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Simple Summary

Wilms tumor (WT) is the most common kidney cancer in children, which is usually success-
fully treated with surgery and chemotherapy. However, some children develop aggressive
or recurrent disease that does not respond well to standard treatments and may cause
long-term side effects. Although immunotherapy, which helps the immune system to
recognize and attack cancer cells, has improved outcomes in many adult cancers in re-
cent years, its possible employment and efficacy in WT is still under investigation. This
review explains how the immune system interacts with WT, how cancer cells can escape
immune control, and why current immunotherapies have shown limited benefit so far. By
combining pathological, biological, and clinical perspectives, this paper highlights new
opportunities for immune-based treatments and the importance of a multidisciplinary
approach to improve care for children with high-risk WT.

Abstract

Wilms tumor (WT) is the most common malignant renal tumor in childhood and rep-
resents one of the major success stories of pediatric oncology, with very good survival
achieved through risk-adapted multimodal therapy. Nevertheless, a subset of patients—
particularly those with diffuse anaplasia, blastemal-type tumors persisting after chemother-
apy, or relapsed disease—continues to experience poor outcomes and significant long-term
treatment-related morbidity. These challenges highlight the need for novel therapeutic
strategies beyond conventional cytotoxic approaches. Growing evidence indicates that WT
is characterized by a complex and distinctive tumor microenvironment (TME) shaped by
its developmental origin and triphasic histology. Immune cell infiltration, inflammatory
mediators, and immune checkpoint pathways interact differently with blastemal, epithe-
lial, and stromal tumor components, generating heterogeneous immune surveillance and
escape mechanisms. In particular, tumor-associated macrophages (TAMs), functionally
impaired natural killer (NK) cells, and immunosuppressive stromal elements play a central
role in shaping an immune milieu that may limit the efficacy of immune-based therapies.
Although immunotherapy has changed the management of several adult malignancies and
some pediatric cancers, its translation to WT has so far been limited, with modest results
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in unselected patient populations. Recent immunogenomic and proteogenomic studies,
however, suggest the existence of biologically distinct WT subsets with different immune
features and potential susceptibility to targeted immunotherapeutic approaches. This narra-
tive review integrates pathological, immunological, and clinical perspectives to summarize
current knowledge on the WT immune microenvironment, mechanisms of tumor immune
evasion, and emerging immunotherapeutic strategies. By providing a unified framework,
it aims at supporting a multidisciplinary approach for the rational development of future
immune-based and combination therapies tailored to specific WT subgroups.

Keywords: Wilms tumor; tumor microenvironment; tumor escape; natural killer cells;
macrophages; immunotherapy; targeted therapy

1. Introduction
Wilms tumor (WT) is the most frequent malignant renal tumor occurring in childhood

and one of the major success stories of pediatric oncology, with survival rates exceeding
90% in most patients treated with multimodal, risk-adapted protocols [1]. Neverthe-
less, a clinically relevant subset of children—particularly those with diffuse anaplasia,
blastemal-type tumors after chemotherapy, or relapsed disease—continues to experience
poor outcomes and substantial long-term treatment-related toxicity. These unmet clin-
ical needs highlight the need for biologically informed therapeutic strategies beyond
conventional cytotoxic approaches.

Increasing evidence indicates that WT is not immunologically inert but, rather, charac-
terized by a complex and peculiar tumor microenvironment (TME) shaped by its devel-
opmental origin and triphasic histology. Distinct immune cell populations, inflammatory
mediators, and immune checkpoint pathways interact differently with blastemal, epithelial,
and stromal tumor components, contributing to heterogeneous immune surveillance and
escape mechanisms. These features provide a strong biological rationale for exploring
immunotherapeutic strategies, while simultaneously explaining the limited efficacy ob-
served with available immune checkpoint inhibitors and other immune-based treatments
in unselected WT populations.

By providing a unified framework, this review seeks to support a multidisciplinary
perspective and to inform the rational design of future immune-based and combination
therapies tailored to specific biological subsets of WT.

This narrative review was conducted according to recommended standards for high-
quality narrative synthesis and guided by the SANRA (Scale for the Assessment of Narra-
tive Review Articles) framework [2]. A comprehensive literature search was performed
using PubMed, Scopus, and Web of Science, complemented by targeted manual searches
of references from key publications and international clinical guidelines issued by the
Children’s Oncology Group (COG) and the International Society of Paediatric Oncology
(SIOP). Peer-reviewed articles, reviews, and consensus or practice documents published in
English between 2000 and 2025 were considered eligible.

1.1. Epidemiology, Risk Factors, and Outcomes of WT

Despite its relatively uniform histology, WT shows marked global variation in inci-
dence, demographics, and survival, reflecting the combined effects of genetic susceptibility,
perinatal exposures, and healthcare system disparities.

WT predominantly affects very young children, with its incidence peaking between
birth and four years of age at approximately 15.1 cases per million, followed by a sharp
decline [1]. In high-income countries such as the United States, WT accounts for about
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5% of pediatric cancers and up to 7% overall [3]. Its sex distribution is generally balanced,
with a slight female predominance in most regions except Eastern Asia [3]. Significant
racial and ethnic disparities are observed, with children of sub-Saharan African ancestry
presenting the highest reported incidence (approximately 11 cases per million), exceeding
rates in White and East Asian populations [4]. These differences likely reflect both biological
predisposition and social determinants of health.

Although WT is primarily a genetically driven embryonal tumor, environmental
and perinatal factors may modulate risk. A 2024 systematic review and meta-analysis of
58 studies identified associations with high birthweight, large-for-gestational-age status,
prematurity, cesarean delivery, and parental (particularly maternal) occupational pesticide
exposure [5]. Breastfeeding and maternal folic acid or multivitamin supplementation were
associated with reduced risk, while no convincing associations were found for parental age,
smoking, alcohol use, or maternal diagnostic X-ray exposure. Overall, these factors exert
modest effects compared with genetic susceptibility.

Approximately 10% of WT cases occur in association with congenital anomalies or
hereditary cancer predisposition syndromes, including Beckwith–Wiedemann syndrome,
WAGR syndrome, Denys–Drash syndrome, and isolated hemihypertrophy [6]. These con-
ditions involve pathogenic variants or epigenetic alterations affecting key developmental
loci, notably WT1 (11p13), WT2 (11p15.5), and DIS3L2.

1.2. Genetic Landscape of WT

WT displays a highly heterogeneous genetic architecture despite a relatively low
overall somatic mutational burden. Genomic studies have identified alterations in ap-
proximately 40 cancer-associated genes—many involved in fetal kidney development—
supporting WT as a prototypical embryonal malignancy arising from disrupted renal
organogenesis rather than progressive accumulation of random mutations [7]. While about
10% of cases occur in defined genetic predisposition syndromes, most WTs are sporadic and
driven by somatic mutations, copy number changes, and epigenetic alterations converging
on a limited set of developmental pathways.

Germline susceptibility is central in syndromic WT. Constitutional WT1 alterations
underlie WAGR and Denys–Drash/Frasier syndromes, biallelic DIS3L2 mutations cause
Perlman syndrome, and epigenetic or structural abnormalities at 11p15 define the Beckwith–
Wiedemann spectrum. Germline variants in TRIM28, REST, CHEK2, PALB2, and BRCA2
have also been implicated in familial or nonsyndromic WT [7,8]. These alterations often
represent the first oncogenic “hit” and are associated with bilateral or multifocal disease
and earlier onset.

At the somatic level, three major pathways dominate WT biology. The WT1-Wnt/β-
catenin axis is foundational, with WT1 mutations occurring in 10–15% of tumors and
frequently co-occurring with 11p15 abnormalities and activating CTNNB1 mutations,
indicating functional cooperation between nephron progenitor specification and WNT
signaling [7,8]. Inactivation of WTX/AMER1 further underscores the centrality of β-catenin
dysregulation. The 11p15 (“WT2”) locus represents a second major driver. Loss of im-
printing or heterozygosity results in IGF2 overexpression and/or H19 silencing, which is
among the most frequent events in WT and is particularly enriched in stromal-predominant
tumors and those associated with the Beckwith–Wiedemann spectrum [7]. Transcriptomic
profiling confirms near-universal IGF2 overexpression in blastemal-type tumors [9].

A third defining mechanism involves disruption of microRNA (miRNA) process-
ing. Somatic mutations in DROSHA, DGCR8, DICER1, and related genes occur in up to
15–20% of blastemal-type WTs, leading to global miRNA depletion and persistence of
an undifferentiated, self-renewing progenitor state [7,9].
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Additional driver events affect transcription factors and chromatin regulators that
are essential for nephrogenesis. Recurrent SIX1 and SIX2 hotspot mutations—particularly
Q177R—are present in nearly 18% of blastemal-type tumors and correlate with prolifera-
tive signatures and adverse outcome [9]. Alterations in epigenetic regulators, including
BAF/SWI-SNF complex members, histone modifiers, and MYCN-interacting proteins,
further reinforce WT as a malignancy of arrested renal differentiation [7].

Copy number alterations add prognostic significance. Combined loss of heterozygosity
at 1p and 16q is an established adverse biomarker in Children’s Oncology Group protocols,
while 11p15 abnormalities refine risk stratification [8]. Gain of chromosome arm 1q, present
in approximately 20–30% of cases, has emerged as the most robust predictor of poor
outcome, independently associated with inferior event-free and overall survival across
multiple cohorts [10–12].

1.3. Histopathology of WT

Wilms tumor (WT) is a prototypical embryonal malignancy of the developing kidney.
As outlined in the preceding epidemiologic and genetic sections, WT arises from disrupted
nephrogenesis; histopathology represents the morphologic counterpart of these alterations
and remains central to diagnosis, staging, risk stratification, and therapeutic decision-
making in both COG and SIOP protocols [13,14].

Macroscopically, WT typically presents as a large, soft, tan-gray, lobulated renal mass
with frequent hemorrhage, necrosis, and cystic change. Microscopically, classic favorable-
histology WT shows a triphasic pattern of blastemal, epithelial, and stromal components
in variable proportions (Figure 1) [13,15]. Blastemal areas consist of small round blue
cells with high mitotic activity; epithelial components form primitive tubules or glomeru-
loid structures; stromal elements show mesenchymal differentiation and may include
heterologous tissues such as skeletal muscle, cartilage, bone, adipose tissue, or smooth
muscle. Many tumors deviate from the classic triphasic pattern and may be monophasic
or biphasic, underscoring the need for extensive sampling, as minor components may
be diagnostically and prognostically relevant [13]. Nephrogenic rests, which are foci of
persistent embryonal renal tissue, are recognized precursor lesions and are frequently
identified in kidneys affected by WT. They are classified as perilobar or intralobar, with
diffuse involvement termed nephroblastomatosis. Perilobar rests are strongly associated
with the Beckwith–Wiedemann spectrum, whereas intralobar rests are more common in
WT1-related syndromes such as WAGR and Denys–Drash, linking histopathology with
genetic predisposition mechanisms [14,15].

Histologic classification differs between COG and SIOP paradigms, reflecting dif-
ferences in treatment sequencing. In COG protocols, which favor upfront nephrectomy,
tumors are classified as favorable histology or anaplastic WT, with therapy guided mainly
by stage, age, tumor weight, and selected molecular features [16]. Accurate recognition of
epithelial-, stromal-, or blastemal-predominant patterns remains important for appropri-
ate treatment assignment. In contrast, SIOP protocols assess histology after preoperative
chemotherapy, categorizing tumors into low-, intermediate-, or high-risk groups based
on residual viable components and treatment response. Blastemal-type tumors persisting
after chemotherapy and diffuse anaplastic tumors define the high-risk category and are
associated with significantly worse outcomes [17].
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Figure 1. Histopathologic patterns of Wilms tumor. Representative hematoxylin and eosin-stained
sections at original magnification ×100 illustrating the principal histologic components and therapy-
related changes in Wilms tumor. (A) Epithelial component, composed of primitive tubules and
glomeruloid structures lined by cuboidal to columnar cells, recapitulating abortive nephron differen-
tiation. (B) Stromal component, characterized by spindle-shaped mesenchymal cells within a myxoid
to fibrous matrix, occasionally showing features of mesenchymal differentiation. (C) Blastemal
component, showing solid sheets and nodules of undifferentiated small round blue cells with a high
nuclear-to-cytoplasmic ratio and brisk mitotic activity. (D) Post-therapy changes, with prominent
fibrosis, hyalinization, inflammatory infiltrates, and scattered residual viable tumor elements, consis-
tent with chemotherapy-induced regression.

Anaplasia is the most important adverse histologic feature in WT. Defined by marked
nuclear enlargement, hyperchromasia, and abnormal multipolar mitoses, it is classified
as focal or diffuse. Diffuse anaplasia is associated with chemoresistance and poor prog-
nosis, whereas focal anaplasia may behave similarly to favorable-histology tumors when
completely resected [18]. Because anaplasia may be focal, meticulous sampling is essential.
To standardize reporting, the International Collaboration on Cancer Reporting (ICCR)
has developed a synoptic dataset for pediatric renal tumors, mandating uniform docu-
mentation of tumor type, component proportions, nephrogenic rests, invasion patterns,
margins, lymph nodes, and treatment effect, thereby harmonizing reporting across COG
and SIOP frameworks [19].

In summary, histopathology integrates developmental biology, genetics, and clini-
cal management in WT. Its accurate interpretation directly informs risk stratification and
provides the critical bridge between molecular alterations and current risk-adapted treat-
ment protocols.

1.4. Current Treatment Protocols

Building on the epidemiologic, genetic, and histopathologic framework outlined
above, modern management of WT exemplifies risk-adapted pediatric oncology. In high-
income settings, multimodal therapy, consisting of surgery, chemotherapy, and selective
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radiotherapy, achieves overall survival exceeding 90%, with treatment tailored by stage,
histology (favorable vs. anaplastic), and increasingly by molecular biomarkers [6,20].

Two cooperative groups anchor current practice: the COG in North America and the
SIOP-Renal Tumour Study Group (SIOP-RTSG) in Europe and other regions. Although
differing mainly in the timing of surgery and chemotherapy, both aim at maximizing the
curative effect while minimizing acute and long-term toxicity [3,8].

COG protocols generally favor upfront radical nephrectomy for unilateral WT, fol-
lowed by adjuvant therapy based on surgical–pathologic stage, histology, and key biologic
markers, including loss of heterozygosity (LOH) at 1p/16q, 11p15 abnormalities, and emerg-
ing incorporation of 1q gain [3,8]. In contrast, SIOP-RTSG protocols typically administer
preoperative chemotherapy (vincristine and actinomycin D ± doxorubicin for 4–6 weeks)
to reduce tumor volume, limit intraoperative rupture, and facilitate nephron-sparing
surgery, with postoperative therapy assigned according to post-chemotherapy histologic
risk group and stage [14]. Both strategies achieve comparable outcomes for favorable-risk
disease, with ongoing trials emphasizing harmonized endpoints and biomarker integration.
Radical nephrectomy with regional lymph node sampling remains the cornerstone for
unilateral resectable tumors, as omission risks understaging and undertreatment [3,6].
Nephron-sparing surgery (NSS) is increasingly employed for bilateral WT, patients with
predisposition syndromes (e.g., WT1-related disorders, Beckwith–Wiedemann spectrum),
solitary kidney, or selected unilateral tumors responding well to preoperative therapy [21].

WT is highly chemosensitive, with vincristine, actinomycin D, and doxorubicin form-
ing the therapeutic backbone. Low- and standard-risk favorable-histology disease is treated
with reduced-intensity regimens to preserve optimal survival while limiting anthracycline
exposure and radiotherapy [14,20]. Higher-stage disease or adverse biomarkers (e.g., LOH
1p/16q, 1q gain, specific 11p15 contexts) prompt treatment intensification and selective
radiotherapy, delivered with dose and field reduction to minimize late effects [6,8,20].

Diffuse anaplastic WT and post-chemotherapy blastemal-type WT remain chal-
lenging due to intrinsic chemoresistance and require aggressive multimodal intensifi-
cation [14]. Approximately 15% of patients relapse; salvage strategies combine surgery,
platinum/ifosfamide-based chemotherapy, and selected re-irradiation, with outcomes
largely determined by prior therapy and relapse patterns [22]. High-dose chemotherapy
with stem-cell rescue, targeted agents, and immunotherapy remain investigational.

Parallel efforts focus on integrating broader molecular profiling and exploring pre-
cision strategies, such as IGF axis inhibition, WNT/β-catenin modulation, and epige-
netic therapies [8].

The immune system plays a crucial role both in the control of tumors and in cancer
development and progression. On one hand, effector mechanisms of the innate and
adaptive immune response contribute to the recognition and elimination of tumor cells; on
the other hand, through the immunoediting process, the immune system itself is responsible
for the selection of tumor variants able to escape from recognition, thus facilitating cancer
progression. In addition, for many solid tumors, it has been clearly demonstrated that the
TME can deeply influence the course of the disease, not only by favoring tumor survival and
progression but also by shaping the immune cell populations infiltrating the tumor [23–25].
In the case of WT, characterized by a peculiar triphasic histology, the situation is even more
complex, since each tumor component (epithelial, stromal, and blastemal) displays distinct
features and could be variably susceptible to the immune response [26–28].

2. The Inflammatory Microenvironment in WT
The importance of the inflammatory microenvironment in driving and shaping im-

mune cell response and events of tumor progression such as epithelial–mesenchymal
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transition (EMT) has been extensively reported in adult tumors [29–32]. Although less
information is available regarding pediatric cancers, especially for relatively rare tumors
like WT, more recent studies performed using omics approaches and based on the analysis
of molecular databases have enabled the identification of inflammatory/immunological
subtypes characterizing the immunological landscape of these tumors and correlating them
with disease prognosis and outcome.

2.1. Leukocyte Populations Infiltrating WT

In WT, an inflammatory microenvironment characterized by the presence of inflam-
matory markers such as cyclooxygenase-2 (COX-2), hypoxia-inducible factor 1α (HIF-1α)
vascular endothelial growth factor (VEGF), phosphorylated STAT3, phosphorylated ex-
tracellular signal-related kinases 1 and 2, inducible nitric oxide synthase (iNOS), and
nitrotyrosine has been described [33–35]. Moreover, the immunohistochemical analysis
of 14 WT tissue samples belonging to different stages (I–IV) collected at the time of diag-
nosis revealed the prevalent localization of these inflammatory molecules in the stromal
component of the tumor and, to a lesser extent, in the blastemal and epithelial areas [35].
Importantly, the expression of inflammatory markers correlated with the presence of an im-
mune cell infiltrate that included cells of both innate and adaptive immunity. In particular,
tumor-associated macrophages (TAMs) represented the predominant cell type, and were
primarily detected in stromal areas. Additionally, neutrophils and mast cells were found in
almost all WTs analyzed, with similar preferential spatial distribution [36–38]. The presence
of TAMs has been correlated to the clinicopathological features of the tumor. Indeed, CD68+
cell counts increased in stage IV compared with stage I [36], and TAM numbers in stage
II WT were positively correlated with decreased disease-free survival [37]. Investigation
of macrophage polarization in tumor tissues has revealed a prevalent anti-inflammatory
M2 phenotype. Indeed, immunohistochemical and Western blot analyses, performed on
61 WT specimens, demonstrated higher positivity for M2 markers, including Arg-1, CD163,
and CD206, compared to M1 proteins such as CD80 and iNOS, which were predominantly
localized in the stromal component. In addition, the numbers of M1 TAMs decreased
while those of M2 TAMs increased with increasing tumor stage (from stage I to stage III),
suggesting a correlation between the M2 phenotype and poor prognosis in WT [38]. Inter-
estingly, a recent study investigating macrophage heterogeneity in the WT TME identified
BCL2A1 as a marker defining a subpopulation of tissue-resident macrophages associated
with advanced tumors and poor prognosis [39].

Regarding adaptive immune cells, T lymphocytes were present in all tumor tissues,
while B lymphocytes were present in 50% of samples analyzed. Both populations resided
almost exclusively in the stroma. Although a low number of cases were studied, no dif-
ferences in immune cell infiltration or the expression patterns of inflammatory markers
were observed among different stages of WT. Additionally, the levels of COX-2 expression
and other inflammatory factors paralleled the extent of TAM infiltration in the stromal
component of WT. In a mouse model of WT, generated via WT1 ablation and IGF2 upregu-
lation, similar data were obtained. Moreover, it was shown that other immune cells, such as
pDC and Treg lymphocytes, were recruited to the TME as a consequence of the production
of chemokines specific for CCR5 and CXCR4 receptors; furthermore, the immunoregula-
tory cytokines IL-10 and TGF-β were upregulated [40]. These data support the idea that
an immunosuppressive microenvironment can be present in WT.

In another study comparing the immune cell infiltrate in WT with PB immune cells
from the same patient through cytofluorimetric analysis, it was shown that CD45+ leuko-
cytes in the tumor tissue displayed higher proportions of macrophages and NK cells
compared to those in PB. Moreover, both CD4+ and CD8+ T cells were enriched in the
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effector memory subset and expressed CD57, HLA-DR, and PD-1 activation markers [41].
Notably, the composition of the immune cell infiltrate observed did not vary depending
on timing of chemotherapy, as some patients had received chemotherapy before tumor
resection, while others did not.

Recently, immunogenomic and proteomic studies based on omics techniques and
public databases providing transcriptomic data (e.g., TARGET) have enabled the analysis
of a large number of WT samples, leading to the identification of molecular immunological
subgroups that correlated with prognosis and overall survival. A systematic analysis
performed on public RNAseq data (TARGET) from 118 WT specimens and other pediatric
solid tumors, including neuroblastoma (NBL), osteosarcoma (OS), clear-cell sarcoma of the
kidney, and renal rhabdoid tumor, evaluated the Immune Constant of Rejection (ICR) score,
which is related to the expression of 20 genes that reflect an active Th1/cytotoxic immune
response [42]. ICR scores measured for all samples were correlated with survival rates.
In WT, low ICRs were generally found and, in contrast to other tumors such as OS and
high-risk NBL, lower ICR values corresponding to low immune infiltration were associated
with better survival. This reverse correlation has also been described in clear cell renal cell
carcinoma in adult patients [43]. Similar information was obtained when single-sample
gene set enrichment analysis (ssGSEA) was performed to identify immune signatures
characterizing the TME. Six different immune subtypes were identified: S1 (Th2-dominant),
S2 (inflammatory), S3 (immunologically quiet), S4 (wound-healing), S5 (macrophage-
dominant), and S6 (immune/lymphocyte-suppressed). Most WT samples belonged to
the S3 and, at a lower proportion, to the S4 clusters. These subtypes were then correlated
to overall survival. As shown for ICRs, the inflammatory S2 group in WT, characterized
by high Th1 and low Th2 infiltration, was associated with worse prognosis; meanwhile,
for other tumors, it was significantly correlated with better overall survival. However,
the number of WT samples belonging to the S2 subtype was very small and did not
allow for statistical analysis, while this could be performed between the S3 and S4 groups.
In this case, WT samples with the S3 signature showed a better overall survival than
those of the S4 subtype. The “immunologically quiet” S3 WTs were characterized by
a low ICR score and low immune cell infiltration, with decreased numbers of Th1 and
Th17 cells and high TGF-β expression. The “wound-healing” S4 WT tissues displayed
higher infiltration compared to S3 tumors; however, this infiltrate was mainly composed
of immune cells associated with an immunosuppressed microenvironment, such as Th2
and Treg cells and M2 macrophages. Moreover, the increased expression of wound-healing
genes characterizing the S4 subtype, along with the IDO1 and LAG3 immunoregulatory
molecules, further supports the correlation between an immunosuppressed TME and worse
overall survival. From a therapeutic point of view, these results suggest that a different
immunotherapeutic approach should be used for S3 and S4 WT. Indeed, the use of ICI
would not be efficacious for the treatment of S3 tumors, in which low infiltration is present;
in this context, the employment of tumor-targeting adoptively transferred immune cells
would represent a better option. In contrast, for WT showing an S4 signature, targeted
therapies aimed at disrupting immunosuppressive mechanisms would be of benefit.

In another study, immune-related gene signatures (IRCs) based on the ImmPort
database were investigated in 122 WT cases, in order to identify possible different patterns
of immune status and immune cell infiltration and to associate them with different disease
outcomes. The aim of the study was the identification of prognostic markers reflecting
immunologic status in the TME and predicting response to immunotherapy [44]. This
analysis led to the identification and validation of 117 differentially expressed IRGs in WT
specimens compared to adjacent normal tissue that reflected the landscape of immune
infiltrate and status in the TME. Among these IRGs, 12 could be clustered into immune-
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related signatures reflecting immunophenotypic heterogeneity and showed prognostic
value in predicting patients’ survival.

Very recently, another study addressed the same issue through integrative proteoge-
nomic characterization of 91 WT samples compared to normal tumor-adjacent tissues [45].
The study combined proteomics and phosphorylated proteomics with whole-exome se-
quencing and transcriptome analysis, with the aim of identifying molecular markers and
therapeutic targets to define additional clinical risk parameters for use in therapy selec-
tion. The obtained data revealed the existence of three distinct subgroups, each showing
particular clinical, pathological, and molecular signatures. Each subgroup corresponded
to one of the histological components: S1—blastemal, S2—stromal, S3—epithelial domi-
nant. In line with the predominant blastemal component, the S1 subgroup was associated
with poor outcome. Importantly, regarding the immunological aspects, S3 showed the
highest immune score, with high expression levels of immune cell markers, HLA, and
interferon-induced proteins. Moreover, it had a larger immune cell infiltrate than the S1 and
S2 subgroups, enriched in M2 macrophages, γ/δ T cells, mast cells, CD8, and resting CD4
memory T lymphocytes, and displayed higher expression of chemokines, cytokines, and
interferons. Notably, the S3 subgroup also presented significantly high expression of im-
mune checkpoint molecules, such as CD274, VTCN1, and BTN3A1, suggesting the presence
of an immunosuppressed TME. These results highlight the possibility of classifying WT
patients according to proteogenomic signatures, supporting further studies investigating
precision therapies specifically designed for a particular subgroup. In this context, targeted
immunotherapies aimed at disrupting immune evasion mechanisms could be effectively
applied for the treatment of WT belonging to the S3 type.

Recently, multi-omics analyses have also demonstrated how metabolic and mitochondrial-
related gene signatures can influence immune infiltration, molecular subtypes, and drug
sensitivity in adult renal malignancies. In clear cell renal cell carcinoma (ccRCC), the analysis
of nuclear mitochondria-related genes (nMTRGs) revealed 11 genes differentially expressed
in 530 ccRCC samples, with better prognosis in patients showing high expression of these
genes [46]. Importantly, tumors showing low nMTRG expression displayed higher numbers of
infiltrating NK cells, macrophages, and B lymphocytes; lower infiltration of CD4+ and CD8+
T cells; and high levels of CTLA4 and LAG3 expression, when compared to high-nMTRG
tumors. The latter, in contrast, displayed higher CD274 (PD-L1) and HAVCR2 (TIM-3) levels.
Further analysis predicted a lower ICB efficacy for the low-MTRG group. These findings
further support the relevance of novel integrated immunogenomic approaches that could
support tumor characterization and related therapeutic interventions, including in pediatric
tumors such as WT.

2.2. NK Cells in WT

NK cells are a lymphocyte population of innate immunity that play an important role in
antitumor immune response by exerting potent cytotoxic activity and producing cytokines,
such as IFN-γ and TNF-α, upon interaction with cancer cells [47]. The study by Holl et al.
was the first to describe the presence of NK cells in the WT microenvironment. Notably,
these cells were increased in tumor specimens compared to PB, indicating a possible role of
these innate lymphocytes in antitumor response against WT [41]. The presence of NK cells
was further confirmed by immunohistochemical analysis of tissue sections from 19 WT
specimens, which showed a prevalent localization of NKp46+ cells within the blastemal
and epithelial components [27]. Although no additional information is available so far
about the recruitment of NK cells in WT tissues and the possible presence of defined
functional NK cell subsets, it is conceivable that these cells of the innate immune system
may play a role in the antitumor response against WT. Indeed, in vitro studies aimed at
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characterizing the molecular and functional interactions between NK lymphocytes and WT
cells have recently reported different outcomes depending on the activation state of the NK
cells and on the cytokine milieu conditioning the phenotype and activity of immune and
tumor cells [27,28].

3. Mechanisms of Tumor Escape from the Immune Response in WT
Different effector cells of both innate and adaptive immunity are recruited to the

tumor site to exert the antitumor response. However, these cells may display functional
alterations due to the capability of tumor cells to inhibit an effective immune response. This
may be due to different tumor-developed strategies involving the production of soluble
inhibitory factors and cell-to-cell contact interactions [48–51]. Regarding WT, the cellular
and molecular interactions taking place in the tumor microenvironment between WT and
immune cells have only partially been investigated. Moreover, in this tumor, it must be
considered that the different histologic components may exert different effects on immune
cells, depending on component-specific phenotypic and functional characteristics. In this
context, stromal-type WT cells have been shown to display morphological, phenotypic,
and biological features typical of mesenchymal stem cells (MSCs) [52]—a cell type known
to display a potent immunosuppressive effect on cells of both innate and adaptive immune
systems, including NK cells and macrophages [53–57]. It has been reported that WT
putative cancer stem cells (CSCs), identified as CD56+CD133−ALDH1bright cells, reside
in the blastemal component [26]. This cellular subset may also display unique properties
in conditioning the immune response in the TME of WT. Figure 2 summarizes the main
evasion mechanisms acting in the TME of WT, with a particular focus on the interactions
established by WT cells with NK lymphocytes and macrophages.

In the TME, the production of inhibitory factors, including IDO and PGE2, represents
a widely shared mechanism of immunosuppression of antitumor response in many can-
cers [58–61]. In WT, both IDO and PGE2 are produced by tumor cells upon stimulation
by IFN-γ and IL-1β+TNF-α, respectively, and are responsible for the inhibition of NK
cell activation [28].

A major mechanism of immune evasion is the expression of inhibitory ligands by
tumor cells, which are recognized by inhibitory receptors that negatively regulate the
function of different cells in both innate and adaptive immunity [62–66]. WTs have been
shown to express several immune checkpoint molecules, including PD-L1, B7-H3, VTCN1,
CD47, and VISTA, with B7-H3 displaying the highest expression levels [28,42,45,67]. Other
ligands that may exert an inhibitory effect on immune cells are represented by soluble HLA
class I molecules. Soluble-HLA-G has been shown to trigger apoptosis in activated CD8+
T cells and suppress both NK and cytotoxic T lymphocyte responses [68]. To date, this
possible mechanism of immune evasion has not been explored in WT.

Another mechanism of immune escape possibly acting in the TME involves tumor cells
releasing soluble ligands for activating receptors. For example, the proteolytic shedding that
generates soluble NKG2D ligands (sNKG2DLs) is involved in sNKG2DL-driven remodeling
of the TME toward an immunosuppressive state; as such, it is now targeted in novel
immunotherapeutic approaches [69–71]. Soluble ligands for other activating NK receptors—
namely, DNAM-1 and NKp30—have been detected in cancer patients, correlating with
disease progression [72–74].

In the last several years, it has become increasingly evident that tumor-derived ex-
tracellular vesicles (EVs) play an additional role in the development and progression of
tumors by influencing immune cells, including NK cells [48,75–78]. This aspect has been
very poorly investigated in WT. A recent study reported that plasma EVs from 14 WT
patients expressed significantly increased levels of PD-L1 compared to healthy subjects.
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These PD-L1+ EVs could inhibit the activation of human CD8+ T cells, as evidenced by
the downregulation of the CD69 activation marker and the inhibition of IFN-γ and TNF-α
production [79].

Figure 2. Cellular and molecular interactions occurring in the TME of WT and mechanisms of tumor
escape from immune response. In the TME, different cell types are present that support tumor
growth and progression, including vascular endothelial cells, tumor-associated fibroblasts (TAFs),
and immune cells. WT cells produce various soluble factors, constitutively or induced by the
conditioning milieu, and express inhibitory surface molecules that shape immune response toward
an immunosuppressed state. NK cells and macrophages are reported targets of tumor-mediated
inhibition. NK cell activation and function is impaired by soluble mediators—including regulatory
cytokines, IDO, PGE2, and soluble ligands for activating receptors—and through the engagement
of inhibitory surface receptors such as B7-H3, PD-1, and TIGIT. M2 polarization of macrophages
is promoted through mechanisms possibly involving soluble mediators such as PGE2, released
by tumor cells upon physical interaction with phagocytes. The figure contains modified images
from Servier Medical Art (https://smart.servier.com, accessed on 12 January 2026), licensed by
a Creative Commons Attribution CC BY 4.0 International License (https://creativecommons.org/
licenses/by/4.0/).

3.1. Mechanisms Acting on NK Cells

Regarding NK cells, very little information is available about the outcome of their
interaction with WT cells. Two recently published studies have focused on the characteriza-
tion of primary WT cell populations isolated and expanded from tumor tissues derived
from nephrectomized WT patients and on the effects that these cells could exert on NK lym-
phocytes [27,28]. In the first study, WT cell lines expressing a blastemal CD56+/CD133− or
an epithelial CD56−/CD133+ phenotype were characterized via cytofluorimetric analy-
sis. Both cell types expressed ligands recognized by activating receptors, such as CD112
(Nectin-2), CD155 (PVR), ligands of DNAM-1 activating receptors, and ULBP2/5/6 and
MICA/B, recognized by NKG2D. Moreover, they also expressed the immune checkpoint
ligand PD-L1 and HLA class I molecules, with the latter recognized by KIR and NKG2A
inhibitory receptors [27]. In the second paper, published by our group, WT cell populations
of stromal type (CD105+, CD90+, CD73+, vimentinhigh, and cytokeratinneg/low) were iso-
lated and analyzed, which showed a similar phenotype and expressed both DNAM-1 and
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NKG2D ligands. Additionally, they stained positively for sNKp46, sNKp30, and sNKp44
soluble receptors, indicating that they expressed the putative ligands of Natural Cytotoxi-
city Receptors (NCRs). Regarding the ligands for inhibitory receptors, stromal WT cells
expressed the inhibitory checkpoint molecules B7-H3, PD-L1/L2, CD47, and HLA class I
molecules. Notably, B7-H3 was expressed at very high levels.

When NK cell populations from healthy donors previously activated with IL-2 were
tested in cytotoxicity assays against WT cells, they could efficiently produce IFN-γ and
TNF-α, degranulate, and lyse tumor cells independently of the target histologic pheno-
type [27,28]. These findings indicate that, when present in an active state, NK cells can
recognize and kill WT cells as a result of predominant activation rather than inhibitory
interactions. A completely different effect was observed when freshly isolated, resting
NK cells were used in co-culture experiments with tumor cells. Under these conditions,
NK-mediated WT cell lysis did not occur, while IL-2-induced activation of NK lymphocytes
was inhibited by WT cells. In particular, NK cell proliferation was significantly impaired by
stromal-type WT populations, and this inhibition was due to the production, by tumor cells,
of PGE2 and IDO inhibitory factors. Inhibition affected also the acquisition of an activated
phenotype, as co-cultured NK cells showed a lack of upregulation of NKp30, NKp44,
NKG2D, and 2B4 activating receptors [28]. The immunosuppressive effect was mediated by
inhibitory factors produced by stromal WT cells upon interaction with NK cells. IDO- and
PGE2-mediated inhibition required cell-to-cell contact, as it was not observed in culture
experiments performed under Transwell conditions.

Physical interaction caused the production of IFN-γ and TNF-α by NK cells, which
induced COX-2 and IDO expression in WT cells, as well as the upregulation of inhibitory
ligands, including HLA class I, PD-L1/L2, and CD47 molecules, thus promoting tumor
immunosuppressive behavior.

In the study by Fiore et al., both the epithelial and blastemal components were studied
and shown to impair NK cell-mediated cytotoxic activity against K562 erythroleukemia
cells, reduce IFN-γ production, and inhibit the IL-2 mediated upregulation of NKp30,
NKp44, DNAM-1, and TIM-3 receptors [27]. Additionally, in this case, impairment required
cell-to-cell contact; however, it was not prevented by the addition of IDO and PGE2
inhibitors, thus excluding a possible involvement of these immunosuppressive factors.

In conclusion, the data published so far indicate that, depending on their activation
state, NK cells may be susceptible to WT-mediated inhibition, while they could also kill
tumor cells. The results of the interaction may depend also on the cytokine milieu of the
tumor tissue, as cytokines such as IFN-γ, IL-1β, and TNF-α—which may be present in
the TME—can induce the production of inhibitory factors in WT cells that are involved in
inhibitory effects.

3.2. Mechanisms Acting on Macrophages

Macrophages appear to be the most prevalent immune cell type in WT tissues, with
preferential localization in stromal areas. Different studies addressing the identification of
immune signatures in WT specimens possibly related to disease prognosis and outcome
have revealed that M2-polarized cells are the main macrophage type present in the TME.
This evidence further supports the existence of an immunosuppressive microenvironment
in WT that conditions the phenotype and function of recruited immune cells. However,
little is known about the mechanisms involved in M2 polarization of macrophages by WT
cells. A recent study reported that peripheral blood (PB)-derived monocytes differentiated
into M0 macrophages in the presence of epithelial or blastemal WT cell populations and
showed an M2-polarized phenotype, as indicated by higher expression of CD163 and
CD206 M2 markers [27]. Moreover, these M2-like cells could in turn negatively regulate
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NK cell effector functions, as degranulation and autologous IFN-γ production upon contact
with K562 target cells were decreased after prior co-culture of NK lymphocytes with M2-
like macrophages. The polarizing effect of WT cells was contact-dependent, as it was not
observed in Transwell experiments.

3.3. Mechanisms Acting on Other Immune Cells

Pediatric solid tumors, including WT, are typically characterized by a low mutational
burden and limited neoantigen repertoire, factors that constrain T cell activation and partly
explain the modest responses observed with immune checkpoint inhibitors in children. In
this context, tumor-infiltrating T lymphocytes often display reduced effector function and
may require cooperative activation by antigen-presenting cells, such as dendritic cells, to
generate durable antitumor responses and immune memory [80]. In WT, different reports
have described an immune infiltrate characterized by a low presence of T cells [35,40,81]
in the tumor tissue. In most cases, T lymphocytes are mainly represented by Th2 and
Treg cells, as confirmed through immunohistochemical, transcriptomic, and proteomic
studies [40,42,45], correlating with an immunosuppressive microenvironment. In another
study, both CD4+ and CD8+ T cells found in WT displayed an activated effector memory
phenotype and, more importantly, expressed PD-1 inhibitory receptor, further supporting
evidence of an inhibited state of immune cells in WT [41]. Moreover, tumor-infiltrating
lymphocytes derived from pediatric tumors, including 5 WTs, were shown to be defective
in terms of in vitro activation and expansion, when compared to normal control cells, as
a consequence of the original conditioning exerted by the tumor involving the low expres-
sion of HLA class I, ICAM-1, and LFA3 molecules, as well as the significant production
of TGF-β [81]. Apparently in contrast with these findings, a study reported that higher
numbers of CD8+ T cells in WT tissues, localizing at the invasive margins, were positively
correlated with better disease outcomes, particularly in early-stage WT [82]. However, it
could be considered that, when the T-cell-mediated response is not counteracted by the
tumor, it can play a positive and effective role in the antitumor immune response. Despite
the availability of different studies performed directly on WT tissues, in vitro studies using
tumor-derived cell populations and aimed at deeply investigating the molecular interplay
and outcome of the interaction between T lymphocytes and WT cells—and, thus, possibly
clarifying the active mechanisms in the TME—remain elusive.

B cells and other immune elements, including dendritic cells, are increasingly rec-
ognized as modulators of antitumor immunity and may influence immunoediting and
antigen presentation. Very little information is available regarding both B lymphocytes and
dendritic cells and their specific roles in WT. In the study by Maturu et al., B lymphocytes
were found in 7 out of 14 WT tissues analyzed via immunohistochemistry, making them less
frequent compared to T cells [35]. However, no additional informative data are available
regarding the phenotype and function of B cells in the WT TME. Moreover, in tumor tissues
of a WT mouse model, plasmacytoid dendritic cells were significantly present, correlating
with the observed increased expression of IDO1 and supporting an immunosuppressive
role of these cells [40].

Taken together, these observations highlight the need for a broader, integrated view of
the WT immune landscape, in which innate and adaptive immune compartments interact
dynamically, providing a rationale for combined immunotherapeutic approaches aimed at
enhancing antigen presentation, T cell activation, and long-term immune surveillance. In
this regard, the use of tumor-derived 3D-structure organoids in vitro or patient-derived
xenograft (PDX) models in vivo could allow for deeper investigations, with tumor models
maintaining the original cellular heterogeneity of WT (for WT organoids) and PDX models
maintaining the other components of the TME.

https://doi.org/10.3390/cancers18060908

https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 14 of 28

4. Preclinical and In Vitro Models for WT
Recent advances in cancer research have highlighted the importance of integrating

molecular profiling, immune landscape characterization, and clinically relevant preclinical
models to improve therapeutic development. PDX models have emerged as valuable
platforms that preserve tumor heterogeneity and microenvironmental features, enabling
translational investigation of tumor progression and treatment response across multiple
cancer types [83]. In the context of WT, the study by Murphy et al. demonstrated the
relevance of PDX models as a tool to study the complexity and heterogeneity of WT by
deriving xenografts from 45 WT patients, including those with diffuse anaplasia, disease
relapse, or bilateral tumors. Interestingly, it was shown that WT-PDXs maintained the
expected treatment resistance or sensitivity of their histological subtypes [84]. In parallel,
other experimental tools are being developed, with the aim of capturing the heterogeneity of
pediatric solid cancers, such as WT-derived three-dimensional (3D) spheroids [85] and WT-
derived 3D organoid culture models [86]. Although not yet applied to WT, the technology
of microfluidic cell culture represents a challenging yet promising tool to generate human
organs-on-chips—a very useful preclinical model in cancer research enabling the study
of crucial issues, including tumor cell behavior, tumor–TME interactions, and anti-cancer
drug development [87].

5. Novel Therapeutic Approaches in WT
Conventional therapies for WT patients include surgery, pre- or postoperative

chemotherapy and, in some cases, radiotherapy. Although these protocols are effective
in most cases of WT with favorable histology, yielding a 5-year survival rate of about
90%, alternative therapeutic strategies are needed; this is especially true for patients with
high-risk tumors, in which the efficacy of standard therapies is reduced and the possi-
bility of recurrence is increased. In addition, the development of novel approaches to
be used in combination with standard treatments could also be beneficial in reducing
the adverse effects associated with chemo- and radiotherapy and the risk of long-term
complications—a major concern, especially in pediatric patients.

5.1. Immunotherapy

Immunotherapy represents one of the main alternative strategies for cancer treatment,
with the goal of targeting and eliminating tumor cells through the enhancement of the
patient’s immune response. Several immune-based approaches have been developed
for adult patients and have been shown to be effective in different hematological and
solid malignancies. In this context, the targeting of immune checkpoints (ICs) and the
engineering of immune cells with Chimeric Antigen Receptors (CAR) are currently among
the most promising and investigated strategies [66,88]. The translation of immunotherapy
to pediatric solid tumors is still challenging; while the issues related to the presence of the
TME, possibly generating an immunosuppressive milieu, are shared with adult cancers,
pediatric tumors are generally characterized by a lower mutational burden and are poorly
immunogenic [89,90]. For WT in particular, an additional obstacle is represented by its
rare nature and the low number of patients that are recruited in broad clinical trials aimed
at evaluating novel immunotherapeutic approaches for different types of pediatric solid
tumors (Table 1).
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Table 1. Immunotherapy and Targeted Therapy Clinical Trials Including Patients with Wilms Tumor.

Clinical Trial Therapeutic
Agent/Product Class Molecular

Target/Pathway Phase/Design WT Inclusion WT Patients (n) WT-Specific
Biological Rationale Status

NCT02541604 Atezolizumab
mAb (immune

checkpoint
inhibitor)

PD-L1 Phase I/II, basket Explicit 10
Variable PD-L1
expression in

relapsed/anaplastic WT

Terminated,
with results

NCT02332668 Pembrolizumab
mAb (immune

checkpoint
inhibitor)

PD-1 Phase I/II
pediatric Included 3

Safety/efficacy of PD-1
blockade in

refractory WT
Recruiting

NCT01445379 Ipilimumab
mAb (immune

checkpoint
inhibitor)

CTLA-4 Phase I pediatric Explicit 3

Enhancement of T-cell
activation in

immunologically
cold WT

Completed

NCT02982941 Enoblituzumab
(MGA271) mAb B7-H3 Phase I pediatric Potential n.r. B7-H3 expression linked

to aggressive WT Completed

NCT05293496 Vobramitamab
duocarmazine ADC B7-H3 Phase I Not specified n.r. Targeted cytotoxic

delivery via B7-H3 Completed

NCT04897321 B7-H3 CAR-T CAR-T
cell therapy B7-H3 Phase I pediatric Potential n.r High B7-H3 expression

in WT Recruiting

NCT04483778 B7-H3 CAR-T CAR-T cell
therapy B7-H3 Phase I pediatric Potential n.r Limited normal tissue

expression of B7-H3
Active, not
recruiting

NCT04928677 Codrituzumab mAb GPC3 Phase I/II
pediatric Potential n.r. GPC3 expression in

WT subsets Recruiting

NCT04377932 IL-15 armored
GPC3 CAR-T

CAR-T
cell therapy GPC3 Phase I pediatric Potential n.r

IL-15 improves CAR-T
persistence; GPC3

in WT
Active, not
recruiting

NCT05103631 IL-15 armored
GPC3 CAR-T

CAR-T
cell therapy GPC3 Phase I Potential n.r Extension of armored

CAR-T to WT Recruiting

NCT04715191 GPC3 CAR-T (IL-15
and -21 armored)

CAR-T
cell therapy GPC3 Phase I pediatric Potential n.r Dual cytokine armoring

to overcome WT TME Recruiting

NCT01598454
NeuGcGM3 mimic

vaccine
(Racotumomab)

Therapeutic
vaccine NeuGcGM3 Phase I pediatric Included 1

Ganglioside expression
in pediatric tumors

incl. WT

Completed,
with results

NCT02452554
Lorvotuzumab

mertansine
(IMGN901)

ADC NCAM (CD56) Phase II Included 17 NCAM expression
in WT

Completed,
with results

NCT02789228

MTAA-Ts (multi
tumor-associated
antigen-specific

T cells)

Adoptive
T-cell therapy Multiple TAAs Phase I Explicit 9 Multi-antigen targeting

limits escape in WT
Active, not
recruiting
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Table 1. Cont.

Clinical Trial Therapeutic
Agent/Product Class Molecular

Target/Pathway Phase/Design WT Inclusion WT Patients (n) WT-Specific
Biological Rationale Status

NCT05238792

MTAA-Ts (multi
tumor-associated
antigen-specific

T cells)

Adoptive
T-cell therapy Multiple TAAs Phase I Potential n.r Expanded multi-antigen

strategy for WT Recruiting

NCT02574728

Celecoxib
(COX-2 inhibitor)
(combination with

sirolimus, etoposide,
cyclophosphamide)

Repurposed
combination mTOR, COX-2 Phase II Not specified n.r

Targeting
growth/angiogenesis

pathways in WT

Active, not
recruiting

NCT03618381 EGFR CAR-T CAR-T
cell therapy EGFR Phase I

pediatric/AYA Potential n.r EGFR expression in
WT subsets

Active, not
recruiting

NCT04851119 Tegavivint
(TLB1 inhibitor)

Targeted
small molecule

TBL1/Wnt–β-
catenin Phase I/II Explicit n.r

Developmental
signaling dysregulation

in WT
Recruiting

NCT05985161 Selinexor
(XPO1 inhibitor)

Targeted
small molecule XPO1 Phase II Explicit n.r Disruption of oncogenic

nuclear export in WT Recruiting

(Updated to January 2026) Abbreviations: WT, Wilms tumor; mAb, monoclonal antibody; n.r., not reported; ADC, antibody-drug conjugate; CAR, chimeric antigen receptor; NeuGcGM3,
N-glycolylated ganglioside monosialic 3; NCAM, neural cell adhesion molecule; EGFR, epithelial growth factor receptor; TAA, tumor-associated antigen; AYA, adolescents and young
adults; TBL1, transducing b-like protein1; XPO1, exportin-1.
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In view of the above considerations, the identification of molecules highly expressed
in WT is crucial for the design of immune-based treatments capable of selectively targeting
tumor cells. Among the most studied targets, ICs include several surface molecules which
are able to interact with receptors expressed by different immune cells and impair their func-
tional properties [65,66,91]. The inhibition of IC pathways represents an effective strategy
for cancer treatment. In particular, the use of monoclonal antibodies (mAbs) blocking the in-
teraction of PD-1 or CTLA-4 with their corresponding ligands (PD-L1/L2 and CD80/CD86,
respectively) has shown remarkable efficacy in different solid tumors, including melanoma
and lung carcinoma [62,63]. Consequently, the same strategy is currently being explored
for pediatric solid cancers [65,92]. The PD-L1 molecule has been extensively analyzed
in several pediatric tumor types, revealing quite low expression, with the exception of
Hodgkin’s lymphoma and sarcoma [92–96]. Several studies focused on WT have confirmed
that PD-L1 is generally expressed at low levels and in a small percentage of patients, al-
though heterogeneous results have been obtained. Interestingly, PD-L1 expression is more
frequent in anaplastic WT and correlates with disease recurrence. A similar association has
also been reported in WT with favorable histology, independent of tumor stage [97,98]. In
recent years, some WT patients have been included in clinical trials based on IC inhibitors
(Table 1). Two trials have used atezolizumab or pembrolizumab to block the PD-1/PD-L1
axis (NCT02541604; NCT02332668) [99,100], while another one (NCT01445379) included ip-
ilimumab, an anti-CTLA-4 mAb [101]. Although well tolerated, the overall efficacy of these
therapies in WT patients was poor. In the phase I-II KEYNOTE-051 study (NCT02332668),
pembrolizumab showed an acceptable safety profile in children with advanced cancers but
produced objective responses in only a small proportion of Hodgkin pediatric lymphomas,
underscoring the limited efficacy of single-agent checkpoint inhibition in this setting [100].
Similarly, the phase I-II iMATRIX study (NCT02541604) showed that atezolizumab was well
tolerated but displayed limited efficacy [99]. Additionally, the NCT0101445379 study, based
on the targeting of CTL4 through ipilimumab, showed no objective tumor regressions [101].

In addition to PD-1 and CTLA4, other ICs have been investigated in WT, including
HVEM, Gal-9, and MHC class II, which bind BTLA, TIM-3, and LAG-3, respectively. Al-
though the number of samples analyzed was too low to draw definite conclusions, none
of these molecules appear to be homogeneously expressed in a substantial proportion of
WT [65,92]. It is notable that, while immune checkpoint inhibitors have demonstrated
unprecedented efficacy in several adult malignancies, they have shown modest activity
in most pediatric cancers, likely reflecting their generally low mutational burden and
limited neoantigen landscape, which contribute to reduced intrinsic immunogenicity and
diminished responsiveness to checkpoint blockade [80]. Consequently, increasing attention
has shifted toward therapies directed against tumor-associated surface antigens. Among
these, the B7-H3 (CD276) surface molecule has emerged as a promising target, given its
widespread expression in pediatric solid cancers and its role as an immune inhibitory lig-
and. B7-H3, a checkpoint member of the B7 family [102,103], is broadly expressed by solid
tumors of various histotypes [104,105]. Initially characterized as an excellent biomarker and
target in neuroblastoma (NB), it was subsequently found to be highly expressed in different
pediatric solid cancers, including WT [65,67,105]. B7-H3 acts as an immune checkpoint
ligand; although the surface molecule recognized by B7-H3 on T and NK cells is still un-
known, the engagement of its receptor results in the inhibition of T- and NK-cell-mediated
effector functions against tumors [102,106]. Notably, B7-H3 expression correlates with poor
prognosis, resistance to therapy, and increased metastasis in several cancer types [91,107].
Humanized affinity-matured anti-B7-H3 antibodies have demonstrated potent antitumor
activity and the capacity to modulate immune inhibition in preclinical models, supporting
their investigation as potential therapeutic tools in WT and other embryonal malignan-
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cies [108]. Based on these findings, the mAb-mediated targeting of B7-H3 has been the
focus of several clinical trials concerning pediatric tumors [67,91]; the NCT02982941 trial
is based on enoblituzumab (MGA271) and also includes WT patients, but the results are
not yet available (Table 1). Drug-conjugated anti-B7-H3 mAbs are also under investi-
gation, and their efficacy has been established in in vitro and in vivo preclinical models.
The m276-SL-PBD mAb displayed antitumor activity against WT patient-derived and cell
line-derived xenografts [109], while votramitamab duocarmazine (MGC018) efficacy was
assessed in preclinical models of pediatric sarcoma and NB [110–112]. Another strategy to
target B7-H3-expressing tumors is the design of B7-H3 Chimeric Antigen Receptor (CAR)-T
cells [67,113,114]. Several clinical trials are ongoing in pediatric cancer patients, two of
them (NCT04483778 and NCT04897321) also enrolling children affected by WT (Table 1). In
particular, NCT04483778 (STRIvE-02)—a phase I study in patients with relapsed/refractory
solid tumors—showed that B7-H3 CAR-T cells are tolerable and display limited antitumor
activity, without causing acute on-target, off-tumor toxicity [115].

In addition to ICs, other surface molecules expressed by WT may represent attrac-
tive targets for immunotherapy, especially if highly expressed by tumor cells and in low
amounts in normal tissues. Carcinoembryonic antigen glypican-3 (GPC3) is a heparan
sulfate proteoglycan involved in cell growth and development which is overexpressed
in primary and metastatic WT [116–118]. Like B7-H3, possible therapies targeting GPC3
comprise not only mAbs but also GPC3-specific CAR T cells [119,120]. Both approaches
are being evaluated in different clinical trials in which WT patients are enrolled. In one
trial (NCT04928677), the therapeutic agent is codrituzumab, while others (NCT05103631,
NCT04377932, and NCT04715191) are utilizing GPC3-specific CAR-T cells engineered with
different constructs (Table 1). A phase I study of GPC3-derived peptide vaccine therapy for
patients with refractory pediatric solid tumors, including one WT patient, showed a good
safety profile and the ability to induce a GPC3-specific immune response. Two different
GPC3 peptides were used, restricted for HLA-A*24:02 and for HLA-A*02:01, respectively.
It was shown that GPC3 peptide-specific CTLs could recognize GPC3+ tumor cell lines
and were able to infiltrate tumor tissues. Moreover, GPC3-specific CTL frequency was
correlated with progression-free survival and overall survival in patients vaccinated with
the GPC3 peptide [121].

In the search for additional targetable WT markers, several studies have focused on
gangliosides since it has been shown that the differential glycosylation of glycoproteins
or their aberrant expression is a frequent hallmark of cancer cells [122]. NeuGcGM3 (N-
glycolylated ganglioside monosialic 3) is a glycosphingolipid expressed on the surface of
various tumors, including all WT subtypes, but absent in healthy tissues [123,124]. A phase
I clinical trial (NCT01598454) evaluated an anti-idiotype vaccine targeting NeuGcGM3
(racotumomab) in children with relapsed or resistant tumors, showing a favorable toxicity
profile and immunogenicity. This vaccine elicited an immune response in most patients, as
measured via the detection of anti-NeuGc-GM3 antibodies, but it was not effective in the
single WT patient enrolled in the study. Although racotumomab did not display significant
antitumor activity in most patients, its low toxicity combined with its immunogenicity is
promising for the future investigation of long-term vaccination protocols [125].

Among other therapeutic targets that are currently being explored for pediatric solid
tumors, the CD56 molecule displays a broad expression in all WT histological types but is
enriched in the blastemal component [26,126]. The targeting of CD56+ pediatric tumors has
been evaluated in a phase II study (NCT02452554) (Table 1) through the use of an antibody–
drug conjugate (lorvotuzumab mertansine), consisting of a potent antimitotic (DM1) linked
to a CD56-targeting antibody. Although preclinical data demonstrated the in vivo effects
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of lorvotuzumab mertansine against WT and other pediatric tumors [127], this strategy
showed limited efficacy in the 17 enrolled children with relapsed or refractory WT [128].

The adoptive transfer of antigen-specific T cells is a possible strategy to target tumor-
associated antigens (TAAs) and redirect the immune response against cancer. The targeting
of multiple antigens could represent a good strategy to counteract antigen loss—a common
mechanism exploited by tumors to evade the immune response. Two phase I clinical trials
(NCT02789228, NCT05238792) are investigating the administration of multiTAA-T products
consisting of autologous T cells expanded ex vivo through stimulation with peptide-pulsed
antigen presenting cells. The NCT02789228 trial enrolled pediatric and adult patients
with relapsed/refractory solid tumors (including 7 WT cases), where the targeted TAAs
were Wilms tumor gene 1 (WT1), preferentially expressed antigen of melanoma (PRAME),
and survivin [52,129–131]. Encouraging results have been reported, showing that TAA-T
administration is safe and can prolong the time to progression [132].

Along with therapeutic options aimed at directly targeting tumor cells, researchers
are also focusing on approaches to counteract different immune suppressive mechanisms
acting in the inflammatory TME. For example, blockade of COX-2 or IDO through specific
inhibitors has been shown to impair tumor growth and progression in in vivo preclinical
models [133]. COX-2 expression is generally high in WT and associated with immune
suppressive properties and worse prognosis [27,28,34,40,134,135]. Several studies have
investigated the use of COX-2 inhibitors in combination with other therapeutic agents, as
in the case of the NCT02574728 trial, in which patients with different tumor types were
enrolled and celecoxib was used (Table 1). Additionally, IDO inhibitors are currently
under investigation; for example, indoximod in combination with chemotherapy is being
assessed in clinical trials involving pediatric malignant brain tumors [136], but no studies
involving WT patients have been reported to date. The targeting of angiogenesis represents
an alternative option to modulate the TME and indirectly target the tumor [137]. In the case
of WT, strategies focused on the VEGF/VEGFR pathway have utilized anti-VEGF mAbs or
VEGFR-directed kinase inhibitors in combination with chemotherapy [138–140].

Overall, the clinical experience with immunotherapy in WT remains preliminary and
largely derived from early-phase, basket, or multi-histology trials enrolling small numbers
of WT patients. Immune checkpoint inhibitors targeting the PD-1/PD-L1 and CTLA-4
axes have shown limited efficacy in unselected WT populations, likely reflecting the low
tumor mutational burden and the immunosuppressive, stromal-rich microenvironment
characteristic of this tumor. In contrast, strategies directed against highly expressed surface
molecules such as B7-H3, as well as multi-tumor-associated antigen adoptive T-cell ap-
proaches, provide a stronger biological rationale, although definitive efficacy data are still
pending. Importantly, for many of the trials listed, conclusive and WT-specific results have
not yet been fully published, limiting comparative assessment. These considerations under-
score the need for biomarker-driven patient selection and rational combination strategies
aimed at overcoming the immune resistance mechanisms intrinsic to WT.

The clinical trials summarized in Table 1 illustrate both the growing interest in the
application of immunotherapeutic protocols for WT and the challenges that have thus
far limited its clinical impact. Despite the inclusion of WT patients in several early-phase
studies, the overall evidence indicates that immunotherapy for WT is still exploratory, with
heterogeneous strategies, small numbers of patients, and largely preliminary outcomes.

5.2. Targeted Therapy

Increasing evidence supports the rationale for combining targeted pathway inhibitors
with immunotherapeutic approaches to overcome the immunologically “cold” and im-
munosuppressive microenvironment typical of WT. Tumor-intrinsic activation of devel-
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opmental pathways frequently dysregulated in WT, including Wnt/β-catenin and IGF
signaling, can promote immune exclusion, stromal remodeling, and resistance to T-cell-
mediated cytotoxicity. In different cancer types, activation of Wnt/β-catenin signaling has
been consistently associated with non-T cell-inflamed tumor phenotypes and impaired
dendritic cell recruitment, ultimately limiting T cell priming and responsiveness to ICIs.
Conversely, pharmacologic inhibition of this pathway may restore immune infiltration
and sensitize tumors to immunotherapy [141]. Regarding WT, it has been recently shown
that, in WT specimens, higher levels of PD-L1 correlated with CTNNB1 mutations, while
activation of Wnt/β-catenin signaling increased PD-L1 expression in vitro [142], suggesting
that blockade of this pathway could positively influence the response to ICI therapy.

Several targeted therapies do not directly modulate the immune response but,
rather, aim to inhibit molecular pathways crucial for tumor development and progres-
sion [140] (Table 1). Examples of such strategies applied to WT include EGFR-specific
CAR-T cells [143] (NCT03618381); disruption of the Wnt/beta-catenin pathway through
inhibitors such as Tegavivint [144,145] (NCT04851119); inhibition of the PI3K/AKT path-
way [140,146]; blockade of the IGF-2 signaling pathway [147]; and targeting of exportin-1
(XPO1) through selective inhibitors such as Selinexor [148] (NCT05985161). Notably, the
use of IGF-2 inhibitors not only interferes with the IGF-2/IGF1R pathway, but can also
exert the additional effect of inhibiting COX-2 expression and subsequent PGE2 synthesis,
as COX-2 can be induced by IGF-2 signaling [40]. The rationale for XPO1 targeting derives
from the finding that most WTs (and malignant rhabdoid tumors) display an aberrant
activation of the nuclear export protein XPO1. Importantly, selixenor has been shown to
induce cell cycle arrest and apoptosis in vitro, while it inhibited tumor growth in in vivo
PDX models [149]. Moreover, an early-phase pediatric clinical trial (NCT02323880) us-
ing selinexor in patients with recurrent/refractory CNS and solid tumors demonstrated
selinexor-related hematologic and neurologic toxicities, highlighting the need for dose
reduction. In this context, the availability of next-generation XPO1 inhibitors with reduced
CNS penetration could improve tolerability [150]. Regarding the Wnt pathway, Frizzled 7
(FZD7) plays a role in cancer promotion and progression through activation of the classical
Wnt pathway and is overexpressed in blastemal WT [151–153]. Notably, a recent study
described the generation of a novel anti-FZD7 mAb that blocks the Wnt pathway in WT
and decreases the expression of CSC-associated markers, holding promise for its possible
clinical translation [154].

Epigenetic alterations are frequently observed in different pediatric cancers [155].
Concerning WT, epigenetic dysregulation contributes to the impairment of normal kidney
development, thus playing an important role in tumorigenesis [8,156–158]. In particular,
changes in DNA methylation, histone modifications, and long non-coding RNA have been
described [159–161]. As epigenetic modifications are reversible, the possibility of therapeu-
tic targeting through specific modulators appears to be feasible and attractive. Promising
candidates under investigation include inhibitors of histone deacetylases (HDACs) and
Enhancer of Zeste Homolog 2 (EZH2)—chromatin-modifying enzymes that display an aber-
rant activity in WT cells and contribute to the maintenance of an undifferentiated tumor
state, especially in the aggressive blastemal subtype [162,163]. Interestingly, in lung cancer,
epigenetic therapies combining DNA methyltransferase and histone deacetylase inhibitors
have demonstrated the ability to reverse immune evasion by enhancing interferon signaling,
antigen presentation, and the expression of T cell-attracting chemokines, thereby creating a
TME which is more permissive of immune-mediated clearance [164]. Therefore, the use of
epigenetic modulators in combination with immunotherapeutic strategies could help to
reprogram the WT microenvironment, enhance immune infiltration and activation, and
ultimately improve the therapeutic response. Alterations in miRNA expression profiles
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have also been described in WT, which are being investigated both as possible biomarkers
and as targets for innovative therapeutic approaches [8,157,159].

6. Conclusions
WT exemplifies how developmental biology, tumor histopathology, and immune

regulation intersect to shape therapeutic vulnerability. Emerging evidence indicates that
the immune escape mechanisms in WT are closely linked to its triphasic architecture and
stromal-driven immunosuppressive microenvironment, providing a biological explanation
for the limited efficacy of current immunotherapies in unselected patients. Translational
strategies that are capable of overcoming the immunologically “cold” and heterogeneous
TME may benefit from integrated molecular and immune profiling to identify biologically
distinct subgroups and enable biomarker-driven patient stratification. Thus, tumors char-
acterized by poor immune infiltration but which express targetable markers may be treated
with therapies employing tumor-specific, adoptively transferred immune cells, such as
B7-H3- and GPC3-CAR-T cells or multiTAA-T lymphocytes. On the other hand, for WT
showing an immunosuppressive TME with significant expression of inhibitory checkpoint
molecules, additional interventions aimed at disrupting inhibitory interactions may elicit
proper activation and function of antitumor immune response. In this context, therapies
combining immune checkpoint blockade and inhibition of IDO or COX-2 enzymes could
represent an even more potent option. Finally, immunotherapy approaches may take advan-
tage of the wide spectrum of effects exerted by some combined targeted treatments aimed
at interfering with pathways supporting tumor survival and progression. For example,
IGF-2 inhibitors—primarily designed to inhibit upregulated IGF-2 signaling—could also
affect PGE2 production, as IGF-2 is involved in the induction of COX-2 expression. Taken
together, these observations underline the need for prospective clinical trials incorporating
comprehensive immune profiling—including spatial and single-cell characterization of
tumor-infiltrating immune populations—to identify effective patient-specific therapeutic
strategies. For this purpose, advancing immunotherapy in WT will require close collabora-
tion among pathologists, immunologists, and clinicians to translate mechanistic insights
into precise, less-toxic treatments for children with high-risk disease.

Author Contributions: Conceptualization and writing—original draft preparation, C.C., V.G.V. and
G.M.S.; writing—review and editing, B.C., G.G., M.S. and F.S.; funding acquisition, C.C., V.G.V. and
C.B. No generative artificial intelligence tools were used in the scientific production of this review; AI
was employed exclusively for grammar and formatting support, in accordance with current editorial
transparency standards. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Italian Ministry of University and Research, grant
PRIN 20227FX7KM; the European Union—Next Generation EU’s PNRR M6C2—Investment 2.1:
Enhancement and strengthening of biomedical research in the NHS (PNRR-TR1-2023-12378110).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cunningham, M.E.; Klug, T.D.; Nuchtern, J.G.; Chintagumpala, M.M.; Venkatramani, R.; Lubega, J.; Naik-Mathuria, B.J. Global

Disparities in Wilms Tumor. J. Surg. Res. 2020, 247, 34–51. [CrossRef]
2. Baethge, C.; Goldbeck-Wood, S.; Mertens, S. SANRA-a scale for the quality assessment of narrative review articles. Res. Integr.

Peer Rev. 2019, 4, 5. [CrossRef]
3. Geller, J.I.; Hong, A.L.; Vallance, K.L.; Evageliou, N.; Aldrink, J.H.; Cost, N.G.; Treece, A.L.; Renfro, L.A.; Mullen, E.A.; Committee,

C.O.G.R.T. Children’s Oncology Group’s 2023 blueprint for research: Renal tumors. Pediatr. Blood Cancer 2023, 70, e30586. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.1016/j.jss.2019.10.044
https://doi.org/10.1186/s41073-019-0064-8
https://doi.org/10.1002/pbc.30586
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 22 of 28

4. Apple, A.; Lovvorn, H.N., 3rd. Wilms Tumor in Sub-Saharan Africa: Molecular and Social Determinants of a Global Pediatric
Health Disparity. Front. Oncol. 2020, 10, 606380. [CrossRef]

5. Onyije, F.M.; Dolatkhah, R.; Olsson, A.; Bouaoun, L.; Schuz, J. Environmental risk factors of Wilms tumour: A systematic review
and meta-analysis. EJC Paediatr. Oncol. 2024, 4, 100178. [CrossRef]

6. National Cancer Institute (US). Wilms Tumor and Other Childhood Kidney Tumors Treatment (PDQ(R)): Health Professional
Version. In PDQ Cancer Information Summaries; National Cancer Institute (US): Bethesda, MD, USA, 2002.

7. Treger, T.D.; Chowdhury, T.; Pritchard-Jones, K.; Behjati, S. The genetic changes of Wilms tumour. Nat. Rev. Nephrol. 2019,
15, 240–251. [CrossRef]

8. Zheng, H.; Liu, J.; Pan, X.; Cui, X. Biomarkers for patients with Wilms tumor: A review. Front. Oncol. 2023, 13, 1137346. [CrossRef] [PubMed]
9. Wegert, J.; Ishaque, N.; Vardapour, R.; Georg, C.; Gu, Z.; Bieg, M.; Ziegler, B.; Bausenwein, S.; Nourkami, N.; Ludwig, N.; et al.

Mutations in the SIX1/2 pathway and the DROSHA/DGCR8 miRNA microprocessor complex underlie high-risk blastemal type
Wilms tumors. Cancer Cell 2015, 27, 298–311. [CrossRef] [PubMed]

10. Hing, S.; Lu, Y.J.; Summersgill, B.; King-Underwood, L.; Nicholson, J.; Grundy, P.; Grundy, R.; Gessler, M.; Shipley, J.; Pritchard-Jones, K.
Gain of 1q is associated with adverse outcome in favorable histology Wilms’ tumors. Am. J. Pathol. 2001, 158, 393–398. [CrossRef] [PubMed]

11. Segers, H.; van den Heuvel-Eibrink, M.M.; Williams, R.D.; van Tinteren, H.; Vujanic, G.; Pieters, R.; Pritchard-Jones, K.; Bown, N.;
Children’s, C.; Leukaemia, G.; et al. Gain of 1q is a marker of poor prognosis in Wilms’ tumors. Genes Chromosomes Cancer 2013,
52, 1065–1074. [CrossRef]

12. Chagtai, T.; Zill, C.; Dainese, L.; Wegert, J.; Savola, S.; Popov, S.; Mifsud, W.; Vujanic, G.; Sebire, N.; Le Bouc, Y.; et al. Gain of 1q As
a Prognostic Biomarker in Wilms Tumors (WTs) Treated with Preoperative Chemotherapy in the International Society of Paediatric
Oncology (SIOP) WT 2001 Trial: A SIOP Renal Tumours Biology Consortium Study. J. Clin. Oncol. 2016, 34, 3195–3203. [CrossRef]

13. Ooms, A.; Vujanic, G.M.; D’Hooghe, E.; Collini, P.; L’Hermine-Coulomb, A.; Vokuhl, C.; Graf, N.; Heuvel-Eibrink, M.; de Krijger, R.R.
Renal Tumors of Childhood—A Histopathologic Pattern-Based Diagnostic Approach. Cancers 2020, 12, 729. [CrossRef] [PubMed]

14. Salzillo, C.; Cazzato, G.; Serio, G.; Marzullo, A. Paediatric Renal Tumors: A State-of-the-Art Review. Curr. Oncol. Rep. 2025,
27, 211–224. [CrossRef]

15. Agrawal, M.; Chowhan, A.K. Paediatric renal tumors: An insight into molecular characteristics, histomorphology and syndromic
association. World J. Nephrol. 2025, 14, 99380. [CrossRef] [PubMed]

16. Benedetti, D.J.; Cost, N.G.; Ehrlich, P.F.; Evageliou, N.; Fialkowski, E.; Parsons, L.N.; Vallance, K.L.; Renfro, L.A.; Hong, A.L.;
Aldrink, J.H.; et al. Updated favourable-histology Wilms tumour risk stratification: Rationale for future Children’s Oncology
Group clinical trials. Nat. Rev. Urol. 2025, 22, 775–788. [CrossRef]

17. Vujanic, G.M.; D’Hooghe, E.; Vokuhl, C.; Collini, P. Dataset for the reporting of nephrectomy specimens for Wilms’ tumour treated
with preoperative chemotherapy: Recommendations from the International Society of Paediatric Oncology Renal Tumour Study
Group. Histopathology 2021, 79, 678–686. [CrossRef]

18. Vujanic, G.M.; Mifsud, W. Anaplasia in Wilms tumor: A critical review. Pediatr. Blood Cancer 2024, 71, e31000. [CrossRef]
19. Perlman, E.J.; Webster, F.; Chang, K.T.E.; Coulomb, A.; Galluzzo, L.; Graf, N.S.; Mullen, E.A.; Okita, H.; O’Sullivan, M.J.; Somers,

G.R.; et al. Data set for reporting paediatric renal tumours: Recommendations from the international collaboration on cancer
reporting (ICCR). Histopathology 2025, 87, 183–196. [CrossRef]

20. Neagu, M.C.; David, V.L.; Iacob, E.R.; Chiriac, S.D.; Muntean, F.L.; Boia, E.S. Wilms’ Tumor: A Review of Clinical Characteristics,
Treatment Advances, and Research Opportunities. Medicina 2025, 61, 491. [CrossRef] [PubMed]

21. Hol, J.A.; Jewell, R.; Chowdhury, T.; Duncan, C.; Nakata, K.; Oue, T.; Gauthier-Villars, M.; Littooij, A.S.; Kaneko, Y.; Graf, N.; et al.
Wilms tumour surveillance in at-risk children: Literature review and recommendations from the SIOP-Europe Host Genome
Working Group and SIOP Renal Tumour Study Group. Eur. J. Cancer 2021, 153, 51–63. [CrossRef]

22. Sutton, K.S.; Walz, A.L.; Groenendijk, A.; Murphy, A.J.; Pater, L.; Janssens, G.O.; Brzezinski, J.; Mullen, E.A.; Spreafico, F.;
Godzinski, J.; et al. Remaining Challenges in the Treatment of Relapsed Wilms Tumor: Children’s Oncology Group and
International Society of Paediatric Oncology Perspectives. Pediatr. Blood Cancer 2025, 72, e31790. [CrossRef]

23. Vitale, M.; Cantoni, C.; Pietra, G.; Mingari, M.C.; Moretta, L. Effect of tumor cells and tumor microenvironment on NK-cell
function. Eur. J. Immunol. 2014, 44, 1582–1592. [CrossRef]

24. Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921–R925. [CrossRef]
25. van Weverwijk, A.; de Visser, K.E. Mechanisms driving the immunoregulatory function of cancer cells. Nat. Rev. Cancer 2023,

23, 193–215. [CrossRef]
26. Pode-Shakked, N.; Shukrun, R.; Mark-Danieli, M.; Tsvetkov, P.; Bahar, S.; Pri-Chen, S.; Goldstein, R.S.; Rom-Gross, E.; Mor, Y.;

Fridman, E.; et al. The isolation and characterization of renal cancer initiating cells from human Wilms’ tumour xenografts unveils
new therapeutic targets. EMBO Mol. Med. 2013, 5, 18–37. [CrossRef] [PubMed]

27. Fiore, P.F.; Vacca, P.; Tumino, N.; Besi, F.; Pelosi, A.; Munari, E.; Marconi, M.; Caruana, I.; Pistoia, V.; Moretta, L.; et al. Wilms’ Tumor
Primary Cells Display Potent Immunoregulatory Properties on NK Cells and Macrophages. Cancers 2021, 13, 224. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.3389/fonc.2020.606380
https://doi.org/10.1016/j.ejcped.2024.100178
https://doi.org/10.1038/s41581-019-0112-0
https://doi.org/10.3389/fonc.2023.1137346
https://www.ncbi.nlm.nih.gov/pubmed/37554168
https://doi.org/10.1016/j.ccell.2015.01.002
https://www.ncbi.nlm.nih.gov/pubmed/25670083
https://doi.org/10.1016/S0002-9440(10)63982-X
https://www.ncbi.nlm.nih.gov/pubmed/11159177
https://doi.org/10.1002/gcc.22101
https://doi.org/10.1200/jco.2015.66.0001
https://doi.org/10.3390/cancers12030729
https://www.ncbi.nlm.nih.gov/pubmed/32204536
https://doi.org/10.1007/s11912-025-01644-8
https://doi.org/10.5527/wjn.v14.i2.99380
https://www.ncbi.nlm.nih.gov/pubmed/40568331
https://doi.org/10.1038/s41585-025-01055-1
https://doi.org/10.1111/his.14394
https://doi.org/10.1002/pbc.31000
https://doi.org/10.1111/his.15450
https://doi.org/10.3390/medicina61030491
https://www.ncbi.nlm.nih.gov/pubmed/40142302
https://doi.org/10.1016/j.ejca.2021.05.014
https://doi.org/10.1002/pbc.31790
https://doi.org/10.1002/eji.201344272
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1038/s41568-022-00544-4
https://doi.org/10.1002/emmm.201201516
https://www.ncbi.nlm.nih.gov/pubmed/23239665
https://doi.org/10.3390/cancers13020224
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 23 of 28

28. Cantoni, C.; Serra, M.; Parisi, E.; Azzarone, B.; Sementa, A.R.; Nasto, L.A.; Moretta, L.; Candiano, G.; Bottino, C.; Ghiggeri, G.M.; et al.
Stromal-like Wilms tumor cells induce human Natural Killer cell degranulation and display immunomodulatory properties towards
NK cells. Oncoimmunology 2021, 10, 1879530. [CrossRef]

29. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444. [CrossRef] [PubMed]
30. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,

S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 2018,
24, 541–550. [CrossRef]

31. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef] [PubMed]

32. de Visser, K.E.; Joyce, J.A. The evolving tumor microenvironment: From cancer initiation to metastatic outgrowth. Cancer Cell
2023, 41, 374–403. [CrossRef] [PubMed]

33. Karth, J.; Ferrer, F.A.; Perlman, E.; Hanrahan, C.; Simons, J.W.; Gearhart, J.P.; Rodriguez, R. Coexpression of hypoxia-inducible
factor 1-alpha and vascular endothelial growth factor in Wilms’ tumor. J. Pediatr. Surg. 2000, 35, 1749–1753. [CrossRef]

34. Giordano, G.; Campanini, N.; Donofrio, V.; Bertolini, P.; Falleti, J.; Grassani, C.; Pettinato, G. Analysis of Cox-2 expression in
Wilms’ tumor. Pathol. Res. Pract. 2008, 204, 875–882. [CrossRef]

35. Maturu, P.; Overwijk, W.W.; Hicks, J.; Ekmekcioglu, S.; Grimm, E.A.; Huff, V. Characterization of the inflammatory microenvironment
and identification of potential therapeutic targets in wilms tumors. Transl. Oncol. 2014, 7, 484–492. [CrossRef] [PubMed]

36. Liou, P.; Bader, L.; Wang, A.; Yamashiro, D.; Kandel, J.J. Correlation of tumor-associated macrophages and clinicopathological
factors in Wilms tumor. Vasc. Cell 2013, 5, 5. [CrossRef]

37. Vakkila, J.; Jaffe, R.; Michelow, M.; Lotze, M.T. Pediatric cancers are infiltrated predominantly by macrophages and contain
a paucity of dendritic cells: A major nosologic difference with adult tumors. Clin. Cancer Res. 2006, 12, 2049–2054. [CrossRef]

38. Tian, K.; Wang, X.; Wu, Y.; Wu, X.; Du, G.; Liu, W.; Wu, R. Relationship of tumour-associated macrophages with poor prognosis in
Wilms’ tumour. J. Pediatr. Urol. 2020, 16, 376.e1–376.e8. [CrossRef]

39. Wang, W.; Yang, X.; Zhu, Z.; Tang, Z.; Zhuo, Y.; Du, J.; Zhu, Y.; Luo, X.; Xiao, J.; Gu, H. The potential role of BCL2A1+

tissue-resident macrophages in the prognosis of Wilms tumor. Eur. J. Med. Res. 2025, 30, 670. [CrossRef] [PubMed]
40. Maturu, P.; Jones, D.; Ruteshouser, E.C.; Hu, Q.; Reynolds, J.M.; Hicks, J.; Putluri, N.; Ekmekcioglu, S.; Grimm, E.A.; Dong, C.; et al.

Role of Cyclooxygenase-2 Pathway in Creating an Immunosuppressive Microenvironment and in Initiation and Progression of Wilms’
Tumor. Neoplasia 2017, 19, 237–249. [CrossRef]

41. Holl, E.K.; Routh, J.C.; Johnston, A.W.; Frazier, V.; Rice, H.E.; Tracy, E.T.; Nair, S.K. Immune expression in children with Wilms
tumor: A pilot study. J. Pediatr. Urol. 2019, 15, 441.e1–441.e8. [CrossRef] [PubMed]

42. Sherif, S.; Roelands, J.; Mifsud, W.; Ahmed, E.I.; Raynaud, C.M.; Rinchai, D.; Sathappan, A.; Maaz, A.; Saleh, A.; Ozer, E.; et al.
The immune landscape of solid pediatric tumors. J. Exp. Clin. Cancer Res. 2022, 41, 199. [CrossRef]

43. Roelands, J.; Hendrickx, W.; Zoppoli, G.; Mall, R.; Saad, M.; Halliwill, K.; Curigliano, G.; Rinchai, D.; Decock, J.; Delogu, L.G.; et al.
Oncogenic states dictate the prognostic and predictive connotations of intratumoral immune response. J. Immunother. Cancer 2020,
8, e000617. [CrossRef]

44. Tian, X.M.; Xiang, B.; Jin, L.M.; Mi, T.; Wang, J.K.; Zhanghuang, C.; Zhang, Z.X.; Chen, M.L.; Shi, Q.L.; Liu, F.; et al. Immune-
related gene signature associates with immune landscape and predicts prognosis accurately in patients with Wilms tumour. Front.
Immunol. 2022, 13, 920666. [CrossRef] [PubMed]

45. Cheng, C.; Zhang, L.; Chang, X.; Chen, K.; He, T.; Shi, J.; Lv, F.; Pan, L.; Wu, Y.; Cheng, Q.; et al. Integrative proteogenomic
characterization of Wilms tumor. Nat. Commun. 2025, 16, 7715. [CrossRef]

46. Zhang, Y.C.; Cao, H.K.; Yang, F.X.; Wang, X.F.; Xu, Z.H.; Cheng, M.; Yang, S.Q.; Tian, X.F.; Zhang, N.; Xie, Y.Y. Comprehensive
analyses of nuclear mitochondria-related genes in the molecular features, immune infiltration, and drug sensitivity of clear cell
renal cell carcinoma. Med. Adv. 2024, 2, 238–253. [CrossRef]

47. Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolini, S. Innate or adaptive
immunity? The example of natural killer cells. Science 2011, 331, 44–49. [CrossRef] [PubMed]

48. Labani-Motlagh, A.; Ashja-Mahdavi, M.; Loskog, A. The Tumor Microenvironment: A Milieu Hindering and Obstructing
Antitumor Immune Responses. Front. Immunol. 2020, 11, 940. [CrossRef]

49. Czajka-Francuz, P.; Prendes, M.J.; Mankan, A.; Quintana, A.; Pabla, S.; Ramkissoon, S.; Jensen, T.J.; Peiro, S.; Severson, E.A.;
Achyut, B.R.; et al. Mechanisms of immune modulation in the tumor microenvironment and implications for targeted therapy.
Front. Oncol. 2023, 13, 1200646. [CrossRef]

50. Galassi, C.; Chan, T.A.; Vitale, I.; Galluzzi, L. The hallmarks of cancer immune evasion. Cancer Cell 2024, 42, 1825–1863. [CrossRef]
51. Roerden, M.; Spranger, S. Cancer immune evasion, immunoediting and intratumour heterogeneity. Nat. Rev. Immunol. 2025,

25, 353–369. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.1080/2162402X.2021.1879530
https://doi.org/10.1038/nature07205
https://www.ncbi.nlm.nih.gov/pubmed/18650914
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41580-018-0080-4
https://www.ncbi.nlm.nih.gov/pubmed/30459476
https://doi.org/10.1016/j.ccell.2023.02.016
https://www.ncbi.nlm.nih.gov/pubmed/36917948
https://doi.org/10.1053/jpsu.2000.19241
https://doi.org/10.1016/j.prp.2008.06.008
https://doi.org/10.1016/j.tranon.2014.05.008
https://www.ncbi.nlm.nih.gov/pubmed/24969538
https://doi.org/10.1186/2045-824X-5-5
https://doi.org/10.1158/1078-0432.CCR-05-1824
https://doi.org/10.1016/j.jpurol.2020.03.016
https://doi.org/10.1186/s40001-025-02935-3
https://www.ncbi.nlm.nih.gov/pubmed/40707992
https://doi.org/10.1016/j.neo.2016.07.009
https://doi.org/10.1016/j.jpurol.2019.03.011
https://www.ncbi.nlm.nih.gov/pubmed/30981637
https://doi.org/10.1186/s13046-022-02397-z
https://doi.org/10.1136/jitc-2020-000617
https://doi.org/10.3389/fimmu.2022.920666
https://www.ncbi.nlm.nih.gov/pubmed/36172369
https://doi.org/10.1038/s41467-025-62234-7
https://doi.org/10.1002/med4.72
https://doi.org/10.1126/science.1198687
https://www.ncbi.nlm.nih.gov/pubmed/21212348
https://doi.org/10.3389/fimmu.2020.00940
https://doi.org/10.3389/fonc.2023.1200646
https://doi.org/10.1016/j.ccell.2024.09.010
https://doi.org/10.1038/s41577-024-01111-8
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 24 of 28

52. Royer-Pokora, B.; Busch, M.; Beier, M.; Duhme, C.; de Torres, C.; Mora, J.; Brandt, A.; Royer, H.D. Wilms tumor cells with WT1
mutations have characteristic features of mesenchymal stem cells and express molecular markers of paraxial mesoderm. Hum.
Mol. Genet. 2010, 19, 1651–1668. [CrossRef] [PubMed]

53. Bernardo, M.E.; Fibbe, W.E. Mesenchymal stromal cells: Sensors and switchers of inflammation. Cell Stem Cell 2013, 13, 392–402.
[CrossRef] [PubMed]

54. Uccelli, A.; de Rosbo, N.K. The immunomodulatory function of mesenchymal stem cells: Mode of action and pathways. Ann. N.
Y. Acad. Sci. 2015, 1351, 114–126. [CrossRef]

55. Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural killer cell interactions:
Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood
2006, 107, 1484–1490. [CrossRef]

56. Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.; Mingari, M.C.; Moretta, L. Mesenchymal stem cells inhibit natural
killer-cell proliferation, cytotoxicity, and cytokine production: Role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood
2008, 111, 1327–1333. [CrossRef]

57. Chiossone, L.; Conte, R.; Spaggiari, G.M.; Serra, M.; Romei, C.; Bellora, F.; Becchetti, F.; Andaloro, A.; Moretta, L.; Bottino, C.
Mesenchymal Stromal Cells Induce Peculiar Alternatively Activated Macrophages Capable of Dampening Both Innate and
Adaptive Immune Responses. Stem Cells 2016, 34, 1909–1921. [CrossRef]

58. Munn, D.H.; Mellor, A.L. IDO in the Tumor Microenvironment: Inflammation, Counter-Regulation, and Tolerance. Trends
Immunol. 2016, 37, 193–207. [CrossRef]

59. Harris, S.G.; Padilla, J.; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as modulators of immunity. Trends Immunol. 2002,
23, 144–150. [CrossRef]

60. Fujiwara, Y.; Kato, S.; Nesline, M.K.; Conroy, J.M.; DePietro, P.; Pabla, S.; Kurzrock, R. Indoleamine 2,3-dioxygenase (IDO)
inhibitors and cancer immunotherapy. Cancer Treat. Rev. 2022, 110, 102461. [CrossRef]

61. Finetti, F.; Travelli, C.; Ercoli, J.; Colombo, G.; Buoso, E.; Trabalzini, L. Prostaglandin E2 and Cancer: Insight into Tumor
Progression and Immunity. Biology 2020, 9, 434. [CrossRef] [PubMed]

62. Baumeister, S.H.; Freeman, G.J.; Dranoff, G.; Sharpe, A.H. Coinhibitory Pathways in Immunotherapy for Cancer. Annu. Rev.
Immunol. 2016, 34, 539–573. [CrossRef]

63. Hughes, P.E.; Caenepeel, S.; Wu, L.C. Targeted Therapy and Checkpoint Immunotherapy Combinations for the Treatment of
Cancer. Trends Immunol. 2016, 37, 462–476. [CrossRef]

64. Veillette, A.; Chen, J. SIRPalpha-CD47 Immune Checkpoint Blockade in Anticancer Therapy. Trends Immunol. 2018, 39, 173–184. [CrossRef]
65. Melaiu, O.; Lucarini, V.; Giovannoni, R.; Fruci, D.; Gemignani, F. News on immune checkpoint inhibitors as immunotherapy

strategies in adult and pediatric solid tumors. Semin. Cancer Biol. 2022, 79, 18–43. [CrossRef]
66. Wang, Y.; Zhang, H.; Liu, C.; Wang, Z.; Wu, W.; Zhang, N.; Zhang, L.; Hu, J.; Luo, P.; Zhang, J.; et al. Immune checkpoint

modulators in cancer immunotherapy: Recent advances and emerging concepts. J. Hematol. Oncol. 2022, 15, 111. [CrossRef]
67. Majzner, R.G.; Theruvath, J.L.; Nellan, A.; Heitzeneder, S.; Cui, Y.; Mount, C.W.; Rietberg, S.P.; Linde, M.H.; Xu, P.; Rota, C.; et al.

CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent Preclinical Activity Against Pediatric Solid Tumors and
Brain Tumors. Clin. Cancer Res. 2019, 25, 2560–2574. [CrossRef] [PubMed]

68. Beli, X.; Savvopoulos, N.; Kefala, D.; Lysandrou, M.; Liga, M.; Spyridonidis, A. Harnessing the immunomodulatory properties of
HLA-G for advanced immunotherapies. Front. Immunol. 2025, 16, 1716778. [CrossRef] [PubMed]

69. Wei, H.; Xiang, L.; Zhou, Y.; Huang, Y.; Liu, L.; Cao, D. Targeting NKG2D/NKG2DL axis in cancer immunotherapy: Mechanisms
and therapeutic applications. J. Transl. Med. 2026, 24, 126. [CrossRef] [PubMed]

70. El-Gazzar, A.; Groh, V.; Spies, T. Immunobiology and conflicting roles of the human NKG2D lymphocyte receptor and its ligands
in cancer. J. Immunol. 2013, 191, 1509–1515. [CrossRef]

71. Fuertes, M.B.; Domaica, C.I.; Zwirner, N.W. Leveraging NKG2D Ligands in Immuno-Oncology. Front. Immunol. 2021, 12, 713158. [CrossRef]
72. Pesce, S.; Tabellini, G.; Cantoni, C.; Patrizi, O.; Coltrini, D.; Rampinelli, F.; Matta, J.; Vivier, E.; Moretta, A.; Parolini, S.; et al.

B7-H6-mediated downregulation of NKp30 in NK cells contributes to ovarian carcinoma immune escape. Oncoimmunology 2015,
4, e1001224. [CrossRef] [PubMed]

73. Iguchi-Manaka, A.; Okumura, G.; Kojima, H.; Cho, Y.; Hirochika, R.; Bando, H.; Sato, T.; Yoshikawa, H.; Hara, H.; Shibuya, A.; et al.
Increased Soluble CD155 in the Serum of Cancer Patients. PLoS ONE 2016, 11, e0152982. [CrossRef]

74. Molfetta, R.; Zingoni, A.; Santoni, A.; Paolini, R. Post-translational Mechanisms Regulating NK Cell Activating Receptors and
Their Ligands in Cancer: Potential Targets for Therapeutic Intervention. Front. Immunol. 2019, 10, 2557. [CrossRef]

75. Labani-Motlagh, A.; Israelsson, P.; Ottander, U.; Lundin, E.; Nagaev, I.; Nagaeva, O.; Dehlin, E.; Baranov, V.; Mincheva-Nilsson, L.
Differential expression of ligands for NKG2D and DNAM-1 receptors by epithelial ovarian cancer-derived exosomes and its
influence on NK cell cytotoxicity. Tumour Biol. 2016, 37, 5455–5466. [CrossRef]

76. Marar, C.; Starich, B.; Wirtz, D. Extracellular vesicles in immunomodulation and tumor progression. Nat. Immunol. 2021,
22, 560–570. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.1093/hmg/ddq042
https://www.ncbi.nlm.nih.gov/pubmed/20106868
https://doi.org/10.1016/j.stem.2013.09.006
https://www.ncbi.nlm.nih.gov/pubmed/24094322
https://doi.org/10.1111/nyas.12815
https://doi.org/10.1182/blood-2005-07-2775
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.1002/stem.2369
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.1016/S1471-4906(01)02154-8
https://doi.org/10.1016/j.ctrv.2022.102461
https://doi.org/10.3390/biology9120434
https://www.ncbi.nlm.nih.gov/pubmed/33271839
https://doi.org/10.1146/annurev-immunol-032414-112049
https://doi.org/10.1016/j.it.2016.04.010
https://doi.org/10.1016/j.it.2017.12.005
https://doi.org/10.1016/j.semcancer.2020.07.001
https://doi.org/10.1186/s13045-022-01325-0
https://doi.org/10.1158/1078-0432.CCR-18-0432
https://www.ncbi.nlm.nih.gov/pubmed/30655315
https://doi.org/10.3389/fimmu.2025.1716778
https://www.ncbi.nlm.nih.gov/pubmed/41445738
https://doi.org/10.1186/s12967-025-07650-5
https://www.ncbi.nlm.nih.gov/pubmed/41484787
https://doi.org/10.4049/jimmunol.1301071
https://doi.org/10.3389/fimmu.2021.713158
https://doi.org/10.1080/2162402X.2014.1001224
https://www.ncbi.nlm.nih.gov/pubmed/26137398
https://doi.org/10.1371/journal.pone.0152982
https://doi.org/10.3389/fimmu.2019.02557
https://doi.org/10.1007/s13277-015-4313-2
https://doi.org/10.1038/s41590-021-00899-0
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 25 of 28

77. Reale, A.; Khong, T.; Spencer, A. Extracellular Vesicles and Their Roles in the Tumor Immune Microenvironment. J. Clin. Med.
2022, 11, 6892. [CrossRef]

78. Hanelova, K.; Raudenska, M.; Masarik, M.; Balvan, J. Protein cargo in extracellular vesicles as the key mediator in the progression
of cancer. Cell Commun. Signal. 2024, 22, 25. [CrossRef]

79. Zhang, X.; Liu, Z.; Hou, Y.; Jiao, H.; Ren, J.; Wang, G. EV PD-L1 Contributes to Immunosuppressive CD8+ T Cells in Peripheral
Blood of Pediatric Wilms Tumor. Technol. Cancer Res. Treat. 2021, 20, 15330338211041264. [CrossRef] [PubMed]

80. Majzner, R.G.; Heitzeneder, S.; Mackall, C.L. Harnessing the Immunotherapy Revolution for the Treatment of Childhood Cancers.
Cancer Cell 2017, 31, 476–485. [CrossRef]

81. Rivoltini, L.; Arienti, F.; Orazi, A.; Cefalo, G.; Gasparini, M.; Gambacorti-Passerini, C.; Fossati-Bellani, F.; Parmiani, G. Phenotypic
and functional analysis of lymphocytes infiltrating paediatric tumours, with a characterization of the tumour phenotype. Cancer
Immunol. Immunother. 1992, 34, 241–251. [CrossRef] [PubMed]

82. Mardanpour, K.; Rahbar, M.; Mardanpour, S.; Mardanpour, N.; Rezaei, M. CD8+ T-cell lymphocytes infiltration predict clinical
outcomes in Wilms’ tumor. Tumour Biol. 2020, 42, 1010428320975976. [CrossRef]

83. Li, J.T.; Gu, A.; Tang, N.N.; Zengin, G.; Li, M.Y.; Liu, Y.B. Patient-derived xenograft models in pan-cancer: From bench to clinic.
Interdiscip. Med. 2025, 3, e20250016. [CrossRef]

84. Murphy, A.J.; Chen, X.; Pinto, E.M.; Williams, J.S.; Clay, M.R.; Pounds, S.B.; Cao, X.; Shi, L.; Lin, T.; Neale, G.; et al. Forty-five patient-
derived xenografts capture the clinical and biological heterogeneity of Wilms tumor. Nat. Commun. 2019, 10, 5806. [CrossRef] [PubMed]

85. Wegert, J.; Zauter, L.; Appenzeller, S.; Otto, C.; Bausenwein, S.; Vokuhl, C.; Ernestus, K.; Furtwangler, R.; Graf, N.; Gessler, M.
High-risk blastemal Wilms tumor can be modeled by 3D spheroid cultures in vitro. Oncogene 2020, 39, 849–861. [CrossRef]

86. Calandrini, C.; Schutgens, F.; Oka, R.; Margaritis, T.; Candelli, T.; Mathijsen, L.; Ammerlaan, C.; van Ineveld, R.L.; Derakhshan,
S.; de Haan, S.; et al. An organoid biobank for childhood kidney cancers that captures disease and tissue heterogeneity. Nat.
Commun. 2020, 11, 1310. [CrossRef] [PubMed]

87. Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips. Nat. Rev. Cancer
2019, 19, 65–81. [CrossRef]

88. Labanieh, L.; Majzner, R.G.; Mackall, C.L. Programming CAR-T cells to kill cancer. Nat. Biomed. Eng. 2018, 2, 377–391. [CrossRef] [PubMed]
89. Grobner, S.N.; Worst, B.C.; Weischenfeldt, J.; Buchhalter, I.; Kleinheinz, K.; Rudneva, V.A.; Johann, P.D.; Balasubramanian, G.P.;

Segura-Wang, M.; Brabetz, S.; et al. The landscape of genomic alterations across childhood cancers. Nature 2018, 555, 321–327. [CrossRef]
90. Jones, D.T.W.; Banito, A.; Grunewald, T.G.P.; Haber, M.; Jager, N.; Kool, M.; Milde, T.; Molenaar, J.J.; Nabbi, A.; Pugh, T.J.; et al. Molecular

characteristics and therapeutic vulnerabilities across paediatric solid tumours. Nat. Rev. Cancer 2019, 19, 420–438. [CrossRef] [PubMed]
91. Zhou, W.T.; Jin, W.L. B7-H3/CD276: An Emerging Cancer Immunotherapy. Front. Immunol. 2021, 12, 701006. [CrossRef]
92. Mochizuki, K.; Kawana, S.; Yamada, S.; Muramatsu, M.; Sano, H.; Kobayashi, S.; Ohara, Y.; Takahashi, N.; Hakozaki, M.; Yamada,

H.; et al. Various checkpoint molecules, and tumor-infiltrating lymphocytes in common pediatric solid tumors: Possibilities for
novel immunotherapy. Pediatr. Hematol. Oncol. 2019, 36, 17–27. [CrossRef]

93. Lucchesi, M.; Sardi, I.; Puppo, G.; Chella, A.; Favre, C. The dawn of “immune-revolution” in children: Early experiences with
checkpoint inhibitors in childhood malignancies. Cancer Chemother. Pharmacol. 2017, 80, 1047–1053. [CrossRef]

94. Pinto, N.; Park, J.R.; Murphy, E.; Yearley, J.; McClanahan, T.; Annamalai, L.; Hawkins, D.S.; Rudzinski, E.R. Patterns of PD-1,
PD-L1, and PD-L2 expression in pediatric solid tumors. Pediatr. Blood Cancer 2017, 64, e26613. [CrossRef] [PubMed]

95. Silva, M.A.; Triltsch, N.; Leis, S.; Kanchev, I.; Tan, T.H.; Van Peel, B.; Van Kerckhoven, M.; Deschoolmeester, V.; Zimmermann, J.
Biomarker recommendation for PD-1/PD-L1 immunotherapy development in pediatric cancer based on digital image analysis of
PD-L1 and immune cells. J. Pathol. Clin. Res. 2020, 6, 124–137. [CrossRef]

96. Zhang, L.; Jiao, H.; Shen, M.; Liu, W.; Li, Z.; Lin, J. Clinical significance of tumoral PD-L1 expression in Wilms tumors. J. Pediatr.
Urol. 2022, 18, 14.e1–14.e8. [CrossRef] [PubMed]

97. Routh, J.C.; Ashley, R.A.; Sebo, T.J.; Lohse, C.M.; Husmann, D.A.; Kramer, S.A.; Kwon, E.D. B7-H1 expression in Wilms tumor:
Correlation with tumor biology and disease recurrence. J. Urol. 2008, 179, 1954–1959; discussion 1959-1960. [CrossRef]

98. Routh, J.C.; Grundy, P.E.; Anderson, J.R.; Retik, A.B.; Kurek, K.C. B7-h1 as a biomarker for therapy failure in patients with
favorable histology Wilms tumor. J. Urol. 2013, 189, 1487–1492. [CrossRef] [PubMed]

99. Geoerger, B.; Zwaan, C.M.; Marshall, L.V.; Michon, J.; Bourdeaut, F.; Casanova, M.; Corradini, N.; Rossato, G.; Farid-Kapadia,
M.; Shemesh, C.S.; et al. Atezolizumab for children and young adults with previously treated solid tumours, non-Hodgkin
lymphoma, and Hodgkin lymphoma (iMATRIX): A multicentre phase 1–2 study. Lancet Oncol. 2020, 21, 134–144. [CrossRef]

100. Geoerger, B.; Kang, H.J.; Yalon-Oren, M.; Marshall, L.V.; Vezina, C.; Pappo, A.; Laetsch, T.W.; Petrilli, A.S.; Ebinger, M.; Toporski,
J.; et al. Pembrolizumab in paediatric patients with advanced melanoma or a PD-L1-positive, advanced, relapsed, or refractory
solid tumour or lymphoma (KEYNOTE-051): Interim analysis of an open-label, single-arm, phase 1-2 trial. Lancet Oncol. 2020,
21, 121–133. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.3390/jcm11236892
https://doi.org/10.1186/s12964-023-01408-6
https://doi.org/10.1177/15330338211041264
https://www.ncbi.nlm.nih.gov/pubmed/34519584
https://doi.org/10.1016/j.ccell.2017.03.002
https://doi.org/10.1007/BF01741792
https://www.ncbi.nlm.nih.gov/pubmed/1311218
https://doi.org/10.1177/1010428320975976
https://doi.org/10.1002/INMD.20250016
https://doi.org/10.1038/s41467-019-13646-9
https://www.ncbi.nlm.nih.gov/pubmed/31862972
https://doi.org/10.1038/s41388-019-1027-8
https://doi.org/10.1038/s41467-020-15155-6
https://www.ncbi.nlm.nih.gov/pubmed/32161258
https://doi.org/10.1038/s41568-018-0104-6
https://doi.org/10.1038/s41551-018-0235-9
https://www.ncbi.nlm.nih.gov/pubmed/31011197
https://doi.org/10.1038/nature25480
https://doi.org/10.1038/s41568-019-0169-x
https://www.ncbi.nlm.nih.gov/pubmed/31300807
https://doi.org/10.3389/fimmu.2021.701006
https://doi.org/10.1080/08880018.2019.1578843
https://doi.org/10.1007/s00280-017-3450-2
https://doi.org/10.1002/pbc.26613
https://www.ncbi.nlm.nih.gov/pubmed/28488345
https://doi.org/10.1002/cjp2.152
https://doi.org/10.1016/j.jpurol.2021.10.015
https://www.ncbi.nlm.nih.gov/pubmed/34753665
https://doi.org/10.1016/j.juro.2008.01.056
https://doi.org/10.1016/j.juro.2012.11.012
https://www.ncbi.nlm.nih.gov/pubmed/23154206
https://doi.org/10.1016/S1470-2045(19)30693-X
https://doi.org/10.1016/S1470-2045(19)30671-0
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 26 of 28

101. Merchant, M.S.; Wright, M.; Baird, K.; Wexler, L.H.; Rodriguez-Galindo, C.; Bernstein, D.; Delbrook, C.; Lodish, M.; Bishop, R.;
Wolchok, J.D.; et al. Phase I Clinical Trial of Ipilimumab in Pediatric Patients with Advanced Solid Tumors. Clin. Cancer Res. 2016,
22, 1364–1370. [CrossRef]

102. Castriconi, R.; Dondero, A.; Augugliaro, R.; Cantoni, C.; Carnemolla, B.; Sementa, A.R.; Negri, F.; Conte, R.; Corrias, M.V.;
Moretta, L.; et al. Identification of 4Ig-B7-H3 as a neuroblastoma-associated molecule that exerts a protective role from an NK
cell-mediated lysis. Proc. Natl. Acad. Sci. USA 2004, 101, 12640–12645. [CrossRef]

103. Steinberger, P.; Majdic, O.; Derdak, S.V.; Pfistershammer, K.; Kirchberger, S.; Klauser, C.; Zlabinger, G.; Pickl, W.F.; Stockl, J.;
Knapp, W. Molecular characterization of human 4Ig-B7-H3, a member of the B7 family with four Ig-like domains. J. Immunol.
2004, 172, 2352–2359. [CrossRef]

104. Janakiram, M.; Shah, U.A.; Liu, W.; Zhao, A.; Schoenberg, M.P.; Zang, X. The third group of the B7-CD28 immune checkpoint
family: HHLA2, TMIGD2, B7x, and B7-H3. Immunol. Rev. 2017, 276, 26–39. [CrossRef]

105. Bottino, C.; Vitale, C.; Dondero, A.; Castriconi, R. B7-H3 in Pediatric Tumors: Far beyond Neuroblastoma. Cancers 2023, 15, 3279. [CrossRef]
106. Leitner, J.; Klauser, C.; Pickl, W.F.; Stockl, J.; Majdic, O.; Bardet, A.F.; Kreil, D.P.; Dong, C.; Yamazaki, T.; Zlabinger, G.; et al.

B7-H3 is a potent inhibitor of human T-cell activation: No evidence for B7-H3 and TREML2 interaction. Eur. J. Immunol. 2009,
39, 1754–1764. [CrossRef]

107. Flem-Karlsen, K.; Fodstad, O.; Nunes-Xavier, C.E. B7-H3 Immune Checkpoint Protein in Human Cancer. Curr. Med. Chem. 2020,
27, 4062–4086. [CrossRef]

108. Ahmed, M.; Cheng, M.; Zhao, Q.; Goldgur, Y.; Cheal, S.M.; Guo, H.F.; Larson, S.M.; Cheung, N.K. Humanized Affinity-matured
Monoclonal Antibody 8H9 Has Potent Antitumor Activity and Binds to FG Loop of Tumor Antigen B7-H3. J. Biol. Chem. 2015,
290, 30018–30029. [CrossRef] [PubMed]

109. Kendsersky, N.M.; Lindsay, J.; Kolb, E.A.; Smith, M.A.; Teicher, B.A.; Erickson, S.W.; Earley, E.J.; Mosse, Y.P.; Martinez, D.;
Pogoriler, J.; et al. The B7-H3-Targeting Antibody-Drug Conjugate m276-SL-PBD Is Potently Effective Against Pediatric Cancer
Preclinical Solid Tumor Models. Clin. Cancer Res. 2021, 27, 2938–2946. [CrossRef] [PubMed]

110. Scribner, J.A.; Brown, J.G.; Son, T.; Chiechi, M.; Li, P.; Sharma, S.; Li, H.; De Costa, A.; Li, Y.; Chen, Y.; et al. Preclinical
Development of MGC018, a Duocarmycin-based Antibody-drug Conjugate Targeting B7-H3 for Solid Cancer. Mol. Cancer Ther.
2020, 19, 2235–2244. [CrossRef] [PubMed]

111. Brignole, C.; Calarco, E.; Bensa, V.; Giusto, E.; Perri, P.; Ciampi, E.; Corrias, M.V.; Astigiano, S.; Cilli, M.; Loo, D.; et al.
Antitumor activity of the investigational B7-H3 antibody-drug conjugate, vobramitamab duocarmazine, in preclinical models of
neuroblastoma. J. Immunother. Cancer 2023, 11, e007174. [CrossRef] [PubMed]

112. Bianchi, G.; Pastorino, F.; Rolandi, G.; Ciampi, E.; Segalerba, D.; De Giovanni, B.; Cafferata, B.; Balbi, M.; Ravera, S.; Vellone, V.G.;
et al. The investigational anti-B7-H3 antibody-drug conjugate vobramitamab duocarmazine exerts anti-tumor activity in vitro
and in vivo in pediatric sarcoma preclinical models. Cell Death Dis. 2026, 17, 173. [CrossRef]

113. Hont, A.B.; Dumont, B.; Sutton, K.S.; Anderson, J.; Kentsis, A.; Drost, J.; Hong, A.L.; Verschuur, A. The tumor microenvironment
and immune targeting therapy in pediatric renal tumors. Pediatr. Blood Cancer 2023, 70, e30110. [CrossRef]

114. Epperly, R.; Gottschalk, S.; DeRenzo, C. CAR T cells redirected to B7-H3 for pediatric solid tumors: Current status and future
perspectives. EJC Paediatr. Oncol. 2024, 3, 100160. [CrossRef] [PubMed]

115. Pinto, N.; Albert, C.M.; Taylor, M.R.; Ullom, H.B.; Wilson, A.L.; Huang, W.; Wendler, J.; Pattabhi, S.; Seidel, K.; Brown, C.; et al.
STRIvE-02: A First-in-Human Phase I Study of Systemically Administered B7-H3 Chimeric Antigen Receptor T Cells for Patients
with Relapsed/Refractory Solid Tumors. J. Clin. Oncol. 2024, 42, 4163–4172. [CrossRef]

116. Chan, E.S.; Pawel, B.R.; Corao, D.A.; Venneti, S.; Russo, P.; Santi, M.; Sullivan, L.M. Immunohistochemical expression of glypican-3
in pediatric tumors: An analysis of 414 cases. Pediatr. Dev. Pathol. 2013, 16, 272–277. [CrossRef] [PubMed]

117. Kinoshita, Y.; Tanaka, S.; Souzaki, R.; Miyoshi, K.; Kohashi, K.; Oda, Y.; Nakatsura, T.; Taguchi, T. Glypican 3 expression in
pediatric malignant solid tumors. Eur. J. Pediatr. Surg. 2015, 25, 138–144. [CrossRef]

118. Tretiakova, M.; Zynger, D.L.; Luan, C.; Andeen, N.K.; Finn, L.S.; Kocherginsky, M.; Teh, B.T.; Yang, X.J. Glypican 3 overexpression
in primary and metastatic Wilms tumors. Virchows Arch. 2015, 466, 67–76. [CrossRef] [PubMed]

119. Ortiz, M.V.; Roberts, S.S.; Glade Bender, J.; Shukla, N.; Wexler, L.H. Immunotherapeutic Targeting of GPC3 in Pediatric Solid
Embryonal Tumors. Front. Oncol. 2019, 9, 108. [CrossRef]

120. Shimizu, Y.; Suzuki, T.; Yoshikawa, T.; Endo, I.; Nakatsura, T. Next-Generation Cancer Immunotherapy Targeting Glypican-3.
Front. Oncol. 2019, 9, 248. [CrossRef]

121. Tsuchiya, N.; Hosono, A.; Yoshikawa, T.; Shoda, K.; Nosaka, K.; Shimomura, M.; Hara, J.; Nitani, C.; Manabe, A.; Yoshihara,
H.; et al. Phase I study of glypican-3-derived peptide vaccine therapy for patients with refractory pediatric solid tumors.
Oncoimmunology 2017, 7, e1377872. [CrossRef]

122. Li, N.; Gao, W.; Zhang, Y.F.; Ho, M. Glypicans as Cancer Therapeutic Targets. Trends Cancer 2018, 4, 741–754. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.1158/1078-0432.CCR-15-0491
https://doi.org/10.1073/pnas.0405025101
https://doi.org/10.4049/jimmunol.172.4.2352
https://doi.org/10.1111/imr.12521
https://doi.org/10.3390/cancers15133279
https://doi.org/10.1002/eji.200839028
https://doi.org/10.2174/0929867326666190517115515
https://doi.org/10.1074/jbc.M115.679852
https://www.ncbi.nlm.nih.gov/pubmed/26487718
https://doi.org/10.1158/1078-0432.CCR-20-4221
https://www.ncbi.nlm.nih.gov/pubmed/33619171
https://doi.org/10.1158/1535-7163.MCT-20-0116
https://www.ncbi.nlm.nih.gov/pubmed/32967924
https://doi.org/10.1136/jitc-2023-007174
https://www.ncbi.nlm.nih.gov/pubmed/37775116
https://doi.org/10.1038/s41419-025-08397-z
https://doi.org/10.1002/pbc.30110
https://doi.org/10.1016/j.ejcped.2024.100160
https://www.ncbi.nlm.nih.gov/pubmed/38957786
https://doi.org/10.1200/JCO.23.02229
https://doi.org/10.2350/12-06-1216-OA.1
https://www.ncbi.nlm.nih.gov/pubmed/23530909
https://doi.org/10.1055/s-0034-1393961
https://doi.org/10.1007/s00428-014-1669-4
https://www.ncbi.nlm.nih.gov/pubmed/25366870
https://doi.org/10.3389/fonc.2019.00108
https://doi.org/10.3389/fonc.2019.00248
https://doi.org/10.1080/2162402X.2017.1377872
https://doi.org/10.1016/j.trecan.2018.09.004
https://www.ncbi.nlm.nih.gov/pubmed/30352677
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 27 of 28

123. Scursoni, A.M.; Galluzzo, L.; Camarero, S.; Pozzo, N.; Gabri, M.R.; de Acosta, C.M.; Vazquez, A.M.; Alonso, D.F.; de Davila, M.T.
Detection and characterization of N-glycolyated gangliosides in Wilms tumor by immunohistochemistry. Pediatr. Dev. Pathol.
2010, 13, 18–23. [CrossRef]

124. Labrada, M.; Dorvignit, D.; Hevia, G.; Rodriguez-Zhurbenko, N.; Hernandez, A.M.; Vazquez, A.M.; Fernandez, L.E. GM3(Neu5Gc)
ganglioside: An evolution fixed neoantigen for cancer immunotherapy. Semin. Oncol. 2018, 45, 41–51. [CrossRef] [PubMed]

125. Cacciavillano, W.; Sampor, C.; Venier, C.; Gabri, M.R.; de Davila, M.T.; Galluzzo, M.L.; Guthmann, M.D.; Fainboim, L.; Alonso,
D.F.; Chantada, G.L. A Phase I Study of the Anti-Idiotype Vaccine Racotumomab in Neuroblastoma and Other Pediatric Refractory
Malignancies. Pediatr. Blood Cancer 2015, 62, 2120–2124. [CrossRef]

126. Kapur, P.; Rakheja, D. Immunohistochemical expression of neural cell adhesion molecule in Wilms tumors, nephrogenic rests,
and fetal and postnatal renal cortices. Pediatr. Dev. Pathol. 2011, 14, 16–19. [CrossRef]

127. Wood, A.C.; Maris, J.M.; Gorlick, R.; Kolb, E.A.; Keir, S.T.; Reynolds, C.P.; Kang, M.H.; Wu, J.; Kurmasheva, R.T.; Whiteman, K.; et al.
Initial testing (Stage 1) of the antibody-maytansinoid conjugate, IMGN901 (Lorvotuzumab mertansine), by the pediatric preclinical
testing program. Pediatr. Blood Cancer 2013, 60, 1860–1867. [CrossRef]

128. Geller, J.I.; Pressey, J.G.; Smith, M.A.; Kudgus, R.A.; Cajaiba, M.; Reid, J.M.; Hall, D.; Barkauskas, D.A.; Voss, S.D.; Cho,
S.Y.; et al. ADVL1522: A phase 2 study of lorvotuzumab mertansine (IMGN901) in children with relapsed or refractory
wilms tumor, rhabdomyosarcoma, neuroblastoma, pleuropulmonary blastoma, malignant peripheral nerve sheath tumor, or
synovial sarcoma-A Children’s Oncology Group study. Cancer 2020, 126, 5303–5310. [CrossRef]

129. Sangkhathat, S.; Kanngurn, S.; Chaiyapan, W.; Gridist, P.; Maneechay, W. Wilms’ tumor 1 gene (WT1) is overexpressed and provides
an oncogenic function in pediatric nephroblastomas harboring the wild-type WT1. Oncol. Lett. 2010, 1, 615–619. [CrossRef]

130. Takamizawa, S.; Scott, D.; Wen, J.; Grundy, P.; Bishop, W.; Kimura, K.; Sandler, A. The survivin: Fas ratio in pediatric renal tumors.
J. Pediatr. Surg. 2001, 36, 37–42. [CrossRef]

131. Perotti, D.; Williams, R.D.; Wegert, J.; Brzezinski, J.; Maschietto, M.; Ciceri, S.; Gisselsson, D.; Gadd, S.; Walz, A.L.; Furtwaengler,
R.; et al. Hallmark discoveries in the biology of Wilms tumour. Nat. Rev. Urol. 2024, 21, 158–180. [CrossRef] [PubMed]

132. Hont, A.B.; Cruz, C.R.; Ulrey, R.; O’Brien, B.; Stanojevic, M.; Datar, A.; Albihani, S.; Saunders, D.; Hanajiri, R.; Panchapakesan,
K.; et al. Immunotherapy of Relapsed and Refractory Solid Tumors with Ex Vivo Expanded Multi-Tumor Associated Antigen
Specific Cytotoxic T Lymphocytes: A Phase I Study. J. Clin. Oncol. 2019, 37, 2349–2359. [CrossRef] [PubMed]

133. Lee, A.; Frischer, J.; Serur, A.; Huang, J.; Bae, J.O.; Kornfield, Z.N.; Eljuga, L.; Shawber, C.J.; Feirt, N.; Mansukhani, M.; et al. Inhibition
of cyclooxygenase-2 disrupts tumor vascular mural cell recruitment and survival signaling. Cancer Res. 2006, 66, 4378–4384. [CrossRef]

134. Chen, C. COX-2’s new role in inflammation. Nat. Chem. Biol. 2010, 6, 401–402. [CrossRef]
135. Fridman, E.; Pinthus, J.H.; Kopolovic, J.; Ramon, J.; Mor, O.; Mor, Y. Expression of cyclooxygenase-2 in Wilms tumor: Immunohis-

tochemical study using tissue microarray methodology. J. Urol. 2006, 176, 1747–1750. [CrossRef]
136. Johnson, T.S.; MacDonald, T.J.; Pacholczyk, R.; Aguilera, D.; Al-Basheer, A.; Bajaj, M.; Bandopadhayay, P.; Berrong, Z.; Bouffet, E.;

Castellino, R.C.; et al. Indoximod-based chemo-immunotherapy for pediatric brain tumors: A first-in-children phase I trial. Neuro
Oncol. 2024, 26, 348–361. [CrossRef]

137. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target
for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097–1105. [CrossRef]

138. Venkatramani, R.; Malogolowkin, M.H.; Mascarenhas, L. Treatment of multiply relapsed wilms tumor with vincristine, irinotecan,
temozolomide and bevacizumab. Pediatr. Blood Cancer 2014, 61, 756–759. [CrossRef] [PubMed]

139. Brok, J.; Pritchard-Jones, K.; Geller, J.I.; Spreafico, F. Review of phase I and II trials for Wilms’ tumour—Can we optimise the
search for novel agents? Eur. J. Cancer 2017, 79, 205–213. [CrossRef]

140. Hong, B.; Dong, R. Research advances in the targeted therapy and immunotherapy of Wilms tumor: A narrative review. Transl.
Cancer Res. 2021, 10, 1559–1567. [CrossRef]

141. Luke, J.J.; Bao, R.; Sweis, R.F.; Spranger, S.; Gajewski, T.F. WNT/beta-catenin Pathway Activation Correlates with Immune
Exclusion across Human Cancers. Clin. Cancer Res. 2019, 25, 3074–3083. [CrossRef] [PubMed]

142. Tiburcio, P.D.B.; Desai, K.; Warne, A.; Nabbi, A.; Zhou, S.; Reiff, S.D.; Campbell, M.E.; Amatruda, J.F.; Chen, K.S. PD-L1 Expression
is Mediated by microRNA Processing, Wnt/beta-Catenin Signaling, and Chemotherapy in Wilms Tumor. Pediatr. Blood Cancer
2025, 72, e31852. [CrossRef] [PubMed]

143. Ravanpay, A.C.; Gust, J.; Johnson, A.J.; Rolczynski, L.S.; Cecchini, M.; Chang, C.A.; Hoglund, V.J.; Mukherjee, R.; Vitanza, N.A.;
Orentas, R.J.; et al. EGFR806-CAR T cells selectively target a tumor-restricted EGFR epitope in glioblastoma. Oncotarget 2019,
10, 7080–7095. [CrossRef] [PubMed]

144. Perotti, D.; Hohenstein, P.; Bongarzone, I.; Maschietto, M.; Weeks, M.; Radice, P.; Pritchard-Jones, K. Is Wilms tumor a candidate
neoplasia for treatment with WNT/beta-catenin pathway modulators?—A report from the renal tumors biology-driven drug
development workshop. Mol. Cancer Ther. 2013, 12, 2619–2627. [CrossRef]

https://doi.org/10.3390/cancers18060908

https://doi.org/10.2350/08-10-0544.1
https://doi.org/10.1053/j.seminoncol.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/30318083
https://doi.org/10.1002/pbc.25631
https://doi.org/10.2350/10-02-0796-OA.1
https://doi.org/10.1002/pbc.24647
https://doi.org/10.1002/cncr.33195
https://doi.org/10.3892/ol_00000109
https://doi.org/10.1053/jpsu.2001.20000
https://doi.org/10.1038/s41585-023-00824-0
https://www.ncbi.nlm.nih.gov/pubmed/37848532
https://doi.org/10.1200/JCO.19.00177
https://www.ncbi.nlm.nih.gov/pubmed/31356143
https://doi.org/10.1158/0008-5472.CAN-05-3810
https://doi.org/10.1038/nchembio.375
https://doi.org/10.1016/j.juro.2006.03.118
https://doi.org/10.1093/neuonc/noad174
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1002/pbc.24785
https://www.ncbi.nlm.nih.gov/pubmed/24115645
https://doi.org/10.1016/j.ejca.2017.04.005
https://doi.org/10.21037/tcr-20-3302
https://doi.org/10.1158/1078-0432.CCR-18-1942
https://www.ncbi.nlm.nih.gov/pubmed/30635339
https://doi.org/10.1002/pbc.31852
https://www.ncbi.nlm.nih.gov/pubmed/40512079
https://doi.org/10.18632/oncotarget.27389
https://www.ncbi.nlm.nih.gov/pubmed/31903167
https://doi.org/10.1158/1535-7163.MCT-13-0335
https://doi.org/10.3390/cancers18060908


Cancers 2026, 18, 908 28 of 28

145. Nomura, M.; Rainusso, N.; Lee, Y.C.; Dawson, B.; Coarfa, C.; Han, R.; Larson, J.L.; Shuck, R.; Kurenbekova, L.; Yustein, J.T.
Tegavivint and the beta-Catenin/ALDH Axis in Chemotherapy-Resistant and Metastatic Osteosarcoma. J. Natl. Cancer Inst. 2019,
111, 1216–1227. [CrossRef]

146. Janku, F. Phosphoinositide 3-kinase (PI3K) pathway inhibitors in solid tumors: From laboratory to patients. Cancer Treat. Rev.
2017, 59, 93–101. [CrossRef]

147. Maschietto, M.; Charlton, J.; Perotti, D.; Radice, P.; Geller, J.I.; Pritchard-Jones, K.; Weeks, M. The IGF signalling pathway in
Wilms tumours—A report from the ENCCA Renal Tumours Biology-driven drug development workshop. Oncotarget 2014,
5, 8014–8026. [CrossRef]

148. Mittal, K.; Cooper, G.W.; Lee, B.P.; Su, Y.; Skinner, K.T.; Shim, J.; Jonus, H.C.; Kim, W.J.; Doshi, M.; Almanza, D.; et al. Targeting
TRIP13 in favorable histology Wilms tumor with nuclear export inhibitors synergizes with doxorubicin. Commun. Biol. 2024,
7, 426. [CrossRef] [PubMed]

149. Coutinho, D.F.; Mundi, P.S.; Marks, L.J.; Burke, C.; Ortiz, M.V.; Diolaiti, D.; Bird, L.; Vallance, K.L.; Ibanez, G.; You, D.; et al. Validation
of a non-oncogene encoded vulnerability to exportin 1 inhibition in pediatric renal tumors. Med 2022, 3, 774–791.e7. [CrossRef]

150. Green, A.L.; Minard, C.G.; Liu, X.; Safgren, S.L.; Pinkney, K.; Harris, L.; Link, G.; DeSisto, J.; Voss, S.; Nelson, M.D.; et al. Phase I
Trial of Selinexor in Pediatric Recurrent/Refractory Solid and CNS Tumors (ADVL1414): A Children’s Oncology Group Phase I
Consortium Trial. Clin. Cancer Res. 2025, 31, 1587–1595. [CrossRef] [PubMed]

151. Dekel, B.; Metsuyanim, S.; Schmidt-Ott, K.M.; Fridman, E.; Jacob-Hirsch, J.; Simon, A.; Pinthus, J.; Mor, Y.; Barasch, J.; Amariglio,
N.; et al. Multiple imprinted and stemness genes provide a link between normal and tumor progenitor cells of the developing
human kidney. Cancer Res. 2006, 66, 6040–6049. [CrossRef]

152. Pode-Shakked, N.; Harari-Steinberg, O.; Haberman-Ziv, Y.; Rom-Gross, E.; Bahar, S.; Omer, D.; Metsuyanim, S.; Buzhor, E.;
Jacob-Hirsch, J.; Goldstein, R.S.; et al. Resistance or sensitivity of Wilms’ tumor to anti-FZD7 antibody highlights the Wnt pathway
as a possible therapeutic target. Oncogene 2011, 30, 1664–1680. [CrossRef]

153. Gurney, A.; Axelrod, F.; Bond, C.J.; Cain, J.; Chartier, C.; Donigan, L.; Fischer, M.; Chaudhari, A.; Ji, M.; Kapoun, A.M.; et al. Wnt
pathway inhibition via the targeting of Frizzled receptors results in decreased growth and tumorigenicity of human tumors. Proc.
Natl. Acad. Sci. USA 2012, 109, 11717–11722. [CrossRef]

154. Vax, E.; Caspi, R.; Shukrun, R.; Pode-Shakked, N.; Pleniceanu, O.; Golan, H.; Namestnikov, M.; Mark-Danieli, M.; Markovsky, E.;
Bar-Lev, D.D.; et al. A novel Frizzled 7 antibody disrupts the Wnt pathway and inhibits Wilms tumor growth. Front. Bioeng.
Biotechnol. 2025, 13, 1641137. [CrossRef]

155. Filbin, M.; Monje, M. Developmental origins and emerging therapeutic opportunities for childhood cancer. Nat. Med. 2019,
25, 367–376. [CrossRef]

156. Guerra, J.; Pereira, B.M.S.; Cruz, J.; Scherer, N.M.; Furtado, C.; Montalvao de Azevedo, R.; Oliveira, P.S.L.; Faria, P.; Boroni, M.; de
Camargo, B.; et al. Genes Controlled by DNA Methylation Are Involved in Wilms Tumor Progression. Cells 2019, 8, 921. [CrossRef]

157. Alfaifi, J. miRNAs Role in Wilms tumor pathogenesis: Signaling pathways interplay. Pathol. Res. Pract. 2024, 256, 155254. [CrossRef]
158. Wegert, J.; Appenzeller, S.; Treger, T.D.; Streitenberger, H.; Ziegler, B.; Bausenwein, S.; Vokuhl, C.; Parks, C.; Juttner, E.; Gramlich,

S.; et al. Distinct pathways for genetic and epigenetic predisposition in familial and bilateral Wilms tumor. Genome Med. 2025,
17, 49. [CrossRef] [PubMed]

159. Ludwig, N.; Werner, T.V.; Backes, C.; Trampert, P.; Gessler, M.; Keller, A.; Lenhof, H.P.; Graf, N.; Meese, E. Combining miRNA
and mRNA Expression Profiles in Wilms Tumor Subtypes. Int. J. Mol. Sci. 2016, 17, 475. [CrossRef] [PubMed]

160. Perez-Linares, F.J.; Perezpena-Diazconti, M.; Garcia-Quintana, J.; Baay-Guzman, G.; Cabrera-Munoz, L.; Sadowinski-Pine,
S.; Serrano-Bello, C.; Murillo-Maldonado, M.; Contreras-Ramos, A.; Eguia-Aguilar, P. MicroRNA Profiling in Wilms Tumor:
Identification of Potential Biomarkers. Front. Pediatr. 2020, 8, 337. [CrossRef]

161. Bolitho, A.; Liu, H. Epigenetic Regulation in Wilms Tumor. Biomedicines 2025, 13, 1678. [CrossRef] [PubMed]
162. Chen, C.H.; Ngo, N.Y.N.; Wang, A.; El-Dahr, S.; Liu, H. Overactivation of histone deacetylases and EZH2 in Wilms tumorigenesis.

Genes Dis. 2023, 10, 1783–1786. [CrossRef] [PubMed]
163. Ma, G.; Gao, A.; Chen, J.; Liu, P.; Sarda, R.; Gulliver, J.; Wang, Y.; Joiner, C.; Hu, M.; Kim, E.J.; et al. Modeling high-risk Wilms

tumors enables the discovery of therapeutic vulnerability. Cell Rep. Med. 2024, 5, 101770. [CrossRef] [PubMed]
164. Topper, M.J.; Vaz, M.; Chiappinelli, K.B.; DeStefano Shields, C.E.; Niknafs, N.; Yen, R.C.; Wenzel, A.; Hicks, J.; Ballew, M.; Stone,

M.; et al. Epigenetic Therapy Ties MYC Depletion to Reversing Immune Evasion and Treating Lung Cancer. Cell 2017, 171,
1284–1300.e21. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18060908

https://doi.org/10.1093/jnci/djz026
https://doi.org/10.1016/j.ctrv.2017.07.005
https://doi.org/10.18632/oncotarget.2485
https://doi.org/10.1038/s42003-024-06140-6
https://www.ncbi.nlm.nih.gov/pubmed/38589567
https://doi.org/10.1016/j.medj.2022.09.002
https://doi.org/10.1158/1078-0432.CCR-24-2754
https://www.ncbi.nlm.nih.gov/pubmed/39998852
https://doi.org/10.1158/0008-5472.CAN-05-4528
https://doi.org/10.1038/onc.2010.549
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.3389/fbioe.2025.1641137
https://doi.org/10.1038/s41591-019-0383-9
https://doi.org/10.3390/cells8080921
https://doi.org/10.1016/j.prp.2024.155254
https://doi.org/10.1186/s13073-025-01482-0
https://www.ncbi.nlm.nih.gov/pubmed/40340749
https://doi.org/10.3390/ijms17040475
https://www.ncbi.nlm.nih.gov/pubmed/27043538
https://doi.org/10.3389/fped.2020.00337
https://doi.org/10.3390/biomedicines13071678
https://www.ncbi.nlm.nih.gov/pubmed/40722750
https://doi.org/10.1016/j.gendis.2022.10.026
https://www.ncbi.nlm.nih.gov/pubmed/37492702
https://doi.org/10.1016/j.xcrm.2024.101770
https://www.ncbi.nlm.nih.gov/pubmed/39368485
https://doi.org/10.1016/j.cell.2017.10.022
https://www.ncbi.nlm.nih.gov/pubmed/29195073
https://doi.org/10.3390/cancers18060908

	Introduction 
	Epidemiology, Risk Factors, and Outcomes of WT 
	Genetic Landscape of WT 
	Histopathology of WT 
	Current Treatment Protocols 

	The Inflammatory Microenvironment in WT 
	Leukocyte Populations Infiltrating WT 
	NK Cells in WT 

	Mechanisms of Tumor Escape from the Immune Response in WT 
	Mechanisms Acting on NK Cells 
	Mechanisms Acting on Macrophages 
	Mechanisms Acting on Other Immune Cells 

	Preclinical and In Vitro Models for WT 
	Novel Therapeutic Approaches in WT 
	Immunotherapy 
	Targeted Therapy 

	Conclusions 
	References

