherapy
16

metastatic spreading (subcutaneous and

pancreatic metastases)

avelumab




Supplementary Table S2. Description of the somatic mutations detected by whole exome sequencing in the trichoblastoma and the
MCC part of the combined tumor. Genomic DNA derived from the two tumor components (TB and MCC) and healthy tissue (HT) was
analyzed by whole exome sequencing to identify acquired variants in the tumor exomes using three detection methods (M — MuTectl, V —

VarScan2, S — Scalpel).

dept

chromo- start end (hg 19) ref alt type amino acid change (or splice site change) depth frequency depth frequency h frequency detection
some (hg19) TB TB [%] MCC MCC [%] HT HT [%] method
chré 161143599 161143599 C T exonic PLG:NM_000301.3:¢.1256C>T:p.A419V 57 211 58 53.4 67 0 M+V
chrll 123676903 123676903 C T exonic OR6M1:NM_001005325.1:¢c.155G>A:p.R52H 97 21.6 73 46.6 116 0 M+V
chrl2 56622845 56622845 G A exonic NABP2:NM_024068.3:c.484G>A:p.G162S 97 32 84 50 83 0 M+V
chrl6é 1811221 1811226 ACAGAG ! exonic MAPK8IP3:NM_001040439.1:c.1437-4_1438delACAGAG 94 28.7 117 49.6 92 0 S
chrl9 19465188 19465188 G T exonic MAU2:NM_015329.3:¢.1573G>T:p.A525S 153 26.8 158 56.3 92 0 M+V
chrl9 22496731 22496731 A T exonic ZNF729:NM_001242680.1:c.512A>T:p.K171M 74 20.3 58 56.9 72 0 M+V
chrl 214557127 214557127 G A exonic PTPN14:NM_005401.4:c.2071C>T:p.Q691X 295 5.1 201 0 128 0 M
chrl2 80890100 80890100 C T exonic PTPRQ:NM_001145026.1:c.1546C>T:p.P516S 142 19.7 116 0 127 0 M+V
chrl3 88329882 88329882 C A exonic SLITRK5:NM_015567.1:¢.2239C>A:p.H747N 273 6.2 269 0 87 0 M
chrl7 48538171 48538171 C T exonic ACSF2:NM_025149.4:¢c.262C>T:p.R88X 183 4.4 177 0.6 120 0 M
TGGGCTCCG
chrl 2125325 2125342 GGCCGCACC = exonic FAAP20:NM_001256945.1: 311 0 266 23.7 159 0 S+V
€.70_87delTGGGCTCCGGGCCGCACC:p.G24_P29del
chr3 46007863 46007863 C T exonic FYCO1:NM_024513.3:c.2963G>A:p.R988Q 123 0 92 25 100 1 M+V
chr9 34402397 34402397 A G exonic FAM219A:NM_001184940.1:¢c.332T>C:p.L111P 133 0 127 441 121 0 M+V
chrl0 7786884 7786884 c A exonic ITIH2:NM_002216.2:¢c.2539C>A:p.P847T 93 0 67 313 95 0 M+V
chrl0 93811989 93811989 C G exonic CPEB3:NM_001178137.1:¢.2035G>C:p.V679L 127 1.6 115 38.3 118 0 M+V
chri1 68318588 68318588 G A exonic PPP6R3: NM_001164161.1:¢c.553-1G>A 120 0.8 108 39.8 119 0 M+V
chril 120769341 120769341 C A exonic GRIK4:NM_014619.2:c.1265C>A:p.T422N 188 0 186 55.4 98 0 M+V
chri9 38?315 38991577 G A exg”i RYR1:NM_000540.2:c.7561G>A:p.V2521IM 205 05 160 23,1 96 0 M+V



Supplementary Table S3. Read statistics.

total number of total number of trimmed reads
sample . coverage
reads trimmed reads [%0]
healthy exome 219 216 275 217 252 084 99.1 130.2
MCC exome 95912 676 94 824 350 98.9 134.8
TB exome 103181911 101 966 983 98.8 146.4

MCC genome 397 893 750 393 199 816 98.8 18.41




Supplementary Table S4. Distribution of the COSMIC signatures in the
trichoblastoma and the MCC part of the combined tumor.

Signatur Proposed_Etiology TB (%) MCC (%)

|

2 APOBEC 0 0

4 Smoking 0 0

6 Defective DNA MMR / MSI (small INDELS) 0.47 0.583

8 Unknown (breast cancer and 0.083 0

medulloblastoma)

10 POLE (ultra-hypermutation) 0 0

12 Unknown (liver cancer) 0 0

14 Unknown (uterine cancer and glioma / 0 0

hypermutation)

16 Unknown (liver cancer) 0 0

18 Unknown (different cancers) 0 0.101

20 Defective DNA MMR (small INDELS) 0 0

22 Avristolochic acid 0.007 0.037

24 Aflatoxin 0 0



26 Defective DNA MMR (small INDELS) 0 0

28 Unknown (stomach cancer) 0 0

30 Unknown (breast cancer) 0 0

Analyses were conducted on 19 (trichoblastoma) and 8 (MCC) somatic mutations respectively.



Supplementary Table S5. Immunohistochemical profil of a second
trichoblastoma/MCC combined tumor previously described by Battistella and
colleagues.

Differentiation Expression in Location and level of Location and level of
markers healthy skin expression in the TB part expression in the MCC part

KRT15 Outer root sheath Intense, cytoplasmic None
In the external part of

the nodules

SOX9 Hair follicle Intense, None
Sweat gland nuclear
Touch dome
progenitor

KRT8 Merkel cells Intense, cytoplasmic Intense, cytoplasmic

Sweat glands in Merkel cells with a dot like pattern
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Supplementary Figure S1. Further microscopic characterization of the

trichoblastoma/MCC combined tumor (hematein-phloxin-saffron staining). The
trichoblastoma part (a-c) of the tumor was composed of epithelial nests or anastomotic strands of basaloid
cells surrounded by a particularly clear stroma containing mucin deposits. In some areas (c) also cystic
dilatations containing keratin deposits were present in the epithelial component (a: bar=100 pym, b: bar =
50 ym, c: bar = 250 ym). The MCC part ( d-f) consisted of sheets of tumors cells with few cytoplasm, round
nuclei and clear chromatin. Moreover, several mitotic figures were observed (d). At some locations (f),
invasion of MCC cells into the epithelial cyst was noticed (d: bar=50 um, e: bar = 25 pym, f: bar = 500 pm).



KRT
AE1/AE3




Supplementary Figure S2. Immunohistochemical profiles of TB and MCC component of the

combined tumor. Expression of pan-Keratin(AE1/AE3) (a), KRT8 (b), KRT14 (c),KRT15 (d), KRT17 (e), KRT20
(f), chromogranin A (CHGA) (g), synaptophysin (SYN) (h), neuron specific enolase (NSE) (i), neurofilament (NF) (j),
TTF1 (k), TP53 (I) was analyzed in the trichoblastoma and the MCC part. Epithelial trichoblastoma cells displayed
diffuse keratins expression (AE1/AE3) whereas a dot pattern was observed in the MCC part (a). Immunohistochemical
staining for the MC markers KRT8, KRT20, CHGA, SYN, NSE, and NF revealed in the trichoblastoma part rare
scattered Merkel cells whereas all MCC tumor cells were positive for both markers (b,f,g-j)). Neither TTF1-positivity
(k) nor TP53-overexpression (1), both hallmarks of UV-induced MCC:2 were observed in the MCC part. Trichoblastoma
epithelial cells expressed KRT 14,15 and 17, these two latters hallmarks of the outer root sheet and the companion
layer of the hair follicle, whereas negativity for these markers was observed in the MCC part (c-e).
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Supplementary Figure 3. (See legends below)



Supplementary Figure 3. Areas of the trichoblastoma with occasionnal LT
expression (LT(+) TB) differ from areas without Large T expression also with

respect to KRT8, KRT20, SOX2 and MKI67 expression. Comparison of trichoblastoma areas
without or with occasionnal LT expression (a) revealed significantly increased numbers of SOX2-, KRT8
and KRT20-positive cells (p=5.10-4, 2.10-24 and 1.10-3 respectively). Moreover KRT20(+)/LT(+) and KRT
20(+)/MKI67(+) co-expressing cells were only observed in the LT-positive area (p= 5.10-4 and p=2.10-3,
respectively). Counts were performed on eight independent microscopic fields of 0.027 mmz. Results are
expressed in percentage of epithelial cells (mean + standard error of the mean); (*): p<0.05 (Mann-Whitney
test); hatched bars indicate cells expressing Keratins with a dot pattern. Representative details for KRT8
mono- (b) as well as KRT20 (red)/LT- (brown) (c) and KRT20 (red)/MKI67 (brown) (d) double-stainings in
MCPyV-negative and MCPyV-positive trichoblastoma areas as well as in the MCC part (bar=50 um) are
depicted. KRT20/LT as well as KRT20/MKI67 double positive cells could be identified in the LT-positive
area of the TB and the MCC but not in the LT-negative regions of the TB.

, as well as one representative region from the MCC part are displayed.



| SN
e

Supplementary Figure 4. MCPyV-positivity in a second trichoblastoma/MCC
combined tumor previously described by Battistella and colleagues.
Immunohistochemical staining for MCPyV-LT (a) and cytokeratin-20 (b) in the second trichoblastoma /MCC
combined tumor. MCPyV-LT-positivity was observed in both tumor components (a). Intermixture of dot and
diffuse cytokeratin-20 and cytokeratin-8 expression was observed in the trichoblastoma whereas only dot
pattern was observed in the MCC part (b-c). Expressions of SOX9 and cytokeratin 17 were observed in
the trichoblastoma but not in the MCC part (d-e).



Supplementary Material S1. Antibodies used for Imnmunohistochemistry.

antigen clone company dilution

KRTS8 M20 Santa Cruz 1/50

TDT 760-26710 Cell Marque pre-diluted

GLI1: GLI family zinc finger 1, PAX5: paired box protein 5, SOX2: SRY-box 2, SOX9 : SRY-box 9, TdT: terminal deoxynucleotidyl
transferase, TTF-1: thyroid transcription factor.



Supplementary Material S2. Primers used for MCPyV guantitative PCR.

primer sequence (5’-3’)
LT3F TCG CCA GCATTG TAG TCT AAA AAC
LT3R CCA AAC CAA AGA ATAAAG CACTGA

6-FAM-CTG TCT GAC GTG GGG AGA GTG TTT
LT3S (Probe)

TTG CT
ALBF CCA AAC CAA AGA ATA AAG CAC TG
ALBR TGT CTC TCC TTC TCA GAA AGT GT

AlbuminS (Probe) VIC-ACA TTC ACC TTC CAT GCA GA




Supplementary Material S3. Primers used for Sanger sequencing.

target: typez sense antisense size [bp]s temp. [°C]4
pre GCA CAG AGG CAAGGACACA CTG CTT ACATCC TCC GCC TC 166 69
MAPKBIP3 amp CAG AGG CAAGGA CACAGGTT TCC GCCTCT TCTTTG GGT TC 151 68
pre GGG CTG GGT TCG GCA AGT GG AGG CTG GGG CTG GGG AAG AGG 192 72
MAD2 amp CTC CCC CTT GCT GCT CTT GGT TGA TGG CCATTG CAC TCA CCT CTC AGC 134 72
pre TGT GCATGG TGA AGA CTG TG TGC TATCTC TTG CTG CTC CTC 310 66
NABP2 amp ATG GAG ACA GGC CTT GGG ATG GAC TCCTCC GGG TTT CTT TGC CGT TAC 260 72
pre TTA ACA GC AAC AGG AAACAT CACC TAG GAG GCA GGC CAACAACTT 150 66
ORGML amp TCA TCT CCC TGA TAT GGA TTG AT CAA CAA CTT TGG GGT AAT GAC A 113 63
pre ACA GAG CTA CCG AGG CAC AT CAG GCC CTT TCT TCA AAA GC 275 65
PLG amp GAG CTA CCG AGG CACATCCT ATG CCC CTC TTA CAG TAA AAATCA 141 65
pre AGT GCC AAT GAG GGT AAG ATG GCA TGA AAA ATG ATT TGC TAC AT 193 60
ANFr29 amp GCA GGA CAG CTACCC AGA G ATT TGC TAC ATT TTA TAC ATT TGA 129 56
MCPyV amp TTTTTG AGAGGG CTTTTG AGG TC GCC CCAGCAGCAGTAACATTC 84 60
MCPyV pre AGC CAA AAG GAG GTT AGA GAT G TTATTT ATT CCT TGC CCT GGT T 432/137 62
A-region amp AGC CAA AAG GAG GTT AGA GAT G TTA GGC TAT TTT GCC CTT TCA 398/103 62
MCPyV 5’ pre TGC AGG CAG TAATTG GAG AA TCAACTTTAAATTTCTCAATCTTATCA 196 59
integ. amp TGC AGG CAG TAATTG GAG AA CATATAACTCTATAGCTTTATCAGAAG 171 59
MCPyV 3’ pre AAA GGA GTG AAT AAG ATG CCT GA TTG TCC ATT AAT GTT TTATTT GTT TCA 210 60
integ. amp ATG CAAGCC CCCTTACA TTG TCC ATT AAT GTT TTATTT GTT TCA 172 60

1Primer pairs were designed to amplify the regions containing the shared pathological variants, general MCPyV (MCPyV), the MCPyV region containing the deletion (A-region), or the 5" or 3’integration sites (5’or 3’integ.).

2For most targets a nested approach with pre-amplification (pre) and amplification (amp) was pursued.
sThe size of the PCR product for MCPyV A-region depends on whether wildtype or MCPyV with deletion is present in the sample. sAnnealing temperature (temp.) for each primer pair is given.
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Abstract:

Merkel cell carcinoma (MCC) is a rare, and aggressive cutaneous neoplasia frequently caused
by a polyomavirus. However, the nature of the cell in which viral integration and subsequent
MCC development occur was for a long time unknown. Recently, we demonstrated that virus-
positive MCC can derived from trichoblastomas, a benign epithelial neoplasia harboring hair
follicle differentiation and bearing Merkel cell differentiation abilities. Accordingly, we
hypothesized that viral-positive MCC can derived from MC progenitors of the hair follicle.

To confirm these findings, phenotypic comparison of trichoblastomas and physiologic human
MC progenitors was conducted and revealed common expression of the GLI1, KRT17 and SOX9
in both subsets. Interestingly, ectopic GLI1 expression in keratinocytes induced transcription
of the MC lineage marker SOX2 suggesting GLI1 as a molecular determinant of MC
differentiation under physiologic and tumor conditions.

To assess a potential contribution of the T antigens to the tumorphenotype, the viral
oncoproteins were transduced in human keratinocytes. While this experiment only led to
induction of KRT8, a marker appearing early during Merkel cell differentiation, combined GLI1
and TA ectopic expressions gave rise to the development of a cell population expressing
several MCs markers (SOX2, KRT8 and KRT20). Moreover, ectopic T antigens expression in hair
follicles induced formation of tumor cells cluster with “small cell carcinoma” features. Finally
we demonstrated that Large T Antigen prevents the degradation of the transcription factor
ATOH1, the master regulator driving Merkel cell differentiation. Therefore our report suggest
that under a specific cellular context, T antigens contribute to the acquisition of a Merkel cell

like phenotype.



Introduction

Merkel cell carcinoma (MCC) is a rare, and aggressive cutaneous neoplasm with a 5-year
overall survival rate of 40%'. Microscopically, MCC appears as a proliferation of tumor cells
harboring small cell carcinoma features and expressing both neuroendocrine and epithelial
markers. In 2008, Feng et al. detected the sequences of a new polyomavirus integrated in
most MCC tumor cell genome?. Indeed, 80% of MCC cases are Merkel cell polyomavirus
(MCPyV) positive and expression of the two viral T antigens (TA) (small T (sT) and Large T
Antigens (LT)) are considered as the main drivers for carcinogenesis and growth of such

tumors3.

Based on close phenotypic similarities between tumor cells and the eponym Merkel cell (MC),
the latter was initially regarded as the most probable cell of origin of MCC. Indeed, MCs are
located in the appendages or in the basal layer of the epidermis, and have been shown to
function as mechanoreceptors capable of transforming tactile stimuli into CaZ*-action
potentials® and serotonin release®, and passing these signals onto AB-afferent nerve endings®*.
In mice and humans, MCs can be distinguished immunohistochemically from other
intraepidermal cells by positivity for SOX2, and cytokeratins (KRT) 8, 18 and 20, which

sequentially appear during MC differentiation and are additionally observed in MCC tumors®

10

For a long time, it was a matter of debate whether MCs develop from the epidermal or neural
crest lineage!. Now, it is widely accepted, that MCs derive from epidermal progenitors!01213,
and that the transcription factor Atonal homolog 1 (Atoh1l) is the master regulator of this
differentiation process'®'*%5, While ectopic Atohl expression induces MC differentiation in
the complete epidermis of transgenic mice?®, physiological MCs development preferentially
occurs in epithelial progenitors located in hair follicles and in specialized structures named
“touch domes”1”18, A critical step for MC differentiation in mice hairy skin is that epidermal
progenitors come into contact with dermal nerves leading to induction of Sonic Hedgehog
pathway (SHH) activation and subsequent Glil expression’'8, Markers characterizing these
Glil-expressing progenitors are Krt177%°, Sox9%°, and CD2002%. Notably, a high tumorigenic

potential for this population has been demonstrated??. In contrast, due to the lack of



proliferative activity?®> and insensitiveness to oncogenic stimuli including TA ectopic
expression?*, differentiated MCs are regarded as an unlikely cellular origin for malignant
transformation?> and accordingly alternative MCC ancestries such as epithelial progenitors,

fibroblasts and B-cells have been recently proposed!®2>-%7,

Besides MCC, a second tumor entity known as Trichoblastoma (TB) harbors cells with MC
phenotype. TB, as a benign epithelial skin tumor displaying hair follicle differentiation??, is
mainly composed of germinative basaloid cells similar to the hair follicle precursors. However,
TBis also characterized by sparse intra-tumoral MCs, probably reflecting a preserved potential
of follicular germinative tumor cells to differentiate into MCs?°-3!, although the molecular

determinants of such process still needs to be determined3?.

Recently, applying massive parallel sequencing on a combined tumor, we demonstrated that
MCPyV integration in a TB cell gave rise to an MCPyV-positive MCC32. This report provides a
clear demonstration that MCPyV-positive MCC can arise from epithelial cells. Moreover, the
close similarities between TB and physiologic hair follicles, strongly suggest epithelial
progenitors of the hair follicle with intrinsic MC differentiation as main MCC ancestry.
Furthermore, LT expression observed in the TB part was associated with enhanced MC
differentiation32. Therefore, our current working hypothesis is, that in a specific cellular
context, i.e. an epithelial progenitor with intrinsic MC differentiation, T antigens may be able

to support development of an MC phenotype.

Accordingly, using the observation of the combined TB/MCPyV-positive tumor case as a
model, the main objective of the present study is to determine the relative contribution of the

cell of origin and the T antigens to MCC phenotype.



Method

Human samples

Healthy cutaneous tissues were obtained from dead peoples who signed a body donation
procedure. Skin from 5 anatomic sites (scalp, face, trunk, finger, lower limb) were collected
using 6 mm diameter punch in the 24 h following death, and then immediately fixed in
Formalin and then paraffin embedded. 15 TB cases were extracted from the archives of the
Dermatology department of Wiirzburg (Local Ethics Committee in Human Research, 196/12).
After histological diagnosis confirmation by two pathologists (MW, TK), only cases containing
MCs were selected based on KRT20 immunostainings. MCC cases enrolled in the present work
were already included in a tissue microarray used in a previous study33. Briefly, cases were
selected from a historical/prospective multicentric French cohort of patients with a diagnosis
of MCC established between 1998 and 2017 (Local Ethics Committee in Human Research,
Tours, France; no. ID RCB2009-A01056-51). Inclusion criteria for the cohort were previously
described343>, MCPyV status of the MCC cases were previously determined using a validated

real time PCR33.

Immunohistochemistry

Protein immunochemical detection were performed on formalin-fixed, paraffin embedded
(FFPE) samples (tissue, hair follicle), paraformalin-fixed (cytospin) or living cells.
Immunohistochemical staining for KRT20, MCPyV-LT, Neurofilament and SOX9 were
performed using a BenchMark XT Platform as instructed3*3®. Immunohistochemical staining
for GLI1, KRT8, KRT17, KRT18 and SOX2 as well as all cytospin stainings were performed
manually. Antibodies and dilutions are provided in Supplementary Method S1. Microscopic

evaluation was performed by a Pathologist (TK).

Samples management and interpretation of immunohistochemical staining

To determine MC densities, 250 consecutives 5 um-thick sections were cut from FFPE healthy
cutaneous tissues (6 pm-diameter skin punches cut in two equal parts). Every 10%" slide, a
KRT20 immunohistochemical staining allowing the detection of MC was performed, i.e., one
KRT20 stained slide every 50 um. Unstained slides were preserved for further analyses. MC
number and location (interfollicular epidermis, hair follicle (infundibulum or isthmus),

sebaceous or sweat glands) was then assessed by a pathologist (TK). Since MC are frequently



located in the connection area between epidermis and an appendage, i.e., either hair follicles
or sweat glands, all MC located in front of an appendage structure (hair follicle, ostium of a
sweat gland or sweat gland duct) were considered to belong to this appendage. In addition,
MC hotspot were defined as areas with more than 3 MCs in one microscopic field at high
magnification. Densities of MCs and related hotspots were estimated taking account cut
thickness and length of the skin sample. Unstained slides adjacent to the hotspots were

consequently investigated for MC progenitor markers.

Primary keratinocytes culture and cell lines

Normal human epidermal keratinocytes (NHEK) and Hair follicles were extracted from
abdominal and scalp human samples respectively obtained from the plastic and Head surgery
departments of the university hospital center of Tours using previously described protocols3’~
40 The use of skin samples was approved by the Ethical Committee of the Tours Hospital, and
they were collected after informed consent (Local Ethics Committee in Human Research,
Tours, France; no. ID RCB2009-A01056-512016 064). NHEK were cultured in Keratinocyte
Serum-Free Medium (K-SFM; Invitrogen Life Technologies), supplemented with epidermal
growth factor (5 ng/ml) and bovine pituitary extract (50 pg/ml; all purchased from Invitrogen
Life Technologies) at 37°C, 5% CO; in a humidified incubator. Human scalp samples were used
for microdissecting anagen hair follicles as previously described3®#°. Isolated hair follicles were
cultured in minimal media of Wiliam’s E media supplemented with L-glutamine (2 mM),
hydrocortisone (10 ng/ml), insulin (10 pug/ml) and 1% penicillin/streptomycin. HEK293
(RRID:CVCL_0045) and U20S (RRID:CVCL_0045) were used for co-transfection experiments;
HEK293T (RRID:CVCL_0063), i.e., HEk293 expression SV40 T antigens, were used for lentiviral
vector production. The MCC cell line WaGa (RRID:CVCL_E998) was included as positive control
for immunostaining of MC markers*?. All cell lines were cultivated in RPMI 1640 supplemented

with 10% FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin.

Plasmids and lentiviral vectors

PFLAG-CMV-4-GLI1 plasmid was kindly provided by Dr J. Vachtenheim (Czech Republic)*2.
GLI1 was introduced into pCDH backbone (System Biosciences) containing puromycin
resistance by classical cloning. Phosphosites mutations (5331, S337, S341) were introduced

in ATOH1 sequence using the quick change mutagenesis kit (Stratagene) as previously



described®. All TA and LT expressing pCDH vectors were previously described**. GLI-IRES-TA

sequences were introduced in a pCDH backbone.

Transient transfection and ATOH1 half-life evaluation

Transient transfections were done using 2 ug of DNA with Polyethylenimine (PEI), and protein
expression was analyzed 24 h after transfection. For ATOH1 half-life determination, 24 h after
transfection cells were exposed to cycloheximide (0.3 mg/mL) in a time course experiment.
After harvesting, protein expression was then investigated by immunoblotting, and

guantification was performed using ImagelJ software.

Lentivirus production

Lentiviral supernatants were produced in HEK293T cells as previously described®. Harvested
virus supernatant was sterile filtered (0.45 pum) and polybrene (1 pg/ml) was added for
infection. Lentiviral transduction of NHEK was performed after 7 days of culture. Human hair
follicles were exposed to concentrated lentiviral vectors (centricon technology) immediately
after isolation. 14-20 h after infection target cells were washed with medium. NHEK were then
subjected to antibiotic selection (puromycin). NHEK were analyzed 2 weeks after transduction,
while analyze of the hair follicles was done after 7 days, the maximum culture duration in

this setting.

Gene expression analyses

Total cellular RNA was isolated by using the peqGOLD total RNA kit (Peqlab, Germany) with a
subsequent DNasel digestion step according to the manufacturer's instructions. For cDNA
synthesis the Superscript Il RT First Strand Kit (Invitrogen GmbH, Karlsruhe) was used. PCR
primer sequences used to detect ATOH1, GLI1, KRT8, 14, 17, 18, 20, RPLPO, SOX2 and SOX9
are given in Supplementary Method 2. Thermal profile for the PCR using the Takyon Low Rox
Sybr MasterMix (Eurogentec; Cologne, Germany) contained an initial denaturation step at
95°C for 10 min, followed by 40 cycles of three-step PCR including 15 sec at 95°C, 60 sec at

60°C and 30 sec at 95°C. Evaluation was performed in three independent experiments.



Immunoblot

Cells were lysed in 0.6% SDS, 1 mM EDTA, 10 mM Tris- HCI (pH 8.0), 2 mM NaF, 2 mM NaV03
supplemented with a protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland).
Samples were resolved by SDS-PAGE, transferred to nitrocellulose membrane, blocked for 1 h
with PBS containing 0.05% Tween 20 and 5% powdered skim milk, then incubated overnight
with anti-HA (ab18181, Abcam, 1/1000), LT (CM2B4, Santa Cruz, 1/200), anti-GLI1 (C68H3,
Ozyme, 1/200), anti-SOX2 (EPR3131, Abcam, 1/200) or anti-Actin antibody (A5441, Sigma,
1/1000), washed three times with PBS with 0.05% Tween 20 (PBS/Tween), then incubated for
1 h with a peroxidase conjugated secondary antibody. Finally, following three washes with
PBS/Tween, immunoreactive proteins were detected by using a chemiluminescence detection

procedure.

Image Analysis and Expression score determination

Cell morphology was analyzed on adherent living cells. After acquisition of 5 adjacent
microscopic fields, cell contouring was performed on 100 cells per conditions (3 independent
experiments), and cell size was then analyzed using Imagel software. For Protein expression
evaluation, 2.10° cells were fixed in formalin, spotted on slides and submitted to
immunohistochemical staining. Stained slides were scanned by using NanoZoomer
(Hamamatsu, Hamamatsu City, Japan). Computation of the expression score after
transduction was performed with a custom software written in ImagelJ Macro Language.
Briefly, color range for each staining was first defined from the whole image data set, then,
cells were segmented in each image. For each cell related area, the percentage of each type
of viral protein staining: low, medium and high was computed. H-score was finally calculated

for each cell with the following formula:

Hscore
_ (lowstainingarea x 1) + (mediumstainingarea X 2) + (highstainingarea x 3)

totalcellarea

Analyses was initially performed on 10 consecutive fields (magnification x10). In case in which
less than 1000 cells per conditions were analyzed, new acquisitions were performed in order

to reach this minimal limit of analyzed cells. Results were subsequently expressed as median,



quartiles Q1-Q3 and 1%%-99rd percentiles of the complete cell population analyzed. Protein

guantification on immunoblot was performed by Imagel using the “gel analysis” function.

Statistical analysis

Continuous data are described as median with quantile range, and categorical data with
number and as per cent. Associations were assessed by two-tailed Fisher exact test for
categorical data and Mann—Whitney test for continuous data. Paired t test was used for RNA
expression analysis. P < 0.05 was considered statistically significant. Statistical analysis

involved use of XL-Stat-Life (Addinsoft, Paris, France).



Results

Cells with an MC progenitor phenotype characterized by active GLI1 are found in close
proximity of MCs in human hairy skin

To compare MC differentiation process under physiological and tumor conditions, we first
characterized physiological MC lineage in human. To this aim, we first analyzed density and
location of MCs in a set of 15 samples from three autopsy specimens (Figure 1A-
B/Supplementary Figure 1/ supplementary Table 1). Mean MC density regardless of the
location was 168 cells/mm?, and head and neck as well as acral skin were enriched in MCs
compared to the other sites (density =244 and 418 MCs/mm? respectively). Moreover, MCs
were often located in appendage structures (74% of all observed MCs), i.e. either hair follicles
or sweet glands as depicted in Figure 1B / Supplementary Figure 1. Of note, contrary to

previous reports, some dermal MCs were observed (Supplementary Figure 1).

Since MCs progenitors are expected to be located in close contact with MCs, areas enriched
in MCs were selected on the basis of KRT20 positivity, subsequently stained for the MCs
progenitor markers GLI1, SOX9 and KRT17 (Figure 1C) and compared to adjacent skin area
without MCs. Such MCs hotspots were mostly observed in hair follicles (52% of the cases
regardless of the anatomic site) or in the junction between eccrine sweat ducts and the
overlying epidermis (36%). In this latter place, MCs were surrounded by clusters of verticalized
basal keratinocytes similar to those reported as “touch domes” (Figure 1C/ supplementary
Figure 1/supplementary Table 1). Immunohistochemical investigation of MCs hotspots in
hairy skin revealed that epidermal cells surrounding MCs — in contrast to the rest of the
epidermis - were characterized by GLI1 nuclear expression and positivity for the stem cell
markers KRT17 and SOX9 (Figure 1B/Supplementary Figure 1). In contrast, no nuclear
positivity of GLI1 was observed in MC hotspots in acral skin, while expression of KRT17 and
SOX9 was still detected, in such areas. Therefore, molecular mechanisms leading to MC
differentiation might vary according to the anatomic location. However, since GLI1-expressing
keratinocytes have been identified as MC progenitors in mice'>'71820 our results suggests
that such a population mostly located in the hair follicle might also bear the ability to

differentiate into MCs in human hairy skin.



GLI1 expression in keratinocytes induces MC lineage markers

To evaluate whether GLI1 expression might be able to induce an MC progenitor phenotype,
we used primary normal human epidermal keratinocytes (NHEK) as model system
(Supplementary Figure 2). These cells were transduced with a lentiviral vector encoding GLI1
(Figure 1C). Indeed, gene expression analysis after 14 days revealed an increase of the MC
lineage markers SOX2 (80-fold compared to the empty vector control; p=0.0003) and KRT8 (5-
fold; p=0.03) (Figure 1C). Moreover, in GLI1-transduced cells KRT17 and SOX9 mRNA were
found to be slightly elevated (1.7; p= 0.08 and 1.8 fold; p= 0.05, respectively). On protein level,
we observed increased expression levels of SOX2 wupon GLI1 expression by
immunocytochemistry and immunoblot (Figure 1D/Supplementary Figure 2). Moreover,
additional immunostainings suggested enhanced KRT17 and SOX9 expression in GLI-
transduced NHEK, while no expression of the additional MC markers KRT8 or KRT20 was
observed. Together, these results suggested that GLI1, the executor of the sonic hedgehog
pathway, is capable of initiating MC-like differentiation steps in human keratinocytic cells via

SOX2 expression.

GLI1 expression may contribute to the MC differentiation observed in TB

To assess if a similar process might contribute to MC differentiation in TB, expression of GLI1,
KRT17, SOX9 and SOX2 was assessed for this tumor entity. In line with active hedgehog
pathway signaling being crucial for MC differentiation in human epithelial cells, nuclear GLI1
expression was detectable in 7 of 8 TB specimens, in which immunohistochemical staining for
KRTS8, 18 and/or 20 allowed detection of scattered MCs (Table 1, Supplementary Figure 3).
Furthermore, expression of the GLI1 targets, SOX9 and KRT17, was also observed in all TB
cases, and SOX2 positive intratumoral cells expected to be MCs were detected in all cases
except one. Therefore, it is likely that in TB activation of SHH pathway induces MC
differentiation in a similar manner to that observed under physiological conditions”’.
Consequently, these results underline the similarities between TB and MC progenitors of the

hair follicles and further suggest the latter cells as a probable origin of MCC.

Of note, while in TB a mixture of cells with either MC progenitor or MC phenotype is present,
almost all MCC tumor cells display MC differentiation. Indeed, in a previous study?®, we

observed 100, 99 and 92% of positivity for the MC markers KRT8, 18 and 20, respectively.



Accordingly, in the present work, strong nuclear positivity for SOX2 was detected in almost all
analyzed MCC tumors (98%). While the MC progenitor marker KRT17 was not detectable
(Table 1, Supplementary Figure 3), GLI1 and SOX9 nuclear expression, representing the active
forms of these transcription factors, were detected in 33% and 28% of the cases, respectively.
Moreover, such findings were more frequently observed in MCPyV-negative than in MCPyV-
positive cases (GLI1: 52 versus 24%, p<0.03; SOX9 nuclear positivity: 81 versus 10%, p<10~,
respectively) (Supplementary Figure 3/Supplementary Table 2) suggesting that MCPyV

presence is associated with a more matured MC phenotype.

T antigens can trigger early MC differentiation in epidermal cells

To investigate a possible contribution of the MCPyV TA to the development of an MC
phenotype, sT and truncated large T were ectopically expressed in NHEK (Figure 2A). Notably,
while cells could not be immortalized by the viral proteins, significant morphologic changes
with reduction of cell size were observed upon TA expression (Figure 2A). Gene expression
analysis after two weeks revealed an increase of mRNAs coding for early MC differentiation
markers (KRT8; p=0.02 and KRT18; p=0.02) while KRT14 mRNA, coding for a marker of basal
keratinocytes was slightly reduced upon TA expression (p=0.09) (Figure 2B). Moreover,
although not statistically significant (p=0.08), a slight increase in ATOH1 expression was
observed upon TA expression in NHEK. Induction of KRT8 upon TA expression in NHEKs was
confirmed by immunoblot and immunocytochemical staining while no expression of SOX2 or
KRT20 was observed (Figure 2C-D/Supplementary Figure 2). Of note, in accordance with
morphological changes previously described, KRT8 staining of adherent TA-expressing NHEK
further demonstrated that expression of this marker was observed in a subpopulation of cells

with small-medium size and round shape (Figure 2C).

Combination of GLI1 and T antigens expression induces a MC-like differentiation in NHEK.

To assess the impact of TA expression in GLI1-expressing progenitors, we then induced ectopic
expression of GLI1 and TA in NHEK using a bicistronic lentiviral construct. As recently observed
for TA-expressing fibroblasts*’, this transduction of the vector encoding GLI1 and TA in NHEK
led after antibiotic selection to the formation of a population of non-adherent living cells.
Therefore, both non-adherent and adherent cells were investigated by

immunocytochemistry. This analysis revealed induction of the MC markers SOX2, KRT8 and to



a lesser extent KRT20 in a subpopulation of cells harboring reduced size and round shape while
such a population was lacking in the control (Figure 3). Notably, however, independent
analyses of non-adherent and adherent cells revealed expression of MC markers in both
populations (supplementary Figure 4). Together, these findings demonstrate that combined
GLI1 and TA expression induces an MC-like phenotype in NHEK with KRT20 expression

restricted to only a few cells.

Ectopic T antigen expression in hair follicles induce formation of tumor with “small cell
carcinoma” features

To further confirm the impact of TA expression on MC progenitors of the hair follicles, TA
ectopic expression was induced in human hair follicles using concentrated lentiviral vectors.
Immunhistochemical analyses revealed ectopic TA expression in the external part of the outer
root sheath and in the infundibular region, whereas the inner part of the structure and the
bulb region remained negative (supplementary Figure 5). No expression of KRT8, KRT18 or
KRT20 was observed in Large T-expressing cells of the hair follicles. However, detached from
the hair follicle structures clusters of presumably transformed cells with “small cell carcinoma”
morphology similar to the one observed in MCC were observed (Figure 5/supplementary
Figure 5). Immunohistochemical investigation of these clusters revealed Epcam expression
while cytokeratin expression was largely absent. Accordingly, no expression of KRT 8, 18 or 20
was observed in the transformed cells. Additional stainings, however, demonstrated
synaptophysin and chromogranin A expression, two well established neuroendocrine
markers, in a few cells . These findings additionally demonstrate that TA bear the ability to
induce a “small cell carcinoma” morphology and partial expression of some neuroendocrine
markers in hair follicle cells. Our results obtained for NHEK and hair follicles suggest that TA
can induce the acquisition of a Merkel cell-like phenotype when expressed in epithelial

progenitors.

T antigens prevent ATOH1 degradation
Since ATOH1 is considered as the master regulator of MC differentiation, we then
hypothesized that TA expression might have an impact on ATOH1. To test this hypothesis, we

performed co-transfections of U20S cells with a constant amount of ATOH1 encoding plasmid



(0.3 pg) and increasing amounts of TA encoding plasmid (0-1.4 pg) (Figure 5A-B). These
experiments revealed that while ATOH1 transcription was not affected, immunoblot analyses
demonstrated an accumulation of ATOH1 indicating that TA either enhances translation
and/or stability of ATOH1. To test whether TA affects ATOH1 stability, cycloheximide chase
assays were performed allowing to assess ATOH1 protein decay in the presence or absence of
TA (Figure 5C). This analysis revealed an increased ATOH1 half-life in the presence of TA

compared to the control (half-life =9 vs 2 h).

In mice, Atoh1 degradation has been shown to be controlled by phosphorylation of 3 carboxy-
terminal serine residues (5331, S337, S341) leading to Atoh1 ubiquitinylation and subsequent
targeting to the proteasome*®4°, Hence, we assumed that TA-dependent stabilization might
also involve such sites. Consequently, we generated human ATOH1 constructs lacking one to
three of the corresponding phosphorylation sites as previously described*®%°. As expected,
these modified ATOH1 proteins displayed extended half-life in cycloheximide chase assays
(Figure 5D/supplementary Figure 6). More importantly, however, while T antigens still
stabilized ATOH1 proteins harboring single phosphosite mutations (supplementary Figure 6),
no stabilization effect was observed with the triple mutant protein (Figure 5). This result
suggests that ATOH1 is stabilized by T antigens by either impacting phosphorylation of several

serine residues or a subsequent step in proteasome targeting.

Next, we analyzed which of the two T antigens are involved in ATOH1 stabilization. Hence, we
assessed ATOH1 protein levels after co-transfection of ATOH1 with either sT or LT,
respectively. These experiments identified LT as the main effector of ATOH1 stability
(supplementary Figure 6). To scrutinize which functional domain of the large T might affect
ATOH1 degradation, another series of co-transfections was performed combining ATOH1 with
Large T mutants either devoid of specific interaction sites or defined regions. Accumulation of
ATOH1 was observed in presence of all Large T constructs except the one encoding an LT with
deleted MCPyV unique Region 1(MUR1) region (supplementary Figure 6) one of two domains

distinguishing MCPyV LT from many other known polyomavirus LT proteins.

In conclusion, these results suggest that MCPyV LT is able to stabilize the MC master regulator

ATOH1.



Discussion

Whether MCC is derived from MC or from another skin lineage is since a long time a matter
of debate. In this regard, we recently demonstrated that MCPyV integration in a TB gave rise
to an MCPyV-positive MCC. Since TB is a benign tumor harboring hair follicle differentiation
but also bearing the ability to differentiate into MC, we consequently postulated that MCC
tumorgenesis can be initiated by MCPyV integration in MC progenitors of the hair follicle. In
the present work, we confirmed the close similarities between TB tumors cells and follicular
MC progenitors evident by expression of GLI1 and its related downstream targets, i.e. KRT17
and SOX9, in both settings. Moreover, ectopic expression of GLI1 in NHEK induced SOX2
expression, one of the identified start point of MC differentiation'®. Therefore, since activation
of the SHH pathway has been demonstrated as a mandatory step for subsequent MC
differentiation in murine hairy skin'’8, it is likely that the same process is involved in MC
differentiation in human skin as well as in TB tumors. While a mixture of cells with either MC
progenitor phenotype or already differentiated MCs was observed in TB, almost all MCC
tumor cells display a fully-differentiated MC phenotype. Consequently, we assessed if TA
could contribute to the acquisition of an MC phenotype. Indeed, this hypothesis was
supported by our observation that ectopic TA expression in NHEK led to induction of early MC
markers while concomitant induction of SOX2, KRT8, and KRT20 were only achieved upon co-
expression of TA and GLI1. Moreover, clusters of transformed cells with “small cell carcinoma
morphology” arised from hair follicle cells upon ectopic TA expression. Therefore,
combination of changes observed in NHEK and hair follicles strongly suggest that TA can
induce acquisition of Merkel cell-like phenotype when expressed in epithelial progenitors.
Accordingly, since Large T antigen extends ATOH1 half-life, ATOH1 stabilization by MCPyV

oncoproteins might further contribute to the MC-like phenotype observed in MCC.

In hairy skin, MCs preferential locate in hair follicles as well as in touch dome structures
initially referred as “Haarscheiben”>%>1, However, the filiation link between MCs and the
surrounding epidermal cells was for a long time unclear, and an alternative neural crest origin
was discussed>?>3, Engrafting embryonic human skin on immunocompromised mice, Moll. et
al. first demonstrated that MCs derive from the epidermal component in mammals3.

Accordingly, specific deletion of Atohl, the main transcription factor driving MC



differentiation®#°>, in the epidermal compartment of transgenic mice resulted in complete
MCs loss®12, Vice versa, ectopic expression of this factor in the epidermis resulted in
increased MCs number!416, Of note, MC differentiation preferentially arises in specific
epidermal progenitors located in the hair follicles and in touch domes in murine hairy skin?->6,
Indeed, under physiological conditions, the hair follicle is a privileged niche for MC
differentiation. Hence, impairment of hair follicle development resulted in complete MC
loss®’. Furthermore, Sox9-expressing cells in the embryonic murine hair follicle were identified
as MC progenitors. For establishment of this population®® and subsequent MC
differentiation®”°® SHH signaling is critical. Similarly, SHH pathway has also been
demonstrated in touch dome progenitor establishment in mice!”8, These touch dome
progenitors express KRT17%%°° an intermediary filament normally restricted to the
appendages®’, and are expected to be an alternative origin of MCs with abilities to generate

both keratinocytes and MCs?'.

While MC progenitors have been extensively characterized in mice, only few corresponding
studies in humans are available®. In the present study, we describe MC hotspots in contact
with dermal nerves. In these areas, GLI1-expressing keratinocytes surrounded MCs (either in
hair follicles or touch dome structures). In line with previous reports identifying SOX9%! and
KRT17%% as downstream targets of GLI1, we confirmed expression of these two markers upon
GLI1-expression in NHEK and physiologically in GLI1-expressing MC progenitor cells. Of note,
KRT17 expression is normally restricted to the companion layer of the outer root sheet in the
hair follicle and absent in the interfollicular epidermis. We, however, observed positivity in
the external infundibular cells in hair follicles enriched in MCs (Figure 1C). As described for
other cell lineages®®®*, we demonstrated that ectopic expression of GLI1 led to a prominent
induction of SOX2 in NHEK. Since SOX2 can drive ATOH1 expression and subsequent MC
differentiation®® by binding to ATOH1 enhancer!®> or ATOH1 promoter®® SOX2 induction
appears as a potential mechanism by which GLI1 promotes ATOH1-driven MC development.
Moreover, impaired ATOH1 degradation by SHH pathway activation has been previously
reported in medulloblastoma®® and might also contribute to MC differentiation in GLI1-

expressing cells.



We wondered if similar MC differentiation mechanisms are present in TB tumors. In this
regard, presence of scattered Merkel cells is a diagnostic criteria of TB283%31 s in line with their
close similarities with MC progenitors of the hair follicle. The molecular determinants of such
an MC differentiation process, however, are unknown. Interestingly, activation of SHH has
been demonstrated in a set of 4 TB cases®’, and accordingly we could confirm nuclear GLI1
positivity and related downstream targets SOX9 and KRT17%8 expression in our TB cases. These
observations suggest that GLI1 expression might contribute to the MC differentiation in such
tumors. Of note, SHH pathway activation and subsequent GLI1 expression are not restricted
to TB, but are also evidenced in skin tumors lacking MCs such as basal cell carcinoma®’. Hence,

other factors are additionally necessary to drive MC differentiation.

Interestingly, we recently reported a MCPyV-positive MCC arising from a TB and consequently
hypothesized that MCPyV integration and subsequent oncoprotein expression are able to
induce acquisition of a Merkel cell-like phenotype in a GLI1-expressing epithelial cell. Indeed,
TA expression in NHEK reduced cell size, triggered KRT8 protein expression and enhanced
KRT18 transcription level, while we did not observed expression of KRT20, a marker appearing
latter during the MC differentiation process’.

Although, Atohl alone is able to initiate MC differentiation during embryonic mice
development, Sox2 expression is required for Krt20 expression’. Accordingly, in our cohort,
the two MCC tumors lacking SOX2 expression were also KRT20 negative (data not shown).
Hence, to test if the lack of KRT20 expression was due to a lack of SHH activation in NHEK, and
subsequent lack of SOX2 expression, we co-expressed GLI1 and TA in these cells. This
additional experiment led to the formation of a cell population characterized by a reduced
size, expression of SOX2 and KRT8 and to a lesser extent KRT20 positivity. Since these
observations suggested GLI1-expressing epithelial progenitors as a potential source of MCC,
we tested this conclusion by ectopically expressing TA in hair follicles, a preferential niche for
such progenitor population. While this experiment harbors several limitations, i.e. limited
culture duration (restricted to 7 days), low transduction rate, restriction to the external part
of the hair follicle and uncertainty which cell are transduced, we observed formation of
presumably tumor cell clusters displaying “small cell carcinoma” morphology and partial
expression of neuroendocrine markers. Therefore, altogether, these findings seem to indicate

that TA are able to induce MC-like phenotype when expressed in epithelial progenitors.



Interestingly, the recently reported induction of ATOH1 upon Large T expression might explain
these findings*’. Although we only detected slight, non-statistically significant increased
ATOH1 mRNA levels upon TA expression in NHEKs, we observed that ATOH1 degradation is
impaired in presence of LT. Indeed, T antigens are known to hijack many cellular process®®,
and stabilization of the LT by sT via inhibition of the ubiquitin ligase SCFF®’ has been
proposed®. In mice, phosphorylation of the Atoh1 serine residues $328, S334 and $339484°
equivalent to the amino acids S331, S337, S342 in human, led to the ubiquitination of the
protein by HUWE1 ubiquitin ligase and subsequent targeting to the proteasome. Accordingly,
human ATOH1 lacking the respective phosphorylation sites harbored an extended half-life in
our study. Notably, while LT impaired degradation of wild type ATOH1, it had no effect on
mutant ATOH1. Hence, LT appears to affect the degradation process of ATOH1, either by
interfering with the phosphorylation or ubiquitination step. Of note, wild spread ATOH1

expression on both mRNA and proteins levels have been confirmed in MCC tumors’®7%,

To conclude, recent demonstration that MCPyV-positive MCC can arise from TB, suggests
GLI1-expressing epithelial progenitors of the hair follicle as a potential cell of origin of MCC. In
the present study, we bring further arguments in favor of such hypothesis. After confirming
GLI1 involvement in human MC progenitors establishment, our study identify GLI1 as a
potential contributor to MC differentiation in TB tumor cells. Accordingly, the independent
and combined abilities of GLI1 and TA to induce Merkel cell-like differentiation in vitro was
demonstrated in NHEK and in hair follicles. In line with these observations, stabilization of

ATOH1 by LT might also contribute to this process.
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Figure 1. Merkel cell lineage in human skin. A: Detection of Merkel cells in human. KRT20
staining was used to identify MCs, but other MC markers like SOX2, KRT8 and 18 were also
expressed by these cells (bar=100 um). Merged analysis is presented in supplementary Figure
1B. B: Characterization of the MC progenitors in human: three Merkel cell hotspots and
control interfollicular epidermis are depicted (bar=100 pm). Immunohistochemical staining
reveals KRT17 and SOX9 expression in the epidermal cells surrounding differentiated MC
suggesting that these cells are MC progenitors. Moreover, detection of GLI1 was only achieved
in hairy skin. Of note, dermal nerves were observed in contact with the MCs. C-D: Impact of
GLI1 expression on Normal human epidermal keratinocytes. C: relative mRNA expression of
the Merkel Cell lineage markers upon ectopic GLI1 expression (results are median +/-SEM)(*p
value < 0.05, paired t test). Expression of GLI1 protein in transduced Normal human epidermal
keratinocytes (NHEK) was confirmed by immunoblot as shown in the inset. D:
Immunohistochemical assessment of progenitors (KRT17, SOX9) and MC (SOX2, KRT8 and
KRT20) marker expression levels in GLI1-expressing NHEK and controls. Relative protein
expression quantification was performed on at least 1000 cell /condition using Imagel
software. Horizontal line indicates the median,box edges the quantiles and whiskers 1t and
99t percentiles. Results are representative of two independent experiments (immunostaining
and immunoblot repetitions are shown in Supplementary Figure 2.
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Figure 2. Impact of T antigen expression on Normal human epidermal keratinocytes.

A: Ectopic expression of T antigens (TA) was associated with reduced cell size in Normal human
epidermal keratinocytes (NHEK). After antibiotic selection, immunoblot analysis confirmed
truncated Large T expression in transduced NHEK. Under microscopic examination, such cells
harbored reduced cytoplasmic size compared to the controls which was evaluated using
imageJ software (* p value < 0.05, Mann-Whitney U test). B: Relative mRNA levels of the
Merkel cell differentiation markers (* p value < 0.05, paired t test), C: Ectopic TA expression
in NHEK triggers KRT8 expression as revealed by immunoblot. Furthermore, in accordance to
the previous observations, KRT8 immunocytochemical staining on adherent cells revealed
that KRT8 expression is restricted to a population of small round cells. In addition, some “dot
like” expression pattern was observed. D. Immunohistochemical assessment of Merkel cell
markers (SOX2, KRT8, KRT18 and KRT20) expression levels in TA-expressing NHEK, control
NHEK and WaGa MCC cell line. Relative protein expression quantification was performed on
at least 1000 cell /condition using ImageJ software. Horizontal line indicated the median, box
edges the quantiles and whiskers 15t and 99" percentiles. These results were confirmed in two
independent experiments as shown in Supplementary Figure 2.
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Figure 3. Immunohistochemical assessment of Merkel cell marker (SOX2, KRT8 and KRT20)
expression in GLI1/T antigen-expressing Normal human epidermal keratinocytes and
controls. After transduction and subsequent antibiotic selection, Normal human epidermal
keratinocytes (NHEK) were spotted on slides (2.10° cells / condition) and immunostained. A.
Frequency of cells expressing the Merkel cell markers (cell number /spot) in GLI1/ T Antigens
(TA)-expressing NHEK and controls. B. Representative illustration of SOX2, KRT8, KRT18 and
KRT20 expression in GLI1/TA-expressing NHEK, control NHEK and the MCC cell line WaGa.
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Figure 4. T Antigen-transduction in hair follicles led to the formation of transformed cell
clusters displaying small cell carcinoma features. Microscopic examination (Hematein
phloxin saffran staining (HPS)) of the T Antigen (TA)-transduced hair follicle revealed the
presence of clusters of transformed cells in the connective tissue surrounding the hair follicle
(bar=100 pm). Higher magnification revealed a cluster of cells with high nucleocytoplasmic
ratio, scant cytoplasm and hyperchromatic nuclei (bar=50 um). Formation of clusters, and
detection of several mitotic figures (white arrows) suggest an oncogenic transformation of
these cells. Immunohistochemical stainings confirmed large T (LT) expression by these
clusters. Moreover, TA-expressing cells in the clusters demonstrated a partial loss of
expression of the keratins when assessed by pancytokeratins detection (AE1/AE1) while
EPCAM expression is preserved. Accordingly, no positivity for the keratins (KRT) 8, 18 and 20
was observed. By contrast, in a limited number of cells, expression of neuroendocrine markers
chromogranin A: CHGA and synaptophysine (SYP) was detected (white arrow).
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Figure 5. Increased ATOH1 levels upon T Antigen co-expression. A-B: Expression of T
Antigens (TA) led to ATOH1 protein accumulation in U20S. A: Impact of TA on ATOH1
expression on both RNA and protein levels. No induction of ATOH1 transcription was observed
in presence of TA when evaluated by real time PCR (three independent experiments, results
are expressed as median +/- SEM). On protein level, however, immunoblot revealed ATOH1-
HA accumulation in presence of TA. B: Ectopic expression of TA resulted in gradual
accumulation of ATOH1-HA protein. U20S cells were transfected with constant amount of
ATOH1-HA construct (0.3 pg) and increased amount of TA (0-1.4 pg). Quantification of ATOH1-
HA protein expression was performed using Image J Software (results are expressed as median
+/-SEM on three independent experiments). C: Evaluation of ATOH1 half-life in absence or
presence of T antigens. 24 hours after transfection, HEK293 cells were exposed to
cycloheximide (CHX) for variable duration (0-6 h), and ATOH1-HA expression was then
evaluated using immunoblot and quantified via Image J Software (results of three
independent experiments are depicted as median +/-SEM). D: Impact of TA on ATOH1-HA wild
type and ATOH1-HA-3A expression. Half-life of ATOH1 wild type and 3A-mutant proteins were



evaluated in absence or presence of T antigens using cycloheximide (CHX) as previously
described. These experiments confirmed that TA increases ATOH1 wild type half-life whereas
no effect was observed for the already stabilized ATOH1-3A mutant lacking the
phosphorylation sites S331, S337, S342. Indeed, co-transfection of ATOH1-HA-3A even with
increasing amounts of TA did not affect protein expression level.



Table 1. Expression of Merkel cell progenitor markers in Trichoblastoma and Merkel cell
carcinoma tumors.

TB MCC
MC progenitors markers
(n=8) (n=103)
GLI1
Negative 1(13%) 60 (67%)
Positive 7 (87%) 29 (33%)
Unavailable data 0 14

SOX9
Negative 0 7 (8%)
Dot like 0 59 (64%)
Patchy 0 26 (28%)
Diffuse 8 (100%) 0
Unavailable data 0 11

MC markers TB MCC

KRT: keratin; GLI1: GLI family zinc finger 1, MC: Merkel cell, MCC: Merkel cell carcinoma, SOX2: SRY -box 2, SOX9 : SRY-box 9, TB:
Trichoblastoma. Representative illustrations of SOX9 expression patterns are available in supplementary Figure 3. Results are expressed in

numbers and percentage of the interpretable cases



Supplements.

Supplementary Method 1. Antibodies used for Immunohistochemistry.

Supplementary Method 2. Primer sequences.

Supplementary Table 1. MCs density and location depending of the anatomic site.
Supplementary Table 2. Expression of GLI1 and SOX9 according to the Merkel cell
Polyomavirus status in Merkel cell carcinoma tumors.

Supplementary Figure 1. Further characterization of Merkel cells and related progenitors in
human.

Supplementary Figure 2. Further characterization of native and transduced normal human
epidermal keratinocytes.

Supplementary Figure 3. Expression of the Merkel cell progenitor markers in tumors.
Supplementary Figure 4. Further characterization of KRT8 and KRT20 expression in GLI(+)/T
Antigens (TA)(+) adherent and non adherent Normal human epidermal keratinocytes.
Supplementary Figure 5. Impact of ectopic expression of T antigens in Human Hair follicles.

Supplementary Figure 6. Further characterization of factors involved in ATOH1 stabilization.



Supplementary Method 1.

Antibodies used for Immunohistochemistry.

antigen clone company dilution
Large T CM2B4 Santa Cruz 1/50
KRT8 M20 Santa Cruz 1/50
KRT14 SP53 Dako pre-diluted
KRT17 Ks17.E3 Santa Cruz 1/200
KRT18 DC-10 Santa Cruz 1/100
KRT20 Ks20.8 Dako 1/100
GLI1 C68H3 Ozyme 1/200
Neurofilament 2F11 Dako Pre-diluated
SOX2 EPR3131 Abcam 1/50
SOX9 AB5535 Merck 1/1000

KRT: keratin; GLI1: GLI family zinc finger 1, SOX2: SRY-box 2, SOX9 : SRY-box 9



Supplementary Method 2. Primers used.

Primername indicting gene sequence

GLil fw CCTTCAGCAATGCCAGTG

GLilrv GCTTACATACATACGGCTTCTC

KRT14 fw AGAGGACGCCCACCTTTC

KRT14 rv TTAGTTCTTGGTGCGCAG

KRT18 fw TAGATGCCCCCAAATCTCAG

KRT18 rv CACTGTGGTGCTCTCCTCAA

RPLPO fw CCATCAGCACCACAGCCTTC

RPLPO rv GGCGACCTGGAAGTCCAACT

SOX9 fw GGAGATGAAATCTGTTCTGGGAATG

SOX9 rv TTGAAGGTTAACTGCTGGTGTTCTG

ATOH1: Atonal homolog 1; KRT: keratin; GLI1: GLI family zinc finger 1; RPLPO: ribosomal protein lateral stalk subunit PO; SOX2: SRY-box 2,
SOX9 : SRY-box 9.



Supplementary Table 1. Merkel cell distribution according to anatomic site.

Subject Anatomicsite  MCs counts (50 Estimated MC MCs hotspot Estimated MCs
sections) density count hotspot
(nb/mm?) density
(nb/mm?)

N°1 Scalp 133 263 14 28
Face 40 79 2 4
Trunk 36 71 2 4
Finger 146 289 11 22
Legs 54 106 4 8
N°2 Scalp 94 186 10 20
Face 62 122 1 2
Trunk 7 14 0 0
Finger 272 538 23 46
Legs 12 23 0 0
N°3 Scalp 39 77 3 6
Face 120 237 9 18

Trunk on going on going on going on going

Finger on going on going on going on going

Legs on going on going on going on going

MC: Merkel cell, nb: number



Supplementary Table 2. Expression of GLI1 and SOX9 according to the Merkel cell polyomavirus status in
Merkel cell carcinoma tumors.

MCPyV(-) MCC MCPyV(+) MCC Unavailable data p*
GLI1
Negative (n=60) 10 (48%) 50 (76%) 0 0.028
Positive (N=29) 11 (52%) 16 (24%) 2
Unavailable data 1 12 1
SOX9
Negative 1(5%) 6 (9%) 0
<1.10°
Dot like 3 (14%) 56 (81%) 2
Patchy 17 (81%) 7 (10%) 0
Unavailable data 1 10 1

GLI1: GLI family zinc finger 1, MCC: Merkel cell carcinoma, MCPyV: Merkel cell Polyomavirus, SOX9 : SRY-box 9, * variables were compared
by Fisher’s tests, and p values < 0.05 were considered as significant.
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Supplementary Figure 1. Further characterization of Merkel cells and related progenitors in human: A: Merkel
cell (MC) locations in human. KRT20-expressing MCs were observed in the interfollicular epidermis, in
appendages structures and in few cases in the dermis (bar=100 pum). MCs were mostly located in hair follicles
(43% of the observed MCs). There, MCs were detected in infundibulum (80%) or in the isthmus part (20%). The
proximal part of the eccrine sweat gland duct was also a MC niche predominantly detected in acral skin. Of note,
by contratst to previous report’? some MCs were also observed in the papillary dermis, frequently in close
proximity to the hair follicle. These findings suggest that MCs might experiment an epithelia-mesenchymal
transition process. B: MC markers in human: merged analyses confirmed colocalisaton of the MC markers (KRTS,
KRT20 and SOX2). Moreover, colocation of GLI1 and KRT17 expression could also be detected. Of note,
expression of the MC progenitors’ markers GLI1 and KRT17 seems to be reduced in MCs. C: MCs density according
to the anatomic sites and microscopic location. D: MC hotspot densities per location and anatomic sites.
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Supplementary Figure 2. Further characterization of native and transduced normal human epidermal
keratinocytes. A: After isolation from surgical piece, morphology of normal human epidermal keratinocytes
(NHEK) were assessed by May Grunwald Giemsa staining (MGG), and expression of KRT14, a basal keratinocyte
marker, was confirmed these preparations.

B: Detection of SOX2 expression by immunoblot in GLI-transduced NHEK and control.

C: Immunohistochemical assessment of GLI1 and SOX2 expression levels in GLI1-expressing NHEK and control
(second independent experiment). D: Immunohistochemical assessment of Large T (LT) and keratin 8 (KRT8) in T
antigens (TA)-expressing NHEK and controls in a second and a third experiment.
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Supplementary Figure 3. Expression of Merkel cell progenitor markers in tumors. A: microscopic and immunophenotypic features of Trichoblastoma (TB) and Merkel cell carcinoma
(MCC) tumors: Morphology (hematein-phloxin-saffran staining), expression of the progenitor markers GLI1, KRT17 and SOX9 as well as the Merkel cell markers SOX2 and KRT20 in TB
and MCC are depicted. Surrounding epidermis was used as control (bar=100 * m). B: Expression pattern of SOX9 in Merkel cell polyomavirus (MCPyV)-positive and negative MCC
(bar=100 * m). While nuclear positivity for GLI1 was always homogenous, a patchy pattern consisting of a mixture of tumor cells without and with nuclear expression was observed
for SOX9 (Figure 3) suggesting that in such cases only in a subpopulation of tumor cells SOX9 was activated. Of note, most of the cases without SOX9 nuclear positivity were
characterized by a hitherto undescribed paranuclear dot like SOX9 staining (64%) suggesting a potential sequestration of this factor in the cytoplasm or the Golgi apparatus. Since it
has been previously postulated that MCPyV-negative cases harbor a subpopulation of pluripotent progenitor cells explaining why divergent differentiation only occurs in aMCC subset
23 we investigated expression of GLI1 and SOX9 according to the MCPyV status. In line with this hypothesis, SOX9 nuclear positivity (81 versus 10%) was more frequently observed in
MCPyV-negative MCC (p<10°) (supplementary Table 2). C: MCPyV viral load of the MCC cases dichotomized by their SOX9 expression pattern (p<0.05).
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Supplementary Figure 4. KRT8 and KRT20 expression in GLI(+)/T Antigen (TA)(+) adherent and non adherent
Normal human epidermal keratinocytes (NHEK). After transduction and antibiotic selection, adherent and non
adherent cells were analyzed independently. This analysis demon



Supplementary Figure 5. Impact of ectopic T antigen expression in human hair follicles. Seven days after transduction, hair follicles were fixed in formalin, paraffin embedded
and then investigated for morphology and expression of different markers. A: Immunohistochemical detection of large T in T antigen (TA)-transduced hair follicles and controls
(bars= 1 mm and 100 H m respectively). Use of highly concentrated lentiviral vectors allowed to induce TA expression in the external (outer root sheath) and proximal
(infundibulum) part of the hair follicle while the inner part (inner root sheath and hair shaft) and bulbe region remained unstained. B: Further illustrations of TA-transformed
cell clusters (bar=200 * m). Microscopic examination (Hematein phloxin saffran staining) of the TA-transduced hair follicle revealed the presence of clusters of transformed
cells in the connective tissue surrounding the hair follicle (white arrows). Immunohistochemical investigation revealed large T expression by these clusters
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Supplementary Figure 6. LT containing MUR1 region is required for ATOH1 stabilization. A: Evaluation of ATOH1
mutated protein half-lifes in comparison to the wild type form. Phosphorylation of the serine residues S331,
$337, S342 of the ATOH1 protein are expected to control protein degradation. Therefore, these serine residues
were changed to alanine in three independent constructs in order to remove the phosphorylation site. Half-lifes
of the obtained constructs were evaluated by cycloheximide experiments. An increased half-life was observed
for S337 and S342 ATOH1 mutants. B: Impact of T antigens (TA) on protein level of ATOH1-HA wild type and
single mutants. C: Evaluation of the effect of truncated Large T (LT) or small T (sT) on ATOH1-HA protein levels in
U20S cells. ATOH1-HA protein levels were assessed by immunoblot after transfection of increasing amounts of
LT or sT encoding vectors. These experiments identified LT as the main contributor of ATOH1-HA stabilization. D:
Evaluation of the ability of mutated forms of truncated Large T antigen resulting in specific inactivated sites
(5220A : mutant lacking LT phosphosite, D44N: mutant with inactivated Hsc binding site, E216K: mutant with
inactivated RB1 binding site , AMUR1: mutant deleted for the Merkel unique 1 region (MUR1)) to stabilize
ATOH1-HA. Quantification of ATOH1-HA expression level was performed using Image) software. Of note, since
the antibody used for LT detection (clone: CM2B4) recognizes an epitope located in MUR1, no signal was
obtained with the LT-AMUR1 mutant. E: further confirmation of the lack of ATOH1-HA stabilization by LT-AMUR1
mutant. ATOH1-HA construct was transfected in absence or presence of increasing amounts of TA, a V5-tagged
LT wild type and V5-tagged LT-AMUR1 encoding vector. Evaluation of ATOH1 amount by immunoblot revealed
an accumulation of the ATOH1-HA protein in presence of wild type Large T while no effect was observed for the
LT-AMUR1 mutant.




DISCUSSION

MCC was first described in 1972. Despite being the most aggressive skin cancer, MCC was for
a long time only noticed in the field of dermatology. Recent years, however, boosted the
awareness level for this tumor entity. From the clinical point of view, treatment of MCC
patients with immune checkpoint inhibitors is a prime example of efficacy of this therapeutic
approach (Samimi 2019). More important, MCC was the first human cancer shown to be
induced by a polyomavirus (Feng et al. 2008a). Indeed, in approximately 80% of MCC cases
integration of the MCPyV into the host genome appears to be the crucial causal event for MCC
tumorigenesis. However, the nature of the cell in which virus integration occurs is unknown.
Indeed, quite diverging hypotheses have been suggested. While some provide evidence for a
lymphoid origin (Zur Hausen et al. 2013), others propose that MCPyV-positive MCCs derive
from dermal fibroblasts (Sunshine et al. 2018), neuronal progenitors (Harold et al. 2019) and
furthermore, it has been suggested that MCC evolves from epidermal cells (Tilling and Moll
2012). Accordingly, during the International Workshop on MCC Research in March 2018,
determination of the cell of origin of MCC was considered as a high-priority research question
(Harms et al. 2018). Indeed, determining the cells of origin in cancer not only answers
academic questions but also has important diagnostic and therapeutic implications (Becker

and Zur Hausen 2014; Harms et al. 2018; Zur Hausen et al. 2013).

I Conclusions on the origin of MCC based on the phenotypic characterization of
the tumors

To determine the cell of origin of MCC, we started with phenotypic characterization of MCC
tumors. Although such approach constituted the start-point of our demonstration, it is
however crucial to bear in mind how this strategy might help to determine the cell of origin.
Indeed, direct comparison of the tumor cell phenotype with healthy tissue initially led Tang
and others (Tang and Toker 1978) to propose MC as a probable MCC ancestry due to
similarities in morphology, immunohistochemical profile and ultrastructural features. More
recently, Zur Hausen et al. proposed a B-cell origin based on the morphological similarities
between B-cell and MCC tumor cells, as well as co-expression of B-cell markers and
immunoglobulin rearrangements in MCC tumor cells (Zur Hausen et al. 2013). However, these
conclusions are challenged by the fact that phenotypic changes may occur during the

oncogenic process (Fletcher 2006), and such findings have been proved for MCC since ectopic
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expression of TAgs induces phenotypic changes (Fan et al. 2019). In line with this conclusion,
MCC tumor features have to be considered as the result from the combination of a
physiological cell (i.e. the cell of origin) together with oncogenic alterations inducing

phenotypic changes.

1. Do morphological differences reflect the nature of the oncogenic factors driving MCC
development?

In this context, comparisons of MCC with extracutaneous neuroendocrine carcinomas (Article
1.) and comparisons between MCPyV-positive and -negative cases (Article 2.) allowed us to
confirm that MCPyV-positive MCCs are a distinct subset of tumors while close similarities are
observed between MCPyV-negative MCCs and extra-cutaneous neuroendocrine carcinomas.
In line with such findings, genetic characterization of MCPyV-negative MCC and small cell lung
cancer cases demonstrated high tumor mutation burden in both subsets (Carter et al. 2018;
Goh et al. 2016; Starrett et al. 2017; Sunshine et al. 2018; Yarchoan et al. 2019) (around 10
mutations /Mb) (Goh et al. 2016). In addition, common mutations in TP53 and RB1 were
observed (Carter et al. 2013; Goh et al. 2016; Starrett et al. 2017), although these genetic
alterations are related to different etiological agents (UV vs smoking) (Carter et al. 2018; Goh
et al. 2016; Starrett et al. 2017; Testa et al. 2018). By contrast, only low mutation burden
(around 0.40 mutations/Mb) (Harms et al. 2015a) were detected in MCPyV-positive cases, a

finding reflecting the crucial role of MCPyV integration in MCPyV-positive MCC oncogenesis.

In accordance with these genomic analyses, tumor cell morphology might reflect the genetic
tumor background in MCC as well known in soft tissue tumors (Marifio-Enriquez and Bovée
2016). Indeed, as previously suggested (lwasaki et al. 2013; Kuwamoto et al. 2011), we
demonstrated that MCPyV-negative cases harbored prototypic neuroendocrine carcinoma
features, either similar to those observed in small cell lung cancers or in large cell
neuroendocrine carcinomas (Nagase et al. 2016). By contrast, MCPyV-positive prototypic
features consist in monomorphous proliferation of round tumor cells with scant cytoplasm
and clear chromatin. As discussed in the Article 2., such kind of bland morphology is observed
in tumors caused by a unique genetic alteration, which might be translocation (ex: Ewing
sarcoma) or viral integration (Burkitt's lymphoma). Therefore, these findings strongly suggest

that MCPyV-MCC tumor cell morphology is induced by the viral proteins in cases of MCPyV-
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positive MCC. It is still important to note that MCPyV-positive and negative cases harbor a
distinct but close morphology, which does not always allow a correct determination of the
viral status one the sole basis of morphology. Such close similarities are probably related to
the fact that both MCPyV TAg and UV induced mutations act on the same signaling pathways
(Harms et al. 2018; Starrett et al. 2017).

2. Do immunohistochemical differences reflect the nature of the oncogenic factors
driving MCC development?

In line with our morphological characterization of MCC, significant variations in
immunohistochemical profiles support the hypothesis of distinct differentiation between the
two subsets. Indeed, MCPyV-negative cases are characterized by a so called “aberrant”
phenotype with frequent expression of markers observed in extracutaneous carcinoma but
not in MCPyV-positive MCC, such as TTF-1 and KRT7 (Article 2.) (Czapiewski et al. 2016;
Pasternak et al. 2018). In addition, MCPyV-negative tumors frequently harbor a distinct
pattern of high p53 expression, probably reflecting inactivating mutation of the tumor
suppressor gene (Article 2. and 5). Finally, MCPyV-negative MCC cells frequently do not
express “typical” MCC markers such as KRT20 (Harms et al. 2016; Miner et al. 2015),
Neurofilament (Pasternak et al. 2018) and SATB2 (Article 2.). By contrast, a fully differentiated

and homogenous state is observed in MCPyV-positive cases.

Interestingly, in contradiction to previous reports (Harms et al. 2016; Miner et al. 2015;
Pasternak et al. 2018), no statistically significant difference was observed in our cohort
regarding KRT20-positivity among MCPyV-positive and -negative MCC (Article 2.). However,
cytokeratin expression patterns were distinct between the two subsets. Indeed, a cytokeratin
dot-like pattern, defined as aggregation of the cytokeratins on one side of the cytoplasm, is a
hallmark of MCC. By contrast, a diffuse distribution of these intermediary filaments is
observed in physiological MCs (Verhaegen et al. 2017). In the current work, we demonstrated
that MCPyV-positive cases more frequently harbor exclusive “dot-like pattern” expression of
KRTS8, 18 and 20 whereas a mixed pattern is observed in MCPyV-negative cases. Of note, a
cytokeratin dot-like expression pattern is not specific for MCC but can also be observed in
extracutaneous neuroendocrine carcinoma (Badzio et al. 2019). Accordingly, investigation of

KRT8 and 18 expression in our eNEC cohort also revealed presence of a mixed (diffuse and
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dot-like) expression pattern in more than half of the cases (unpublished data). Indeed, the
cytokeratins dot-like expression appears as a feature shared by all neuroendocrine carcinomas
while more pronounced in MCPyV-positive cases, therefore suggesting a potential TAg
contribution to this phenotype. This hypothesis is supported by the impact of Atohl
expression, with or without the TAg, in a transgenic mouse model. In this setting, Atoh1l
expression alone leads to MC differentiation in the epidermis and subsequent expression of
the Krt8 and 20 in a diffuse manner (Verhaegen et al. 2017). By contrast, coexpression of sT

and Atoh1 induces cytokeratins aggregation and a dot-like pattern.

To investigate the biological mechanism of this dot-like pattern, we recently performed
electron microscopy on MCC cell lines (ongoing collaboration with Pr E. Blanchard, IBiSA
platform, Tours, France). First analyses confirmed that aggregation of the intermediary
filaments is located in the cytoplasm and colocalize with the microtubule organizing center at
one pole of the cells. Interestingly, almost all organelles are also restricted to this area in MCC
tumor cells. Therefore, the observations of dot-like pattern expression of membranous
markers such as CD99 or CD56 (Article 2.), might be explained by sequestration of these
proteins in the Golgi apparatus. Although molecular determinants of the “dot” are poorly
understood, Isaac Brownell recently proposed that such aggregates are due to impairment in
protein ubiquitination and degradation. Such mechanisms might result in cytokeratin
accumulation and aggregation, a mechanism which might contribute to resistance to TNF-a

and apoptosis (Brownell, 2019) as described in other cancers (Caulin et al. 2000).

3. Do prognostic differences reflect the nature of the oncogenic factors driving MCC
development?

In line with the genetic and phenotypic variations observed between the two groups there is
also a difference with respect to clinical outcome. Patients in our cohort with MCPyV-negative
MCC experience a worse clinical outcome compared to patients with to virus-positive tumors
(Article 2.). Although discordant reports can be found in the literature (Moshiri et al. 2017;
Schrama et al. 2011), our results are in accordance with the results of the largest series
published (Moshiri et al. 2017), which also strongly suggests that MCPyV-negative tumors are
the more aggressive subgroup of MCC. Since currently approved therapeutic strategies

(surgery and radiotherapy, immune check point inhibitors) seem to be effective in both
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subsets of MCC patients, determination of the MCPyV status is not required for therapeutic
decision in current practice. However, regarding the biological variation between the two
populations, MCPyV status evaluation would be of great interest in clinical trials since some

new therapeutic options might be efficient in one subset and not in the other.

To conclude on our characterization of MCC tumors according to the virus status, MCPyV-
positive and -negative MCC cases appear as two distinct subsets with significant differences
with respect to morphology, immunohistochemical profiles and clinical outcome. Moreover,
they might have a different cellular ancestry (Sunshine et al. 2018) and this conclusion may
challenge the current classification of both entities in the same category by the WHO
classification i.e. neuroendocrine carcinoma of the skin. Indeed, based on the detection of
high mutational burden, prominent UV-signature and the observation of combined cases
associated with epidermal involvement, MCPyV-negative cases are likely to derive from an
epidermal cell. By contrast, deep location of the MCPyV-positive cases without any connection
to the interfollicular epidermis as well as lack of UV signature indicate that the cell of origin of
such cases are located deeper in the skin, and could be either appendages epithelial cells,

mesenchymal, neuronal or hematopoietic cells.

. Conclusions on the origin of MCC based on the characterization of combined

tumors

1. Are Squamous cell carcinoma/MCC combined tumors indicative of the cell of origin of
MCPyV-negative MCC?

MCPyV-negative cases frequently harbor a divergent component, a finding also observed in
small cell lung cancer (Oser et al. 2015). Although we and others (Chou et al. 2016; Mitteldorf
et al. 2012) were able to detected MCPyV sequences using molecular tools in combined
squamous carcinoma/MCC tumors, these results have to be interpreted with caution. Indeed,
employing three independent very sensitive methods (Article 5.), we detected MCPyV
sequences in half of the combined cases, which is more than the frequency observed in non
MCC skin cancer. However, these combined cases differed from classical non combined MCC

cases in various respects: i) viral load was very low ii) truncating LT mutations were not
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detectable and iv) immunohistochemistry could not demonstrate LT expression. Therefore,
MCPyV-positivity is most likely due only to presence of episomal wild type virus and not to

MCC-typical integration of a mutated MCPyV.

Generally, MCPyV-negative “combined MCC tumors” also termed “MCC with divergent
differentiation” could result from three different biological processes: i) collision of two
tumors, i.e. two independent but spatially associated tumors without a clonal link, ii)
acquisition of a neuroendocrine differentiation of some cells from a non-neuroendocrine skin
neoplasia, iii) dedifferentiation of MCC cells leading to an undifferentiated (so-called

sarcomatous) tumor component (Figure 13).

Although, a final proof is still pending, several points argue in favor of a clonal filiation of the
combined tumors components. First, the over-representation of combined tumors among the
MCPyV-negative MCC subsets (around 40% in our cohort), and rarity of such a phenotype
among MCPyV-positive cases argues against an incidental association of two different
components. Second, although not observed in all combined tumors investigated (Falto
Aizpurua et al. 2018), shared genetic alterations have been reported in both components of
MCC combined with invasive squamous cell carcinoma components in some cases (Carter et
al. 2017). In order to confirm the clonal filiation of MCPyV-negative combined MCCs, the

genomic analysis of several combined cases by our group is currently on-going.

Interestingly, combined MCC tumors sometimes also harbor intraepithelial neoplasias such as
actinic keratosis or Bowen's disease and an invasive squamous cell component. In light of the
arguments detailed above, consecutive differentiation steps are conceivable leading from
Bowen’ disease to an intermediate squamous cell carcinoma and finally to MCC. Accordingly,
Narisawa et al. recently described proliferative MCs in the Bowen's component of a MCPyV-
negative combined MCC, which therefore might be already neoplastic epidermal cells
acquiring neuroendocrine differentiation (Narisawa et al. 2018). The possibility that UV-
induced combined MCC can derive from the epidermis is further supported by the observation
of intra-epidermal MCCs. Indeed, we recently reported that intra-epidermal MCC involvement

is only observed in MCPyV-negative cases (Article 2.).

228



72 Genetic alterations

UV-related . |:> |:>
oncogenesis
j MCPyV(-) Merkel cell

Epithelial Actinic Squamous cell ;

uv

MCPyV(-) Merkel cell
carcinoma

cell keratosis carcinoma
carcinoma with sarcomatous
differentiation
MCPyV(-) combined Merkel cell
carcinoma
MCPyV
Viral-related |
oncogenesis
GLI1(+) epithelial MCPyV/(+) Merkel cell
cell/Trichoblastoma carcinoma

Figure 13: Graphic abstract of the putative mechanisms of MCC development according to the etiologic factors. UV-induced MCC are likely to
arise from an epithelial cell hit by UV-radiations. Accumulation of DNA damages in such cells finally cause neuroendocrine differentiation in a
part (combined cases) or in the complete tumor. Undifferentiated so called sarcomatous component can arise from such MCPyV(-) cases. By
contrast, MCPyV(+) cases depend on a unique oncogenetic event i.e. MCPyV integration and our results suggests that GLI1(+) progenitors of the
hair follicle as the main cell hit by the virus. Cells in red and purple harbor keratinocytic and neuroendocrine phenotype respectively while
differentiation is lacking from cells in grey.
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Figure 14. Intra epidermal MCC without dermal involvement. This exceptional case was
kindly provided by Dr E. Calonje, London, UK. A surgical specimen of an intraepidermal MCC
located in nail bed is depicted (hematein-phloxin-saffron staining). Microscopic examination
reveals a massive infiltration of the epithelium by a proliferation of atypical tumor cells
harboring dark and elongated nucleus, and few cytoplasm. In some places, foci of squamous
differentiation were evidenced in the tumor proliferation. These tumor cells harbored all MCC
markers including KRT20 and SATB2. MCPyV was no detected in this tumor either by
immunohistochemistry or by implying molecular procedure.
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Accordingly, recent analysis of an extremely rare intra-epidermal MCC without any dermal

involvement (kindly provided by Dr E. Calonje, Figure 14) revealed it as MCPyV-negative.

In summary, these findings argue in favor of an epidermal origin of MCPyV-negative MCC
cases, which might frequently derive from already neoplastic cells (actinic keratosis, Bowen's

disease) and acquire neuroendocrine differentiation during the oncogenic process.

Several divergent differentiation patterns such as basal-cell-like, adnexal, melanocytic,
glandular, sarcomatous and ganglioneuroblastic have been reported in combined MCC (Carter
etal. 2018; Martin et al. 2013; Walsh 2001). While Narisawa et al. proposed that these findings
reflect the stem cell properties of the primary cell of origin, this might alternatively result from
the acquisition of stem cell-like properties during tumor development (Koba et al. 2015;
Narisawa et al. 2015). This latter is suggested by the presence of a SOX9 expressing cells in

MCPyV-negative cases (Article. 7).

Indeed, some findings actually suggest that MCPyV-negative MCCs harbor properties of
dedifferentiation, which may be related to such stem-cell like cells. A special case is MCC
combined with a sarcomatous spindle cell component, which is thought to result from
dedifferentiation process. Similar to the so called carcinoma with sarcomatoid differentiation
which represents dedifferentiated cutaneous basal cell or squamous cell carcinomas, it is likely
that loss of epithelial and neuroendocrine differentiation of MCC cells in these MCC with
sarcomatous differentiation result in an anaplastic form of MCC (Clark et al. 2017).
Accordingly, the term “Merkel cell carcinosarcoma” has been proposed for such tumors (Lau
et al. 2012). In our experience (unpublished data), some MCPyV-negative cutaneous primary
tumors lack neuroendocrine differentiation but still harbor a morphology of small cell
carcinoma, and express some MCC markers. These tumors could represent the cutaneous
counterpart of the non-neuroendocrine small cell lung cancer. Indeed expression of the
neuroendocrine markers is lacking in about 5 to 10% of small cell carcinoma of the lung, while
such cases are still belonging to the same entity than neuroendocrine tumors. Various degrees
of neuroendocrine differentiation have been observed between MCC tumors (Fernandez-
Figueras et al. 2007; Koljonen et al. 2005), but a correlation between the level of expression

of neuroendocrine markers and MCPyV status is still lacking, and would be an interesting issue

231



in order to investigate whether such differentiation might be reduced in MCPyV-negative
cases. Nevertheless, regarding the phenotypic heterogeneity probably reflecting genetic
heterogeneity, MCPyV-negative MCC appears as a dynamic tumor state which is likely to
derive from skin intraepidermal neoplasia and might additionally harbor a subpopulation of
tumor cells with stem cell-like properties allowing divergent differentiation/anaplasia.
Interestingly, all these features are lacking in MCPyV-positive MCC, which appear as a

monomorphic population of tumor cells without divergent differentiation.

2. Are Trichoblastoma/MCC combined tumors indicative of the cell of origin of MCPyV-
positive MCC?

Based on tumor cell morphology, we identified an exceptional case of TB/MCPyV-positive
MCC combined tumor (Article 6.). Detailed genetic analysis of this case demonstrated for the
first time that a prototypic MCPyV-positive MCC can arise following integration of a MCPyV
genome into the genome of epithelial cell. It is important to note that the developmental
history of TB tumor drastically differs from the UV-induced combined cases. Indeed, UV-
induced neoplasias such as squamous cell carcinoma are highly mutated tumors (around 3000
pathologic variations/genomes in SCC (Inman et al. 2018)). Accumulation of genetic
alterations over the time might drive the natural history by improving aggressiveness and
invasiveness of these neoplasias (Inman et al. 2018). Therefore accumulation of mutations is
likely to be the main determinant of the neuroendocrine phenotype acquisition in MCPyV-

negative combined tumors.

By contrast, TB is a benign epithelial tumor characterized by a hair follicle differentiation and
a benign behavior with only extremely rare malignant transformation (Fusumae et al. 2019).
While CYLD mutations have been identified in TBs in the context of Brooke Spiegler's
syndrome (Kazakov 2016), only few genetic data are available on sporadic TBs, with only HRAS
mutation reported in tumors arising on naevus sebaceus (Saraggi et al. 2017; Shen et al. 2015).
In this context, the whole exome sequencing of the TB component of our combined case, an
analysis which, in our knowledge, has never been performed before, revealed very few genetic

alterations (10 pathologic variants/genome). Moreover, we did not find mutations in classical
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oncogenes. Although we found a few additional mutations only present in the MCC
component, these were also not affecting known oncogenes and the allelic frequencies
suggests that most of them are only present in a fraction of the MCC tumor cells. Therefore,
occurrence of the MCC component in the TB was not related to a progressive accumulation of
mutations over time but resulted most likely from a single oncogenic event i.e. integration of
MCPyV with mutant LT coding sequence. This “on/off” induction of MCPyV-positive MCC was
also supported by the patient's clinical history. Indeed, the patient experienced a partial
excision one year before and pathological examination of the biopsy revealed a benign TB at
that time. Several months later, a fast growing and inflammatory tumor appeared on a scar at
the surgical site leading to excision of the combined tumor. This sequence suggests that

MCPyV integration in the TB tumor residue contributed to this aggressive clinical presentation.

Interestingly, TB is composed of so-called “germinative” tumor cells (Collina et al. 1998; Goyal
et al. 2016; Kurzen et al. 2001; Leblebici et al. 2019; McNiff et al. 1999) which mimic the hair
germ i.e. an embryonic structure giving rise to the hair follicle (Perdigoto et al. 2016). In
addition, the sparse MCs frequently observed in TB are considered as a diagnostic criterion of
this entity. While colonization of the TB tumors by such MCs might be hypothesized, several
arguments favoring a differentiation process from the germinative tumor cells into MCs can
be presented: i) the sparse distribution of MCs in TBs lobules (Collina et al. 1998); ii) the
frequent lack of connection of the TB with the surrounding epidermis in which the
physiological MCs are located (WHO 2018); iii) the high density of MCs in the TB whereas the
physiological MCs are rare in the epidermis and post mitotic (Moll et al. 2005); iv) the
phenotypic similarities between TB germinative cells and MC progenitors with activation of
the Sonic Hedgehog pathway and expression of KRT17 and SOX9 (Article 7.). To prove the
neoplastic nature of these TB associated MCs, a microdissection approach, using laser capture
of these MCs in the TB part will be performed to confirm that the same pathologic variants

are present in MCs and germinative cells of the TB.

Interestingly, in one restricted area of the TB, some LT-expressing cells were detected by
immunohistochemistry. This area was additionally characterized by an increased number of
cells expressing the MCs markers and moreover by cytokeratin expression with the dot-like

pattern. While these findings might be explained by disseminated MCC tumor cells presents

233



in this part of the TB, it might alternatively be the result of TB cells infected with the wild type
virus. The latter conclusion is supported by several points: i) the random single cells
distribution of the LT positive cells in the TB without clusters argues against a metastatic
spreading and subsequent cells proliferation, ii) the difference in morphology between LT
expressing cells and adjacent MCC tumor cells with cytoplasm vacuolization which was more
indicative of cellular damages than oncogenic transformation, iii) more frequent
immunohistochemical expression of the early MC differentiation markers SOX2 and KRT8 than
KRT20 in LT-expressing TB area suggests an ongoing differentiation process; iv) the very few
KRT20-positive Ki67 positive cells (<10% of the KRT20 positive cells) argue against these cells
being MCC tumor cells; v) the lack of physiological MCs with a diffuse cytokeratin expression
pattern suggests that already differentiated MCs of the TB were affected by the virus; vi) high
MCPyV viral load was detected in both TB and MCC part of the combined tumor, whereas
deletion of LT and insertion sites sequences could only be detected in the MCC part. To finally
confirm the presumed nature of the above described LT-expressing cells in the
trichoblastoma, microdissection and subsequent genetic analysis will be performed. In case
these are really not MCC tumor cells this would allow important conclusions regarding the
capability of the MCPyV Tags to induce acquisition of a Merkel cell like phenotype upon

expression in epithelial cells similar to hair follicle cells.

The analysis of the combined TB/MCC case clearly demonstrated that a MCPyV-positive MCC
can arise from an epithelial cell. However, one main limitation is obviously that we could
analyzed only one such case due to the rarity of this entity. In the literature, we identified two
further specimens. The first one was a TB/ MCC case published by Battistella et al. . With the
support of Prof. Bernard Cribier (Dermatology department, Strasbourg, France), we were able
to confirm LT expression in the MCC and TB part of this tumor as depicted in Article 6.
However, molecular analysis was not possible due to Bouin fixation. Of note, a second case of
combined tumor of combined tumor harboring MCPyV-positive MCC and basal cell carcinoma
with ductal differentiation component has been reported by the Hayashi group in 2013
(lwasaki et al. 2013). While the authors did not diagnose the second part as TB, the non MCC-
component of this combined tumor clearly displays adnexal and follicular differentiation.
These findings were additionally proved by the detection of normal MCs in the “basal cell

carcinoma” component suggesting that the non MCC components of MCPyV-positive
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combined tumor frequently harbor MC differentiation ability. By contrast to our case,
immunohistochemical analysis of the Japanese tumor revealed a diffuse expression of LT in
both MCC and basal cell carcinoma parts. In addition, the authors observed two different
truncated LT for each component, suggesting that MCPyV integration has although occurred
in cells of the TB part. Interestingly, high MCPyV viral load has also been detected in some
trichoblastoma tumors lacking MCC components (Kassem et al. 2010) suggesting a potential

MCPyV tropism for such tumors.

Of note, an additional case of TB/MCPyV-positive case was recently identified (Dr. Marie-
Laure Jullié, Bordeaux, France) which is depicted in Figure 15. Although, this case appears to
be similar to our initial report, one additional feature is the presence of widespread expression
of MCPyV LT in areas of the TB lacking MC-like differentiation. Whether this LT expression is
due to an episomal or integrated form of the virus has to be clarified (molecular analysis of
this case is ongoing). However morphologic and immunohistochemical features of the case
again suggest that a MCPyV-positive MCC can derive from a TB tumor cells i.e. an epithelial

cell harboring hair follicle differentiation and bearing the ability to differentiate into MCs.

Interestingly, almost all of our knowledge about the MC lineage derive from transgenic mice
models (Morrison et al. 2009; Ostrowski et al. 2015; Van Keymeulen et al. 2009; Xiao et al.
2015). In humans, some early reports using human skin xenograft in immunocompromised
mice suggested that human MCs derive from epithelial cells of the epidermis (Moll et al. 1990;
Tilling et al. 2014). Furthermore, based on the hypothesis that MC progenitors are located
close to the MCs, the same group identified a population of KRT17-expressing MC progenitor
cells located in the touch dome (Moll et al. 1993). Investigating healthy skin from cadavers,
we were able to confirm that epidermal cells located in MC hotspots either in hair follicles or
in touch dome area harbor a common phenotype with co-expression of GLI1, KRT17 and SOX9
(Article 7.), three markers absent from the interfollicular epidermis and already described in
mouse models (Doucet et al. 2013; Nguyen et al. 2018; Xiao et al. 2015). In addition,
expression of these three markers was also evidenced in TBs confirming that MCPyV
integration is likely to occur in an epithelial cell expressing GLI1, KRT17 and SOX9, a crucial key

finding for development of immunocompetent mouse models of MCC.
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Figure 15. A third MCPyV-positive/Trichoblastoma combined tumor This exceptional case
was provided by Dr. Marie-Laure Jullié, Bordeaux, France. In accordance with our previous
report, this tumor harbors a trichoblastoma and an MCPyV-positive MCC. Large T expression
was also detected in the trichoblastoma part and this LT positivity was frequently associated
with an increased number of cells expressing MC markers. However, one crucial finding
distinguishes this case from our first report: diffuse expression of the Large T was observed in
a TB area lacking MC differentiation.
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During the last decade, several mouse models tried to reproduce MCC development. In the
epidermis, ectopic expression of sT alone or in combination with LT (using KRT5 or KRT14
promotors) led to the development of intraepidermal neoplasia lacking MCC-like features
(Spurgeon et al. 2015; Verhaegen et al. 2015). Moreover, ubiquitous sT expression induced
hyperplasia in both epidermal and dermal components while combination of sT expression
and p53 knock-down induced anaplastic tumors (Shuda et al. 2015). Regarding the MC lineage,
sT expression led to the proliferation of embryonic MCs without tumor formation (Shuda et
al. 2015), whereas no MC mitotic activity was observed in adults (Shuda et al. 2015). Finally,
in a preterm mouse model, combined expression of sT and ATOH1, i.e., the main transcription
factor driving MC differentiation, in epithelial cells (K5 promotor) induced formation of MCC-
like aggregates in the epidermis, a site where human virus-positive MCC is, almost never

located (Verhaegen et al. 2017).

Our conclusion that specialized hair follicle cells may be the main source for MCPyV-induced
MCC development might explain why these models had failed. First, Cre recombination
inducing oncoproteins expression was performed using KRT14 or KRT5 promotors. Although
expression of these KRT are observed in the basal layer of the epidermis and in the
appendages, it has been previously shown that “K14 driven recombinase displays robust
activity in the interfollicular epidermis, but minimal activity in the hair follicle” (Peterson et al.
2015). Similarly, the same pattern was described for K5 driven recombination (Grachtchouk
et al. 2011). In addition, most of the failed MCC models only included sT expression or
demonstrated that additional LT expression did not affect tumorigenesis (Shuda et al. 2015;
Verhaegen et al. 2017; Verhaegen et al. 2015). In contrast, the strict dependency of human
MCC cells on LT expression and the MCC characteristic mutations in LT abolishing its
replicative but always preserving its oncogenic function strongly suggest an essential role of

LT in MCC carcinogenesis (Houben et al. 2015; Houben et al. 2010).
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. Are the MCPyV T Antigens capable of promoting Merkel cell like differentiation?
As described above our results do not exclude that MCPyV driven carcinogenesis may occur
in an already differentiated MC. However, we regard as much more likely that TAg expression
in epithelial cells contributes to the acquisition of a Merkel cell like phenotype. Therefore,
ectopic expression of sT and truncated LT was performed in primary normal human epidermal
keratinocytes (NHEK). This did not induce cell transformation but several changes in
phenotypes. First, TAgs-expressing NHEK have a reduced size and underwent changes in their
shape. Second, enhanced expression of KRT8, one of the earlier marker expressed during the
MC differentiation (Perdigoto et al. 2014), was observed in association with slight KRT18
increase (enhance RNA level) and KRT14 decrease, two charactaristic changes of the early
phase of MC differentiation. By contrast, induction of KRT20 expression was not observed.
Interestingly an ability to induce KRT8 and 18 expression as well as KRT14 downregulation

were already reported for other polyomaviruses (Knapp and Franke 1989; Royal et al. 1992).

Of note, TAgs transduction experiments were initially performed in HaCaT cells, i.e.
immortalized human keratinocytes harboring p53 and multiple further mutations (Henseleit
et al. 1997). In these cells, no phenotypic changes were observed upon TAgs expression
underlining again the importance of the cellular context. Therefore, aiming to resemble MC
progenitor cells closer in an in vitro model, we transduced primary keratinocytes with a key
factor of MC progenitor differentiation, i.e. GLI1. Upon lentiviral infection with a bicistronic
vector allowing GLI1 or combined GLI1/Tag expression, we were able i) to confirm the
involvement of GLI1 in development of an MC progenitor phenotype and ii) to evaluate the

effect of TAgs in GLI1-expressing cells.

In line with previous reports identifying SOX9 (Vidal et al. 2008) and KRT17 (Mikami et al. 2017)
as downstream targets of GLI1, we confirmed an enhanced transcription of these two markers
upon GLI1-expression in NHEK. Moreover, as described in other cell lineages (Jia et al. 2019;
Santini et al. 2014), we demonstrated that ectopic expression of GLI1 led to a prominent
induction of SOX2 in NHEK. Since SOX2 can drive ATOH1 expression and subsequent MC
differentiation (Lesko et al. 2013) by binding to the ATOH1 enhancer (Bardot et al. 2013) or
promotor (Harold et al. 2019), SOX2 induction appears as a potential mechanism by which

GLI1 promotes ATOH1-driven MC development. Moreover, impaired ATOH1 degradation by
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SHH pathway activation has been previously reported in medulloblastoma (Forget et al. 2014)

and might also contribute to MC differentiation in GLI1-expressing cells.

Combined expression of the GLI1 and TAgs led to more pronounced induction of Merkel cell
features compared to GLI1 alone. Indeed, a subpopulation of cells expressing the MC markers
SOX2, KRT8, KRT18 and KRT20 was induced. Furthermore, in accordance to a previous report
describing a population of floating cells with neuroendocrine features upon the ectopic
expression of TAgs in fibroblast (Fan et al. 2019), small and floating but still living cells arose
from NHEK upon ectopic coexpression of GLI1 and TAgs. Although no proof of transformation
was observed in this model, these results demonstrated the ability of MCPyV TAgs to induce

a MC-like phenotype in GLI1-expressing epithelial cells.

To further confirm that MCPyV oncogenes impact on MC progenitors, we induced ectopic
expression of TAgs in primary human hair follicles (Langan et al. 2015) (Collaboration with Dr.
J. Chéret / Prof. R. Paus, Miinster, Germany). While this model is highly representative of hair
follicle biology, it also harbors evident limitations. First, lentiviral transduction only allowed us
to hit the external part of the hair follicle, mainly the infundibular cells. More importantly, the
duration of the experiment was restricted to 7 days (Langan et al. 2015) whereas NHEK could
be grown for one month. Based on the transgenic mouse models (Perdigoto et al. 2014),
acquisition of a MC phenotype is expected to be a long term process, a finding which might
explain why expression of KRT8, 18 and 20 was not observed in hair follicle, seven days after
transduction. Indeed, ectopic TAgs expression in hair follicle cells induced a population of
transformed cells with small cell carcinoma morphology. While no expression of KRT8, 18 and
20 was observed, a partial loss of the other cytokeratins expression was observed in
association with sporadic synaptophysin and chromogranin A positivities might indicate first

steps of an MC differentiation process.
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IV. How could the MCPyV T Antigens promote Merkel cell like differentiation?
In situ observations in TB/MCC combined tumors and the phenotypic changes observed upon
ectopic TAg expression in vitro suggest ability capability of the MCPyV oncoproteins to
promote the development of an MC-like phenotype in a specific cellular context. Of note,
inactivation of pRB and p53 are well known determinants of neuroendocrine phenotype
acquisition in tumors (Gazdar et al. 2017; Kléppel 2017; Meder et al. 2016; Park et al. 2011),
therefore targeting of these two tumor suppressor proteins by sT and truncated LT
respectively (Houben et al. 2012; Park et al. 2019) might contribute to the neuroendocrine
features in MCC. Furthermore Rb1 has been described to affect Atohl in intestinal tissue,
(Haigis et al. 2006). Accordingly, Fan et al. evidenced an induction of ATOH1 in presence of the
TAgs (Fan et al. 2019) and although we did not confirm this finding in HEK293 cells, a slight
increase of ATOH1 expression was observed in TAg transduced keratinocytes. Although, pRB1
sequestration by truncated LT might contribute to this process, our experiments revealed that
LT antigen additionally affects ATOH1 in a post translational manner by preventing its
degradation. Since ATOH1 binds its own enhancer inducing a positive feed-back loop (Bossuyt
et al. 2009), stabilization of ATOH1 by LT might also contribute to the high level of expression

observed in MCC tumors and cell lines (Fan et al. 2019; Gambichler et al. 2016).

A role of ATOH1 s not restricted to MCs and MCC. In intestinal tissue, central nervous system
and development of inner ear, Atoh1 functions to determine a specific cellular phenotype
(Forget et al. 2014; Ishibashi et al. 2018; Mulvaney and Dabdoub 2012). In these settings,
several translational repressors like the Notch pathway and EZH2, as well as post translational
regulation mechanisms have been reported (Cheng 2019; Cheng et al. 2016). Indeed, ATOH1
half-life is regulated by phosphorylation of the C-terminally located serine residues (S331,
S337, S342), leading to protein ubiquitination by the ubiquitin ligase HUWE1 (HECT, UBA and
WWE domain containing E3 ubiquitin protein ligase 1) and subsequent degradation by the
proteasome (Cheng et al. 2016; Forget et al. 2014). Although the residue S337 might by
phosphorylated by the Casein kinase 1 (CK1) (Cheng et al. 2016), the kinases recognizing the
two other phosphorylation sites are unknown. Our results demonstrate that MCPyV LT
stabilizes ATOH1 by affecting this pathway, however whether LT blocks phosphorylation or
the subsequent ubiquitination has still to be determined. MCPyV sT has been described to

affect cellular protein degradation by interacting with the cellular ubiquitin ligases SCFFbw7.
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However this ligase is not expected to be a privileged partner of ATOH1 (Cheng et al. 2016).
Moreover, sT was recently identified as an activator of the CK1 transcription which might limit
ATOH1 expression (Park et al. 2019). Although interaction of LT with ubiquitin ligases have
been demonstrated (Kwun et al. 2017), no direct interaction with HUWE1 has been reported

and in our hands co-immunoprecipitation failed to evidence such an interaction.

Interestingly although several lines of evidence suggest that LT can increase ATOH1 protein
expression, a possible contribution of ATOH1 to tumor behavior is unclear. While Bossuyt et
al. described ATOH1 as a tumor suppressor protein (Bossuyt et al. 2009), Gambichler observed
an increased expression in advanced cases (Gambichler et al. 2016) and inactivation of ATOH1
seems to not affect MCC tumor cell proliferation in vitro (Fan et al. 2019). Interestingly in
medulloblastoma and colonic carcinoma, Atohl promotes metastatic spreading and
progression (Grausam et al. 2017) (Ishibashi et al. 2018). Therefore, evaluation of the impact

of ATOH1 knock-down in vivo in a mouse model of MCC would be of interest.
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CONCLUSION

According to the current WHO classification, MCC is the “eponym name of primary
neuroendocrine carcinoma of the skin” and MCPyV as well as UV-radiations are regarded as
two different etiologic factors for this tumor entity. However, the current works and recent
data from the literature clearly demonstrate that MCPyV-negative MCC are highly similar to
extracutaneous NEC while MCPyV-positive MCCs differ from both groups with respect to

morphology, immunohistochemical profile, genetics, origin and behavior.

Indeed, morphological features of MCPyV-positive tumor cells are evocative of a neoplasia
driven by a unique genetic alteration whereas more typical eNEC features are displayed by
MCPyV-negative MCC. Using immunohistochemistry, MCPyV-negative cases are hardly
distinguishable from eNEC whereas MCPyV-positive cases displays distinct features including
more prominent expression of the MCs markers. In light of our results, it seems worth to
reconsider Boyd’s statement that “rare cancers have been divided into two groups: cancers
defined by their unusual histogenesis (cell of origin or differentiation state) or histologically
defined subtypes of common cancers”. Indeed, inclusion of MCPyV-negative MCC i.e.
neuroendocrine skin carcinoma in the second category is justified by the similarities with
eNEC. By contrast, MCPyV-positive MCC, in our view, belongs to the first group i.e. tumors
with unusual histology, due to a distinct very characteristic MC differentiation. In line with
such considerations, Boyd also pointed out that “genomic investigation has led to the
discovery of pathognomonic (i.e. defining) mutations in many of the cancers defined in the
pre-molecular era by unusual histogenesis” (Boyd et al. 2016). In this respect, MCPyV genomic

integration has to be considered as defining genetic alteration for MCPyV-positive MCC.

In addition, the two MCC subsets are likely to differ with respect to the cell of origin. In the
present work, we provide clear evidence that MCPyV can arise from an epithelial cell. The
detailed genetic analysis of a combined tumor comprising a TB and a MCPyV-positive MCC
part demonstrated that the MCC derived from a TB cell following integration of a mutated
MCPyV genome into the genome of the host cell. Because of the close similarity of TB cells
with germinative cells from the hair follicle which can give rise to Merkel cells, our observation

suggests that MCC generally develops from cells of the MC lineage. Candidates are either
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already differentiated MCs or the hair follicle MC progenitor cells. Although alternative
ancestries cannot formerly be excluded by our results, they appear unlikely in light of the
“lineage-addiction” concept, which suggests that the capability of the MCPyV oncoproteins to
induce MCC is restricted to a specific cellular context. In line with a scenario in which MCPyV
hits a cell with MC differentiation potential and drives the development of an MC-like
phenotype, we provide in vitro data demonstrating that TAgs can induce MC-markers and
repress markers of MC progenitor cells when overexpressed in epithelial cells. Furthermore,
we demonstrate that MCPyV LT is able to stabilize the transcription factor ATOH1 which is
known to be the master regulator of MC differentiation. This might be one of the biological

mechanisms contributing to the characteristic phenotype of MCPyV-positive MCC.

Observation of combined MCC tumors also appears helpful to determine the origin of the
MCPyV-negative subset. Indeed, our observations as well as data provided by others suggest
that MCPyV-negative cases frequently arise from an already neoplastic cell in the epidermis.
In such a scenario of multistep carcinogenesis, accumulation of genetic alterations over the
time would finally lead to the acquisition of a neuroendocrine phenotype in parallel with an

increase in tumor aggressiveness.

Although mainly of importance for basic science, determination of the cell of origin provides
also research opportunities, which might contribute to improved patient’s management.
Indeed, immunotherapy is actually the gold standard for patients with unresectable
metastatic MCC, resulting in a clear survival benefit (Samimi 2019). However, in about 40% of
the cases the tumors do not respond to these treatments and sustained response is only
observed in half of the patients with initial tumor regression (Kaufman et al. 2018; Samimi
2019). Therefore, development of new therapeutic options remains of high priority, and
establishment of an immunocompetent MCC mouse model - requiring knowledge on the cell

of origin - would be very useful for preclinical evaluation of new therapeutic approaches.
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Merkel cell carcinoma (MCC) is a primary neuroendocrine carcinoma of the skin. This
neoplasia features aggressive behavior, resulting in a 5-year overall survival rate of 40%.
In 2008, Feng et al. identified Merkel cell polyomavirus (MCPyV) integration into the host
genome as the main event leading to MCC oncogenesis. However, despite identification
of this crucial viral oncogenic trigger, the nature of the cell in which MCC oncogenesis
occurs is actually unknown. In fact, several hypotheses have been proposed. Despite the
large similarity in phenotype features between MCC tumor cells and physiological Merkel
cells (MCs), a specialized subpopulation of the epidermis acting as mechanoreceptor of
the skin, several points argue against the hypothesis that MCC derives directly from MCs.
Alternatively, MCPyV integration could occur in another cell type and induce acquisition
of an MC-like phenotype. Accordingly, an epithelial as well as a fibroblastic or B-cell origin
of MCC has been proposed mainly based on phenotype similarities shared by MCC and
these potential ancestries. The aim of this present review is to provide a comprehensive
review of the current knowledge of the histogenesis of MCC.

Keywords: merkel cell polyomavirus (MCPyV), epithelial, fibroblast, B cell, Merkel cell carcinoma (MCC),
histogenesis, origin

INTRODUCTION

Merkel cell carcinoma (MCC) is an aggressive neoplasm defined as a primary neuroendocrine
carcinoma of the skin. The incidence is still low, with for example 0.7 cases per 100,000 person-years
in the United States in 2013, but has increased by 95% from 2000 to 2013, and a further increase
in incidence has been predicted (1). MCC occurs essentially in older people, with known risk
factors being sun exposure (2) and immunosuppression (3, 4). MCC is characterized by aggressive
behavior resulting in a 5-year overall survival rate of 40% (5). Combined radiotherapy and surgery
is considered the mainstay of treatment for patients with localized disease, but until recently, those
with advanced, inoperable disease received various regimens of cytotoxic chemotherapy, without a
significant effect on survival (6). Recently, restoration of T-cell responses by inhibitors targeting
programmed cell death 1 (PD-1) and its ligand (PD-L1) checkpoints has been identified as an
effective approach in such patients (7). Indeed, after failure of first-line chemotherapy, treatment
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with avelumab resulted in objective tumoral responses in 32%
of MCC patients with advanced disease (7), and avelumab has
been approved for advanced MCC both in the United States
and European Union (7, 8). Avelumab is being investigated
as first-line therapy in this setting, with objective responses in
approximately 60% of patients in preliminary reports (9).

MCC is diagnosed on the basis of histological examination,
which reveals infiltration of the dermis or hypodermis by
proliferating tumor cells harboring high-grade neuroendocrine
carcinoma features (10) (Figure 1). Blastic lymphomas as well
as other small round blue cell tumors must be considered in the
differential diagnosis. Immunohistochemical investigation of
MCC cases (Figure 1) reveals the expression of both epithelial
(pancytokeratin  AE1/AE3) and neuroendocrine markers
such as chromogranin A (11), synaptophysin (11), CD56
(10) and INSM1 (insulinoma-associated 1) (12). In addition,
the combination of cytokeratin 20 (CK20) positivity with
thyroid transcription factor-1 negativity (13) is currently used
to distinguish MCC from other metastatic neuroendocrine
carcinomas. Neurofilament and special AT-rich sequence-
binding protein 2 (SATB2) have been proposed as additional
markers providing high diagnostic accuracy (14, 15).

Significant progress in understanding the MCC pathogenesis
occurred in 2008, when Feng et al. reported a yet undescribed
virus, the Merkel cell polyomavirus (MCPyV), whose genome
was integrated in 80% of MCC tumors (16). MCPyV was further
found to be an ubiquitous virus responsible for an asymptomatic
life-long infection, because the episomal genome of MCPyV can
be detected in the skin flora of most healthy people (17) and
antibodies directed against the viral capsid are highly prevalent
in the general population (18, 19).

Despite the high population prevalence of MCPyV, viral
integration probably occurs very rarely, which accounts for the
rarity of MCC tumors, and constitutes the main oncogenetic
event leading to MCC oncogenesis. MCPyV integration together
with mutations of the viral sequence (20) result in loss of
replicative abilities of the virus before MCC development. As
a consequence, MCPyV-positive MCC tumors do not produce
MCPyV virions but are characterized by permanent nuclear
expression of the viral T-antigen proteins (small T [sT] and large
T [LT] antigen in a truncated form). Both sT and LT antigens
bear oncogenic properties, by targeting various host cell proteins
involved in cell cycle control and proliferation, and are now
considered as the key actors of oncogenesis in MCPyV-positive
MCC (21). By contrast, MCPyV-negative MCC, which accounts
for approximately 20% of MCC cases, have a high mutational
burdens, with a prominent UV signature, which affects various
oncogenes. Among these, mutations of the tumor suppressor
genes RBI and TP53 appear to be critical oncogenic events (22).

Despite identification of both viral and UV-induced
oncogenetic triggers in MCC, the nature of the cell where
MCC oncogenesis occurs remains unknown (23). Actually,
several hypotheses have been advanced. The aim of this article is
to provide a comprehensive review of current knowledge of the
histogenesis of MCC.

The Merkel Cell: the Historical Candidate

According to Boyd et al. rare cancer types identified before
the molecular biology era were “either tumors presumed to
originate from or resemble a cell type that infrequently gave
rise to cancer, or histologically defined subsets within a more
common type of cancer” (24). MCC, a perfect illustration of
the first group, was classified according to its similarities with
skin physiological Merkel cells (MCs). MCs are highly specialized
epithelial cells located in the basal layer of the epidermis and
in the external part of the hair follicle (Figure 2). They have
been shown to act as mechanoreceptors by transforming tactile
stimuli into Ca%t-action potentials (25) and serotonin release
(26) and pass these signals on to Ap-afferent nerve endings. The
protein allowing transformation of mechanic into electric signals
is the ion channel Piezo2 (25), which is also highly expressed
by MCC cells [(27), unpublished data]. Expression of this MC-
characteristic molecule is only one of many features shared
by MCs and MCC cells. Originally described as “trabecular
carcinomas of the skin” by Toker (28), ultrastructural studies
of such cases revealed numerous neuroendocrine dense cores
neuroendocrine granules, which are hallmarks of MCs (28, 29)
(Figure 2). Hence, these “trabecular carcinomas” were suggested
to derive from MCs, leading to their reclassification as MCC
(29). Further immunohistochemical studies corroborated these
initial findings by revealing a shared expression of many common
markers in MCs and MCC (10, 30) but only a limited number of
markers distinguishing them from each other (Table 1; Figures 1,
2). Indeed, both MCs and MCC express cytokeratin 20 (CK20)
(13, 15, 31), neuroendocrine markers chromogranin A and
synaptophysin (11, 37) and neuropeptides (30, 47). In contrast,
the expression of vasoactive intestinal peptide and metenkephalin
(44) are specific to MCs, whereas CD117 and CD171 are detected
in only MCC cells (49, 61).

Despite the large similarity in phenotypic features, several
points argue against MCC deriving directly from MCs.
First, in other organs such as lung, strong data suggest
that neuroendocrine carcinoma derives more from epithelial
progenitors rather than an neuroendocrine cell (66, 67). Second,
MCs are mainly post-mitotic cells (31) and thus have low
sensitivity to oncogenic stimuli. Accordingly, ectopic expression
of sT antigen in MCs failed to induce cell proliferation or
transformation in a transgenic mouse model (68). Of note,
hyperplasia of MCs as well as mitotic activity in keratin
20-positive cells has been reported in pathologic conditions
(69, 70); however, whether these observations are due to
proliferation of already differentiated MCs or MC precursor
cells is still unclear. Third, MCs are most frequently present
in the palm and sole in humans (71, 72), whereas MCC
occurs mainly in sun-exposed areas [head and neck, legs
(2, 73)]. Moreover, no infection of MCs by MCPyV has
been reported (74). Finally, in an in vitro model, MCPyV
pseudovirions could barely infect CK20-positive cells obtained
from the fetal scalp (0.8%) (75), which argues against an efficient
MCPyV infection triggering MCC oncogenesis in an already
differentiated MC.
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FIGURE 1 | Morphological and immunohistochemical features of Merkel cell carcinoma: (A-C): hematein-phloxin-saffron staining revealed sheet of tumor cells with
high mitotic activity (bar = 100 um). Whereas, MCPyV-positive MCC (A,B) harbor scant cytoplasm, round nucleus and dusty chromatin, MCPyV negative tumor cells
have more abondant clear cytoplasm and irregular nucleus (C). (D) chromogranin A cytoplasmic positivity, (E) cytokeratin 20 expression with paranuclear dot-pattern;
(F) thyroid transcription factor-1 negativity; (G) membranous synaptophysin expression; (H) membranous CD56 expression; (I) special AT-rich sequence-binding
protein 2 (SATB2) nuclear expression; (J) neurofilament expression with a dot-pattern; (K) terminal deoxy nucleotidyl transferase weak/moderate expression,

(L) paired box 5 weak expression in tumor cells in comparison with intratumor lymphocytes (arrows).
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FIGURE 2 | Continued.
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0.5 uwm for G,H, respectively). A cropped region is shown in the inset (H).

FIGURE 2 | Immunohistochemical and ultrastructural features of physiological Merkel cells: immunohistochemical staining of normal skin (A,B) revealed one Merkel
cell located in the infundibulum of a hair follicle and coexpressing cytokeratin 20 (cytoplasmic expression in red) and SATB2 (nuclear expression in brown) (bar = 100
and 50 um for A,B). Immunofluorescence staining of healthy skin revealed some Merkel cells expressing cytokeratin 20 (C,D), cytokeratin 8 (E) and Piezo?2 (F) in the
epidermis (C) and in hair follicles (D=F) (bar = 40 wm for C-F). Electron microscopy of a Merkel cell (G,H) revealed numerous dense-core granules (bars = 2 and

Putative Mechanism of a “Non-MC” Origin
for MCC

The tumor classification system is based on tumor differentiation
and should not be considered a direct indicator of tumor
histogenesis  (76). Indeed, several phenotypic changes
occurring during the oncogenic process contribute to the
final differentiation profile of tumor cells, which consequently
differ from the primary cell in which the first oncogenic
event took place (76). Accordingly, acquisition of an MC-like
phenotype including neuroendocrine differentiation (77) during
MCC oncogenesis could explain the similarities between MCs
and MCC (23). In MCC, both UV and virus-induced oncogenic
triggers are thought to act on shared molecular pathways,
accounting for the similar phenotype between MCPyV-positive
and -negative tumors (78). In this respect, disruption of pRB
function occurs by somatic mutations and repression of protein
expression in virus-negative tumors (22), whereas sequestration
by MCPyV LT antigen inactivates pRB1 in virus-positive
MCC cells (79). Interestingly, disruption of this pathway has
been identified as a main contributor driving acquisition of a
neuroendocrine phenotype in tumors of other organs (80-82).

In the skin, MC differentiation occurs in specific epithelial
precursors upon expression of one main transcription factor,
atonal homolog 1 (ATOH1) (31). Under physiologic conditions,
ATOHLI expression in the skin is restricted to MCs (31). Because
ATOHLI is also observed in MCC, its expression could explain
the shared phenotype between MCs and MCC (83). Moreover,
genetic ablation of Rbl and the related Rb-family protein
p130 in the intestinal epithelium in a mouse model led to
increased expression of Atohl (84), which suggests that Atohl
induction could occur during an oncogenic process associated
with Rb inactivation.

Considering these findings, a non-MC could also be candidate
for the ancestry of MCC, and an epithelial non-MC as
well as a fibroblastic and B-cell origin has been proposed
(Figure 3; Table 2).

A Non-MC Epithelial Origin

For quite some time it has been a matter to debate whether
MCs derive from the neural crest or epidermal lineage. Of
note both neural crest and epidermal lineages derived from the
same embryologic structure and this common ectodermal origin
might explain the mixed phenotype observed in Merkel cell
Indeed, ultrastructural studies of MC revealed on the one hand
intracytoplasmic neuroendocrine granules suggesting a neural
crest origin (85) and on the other hand frequent desmosomes
and cytokeratins, two hallmarks of the epithelial subset (86).
Accordingly, also immunohistochemistry demonstrated both
expression of “neural crest” as well as epithelial markers

(Table 1). Although the neural crest origin hypothesis was
additionally supported by chimeric chicken/quail models (87,
88), xenograft of human fetal skin free of neural crest progenitors
in immunocompromised mice led to the development of
human Merkel cell suggesting an epidermal origin of this
population (89).

An epithelial origin of Merkel cells in mammals was finally
demonstrated in 2009 by two consecutive transgenic mouse
studies (31, 90). In both studies it was shown that deletion of
Atohl1 in epidermal progenitors resulted in a complete absence of
MCs. Additionally, Morrison and colleagues demonstrated that
Atohl deletion in the neural crest lineage did not affect the MC
population (90).

Additional studies in mice models revealed that MC
phenotype acquisition upon Atohl expression seems to be
restricted to a specific subpopulation of keratinocyte progenitors
characterized by an activated Sonic Hedgehog pathway (91, 92).
Indeed, Atohl expression failed to induce MC differentiation
in other keratinocyte populations (31) and gave rise to distinct
differentiation in other cell types (93-95).

A thorough characterization of the MC progenitor population
in humans is still missing (96). Therefore, our current knowledge
of this cellular subset is mainly based on findings in mice,
in which cells bearing MC differentiation potential are mainly
located in the outer root sheet and bulge region of the hair follicle
(97, 98) but are also present in the interfollicular epidermis
in specialized structures called touch domes (92). Interestingly,
these hair follicle- and touch- dome-derived stem cells have
been found as preferentially the origin of basal cell carcinomas
(99). Therefore, their ability to acquire an MC phenotype and to
proliferate, as well as their high sensitivity to oncogenic stimuli,
should promote their transformation into MCC, rendering them
likely candidates as cells of origin. Of note, MCC developing
within follicular cysts (100) as well as preferential MCPyV
infection of the dermal cells around hair follicles (75) support
MCPyV(+) MCC as being derived from hair follicles.

A hair-follicle origin of MCC would also weaken
one argument frequently used against an epithelial
origin of MCC. Because MCC cells are mostly found
in the dermis and subcutis lacking a connection to the
epidermis, an epidermal origin is unlikely (62). However,
some appendage tumors such as trichoblastoma and
spiradenoma (101, 102) are well known to lack an epidermal
connection (10).

The observation of so-called combined MCC or MCC with
divergent differentiation further supports an epithelial origin
of MCC. Combined MCC represents 5 to 10% of cases and is
characterized by the association of an MCC component with
a tumor of another differentiation lineage (103-105). Although
several divergent additional components have been described
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TABLE 1 | Markers expressed by physiological Merkel cells and Merkel cell
carcinoma.

Markers Merkel cells Merkel cell
carcinoma

EPITHELIAL MARKERS
Cytokeratin 20 +(31, 32) +(10, 15)
Cytokeratin 8 +(31,32) +(38)
Cytokeratin 18 +(31, 32) +(34, 35)
B1 integrin +(36)
LRIG1 +(36)
CSPG4 +(36)

NEUROENDOCRINE MARKERS
Chromogranin A +(37, 38) +(10, 11)
Synaptophysin +(37, 38) +(10, 11)
CD56 +(39, 40) +(10, 41)
ISL1 +(42) +(43)
INSM1 Lacking data +(12)
Vasoactive intestinal peptide +(44, 45) —(44, 45)
Metenkephalin +(44, 45) —(44, 45)
MAO A and B +(46) Lacking data

NEUROGENIC/ MECHANORECEPTOR MARKERS
Neuropeptides +(30) +(47)
Neurofilament —(48)+ +(14, 15)
CD171 —(49) +(49)
SATB2 +(50) +(15, 50)
PIEZO2 +(38) +(unpublished

data)

PGP9.5 +(51) +(52, 53)
SOX2 +(42) +(54, 55)
WNTA +(56) Lacking data
TUBB3 +(51) +(57)
p75NTR +(58) Lacking data
TrkC +(58) Lacking data
NT-3 +(58) Lacking data
Advillin +(59) Lacking data

B CELL MARKERS
CD117 (c-KIT) —(60) +(61)
PAX5 Lacking data +(15, 62, 63)
TDT Lacking data +(15, 62, 63)
Immunoglobulins Lacking data +(64, 65)

(+), positivity of the marker; (=), negativity of the marker; CSPG4, chondroitin sulfate
proteoglycan 4; INSM1, insulinoma associated 1, ISL1, Islet-1; LRIG1, leucin rich repeats
and immunoglobulin like domains 1; MAO, monoamine oxydase; NT-3, neurotrophin 3;
p75NTR, neurotrophin receptor p75; PAX5, paired box 5; PGP9.5, ubiquitin C-terminal
hydrolase L1; SATB2, special AT- rich sequence binding site 2; SOX2, SRY-box2; TDT,
terminal deoxynucleotidyltransferase; TRKC, neurotrophic tyrosine kinase receptor type
3, TUBBS3, tubulin beta 3 class Ill; WNT1, Wnt family member 1.

(sarcomatous, adnexal) (104, 106), MCC is most frequently
found associated with squamous/eccrine carcinoma (105, 107)
(Figure 4). For individual cases, the same genetic alterations have
been reported for both components, which implies a common
progenitor (108), whereas other cases gave proof of a collision
tumor (109). Furthermore, similar aberrant p53 expression is
frequently observed in both components of combined MCC
(105). In some combined MCC cases, intra-epidermal neoplasia

such as actinic keratosis or Bowen’s disease (107) was detected
close to the squamous cell carcinoma component. Bowen’s
disease originates from the epidermis, and invasive squamous cell
carcinoma can derive from Bowen’s disease; hence, the clonality
between squamous cell carcinoma and the MCC component
(108) favors an epidermal origin of MCC (97). Of note, the
hyperplasia of MCs in the squamous cell carcinoma component
of combined tumors (70) might suggest that such components
contain precursors with the ability to acquire an MC phenotype.

Importantly, such combined cases have been described to
be usually typical UV-induced MCCs, harboring morphologic
and immunohistochemical features distinct from MCPyV-
positive MCC and high mutational load (104, 106, 108)
as depicted in Table3. Of note low viral load of MCPyV
in some cases is probably related to an episomal viral
genome present in the skin (105). In our experience
[(118), Figure4], rare cases of MCC with intra-epidermal
involvement [2% in our previously reported cohort (73)]
are also related to the UV-induced subset. Hence, although
combined cases imply that MCPyV-negative cases derive
from some epidermal progenitors of the interfollicular
epidermis, they provide no information about MCPyV-induced
tumors (119).

In agreement with this observation, Sunshine et al.
hypothesized that there might be two different cells of origin
for the two MCC subtypes (119). They provided several
arguments for this conclusion. For example while the UV-
mutation signature of virus-negative MCC favors an epidermal
origin the failure of epidermis targeted TA-expression to
produce tumors resembling human MCC in mouse models
(68, 120, 121) suggests that other cells in the skin such as
dermal fibroblast may serve as origin of MCC (119). Since
both UV- and virus-induced MCC occur in sun-exposed
areas where frequent UV-induced mutations are observed
in keratinocytes (122), but only MCPyV-negative cases are
characterized by high mutational load and UV signature
(22, 119) Sunshine and colleagues excluded an epithelial and
instead proposed a fibroblastic origin of MCPyV(4+) MCC
(119). However, low mutational burden as well as lack of
UV-signature in MCPyV(4) MCC might also be explained by
MCPyV integration into a cell from the hair follicle which like
dermal fibroblasts is located deeper in the skin then normal
epidermal keratinocytes.

In conclusion and acting on the assumption that MCC
generally has an epithelial origin, one could speculate that
UV-induced MCC derives from a keratinocytic progenitor
from the interfollicular epidermis that acquires the ability to
differentiate into MCs during the oncogenic process, whereas
MCPyV-driven oncogenesis is initiated in a progenitor from a
hair follicle.

A Fibroblastic Origin

Another hypothesis is MCC developing from fibroblastic cells.
This hypothesis might account for the quasi-exclusive dermal
location of MCC, discussed above. Furthermore, the fibroblastic
origin of MCCs would be consistent with our knowledge of the
MCPyV cycle because fibroblasts of the papillary dermis have

Frontiers in Oncology | www.frontiersin.org

June 2019 | Volume 9 | Article 451


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Kervarrec et al.

MCC Histogenesis

Putative histogenesis of
Merkel cell carcinoma

@ @

Epithelial cell/ Fibroblast/ Pre/Pro
MC progenitor Dermal stem cell B cell

A uv MCPyV MCPyV

-

MCPyV

-

|ATOH1 expression| | Disruption of the Rb pathway |
Differentiation in Transformation + acquisition of a Merkel cell
Merkel cell like phenotype
B MCPyv
o
. |Transformation|
Merkel MCC tumor
cell uv cell

pre/pro B cells (E) from the B cell lineage (F). MC, Merkel cell; MCPyV, Merkel cell polyomavirus.

Common
lymphoid
Progenitor

Pre/Pro
B cell

Pro
B cell

o

Pre
B cell

Mature
B cell

B cell lineage

FIGURE 3 | Graphic summary of the 4 putative cells of origin of Merkel cell carcinoma (MCC). (A) Physiological MC differentiation (B) First hypothesis: physiological
MC as the cell of origin of MCC, suggesting that T antigens can induce transformation in this cell type. (C-E) Second hypothesis: oncogenic events occur in a
non-MC and induce transformation and acquisition of an MC-like phenotype. Potential ancestries are epithelial progenitors (C), fibroblast/dermal stem cells (D) or

been identified as the main site of replicative MCPyV infection  epithelial cells in vitro. Furthermore, physiological stem cells
(75). Although infectious MCPyV particles can enter several  of the papillar dermis [i.e., dermal skin precursors or skin-
cell types including keratinocytes with various efficiency rates  derived precursors (128)] share phenotypic similarities with
(75, 123), fibroblasts remain the only host cell evidencing early  induced pluripotent stem cells, such as expression of the
and late viral protein expression. One could argue that replication  stem cell factors c-Myc and Sox2 (129), two markers also
and transformation can occur in independent cell types, as was  expressed by MCC (54, 130). These dermal skin precursors
previously demonstrated for polyomavirus SV40 (124); however,  are able to differentiate into epithelial or neuronal cells in
the ability of fibroblasts to allow replication of the MCPyV  yitro. Hence, because of the close proximity of these cells
genome increases the likelihood of accidental integration of the  to dermal fibroblasts, which can support productive MCPyV
viral genome. Moreover, the in vitro transforming potential of  infection (75), as well as their expression of pluripotent factors
sT antigen has until now been demonstrated only in fibroblasts  and their differentiation abilities, MCPyV integration in such
(68, 124, 125). Notably, ectopic expression of SV40T antigens  cells could lead to MCC oncogenesis and acquisition of an

in fibroblastic cells (126) triggered the induction of cytokeratin  MCC phenotype.
expression, which suggests that polyomavirus infection can

influence a differentiation lineage. In such a setting, acquisition A Pre/Pro or Pre-B-Cell Origin
of an MCC phenotype induced by viral protein expression could =~ Because of the recurrent association between MCC and B-
require a transient pluripotent stage. Indeed, fibroblasts are  cell neoplasias (131-134) as well as phenotypic similarities and
widely used for reprogramming to pluripotent cells. The resulting ~ the occasional integration of MCPyV in hematopoietic cells, a
induced pluripotent stem cells (127) can be differentiated into  lymphoid pre/pro B-cell origin is also discussed (62, 64).
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TABLE 2 | Pros and cons of current hypotheses for the potential cell of origin of Merkel cell carcinoma (MCC).

Candidate

Pros

Cons

Merkel cell

Phenotypic similarities: (immunohistochemical profile: CK8,
CK18, CK20 + neuroendocrine markers+ultrastructural
findings)

No mitotic activity

No demonstrated MCPyV demonstration

No transformation by MCPyV antigens

Lack of epidermal connection in almost all MCC cases

Epithelial progenitor

Ability to differentiate into Merkel cells

Ability to generate combined MCC

Most probable origin of neuroendocrine carcinoma in
other sites

Exclusive dermal/hypodermal location of MCC
No UV signature
Lack of epidermal connection in almost all MCC cases

Fibroblast and dermal
stem cell

Site of replication of the MCPyV

Ability of MCPyV antigens to induce transformation in these
cell types

Presence of SKP with reprogramming abilities

No proof of the ability of fibroblasts to acquire an MC-like
phenotype
Unexpected origin for a neuroendocrine carcinoma

Pre/pro B cell

Epidemiologic association between MCC and B-cell
neoplasia

Co-expression of B-cell markers (PAX5, TdT and
Immunoglobulins)

Detection of MCPyV integration in B-cell neoplasia

No proof of the ability of B cells to acquire an MC-like
phenotype
Unexpected origin for a neuroendocrine carcinoma

MC, Merkel cell; MCPyV, Merkel cell polyomavirus;, SKR, skin-derived precursors.

A

e s

IEN * scc +MCC ,

C

an intra-epidermal component.

FIGURE 4 | Microscopy features of MCC with divergent differentiation or intra-epidermal involvement [bars = 5mm and 200 pm (A,B) and 100 pm (C,D). (A-C)
combined MCC is characterized by the association of MCC with another differentiation subset, mainly squamous cell carcinoma (SCC). In some specimens,
intra-epidermal neoplasia (IEN) such as Bowen disease, deriving from the non-neoplasic epidermis (NE) can be detected in tumor in close contact. (D) MCC harboring

)

Indeed, chronic lymphocytic leukemia is the most frequent
neoplasia associated with MCC development. Whether this
is due to a common transforming event or the first tumor
creating an immunological microenvironment facilitating the
development of the second tumor or merely due to both tumors

appearing in older immunocompromised subject has yet to be
determined (131).

Moreover, MCC shares morphological features with other
small round blue cell tumors, which explains why B-cell neoplasia
must be considered a differential diagnosis of MCC. In addition,
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TABLE 3 | Distinct features of MCPyV-positive and -negative MCC cases.

Features MCPyV(+) Merkel cell MCPyV(-) Merkel cell
carcinoma carcinoma
MORPHOLOGY
Nucleus Round (110, 111) Irregular/spindle
(110, 111)
Cytoplasm Few (110, 111) More abundant
(110, 111)
Divergent No (1083, 104) Yes (103, 104)
differentiation
IMMUNOHISTOCHEMICAL MARKERS
CK20 +(112,113) +/—(112, 113)
CKr ~(112) +/~(112)
TTF1 —(112, 114) +/—~(112, 114)
Neurofilament +(14, 106, 112) +/-(14,106, 112)
Oncogenic MCPyV T antigens UV induced genetic
triggers (16, 68, 79, 115) alteration (22, 116, 117)

Mutation load Low (22, 116, 117) High (22, 116, 117)

(+), frequent positivity of the marker; (-), frequent negativity of the marker; (+/-) increased
or decrease expression frequency of this marker compared to the MCPyV/(+) subset.
Compared to the MCPyV-positive MCC cells MCPyV-negative MCC tumor cells have
been described to harbor more irregular nuclei, more abundant cytoplasm and display
more frequently so called divergent differentiation.. Moreover, MCPyV-negative cases are
characterized by an specific immunohistochemical profile with frequent lack of expression
of CK20 and neurofilaments, and more frequent positivity for TTF1 and CK7. Finally, very
high mutational burden with UV signature are observed only in MCPyV-negative cases.

the coexpression of terminal deoxy nucleotidyl transferase (TdT),
paired box 5 (Pax5) and immunoglobulin chains, all markers
expressed during B-cell differentiation, has been observed in
MCC tumors (62, 64). Initially, the frequency of TdT and
Pax5 positivity was reported to be about 65% (N = 187)
and 90% (N = 143) of MCC cases (64); however, recently
observed rates were lower, 26% (N = 217) or 23% (N =
213) (15, 63). Of note, expression of immunoglobulin chains
was restricted to the MCPyV(+) subset and detected in about
70% of cases (65). In addition, rare observations of MCC
cases with monoclonal immunoglobulin rearrangement of heavy
chain as well as monoclonal expression of Kappa light chain
were reported (62, 65). As already discussed, determination
of the histogenesis based on phenotype similarities between
terminally differentiated tumor and physiological cells does not
account for phenotypic changes during oncogenesis (76). In
this regard, induction of immunoglobulin expression during
the oncogenic process has been reported for several epithelial
and soft-tissue neoplasias (135, 136) and may contribute
to tumor aggressiveness (137). Furthermore, immunoglobulin
rearrangement due to the expression of essential enzymes
required for gene rearrangement and class switch recombination
has been described in non-hematopoietic neoplasia (136).
Hence, immunoglobulin expression and rearrangement might
result from the oncogenic process, and their occurrence in
MCC cannot rule out a non-lymphoid cell origin. Induction
of immunoglobulin expression in epithelial cells has been
reported to result from Epstein-Barr virus infection (138) and
was also observed in papillomavirus-induced neoplasia (139).

These findings, combined with the exclusive expression of
immunoglobulins in MCPyV(+) MCC, led Murakami and
colleagues to hypothesize that the immunoglobulin expression
in MCC cells is induced by MCPyV oncoproteins (65). In
the same manner, the concomitant expression of TdT and
Pax5 is restricted to immature B cells and thymocytes under
physiological conditions (140) and is also observed in MCC.
While co-expression have not yet been described positivity of one
of these markers has also been demonstrated in several epithelial
neoplasias (141, 142), which indicates that these markers can
be acquired during the oncogenic process. Moreover, MCPyV
genome integration (143) associated with a deletion leading
to a truncated LT antigen (144), the two hallmarks of MCC
oncogenesis, have been evidenced in some cases of chronic
lymphocytic leukemia and tropism of other tumor viruses for the
Pre-Pro B cells has been previously emphasized (145). Although
these findings demonstrate that MCPyV integration associated
with transformation can occur in B cells, lack of acquisition of
an MCC phenotype in these cases argue against a B-cell origin
of MCC.

SUMMARY

To conclude, reviewing the current knowledge of MCC
histogenesis allows for also underlining the basis of the current
tumor classification system. Indeed, tumors are mostly classified
according to their differentiation status and their level of
similarities with physiological cells at the same location (24).
However, we should keep in mind that the final phenotype of a
given tumor cell may result from strong differentiation changes
occurring during oncogenesis and thus does not necessarily
directly reflect the cell ancestry (76). Accordingly, despite
strong similarities, MCC likely does not derive from already
differentiated MCs, which suggests that acquisition of an MC-
like phenotype occurs during the oncogenic process (Figure 3).
From the observations of combined MCC tumors, high somatic
pathologic variant loads and detection of an UV signature in
this subset, UV-induced MCC cases probably derive from a
progenitor cell of the epidermis. By contrast, the nature of the
cell in which MCPyV integration occurs remains to be clarified.
The lack of connection between tumor cells and the epidermis as
well as lack of a UV signature could favor a non-epithelial origin
but alternatively could be explained by integration of MCPyV
in cutaneous appendage enriched with MC precursors. Use of
experimental models in addition to phenotypic characterization
of MCC to monitor phenotype changes induced by MCPyV in
several cell types are needed to fully address this question.
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LETTER TO THE EDITOR

VEGEF-A Inhibition as a Potential Therapeutic
Approach in Merkel Cell Carcinoma

Journal of Investigative Dermatology (2018) m, m—m; doi:10.1016/}.jid.2018.08.029

TO THE EDITOR

Merkel cell carcinoma (MCC) is an
aggressive carcinoma of the skin with
frequent metastases and fatal outcomes
(Lemos et al., 2010). Until recently,
despite rapid chemoresistance, plat-
inum salt-based chemotherapy
remained the first-line therapy for stage
IV disease (Nghiem et al., 2017). Tumor
progression is related to escape from
the immune system and restoration of
the T-cell response by inhibitors target-
ing the PD-1/PD-L1 checkpoint is an
emerging approach (Colunga et al,
2017; Kaufman et al., 2016). Thus,
avelumab has recently been approved
as second-line therapy in refractory
advanced MCC (Colunga et al., 2017;
Kaufman et al., 2016).

However, MCC tumor progression is
also related to interactions with
nonimmune microenvironment com-
ponents, notably by promoting angio-
genesis. In this respect, high vascular
density has been associated with
decreased recurrence-free survival (Bob
et al.,, 2017) and overall survival (Ng
et al., 2008) in MCC. Indeed, vascular
endothelial growth factor A (VEGF-A), a
proangiogenic factor involved in the
development of a wide range of neo-
plasms (Veeravagu et al., 2007), was
previously detected in more than 90%
of MCC tumors (Brunner et al., 2008).
In addition, high intratumoral level of
VEGF-A predicts metastasis (Fernandez-
Figueras et al., 2007). From these
observations, we hypothesized that
VEGF-A could represent a therapeutic
target in MCC.

In a first validation step, VEGF-A
expression was assessed by immuno-
chemistry on a tissue microarray assay
of 97 MCC patients from a French
cohort previously described (Kervarrec

et al.,, 2017), which were scored
semiquantitatively (null, low, or high
expression). The institutional review
board of the local ethics committee
of Tours (France) approved the study
(no. RCB2009-A01056-51) and pa-
tients gave written, informed consent.
VEGF-A staining was observed in 92
patients (95%), showing high VEGF-A
expression in 38 patients (39%), low
VEGF-A expression in 54 patients
(56%), and no expression in 5 patients
(5%). Patients with absent/low or high
VEGF-A expression did not differ in
age, sex, American Joint Committee on
Cancer stage, tumor sample (primary
vs. metastases), or immunosuppression
(data not shown). However, we found
an association between high VEGF-A
level and presence of the Merkel cell
polyomavirus (MCPyV), considered
the main trigger in MCPyV-positive
MCC oncogenesis. Indeed, high
VEGF-A expression was observed in
27/57 patients (47%) showing immu-
nohistochemical expression of large T
antigen (LTAg), evaluated as described
(Kervarrec et al., 2017), and only 8 of
34 patients (24%) showing no LTAg
expression (Figure 1a and b) (Fisher
exact test: P = 0.027). Accordingly,
quantitative PCR (primer specific for
LTAg sequence) showed higher viral
loads in patients with high VEGF-A
expression compared with the others:
median = 16 copies/cell (quartile [Q]
1-Q3 = 9.25-28.75)  versus
median = 9 copies/cell (Q1-Q3 =
0—16) (Mann-Whitney U test, P <
0.001) (Figure Tc). These results show
increased VEGF-A levels in MCPyV-
positive tumors, but further in-
vestigations are required to clarify
whether VEGF-A production is pri-
marily driven by MCPyV oncoproteins.

Abbreviations: LTAg, large T antigen; MCC, Merkel cell carcinoma; MCPyV, Merkel cell polyomavirus;
Q, quartile; VEGF-A, vascular endothelial growth factor A
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Next, we investigated VEGF-A pro-
duction by MCC tumor cells. The
VEGF-A expression was assessed in five
MCPyV-positive MCC cell lines by
reverse transcription-PCR and Western
blot analysis, and VEGF-A concentra-
tion was quantified in supernatants by
ELISA  (all  described in the
Supplementary Materials online). In
accordance with our previous results,
VEGF-A expression was detected at the
RNA and protein levels in all investi-
gated MCC cell lines and in superna-
tants (Figure 1d—f), thereby confirming
VEGF-A production by MCC tumor
cells. Notably, VEGF-A expression was
generally higher than in HaCaT cells
(see Supplementary Figure ST online),
an established VEGF-A—expressing cell
culture system (Cai et al., 2018).

In a second step, we investigated
VEGF-A as a potential therapeutic
target. Because of its high specificity for
tumor-human derived VEGF-A and no
recognition of the mouse counterpart
(Liang et al., 2006), its acceptable
toxicity, and its potential use in com-
bination with immunotherapy
(Manegold et al., 2017), we selected
the humanized monoclonal antibody
bevacizumab for VEGF-A inhibition in
MCC. In vitro experiments confirmed
that bevacizumab did not have a direct
effect on MCC cell line viability (data
not shown). We then tested the anti-
tumor growth effect of bevacizumab
on the previously established xeno-
transplantation mouse model using the
MCPyV" MCC cell line WaGa (Houben
et al.,, 2012). Briefly, tumors were
induced by subcutaneous injection of
107 tumor cells in 16 female NOD
SCID mice (local ethics committee:
Apafis 3973, 2016-020410139630-V2).
The general state of each animal and
tumor volume were monitored every 2
days during the entire procedure. When
tumor volume reached 25 mm?, mice
were randomly assigned to the experi-
mental (n = 8) or control group (n = 8)
and received an intraperitoneal

www.jidonline.org
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Figure 1. VEGF-A expression in MCC tumor samples and MCC cell lines (MKL-1, MKL-2, MS-1, WaGa, and PeTa). (a) Expression of VEGF-A in LTAg-expressing
and nonexpressing MCC tissue. VEGF-A expression was assessed semiquantitatively and dichotomized as VEGF-A low (absent or low) and VEGF-A high
expression. In parallel, an Allred score for MCPyV-LTAg expression was determined. Only patients with score greater than 2 were considered to be LTAg
expressing. Data are expressed as percentage of VEGF-A—expressing and non-/low-expressing patients. *P = 0.027 comparing LTAg-expressing and
nonexpressing patients by Fisher exact test. (b) Representative immunochemical detection of MCPyV LTAg (CM2B4) and VEGF-A protein in MCPyV™ and
MCPyV™" tumor tissue (scale bar = 100 um). (c) MCPyV viral load in VEGF-A non-/low- and high-expressing MCC groups. Viral load was determined by
quantitative PCR with WaGa cells as a control (Rodig et al., 2012). Horizontal line is the median, and box edges are Q1—Q3 and whiskers are range. **P <
0.001, Mann-Whitney U test. (d) VEGF-A mRNA level in MCC cell lines. Reverse transcription-PCR analysis of VEGF-A and RPLPO levels (the latter used as a
control). (e) VEGF-A protein level in MCC cell lines: Western blot analysis of VEGF-A protein level (expected size = 22 kDa). (f) VEGF-A protein level in
supernatant of MCC cell lines. ELISA of VEGF-A secretion in conditioned culture media from 3 x 10° cells/m| cultured for 6 days. Nonconditioned culture
media was used for normalization. Data are mean =+ standard deviation of three independent experiments. All procedures are described in the Supplementary
Materials. LTAg, large T antigen; MCC, Merkel cell carcinoma; MCPyV, Merkel cell polyomavirus; Q, quartile; RPLPO, ribosomal protein lateralstalk subunit PO;
VEGF-A, vascular endothelial growth factor A.

mm?/day [Q1—Q3 = 0.7—4.1] vs. 130 g

injection of bevacizumab three times [Q1-Q3 = 0.2—-0.5] vs. 24 ¢

per week (2 mg/kg, injected volume =
0.2 ml) (experimental group) or an
equivalent volume of phosphate buff-
ered saline (control group).

Tumor growth rates were significantly
lower in the experimental than control
mice (growth curve slope: median = 0.8

mm?*/day [Q1—Q3 = 107—144]; Mann-
Whitney U test, P = 1.5 x 1077
(Figure 2a and b, and see
Supplementary  Figure S2  online).
Accordingly, final median tumor weight
was significantly lower in the experi-
mental than control mice (median = 0.4
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[Q1—Q3 = 2.1-2.6]; Mann-Whitney U
test, P=3 x 10™%). Intratumor vascular
density, assessed by CD31 immunohis-
tochemical staining, was significantly
lower in experimental than control mice
(mean value of vascular density =
0.49% [Q1—Q3 = 0.43—0.51] vs.
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Figure 2. Efficacy of bevacizumab treatment on growth of WaGa xenotransplantation tumors in mice. (@) Tumor growth in bevacizumab and control

groups (mean = standard deviation tumor volume in mm®). Tumors were induced by subcutaneous injection of 107 WaGa MCC cells with 100 pg Matrigel
(Benson Dickinson, France) in a final volume of 0.2 ml DMEM medium into mice. Mice received intraperitoneal injections of bevacizumab three times per week
(2 mg/kg, injected volume 0.2 ml) (bevacizumab group, n = 8) or an equivalent volume of phosphate buffered saline (controls, n = 8). (b) End-point tumor
volume (mm?) in bevacizumab and control groups. *P < 0.001, Mann-Whitney U test. (c) Representative CD31 immunohistochemical staining of tumors in
bevacizumab and control groups showing lower vascular density (P < 0.001, Mann-Whitney U test) and smaller vessel size (P < 0.01, Mann-Whitney U test) in
bevacizumab- versus control-treated tumors. Scale bar = 250 pm. (d) Vascular density at the end point in the bevacizumab and control groups. **P < 0.001

Mann-Whitney U test.

0.98% [Q1—Q3 = 0.78-1.42]; Mann-
Whitney U test, P = 3 x 107%,
showing a direct inhibition of blood
vessel  growth by  bevacizumab
(Figure 2c and d). We observed no liver
or lung metastasis in either group and
no difference in necrosis (P = 0.5).
One major limitation of MCC pre-
clinical studies is the lack of an avail-
able tumor model with
immunocompetent  mice.  Indeed,
VEGF-A also acts on immune cells by
inhibiting both lymphocytic and den-
dritic cell maturation (Ohm et al,
2003). Thus, bevacizumab could
reduce these immunosuppressive ef-
fects in combination with immuno-
therapy (Manegold et al.,, 2017). In
addition, inclusion of an VEGF-A non-
expressing cell line to exclude a stro-
mal VEGF-A targeting by bevacizumab

and a MCPyV-negative MCC cell line in
a xenograft model would be suitable
but was not performed in this study
because of lack of appropriate or
representative cell lines (Guastafierro
et al., 2013).

To conclude, our results suggest
VEGF-A as a potential therapeutic
target in MCC. VEGF-A is frequently
highly expressed in tumor cells, espe-
cially in MCPyV" patients. Because
bevacizumab was found efficient for
tumor growth inhibition in a preclinical
model, it may be a promising thera-
peutic option in metastatic MCC, as an
alternative or combined with current
treatments.
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Merkel cell carcinomas infiltrated with
CD33" myeloid cells and CD8" T cells
are associated with improved outcome
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Background: Merkel cell carcinoma (MCC) is a rare tumor of the skin that has an aggressive behavior.
Immunity is the main regulator of MCC development, and many interactions between lymphocytes and tumor
cells have been proven. However, the impact of tumor-infiltrating myeloid cells needs better characterization.

Objective: To characterize tumor-infiltrating myeloid cells in MCC and their association with other immune
effectors and patient outcome.

Methods: MCC cases were reviewed from an ongoing prospective cohort study. In all, 103 triplicate tumor
samples were included in a tissue microarray. Macrophages, neutrophils, and myeloid-derived suppressor
cells were characterized by the following markers: CD68, CD33, CD163, CD15, CD33, and human
leukocyte antigen-DR. Associations of these cell populations with programmed cell death ligand 1
expression, CD8 infiltrates, and vascular density were assessed. Impact on survival was analyzed by
log-rank tests and a Cox multivariate model.

Results: The median density of macrophages was 216 cells/mm®. CD68" and CD33" macrophage
densities were associated with CD8" T-cell infiltrates and programmed cell death ligand 1 expression. In
addition, MCC harboring CD8™ T cell infiltrates and brisk CD33" myeloid cell infiltrates were significantly

and independently associated with improved outcomes (recurrence-free and overall survival).

Limitations: Sampling bias and the retrospective design were potential study limitations.

Conclusion: Infiltration of CD33" myeloid cells and CD8" T lymphocytes defines a subset of MCC
associated with improved outcome. (J Am Acad Dermatol 2018;78:973-82.)

Key words: CD33; immune infiltrate; macrophages; Merkel cell carcinoma; myeloid cells; PD-L1.

erkel cell carcinoma (MCC) is a rare and
aggressive tumor of the skin, and the
main risk factors are age, ultraviolet light

exposure, and immunosuppression. The diagnosis
of MCC relies on the association of histologic features
of small cell neuroendocrine carcinoma and
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immunohistochemical expression of cytokeratin 20
or neuroendocrine markers." In 2008, Feng et al
discovered Merkel cell polyomavirus (MCPyV)
integration in a large proportion of MCC tumors,”
and MCPyV is currently considered the main
etiologic agent of MCC.

Increasing evidence supports that cellular
immune responses play a crucial role controlling
MCC progression. Brisk in-
tratumoral CD8" lymphoid
infiltrates have been associ-
ated with improved out-
comes for MCC cohorts,””
which  suggests effective
antitumor—specific cytotoxic
responses in  at  least
some MCC cases. However,
most MCC cases displayed
immune  evasion  from
antitumoral effectors, with
lymphocytes excluded at
the periphery of the tumor
(the stalling phenomenon)
and cytotoxic responses
inhibited."”

Tumor-infiltrating myeloid cells (TIMs) have
been suggested to be involved in such immune
regulation in MCC.”” Indeed, TIMs can affect tumor
development by modulating immune responses
and enhancing vascular density.'”'* Recruited,
immune efficient M1-polarized macrophages are
progressively replaced during tumor development
by tumor-associated macrophages closely related to
the M2 tolerogenic subset. Tumor-secreted factors
can block the differentiation process of myeloid
progenitors, thereby leading to the development
of an immunosuppressive myeloid subset, the
myeloid-derived suppressor cells (MDSCs)."”

In MCC, TIMs (previously characterized by
immunohistochemical stainings”/‘/'ls assessing
CD68™ and CD163" macrophages) were found to
be major components of the tumoral microenviron-
ment and the main source of programmed cell
death (PD) ligand 1 (PD-L1), a component of the
tolerogenic PD-1/PD-L1 pathway currently targeted
by avelumab immunotherapy.'® One recent study”
of 12 MCC samples revealed that MCC tumors were
also infiltrated by CD33-expressing cells, suspected
to be tumor-infiltrating MDSCs.

In this study, we investigated TIMs in a cohort of
MCC patients by using the pan-macrophage marker
CDG68, the M2 macrophage marker CD163, and the
early differentiation myeloid marker CD33. CD15
was used as a neutrophil marker, and an innovative
combination of immunostaining was developed to

higher risk.

CAPSULE SUMMARY

« Brisk infiltration of CD8" T lymphocytes
represents an efficient immune response
in patients with Merkel cell carcinoma.

In this study, tumors with brisk
infiltration of both CD33™ myeloid cells
and CD8" T lymphocytes were
associated with an improved outcome.

Patients with tumors lacking brisk CD33
infiltration may be considered to be at
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identify tumor-infiltrating MDSCs. Tumor character-
istics; intratumoral microenvironment composition
(CD8 infiltration, PD-L1 expression, tumoral vascular
density, and MCPyV detection); and patient
outcomes (MCC recurrence and death) were
investigated for the TIM subsets.

METHODS
Study period, data, and
settings

MCC cases were recruited
from an ongoing prospective
cohort of MCC patients who
had an MCC diagnosis
established during 1998-2015
from 5 French hospital cen-
ters (local ethics committee,
Tours, France, no. ID
RCB2009-A01056-51). Cohort
inclusion criteria were
previously reported.'” Only
cases with sufficient available
formalin-fixed paraffin-
embedded (FFPE) samples
were included.

Clinical and follow-up data

Age and sex; American Joint Committee on
Cancer (AJCC) 2010 stage at time of surgery
location of samples (primary tumors or metastases);
information relating to immunosuppression (HIV
infection, organ transplant, and hematologic
malignancies)'”; and follow-up data were collected
from patient files.

Tissue microarray establishment

Inflammatory immune cells are localized in
peritumoral or intratumoral areas of the tumor
microenvironment, but prognosis is related mostly
to the intratumoral components.’ Therefore, we
focused the study on intratumoral areas. In brief,
these areas were selected on hematoxylin phloxine
saffron—stained sections by using the following
criteria: central intratumoral area, lack of necrosis
or fibrous septa, and representative immune
infiltrates  after overall slide evaluation on
hematoxylin phloxine saffron staining. The selected
areas were extracted as a 1-mm tissue core and
mounted in triplicate by using a semi-motorized
tissue arrayer (MTA booster OI v2.00, Alphelys).

Immunohistochemistry

Immunohistochemical stainings involved the use
of the BenchMark XT Platform (Ventana Medical
Systems Inc, Basel, Switzerland) as instructed.
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Abbreviations used:

AJCC: American Joint Committee on Cancer
CL: confidence interval
FFPE: formalin-fixed paraffin-embedded
HLA-DR: human leukocyte antigen—DR
HR: hazard ratio
MCC: Merkel cell carcinoma
MCPyV:  Merkel cell polyomavirus
MDSC: myeloid-derived suppressor cell
PD: programmed cell death
PD-L1: programmed cell death ligand 1

: quartile
TIM: tumor-infiltrating myeloid cells

The target population markers, antibodies, and
dilutions used are summarized in Supplemental
Table I (available at http://www .jaad.org).

Assessment of tumor-infiltrating immune cells

Myeloid cells were counted on 5 high-power
fields of the intratumor area (0.785 mm?®) defined
as the tumor area with few fibrous septa and no
necrosis. Only immune cells with obvious nuclei and
adequate morphology (macrophages or neutrophils)
in contact with tumor cells and not within
vessels were considered in the analysis." The
representativeness of our counts were validated on
the first set of overall slides as shown in
Supplemental Table II (available at http://www.
jaad.org). Second, cells on tissue microarray slides
were counted by 2 pathologists (Drs Guyétant and
Kervarrec). When cell counts differed by >10%, a
third count was performed by the 2 pathologists
together. Mean cell count was used for further
analysis. Density of CD8" T lymphocytes was
graded as described.” Cases with <5 representative
high-power foci were excluded as not interpretable.

Assessment of MDSCs by double-staining
immunochemistry

MDSCs were previously investigated by flow
cytometry and found to have the phenotype
CD33"CD11b"HLA-DR (human leukocyte antigen—
DR) %% Because CD33 and CD11b are both
myeloid lineage markers, with CD33 being expressed
earlier,”’ we performed double staining for CD33 and
HLA-DR. To detect cells expressing CD33 without
HLA-DR, we used a strong dark chromogenic
component for HLA-DR staining. This chromogen,
5-bromo-4-chloro-3-indolyl-1-phosphate with nitro-
blue tetrazolium, masks other colors in colocalization
stains and allows for exclusion of all cells
expressing HLA-DR. The procedures and controls
used in these stainings are described in the
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Supplementary Appendix and Supplemental Fig 1
(available at http://www jaad.org).

To investigate MDSC location, all cases with
positive CD33 HLA-DR™ cell were reviewed on
overall slide staining, and cells were counted on 3
fields of the intratumor area, area of necrosis, and
fibrous septa.

Assessment of vascular density

After CD34 immunostaining, slides were scanned
by using NanoZoomer (Hamamatsu, Hamamatsu
City, Japan), and digitalized slides were analyzed
by using Image] software’' as described in the
Supplementary Appendix and Supplemental Fig 1
(available at http://www jaad.org).

Assessment of MCPyV status

MCPyV status of the tumors was assessed by the
expression of the large T antigen by using CM2B4
antibody and the Allred score as described.”** In brief,
asemiquantitative score was used to assess intensity and
proportion of large T-antigen—expressing cells; tumors
with scores >2 were considered MCPyV positive.”

Statistical analyses

Continuous data were described with medians
and quartiles 1-3 (Q1-Q3). Categorical data were
described with numbers and percentages of
interpretable cases. Associations were assessed by
two-tailed Fisher’s exact test for categorical data and
nonparametric Mann-Whitney U test for continuous
data. The relationship between patient characteris-
tics and survival (recurrence-free and overall) were
analyzed by log-rank test and presented on
Kaplan-Meier curves. Univariate and multivariate
Cox proportional-hazards regression was used to
estimate hazard ratios (HRs) and 95% confidence
intervals (CIs) and identify factors associated with
MCC recurrence and death. Overall deaths were
considered events, and living patients were censored
on the date of last follow-up. Covariates with P < .20
on Cox univariate regression analysis were identified
as potential prognostic confounders and then
included in the multivariate Cox analysis. Statistical
analysis involved use of XL-Stat-Life (Addinsoft,
Paris, France). P < .05 was considered statistically
significant, except with multiple testing, when only
P < .01 was considered significant.

RESULTS

Density of TIM populations in MCC tumors
Among the 242 MCC patients included in the

cohort, 103 cases with sufficient available FFPE

samples were included (Fig 1). The number of

interpretable cases per myeloid marker is listed in
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242 MCC with confirmed diagnosis

MCC without sufficent FFPE
samples (n=139)

103 MCC included in TMA

MCC without follow up
(n=20)

83 MCC with follow up

Fig 1. Flow chart of MCC samples excluded and included
in study. FFPE, Formalin-fixed paraffin-embedded;
MCC, Merkel cell carcinoma; TMA, tissue microarray.

Table I. The median cell densities of CD68*, CD163 %,
and CD33™ myeloid cells were 216 (Q1-Q3 131-323)
cells/mm?, 120 (Q1-Q3 76-191) cells/mm? and
83 (Q1-Q3 31-213) cells/mm?, respectively. Overall,
66 of 95 (69%) interpretable samples showed
tumor-infiltrating, = CD15-expressing  neutrophils
median density 2.5 [Q1-Q3 0-4] cells/mm?). Only 5
of 84 (7%) interpretable MCC samples showed
CD33"/HL-DR™ cells, with a median of 5 (Q1-Q3
3-5) cells/mm® in positive cases. On overall
slide examination of these latter cases, MDSCs
were only rarely located in intratumor areas without
necrosis (median 2.8 [Q1-Q3 0-5] cells/mm?
compared with intratumor areas with necrosis
(median 66 [Q1-Q3 39-81] cells/mm?% P < .01) or
with the fibrous septa surrounding the tumor
(median 57 [Q1-Q3 11-112] cells/mm?, P < .01) as
shown in Fig 2.

Association of TIMs with baseline clinical
characteristics

The median age of patients was 77 (Q1-Q3, 69-84)
years, 42% (42/100) of the population was male, and
14% (10/72) was immunosuppressed. Regarding
AJCC staging at diagnosis, patients were classified
as having stage 1 (25%, 21/85); stage 2 (26%, 22/85);
stage 3 (45%, 39/85); or stage 4 disease (4%, 3/85).

Patient baseline clinical characteristics by density of
TIMs (macrophages, neutrophils, and MDSCs) are
provided in Supplemental Table III (available at
http://www jaad.org). In brief, TIM infiltrates were
dichotomized as brisk and nonbrisk by median count,
except for MDSCs, which were dichotomized as
MDSC-positive (n = 5) or MDSC-negative tumors
(n = 79). TIMs were not associated with clinical
baseline characteristics or MCPyV status, except
for the neutrophil infiltrates, which were more
frequent in advanced tumor stage samples
(Supplemental Table I1D).
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TIMs are closely associated with other
components of the tumor microenvironment

The association between TIM density and relevant
components of the MCC microenvironment is shown
in Table I and Fig 3.

MCC tumors with CD8" T-cell infiltrates (scores
1-5, n = 62, 63% of cases) harbored brisker TIM
infiltrates than CD8-negative tumors (score 0, n = 30,
37% of cases) (P < .001 for CD68", CD163", and
CD33" myeloid cells; Table ). MCC cases with the
most CD8" T-cell infiltrates (scores 2-5, n = 11, 11%)
were significantly associated with brisk CD68",
CD163", and CD33" myeloid-cell infiltration
(Fisher’s exact test, P = .0002, .02, and .001,
respectively).

Most MCC tumors (61 cases, 78%) showed PD-L1*
myeloid cells within their microenvironment (Fig 3).
Cases were dichotomized as brisk or nonbrisk
according to the median PD-L1" myeloid cell count.
MCC tumors with brisk CD68™ and CD33 " infiltrates
frequently showed brisk PD-L17 cells in their
microenvironment (Fisher’'s exact test, P = 91072
and P = 3.10°, respectively; Table ). The vascular
area occupied 1.5% (Q1-Q3 0.9%-1.9%) of the tumor
surface, with no significant association with TIM
infiltrate density (Table D).

Association between density of tumor immune
infiltrates and patient outcome

Factors associated with survival on univariate
analysis are reported in Table II. On univariate
analysis, only female sex, as previously reported,”**’
and CD33" TIM density were associated with
decreased risk for recurrence (female: HR 0.39, 95%
CI 0.19-0.83, P = .014; CD33" TIM: HR 0.35, 95% CI
0.15-0.83, P = .016) and death (female: HR 0.40,
95% CI 0.19-0.82, P = .012; CD33" TIM: HR 0.44,
95% CI 0.20-0.99, P = .047) (Table 1II). Covariates
identified as potential prognostic confounders (with
P = .20) on Cox univariate regression analysis were
included in the multivariate Cox analysis. In this model
(Supplemental Table IV; available at http://www.jaad.
org), only AJCC stage was associated independently
with death (HR 3.90, 95% CI 1.20-12.70, P = .024).
Interestingly, among myeloid infiltrates, brisk CD33™"
infiltrates showed a trend toward association, with a
decreased risk for recurrence (HR 0.35, 95% CI
0.11-1.00, P = .051) and death (HR 0.40, 95% CI
0.14-1.25, P = .083).

MCCs infiltrated with CD33" myeloid cells and
CDS8" T cells are associated with improved
outcome

Intratumoral infiltration with CD8" T cells has
previously been shown to be associated with MCC
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Table I. MCC microenvironmental characteristics by tumor-infiltrating myeloid cell density

Myeloid cell, median intratumoral cell density

CD68" macrophages,

CD163" macrophages,

CD33" macrophages,

CD15" neutrophils,

N = 93, 216 cells/mm? N = 89, 120 cells/mm? N = 82, 83 cells/mm? N = 95, 2.5 cells/mm? MDSC, N = 84
Nonbrisk Brisk Nonbrisk Brisk Nonbrisk Brisk Nonbrisk Brisk
density, density, density, density, density, density, density, density, Negative, Positive,
N=47, N =46, N=45, N =44, N = 41, N = 41, N = 47, N = 48, N =79, N=5,
Characteristic n (%) n (%) P n (%) n (%) P n (%) n (%) P n (%) n (%) P n (%) n (%) P
CD8 infiltration 1x10~* 2X1074 3X107° 40 .06
Absent (score 0) 24 (51) 11 (24) 26 (58) 8 (18) 21 (51) 6 (15 20 (44) 15 (31) 27 (35) 0 (0)
Low (score 1) 23 (49) 24 (52) 17 (38) 27 (62) 20 (49) 25 (61) 21 (47) 26 (54) 41 (53) 3 (60)
Moderate to robust 0 (0) 11 (24) 2 (4) 9 (20) 0 (0) 10 (24) 4 (9) 7 (15) 9(12) 2 (40)
(score 2-5)
Unknown status 0 0 0 0 0 0 2 0 2 0
PD-L1 expression 9Xx1073 49 3x1073 3x1073 80
Brisk 12 (32) 23 (64) 16 (44) 21 (54) 10 (31) 24 (69) 11 (31) 26 (65) 32 (51) 3 (60)
Nonbrisk 26 (68) 13 (36) 20 (56) 18 (36) 23 (69) 11 (31) 25 (69) 14 (35) 31 (49) 2 (40)
Unknown status 9 10 9 5 8 6 1 8 16 0
Vascularization® .06 .70 .26 .80 .90
High 19 (41) 28 (62) 21 (47) 22 (55) 18 (45) 24 (60) 23 (52) 24 (52) 40 (53) 3 (60)
Low 27 (59) 17 (38) 24 (53) 20 (45) 22 (55) 16 (40) 21 (48) 22 (48) 36 (47) 2 (40)
Unknown status 1 1 0 2 1 1 3 1 3 0
Viral status .90 .90 22 27 33
Positive 28 (61) 26 (62) 27 (61) 25 (61) 23 (59) 28 (74) 25 (57) 31 (69) 49 (67) 2 (40)
Negative 18 (39) 16 (38) 17 (39) 16 (39) 16 (41) 10 (26) 19 (43) 14 (31) 24 (33) 3 (60)
Unknown status 1 4 1 3 2 3 3 3 6 0

Data are expressed as numbers and percentages of interpretable cases.
CD68*, CD163™, and CD33"* macrophages and CD15" neutrophils were dichotomized into the brisk or nonbrisk categories according to their median intratumoral cell densities.
Association between tumor-infiltrating myeloid cell infiltrates and MCC microenvironment components were assessed with Fisher's exact test.

MCC, Merkel cell carcinoma; MDSCs, myeloid-derived suppressor cells; PD-L1, programmed cell death ligand 1.
*Vascularization dichotomized as low and high according to the median percentage of the vascularized area.
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Fig 2. Myeloid-derived suppressor cell immunostaining in Merkel cell carcinoma. A,
CD33 HLA-DR™ (green) cells. B, Presence of CD33 HLA-DR™ (green) cells in areas of
necrosis. C, HLA-DR—expressing tumor-infiltrating myeloid cells in the intratumoral area.
D, Admixture of CD33HLA-DR™ and HLA-DR—expressing cells in fibrous septa surrounding
the tumor. HLA-DR, Human leukocyte antigen—antigen D related. (A-D, Immunochemical
staining [HRP/Emerald-AP/NBTBCIP].)

outcome.” Although we did not find evidence of
such an association in our study (Fig 4), we observed
a strong correlation between infiltrating CD8 " T-cell
infiltrates and CD33™ myeloid cells (Table 1) as well
as an impact of CD33" myeloid cells on outcome
(Fig 4). We therefore hypothesized that concomitant
intratumoral infiltration by these 2 cell populations
would affect outcome. Thirty-five MCC cases (43% of
interpretable cases) harbored both brisk CD33"
infiltrates (ie, CD33™ infiltrates with a density greater
than the median CD33™ infiltrate density) together
with  CD8"  T-cell infiltrates (scores 1-5).
Characteristics of this population are reported in
Supplemental Table V (available at http://www.jaad.
org). These cases had a mean time to death of
97.5 = 16.4 months (vs 32.3 = 3.7 months for other
patients, P = .049, log-rank test) and mean time
to recurrence of 120.3 =* 15.0 months
(vs 30.3 = 4.6 months for other patients, P = .007,
log-rank test) (Fig 4). This subset was, therefore,
assessed by using a Cox multivariate model that
included covariates previously identified in the
univariate analysis (age, sex, AJCC stage,
immunosuppression, and MCPyV status). In this
model, such subset of MCC cases were associated
with both decreased risk for recurrence (HR 0.22,

95% CI 0.008-0.61, P = .004) and decreased risk for
death (HR 0.28, 95% CI 0.1-0.83, P = .022; Table III).

DISCUSSION

We investigated intratumoral infiltrating myeloid
cells in 103 MCC tumors, together with CD8™ T-cell
infiltrates, vascular density, and PD-L1 expression in
the microenvironment. All MCC tumors were
infiltrated with macrophages. CD8 " T-cell infiltration
and PD-L1 expression were associated with
intratumoral CD68™ and CD33" myeloid infiltrates.
These recently described intratumoral CD33™ cells
were not found to be MDSCs but are likely to yield
clinical relevance. Indeed, the subset of MCC cases
with both CD8" T-cell and brisk CD33™ infiltrates
showed improved outcome.

Previous reports have described the presence of
CD68™ macrophages in the same proportion or even
exceeding that of lymphoid cells in most MCC
cases. 17?927 CD68™ macrophages were found
located at the periphery of the tumor and in
intratumoral areas,'”*’ and we focused on the
intratumoral spots, which are considered areas of
privileged immune responses.” In this setting,
infiltrating myeloid cells consisted of CD68" and
CD163" cells, as previously described,” #1725 put
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Fig 3. Representative immunostainings of both high-infiltrated (A, C, E, G) and noninfiltrated
(B, D, F, H) Merkel cell carcinoma tumors. Staining for CD68 macrophages (A, B), CD33
macrophages (C, D), programmed cell death ligand 1—expressing tumor-infiltrating myeloid
cells (E, F), and CD8 infiltrates (G, H). (A-H, Immunochemical staining [HRP/Emerald-AP/

NBTBCIP].)

also a high number of CD33" myeloid cells.
Such CD33" myeloid cells were recently reported
in the MCC microenvironment in an immuno-
chemistry study of 14 tumor samples.” CD33 is a
transmembranous protein that belongs to the
sialic acid receptor family (sialic acid—binding
immunoglobulin-type lectins). This protein is used
as an early myeloid differentiation marker®’ that is

expressed at various levels by both neutrophil and
monocyte precursors and is down regulated during
cell maturation in peripheral tissues.”’”' CD33 has
also been suggested as an MDSC marker,” thus
leading to the hypothesis that CD33™ cells infiltrating
MCC tumors were actually MDSCs.” Indeed, a
putative role that was previously suggested for
MDSCs was acting to exclude lymphocytes from



980 Kervarrec et al ] AM ACAD DERMATOL
May 2018
Table II. Univariate analysis of factors associated with Merkel cell carcinoma recurrence and death
Recurrence Death
Covariates HR (95% CI) P HR (95% CI) P
Age, =77 vs <77 years 1.33 (0.64-2.75) 448 1.94 (0.94-4.00) .073
Sex, female versus male 0.39 (0.19-0.83) .014 0.40 (0.19-0.82) .012
AJCC stages, 3-4 vs 1-2 1.34 (0.62-2.92) 458 1.51 (0.73-3.13) 264
Immunosuppression, yes vs no 0.68 (0.24-1.97) 481 1.81 (0.80-4.12) 157
MCPyV status, positive vs negative 0.58 (0.26-1.28) 175 0.56 (0.27-1.19) 130
CD8™ infiltrates, score 0 vs 1-5 1.72 (0.82-3.63) 152 1.27 (0.60-2.68) .601
CD68™ infiltrates, brisk vs nonbrisk* 0.78 (0.36-1.68) .530 1.22 (0.59-2.52) .590
CD163™ infiltrates, brisk vs nonbrisk* 0.63 (0.28-1.41) .260 0.91 (0.43-1.93) .820
CD33™ infiltrates, brisk vs nonbrisk* 0.35 (0.15-0.83) .016 0.44 (0.20-0.99) .047
CD15™ infiltrates, brisk vs nonbrisk* 0.90 (0.41-1.96) .790 1.06 (0.51-2.20) .850

Covariates identified as potential prognostic confounders with P =< .20 on Cox univariate regression analysis were included in the

multivariate Cox analysis.

AJCC, American Joint Committee on Cancer; Cl, confidence interval; HR, hazard ratio; MCPyV, Merkel cell polyomavirus.
*Brisk and nonbrisk defined by the median intratumoral cell density of the appropriate cell type: CD68", CD163™, or CD33* macrophages or

CD15™ neutrophils.
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Fig 4. Kaplan-Meier survival curves for the Merkel cell carcinoma population by level of CD8™,
CD33", and CD337CD8" infiltrates. A, Recurrence-free survival. B, Overall survival.
MCC intratumoral areas (the stalling phenomenon).” infiltrates in the intratumoral MCC micro-
. . +
Therefore, we expected to observe an inverse environment. By contrast, we found that CD33",
. . . . . + + .
relationship between myeloid infiltrates, especially CD68™, and CD163" infiltrates were closely

CD33" myeloid cells, and CD8" T—lymphocyte

associated with CD8" T-cell infiltrates.
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Table III. Multivariate Cox proportional-hazard analysis of factors associated with Merkel cell carcinoma

recurrence and death

Recurrence Death

Covariate Adjusted HR (95% CI P Adjusted HR (95% CD 4

Age, =77 years vs <77 years 1.37 (0.52-3.62) 525 2.70 (0.98-7.43) .055
Sex, female vs male 0.36 (0.15-0.9) .028 0.42 (0.17-1.03) .058
AJCC stages, 3-4 vs 1-2 2.08 (0.81-5.34) 130 3.80 (1.32-10.90) .013
Immunosuppression, yes vs no 0.65 (0.21-2.01) 458 2.50 (0.99-6.36) .053
MCPyV status, positive vs negative 0.94 (0.37-2.42) .902 0.91 (0.35-2.33) .842
Brisk CD33 and CD8 infiltrate—positive,* yes vs no 0.22 (0.008-0.61) .004 0.28 (0.1-0.83) .022

AJCC, American Joint Committee on Cancer; Cl, confidence interval; HR, hazard ratio; MCC, Merkel cell carcinoma; MCPyV, Merkel cell

polyomavirus.

*Brisk CD33 was defined as tumor CD33 infiltrates with a cell density greater than the median CD33 intratumoral cell density, and CD8

infiltrate—positive was defined as having a score of 1-5.

To characterize this CD33 subset further, we
developed an innovative immunochemistry staining
protocol to visualize MDSCs. Previously, MDSC
identification in FFPE tissues was proposed with
only CD33” or the association of several slide
stainings.”” Here, we used an immunohistochemical
approach based on a double enzymatic staining in a
uniquely cut FFPE sample with no colocalization
required. This procedure allowed us to
identify putative MDSCs having a CD33"/HLA-DR™
phenotype in only 5 MCC cases. Variations in MDSC
nature between peripheral and intratumoral areas
have been demonstrated.'' Indeed, overall staining
of these 5 MCC cases revealed fibrous septa
distant from the tumor areas as privileged sites for
CD33"/HLA-DR™ cells. Regarding intratumoral
areas, MDSCs were identified in areas with necrosis,
and their characteristic large cell monocytoid
morphology allowed us to rule out artifactual
staining due to necrosis (Fig 2). In contrast, most of
the tumor-infiltrating CD33 ™" cells in the nonnecrotic
intratumoral areas actually expressed HLA-DR and,
thus, were not likely to be MDSCs. Accordingly,
these tumor-infiltrating CD33 ™" cells are not likely to
exert immunosuppressive effects because they were
found to be associated with a subset of MCC cases
with improved outcome.

Previous studies failed to reveal a relationship
between myeloid populations and MCC outcome.”"”
Here, we reveal the prognostic relevance of the
concomitant intratumoral infiltration by brisk CD33™"
myeloid cells and CD8" T lymphocytes. Taken
together, their close correlation with CD8" T-cell
infiltrates; their expression of HLA-DR, part of the class
IT major histocompatibility complex; and their positive
impact on outcome led us to hypothesize that such
CD33-expressing  tumor-infiltrating ~ macrophages
contribute to an efficient antitumoral immune
response.

The subset of MCC cases with brisk CD33" TIMs
and CD8" T—lymphocyte infiltrates identified in our
study did not display other specific clinical features
and were not associated with MCPyV status but
did have frequent PD-L1 expression in the
microenvironment. CD33"HLA-DR " —infiltrating
myeloid cells, therefore, appear as a potential
component of the PD-Ll—expressing immune
infiltrates. This observation led us to distinguish 2
classes of tumors: 1) CD33"#"CD8"—infiltrating
tumors associated with improved outcome that
could be targeted by PD1/PD-L1 blockage therapy
and 2) other tumors with low immune infiltrates and
few therapeutic targets.

The authors express their sincerest thanks to the
patients who gave their approval for use of their data in
the study. We also thank Professor G Fromont (Tours,
France) and Roseline Guibon (Tours, France) for their help
and contributions.
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SUPPLEMENTARY APPENDIX. METHODS
Assessment of the reproducibility of the
immune cell count in a validation cohort of
overall slide stained cases

In order to assess the representativeness of our
tissue microarray approach, studies of the CDG6S,
CD163, CD33, and CD15 markers were performed
on overall slides for 20 cases. Evaluation was
performed in the intratumoral area as described in
the Methods section. For each case, counts of cells
were performed with 2 distinctive areas using 5
high-power fields each. The obtained counts were
compared for each case by using the Pearson
correlation (Supplemental Table ID).

Protocol for CD33 and HLA-DR
immunostaining and associated controls

The procedure was performed as follows: 4-um
sections of paraffin-embedded Merkel cell
carcinoma (MCC) tissues were dried at 37°C
overnight and deparaffinized by a graded alcohol
series according to standard protocols. Subsequent
heat-induced antigen retrieval was performed in
EDTA buffer pH 8.4 for 20 min at 121°C. Slides
were stained with antibodies for CD33 and human
leukocyte antigen-DR (HLA-DR) (Supplemental
Table ). Antigen-bound primary antibodies were
visualized by appropriate horseradish-peroxidase-
coupled anti-rabbit and alkaline phosphatase—
coupled anti-mouse polymer secondary antibodies
(N-Histofine, Nichirei Biosciences Inc, Tokyo, Japan)
associated with appropriate enzymatic substrates
(NBT/BCIP [Vector Laboratories, Burlingame, CA]
and Emerald [GBI Labs, Bothell, WAD followed by
Papanicolaou counterstaining. U-mount mounting
medium (GBI Labs) was used.

Five technical controls were added: single CD33
or HLA-DR antibodies associated with appropriate
secondary antibody, single CD33 or HLA-DR
antibodies associated with the other secondary
antibody (CD33 antibody with the secondary

Kervarrec et al 982.el

anti-mouse antibody, and HLA-DR antibody with
the secondary anti-rabbit antibody) and secondary
antibodies alone.

In addition, to test our procedure on immature
myeloid cells, bone marrow blood precursors were
used as biologic positive controls and investigated by
immunochemistry. Bone marrow mobilization of
hematopoietic precursors is currently used during
the monitoring of patients with a history of acute
leukemia and bone marrow transplant. These patients
receive  granulocyte  colony—stimulating  factor
inducing activation and degranulation of neutrophils
in bone marrow and finally the release of bone
marrow precursors into blood circulation. At this
time, cytapheresis is performed to isolate nucleated
cells, which are analyzed to check the quality of the
transplant. With the consent of the patients and local
committee agreement (OPTICYTE protocol), 2
anonymized samples were included in our study.
After centrifugation, cells were formalin-fixed
and paraffin-embedded (FFPE). Immunochemical
staining was performed as described in the Methods
section. Microscopy reveals green staining of
numerous bone marrow precursors associated with
few mature blood-circulating monocytes showing
HLA-DR expression (Supplemental Figure 1), thereby
validating our strategy.

Measurement of vascular density

Analyses involved use of Image]. Tumor areas
were first delineated using the CROP function. Adjust
color was then used to exclude the blue
counterstaining color. Size of the picture was then
restricted to 8 bits and the staining was underlined by
using the following functions: binary and dilate. Area
measurement was performed by the Analyse particle
function with the following parameters: size:
30-infinity; sphericity: 0-0.9. Finally, morphology of
the delineated areas was assessed by a pathologist
who used the overlying mask function.
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Supplemental Fig 1. CD33/HLA-DR immunostaining on
FFPE cytapheresis sample after bone marrow precursor
mobilization. Myeloid precursors are stained green
(green arrow) and circulating monocytes are stained
black (black arrow). (Immunostain; original magnifica-
tion: X200.)
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Supplemental Fig 2. Representative images of the vascular

measurement: CD34
immunostaining (A), delineated vascular areas (B), assessment using the overlying mask
function (C).
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Supplemental Table 1. Antibodies and dilutions used
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Antigen Antibody, clone/manufacturer (location) Dilution Targeted population

CDe68 PGM1/Dako (Glostrup, Denmark) 1/400 Pan monocyte-macrophages

cD163 10D6/Novocastra 1/200 Tumor-associated macrophages

CD33 SP166/Ventana Medical Systems Ready to use Early differentiation myeloid population
HLA-DR TAL.1B5/Dako 1/400 Macrophages and dendritic cells

CD15 MMA/Roche (Basel, Switzerland) Ready to use Neutrophils

CD8 M7103/Dako 1/50 CD8 lymphocytes

CD34 QBENnd10/Dako 1/50 Endothelial cells

PD-L1 ETL3N/Cell Signaling Technology (Beverly, MA) 1/200 Not appropriate

MCPyV-LT ~ CM2B4/Santa Cruz Biotechnology (Dallas, TX) 1/200 Tumor cells

HLA-DR, Human leukocyte antigen—DR; MCPyV-LT, Merkel cell polyomavirus large T-antigen; PD-L1, programmed cell death ligand 1.
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Supplemental Table II. Myeloid populations:
Reproducibility of count between areas

Myeloid populations R? P value
CD68 0.93 7.1077
CD163 0.98 2.1071°
CD33 0.90 4107
CD15 0.5 .03

R?, Pearson correlation coefficient.
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Supplemental Table III. Baseline clinical characteristics of patients with Merkel cell carcinoma by tumor-infiltrating myeloid cell density

Myeloid cell type; median intratumoral cell density

CD68 macrophages, CD163 macrophages, CD33 macrophages, CD15 neutrophils,
N = 93, 216 cells/mm? N = 89, 120 cells/mm? N = 82, 83 cells/mm? N = 95, 2.5 cells/mm’ MDSC, N = 84
Nonbrisk Brisk Nonbrisk Brisk Nonbrisk Brisk Nonbrisk Brisk
density, density, density, density, density, density, density, density, Negative, Positive,
N = 47, N = 46, N = 45, N = 44, N = 41, N = 41, N =47, N = 48, N=179, N =5,
Clinical characteristics n (%) n (%) P n (%) n (%) P n (%) n (%) P n (%) n (%) P n (%) n (%) P
Age, y* 26 A7 90 40 60
=773 20 (52) 16 (39) 22 (54) 13 (37) 15 (44) 17 (46) 16 (39) 21 (51) 30 (45) 1 (25)
>77.3 18 (48) 25 (61) 19 (46) 22 (63) 19 (56) 20 (54) 23 (61) 20 (49) 37 (55) 3 (75)
Unknown status 9 5 4 9 7 4 8 7 12 1
Sex 5 39 .65 .09 .90
Female 24 (53) 28 (62) 24 (55) 27 (64) 24 (60) 21 (54) 31 (67) 22 (48) 44 (58) 3 (60)
Male 21 (47) 17 (38) 20 (45) 15 (36) 16 (40) 18 (46) 15 (33) 24 (52) 32 (42) 2 (40)
Unknown status 2 1 1 2 1 2 1 2 3 0
Immunosuppression .18 .50 14 73 .90
Yes 7 (23) 3(9 4(11) 5(19) 7 (24) 2(7) 4 (13) 6 (18) 9(17)
No 24 (77) 30 (91) 31 (89) 21 (81) 22 (76) 27 (93) 27 (87) 28 (82) 45 (83) 4 (100)
Unknown status 16 13 10 18 12 12 16 14 25 1
AJCC stage A7 .04 .60 .002 .70
| 9 (24) 11 (28) 8 (20) 12 (38) 9 (26) 10 (29) 16 (43) 4 (10) 18 (28) 1 (25)
Il 13 (34) 7 (18) 16 (39) 4 (13) 10 (29) 6 (18) 8 (22) 14 (34) 15 (23) 2 (50)
I 15 (39) 19 (49) 16 (39) 15 (46) 13 (39) 17 (50) 13 (35) 20 (48) 28 (44) 1 (25)
v 1(3) 2 (5 1(2) 1(3) 2 (6) 1(3) 0 3(8) 3(5) 0
Unknown status 9 7 4 12 7 7 10 7 15 1
Location of sample .60 .60 .80 47 .90
Primary tumors 29 (70) 27 (64) 27 (66) 27 (71) 27 (73) 23 (60) 31 (74) 26 (60) 48 (67) 3 (80)
Head 14 9 15 8 13 9 10 14 21 2
Trunk 1 0 0 1 1 1 2 0 2 0
Upper limb 2 4 1 4 2 3 3 3 5 0
Lower limb 12 14 11 14 11 10 16 9 20 1
Metastasis 12 (30) 15 (36) 14 (34) 11 (29) 10 (27) 15 (40) 11 (26) 17 (40) 23 (33) 1 (20)
Unknown status 6 4 4 6 4 3 5 5 8 1

Data are expressed as number and percentages of interpretable cases.

CD68*, CD163™, and CD33" macrophages and CD15" neutrophils were dichotomized into the brisk or nonbrisk categories according to their median intratumoral cell densities.
Associations between tumor-infiltrating myeloid cell infiltrates and clinical characteristics were assessed with Fisher's exact test.

Significant value is in bold.

AJCC, American Joint Committee on Cancer; MDSC, myeloid-derived suppressor cells.

*Dichotomized by median age (77.3 years).
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Supplemental Table IV. Multivariate Cox proportional-hazard analysis of factors associated with MCC
recurrence and death

Recurrence Death
Covariate Adjusted HR (95% CD P Adjusted HR (95% CD 4
Age, y, =77 vs <77 1.39 (0.50-3.89) .529 2.42 (0.85-6.85) .09
Sex, male vs female 2.42 (0.93-6.29) .070 2.12 (0.81-5.52) 126
AJCC score, 3-4 vs 1-2 2.75 (0.94-8.08) .065 3.90 (1.20-12.70) .024
Immunosuppression, yes vs no 0.84 (0.27-2.60) 775 2.40 (0.86-6.66) .096
MCPyV status, positive vs negative 0.75 (0.247-2.10) .582 0.88 (0.30-2.55) .808
CD8 infiltrate score, 0 vs 1-5 1.65 (0.63-4.38) 315 1.30 (0.48-3.53) .601
CD33 infiltrate, brisk versus nonbrisk* 0.35 (0.11-1) .051 0.40 (0.14-1.25) .083

AJCC, American Joint Committee on Cancer; Cl, confidence interval; HR, hazard ratio; MCC, Merkel cell carcinoma; MCPyV, Merkel cell
polyomavirus.
*CD33™ infiltrates were dichotomized into brisk or nonbrisk on the basis of median intratumoral cell density.
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Supplemental Table V. Characteristics of the Merkel cell carcinoma subset with CD33 brisk and CD8™" T-cell
infiltrates

CD33 brisk, CD8" infiltrates

Characteristics No, N = 47, n (%) Yes, N = 35, n (%) P value
Age, y* 8
=773 19 (48) 13 (58)
>77.3 21 (52) 18 (42)
Unknown status 7
Sex .8
Female 25 (56) 20 (59)
Male 20 (44) 14 (41)
Unknown status 2 1
Immunosuppression 17
Yes 7 (22) 2 (8)
No 25 (78) 24 (92)
Unknown status 15 9
AJCC stage 9
| 10 (25) 9 (32)
Il 10 (25) 6 (21)
n 18 (45) 12 (43)
v 2 (5) 14
Unknown status 7 7
Location of the sample .8
Primary tumors 28 (65) 22 (69)
Head 14 8
Trunk 1 1
Upper limb 2 3
Lower limb 11 10
Metastasis 15 (35) 10 (31)
Unknown status 4 3
PD-L1 expressionJr 6x103
Brisk 13 (34) 21 (70)
Nonbrisk 25 (66) 9 (30)
Unknown status 9 5
Vascularization® 9
High 24 (52) 17 (50)
Low 22 (48) 17 (50)
Unknown status 1
Viral status 2
Positive 27 (60) 24 (75)
Negative 18 (40) 8 (25)
Unknown status 2 3

Significant value is in bold.

AJCC, American Joint Committee on Cancer; PD-L1, programmed cell death ligand 1.
*Dichotomized by median age (77.3 years).

TBrisk and nonbrisk defined by median count of intratumoral CD33-expressing macrophages.
1tHigh and low vascularized cases defined by the median density of vascular area (1.5%).
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ABSTRACT

Merkel cell carcinoma (MCC) is a rare and aggressive skin cancer. In approximately 80% of
cases, genomic integration of the Merkel cell polyomavirus (MCPyV) is observed and
overexpression of the two MCPyV T antigens (TAgs) is regarded as the main oncogenic
determinant of MCPyV-positive MCC cases. However, the nature of the cells from which MCC
arises is unknown. Therefore, the goal of the present work was to determine the cell of origin
of MCC.

First, we characterized MCC patients’ tumors and demonstrated a high similarity of MCPyV-
negative MCC with extracutaneous neuroendocrine carcinoma while MCPyV-positive MCC
differs from these two groups with respect to morphology, immunohistochemical profile,
genetics, origin and behavior. Based on the analysis of a trichoblastoma/MCC combined
tumor, we demonstrated that a MCPyV-positive MCC can arise following MCPyV integration
in an epithelial cell. In addition, the high similarity between trichoblastoma cells and Merkel
cell (MC) progenitors of the hair follicle suggests that these hair follicle cells may represent a
general start point for the development of MCPyV-positive MCC. A contribution of the viral
TAgs to the development of the characteristic Merkel cell-like MCC phenotype is suggested by
experiments demonstrating induction of Merkel cell markers upon TAg expression in human
primary keratinocytes or hair follicle cells. As potential mechanisms mediating these
phenotypic changes, we identified the capability of MCPyV LT to repress degradation of
master regulator of MC development, i.e. the transcription factor ATOH1.

To conclude, our work suggests that MCPyV integration in epithelial cells of the hair follicle

may represent an important path for MCC development.
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ABSTRAKT

Das Merkelzellkarzinom ‘{-'MCC) ist ein seltener und aggressiver Hautkrebs. In etwa 80% der
Fille wird die genomische Integration des Merkelzell-Polyomavirus (MCPyV) beobachtet und
die Uberexpression der beiden MCPyV-T-Antigene (TAgs) gilt als die wichtigste onkogene
Determinante der MCPyV-positiven MCC-Fille. Die Ursprungszelle des MCC ist jedoch bisher
unbekannt. Daher war das Ziel der vorliegenden Arbeit, die Hinweise auf die Herkunftszelle zu
generieren. § -5

Zuerst charakterisierten wir deshalb Tumore von MCC-Patienten und konnten dabei eine hohe
Ahnlichkeit von MCPyV-negativem MCC mit extrakutanem neuroendokrinem Karzinom
zeigen, wihrend sich MCPyV-positive MCC von diesen beiden Gruppen in Bezug auf
Morphologie, immunhistochemisches Profil, Genetik, Herkunft und Verhalten unterscheidet.
Basierend auf der Analyse eines kombinierten Trichoblastom/MCC-Tumors konnten wir
nachweisen, dass nach der MCPyV-Integration in eine Epithelzelle ein MCPyV-positives MCC
entstehen kann. Dartber hinaus deutet die hohe Ahnlichkeit zwischen Trichoblastomzellen
und Merkelzellen (MC)-Vorlaufern des Haarfollikels darauf hin, dass diese Haarfollikelzellen
einen allgemeinen Ausgangspunkt fur die Entwicklung von MCPyV-positivem MCC darstellen
kénnten. In vitro Experimente zeigten den Beitrag der viralen TAgs zur Entwicklung des
charakteristischen Merkelzell-dhnlichen MCC-Phanotyps, denn durch TAg-Expression in
menschlichen primaren Keratinozyten oder Haarfollikelzellen kam es zur Induktion von
Merkelzellmarkern. Als einen potenziellen Mechanismen, der diese phanotypischen
Verinderungen vermittelt, identifizierten wir die Fahigkeit von MCPyV LT, die Degradation des
Transkriptionsfaktors ATOH1, den Masterregulator der MC-Entwicklung, zu unterdriicken.
Zusammenfassend lasst sich sagen, dass die MCPyV-Integration in Epithelzellen des
Haarfollikels einen wichtigen Beitrag zur MCC-Entwicklung darstellen konnte.
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