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Introduction: Pediatric germ cell tumors (GCTs) are rare malignancies, comprising
only about 3% of childhood cancers. Despite surgery and platinum-based
chemotherapy being mainstays of treatment, their effectiveness varies by tumor
subtype, and long-term toxicities remain a concern. We therefore explored the
immune landscape of pediatric GCTs to uncover subtype-specific immunological
features and identify potential immunotherapeutic targets.

Methods: This retrospective study investigated the immune landscape of
pediatric GCTs, utilizing a cohort of 17 patients, including 14 extracranial GCTs
(11 ovarian, 3 testicular), three central nervous system (CNS) mixed tumors and
four non-neoplastic tissues (controls).

Results: Immune profiling revealed distinct immune microenvironments across the
GCT subtypes. Dysgerminomas exhibited an immune-active profile with elevated
levels of T cells, CD8" T cells, and cytotoxic cells, alongside upregulation
of immune checkpoints CTLA4, TIGIT, and IDOI1, suggesting potential
responsiveness to checkpoint inhibitors. In contrast, yolk sac tumors displayed an
immunosuppressive environment with high CD24 and PVR expression, indicative of
unique immune evasion mechanisms. Embryonal carcinomas also showed high
CD24 expression. An in silico analysis of adult GCTs highlighted similarities and
differences with pediatric cases; IDO1 and CD24 were consistently upregulated
across age groups, while CTLA4 and PVR showed variation.

Conclusion: Overall, this study provides new insights into pediatric GCT
immunology, supporting the potential for tailored immunotherapeutic
strategies targeting the distinct immune profiles of pediatric GCT histologies.
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1 Introduction

Pediatric germ cell tumors (GCTs) are a heterogeneous group of
rare malignancies arising from primordial germ cells, predominantly
affecting the gonads but also occurring in extragonadal locations such
as the central nervous system (CNS) (1). GCTs are classified into
distinct histological subtypes, each with unique biological
characteristics and clinical behaviors. Malignant subtypes include
seminoma (testicular); dysgerminoma (ovarian); yolk sac tumor
(YST); embryonal carcinoma (EC); choriocarcinoma, and mixed
tumors, while teratomas can be either benign or malignant
depending on their differentiation and location (2, 3). Pediatric
GCTs represent only about 3% of all childhood cancers (4).
Although rare, these tumors pose significant clinical challenges due
to their histological diversity and variable responses to treatment.

The primary treatment for pediatric GCTs typically involves
surgery and platinum-based chemotherapy, which can cause
significant short—and long-term toxicities and affect patients’
quality of life (5). Moreover, treatment options for relapsed or
refractory GCTs remain limited, underscoring the need for novel
therapeutic approaches that not only improve outcomes but also
reduce treatment-related adverse effects (6, 7).

Recent advances in cancer immunotherapy have highlighted the
potential of the immune microenvironment to influence tumor
behavior and therapeutic response (8, 9). Immune checkpoint
inhibitors, which have shown significant success in various adult
cancers, work by targeting immune checkpoints (10-12). While
immune checkpoint therapies showed promising results for many
cancer types, their efficacy in pediatric GCTs remains largely
unexplored. A comprehensive understanding of the immune
landscape in pediatric GCTs, including immune cell composition
and checkpoint expression, is critical for identifying potential
therapeutic targets and designing tailored immunotherapy
approaches.

This study evaluated the gene expression patterns and immune
cell landscapes across pediatric GCT subtypes, identifying subtype-
specific immune microenvironments and key immune checkpoints
involved in immune evasion. We validated our findings using an
adult male GCT dataset to explore age-related immune regulation.
The analysis aimed to uncover unique immune signatures and
mechanisms of immune escape, providing insights for developing
targeted immunotherapies for pediatric GCTs.

2 Methods
2.1 Study population

This retrospective study included chemotherapy-naive tumor
samples from 17 pediatric GCTs patients treated at Barretos
Children’s Cancer Hospital (Brazil) between 2000 and 2021. It
included 14 extracranial tumors (11 ovarian, 3 testicular) and three
CNS mixed tumors. GCT classification adhered to the 2016 World
Health Organization (WHO) guidelines. Four adjacent non-tumoral
tissues, including two ovarian and two testicular, were used as

Frontiers in Immunology

10.3389/fimmu.2025.1579948

controls. Clinicopathological data were retrospectively collected
from patient medical records. This study received approval from
the local ethics committee, CEP-HCB (Barretos Cancer Hospital IRB/
Project No. 2258/2021). Given the substantial challenge in reaching
participants for consent—particularly as a portion of this population
is deceased—the CEP-HCB granted an exemption from requiring
informed consent. This decision considered the potential for
significant emotional distress to surviving family members.
Additionally, as a retrospective study, the research was limited to
the examination of pre-existing slides and paraffin blocks stored in
the Barretos Cancer Hospital’s pathology department, along with a
review of medical records. Therefore, since the requirement for
informed consent was waived by the CEP-HCB, patients did not
provide written or verbal informed consent.

2.2 RNA isolation

Total RNA was extracted from formalin-fixed paraffin-
embedded (FFPE) tumor samples that were sectioned and
mounted onto slides at a thickness of 10um. Tumor area was
demarcated on slides by an experienced pathologist, based on H&E
staining, to ensure at least 70% tumor content. A control group was
established by using non-tumoral tissue adjacent to the tumors
from four pediatric GCT patients. RNA was isolated using the
RecoverAll Total Nucleic Acid Isolation Kit (Thermo Fisher
Scientific), following the manufacturer’s instructions, and as
reported (13). The purity and concentration of total RNA were
assessed using NanoDroPVR 2000 (Thermo Fisher Scientific) and
Qubit 2.0 instrument (Thermo Fisher Scientific).

2.3 Immune gene expression analysis

The nCounter PanCancer Immune Profiling Panel was employed
for gene expression analysis, targeting more than 700 genes involved
in immune response (NanoString Technologies), using the nCounter
Analysis System as previously reported (14, 15). Briefly, a total of 300
ng of RNA per sample was used for the assay. Hybridization was
performed for 24 hours at 65°C, after which the samples were loaded
onto the nCounter Prep Station for binding and washing. The
samples were then scanned, capturing 550 fields of view using the
nCounter Digital Analyzer (NanoString Technologies).

Data was analyzed using ROSALIND®. Quality control checks
were performed on imaging quality, binding density, detection
limits, positive controls, and housekeeping gene counts to ensure
data integrity. Only samples with more than 25% of housekeeping
genes above 50 counts were included in the analysis. Normalization
with housekeeping genes was performed based on the geNorm
algorithm (16). The abundance of various cell populations was
calculated on ROSALIND using the Nanostring Cell Type Profiling
Module. A fold change threshold of +1.5 was used for differentially
expressed genes (DEGs), and the p-value adjustment was
performed using the Benjamini-Hochberg method of estimating
false discovery rates (FDR) with a significance level set at p < 0.05.
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The STRING algorithm was used to predict protein-protein
association networks and perform functional enrichment
analyses (17).

2.4 In silico analysis

For the in silico analysis, the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl) was employed using the
Korkola et al. gene expression dataset (GSE3218, Affymetrix U133
microarray platform) (18). The dataset comprises 101 adults male
GCTs, including both primary and metastatic samples: 42 mixed
tumors, 17 seminomas, 15 EC, 15 teratomas, 10 YST, two
choriocarcinomas, and six normal testis specimens from similarly
aged patients, including one pooled normal testis sample. The
mixed GCT specimens were classified according to their
predominant histology. One mixed tumor sample was excluded
from the analysis due to the lack of histological information.

2.5 Statistical analysis

Heatmaps with hierarchical clustering were generated using the
ComplexHeatmap R package v2.20.0 (19). The clustering was
performed using Pearson’s correlation distance to measure sample
similarity. The Kruskal-Wallis test, corrected with the Benjamini-
Hochberg method, was used for multiple comparisons, with FDR-
adjusted p-values < 0.05 considered as a discovery. Dunn’s post hoc
test was performed using the dunn.test R package v1.3.6, and
boxplots were generated using the ggpubr R package v0.6.0.

3 Results

3.1 Clinicopathologic features of pediatric
GCTs patients

The clinicopathologic features of the 17 patients are summarized
in Table 1. The average age at diagnosis was 12.4 years (range, 0.7-18
years), with an average of 14 years for females and 8.5 years for males.
Most patients had ovarian tumors (n=11, 64.70%), three patients
(17.65%) had testicular tumors, and three patients (17.65%) had CNS
tumors. Clinical findings showed that 35.3% (6/17) of patients had
dysgerminomas, followed by 29.4% (5/17) yolk sac tumors, 17.65%
(3/17) embryonal carcinomas, and 17.65% (3/17) CNS mixed tumors.
Most of the patients were treated with chemotherapy (76.5% - 13/17)
and were still alive (76.5% - 13/17).

3.2 Differential immune expression across
pediatric GCTs

We were able to perform the immune expression analysis in all
cases. We identified 71 genes differentially expressed when compared
to the control group, with most tumor samples forming clear clusters
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distinct from the controls, except a CNS mixed tumor sample
(Figure 1). Unsupervised hierarchical clustering of immune gene
expression profiles across pediatric GCT revealed two main tumor
clusters, each with distinct immune gene expression patterns. Cluster
A includes CNS mixed tumor, EC, YST, while cluster B was primarily
composed of dysgerminomas. Notably, two CNS mixed tumors
clustered closely with ECs due to a predominant EC component,
one EC sample grouped with YSTs, and another CNS mixed tumor,
containing germinoma and teratoma components, clustered with the
control group. Additionally, the identified differentially expressed
genes can characterize distinct profiles for various histological types
of GCTs, regardless of the primary site (ovary, testis, or CNS).

3.3 Pediatric GCTs exhibit distinct
histology-specific immune signatures

Individual comparisons between each histology and the control
group were conducted, illustrating both overlapping and unique

TABLE 1 Clinical characteristics of pediatric patients.

Features Total, n (%)

N (%) 17 (100%)

Age (average) 12.4 (0.7-18 years)

Sex
Male 5
Female 12

Tumor location

Ovary 11 (64.7%)
Testis 3 (17.65%)
CNS 3 (17.65%)
Histology

Dysgerminoma 6 (35.3%)
Yolk sac tumor 5 (29.4%)

Embryonal carcinoma 3 (17.65%)

CNS mixed tumor 3 (17.65%)

Germinoma, teratoma 1
Embryonal carcinoma, yolk sac tumor, teratoma 1
Teratoma, embryonal carcinoma, yolk sac tumor, 1
germinoma
Chemotherapy
Yes 13 (76.5%)
No 4 (23.5%)
Status
Alive 13 (76.5%)

Dead 4 (23.5%)

CNS, Central Nervous System.
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FIGURE 1

Immune gene expression profile in pediatric germ cell tumors. Expression levels were used to group gene profiles according to their similarities

between histological types, including yolk sac tumor (purple), embryonal

carcinoma (red), dysgerminoma (orange), and central nervous system (CNS)

(green). The two-color heatmap displays the mean-subtracted normalized log2 expression values for each gene across different samples. Blue and
red colors indicate downregulation and upregulation, respectively, relative to the control group. Unsupervised hierarchical clustering was performed
based on immune gene expression, revealing distinct immune-related gene patterns across different tumor subtypes.

gene expression patterns for each histological subtype (Figure 2).
Dysgerminomas showed the highest number of differentially
expressed genes (153 DEGs), with 90 upregulated and 63
downregulated genes. YST had 81 DEGs (30 upregulated, 51
downregulated), EC had 53 DEGs (23 upregulated, 30
downregulated), and CNS mixed tumor had 26 DEGs (21
upregulated, 5 downregulated). Dysgerminomas also exhibited the
highest number of unique immune signatures (104 genes), followed
by YST (36 genes), EC (13 genes), and CNS mixed tumor
(16 genes).

Several immune-related genes were shared across tumor types,
with seven genes (CASP3, F2RL1, CD22, RORC, PLA2G6, SYCPI,
MAP3K5) common to all four histologies (Figure 2). Among these,
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25 genes, including the seven shared across all histologies, were
common among gonadal tumors, with 18 being unique to them.
We used the STRING algorithm to predict protein-protein
association networks and perform functional enrichment analyses
to explore the functional relevance of the DEGs in gonadal tumors.
The initial network of the seven common genes for all histologies
did not show strong interaction, suggesting limited direct
connectivity among these core immune genes (Figure 3A). In
contrast, the network of the 25 genes shared among gonadal
tumors revealed significant interactions, indicating potential
coordinated immune pathways specific to gonadal GCTs
(Figure 3B). Functional enrichment analysis highlighted processes
such as immune effector regulation, apoptotic pathways, and cell
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activation, suggesting that these genes are involved in pathways
critical to pediatric GCT tumorigenesis and immune
response (Figure 3C).

3.4 Immune cell composition highlights
unique microenvironments in pediatric
GCTs

To better understand the immune microenvironment in pediatric
GCTs, we analyzed the composition of immune cells across tumor
subtypes using the cell type score based on specific immune cell-type
mRNA expression. Gene expression signatures for individual cell
types identified ten distinct immune cell types: T cells, CD8" T cells,
cytotoxic cells, exhausted CD8" T cells, natural killer (NK) cells, B
cells, neutrophils, macrophages, dendritic cells (DC), and CD45"
cells. Unsupervised hierarchical clustering revealed a relative
separation among tumor subtypes, indicating distinct immune cell
compositions across different histologies (Figure 4A).

When comparing immune cell abundances among the groups,
dysgerminoma exhibited a significantly higher abundance of T cells,
CD8" T cells, and cytotoxic cells than the control group (Figure 4B).
This elevated presence of T cells, particularly CD8" cytotoxic cells,
suggests an active immune response within dysgerminoma,
potentially indicating a more immunologically reactive
environment capable of targeting tumor cells. In contrast, YST
showed an increased abundance of exhausted CD8" T cells and NK
cells. The presence of exhausted CD8" T cells suggest a state of
chronic antigen exposure or immune suppression within YST,
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possibly indicating an immune environment where the anti-
tumor activity of T cells is impaired.

3.5 Immune checkpoint expression across
pediatric and adult GCTS

We analyzed the upregulation of immune checkpoint genes
among the DEGs for each histological type (Supplementary
Figure 1). TIGIT, IDO1, CTLA4, and PDCDI were specifically
upregulated in dysgerminomas. CD24 was shared between YST
and EC, but PVR was uniquely upregulated in YST, while BTLA was
upregulated explicitly in EC.

When we compared the normalized counts of these immune
checkpoints across the pediatric GCT subtypes (Figure 5A), we
found that dysgerminoma showed significantly higher expression of
IDOI and CTLA4 than the control group. TIGIT was also
upregulated in dysgerminomas, although it did not show
significant normalized counts compared to the control. YST
exhibited high levels of CD24 and PVR, while ECs showed higher
levels of CD24 compared to the control group.

To determine whether similar immune checkpoint expression
patterns are observed in adult GCTs, we conducted an in silico
analysis on a dataset comprising 100 male GCT samples and six
normal samples (Figure 5B). This comparison revealed that IDOI
was highly expressed in seminoma, YST, EC, and teratoma
compared to controls, suggesting a common role for IDOI in
creating an immunosuppressive environment across both
pediatric and adult GCTs. However, CTLA4 did not show any
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significant difference in adult GCTs. TIGIT showed elevated levels
in adult seminoma and EC, similar to its upregulation in pediatric
dysgerminomas, suggesting it could be a relevant checkpoint in
immune suppression in both age groups for these histologies. PVR
did not differ significantly from the control group in adult GCTs,
contrasting with its elevated expression in pediatric YSTs. CD24 was
highly expressed in adult YST, EC, and teratoma, aligning with its
elevated levels in pediatric YST and EC, indicating a conserved
immune escape mechanism through CD24 across age groups.

4 Discussion

This was the first study to profile the immune landscape of
pediatric germ cell tumors across various histological subtypes,
shedding light on both shared and unique immune features within
these tumors. We described the immune cell type abundance across
pediatric GCTs, with unsupervised hierarchical clustering,
highlighting distinct compositions of the tumor microenvironment
within each GCT subtype. Dysgerminomas exhibited significantly
higher abundances of T cells, CD8" T cells, and cytotoxic cells,
indicating a relatively immune-active microenvironment that may
support anti-tumor responses. Of note, this subtype also displayed
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upregulation of immune checkpoints such as CTLA4, TIGIT, and
IDO1I. Although we did not observe differential expression of PD-L1,
prior studies reported high PD-LI expression in dysgerminomas,
correlating with dense tumor-infiltrating lymphocytes (TIL),
including cytotoxic CD8" T cells (20). Similar results were found in
adult seminomas, where high levels of PD-1 and TIGIT were detected
on infiltrating T cells, where increased cytotoxic T cell infiltration is
associated with favorable outcomes and potential responsiveness to
immunotherapy (21, 22). The expression of such checkpoints
highlights a balance of immune activation and suppression,
suggesting that pediatric dysgerminomas could be responsive to
immunotherapies targeting multiple immune checkpoints to unlock
anti-tumor immune potential.

Yolk sac tumors, on the other way, displayed an increased
abundance of exhausted CD8" T cells and NK cells, suggesting an
immunosuppressive tumor microenvironment (TME). The
exhausted T cells indicate chronic antigen exposure, likely
impairing effective anti-tumor activity. While indicative of innate
immune activation, NK cells may be dysregulated or insufficient in
countering immune evasion in YSTs, as seen in other tumor types
where NK cell function is hindered by the immunosuppressive TME
(23-25). In support of this, studies across various cancers have
demonstrated that NK cells rapidly lose their cytotoxic functions
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FIGURE 4

Immune cell abundance in pediatric germ cell tumor subtypes. (A) Heatmap displaying the z-scores of immune cell abundance for ten distinct
immune cell types across different pediatric GCT subtypes and control samples. Blue and red colors indicate downregulation and upregulation,
respectively, relative to the control group. (B) Boxplots comparing immune cell abundance scores with significant differences among the groups for
selected immune cell populations. Statistical significance is indicated by asterisks (*p < 0.05, FDR-adjusted).

after entering the tumor, adopting phenotypic states associated with
tissue residency and functional impairment (26, 27). In gastric cancer
liver metastases, NK cells showed reduced expression of IFNy and
TNF, partially driven by TGFf-mediated suppression (28). A similar
mechanism was observed in metastatic breast cancer, where TGFf3
altered NK cell metabolism and led to mitochondrial dysfunction,
which was reversible upon TGFf blockade (29). Mitochondrial
fragmentation has also been linked to NK cell dysfunction in liver
cancer, with excessive Drpl-mediated mitochondrial fission
impairing their cytotoxic potential (30). Moreover, oxidative stress
and nutrient deprivation in the TME can suppress NK cell
metabolism, leading to reduced glycolysis, oxidative
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phosphorylation, and effector function (31). Although our study
did not assess NK cell activity directly, these converging findings
from solid tumors support the hypothesis that NK cells in YSTs may
similarly exist in a phenotypically altered, less cytotoxic state.

YST and EC exhibited elevated levels of CD24, a molecule
linked to immune evasion and chemoresistance (32-34). The
findings align with a recent study, which showed that CD24
supports an undifferentiated, pluripotent cell state in ECs and
that blocking CD24 with a monoclonal antibody can enhance
cisplatin sensitivity in vitro, even in cisplatin-resistant clones (35).
This suggests that CD24-targeted therapies might potentiate
cisplatin efficacy in pediatric GCTs, especially in resistant cases.
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FIGURE 5

Expression of immune checkpoint genes across pediatric and adult germ cell tumor subtypes. (A) Boxplots showing the normalized mRNA counts
for immune checkpoint genes (IDO1, CTLA4, TIGIT, PVR, and CD24) across pediatric GCT histologies and control samples. (B) Boxplots displaying
normalized expression levels of the same immune checkpoint genes in an in silico analysis of adult male germ cell tumors. Statistical significance is

indicated by asterisks (*p < 0.05, FDR-adjusted).

Additionally, PVR was upregulated in pediatric YST. PVR, a
member of the nectin-like family, is increasingly recognized for its
role in promoting tumorigenic processes such as proliferation,
migration, and immune suppression (36). High PVR expression
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correlates with poor prognosis and increased invasiveness, as
observed in hepatocellular carcinoma and lung squamous cell
carcinoma, where elevated PVR levels are associated with decreased
overall and recurrence-free survival rates (37, 38). In pancreatic
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cancer, intratumoral NK cells show downregulation of activating
receptors such as DNAM-1 and NKp30 and increased expression of
inhibitory ligands like PVR on tumor cells, impairing their function
despite infiltration (39).

In the present study, the CNS mixed tumors presented the lowest
number of DEGs and no significant immune cell abundance or
checkpoint expression at the mRNA level. This result may stem from
the small sample size or the heterogeneous composition of mixed
tumors. However, previous studies on CNS GCTs reported high PD-
L1 expression associated with CD8" T cell infiltration in tumors such
as germinomas, suggesting a partially active immune environment
despite limited response to immune checkpoint inhibitors (40, 41).

Our in silico comparison of immune checkpoint expression in
pediatric and adult GCTs revealed that IDOI and CD24 were elevated
across age groups, yet CTLA4 and PVR checkpoints showed
variations. PVR was particularly upregulated in pediatric YST,
suggesting differences in immune evasion mechanisms between
pediatric and adult GCTs. CTLA4 did not show significant
differences overall in adult GCTs; however, CTLA4 immunostaining
was reported in adult testicular YST, choriocarcinoma, and teratoma,
where it was linked to an immunosuppressive environment (42). This
finding suggests that CTLA4 may have a subtype-specific role in
GCTs, with its upregulation in pediatric dysgerminomas potentially
indicative of a similar immunosuppressive function.

Despite our findings, this study exhibited some limitations. The
sample size for pediatric GCTs was limited, which may affect the
generalizability of the findings across all pediatric GCT subtypes.
Some GCT histologies, including choriocarcinoma and seminoma,
were not represented. Immune system maturation and immune cell
dynamics can differ significantly across this developmental
spectrum (43). However, due to the small sample size, we were
unable to stratify or statistically evaluate age-related immune
variation. Additionally, our analysis focused on mRNA expression
levels, which may not directly correlate with protein expression or
functional activity of immune checkpoints in the tumor
microenvironment. Further studies using proteomic approaches
and single-cell analyses would be beneficial in providing a more
comprehensive view of the immune landscape in pediatric GCTs.

Overall, our study reveals promising new therapeutic targets for
pediatric GCTs. In dysgerminomas, targeting IDOI and CTLA4
could enhance T cell-mediated anti-tumor responses. For YST and
EC, CD24 inhibition combined with chemotherapy may overcome
chemoresistance, while PVR-targeted therapies could reduce
immune evasion in YST. Age-specific immunotherapy approaches
are critical, as checkpoint expression differs between pediatric and
adult GCTs. While some checkpoints, like IDOI and CD24, are
relevant across age groups, others, such as CTLA4, may play
subtype-specific roles that vary with age. Further research is
needed to optimize checkpoint inhibitor combinations and
immune-modulatory therapies for pediatric GCTs.

In conclusion, this work highlights specific immune checkpoint
genes upregulated across different histological types of GCTs, offering
insights into potential therapeutic targets. The unique expression
profiles identified may contribute to a more personalized approach
to GCT treatment, although further validation through prospective,
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multicenter cohort studies is essential to confirm these findings. While
numerous clinical trials are already exploring combinations of
immune checkpoint inhibitors with standard therapies in adult
cancers, pediatric trials still need to be expanded. Establishing the
safety and efficacy of these combinations in children can transform
treatment strategies for childhood cancers that are currently
nonresponsive to existing therapies, ultimately leading to improved
patient outcomes.
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