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Abstract

Tumor-associated antigens (TAAs) are potential targets for T cell-based immunotherapy approaches in cutaneous melanoma.
BNTI111, an investigational lipoplex-formulated mRNA-based therapeutic cancer vaccine encoding melanoma TAAs NY-
ESO-1, tyrosinase, MAGE-A3, and TPTE, is undergoing clinical testing in adults. Expression of these TAAs in pediatric
melanoma is unclear but is a prerequisite for feasibility of this treatment approach in children with melanoma. Our main
objective was to characterize expression of those TAAs in pediatric melanomas compared to control cohorts. In this retro-
spective case control study, protein and transcript expression of NY-ESO-1, tyrosinase, MAGE-A3, and TPTE were analyzed
in a cohort of 25 pediatric melanomas, 31 melanomas of young adults, 29 adult melanomas, and 30 benign melanocytic
nevi in children using immunohistochemical staining and digital pathology (QuPath) and reverse transcription quantitative
PCR. Based on IHC analysis, pediatric melanomas expressed tyrosinase (100.0%), TPTE (44.0%), MAGE-A3 (12.0%), and
NY-ESO-1 (8.0%). Young adult melanomas expressed tyrosinase (96.8%), NY-ESO-1 (19.4%), MAGE-A3 (19.4%), and
TPTE (3.2%). Adult melanomas expressed tyrosinase (86.2%), MAGE-A3 (75.9%), NY-ESO-1 (48.3%), and TPTE (48.3%).
Childhood melanocytic nevi only expressed tyrosinase (93.3%). Expression prevalence of individual TAAs did not differ
between subtypes of pediatric melanoma, and no association with prognosis was found. All four TAAs were expressed in
pediatric melanoma, albeit NY-ESO-1 and MAGE-A3 to a lesser extent than in adult melanoma. These data support the
possibility of investigating vaccines targeting these TAAs for the treatment of pediatric melanoma.
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Introduction

Melanoma is responsible for most skin cancer associated
deaths worldwide. Despite great progress in the treatment
of metastatic melanoma with targeted therapies such
as BRAF-inhibitors or immune checkpoint blockade,
approximately 55,500 deaths are still caused by melanoma
annually [1]. In addition, the incidence of melanoma has
increased significantly in recent years and decades [2].
Melanoma is rare in children and adolescents compared
to adults. In children under 15 years of age, the incidence
is very low at 1.3—1.6/million. However, the incidence of
melanoma in adolescents 15-19 years of age is approxi-
mately tenfold higher than in children [3, 4]. However,
analyses from national and international rare tumor work-
ing groups have shown that the incidence of pediatric
melanoma may well be underestimated [5, 6]. Although
most childhood melanomas are not fatal, there are still
cases with an aggressive course [7]. Like in adult mela-
noma, pediatric melanoma is differentiated into several
subtypes, the most prevalent of which are spitzoid mela-
noma, melanoma arising from a congenital giant nevus,
and conventional melanoma, which primarily includes
superficial spreading melanoma (SSM), nodular melanoma
(NM), and acrolentiginous melanoma (ALM). Patients’
prognoses differ greatly among these subtypes. Children
and adolescents with conventional melanomas, those aris-
ing from a congenital giant nevus, and rarer melanoma
types have poor prognoses similar to adults with mela-
noma, whereas children with spitzoid melanomas have
favorable prognoses [8]. Due to the rarity of the disease,
there are no conclusive therapy studies and no standard-
ized therapy recommendations for advanced stage mela-
noma in children [9].

Therapeutic cancer vaccines targeting tumor-associated
antigens (TAAs) could be a promising treatment option
for adult melanoma. BNT111 is an investigational intra-
venously administered vaccine candidate based on a nano-
particulate lipoplex-formulated non-nucleoside-modified
uridine-containing mRNA (RNA-LPX) [10]. The BNT111
vaccine encodes four TAAs that are minimally expressed
in normal tissue, highly immunogenic, and prevalent in
melanoma [10-13]. Of these, New York squamous cell
carcinoma of the esophagus 1 (NY-ESO-1), melanoma-
associated antigen A3 (MAGE-A3), and transmembrane
phosphatase with tensin homology (TPTE) are so-called
cancer germline antigens that are not expressed at all in
healthy skin tissue and aberrantly activated in melanoma
cells [11, 12]. Tyrosinase, in contrast, is a melanocyte dif-
ferentiation antigen that is physiologically expressed in
normal melanocytes, remains expressed upon malignant
transformation, and becomes immunogenic [14].
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In a phase I trial (Lipo-MERIT, NCT02410733),
BNTI111 administered alone or combined with PD-1
immune checkpoint inhibitors resulted in a response in
adult patients with unresectable melanoma [15]. Such a
therapeutic approach may also be effective in children and
adolescents; however, no data is available on the expres-
sion of these TAAs in pediatric melanoma.

The aim of this retrospective case control study is to char-
acterize the expression of the four BNT111 vaccine-encoded
TAAs in pediatric melanomas in comparison to adult mela-
nomas and benign melanocytic nevi of childhood and to
evaluate the prognostic value of their expression profile.

Methods
Study cohort

The retrospective case control study was performed on
formalin-fixed and paraffin-embedded (FFPE) tissue of
pediatric melanomas, melanomas of young adults, adult
melanomas, and samples from benign melanocytic nevi
of childhood. Written informed consent was given by all
patients or their legal guardians. Consent was waived for
deceased patients or samples older than 5 years. The study
was approved by the institutional review board of the Uni-
versity of Tiibingen (Project ID: 786/2018B02). Inclusion
criteria for the study were the diagnosis of malignant mela-
noma between 1 January 2006 and 31 December 2021 and
the availability of sufficient FFPE material. Patients who did
not have sufficient FFPE material were excluded from the
study. The size of the cohorts was based on the availability
of FFPE material from pediatric melanomas and melanomas
in young adults. The size of the control cohorts was aligned
with the size of the study cohort.

The study cohort included 30 patients in childhood
(0 <12 years) and adolescence (12 < 18 years) who were
diagnosed with pediatric melanoma as primary tumor
(n=128) or metastasis (n=2) at various tumor stages. The
control cohorts consisted of 32 young adult melanomas
(18-30 years, 32 primary tumors), 30 adult melanomas (over
30 years, 28 primary tumors, two metastasis), and 30 benign
melanocytic nevi of childhood (under 18 years). Adult mela-
nomas were matched with the cohort of pediatric melanomas
by Breslow tumor thickness (range of 0.1 mm) for primary
melanomas and location (lymph nodes, organs, and skin)
for metastases. Due to the rarity of the diagnosis in the
young adult cohort, tumor parameters could not be matched
to the study cohort of pediatric melanomas. Five pediat-
ric melanomas, two young adult melanomas, and one adult
melanoma were excluded during the study (see Sample flow,
Supplementary Fig. 1). Benign melanocytic nevi of child-
hood (under 18 years) were selected as a control cohort to
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compare age-matched non-melanoma patient samples with
tumor samples from the test cohort. Pediatric melanoma
patients were identified from either the German Registry
of Rare Pediatric Tumors (STEP Registry), the Melanoma
Registry of the German Dermatological Society in Tiibin-
gen, the Archives of Dermatopathology of the University
Hospital of Tiibingen, or the Archives of Pathology of the
University Clinical Center/Medical University of Gdansk.
Control patients were identified from the Archives of Der-
matopathology of the University Hospital of Tiibingen.

Histologic assessment

The histopathological diagnosis of pediatric melanomas
was made by the respective examining dermatopathologist.
All samples were further evaluated morphologically and in
conjunction with available molecular workups (Compara-
tive Genomic Hybridization (CGH) and Next Generation
Sequencing (NGS)) by a reference dermatopathologist from
the STEP registry and classified into groups of spitzoid
melanoma, conventional melanoma (SSM, NM, ALM, and
LMM), melanoma on congenital nevus, other melanoma,
and melanoma metastasis. Spitzoid melanomas included all
tumors with a spitzoid morphology and no typical driver
mutation of conventional melanoma (BRAF, NRAS, KIT,
GNAQ, and GNA11). In the case of missing NGS diag-
nostics, NGS analysis was supplemented in an accredited
diagnostic laboratory (Panel containing BRAF Exon 11, 15;
NRAS Exon 2, 3,4; KIT Exon 8,9, 11, 13, 14, 17, 18; GNAQ
Exon 5; GNA11I Exon 5; CTNNB1 Exon 3; PDGFRA Exon
12, 13, 14, 18; KRAS Exon 2, 3, 4; MAP2K1 Exon 2, 3, 6,
7, 11; TERTp). Histologic diagnoses of the control cohorts
were performed by at least two experienced board-certified
dermatopathologists.

Immunohistochemical staining

FFPE tissue samples were processed using the standard
protocols for diagnostic histological examination. Serial
sections were cut using a rotary microtome (Microm
HM355S, Thermo Fisher Scientific, USA) and placed on
poly-L-lysine-coated microscopy slides (catalog number
J2800AMNZ, Menzel-Glaser, DE). Single-epitope enzy-
matic immunohistochemistry (IHC) on FFPE tissue was
performed to assess NY-ESO-1, tyrosinase (TYR), MAGE-
A3, and TPTE (PTEN2) expression. Morphometric analy-
sis was carried out on whole slide scans acquired with a
Pannoramic 250 Flash III digital slide scanner (3D Histech,
HU). Quantitative digital morphometry was performed using
the QuPath v0.2.3 software for image analysis [16] (Sup-
plementary Fig. 2). The percentage of positive tumor cells
was assessed for all markers and tissue samples included.
One percent of positively stained tumor cells was chosen

as cutoff to determine marker positivity. For details on IHC
protocols and digital quantitative assessment, refer to the
Supplementary Materials and Methods section.

RNA expression analysis

Total RNA was extracted from macrodissected FFPE tissue
using the bead-based RNA extraction kit RNXtract® (Cerca
Biotech GmbH, Germany). Melanin was removed from
RNA samples using the OneStep PCR Inhibitor Removal
Kit (Zymo Research, DE). NY-ESO-1, Tyrosinase, MAGE-
A3, and TPTE mRNA expression were analyzed by reverse
transcription quantitative real-time PCR (RT-qPCR) on a
CFX96™ gPCR cycler (Bio-Rad, US) using gene-specific
oligonucleotides (primer 2 uM, double quenched fluorescent
hydrolysis probes 1.2 uM, Integrated DNA Technologies,
US, Supplementary Table 1) and OneStep RT-qPCR enzyme
mix (UltraPlex 1-Step ToughMix, US). Each RT-qPCR run
was validated by a positive control (PC) of in vitro transcrip-
tion RNA containing all target and reference gene sequences
and a no template control (NTC) containing nuclease-free
water, both of which needed to meet predefined Cq ranges.
Relative gene expression was calculated by normalization of
each TAA mean quantification cycle (Cq) against the mean
of the three reference genes Pumilio RNA Binding Family
Member 1 (PUM1I), Hypoxanthine Phosphoribosyltrans-
ferase 1 (HPRTI), and Mitochondrial Ribosomal Protein
L19 (MRPLI19) which had been selected using geNorm (v.3)
and NormFinder (v.0953). The delta quantification cycles
(dCq) were dichotomized as positive or negative based on
previously defined TAA-specific cutoff points which had
been selected by measuring normal skin and melanoma tis-
sue samples (Supplementary Fig. 3).

Statistics

Statistical calculations were performed using IBM SPSS
version 26; p values < 0.05 were considered statistically sig-
nificant. Numerical results are reported as means and stand-
ard deviations or medians and interquartile ranges (IQR). To
analyze the association of protein expression and patient age,
logistic regression models and likelihood ratio tests were
calculated using Analyse-it (Excel 365 Add-in for Microsoft
Excel 5.40). The correlation of IHC and RT-qPCR overall
cohorts was determined for each marker by the overall per-
cent agreement (OPA), positive percent agreement (PPA),
and negative percent agreement (NPA) rate. Event-free sur-
vival rates of TAA positive vs. TAA negative samples were
assessed with Kaplan—Meier curves and compared using the
log-rank test. In the case of primary melanoma analysis, an
event was defined as the first occurrence of metastasis or
death by melanoma; in the case of metastasis analysis, an
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event was defined as the first occurrence of further metasta-
sis or death by melanoma.

Results
Epidemiological data

Samples from 115 patients were examined for expression
of NY-ESO-1, tyrosinase, MAGE-A3, and TPTE. Pediatric
melanomas (n=25, 12:13 male:female, ages 1-17 years,
median tumor thickness 3.25 mm) were compared with
three control cohorts: melanomas in young adults (n =31,

Table 1 Epidemiological data

13:18 male:female, ages 20-30 years, median tumor
thickness 0.75 mm), adult melanomas (n =29, 13:16
male:female, ages 33-95 years, median tumor thick-
ness 2.5 mm), and benign melanocytic nevi of childhood
(n=30, 15:15 male:female, ages 0—17 years). Pediatric
melanomas were predominantly stage 11 (48%) at diagno-
sis according to AJCC 2017, while melanomas in young
adults were predominantly stage I (77%), and adult mela-
nomas were evenly distributed between stages I, II, and
III (each 31%). The most common subtype of pediatric
melanomas was spitzoid melanoma (48%), whereas super-
ficial spreading melanoma was predominant in young adult
(71%) and adult melanomas (66%) (Table 1).

Pediatric melanoma

Melanoma in young Melanoma in adults Benign nevi

(age<18) n=25 adults (age 18-30) n=31 (age>30)n=29 of childhood

(age < 18)
n=30

Age at diagnosis (years)

Min./Max 1/17 20/30 33/95 0/17

Median (+1QR) 10 (6.3/13.0) 26 (23.3/28.0) 68 (47.0/76.3) 12 (6.0/14.0)

Mean value (+ SD) 9.5 (+4.5) 25.7(£3.2) 64.2 (£17.6) 9.8 (+5.3)

Sex (n, %)

Male (n, %) 12 (48%) 13 (42%) 13 (45%) 15 (50%)

Female (n, %) 13 (52%) 18 (58%) 16 (55%) 15 (50%)

Primary tumor

Tumor thickness (Breslow, mm), Median (+IQR) 3.25 (2.125/5.000) 0.75 (0.450/1.895) 2.5 (1.533/4.458) na

Ulceration (n, %) 4 (16%) 1 (3%) 9(31%) na

Histologic subtype

Superficial spreading melanoma (SSM) (n, %) 4 (16%) 22 (71%) 19 (66%) na

Nodular melanoma (NM) (n, %) 1 (4%) 3 (10%) 2 (7%) na

Lentigo maligna melanoma (LMM) (n, %) 0(0%) 0(0%) 2 (7%) na

Acral lentiginous melanoma (ALM) (n, %) 1(4%) 2 (6%) 2 (7%) na

Spitzoid melanoma (n, %) 12 (48%) 4 (13%) 1(3%) na

Melanoma on congenital nevus (1, %) 3 (12%) 0 (0%) 0 (0%) na

Metastasis (n, %) 2 (8%) 0 (0%) 2 (7%) na

Others (n, %) 2 (8%) 0 (0%) 1 (3%) na

Tumor stage at diagnosis (AJCC 2017)

1 5 (20%) 24 (77%) 9 (31%) na

11 12 (48%) 5 (16%) 9 (31%) na

1 5 (20%) 2 (7%) 9 (31%) na

v 2 (8%) 0 (0%) 2 (7%) na

n.a 1 (4%) 0 (0%) 0 (0%) na

Localization

Head/neck (n, %) 5 (20%) 6 (19%) 7 (24%) 12 (40%)

Trunk (n, %) 5 (20%) 12 (39%) 13 (45%) 7 23%)

Upper extremities (1, %) 8 (32%) 4 (13%) 3 (10%) 3 (10%)

Lower extremities (n, %) 6 (24%) 9 (29%) 6 (21%) 8 (27%)

Others/unknown (n, %) 1 (4%) 0 (0%) 0 (0%) 0 (0%)
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Expression profile of TAAs in pediatric melanoma,
melanoma in young adults, adult melanoma,
and benign melanocytic nevi of childhood

TAA expression in primary tumor and metastasis samples
was analyzed on the protein level by immunohistochemi-
cal staining and quantified automatically using QuPath
(Fig. 1). Cutoff for positivity for all markers was defined
as > 1% positively stained tumor cells. The expression pat-
tern of the four markers showed great variability in terms
of homogeneity within the same study group as well as
between different study groups with a tendency towards a
more homogeneous staining for tyrosinase (Supplementary
Fig. 4). Staining intensity was not assessed in this study
because of non-standardized preanalytical conditions, such
as cold ischemia time, fixation time, and fixative. In gen-
eral, tyrosinase was frequently expressed in all four cohorts
(86.2-100.0%), while NY-ESO-1, MAGE-A3, and TPTE
were less frequently expressed overall with marked differ-
ences between cohorts (Fig. 2a—d). Supplementary Tables 2
to 5 list TAA expression for each cohort in relation to clini-
cal data, follow-up, and outcome.

Tyrosinase was expressed in all pediatric melanoma
samples, followed in frequency by TPTE (44.0%, n=11),
MAGE-A3 (12.0%, n=3), and NY-ESO-1 (8.0%, n=2)
(Fig. 2a, Supplementary Table 2). Tyrosinase was the only
TAA expressed in a majority (56.0%, n=14) of pediatric
melanoma samples. Some pediatric melanomas expressed
two (24.0%, n="6) or three (20.0%, n=5) TAAs, and none
expressed all four.

Almost all young adult melanomas expressed tyrosi-
nase (96.8%, n=30) and expressed the other three TAAs
in notably different frequencies than pediatric melanomas
(Fig. 2b, Supplementary Table 3). TPTE was much less fre-
quently expressed in young adult melanomas (3.2%, n=1),
whereas NY-ESO-1 and MAGE-A3 were more frequently
expressed (both 19.4%, n=6). Most young adult melanomas
expressed one TAA (61.3%, n=19), almost a third expressed
two TAAs (29.0%, n=9), while few expressed three TAAs
(6.5%, n=2). Simultaneous expression of all four TAAs was
not detected in young adult melanomas.

Adult melanomas expressed NY-ESO-1 (48.3%, n=14)
and MAGE-A3 (75.9%, n=22) much more frequently than
either young adult or pediatric melanomas (Fig. 2c, Sup-
plementary Table 4). Adult melanomas expressed TPTE
(48.3%, n=14) as frequently as pediatric melanomas. Again,
adult melanomas frequently expressed tyrosinase, though
slightly less so than the other melanoma cohorts (86.2%,
n=25). In contrast to the younger melanoma cohorts, a
minority of adult melanomas expressed one TAA (20.7%,
n=06), with most expressing either two (13.8%, n=4), three
(37.9%, n=11), or four (24.1%, n="7) TAAs. One sample
expressed none of the TAAs (3.4%).

Almost all benign melanocytic nevi of childhood con-
trols except for two expressed tyrosinase (93.3%, n=28),
but none of the other showed detectable TAA expression
(Fig. 2d, Supplementary Table 5).

We also investigated transcript expression of the TAAs
in our cohorts using RT-qPCR (Fig. 2e-h). RT-qPCR and
IHC results agreed well for all four TAAs over all four
cohorts, with OPA ranging from 96.5 to 99.1% (Fig. 2i).
Ten samples (n[NY-ESO-1]=3, n[tyrosinase] =3, n[MAGE-
A3]=4, n[TPTE] =1) showed inconsistent transcript and
protein expression data. One of these samples resulted in
two inconsistent cases; the other cases were distributed to
different samples. In eight of eleven inconsistent cases the
transcript result was negative with late or undetected tar-
gets, only for one case the dCq result was located near its
RT-qPCR cutoff. These samples predominantly represented
junctional tumors, thin tumors, had few tumor cells, or were
archived for extended times.

To further explore differences in TAA expression fre-
quency within the cohort of pediatric melanomas, TAA
expression was analyzed separately for children (n=17,
ages 0 < 12 years) and adolescents (n=38, ages 12 < 18 years)
(Fig. 2j, k). The only marked difference between these sub-
groups was found in MAGE-A3 expression which should
not be overinterpreted due to the limited sample number.

To investigate whether TAA expression differed between
melanoma subtypes with different prognostic outcomes, we
compared the expression patterns of spitzoid melanomas,
which have a favorable prognosis, to the combined expres-
sion patterns of conventional melanoma (CM; includ-
ing SSM, NM, and ALM), congenital nevus melanoma
(CNM), other subtypes (OT), and metastatic melanoma
(MET), which all have a poor prognosis (Fig. 21, m). All
NY-ESO-1-positive samples fell within the CM/CNM/OT/
MET group. Additionally, MAGE-A3 and TPTE expression
frequency was marginally lower in the CM/CNM/OT/MET

group.
Expression of TAAs in relation to patient age

To assess whether the differences of TAA expression pat-
terns in different age strata were associated with patient age,
we plotted TAA expression frequencies versus age (20-year
bins) (Fig. 3a, c, e, g) and performed logistic regression
models (Fig. 3b, d, f, h). The analysis was performed over
all melanoma samples including metastatic samples. The
first group (0-20 years) contains all pediatric (n=25) and
young adult samples until 20 years (n =2, n,,;=27). The
age groups 41-60 and 80+ are underrepresented with seven
and five samples, respectively.

Regression analysis showed that as patient age increased,
the prevalence of tyrosinase expression decreased sig-
nificantly while NY-ESO-1 and MAGE-A3 expression
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Fig. 1 Immunohistochemical
staining of TAA protein expres-
sions in pediatric melanomas.

a Positive NY-ESO-1 stain-

ing of patient K5, b negative
NY-ESO-1 staining of patient
K1, ¢ positive tyrosinase stain-
ing of patient K22, d negative
tyrosinase staining of adult
patient A20 as negative staining
of tyrosinase is absent in our
cohort of pediatric melanoma,
e positive MAGE-A3 stain-

ing of patient K1, f negative
MAGE-A3 staining of patient
KS5, g positive TPTE staining
of patient K1, h negative TPTE
staining of patient K27. Scale
bars are equal to 50 um

NY-ESO-1

tyrosinase

MAGE-A3

TPTE

prevalence increased significantly. The slight decrease in
NY-ESO-1 expression for patients older than 80 years is
negligible because of the small patient number in that age
group (Fig. 3a, b). Prevalence of TPTE expression did not
significantly correlate with patient age (Fig. 3g, h).

Expression of TAAs in relation to patient survival
To investigate whether expression of individual TAAs may
have a prognostic value for pediatric melanoma patients, we

performed Kaplan—Meier analyses of event-free survival in
a cohort of 22 patients with available follow-up data, four
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positive

negative

of whom died during the analyzed period (Fig. 4). Statis-
tical analysis was not performed for tyrosinase expression
because this TAA was detected in all pediatric melanoma
samples (Fig. 4c). No prognostic significance was found
for the other three TAAs (NY-ESO-1, p=0.13; MAGE-A3,
p=0.19; TPTE, p=0.1; Fig. 4a, e, g). These results are also
evident in deceased pediatric melanoma patients. Three of
the four deceased children expressed only tyrosinase. Only
one deceased patient expressed three TAAs (NY-ESO-1,
tyrosinase, and TPTE) (see Supplementary Table 2). In
contrast, a comparison of the NGS analyses shows that two
of the four deceased patients had a BRAF V600 mutation
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Fig.2 Expression levels of NY-
ESO-1, tyrosinase, MAGE-A3,
and TPTE a-d Protein expres-
sion by immunohistochemis-
try. a Pediatric melanoma, b
melanoma in young adults, ¢
adult melanoma, d benign nevi
of childhood. e-h Transcript
expression by RT-qPCR. e
pediatric melanoma, f mela-
noma in young adults, g adult
melanoma, h benign nevi of
childhood. Samples with late or
no Cgs for targets were classi-
fied as negative. i Concordance
of IHC and RT-qPCR over all
samples (n=114). OPA overall
percent agreement, PPA posi-
tive percent agreement, NPA
negative percent agreement.
Jj—m Protein expression of
TAAs in different age strata and
subtypes of pediatric melanoma.
j Childhood melanoma defined
as patients under 12 years, k
adolescent melanoma defined
as patients from 12 to 18 years,
1 Spitzoid melanoma, m non-
spitzoid melanoma. CM con-
ventional melanoma (includes
SSM, NM, and ALM), CNM
congenital nevus melanoma,
MET metastasis, OT other type
of melanoma

341
Protein expression Transcript expression Expression in pediatric
(IHC) (RT-gPCR) MM subtypes (IHC)
a Pediatric melanoma (n=25) e Pediatric melanoma (n=25) J Childhood melanoma 0<12 (n=17)
(n=25) z (n=25) (n=17)
g 100 100.0% %100 100.0% gwo 100.0%
3 & 3
s 75 w 15 475
£ (n=11) 5 (n=11) E (=7
% 50 44.0% E 50 44.0% o 50 41.2%
> " >
g : : =)
g 25 £ 25 g 259 (n=1) 17.6%
= ] = 5.9% I_I
0 ; 0 o= T T
N RS & N D & N P&
o & o,(/s» & éo & 2 &L {o"o & O@s» &
& « & « & «
b Melanoma in young adults (n=31) f Melanoma in young adults (n=30) k Adolescent melanoma 12<18 (n=8)
(=30 g " 10000
g 100 96.8% < 2 100 —
3 e 3
£ 3 [ (=)
3 g 3 s 50.0%
H 3
3 2 % (n=1)
H § g 257 125% (n=0)
2 g ® [ 0%
B3 0 T T T
NOR S & NR D &
& € FE & T &L
& g & g
c Melanoma in adults (n=29) g Melanoma in adults (n=29) | Spitzoid melanoma (n=12)
z (n=12)
~ _ 3} = 100.0%
) (n=25) o =24 @)
< 100 86.2% (n=22) g 1 g‘z,svj (n=20) z
2 75.9% x 3
g §"” g
< o o
» 13 50 »
2 a 2
3 2 2
o = 25 o
Q [} aQ
® 2 ®
R° 0
éo.'s & P «Q&e &ob & (,@'& «Q,&
& & & &
d Benign nevi of childhood (n=30) h Benign nevi of childhood (n=30) m CM/CNM/OT/MET (n=13)
= v (n=13)
. (n=28) x _ o
£ 100 93.3% 3?_ g 100.0%
= Ll =
£ 2 £
© 3 ©
o 50 £ s
2 @ 2
2 259 (s=0) (n=0) (n=0) 3 (=0) (n=1) g
= | % 0% 0% 3 0% 33% =
0 T T T R
N \ad > & o &
_\s’ff’o < \p"‘? & <:?‘""> &
) S
i
NY-ESO-1 Tyrosinase MAGE-A3 TPTE
[95% CI] [95% CI] [95% CI] [95% CI]
OPA 97.4% 97.4% 96.5% 99.1%
[Cl 92.5-99.1%] [Cl 92.5-99.1%] [Cl 91.3-98.6%] [Cl 95.2-99.8%]
PPA 86.4% 97.2% 93.5% 100.0%
[Cl 66.7-95.3%] [Cl 92.1-99.0%] [CI 79.3-98.2%] [CI 87.1-100.0]
NPA 100.0% 100.0% 97.6% 98.9%

[Cl 96.0-100.0%]

[CI 64.6-100.0]

[CI 91.6-99.3%]

[Cl 93.8-99.8%]

@ Springer



342

Virchows Archiv (2024) 485:335-346

Fig.3 Expression of TAAs
(IHC) in relation to patient

age Samples were combined

in age groups of 20 years:

0-20 (n=27), 21-40 (n=32),
41-60 (n=7), 61-80 (n=14),
81+(n=>5).a,bNY-ESO-1, c,
d tyrosinase, e, f MAGE-A3,

g, h TPTE, a, c, e, g relative
expression frequency per age
group in pediatric, young adult,
and primary adult melanomas,
b, d, f, h logistic regression
models over pediatric, young
adult, and adult melanoma sam-
ples. p Values were determined
with likelihood ratio G test

and one patient had an NRAS mutation (see Supplementary

Table 2).

For comparison, we performed the same survival anal-
ysis on a combined cohort of 58 young adults and adults
with melanoma with available follow-up data, seven
of whom died during the analyzed time period. Both
MAGE-A3 (p <0.001; Fig. 4f) and TPTE (p =0.0045;
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melanoma-related events, whereas NY-ESO-1 (p=0.77,

Fig. 4b) and tyrosinase (p =0.25; Fig. 4d) expression were

Fig. 4h) expression were significantly associated with

@ Springer

not significantly associated with prognosis. Six of the
seven adults in the cohort who died of melanoma showed
expression of more than one TAA. Notably, expression of
MAGE-A3 was detected in all seven deceased patients in
this cohort (Supplementary Table 3 and 4).
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Fig.4 Event-free survival

of melanoma patients strati-
fied by TAA expression a, c,
e, g Pediatric melanoma. As
all pediatric melanomas were
positive for tyrosine (c), an
analysis was not possible. b, d,
f, h Non-pediatric melanoma.
a, b NY-ESO-1 expression;
¢, d tyrosinase expression; e,
f MAGE-A3 expression; g, h
TPTE expression

Discussion

In our analysis of pediatric melanoma samples, we made
several key findings regarding the expression of NY-ESO-1,
tyrosinase, MAGE-A3, and TPTE.

First, as shown by IHC, robust protein expression of all
four TAAs was detected in our cohort of pediatric mela-
nomas. The expression profiles were similar in children
and adolescents and differed only slightly between spitzoid
melanomas and melanoma subtypes with poor prognoses.
Many pediatric melanomas belong to the group of spitzoid
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melanomas which have favorable prognosis. Few treatment
options are available for conventional melanomas with poor

outcomes [7, 8]. The expression of the four TAAs encoded
by BNT111 in our pediatric cohort supports the possibility

of investigating vaccines targeting these TAAs for the treat-

ment of pediatric melanoma.

The expression profiles of TAAs in the control cohorts
of adult melanomas were similar to previously published
data. In particular, the expression of NY-ESO-1, tyrosinase,
and MAGE-A3 has been well studied. Studies have found
that 0-45% of adult primary melanomas and 14-62% of
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metastatic melanomas express NY-ESO-1 (48.3% primary
and metastatic melanomas in this study) [17-19], 61-100%
of adult melanomas express tyrosinase (86.2% in this
study) [19-21], and 15-37% of adult primary melanomas
and 25-81% of metastatic melanomas express MAGE-A3
(75.9% primary and metastatic melanomas in this study)
[18, 22, 23]. However, MAGE-A3 expression in our control
cohort of adult melanomas (75.9%) was higher than expected
from previous study results when considering our cohort’s
high proportion of primary melanomas (27 of 29 samples).
In line with previous data, the control cohort of benign mel-
anocytic nevi in childhood showed exclusive expression of
tyrosinase [24]. The expression of TPTE has not been well
studied in melanoma. TPTE is a germline-specific protein
that is abnormally transcribed in cancers such as liver, pros-
tate, and lung cancer [11, 25-27]. Our study highlights the
expression profile of TPTE in pediatric and adult melanomas
and describes TPTE as the second most frequently expressed
TAA in pediatric melanomas after tyrosinase.

Second, our data suggests a correlation of NY-ESO-1,
tyrosinase, and MAGE-A3 expression in melanomas with
patient age. Tyrosinase expression rate decreased signifi-
cantly with patient age, while NY-ESO-1 and MAGE-A3
expression rates increased significantly. Increasing rates
of MAGE-A3 expression with age have been described in
esophageal carcinoma [28]. In contrast to our results, a study
on triple negative breast carcinoma described a decrease in
NY-ESO-1 expression with age [29], and a study of mela-
noma failed to find a correlation between NY-ESO-1 expres-
sion and age [17].

Third, our data could not establish prognostic value of
individual TAA expression in our cohort of pediatric mela-
noma patients with available follow-up data, potentially due
to the low number of cases and tumor-specific events. How-
ever, mutational analysis of pediatric melanoma samples
using NGS is striking. Three out of four patients who died
from melanoma had either BRAF V600 or NRAS mutations
(Supplementary Table 2). These results are in line with stud-
ies showing a different genetic background for spitzoid mela-
nomas and melanomas with worse prognoses [7, 8, 30]. Our
results do show significant associations of MAGE-A3 and
TPTE expression with melanoma-related events in young
adult and adult melanoma patients, supporting existing evi-
dence for MAGE-A3’s prognostic value and introducing
TPTE as a possible prognostic indicator [31, 32], highlight-
ing the need for these and other TAAs to be investigated in
larger study populations.

Limitations of our study are that the pediatric and young
adult melanoma sample selection was restricted by the rarity
of the disease in these age groups and the limited availability
of FFPE tumor material. As a result, no exact matching was
possible between the study and control cohorts. Therefore,
the young adult cohort comprised thinner melanomas than

@ Springer

the pediatric cohort and exhibited a lower rate of ulcera-
tion and melanoma-related events compared to the group
of adult melanomas. Since an influence of tumor thickness
on the expression of the investigated TAAs cannot be reli-
ably excluded, the comparability between pediatric mela-
nomas and adult melanomas to the group of melanomas in
young adults may be limited. In addition, due to the limited
number of cases, the reliability of the statistical analyses is
limited, especially in the subgroup analyses. Most of the
follow-up data were censored because of the early follow-
up timepoints, for a few cases follow-up data were absent,
as samples were collected from many locations, and others
were stored for long durations.

In summary, our study describes the expression of the
TAAs NY-ESO-1, tyrosinase, MAGE-A3, and TPTE in
pediatric melanoma and adult control cohorts as well as
benign nevi, on transcript and on protein level, and addresses
one of the prerequisites to consider extension of BNT111
cancer vaccine clinical testing to the pediatric population.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00428-024-03846-0.

Acknowledgements Editorial assistance was provided by Robert Wil-
son and Florian Bock (BioNTech SE). The authors would like to thank
Priyanka Pandey of BioNTech SE for performing the survival analyses.
The authors thank the staff of the reporting hospitals and patients who
contributed to this study.

Author contribution SF: conceptualization, data collection, analysis
and interpretation of results, project administration, writing—original
draft, writing—review and editing.

OTP: data collection, analysis and interpretation of results, writ-
ing—review and editing.

MH: data collection, writing—review and editing.

VA: data collection, writing—review and editing.

CMS: data collection, writing—review and editing.

CS: conceptualization, data collection, writing—review and editing.

AL: data collection, writing—review and editing.

MA: data collection, writing—review and editing.

HW: data collection, writing—review and editing.

EB: data collection, writing—review and editing.

MK: data collection, writing—review and editing.

DTS: data collection, writing—review and editing.

KC: conceptualization, project administration, writing—review and
editing.

IB: writing—review and editing.

CF: writing—review and editing.

MP: project administration, methodology, data collection, analysis
and data interpretation, visualization, writing—review and editing.

ML: conceptualization, project administration, methodology, data
collection, analysis and data interpretation, visualization, writing—
review and editing.

PB: conceptualization, project administration, literature review, data
analysis and interpretation, writing—review and editing.

OT: writing—review and editing.

US: writing—review and editing.

LF: conceptualization, project administration, writing—review and
editing.

IBB: conceptualization, data collection, project administration,
writing—review and editing.


https://doi.org/10.1007/s00428-024-03846-0

Virchows Archiv (2024) 485:335-346

345

All authors have read and approved the final version of the
manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. The German STEP registry (led by D.T.S. and 1.B.B.) was
supported by the German Childhood Cancer Foundation, grant number
DKS 2018.18 A/B and DKS 2021.05 A/B. The study was also funded
by BioNTech SE.

Data availability Data generated or analyzed during this study are
included in this published article and its supplementary information
files.

Declarations

Conflict of interest SF: SF received institutional funding from BioN-
Tech SE in relation to the submitted work, received personal honoraria
from Kyowa Kirin and Recordati Rare Diseases (speaker’s honoraria),
as well as institutional grants from Neracare and SkylineDX outside
the submitted work.

OTP: OTP has no conflict of interest to declare.

MH: MH has no conflict of interest to declare.

VA: VA has no conflict of interest to declare.

CMS: CMS has no conflict of interest to declare.

CS: CS reports institutional grants from Illumina and research grants
from BMS Stiftung Immunonkologie and Westdeutsche Studiengruppe
GmbH outside the submitted work.

AL: AL has no conflict of interest to declare.

MA: MA has no conflict of interest to declare.

HW: HW has no conflict of interest to declare.

EB: EB has no conflict of interest to declare.

MK: MK has no conflict of interest to declare.

DS: DS has no conflict of interest to declare.

KC: KC is an employee at BioNTech and holds securities from Bi-
oNTech SE.

IB: IB is an employee at BioNTech and holds securities from BioN-
Tech SE.

CF: CF is an employee at BioNTech and holds securities from BioN-
Tech SE.

MP: MP is an employee at BioNTech and holds securities from Bi-
oNTech SE.

ML: ML is an employee at BioNTech and holds securities from Bi-
oNTech SE.

PB: PB is an employee at BioNTech and holds securities from BioN-
Tech SE.

OT: OT is co-founder, management board member, and employee at
BioNTech. OT has a leadership role at the Helmholtz Institute HI-
TRON Mainz and is a founding member of TRON Translational On-
cology Mainz. OT holds a professorship at the Johannes Gutenberg
University. OT is an inventor on patents and patent applications related
to RNA technology. OT holds securities from BioNTech SE.

US: US is co-founder, management board member, and employee at Bi-
oNTech. US has a leadership role at the Helmholtz Institute HI-TRON
Mainz and is a founding member of TRON Translational Oncology
Mainz. He holds a professorship at the Johannes Gutenberg University
as professor in 2022 and was awarded with German Future Prize 2021.
US is an inventor on patents and patent applications related to RNA
technology. US holds securities from BioNTech SE.

LF: LF has/had advisory roles for Novartis, Sanofi, Philogen, and Bris-
tol-Myers Squibb. LF received research support by Hookipa Pharma,
Mundipharma and the Novartis Foundation. All outside the submitted
work.

IBB: IBB received institutional funding from BioNTech SE in relation
to the submitted work. IBB had advisory roles for Alexion outside the
submitted work.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG,
Gutzmer R, Hauschild A, Stang A, Roesch A, Ugurel S (2018)
Melanoma Lancet 392(10151):971-984. https://doi.org/10.
1016/s0140-6736(18)31559-9

2. Sacchetto L, Zanetti R, Comber H, Bouchardy C, Brewster D,
Broganelli P et al (2018) Trends in incidence of thick, thin and
in situ melanoma in Europe. Eur J Cancer 92:108-118. https://
doi.org/10.1016/j.ejca.2017.12.024

3. Ferrari A, Brecht IB, Gatta G, Schneider DT, Orbach D, Cec-
chetto G et al (2019) Defining and listing very rare cancers of
paediatric age: consensus of the Joint Action on Rare Cancers
in cooperation with the European Cooperative Study Group for
Pediatric Rare Tumors. Eur J Cancer 110:120-126. https://doi.
org/10.1016/j.ejca.2018.12.031

4. Strouse JJ, Fears TR, Tucker MA, Wayne AS (2005) Pediat-
ric melanoma: risk factor and survival analysis of the surveil-
lance, epidemiology and end results database. J Clin Oncol
23(21):4735-4741. https://doi.org/10.1200/jc0.2005.02.899

5. Achajew A, Brecht IB, Radespiel-Troger M, Meyer M, Met-
zler M, Bremensdorfer C, Spix C, Erdmann F, Schneider DT,
Abele M (2022) Rare pediatric tumors in Germany - not as
rare as expected: a study based on data from the Bavarian
Cancer Registry and the German Childhood Cancer Regis-
try. Eur J Pediatr 181(7):2723-2730. https://doi.org/10.1007/
s00431-022-04484-x

6. Brecht IB, De Paoli A, Bisogno G, Orbach D, Schneider DT,
Leiter U, Offenmueller S, Cecchetto G, Godzinski J, Bien E,
Stachowicz-Stencel T, Ben-Ami T, Chiaravalli S, Maurichi A,
De Salvo GL, Sorbara S, Bodemer C, Garbe C, Reguerre Y,
Ferrari A (2018) Pediatric patients with cutaneous melanoma:
a European study. Pediatr Blood Cancer 65(6):€26974. https://
doi.org/10.1002/pbc.26974

7. Pampena R, Piccolo V, Muscianese M, Kyrgidis A, Lai M,
Russo T, Briatico G, Di Brizzi EV, Cascone G, Pellerone S,
Longo C, Moscarella E, Argenziano G (2023) Melanoma in
children: a systematic review and individual patient meta-anal-
ysis. J Eur Acad Dermatol Venereol 37(9):1758-1776. https://
doi.org/10.1111/jdv.19220

8. Merkel EA, Mohan LS, Shi K, Panah E, Zhang B, Gerami P
(2019) Paediatric melanoma: clinical update, genetic basis, and
advances in diagnosis. The Lancet Child & adolescent health
3(9):646-654. https://doi.org/10.1016/s2352-4642(19)30116-6

9. Ferrari A, Lopez Almaraz R, Reguerre Y, Cesen M, Berga-
maschi L, Indini A, Schneider DT, Godzinski J, Bien E, Sta-
chowicz-Stencel T, Eigentler TK, Chiaravalli S, Krawczyk MA,
Pappo A, Orbach D, Bisogno G, Brecht IB (2021) Cutaneous
melanoma in children and adolescents: the EXPeRT/PARTNER
diagnostic and therapeutic recommendations. Pediatr Blood
Cancer 68(Suppl 4):e28992. https://doi.org/10.1002/pbc.28992

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0140-6736(18)31559-9
https://doi.org/10.1016/s0140-6736(18)31559-9
https://doi.org/10.1016/j.ejca.2017.12.024
https://doi.org/10.1016/j.ejca.2017.12.024
https://doi.org/10.1016/j.ejca.2018.12.031
https://doi.org/10.1016/j.ejca.2018.12.031
https://doi.org/10.1200/jco.2005.02.899
https://doi.org/10.1007/s00431-022-04484-x
https://doi.org/10.1007/s00431-022-04484-x
https://doi.org/10.1002/pbc.26974
https://doi.org/10.1002/pbc.26974
https://doi.org/10.1111/jdv.19220
https://doi.org/10.1111/jdv.19220
https://doi.org/10.1016/s2352-4642(19)30116-6
https://doi.org/10.1002/pbc.28992

346

Virchows Archiv (2024) 485:335-346

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, Reuter
KC et al (2016) Systemic RNA delivery to dendritic cells
exploits antiviral defence for cancer immunotherapy. Nature
534(7607):396-401. https://doi.org/10.1038/nature18300
Simon P, Omokoko TA, Breitkreuz A, Hebich L, Kreiter S, Attig
S, Konur A, Britten CM, Paret C, Dhaene K, Tiireci O, Sahin
U (2014) Functional TCR retrieval from single antigen-specific
human T cells reveals multiple novel epitopes. Cancer Immu-
nol Res 2(12):1230-1244. https://doi.org/10.1158/2326-6066.
cir-14-0108

Cheever MA, Allison JP, Ferris AS, Finn OJ, Hastings BM,
Hecht TT, Mellman I, Prindiville SA, Viner JL, Weiner LM,
Matrisian LM (2009) The prioritization of cancer antigens: a
national cancer institute pilot project for the acceleration of
translational research. Clin Cancer Res 15(17):5323-5337.
https://doi.org/10.1158/1078-0432.ccr-09-0737

Chen YT, Scanlan MJ, Sahin U, Tiireci O, Gure AO, Tsang S,
Williamson B, Stockert E, Pfreundschuh M, Old LJ (1997) A tes-
ticular antigen aberrantly expressed in human cancers detected by
autologous antibody screening. Proc Natl Acad Sci 94(5):1914—
1918. https://doi.org/10.1073/pnas.94.5.1914

Boyle JL, Haupt HM, Stern JB, Multhaupt HA (2002) Tyrosi-
nase expression in malignant melanoma, desmoplastic melanoma,
and peripheral nerve tumors: an immunohistochemical study.
Arch Pathol Lab Med 126(7):816-822. https://doi.org/10.5858/
2002-126-0816-teimmd

Sahin U, Oehm P, Derhovanessian E, Jabulowsky RA, Vormehr
M, Gold M et al (2020) An RNA vaccine drives immunity in
checkpoint-inhibitor-treated melanoma. Nature 585(7823):107—
112. https://doi.org/10.1038/s41586-020-2537-9

Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt
DG, Dunne PD et al (2017) QuPath: open source software for
digital pathology image analysis. Sci Rep 7(1):1-7. https://doi.
org/10.1038/s41598-017-17204-5

Giavina-Bianchi M, Giavina-Bianchi P, Sotto MN, Muzikansky
A, Kalil J, Festa-Neto C, Duncan LM (2015) Increased NY-ESO-1
expression and reduced infiltrating CD3+ T cells in cutaneous
melanoma. J Immunol Res 2015:761378. https://doi.org/10.1155/
2015/761378

Tio D, Kasiem FR, Willemsen M, van Doorn R, van der Werf
N, Hoekzema R, Luiten RM, Bekkenk MW (2019) Expression
of cancer/testis antigens in cutaneous melanoma: a systematic
review. Melanoma Res 29(4):349-357. https://doi.org/10.1097/
c¢mr.0000000000000569

Al-Batran SE, Rafiyan MR, Atmaca A, Neumann A, Karbach J,
Bender A, Weidmann E, Altmannsberger HM, Knuth A, Jiger E
(2005) Intratumoral T-cell infiltrates and MHC class I expression
in patients with stage IV melanoma. Can Res 65(9):3937-3941.
https://doi.org/10.1158/0008-5472.can-04-4621

Brichard V, Van Pel A, Wolfel T, Wolfel C, De Plaen E, Lethé B,
Coulie P, Boon T (1993) The tyrosinase gene codes for an antigen
recognized by autologous cytolytic T lymphocytes on HLA-A2
melanomas. J Exp Med 178(2):489-495. https://doi.org/10.1084/
jem.178.2.489

Dalerba P, Ricci A, Russo V, Rigatti D, Nicotra MR, Mottolese
M, Bordignon C, Natali PG, Traversari C (1998) High homogene-
ity of MAGE, BAGE, GAGE, Tyrosinase and Melan-A/MART-1
gene expression in clusters of multiple simultaneous metastases of
human melanoma: implications for protocol design of therapeutic
antigen-specific vaccination strategies. Int J Cancer 77(2):200—
204. https://doi.org/10.1002/(sici)1097-0215(19980717)77:2/
3C200::aid-ijc5/3E3.0.co;2-u

@ Springer

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Brasseur F, Rimoldi D, Liénard D, Lethé B, Carrel S, Arienti F
et al (1995) Expression of MAGE genes in primary and metastatic
cutaneous melanoma. Int J Cancer 63(3):375-380. https://doi.org/
10.1002/ijc.2910630313

Liiftl M, Schuler G, Jungbluth A (2004) Melanoma or not? Cancer
testis antigens may help. BrJ Dermatol 151(6):1213-1218. https://
doi.org/10.1111/.1365-2133.2004.06260.x

Jungbluth AA, Iversen K, Coplan K, Kolb D, Stockert E, Chen
YT, Old LJ, Busam K (2000) T311—an anti-tyrosinase monoclo-
nal antibody for the detection of melanocytic lesions in paraffin
embedded tissues. Pathology-Research and Practice 196(4):235—
242. https://doi.org/10.1016/s0344-0338(00)80072-2

Chen H, Rossier C, Morris MA, Scott HS, Gos A, Bairoch A,
Antonarakis SE (1999) A testis-specific gene, TPTE, encodes a
putative transmembrane tyrosine phosphatase and maps to the
pericentromeric region of human chromosomes 21 and 13, and
to chromosomes 15, 22, and Y. Hum Genet 105:399-409. https://
doi.org/10.1007/s004390051122

Dong XY, Su YR, Qian XP, Yang XA, Pang XW, Wu HY, Chen
WF (2003) Identification of two novel CT antigens and their
capacity to elicit antibody response in hepatocellular carcinoma
patients. Br J Cancer 89(2):291-297. https://doi.org/10.1038/sj.
bjc.6601062

Singh AP, Bafna S, Chaudhary K, Venkatraman G, Smith L,
Eudy JD, Johansson SL, Lin MF, Batra SK (2008) Genome-wide
expression profiling reveals transcriptomic variation and perturbed
gene networks in androgen-dependent and androgen-independent
prostate cancer cells. Cancer Lett 259(1):28-38. https://doi.org/
10.1016/j.canlet.2007.09.018

Chen X, Wang L, Yue D, Liu J, Huang L, Yang L, et al (2017)
Correlation between the high expression levels of cancer-germline
genes with clinical characteristics in esophageal squamous cell
carcinoma. Histol Histopathol. 32(8):793-803. https://doi.org/10.
14670/hh-11-847

Ademuyiwa FO, Bshara W, Attwood K, Morrison C, Edge SB,
Ambrosone CB et al (2012) NY-ESO-1 cancer testis antigen dem-
onstrates high immunogenicity in triple negative breast cancer.
PLoS ONE 7(6):e38783. https://doi.org/10.1371/journal.pone.
0038783

Liebmann A, Admard J, Armeanu-Ebinger S, Wild H, Abele
M, Gschwind A, et al. UV-radiation and MC1R germline muta-
tions are risk factors for the development of conventional and
spitzoid melanomas in children and adolescents. Ebiomedicine.
96:104797. https://doi.org/10.1016/j.ebiom.2023.104797
Svobodova S, Browning J, MacGregor D, Pollara G, Scolyer RA,
Murali R et al (2011) Cancer—testis antigen expression in primary
cutaneous melanoma has independent prognostic value compara-
ble to that of Breslow thickness, ulceration and mitotic rate. Eur
J Cancer 47(3):460-4609. https://doi.org/10.1016/j.ejca.2010.09.
042

Freiberger SN, Holzmann D, Morand GB, Hiillner M, Levesque
MP, Dummer R, Koelzer VH, Rupp NJ (2022) Combinational
expression of tumor testis antigens NY-ESO-1, MAGE-A3, and
MAGE-A4 predicts response to immunotherapy in mucosal
melanoma patients. J Cancer Res Clin Oncol 149(9):5645-5653.
https://doi.org/10.1007/s00432-022-04514-z

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/nature18300
https://doi.org/10.1158/2326-6066.cir-14-0108
https://doi.org/10.1158/2326-6066.cir-14-0108
https://doi.org/10.1158/1078-0432.ccr-09-0737
https://doi.org/10.1073/pnas.94.5.1914
https://doi.org/10.5858/2002-126-0816-teimmd
https://doi.org/10.5858/2002-126-0816-teimmd
https://doi.org/10.1038/s41586-020-2537-9
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1155/2015/761378
https://doi.org/10.1155/2015/761378
https://doi.org/10.1097/cmr.0000000000000569
https://doi.org/10.1097/cmr.0000000000000569
https://doi.org/10.1158/0008-5472.can-04-4621
https://doi.org/10.1084/jem.178.2.489
https://doi.org/10.1084/jem.178.2.489
https://doi.org/10.1002/(sici)1097-0215(19980717)77:2/3C200::aid-ijc5/3E3.0.co;2-u
https://doi.org/10.1002/(sici)1097-0215(19980717)77:2/3C200::aid-ijc5/3E3.0.co;2-u
https://doi.org/10.1002/ijc.2910630313
https://doi.org/10.1002/ijc.2910630313
https://doi.org/10.1111/j.1365-2133.2004.06260.x
https://doi.org/10.1111/j.1365-2133.2004.06260.x
https://doi.org/10.1016/s0344-0338(00)80072-2
https://doi.org/10.1007/s004390051122
https://doi.org/10.1007/s004390051122
https://doi.org/10.1038/sj.bjc.6601062
https://doi.org/10.1038/sj.bjc.6601062
https://doi.org/10.1016/j.canlet.2007.09.018
https://doi.org/10.1016/j.canlet.2007.09.018
https://doi.org/10.14670/hh-11-847
https://doi.org/10.14670/hh-11-847
https://doi.org/10.1371/journal.pone.0038783
https://doi.org/10.1371/journal.pone.0038783
https://doi.org/10.1016/j.ebiom.2023.104797
https://doi.org/10.1016/j.ejca.2010.09.042
https://doi.org/10.1016/j.ejca.2010.09.042
https://doi.org/10.1007/s00432-022-04514-z

	Expression of the tumor antigens NY-ESO-1, tyrosinase, MAGE-A3, and TPTE in pediatric and adult melanoma: a retrospective case control study
	Abstract
	Introduction
	Methods
	Study cohort
	Histologic assessment
	Immunohistochemical staining
	RNA expression analysis
	Statistics

	Results
	Epidemiological data
	Expression profile of TAAs in pediatric melanoma, melanoma in young adults, adult melanoma, and benign melanocytic nevi of childhood
	Expression of TAAs in relation to patient age
	Expression of TAAs in relation to patient survival

	Discussion
	Acknowledgements 
	References


