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Results of immunotherapy in childhood solid cancer have been
so far, with the exception of neuroblastoma, quite disap-
pointing. Lack of knowledge of the immune contexture of these
tumors may have contributed to the failure of immunother-
apies so far. Here, we systematically reviewed the literature
regarding the immunology of Wilms tumor (WT), one of the
most frequent pediatric solid tumors of the abdomen. InWilms
tumor patients the high cure rate of >90%, achieved by the com-
bination of surgery and radio-chemotherapy, is at the expense
of a high early and late toxicity. Moreover, treatment-resistant
entities, such as diffuse anaplastic tumors or recurrent disease,
still pose unsolved clinical problems. Successful immuno-
therapy could represent a novel and possibly less-toxic treat-
ment option. Employing the PRISMA (Preferred Reporting
Items for Systematic Review and Meta-Analysis) method of
literature search, we analyzed the current knowledge of the
immunological landscape of Wilms tumors in terms of tumor
microenvironment, prognostic implications of single bio-
markers, and immunotherapy response.
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INTRODUCTION
In adult oncology, research on the tumor immune microenvironment
has already shown great promise in unravelling novel prognostic
markers1 as well as novel therapeutic possibilities,2 with the advantage
of reducing the toxicity of the conventional chemotherapy-based
treatments.

Attempts to translate the successes of immunotherapy in the field of
pediatric oncology has been enthusiastically endeavored, although
with a certain delay. Immunotherapy might serve as an option to
cure the 10% of tumors resistant to standard therapy. Moreover, early
and late toxicity of cytotoxic chemotherapy and radiotherapy regi-
mens pose serious problems in pediatric oncology, as it affects pa-
tients up to adolescence and adulthood. Immunotherapy could offer
a unique chance to reduce the high morbidity in children treated ac-
cording to standard-of-care therapies. Studies on survivors of child-
hood cancer have shown that at least 60% of young adults develop
chronic health conditions (CHCs), and by age 45 years, 80% experi-
ence at least one serious disabling or life-threatening CHC, as conven-
tional cancer treatment is not cell specific.3,4 This burden of disease is
double if compared to the general population.4
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In contrast to adult oncology, the achievements of immunotherapy in
the field of pediatric solid tumors have revealed themselves to be not
quite as remarkable. In fact, most immunotherapies in solid child-
hood cancer so far failed to show an objective anti-tumor effect.
While, for example, treatments with checkpoint inhibitor anti-
PD-L1 have shown even superior results to traditional chemotherapy
for adult cancers,5 the interim results of the largest trial on pediatric
patients, KEYNOTE-051, showed a low to absent antitumor effect of
pembrolizumab, an anti PD-1 monoclonal antibody.6 The only
exception is the cytotoxic anti-GD2 monoclonal antibody (mAb)
therapy given for neuroblastoma. The latter is now a US Food and
Drug Administration (FDA)-approved therapy and has reached the
ranking of standard treatment.7

The failure of immunomodulating immunotherapy with any check-
point inhibitor correlates with the fact that pediatric solid tumors are
far less immunogenic than adult cancers.8 The reasonmight be that pe-
diatric tumors usually descend from embryonal cells rather than
mature epithelial cells and are presumably the result of transcriptional
abnormalities (i.e, single-gene inactivation or amplification) and not of
the gradual accumulation of genetic mutations over time.8

The last pediatric strategy forum, organized by the European Society
for Pediatric Oncology and Innovative Therapies for Children with
Cancer in Europe Consortium, revealed that the lack of knowledge
regarding the immunological landscape of solid childhood tumors
is probably responsible for the failure of most immunotherapies
tested so far.9 Future translational studies should help improve the
understanding of immune evasion mechanisms in childhood cancers,
providing a rational base for novel treatment concepts. It appears
essential to remember that children are not small adults. Correspond-
ingly, childhood cancer most likely follows unique immunological
pathways, which remain to be explored.

Wilms tumor (WT), or nephroblastoma, is the most common renal
malignancy in childhood and the second most common solid
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Table 1. Schematic evaluation of late effects of treatment in Wilms tumor survivors

Morbidity Mortality

Heart disease

Congestive heart failure
cumulative incidence after 20 years: 4.4% of patients
treated with DXO at initial diagnosis;102 17.4%
DXO at relapse102

Subclinical cardiac abnormalities
frequency at 7 years follow-up: 24/97 (25%) of patients
treated with DXO3

Any cardiovascular CHC (grade 1–5) cumulative burden at age 50 years: 4.13 (3.57–4.69)4

Pulmonary disease

1 or more abnormal pulmonary
function test results (FEV1, VC,
DLCO) and fibrosis on X-ray

cumulative incidence at 15 years: <0.5% with no RT;103 4.0%
RT for initial treatment;103 5.5% RT for relapse103

Pulmonary fibrosis >5 year follow up: 0.2%14

Any pulmonary CHC (grade 1-5) cumulative burden at age 50 years: 1.96 (1.53–2.39)4

Renal dysfunction

End-stage renal disease (ESRD)
cumulative incidence at 20 years: 0.6% after unilateral disease;104

12% bilateral disease104

Any renal CHC (grade 1–5) cumulative burden at age 50 years: 0.48 (0.25–0.70)4

Secondary malignant neoplasms

cumulative incidence at 15 years: 1.6% (73% within the
radiation field)105

mortality 5 years follow-up: 1.1% of deaths14

mortality >5 years follow-up: 2.7% of deaths14

cumulative burden at age 50 years: 0.61 (0.32–0.90)4

Reproductive health problems

Primary ovarian failure 20/25 female survivors (80%)106

Premature menopause (<36 years) 4/25 female survivors (16%)106

Spontaneous abortion or stillbirths 2% of the recorded pregnancies107

Premature births (20–36 weeks of gestation) 33.3% of children of female with WART107

Low birth weight (<2.5 kg) 33.3% of children of females with WART

Any reproductive CHCs cumulative burden at age 50 years: 1.16 (0.82–1.49)4

CHC, chronic health condition; DXO, doxorubicin; RT, radiotherapy;WART, whole abdomen radiotherapy. Cumulative incidence (%) expresses disease frequency in a given period of
time. Cumulative burden expresses the mean number of recurrent/multiple health events a cohort member experiences by a given time point in the presence of competing risk events.
The grades are according to the Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE): mild (grade 1), moderate (grade 2), severe/disabling (grade 3), life-
threatening (grade 4), or death (grade 5).4
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abdominal tumor presenting in infants and children after neuroblas-
toma, with an incidence of 1:10,000 infants. WT typically arises be-
tween the ages of 2 and 5 years, with 95% of diagnoses before the
age of 10 years.10

The prognosis of WT has significantly improved in the last four de-
cades, resulting in a 5-year survival rate that exceeds 90%.11 However,
1 out of 4 WT patients present either unfavorable histologic and mo-
lecular features or metastatic, bilateral, or recurrent disease, whose
survival rates remain well below this standard.12,13

Similar to other childhood cancers, chemo- and radiotherapy regi-
mens applied for WT expose patients to an increased risk of adverse
outcomes. Those include long-term heart disease, pulmonary disease,
renal failure, infertility, and secondary cancers, as well as short-term
mortality due to therapy-induced toxicity (Table 1).14 Consequently,
clinical research focuses on reducing these high secondary morbidity
and mortality rates. For example, as anthracyclines are known to
be potentially cardiotoxic, there have been efforts to reduce their
employment in therapy.15 In this line, the SIOP (Societè Internatio-
nale d’Oncologie Pédiatrique)-2001 trial showed that doxorubicin
can be safely omitted in the treatment regimens of stage II to III in-
termediate-risk tumors, without changes in overall survival (OS)
and with non-significant decrease in the event-free survival.16

In the last decade, immunotherapy has been thought to hold great
promise in improving survival with limited side effects.17 However,
unlike neuroblastoma or sarcomas, WT has only been investigated
in a few ongoing clinical trials.18

To set the stage for future development of immunotherapy in WTs,
we reviewed the literature on the immunology of this cancer
Molecular Therapy: Oncolytics Vol. 22 September 2021 455
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Figure 1. PRISMA flow diagram

Schematic view of the search strategy according to

PRISMA flow diagram. WT, Wilms tumor.
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(Figure 1). We evaluated studies on the tumor microenvironment, its
prognostic implications and main immunotherapeutic clinical trials.
A comprehensive understanding should enable a rational design for
effective immunotherapeutic concepts. To the best of our knowledge,
this is the first systematic review focusing on the immunology ofWTs
so far.

IMMUNE CELL INFILTRATION
All studies underline the presence of an immunosuppressive microen-
vironment in Wilms tumor.19–30 The cell infiltrate is usually detected
in the stromal component of the tumor, and the most abundant cells
are tumor-associated macrophages (TAMs).19,24,25,29 There has been
an attempt to correlate the presence of such cells to clinicopathological
features of WT. In this line, Liou et al.25 evaluated that mean macro-
phage count densities (CD68+) were higher in stage IV than in stage I
(p = 0.021). Concerning prognosis, a statistically significant correlation
between TAM count in stage II WT and decreased disease-free sur-
vival (DFS) (p = 0.035) was found.24 Correspondingly, vascular inva-
sion, another unfavorable prognostic factor, also correlated with the
number of macrophages.24 With respect to macrophage polarization
subtypes, either pro- (M1) or anti-inflammatory (M2), Tian et al.29

demonstrated in 61 samples of WT that TAMs were usually M2. An
increased ratio of M2/M1 correlated with disease progression from
stage I to stage III, prognosis and unfavorable histology.29 Thus, the
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macrophage infiltrate might be employed to
refine the staging algorithm.

Regarding tumor-infiltrating lymphocytes
(TIL), both the quantitative as well as the
qualitative analysis indicated an immunosup-
pressive environment in all the evaluated
studies.19–23,26,27 WTs usually present with a
low number of CD3+ lymphocytes, and CD3+
cells were usually stromal.26,27 Moreover,
CD3-positive cells were predominantly T-regu-
latory (T-reg) and T helper 2 (Th2) polarized
cells. The immunosuppressive nature of the
tumor is further supported by expression of
interleukin (IL)-10 and indoleamine 2,3-dioxy-
genase (IDO).27 Thus, WT must be regarded as
an immunologically cold tumor, usually lacking
a higher number of activated CD8+ cytotoxic
T cells.

Despite the general lack of a CD8+ immune
T cell infiltrate, Mardanpour et al.30 recently
found that higher CD8+ tumor-infiltrating
lymphocyte counts at the invasive margins
were correlated with lower tumor recurrency rates. In particular,
early-stage tumors were found to present significantly higher TILs
both in the center and in the invasive border of the tumor.

Furthermore, Holl et al.28 could detect the presence of effector mem-
ory cells characterized by high CD57, PD-1, and HLA DR expression.
This activated T cell phenotype was not found in circulating T cells,
suggesting that T cells can be activated in WTs if appropriately
stimulated.

However, TILs were found to be not only sparse but also difficult to
expand in vitro and lacking a specific autologous anti-tumor cytotoxic
activity.21,22 It has been hypothesized that a low expression of immu-
nomodulatory molecules on tumor cells or the production of immu-
nosuppressive factors may be responsible for the reduced activation
and expansion of TILs in pediatric tumors.21 Thus, the low expression
of major histocompatibility complex (MHC) class I and of ICAM/
LFA3 adhesion molecules as well as a concurrent high expression
of TGF-b may explain the difficulties in pediatric TIL cultures.
However, pediatric tumors characterized by high expression of
MHC I and low concentrations of TGF-b readily allow TIL cultures.
This supports the hypothesis that when immunosuppressive elements
of childhood cancers are antagonized, stimulation of an ablative T cell
response is feasible.
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It should be noted that defects in T cell responsiveness are not limited
to TILs. Most recently, Das et al.31 reported both qualitative and
quantitative deficits in the circulating naive T cells in 195 pediatric pa-
tients with solid or hematological malignancies including WTs. Such
findings might become relevant when potential CAR-T cell therapy is
considered.

Due to the lack of T cells in the microenvironment of WT, immuno-
therapeutic strategies targeting T cells in WTs are rare. Obviously, tu-
mor-specific cytotoxic T cells have to be generated by other means,
such as T cell vaccines or the generation of CAR-T cells. In this
line, a phase I study on tumor-associated antigen cytotoxic T cells
(TAA-Ts) has been conducted on relapsed or refractory solid pediat-
ric tumors, with remarkable success (NCT02789228).32 The trial was
based on the generation and ex vivo expansion of TAA-Ts directed
toward three different tumor-associated antigens (TAAs): WT1, pref-
erentially expressed antigen of melanoma (PRAME), and survivin. All
three of them are target antigens overexpressed on tumor cells.33–35

Of the 15 patients who were included in the study, 73% were defined
as responders. Furthermore, 5 of the 7 WT patients who received the
infusions were defined as responders. No infusion-correlated adverse
events have been reported.

With respect to vaccines, we identified only one approach done for
advanced solid pediatric cancer in which WT patients were included.
The vaccine was based on an IL-12-secreting dendritic cell (DC)-
based vaccine using tumor lysates.36 In one of the WT patients, the
vaccine was associated with the transition of a progressive disease
to stable disease 6 months after vaccine application.

Expression of immune checkpoint molecules

PD-L1 is the immune checkpoint molecule that has been most
frequently analyzed in solid pediatric cancer and correspondingly
in WTs. With the exception of pediatric Hodgkin’s lymphoma and
pediatric sarcomas,37 PD-L1 expression was found to be generally
low.38–42 Routh et al.40 analyzed 81 WT samples by immunohisto-
chemistry: PD-L1 was expressed by only 14% of nephroblastomas
and could be correlated with increased cancer recurrence. The study
was done in tumors with favorable histology, which account for 90%
of WTs (relative risk [RR], 3.65%; p value, 0.02). The number of
anaplastic tumors was too small to draw solid conclusions. Pinto
et al.38 broadened the analysis evaluating the expression of PD-1,
PD-L1, and PD-L2 in combination with gene expression analyzed
via NanoString. The study was conducted on a series of 124 pediatric
solid tumors, including 25 nephroblastomas. Expression of immune
checkpoint molecules was mostly absent or present at only low levels,
even though gene transcripts were always detectable. Silva et al.42

confirmed that WT showed the lowest levels of PD-L1 expression
within the group of pediatric solid tumors (ganglioneuroblastoma,
neuroblastoma, osteosarcoma, rhabdomyosarcoma). Low PD-L1
expression correlated with low tumor-infiltrating lymphocytes.

Correspondingly, the interim results of the KEYNOTE-051 study, the
ongoing clinical trial on 155 pediatric patients, revealed that pembro-
lizumab (anti-PD-1) only led to an anti-tumor activity in patients
with relapsed or refractory Hodgkin’s lymphoma but not any other
solid tumor.6 Objective responses were only observed in 5.9% of other
solid tumors, including adrenocortical carcinoma, mesothelioma,
malignant ganglioglioma, epithelioid sarcoma, lymphoepithelial car-
cinoma, and malignant rhabdoid, in contrast to 60% of Hodgkin’s
lymphoma patients. Similar to studies done in adults, the trial
included only patients with a positive PD-L1 expression, defined as
the expression of the ligand in at least 1% of the tumor cells. Reasons
for the poor activity of PD-1inhibition in these tumor types are not
fully understood. The final results of KEYNOTE-051 are expected
by September 2022 and may shed further light on the matter.

Apart from the PD-1/PD-L1 axis, several other immune checkpoint
pathways have been reported to regulate the immune responses in
the tumor microenvironment. Mochizuki et al.41 evaluated the
expression of (1) alternative checkpoint molecules expressed on
TILs as B- and T-lymphocyte attenuator (BTLA), TIM3, and
LAG3; and (2) their respective ligands expressed on tumor cells
such as Herpes Virus Entry Mediator (HVEM), GAL9, and MHC II
on common solid pediatric tumors (n = 65). Expression of the
above-mentioned molecules was rare (<30%) in the 10 WT samples
included in the study.41 Certainly, a higher number of samples would
better allow any conclusions.

Lately, rising interest has been addressed to B7-H3 (CD276), another
checkpoint molecule of the B7 superfamily. This is a widely overex-
pressed surface molecule in adult solid tumors, implicated in immune
escape mechanisms such as inhibition of naive T cell activation and
production of cytotoxic cytokines, as well as in pro-metastatic activ-
ities.43 With respect to childhood cancer, its expression has been
found to be high in 388 tumor samples. Most importantly, WT sam-
ples stained high in 100% of the analyzed cases.44 Due to this over-
whelming high expression, B7-H3 successfully served as a target
molecule for CAR-T cell therapy in a preclinical murine tumor
model. Intravenous injection of B7-H3 directed CAR-T cell-eradi-
cated xenografts of pediatric solid tumors.44

High expression of B7-H3 on childhood cancer also promoted the
development of the respective antibody as radioimmunotherapy,
when conjugated to iodine124. A phase I study performed on desmo-
plastic small round cell tumors including WT revealed that the ther-
apy was well tolerated (NCT01099644) and is about to be followed by
a phase II trial.45

Moreover, a further phase I study (NCT02982941) has been initiated,
which evaluates the potential of enoblituzumab, a pure anti-B7-H3
mAb, in children with relapsed or refractory malignant B7-H3-posi-
tive solid tumors. Results of the above-mentioned trials have not been
published yet.

Recent studies found that response to immune checkpoint inhibitors
(ICIs) is higher in tumors presenting microsatellite instability (MSI)
or deficiency in the mismatch repair system (dMMR).46 Accelerated
Molecular Therapy: Oncolytics Vol. 22 September 2021 457
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approval of immunotherapy trials (i.e., pembrolizumab) based on
the presence of these biomarkers has been already granted from the
FDA both for adult and pediatric cancers. Whether the latter group
expresses such markers is, however, still unclear.

Considering the relative “quiet” nature of the genome of childhood
solid tumors, it is not surprising that MSI was not found to be com-
mon feature in WT.47–49 However, Diniz et al.47 encountered the
presence of deficits in MMR genes in up to 42% of WT samples
(19/45), correlating significantly to both stage and survival rates.
These results are in contrast with the previous findings of Segers
et al.,48 who found a normal expression of MMR proteins in all the
evaluated samples (100), leading them to conclude that dMMR
does not play a role in WT if not in the context of constitutional
mismatch repair syndrome (CMMR-D). Further studies are required,
however, to better establish the role of dMMR and its possible role in
the immunotherapy response of childhood solid tumors.

CELL SURFACE MOLECULES
Proteoglycans, glycoproteins and glycolipids present in the cell mem-
brane and extracellular matrix play vital roles in cell adhesion, migra-
tion, proliferation, and signaling pathways. The differential glycosyl-
ation of glycoproteins or their aberrant expression in cancer cells as
compared to normal cells promotes tumor growth. Thus, tumor-asso-
ciated glycosylation provides a rational concept for targeted ther-
apy.50 The only immunotherapy that became part of standard
regimen in pediatric solid tumors is based on a cytotoxic anti-GD2
antibody targeting the glycan structure of specific gangliosides in tu-
mor cells.

GD2 is physiologically involved in neural differentiation and
proliferation during embryogenesis and has been found to be highly
expressed on a variety of pediatric cancers such as neuroblastoma,
retinoblastoma, Ewing’s sarcoma, and osteosarcoma.51

The incorporation of anti-GD2 treatment into maintenance therapy
of high-risk neuroblastoma led to significantly higher event-free sur-
vival (66% versus 46%; p = 0.01) and OS (86% versus 75%; p = 0.02)
compared with isotretinoin-based chemotherapy alone, leading to
approval by the FDA.7,8

In the search for gangliosides other than GD2, particular attention has
been given to GM3(Neu5Gc)-containing gangliosides. These mole-
cules are normal components of cell membranes in normal tissues
of all mammals except human beings. In humans, their expression
has only been observed in malignant cells. This would therefore
make such molecules perfect targets for immunotherapy. The expres-
sion of GM3(Neu5Gc) on pediatric solid tumors has been evaluated
by Scursoni et al.52 The group analyzed patients who have undergone
neoadjuvant chemotherapy according to the SIOP 2001 protocol.
Expression of GM3(Neu5Gc) was found in 88% of WTs but was ab-
sent in fetal or normal kidneys. Interestingly, antibodies that recog-
nize these gangliosides were also found in patients’ serum. Thus,
this ganglioside could be considered as neoantigen associated with
458 Molecular Therapy: Oncolytics Vol. 22 September 2021
renal malignant transformation in future clinical trials. There was a
significant inverse correlation between mutated p53 and detection
of GM3(Neu5Gc), which could suggest an abundance of the ganglio-
side associated with intact tumor p53-associated suppressor signal
cascade in WT. Correspondingly, anaplastic tumors, frequently char-
acterized by an abnormal p53 protein, have a lower expression of
GM3(Neu5Gc). This could be the premise to employ this molecule
as prognostic biomarker.

Moreover, racotumomab, a cytotoxic antibody directed toward
GM3(Neu5Gc)-containing gangliosides, has been developed. Racotu-
momab revealed promising results in breast cancer patients who also
express GM3(Neu5GC).53With respect to childhood cancer, a phase I
study has been conducted on high-risk refractory pediatric solid tu-
mors, including one WT patient.54 Racotumomab was found safe
and immunogenic in pediatric patients, but only 2/14 patients had
stable disease after receiving the antibody, and no regression was re-
ported. Potentially, immune-modulating agents enhancing antibody-
dependent cellular phagocytosis (ADCP) or antibody-dependent
cellular cytotoxicity (ADCC) might be added to improve efficacy in
childhood cancer.55

Glycolipids are not the only cell surface molecules identified as poten-
tial target structures for cytotoxic antibodies. An alternative target
structure is the carcinoembryonic antigen glypican-3 (GPC3), a hep-
aran sulfate proteoglycan that is associated with cell growth, develop-
ment, and the responses to various growth factors. Inactivation of
GPC3 is responsible for X-linked Simpson-Golabi-Behmel over-
growth syndrome. 10% of these patients develop an embryonal malig-
nancy, including WT. Furthermore, GPC3 overexpression has been
found in pediatric tumors that derive from tissues that express such
antigens during development, like liver, kidney, and gonads.56

A phase I study investigating a GPC3-derived peptide vaccine for pa-
tients with refractory pediatric solid tumors revealed encouraging
data.57 In particular, hepatoblastomas were found responsive to this
vaccine (progression-free survival, p % 0.01), but also the single pa-
tient with nephroblastoma included in the trail was listed in the
“responsive” group of patients.

GPC3 might be a very attractive target for WT-directed therapy, as
this proteoglycan is expressed in more than 30% of the analyzed
nephroblastoma samples.58,59 Tretiakova et al.60 even reported a pos-
itive expression in 77% of primary and in 93% of metastatic WTs. As
GPC3 is not expressed by other renal tumors or other small blue
round cell tumors, with the exception of malignant rhabdoid tumors,
GPC3 expression could further serve as a marker for differential diag-
nosis and follow-up of WT.

However, GPC3-based therapy will most likely be only applicable for
children aged over 1 year. The reason is that GPC3 is an essential pro-
tein in nephrogenesis, expressed in the fetal ureteric bud and collect-
ing system in a time-specific manner, and is constitutively expressed
in children up to 1 year of age.56
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CYTOKINE PRODUCTION
Proinflammatory cytokines have been shown to promote tumor
development.61 However, in contrast to adult renal carcinoma cell
lines, which express high levels of classical pro-inflammatory cyto-
kines such as IL-1b, IL-6, and tumor necrosis factor (TNF)-a, WT
cell lines were found devoid of those factors but tested markedly
positive for TGF-b by ELISA.62 Correspondingly, the tumor microen-
vironment ofWT is also characterized by a high production of immu-
nosuppressive cytokines, of which TGF-b appears to have the most
dominant role in tumor progression.62–65 Its role in kidney develop-
ment and renal architecture control might explain its expression in a
malignant kidney tumor. Moreover, high TGF-b levels are generally
associated with epithelial-to-mesenchymal transition (EMT) medi-
ated by E-cadherin downregulation. Correspondingly, TGF-b expres-
sion was highly correlated with invasiveness and metastasis in WT,
and patients with higher TGF-b levels presented a shorter disease-
free survival (p = 0.022).64

A further tumor-promoting role of TGF-b inWilms is the fact that this
cytokine induces Forkhead box P3 (FOXP3) expression on T-reg
cells.65 This is a transcription factor known to be crucial in conferring
immunosuppressive functions to the T-regs.66 Correspondingly,
FOXP3+ T-reg cells have been described to be diffusely present in
WTs, and their infiltration is significantly higher than in control kid-
neys.27 The high expression of TGF-b also correlated with the inability
of expanding TILs in vitro. Given its central role, TGF-b expression
might serve as a potential therapeutic target. To our knowledge, no trial
has focused its attention on TGF-b inhibition in pediatric solid tumors.

The expression of other immunosuppressive cytokines has been less
investigated in WT so far. Maturu et al.27 identified an upregulation
of IL-10 and IDO. Since both of those cytokines induce the suppression
of effector T cell activation, the WT-associated cytokine pattern corre-
lates well with the absence of tumor infiltrating cytotoxic T cells.67,68

No study has further evaluated the role of the latter immunosuppres-
sive cytokines on prognosis or as possible targets of therapy.
NEOANTIGEN PRODUCTION
In contrast to adult cancers, which frequently derive from epithelial
cells, pediatric tumors usually descend from embryonal cells and
are presumably the result of epigenetic and transcriptional reprog-
ramming by a fewmutations rather than a consequence of the gradual
accumulation of an increasing number of genetic mutations over
time. This explains the far lower mutational burden and the expres-
sion of fewer potential neoantigens, which limits the susceptibility
to antigen-specific immune targeting.69

It should be noted that there is a group of pediatric hypermutant
hematological, brain, and intestinal cancers arising in the context
of a constitutional mismatch repair deficiency (CMMRD). A recent
comprehensive analysis of hypermutation in cancer revealed that
up to 5% of pediatric tumors, including nephroblastoma, present a
high mutational burden, all with defective MMR systems.70 This syn-
drome is currently under investigation for neoantigen-based vaccine
approaches also involving checkpoint inhibitors,71

TAAs do not exclusively derive from mutated proteins but might
become targets for the immune system due to over- or atypical
expression. One example of the success of such antigen targeting is
the above-mentioned clinical trial on TAA-Ts directed toward three
TAAs: WT1, PRAME, and survivin (NCT02789228).32 Its striking
response rate of 73% demonstrates that new T cell therapies, which
areable to target multiple antigens, may have the valuable potential
to overcome antigen depletion in pediatric solid tumors.

Apart from being targets of a cytotoxic T cell response, such aberrantly
expressed TAAs can also serve as targets for autoantibodies. Tumor-
associated autoantibodies can be used as diagnostic tools. Despite
that nephroblastomas have a much lower expression of autoantibodies
than neuroblastomas,72,73 differential autoantibody signatures allowed
separation between WT patients, neuroblastoma patients, and healthy
controls with sensitivity and specificity of more than 86%.72 InWT pa-
tients not subjected to neoadjuvant chemotherapy, the autoantibodies
contributing the most to the identification of WT patients were
directed to the proteins ZFP 346 and fascin.73 Surprisingly, fascin-
and ZFP 346-specific autoantibodies were not found in previously
treated patients, suggesting that specific changes in the autoantibody
repertoire occurred under chemotherapy. Since, according to the
SIOP protocol, WT patients are treated without a previous diagnostic
biopsy, autoantibody signatures may aid radiological and clinical iden-
tification of nephroblastoma. However, currently available data are
insufficient to allow diagnosis of nephroblastoma solely based on anti-
body titers. Similarly, current cohorts of serum analysis are yet too
small to allow translation to clinical decision making.

APOPTOSIS-ASSOCIATED PROTEINS
Cell death signaling is relevant in any inflammation-relevant process.
Thus, dysregulation of cell death pathways may contribute to tumor-
igenesis by altering the resistance of tumor cells to cell death induced
by the immune system. For example, BCL-2 protects cells from pro-
grammed cell death, and its overexpression has been proposed to be
tumorigenic and to mediate resistance to therapy. In this line, protein
expression of BCL-2 in WT had a strong negative prognostic
value.39,74 Pro-apoptotic BCL-2 family members such as Bcl-x and
Bax transcripts were not associated with prognosis of nephroblas-
toma. During normal development, BCL-2 is known to regulate
complex apoptotic processes during nephrogenesis and is transiently
expressed in the blastema during induction by the ureteric bud, when
malignant transformation is supposed to occur. Thus, its expression
fits well with a less-differentiated state of kidney cells. Interestingly,
althoughWTs express significant amounts of BCL-2 mRNA and pro-
tein, anaplastic tumors do not, regardless of p53 mutations.75

Most recently, the Wilms tumor-suppressing peptide (WTSP) was
identified.76WTSP is usually highly expressed in the serum of healthy
children and suppressed in nephroblastoma patients. Serum levels of
this peptide increased after radical nephrectomy but remained low in
Molecular Therapy: Oncolytics Vol. 22 September 2021 459
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Figure 2. Similarities between Wilms tumor and placenta microenvironment

On the left, schematic view of the immune microenvironment of Wilms tumor and its main actors. On the right, schematic view of the immune microenvironment of the

placenta with some of its main actors. On the far right, figure legend.
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patients with partially resected WT or recurrent/metastatic disease.77

WTSP inhibited the proliferation of WT cells and induced cell cycle
arrest in a dose- and time-dependent manner.77 In addition, WTSP
induced apoptosis and necrosis of WT cells, partly through the down-
regulation of beta-catenin, a key factor in cell proliferation. Moreover,
WTSP reduced BCL-2 and increased BAX expression in tumor cells,
suggesting that the peptide also induced cell apoptosis partly via BCL-
2 family members. Thus, the induction of WTSP or WTSP analog
could serve as further novel alternative therapeutic approach,
reducing the burden of classical chemotherapy for affected children.

With respect to apoptosis-related therapeutic approaches, TNF-a has
gained some attention as a combination therapy in nephroblastoma,
even though its expression in the tumor has not been separately eval-
uated. TNF-a is a cytostatic molecule produced by macrophages and
lymphocytes, which has demonstrated in vitro antitumor activity in
many tumor cells, such as melanoma and colorectal and bladder car-
cinoma. In pediatric solid tumors, TNF-a demonstrated single-agent
antitumor activity in a phase I clinical trial and a synergistic effect
when administered with actinomycin D in vitro.78 Using this combi-
nation, a phase II trial on 21 patients with recurrent or refractory WT
has been performed.79 The combination was well tolerated; 3 patients
(15.8%) had complete response and 5 (26.3%) had stable disease.

SIMILARITIES BETWEEN PLACENTA AND
CHILDHOOD CANCER
Childhood solid cancers, including WT, appear to be immunologically
cold, little to non-inflamed entities, with a paucity of T cell anddendritic
460 Molecular Therapy: Oncolytics Vol. 22 September 2021
cell infiltration. This predominantly immunosuppressive microenvi-
ronment of pediatric malignancies resembles in a number of aspects
the immune-privileged site of the placenta. Similarities between carci-
nogenesis and placentation have long been noticed80 (Figure 2).

Trophoblastic cells of the placenta indeed have the inherent ability to
invade healthy tissues, to form new vessels, and to promote an envi-
ronment that is protected from the immune system. Strikingly, these
are all hallmarks of malignant tissues. It has been demonstrated that
several proto-oncogenes involved in tumorigenesis and cancer pro-
gression, such as EGFR, MYC, FOS, and RAS, are expressed during
the peak of the development of trophoblastic cells and therefore pro-
mote its invasive potential.81 In this line, combined expression of
MYC and RAS in malignant cells has been shown to promote a tumor
microenvironment devoid of CD8+ T cells and rich in M2-like mac-
rophages, resembling the immune landscape of childhood cancers.

Strong feto-maternal tolerance is achieved by a multitude of immuno-
modulatory properties of the feto-maternal interface, in absence of
which the pregnancy would be terminated. These characteristics might
now be evaluated to identify novel therapeutic targets for pediatric ma-
lignancies. Since these entities mostly arise form embryonal cells, it has
beenhypothesized that they could also reactivate trophoblastic placental
programs responsible for immune escape.82 These involve cytokine
secretion, checkpoint molecule expression, and glycan patterns.

With respect to cytokines, trophoblastic cells produce high levels of
TGF-b and IL-10, which polarize the decidual macrophages versus
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the M2 type and promote the differentiation of T-reg cells.83 It has
been demonstrated that both these cells are essential for the mainte-
nance of pregnancy and that their induction is directly determined by
fetal-derived molecules, which also include other cytokines such as
macrophage colony-stimulating factor (M-CSF) and CCL18.84 Since
the role of macrophages and T-reg cells seems to be prominent in
the immune escape of childhood cancer, the investigation of cytokine
patterns expressed by trophoblastic cells could further elucidate the
immunosuppressive mechanisms of pediatric solid tumors.

The role of co-signaling molecules at the feto-maternal interface, such
as checkpoint molecules of the B7 family, has been recently high-
lighted.85 The outer layer of the placenta, formed by completely differ-
entiated syncytiotrophoblastic cells, expresses PD-L1 abundantly. As
mentioned above, this molecule is unfortunately only rarely expressed
in childhood cancer. It is to be noted, however, that this molecule is
almost absent in cytotrophoblasts, which represent the inner pluripo-
tent layer of the placenta. Cytotrophoblastic cells present, on the other
hand, a constant expression of B7-H3, a checkpoint molecule highly
expressed in pediatric tumors, including WT. Thus, blastemic cells
of childhood cancer potentially better resemble the undifferentiated
population of the cytotrophoblasts rather than the syncytiotropho-
blasts. In this respect, it will be interesting to evaluate other checkpoint
molecules expressed in this population. For example, B7-H2 (also
known as ICOS-B7h) has been recently revealed to be an important
costimulatory molecule of cytotrophoblastic cells.86 It was demon-
strated that B7-H2 blockade causes decline of TGF-b and IDO levels
in the placenta and an increase of IFN-g levels. This correlated with
a reversed ratio of T-reg/CD 8+ T cells and interruption of pregnancy
in mouse models. It has been therefore postulated that this molecule
might have a prime role in maintaining tolerance at the feto-maternal
interface. Thus, analysis of B7-H2 in childhood cancer might offer
novel possibilities for treatment.

IDO itself is one of the most relevant mediators of the immunosup-
pression at the feto-maternal interface.87 It is well established that
the fetus actively defends itself from maternal T cell attack through
the expression of IDO, and its direct inhibition allows maternal lym-
phocytes to mediate fetal rejection. This protein has been only
sparsely investigated in pediatric solid tumors so far but was found
to be expressed in WTs.27 Its prime role in the placenta might under-
line the urgency of its further investigation as therapeutic target in
childhood cancer.

With respect to the glycan structures, differential glycosylation pat-
terns have been found to be shared between placenta, tumors, and
fetal tissue. These offer particularly interesting therapeutic possibil-
ities, as the embryonic/placental glycosylation is absent or minimally
expressed in normal tissues.81 In this regard, the group of Mads Dou-
gaard identified the oncofetal chondroitin sulfate antigen (CSA),
which is physiologically expressed in the syncytiotrophoblast, as
well as in various malignant tissues.88 Furthermore, the group was
able to successfully target CSA in murine models, without adverse ef-
fects. Since also other glycoproteins and glycolipids involved in
embryogenesis, such as GPC3 and GD2, have already shown thera-
peutic value in childhood cancer, we believe that further evaluation
of CSA as therapeutic target for pediatric cancers should be taken un-
der consideration.

CONCLUSIONS AND FUTURE DIRECTIONS
Our search clearly indicates that most studies investigating the tumor
microenvironment inWT have only been done in a very limited num-
ber of patients, obviously due to its orphan disease character. Despite
the lack of larger cohorts, the data still present a fairly clear picture.
WTs appear as immunologically cold malignancies, sparsely infil-
trated by CD8+ T cells, and, if immune cells are present, they are usu-
ally T-reg cells and M2-like macrophages. This tumor immune cell
infiltrate correlates well with the cytokine pattern, which is predomi-
nated by IL-10, TGF-b, and IDO, all factors that suppress a cytotoxic
T cell response. Such a pattern correlates with a lack of T cell-depen-
dent neoantigens, due to a low mutational burden.

It has been speculated that the cold microenvironment of childhood
cancer is ascribable to the developing immune system, which may
play an integral role in immune response to cancer.24 Changes in
the immunological response with age are actually not surprising, if
one considers the reactions to infectious stimuli. The Epstein-Barr vi-
rus (EBV), for example, typically produces an asymptomatic disease
in children under the age of 6 years but is the cause of infectious
mononucleosis and higher risk of Hodgkin’s lymphoma in adoles-
cents and adults.89 Furthermore, this could be related to the simulta-
neous timing of carcinogenesis and immune system maturation,
which could lead to the ignoring of the tumor by the immune cells.24

In adult cancer, it has been proposed that an effective immuno-
therapy should be stratified depending on the baseline steady-state
immune microenvironment (hot, altered-immunosuppressed,
altered-excluded, and cold immune tumors).90 Thus, immuno-
therapy employed for WT faces the challenge that cold tumors are
the most arduous to eradicate, and the recommended approach is
to turn them into hot tumors. This can be achieved by providing
pro-inflammatory stimuli attracting immune cells to the tumor
bed in combination with immune checkpoint inhibitors.91 Such
pro-inflammatory stimuli might be provided by novel experimental
approaches such as oncolytic viruses or bispecific antibodies linking
T cells to tumor cells. Further options to induce an immunogenic
tumor cell death include selected chemotherapies or low doses of
conventional radiotherapy. Lately, a number of reports specifically
documented immune-enhancing aspects of radiotherapy in combi-
nation with checkpoint inhibition.92 Radiotherapy was shown to
induce a re-programming of M2-like macrophages into M1-like
macrophages.93,94 The latter aspect could be specifically relevant
in WT, as M2 macrophages are predominant. As neo-adjuvant
radio- and chemotherapy are already included in the standard treat-
ment for many pediatric solid cancers, it would be crucial to under-
stand their putative immunomodulatory effects in this tumor entity
and eventually consider them for a coherent combination therapy
with checkpoint inhibitors.
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Table 2. Studies evaluating immunological parameters in Wilms tumors

Study Immunological parameter evaluated Methodology used No. patients

Liou et al. Vasc. Cell 201325 immune infiltration: (TAM Y*) IHC 124

Maturu et al. Translational
Oncology 201426

immune infiltration (CTL, B cells, TAM, TIN, MC)
and inflammatory markers (COX2, HIF1, pStat3,
pErk, iNOS, NT, VEGF)

IHC on FFPE patient samples + mouse
model (WT1 gene ablation)

16

Maturu et al. Neoplasia 201727

immune infiltration (CTL, T-reg, NK, pDC, B cells),
inflammatory cytokines (IL-10, TGF-b, TNF-a, IL-1b,
IL-4, IL-6, IL-8, IL-12, IL-23, CCL3, CCL4, CCL5,
CCL17, CCL22, CCL20, CXCL12), inflammatory
markers (COX2, pStat3, HIFa) and IDO.

IHC on FFPE patient samples + mouse
model (WT1 gene ablation)

16

Holl et al. J. Pediatr. Urol. 201928
immune infiltration (CTL, TAM, T-reg, CD45+, DC,
NK) and checkpoint molecules (PD-L1)

IHC 5

Tian et al. J. Pediatr. Urol. 202029 immune infiltration (M1 and M2-type TAMY*) IHC, IF, western blot 61

Vakkila et al. Clinical Cancer Res. 200624 immune infiltration (CTL, TAM, DC, NK cells) IHC 5

Nagai et al. Pediatr. Res. 199723 immune infiltration (CTL)
tumor culture: CD3+CD4�CD8+ CTL line
established from patient TILs

1

Nanno et al. Eur. J. Immunol. 199222 immune infiltration (CTL-g/d T cell antigen receptors)
Tumor cell culture, IF, northern blotting,
DNA-amplification, cloning, and sequencing

1

Droz et al. Hum. Pathol. 199019 immune infiltration (CTL, B cells, TAM) IHC on frozen samples 12

Haas et al. Cancer Immunol.
Immunother. 199020

immune infiltration (CTL, B cells, TAM) ICC, cell culture 9

Rivoltini et al. Cancer Immunol.
Immunother. 199221

immune infiltration (CTL-g/d T cell antigen receptors,
B cells), cytokine expression (TGF- b), and adhesion
molecules (ICAM1, LFA3)

cell culture 5

Mardanpour et al. Tumour Biol. 202030 immune infiltration (CD8+*) IHC in FFPE samples 42

Routh et al. J. Urol. 200840 checkpoint molecules (PD-L1Y*) IHC on FFPE samples 81

Silva et al. J. Pathol. Clin. Res. 202042
immune infiltration (CTLs, T-reg, TAM) and
checkpoint molecules (PD-1/PD-L1)

30

Mochizuki et al. Pediatr. Hematol.
Oncol. 201941

checkpoint molecules (TIM3, LAG 3, BTLA, GAL9,
MCH II, HVEM)

IHC on FFPE samples 10

Pinto et al. Pediatr Blood Cancer 201738 checkpoint molecules (PD-1, PD-L1, PD-L2) IHC on FFPE samples, mRNA expression 25

Majzner et al. Clin. Cancer Res. 201944 checkpoint molecules (B7-H3) IHC on FFPE samples, flow cytometry 12

Diniz et al. Pediatr. Hematol. Oncol. 201347 dMMR/MSI IHC on FFPE, RT-PCR, FCE 45

Segers et al. Pediatr. Dev. Pathol. 201248 dMMR/MSI IHC on FFPE, PCR 100

Mason et al. J. Ped. Surg. 200049 MSI PCR 14

Scursoni et al. Pediatr. Dev. Pathol. 201052 cell surface molecules (NeuGc-GM3) IHC on FFPE samples 25

Kinoshita et al. Eur. J. Pediatr. Surg. 201459 cell surface molecules (GPC3) IHC on FFPE samples, ELISA 30

Tretiakova et al. Virchows Arch. 201560 cell surface molecules (GPC3) IHC on FFPE samples, microarray analysis 21

Maeurer et al. Cancer Immunol.
Immunother. 199562

cytokines (IL-1, IL-2, IL-4, IL-6, IL-10, TGF-b, TNF-a,
INF-g, GM-CSF, TCR-a, TCR-b) and immune
infiltration (CTL, NK, B cells)

cultured cell lines: IHC, flow cytometry, cDNA
extraction and amplification

0

Amarante et al. Int. Rev. Immunol. 201765 cytokines (TGF- b) review on the role of TGF-b in WT 0

Zhang et al. J. Pediatr. Urol. 201464 cytokines (TGF- bY*) IHC 51

Schmitt et al. PLoS ONE 201172 autoantibody signature seral protein microarray screening 88

Schmitt et al. Int. J. Cancer 201273 autoantibody signature seral protein microarray screening 110

Zhao et al. J. Cancer Res. Clin.
Oncol. 201976

apoptosis-associated molecules (WTSP) IHC, cell culture, western blot 0

Ghanem et al. Br. J. Cancer 200174 apoptosis-associated molecules (BCL-2Y*, BAX, BCL-XS/L)
IHC of FFPE samples, protein extraction,
western blot

61

(Continued on next page)
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Table 2. Continued

Study Immunological parameter evaluated Methodology used No. patients

Re et al. Int. J. Cancer 199975 apoptosis-associated molecules (BCL-2*, BCL-XL)
IHC on FFPE and cryostat samples, IF, RNA and
northern blot hybridization, RT-PCR, western blot

13

Arrow down (Y) indicates negative prognostic value. Absence of arrow indicates that no significant correlation to overall survival (OS) or recurrence free survival (RFS) could be found.
IHC, immunohistochemistry; FFPE, formalin-fixed paraffin-embedded; IF, immunofluorescence; FCE, fluorescence capillary electrophoresis; RT-PCR, real-time polymerase chain
reaction; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; CTL, cytotoxic T lymphocytes; TAM, tumor-associated macrophages; TIN, tumor-infiltrating
neutrophils; MC, mast cells; NK , natural killer cells; pDC, plasmacytoid dendritic cells; DC, dendritic cells; TILs, tumor-infiltrating lymphocytes.
*Prognostic relevant factor.
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A second reasonable immunotherapeutic strategy appears to be the
development of cytotoxic monoclonal antibodies against glycolipids
or glycoproteins, as anti-GD2 mAb therapy has shown remarkable
success in neuroblastoma. In this line, identification of novel
glycan antigens on WT such as CSA will be of interest. Moreover,
antibody-dependent cellular cytotoxicity or antibody-dependent
phagocytosis might be evaluated as a mechanism of action of the anti-
body-mediated cytotoxic effect.95 Cytotoxic antibody therapy might
be further enhanced by the blockade of macrophage checkpoints
such as the CD47/SIRPa axis96,97 or HDAC-inhibitors.55

It has been shown that the inhibition of pro-apoptotic signaling medi-
ated by the BCL-2 family could potentially further enhance immuno-
therapy.98 As BCL-2 appears to be of prognostic relevance in WTs,
Table 3. Immunotherapy trials including Wilms tumor patients

Study/trial
Immunotherapeutic
agent

Targeted
molecule Phase P

Hont et al. J. Clin. Oncol.
201932

TAA-Ts
WT1 PRAME
survivin

phase I
r
s

Dohnal et al. Cytotherapy
200736

DC-based vaccine – phase I
a
m

Geoerger et al. Lancet Oncol.
20206/KEYNOTE-051 trial

pembrolizumab (mAb) PD-L1 phase I–II
P
o
t

Merchant et al. Clin. Cancer
Res. 2016108

ipilimumab (mAb) CTLA4 phase I
a
m

Modak et al. Cancer Res.
2018 NCT0109964445

IP 131I-8H9 (radio-
conjugated mAb)

B7-H3 phase I
d
t

NCT02982941 enoblituzumab (mAb) B7-H3 phase I
B
r
s

Cacciavillano et al. Pediatr.
Blood Cancer 201554

racotumomab (mAb) NeuGc-GM phase I
p
m

Tsuchiya et al.
OncoImmunology 201757

GPC3-peptide
vaccination

GPC3 phase I
p
s

Seibel et al. J. Immunother.
Emphasis Tumor Immunol.
199478

rTNF-a + actinomycin TNF-a phase I
p
m

Meany et al. J. Immunother.
200879

rTNF-a + actinomycin TNF-a phase II r

Main immunotherapy clinical trials including WT patients are listed. TAA-Ts, tumor-assoc
inhibition of BCL-2 might be considered to be combined with cyto-
toxic antibody therapy or other means.

Furthermore, the identification of specific targets, expressed on tumor
cells and absent or minimally expressed on normal cells, is crucial to
minimize the potential off-tumor toxicities of immunotherapy.99

Immunotherapy is indeed not to be considered risk free. Adverse
events such as aplastic anemia, hypothyroidism, or hypophysitis
have been described in association with mAb therapy.100 As these
could have lifelong consequences, especially on the developing child,
they need to be accurately taken into consideration. However, in
contrast to standard chemotherapy, immunotherapy has the potential
to be extremely cell-specific, therefore lowering the risk of long-term
adverse events. This could have, in the authors’ opinion, important
atients enrolled
No. of Wilms
tumor patients Results

elapsed and refractory
olid tumors

9
safe and immunogenic; response
rate: 73%

dvanced solid pediatric
alignancies

2 safe and immunogenic

D-L1+, advanced relapsed
r refractory solid pediatric
umor or lymphoma

3
ongoing trial; response only in
Hodgkin’s lymphoma

dvanced solid pediatric
alignancies

3 no objective tumor regressions

esmoplastic round cell
umors

not disclosed
satisfactory safety profile and
promising antitumor activity;
a phase II is ongoing.

7-H3+ relapsed or
efractory malignant
olid tumors

not disclosed ongoing trial; no results published

ediatric refractory
alignancies

1
safe and immunogenic; no
regression reported.

ediatric refractory
olid malignancies

1
safe and immunogenic; induced
response in 1/2 WT patients

ediatric refractory
alignancies

6
tumor response in 1/6 WT
patients

ecurrent Wilms tumor 19
safe, complete tumor
response in 3/19 patients

iated antigen cytotoxic T cells; mAb, monoclonal antibody.
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implications, especially for high-risk pediatric tumors, which usually
undergo heavier treatment courses.

It is clear that its orphan disease character constitutes great
constraint for the possibility of conducting statistically significant
preclinical and clinical studies of WT. For this reason, we advocate
for larger multicenter diagnostic and therapeutic studies, which
could allow the inclusion of a sufficient number of patients, in order
to broaden the much-needed knowledge of the immune contexture
of childhood solid cancer. In agreement with the pediatric strategy
forum,9 we believe that this is crucial to conceive clinical trials
with a higher possibility of success and finally fulfill the promise
of immunotherapy in reducing mortality and morbidity in child-
hood cancer.

MATERIALS AND METHODS
Research strategy

The search was conducted following the Preferred Reporting Items
for Systematic Review and Meta-Analysis (PRISMA) Checklist.101

We used PubMed and the Cochrane Library database with the
MeSH headings “Wilms Tumor” or “Nephroblastoma” and the sub-
heading “immunology” along with terms “immune microenviron-
ment” and “inflammatory.” The limiters were humans, “infants,”
and “childhood” and 1990–2020. The resulting abstracts were
then manually curated by the authors. The immunotherapy results
were separately investigated with the MeSH headings “Immuno-
therapy” and “Pediatric Solid Tumors” in order to have the broadest
dataset available. The titles and abstracts were manually reviewed
for pertinence, and when in doubt the full text was consulted to
ascertain the involvement of nephroblastoma patients in the trials.
Studies not in English, on adult patients (>18 years), where WT
was only exploited as a control group without results displayed,
and where the focus was directed on genetic biomarkers (WT1) or
differential diagnostic markers were excluded. Pertinent articles
cited in the studies identified through database search were also
included in our review and are listed as emerging from “other
sources.”

Of the 141 studies that matched our research string, 50 were found
eligible for full-text evaluation, and, after application of our exclu-
sion criteria, a total of 31 studies matched the purposes of our
study (Figure 1). The majority (28/31) of the articles found were
translational clinical studies. Due to the orphan disease character,
studies were frequently done on a very limited number of patients
(median n = 16). Our systematic review still revealed a surprisingly
uniform picture independent of the study modality (IHC on FFPE
samples, cell line culture, xenograft, flow cytometry), patient
number, or patient characteristics. Tables 2 and 3 list the evaluated
studies.
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