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1. INTRODUCTION 

 

1.1.  Wilms tumor 

Wilms tumor (WT), also referred to as nephroblastoma, is considered to arise from nephrogenic 

rests, which are undifferentiated embryonic tissues retained after birth. WT is the most common 

pediatric renal tumor, and can appear as a single nodule, as multifocal unilateral lesions, or as 

bilateral tumor [1]. Macroscopically, WTs are usually large masses, which can significantly differ in 

size. Typically, WT includes three histological components, namely blastemal, epithelial, and 

stromal, whose proportion can vary significantly, making the histological features of each tumor 

unique (Figure 1) [2]–[4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Histology of Wilms tumor. The typical triphasic WTs (A, B), WT histology after chemotherapy (C), 
blastemal and stromal areas in WT (D), and anaplastic WT (E, F) [5]. 
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Classical triphasic WT represents no diagnostic difficulty for pathologists, but biphasic and 

monophasic WT variants are not uncommon. In this case, when only one component is present in 

the biopsy specimen, the differential diagnosis may include other malignancies, such as renal cell 

carcinoma, metanephric adenoma, hyperplastic nephrogenic rest (for epithelial elements), clear cell 

sarcoma of the kidney and mesoblastic nephroma (for stromal elements). Blastema represents the 

least differentiated and, presumably, the most malignant component and consists of small round 

cells with overlapping nuclei and rapid mitotic activity. Unfortunately, there are no strict criteria to 

discriminate blastema from early epithelial differentiation or stromal lineage because the 

description of WT subtypes is mainly based on morphological criteria. The epithelial component 

represents the whole spectrum of differentiation from early stages of tubular formation with 

primitive epithelial rosette-like structures to differentiating tubules and glomeruli-like structures, 

reflecting the different stages of nephrogenesis. Notably, squamous epithelial islands and mucinous 

epithelium are examples of heterologous differentiation as part of the epithelial component of WT. 

The stromal part is composed of densely packed undifferentiated mesenchymal cells [6], [7]. 

Preoperative chemotherapy, administered to children according to the International Society of 

Pediatric Oncology (SIOP) protocol, can radically affect the original histology by reducing or 

enhancing certain elements or by inducing cell maturation [7]. 

WT, in almost 90% of cases, is a sporadic event that is usually diagnosed in children under the age 

of 10. Rarely, WT can occur in a hereditary form with autosomal dominant inheritance, variable 

penetrance, and several affected generations [1]. The “two-hit” hypothesis, first used to describe 

the development of retinoblastoma by Knudson [8], was later extended to WT. In this theory, two 

sequential mutations (hits) in the same somatic cell are necessary for the uncontrolled division of 

cells in a tumor. People with a hereditary susceptibility to cancer may have inherited a damaged 

gene on one chromosome, representing the first mutation. In this case, only one hit is necessary for 

tumor development, and this is the reason why tumor develops earlier in life [9]. 

 

1.1.2. Genetic mutations 

In a proportion of patients, the first gene described to be mutated in WT is WT1, a gene located on 

chromosome 11p13. This gene is ∼50 kb in length and includes ten exons coding for a transcription 

factor characterized by four zinc-finger DNA-binding motifs. There are at least 36 potential 

mammalian WT1 isoforms, differing for a combination of alternative transcription start sites, 

translation start sites, splicing, and RNA editing. All isoforms include four C2H2 Kruppel-like zinc 
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fingers. WT1 codes for a transcription factor that binds to DNA using its four zinc fingers. Also, 

several studies support WT1 post-transcriptional function, through RNA interactions. Specifically, 

the isoforms lacking lysine, threonine and serine (–KTS) may function mostly as transcriptional 

regulators, whereas the +KTS isoforms act predominantly post-transcriptionally, by binding and 

moving the RNA to the cytoplasm [10]. 

WT1 regulates mesenchymal-to-epithelial transition (MET) in kidney, and is required for the 

development of the kidney and gonads before birth; also, germline WT1 aberrations reflect the 

function of this gene at multiple stages of kidney development and tissue homeostasis, and can both 

cause renal and extrarenal developmental abnormalities and predispose to other malignancies [11]. 

In addition, it has been shown that in patients treated according to the International Society of 

Pediatric Oncology No. 9 Trial and Study of the German Society of Oncology and Hematology, all 

WT1-mutated tumors displayed mutations of the β-catenin-encoding gene CTNNB1 [11], [12], 

suggesting a relevant correlation. This subset of WT was called the ideal type I WT, and is 

characterized by a stromal-type histology, early development of WT, genitourinary defects in males, 

and rhabdomyogenesis [13]. 

The type II WT subset is associated with epigenetic alterations in the 11p15 chromosomal region, 

and is distinguished by a restricted nephrogenic differentiation and a main blastemal or epithelial-

type histology [13]. Moreover, patients affected by this WT type are prone to develop tumors at a 

later age and have a heavier birth weight. Most type II tumors exhibit losses of imprinting (LOI) of 

genes located in chr. 11p15, namely the parent of origin-specific gene expression is lost, or 

chromosome 11 uniparental paternal disomy is evident, because of mitotic recombination in 11p, 

resulting in the presence of two copies of the paternal allele [14]. 

Nephrogenic rests (NR) are embryonal remnants in the kidney, known as precursor lesions for WT 

[15]. Based on their location in the kidney, they are divided into two classes: the perilobar NR (PLNR), 

found in the periphery, and the interlobar NR (ILNR), which origin earlier than PLNR, and are located 

in depth in the renal parenchyma. Kidneys displaying WT of the type I subset often contain ILNRs 

and show a broader spectrum of differentiation with heterologous elements, such as 

rhabdomyoblasts, cartilage, fat, and bone. This differentiation pattern is reminiscent of their 

mesenchymal precursor cell origin [15]. 

Other genetic mutations involve the WTX gene, affecting the Wnt signaling pathway. In this case, 

only one hit is necessary to inactivate the functional copy of this gene because WTX resides on the 

X chromosome, which undergoes X inactivation in females. Collectively, these mutations activate 
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the Wnt/β-catenin cascade, and play an essential role in cellular proliferation and cell fate decisions 

during development [16]. WTX gene alterations are commonly observed in WT, associated to 

mutations in WT1 or CTNNB1 but also in tumors without these mutations [17]. 

Whole-genome and whole-exome sequencing of 117 WT samples added more candidates to the 

tumor genetic landscape [18]. WT-related cancer genes now include genes involved in histone 

modification during nephrogenesis, such as BCOR, BRD7, CREBBP, HDAC4, and MAP3K4, or genes 

able to mediate transcriptional repression, such as BCORL1. Alterations were also identified in: i) 

ACTB gene, encoding β-actin, which, together with SMARCA4 and ARID1A, forms the BAF chromatin 

remodeling complex; ii) in MAP3K4, which controls CREBBP activity in trophoblast cells, with 

combined loss resulting in multipotency and epithelial-to-mesenchymal transition (EMT) [19]; iii) in 

BCOR and the homologous BCORL1, which display tumor suppressor functions, and are involved in 

several pediatric hematological cancers [20]. In addition, mutations were identified in NONO and 

MAX genes, encoding proteins that interact with MYCN [21], and in ASXL1 gene, which encodes a 

Polycomb group protein recruited by WT1, and is involved in the negative modulation of Pax2, a 

transcriptional regulator with a prominent role in urogenital development (Figure 2) [22]. Besides 

their genetic diversity, WTs display features associated with higher histological risk, advanced stage, 

and poor outcome [23]. 

 Regarding patients with non-syndromic WT, about 10% display germline mutations in CHEK2, a 

tumor suppressor gene involved in high-grade pediatric brain tumors and adult renal cell carcinoma 

[24], in PALB2, a breast cancer risk gene associated with diffuse anaplastic WT [18], and in REST, 

which encodes a transcriptional repressor that is mutated in familial WT and neuroblastoma [25]. 

 
Figure 2. Disruption of the differentiation of kidney precursor cells may result in Wilms tumor formation. Several 
molecules are associated with nephrogenesis and tumorigenesis. The available evidence suggests that the delicate 
balance in the expression pattern of these molecules during embryogenesis is the determinant of nephrogenesis 
and that disturbance in their expression leads to tumorigenesis. The differential expression of selected molecules 
is depicted beside each triangle (red: higher, green: lower). n: nuclear positivity of protein [26]. 
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1.1.3. Histology 

WT occurs as a result of early mutations during kidney development or germ line mutations 

frequently associated with preneoplastic lesions in nephrogenic rests (NRs), focal lesions reflecting 

developmental errors. NRs are apparently WT precursor lesions, as tumors develop within them. 

NRs are classified into intralobar NRs (ILNRs) and perilobar NRs (PLNRs), and are associated with 

different tumor histology and genetics (Figure 3) [27]. 

 
Figure 3. Nephrogenic rests with genetic abnormalities along with corresponding syndromic conditions and WT 
cell types [28]. 
 
 

Histologically, there are several subtypes of WT, resembling fetal kidney. The most common form is 

known as triphasic, comprising blastemal, epithelial, and stromal elements (Figure 4), wherein each 

cell type may prevail in some malignancies [3], [7].  This heterogeneity arises from a multipotential 

mesenchymal renal stem/progenitor cell which fails to complete the differentiation program. The 

epithelial and blastemal components in triphasic WT show an architecture significantly comparable 

to the one of developing kidney, while the stromal-predominant/stromal-type WT contains ectopic 

mesenchymal elements uncommon in kidneys, such as striated and smooth muscle cells 

(rhabdomyogenesis), chondrocytes, osteocytes, or adipocytes. Because of the ability to differentiate 

along a number of connective tissue lineages, these cell types are reminiscent of the differentiation 

potential displayed by human mesenchymal stem cells (MSCs) [29]. 
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Figure 4. Wilms tumor specimen, displaying blastemal, epithelial and stromal elements [30]. 

 

WT cells with WT1 mutations are characterized by an ectopic mesenchymal differentiation, 

predominantly skeletal muscle but also fat, bone, and cartilage. These characteristics are 

reminiscent of human MSCs resulting from paraxial mesoderm (PAM). A comparison of genome-

wide expression profiles showed that WT cells cluster with MSCs; moreover, a gene signature 

specific for multipotent mesenchymal precursor, RNA, and protein of the highly specific MSC marker 

genes CD73, CD90, and CD105 were analyzed, demonstrating their expression in both MSC and WT 

cells. Indeed, WT cells can differentiate into many mesenchymal lineages, such as adipocytes, 

chondrocytes, osteocytes, and skeletal muscle, suggesting that WTs with WT1 mutations derive 

from multipotent mesenchymal precursor cells [29]. 

 

1.1.4. Treatment strategies 

At present, the treatment outcome is not optimistic for nearly 10% of children with high-risk 

subtypes of WT. In parallel, approximately 15% of WT patients with favorable histology will 

experience recurrence, and the global survival of patients with recurrence ranges between 40 and 

80% [31]. Furthermore, long term survival can be reduced as a result of adverse therapeutic effects 

of WT treatment, such as renal insufficiency, heart failure, and secondary malignancies.  

Current WT treatment strategies rely on attempts to predict the risk of progression and recurrence, 

with staging as well as histological evaluation generally considered the most relevant criteria to 

determine prognosis and to guide therapy. Tumor histology could be considered the most common 

“biomarker” currently in use that reflects prognosis. Anaplastic histology, especially diffuse 
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anaplasia, is associated with higher rates of recurrence, metastases and death, and the 

recommended chemotherapy protocols differentiate patients by the presence and the degree of 

anaplasia [32][3]. The high recurrence rate of WT with favorable histology indicates that novel 

therapies are needed to improve disease prognosis. So far, combined loss of heterozygosity (LOH) 

at chromosome 1p/16q is the only molecular marker used for risk stratification. Although LOH at 1p 

and 16q is sensitive in predicting recurrence, it is present in only 9.4% of recurrent tumors [33].  

 

1.2. Mesenchymal Stem Cells 

In 1976, Friedstein and collaborators first identified multipotential stromal precursor cells in bone 

marrow, characterized by the capacity for self-renewal and differentiation into different lineages 

both in vitro and after in vivo transfer, which were defined as colony-forming unit fibroblasts (CFU-

Fs) [34]. This observation paved the way for further studies on these cells, which led to the definition 

of mesenchymal stem cells (MSCs) as a heterogeneous cell population endowed with the ability of 

proliferating as adherent fibroblast-like cells in vitro, and of differentiating into adipocytes, 

chondrocytes, and osteocytes both in vitro and after transfer in vivo [35]. Later, several studies have 

shown an endodermic and neuroectodermic differentiation potential for MSCs, due to their 

neuroepithelium and neural crest developmental origin [36]. MSCs are characterized by the 

expression of CD105, CD44, CD71, CD73, and CD90 surface molecules, with variable levels probably 

depending on their origin and the culture conditions. More recently, the interest in MSCs has 

increased, in view of their potential role in tissue repair and of their immunomodulatory properties 

[37]–[40]. 

 
 

1.2.1. WT cells with WT1 mutations display characteristic features of MSCs 

In 2010, a study by Royer-Pokora and collaborators first described similarities between WT cells with 

WT1 mutations and MSCs [29]. As for MSCs, a hallmark of WT with WT1 mutations is the ectopic 

mesenchymal differentiation potential, predominantly into muscle, but also fat, cartilage and bone. 

Moreover, WT cells express MSC-specific surface markers, such as CD73, CD90, and CD105. To 

analyze more in detail the MSC-like nature of WT cells with WT1 mutations, a comparison of 

genome-wide expression profiles was performed, confirming a high degree of similarity between 

WT cells and MSCs. It is also of note that WTs with WT1 mutations share with MSCs the same 

multipotent mesenchymal precursor cells [29]. 
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1.3. Antitumoral Immunity  

The immune system plays a pivotal role in the defense of our organism against pathogens and 

diseases, including cancer. A cancer cell arises from a normal cell that collects several independent 

mutations, which were able to escape the intrinsic safety mechanisms that usually repair mutated 

DNA or lead the cell to die by apoptosis. These perturbations in cellular homeostasis are reminiscent 

of virus-infected cells; thus, the immune system cells can identify and kill cancer cells by using the 

same mechanisms that are employed against virus-infected cells. Most emerging cancers are 

eliminated by immune cells before they are detectable or cause any symptoms, and just a few 

anaplastic cells defeat the immune system and progress to cause diseases [41], [42]. 

The presence of leukocytes within tumors was first observed in 19th century by Rudolf Virchow, 

presuming a possible link between inflammation and cancer. Today, the importance of 

inflammation in tumor development is well known, and an inflammatory microenvironment is 

considered a crucial component of many tumors [43], [44].  

The tumor microenvironment (TME) includes malignant and nonmalignant cells that affect cancer 

development [45]. The nonmalignant cells in the TME can play a pro-tumorigenic role by stimulating 

uncontrolled cell proliferation [43], [46], while malignant cells invade healthy tissues. The TME 

includes different components, such as endothelial cells, the extracellular matrix (ECM), fibroblasts, 

blood vessels, immune cells, and signaling molecules [45], [47], [48].  

The concept of cancer immunosurveillance applies to the role of immune cells in recognizing cancer 

cell antigens, including mutated proteins that generate novel antigens, and pathogens, such as 

viruses or bacteria. The interaction between the immune system and tumor cells results in the 

specific elimination of malignant cells until they develop escape mechanisms that hinder their 

recognition by immune cells or actively suppress immune responses [41], [42]. The suppression of 

anti-tumor immunity is considered a crucial mechanism by which primary tumors can arise, grow, 

and eventually disseminate to distant organs. There are several mechanisms involved in the 

inhibition of antitumor immune responses, such as the overexpression of immune checkpoints, the 

production of immunosuppressive mediators, and the recruitment of immunosuppressive cells. 

Nevertheless, malignant cells are detectable by the immune system. Tumor cells are characterized 

by the accumulation of mutations and abnormal protein synthesis that generate neoantigens, which 

can be recognized by the immune system [42]. 

Almost all cancer patients develop an adaptive anti-tumor immune response by sensing antigens 

exposed on tumor cells. These antigens can be represented by tumor-specific antigens (TSA), that 
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are not expressed in any normal cell. TSA can derive from viral or mutated cellular proteins; the 

peptides produced following their degradation are presented by HLA class I molecules and can 

activate a CD8+ T cell-mediated response. On the other hand, antigens expressed on tumor cells but 

also found on some normal cells, generally in smaller proportions, are called tumor-associated 

antigens (TAAs). TAAs are normal cellular proteins to which the immune system is tolerant, and that 

become immunogenic when expressed by cancer cells. For example, many TAAs are proteins 

generally expressed in immunologically privileged sites or commonly produced in small amounts 

that are not detected by T cells [49]. 

Regarding the innate immune response, Natural Killer (NK) cells play a pivotal role as they can 

recognize and lyse transformed cells in an antigen-independent manner [50]–[53], and  their 

relevance in tumor control has been demonstrated both in mouse models and human hematologic 

malignancies. However, NK cell role in human solid tumors is more controversial [54], [55]. NK cells 

play an essential role in immunosurveillance against tumors. The NK cell receptors that mediate 

tumor cell recognition include inhibitory and activating receptors. Inhibitory HLA class I-specific 

receptors can detect HLA class I expressing cells, namely the host healthy cells. When NK cells 

encounter healthy cells, protein tyrosine phosphatases are activated, reducing signaling 

downstream of activating receptors and opposing NK cell activation. By contrast, a peculiarity of 

cancer or virally infected cells is to lose or under-express HLA class I antigens. In this case, the 

inhibition does not occur, resulting in the activation of NK cell-dependent killing. On the other hand, 

activating NK receptors recognize specific ligands expressed on target cells, allowing their 

subsequent elimination through NK cell-dependent cytolytic activity [50], [52]. The earlier event 

taking place in NK cell-mediated target cell killing are NK cell adhesion to the target cell and 

polarization of actin cytoskeleton [56]. The main activating receptors involved in tumor cell 

recognition and in cytotoxicity triggering are represented by Natural Cytotoxicity Receptors (NCRs, 

including NKp46, NKp30, and NKp44), NKG2D, and DNAM-1 [57]–[59]. The surface density of 

activating receptors is one of the most relevant factors determining NK cell-mediated cytotoxic 

activity against tumor cells. Resting NK cells constitutively express activating receptors, and the 

surface expression of some of them can increase upon exposure to different cytokines, such as IL-

2, IL-12, IL-15, and IL-18. Remarkably, IL-2, IL-15, or IL-1𝛽 further extend NK cell ability to recognize 

and kill tumor target cells by inducing the de novo expression of NKp44 activating receptor [60], 

[61]. The TME relies on a broad and heterogeneous range of strategies to evade NK cell-mediated 

cytotoxicity and, subsequentially, tumor cell killing [62], [63] (Figure 5). Thus, the ability of the host 
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to control the tumor development via NK cells may depend on the type and number of active escape 

mechanisms taking place in the TME. Their characterization may help to understand more in detail 

the potential of NK cells in the defense against different tumors. 

Nevertheless, tumor cells can acquire different mechanisms, to avoid NK cell-dependent recognition 

and killing, including the release of suppressive factors or soluble ligands [48]. NK cells can secrete 

a broad spectrum of cytokines displaying either pro-inflammatory or immunosuppressive effects. 

This trait confers NK cells a wide range of immuno-regulatory properties. Inflammatory cytokines, 

such as IFN-γ, TNF-α activate macrophages and lymphocytes at the site of infection; moreover, IFN-

g is responsible for establishing a Th1 response and further stimulating cytotoxic T lymphocytes. In 

addition, NK cells also produce an array of growth factors such as GM-CSF, G-CSF, and IL-3, and 

chemokines, which help the recruitment of additional lymphocytes into the immune 

microenvironment [64], [65]. 

 

Figure 5. Tumor escape strategies involving NK cell-mediated response. A) Generation of cytotoxic granules and 
expression of triggering NK cell receptors. B) Tumor cell recognition, immune synapse formation, and delivery of lytic 
effector molecules into the tumor cell. C) Lytic effectors delivery supporting  programmed cell death [63]. 
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The abnormal inflammatory response established in the tumor microenvironment may negatively 

influence NK cell recruitment and performance at the tumor site; hence, the in-depth knowledge of 

the mechanisms involved in tumor immunosuppressive properties could contribute to the 

development of novel and specific therapeutic strategies. In this context, immune cells may display 

both phenotypic and functional alterations accountable for a reduced ability to display appropriate 

anti-tumor responses. One of the pivotal mechanisms involves the activation of the immune 

checkpoint pathways [48], [66], [67].  

In addition to NK cells, the tumor microenvironment is infiltrated by other innate cells, such as 

neutrophils, macrophages, dendritic cells, and mast cells, as well as by adaptive immune cells, 

especially T lymphocytes. Moreover, in the surrounding stroma, fibroblasts, mesenchymal cells, and 

endothelial cells are also present. Tumor-associated macrophages (TAMs) are the innate immune 

cells more frequently detected in the tumor microenvironment, where they have been shown to 

display a pro-tumoral function, being able to promote tumor growth, angiogenesis, and metastasis 

[68], [69]. Regarding adaptative immunity, T cells play a pivotal role in either suppressing or 

promoting tumorigenesis, depending on their effector functions. Indeed, the tumor 

microenvironment is characterized by the presence of CD4+ T helper (Th) cells, which comprise Th1, 

Th2, Th17, and T regulatory (Treg) cells, NK T cells, and CD8+ cytotoxic T cells [42]–[44], [70]. These 

cells interact with each other, with the tumor and its stroma, by direct contact and through cytokine 

production. In the tumor microenvironment, there is a delicate balance between the expression of 

immune mediators, the abundance of immune cells, and their activation state. Tumor cells can 

evade the immune system by the downregulation or loss of tumor antigens, the release of 

immunosuppressive molecules, such as IL-10 and TGF-b, the overexpression of PD-L1, and many 

other mechanisms able to induce immunosuppression [71]–[73]. Regarding NK cells, to escape NK 

cell-mediated immune surveillance, cancer cells can downregulate their surface activating ligands 

through proteolytic shedding or through the release of soluble ligands [74], [75]. Thus, despite the 

potential efficacy of anti-tumor immunity, the immune system can fail to control cancer growth and 

progression, and a better knowledge of tumor-escape mechanisms may help in monitoring cancer 

development [70], [73]. 

It is well established that the expression of inhibitory immune checkpoint receptors, such as PD-1 

and CTLA-4, recognizing their ligands, PD-L1/L2 and B7.1/.2 molecules, respectively, expressed by 

tumor cells can negatively impact immune cell functions. Therefore, blocking these inhibitory 

immune checkpoint pathways could be useful to increase the anti-tumor immune response, as 
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demonstrated by therapeutic strategies with monoclonal antibodies masking PD-1 or CTLA-4, which 

have shown outstanding clinical responses in different tumor types, significantly improving the 

response rate and extending long-term survival with limited adverse effects [66], [71]. 

Another relevant inhibitory checkpoint is B7-H3 (CD276) [76], a surface molecule expressed at high 

levels in different adult and pediatric solid tumors, such as Wilms tumor, glioma, neuroblastoma, 

and sarcoma. This type I transmembrane protein is 316 amino acid long, and is encoded by a gene 

located in the 15q24 chromosome. In humans, two isoforms of B7-H3 are known, depending on 

their extracellular domain. 4IgB7-H3 is the most common isoform in humans, and includes two 

identical pairs of IgV-like and IgC-like domains, due to exon duplication, while 2IgB7-H3 contains a 

single pair of IgV-like and IgC-like domains [77]. B7-H3 is a molecular checkpoint affecting both 

innate and adaptive immunity and regulating cancer progression [78], [79]. As far as NK cells are 

concerned, B7-H3 can bind to NK cells via a still unknown receptor, and this interaction results in 

the delivery of inhibitory signals with a consequent reduction of NK cell-mediated antitumor 

response [76]. Interestingly, B7-H3 is highly expressed on tumor cells, playing a major role in 

metastasis and recurrence [80], and it has been recently proposed as a novel diagnostic and 

therapeutic target in GD2neg/low neuroblastoma variants, and in cancer immunotherapy in general 

[78]. Recent studies provided strong evidence for immune-based antitumor therapies targeting B7-

H3, such as Enoblituzumab, a mAb able to mediate a strong antibody-dependent cellular cytotoxicity 

against a wide range of tumor types. Also, CAR-T cells targeting B7-H3 have been tested in many 

tumors, both in vitro and in vivo, resulting in the control of tumor growth [79]. These therapies take 

advantage of B7-H3 overexpression in tumors, while normal cells generally do not express this 

molecule.  

Regarding Wilms tumor, few data are available about the function of immune cells in the response 

against WT cells. Two studies by Maturu et al. described the presence of TAMs infiltrating the tumor 

site and a pro-inflammatory microenvironment, and demonstrated the involvement of 

cyclooxygenase (COX-2) in the induction of an immunosuppressive microenvironment [81], [82]. 

More recently, these results were further confirmed in a pilot study performed on matched tumor 

tissues and peripheral blood from five WT patients. The analysis of the immune cells before and 

after chemotherapy, indicated increased levels of NK cells infiltrating the tumor specimens as 

compared to peripheral blood NK cells, as it occurs in adult renal tumors [83]. Altogether, the fact 

that the WT microenvironment is engaged by immune cells offers the possibility to design novel 
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immune-based therapeutic strategies that could represent an alternative therapeutic option for the 

successful treatment of WT. 

 

1.4.  Natural Killer cells  

NK cells are innate immune cells belonging to group 1 Innate Lymphoid Cells (ILCs), based on the 

expression of given transcription factors and on the ability to secrete certain cytokines [52], [84]–

[86]. In healthy people, NK cells account for 5-20% of circulating lymphocytes but they are not 

exclusively found in the blood stream. Indeed, NK cells are also distributed in lymphoid organs, and 

in non-lymphoid peripheral tissues [87], [88]. NK cells arise from CD34+ hematopoietic stem cells 

(HSCs), acquiring different receptors and functions through various stages of development. In vitro 

studies showed that CD34+ cells isolated from different sites, such as peripheral blood, thymus, 

secondary lymphoid organs, and umbilical cord blood, can generate mature NK cells [89]. In order 

to promote CD34+ cell survival and differentiation in vitro and to induce the expression of IL-2/IL-15 

receptor beta-chain (CD122), SCF and Flt3-L cytokines are required. Indeed, the NK cell capability to 

respond to IL-15 and IL-2 is crucial for the differentiation towards NK cells [90]. NK cell precursors 

can be identified by the CD33+ (CD34-) CD117+ CD244+ CD161+ CD56- surface phenotype, even if the 

expression of CD117 and CD124 can be already present in CD34+ cells [91]. Next, NK cell precursors 

acquire CD56  expression and may co-express the CD33 myeloid marker; in this context it has been 

shown that CD33+ myeloid progenitors, in the presence of CXCL8, can differentiate into NK cell 

lineage [92], [93]. Immature NK cells, cultured with IL-2 or IL-15, express CD117, CD116, and CD56. 

They also acquire NKp44, NKp46, NKG2D, and DNAM-1 activating receptors, while the first inhibitory 

receptor expressed is CD94/NKG2A [90], [94]. This acquisition leads to the downregulation of 

CD117, giving rise to the mature phenotype of CD56bright NK cells, while CD16 and KIR expression is 

associated with the last steps of NK cell differentiation [95], [96]. Mature NK cells also differ from 

NK cell precursors and immature NK cells in their cytokine secretion profile. Indeed, NK cell 

precursors secrete IL-5 and IL-13, while immature NK cells can produce IL-22, CXCL8, and TNF-a 

together with IFN-g, as mature NK cells [89], [93], [97]. 

Based on the abundance of the CD56 glycoprotein, belonging to Neural Cell Adhesion Molecule 

(NCAM) family, on the cell surface, NK cells can be divided in two major subpopulations [87], [98]: 

• CD56dim NK cells comprise about 90% of circulating NK cells and are able to kill cells 

through their cytotoxic activity. Indeed, CD56dim express high levels of granzymes, 

perforin, CD16 (FcγRIII), and receptors involved in the induction of natural cytotoxicity. 
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• CD56bright NK cells are more abundant in lymphoid organs, display a low cytotoxic activity, 

but they show a greater ability to release cytokines. Indeed, CD56bright NK cells are mainly 

responsible for the production of cytokines, such as Granulocyte Macrophage-Colony 

Stimulating Factor (GM-CSF), IFN-γ, IL-10, IL-13, Tumor Necrosis Factor (TNF)-α, TNF-β 

and chemokines, such as CXCL12, CCL3, CCL4, and CCL5, that attract immune cells in the 

inflammatory sites. 

It is of note, however, that CD56dim NK cells are also able to release plenty amounts of cytokines 

upon contact with target cells, while CD56bright NK cells mainly respond to soluble factors. Moreover, 

these two cell subpopulations display a different kinetics in cytokine release [87], [99]. 

Although NK cells represent approximately 15% of lymphocytes in peripheral blood, they can be 

found in lymphoid organs and non-lymphoid peripheral tissues, such as placenta, liver, gut, and lung 

[100], [101]. One of the most studied tissue-resident NK cell subsets is decidua-resident NK (dNK) 

cell population, which originates from a CD34+ progenitor in the uterus or from peripheral NK cells. 

dNK cell-derived soluble factors are involved in functions necessary for a successful pregnancy, such 

as the regulation of placentation and vascular remodeling, and the creation an immunosuppressive 

microenvironment able to allow the semi-allogenic presence of the fetus [102], [103]. Moreover, 

dNK cells contribute to immunosuppression through TGF-b [102].  

Regarding the kidney, tissue-resident NK cells constitute about 25% of total lymphocytes in healthy 

conditions, and both CD56bright and CD56dim NK cell subsets have been described [104], [105]. The 

role of NK cells as a kidney-tissue-resident lymphocyte population is still unclear. Indeed, they might 

be permanently retained in situ or represent a circulating lymphocyte population that is transiently 

recruited to the kidney. It has been suggested that NK cells in healthy kidney can maintain barrier 

integrity and protect against pathogens, as demonstrated for other tissue-resident NK cells [102], 

[103], [106], [107]. CD56bright NK cells have been shown to be associated with fibrosis and loss of 

renal function [105]. 

NK cells can regulate both innate and adaptive immune responses via their interaction with several 

immune cell types, including dendritic cells (DCs) [108], [109], neutrophils, basophils, macrophages, 

and T lymphocytes. These interactions are mediated by both cytokine release and cell-to-cell 

contacts, and play an important role in the regulation of antimicrobial and anti-tumor NK cell 

functions [63], [108], [110]. 

NK cells can also interact with different non-immune cell types: several studies analyzed the 

interaction between MSCs and NK cells. MSCs can inhibit NK cell proliferation through the release 
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of soluble factors, whereas the impairment of NK cell-mediated cytotoxicity and cytokine release 

also requires cell-to-cell contact. It has also been shown that both indoleamine 2,3-dioxygenase 

(IDO) and prostaglandin E2 (PGE2), expressed/produced by MSCs, are involved in the inhibition of 

NK cell proliferation, while PGE2 and soluble HLA-G play a role in the impairment of NK cell 

cytotoxicity. In addition, MSCs have been reported to inhibit the expression of NKp44, NKp30, and 

NKG2D activating receptors, thus affecting NK cell activation [111]–[113]. 

NK cells can exert their cytotoxic activity by two different mechanisms: the antibody-dependent cell-

mediated cytotoxicity (ADCC) and the natural cytotoxicity [57], [98], [100], [114]–[116].  

ADCC leads to target cell lysis through the binding of IgG Fc portion to the surface of target cells by 

the CD16 receptor expressed on NK cells [100], [115], [116]. On the other hand, natural cytotoxicity 

is regulated by a balance of transduction signals performed by activating and inhibiting receptors 

expressed on NK cells and able to interact with their respective ligands on target cells.  NK cells 

recognize and kill autologous cells lacking the expression of HLA-I, a class of self-molecules normally 

expressed on all human cells but often down-regulated by tumor and virus-infected cells in order to 

avoid T cell-mediated recognition [50]. This is known as missing self-recognition [53], according to 

which the absence of inhibitory signals transduced by receptors recognizing HLA-I molecules results 

in the induction of target cell killing. Notably, the induction of NK cell cytotoxicity is not only 

regulated by the partial loss of inhibitory signals; rather, NK cells can detect ligands for their 

activating receptors on target cells that are upregulated in stressed or infected cells [57], [58], [63], 

[117]. The main effector molecules involved in NK cell-mediated target cell killing are perforin and 

granzymes. Perforins creates pores in the phospholipid bilayer of target cells, facilitating the entry 

of granzymes, a family of serine proteases located in cytolytic granules of cytotoxic T and NK cells. 

Granzyme B can mediate caspase cleavage and activation, resulting in the induction of cell death by 

apoptosis [63], [100], [118]–[120].  

NK cell-mediated cytotoxicity activity is under the control of surface receptors displaying either 

inhibitory or activating functions. The main inhibitory receptors are represented by those 

recognizing HLA class I molecules. While healthy cells express these molecules, thus preventing NK-

mediated cell killing, virus infected and tumor cells frequently down-regulate HLA class I expression, 

and become susceptible to NK cell-mediated attack [50], [53]. The immunosurveillance role 

performed by NK cells in cancer development is related to their ability to recognize ligands that are 

expressed and up- or down-regulated on tumor cell surface. These molecules are recognized by 

different inhibitory or activating receptors, described below (Figure 6). 
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1.4.1. HLA class I-specific inhibitory receptors: 

Killer Immunoglobulin-like Receptors (KIRs) are the most important HLA class I specific receptors, 

able to recognize HLA-A, -B, and -C molecules [50], [121], [122]. KIR genes are characterized by a 

high level of polymorphism; the encoded proteins display two or three Ig-like extracellular domains, 

and a long cytoplasmic tail containing ITIMs or ITAMs, that defines their functional role by 

transducing, inhibitory or activating signals, respectively [50], [51]. 

LIR1 (Leukocyte Ig-like Receptor)/ILT2 (Immunoglobulin-like Transcript 2) is another receptor able 

to recognize HLA-I molecules. Specifically, ILT2 can bind to the non-classical HLA-I molecule HLA-G, 

ILT2, and  transduce inhibitory signals [50]. 

The molecules belonging to the NKG2 family recognize the non-classical HLA-I molecule HLA-E, and 

similarly to KIRs, NKG2 receptor family includes both activating and inhibitory molecules. This class 

of receptors includes five molecules known as NKG2A, NKG2B, NKG2C, NKG2E and NKG2F, which 

associate with CD94, and NKG2D which does not associate with CD94 [123]–[125]. 

 

1.4.2. Activating NK cell receptors 

 
 
Figure 6. Schematic representation of the major NK cell receptors and of their corresponding tumor cell ligands 
(modified from [126]). 
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1.4.2.1 Natural Cytotoxicity Receptors (NCRs) 

The NCR family is a group of three type I transmembrane receptors belonging to the 

Immunoglobulin (Ig) superfamily, and known as NKp46, NKp30, and NKp44. These receptors play an 

important role in the response against tumors, thanks to their ability to mediate natural cytotoxicity 

[57], [58]. 

 

1.4.2.1.1. NKp46 

NKp46, also known as CD335, is a triggering receptor mainly expressed by NK cells, ILC1, and a small 

subset of T lymphocytes, able to induce NK cell activation, IFN-γ production, and degranulation 

[127]. NKp46 is a type I transmembrane protein with two C2-type Ig-like domains, encoded on 

chromosome 9. Although several experimental evidences suggest the existence of multiple NKp46 

ligands, no NKp46-specific cellular ligand expressed by tumor cells has been identified so far [57], 

[58]. Recently, a soluble NKp46 ligand was identified, the Complement Factor P (CFP) or properdin 

[128]. This molecule is a plasma glycoprotein produced by T cells, neutrophils, and monocytes, and 

is involved in the regulation of the complement pathway. The recognition of CFP by NKp46 receptor 

does not result in the modulation of IFN-g secretion nor in the inhibition of NK cell degranulation, 

but it seems to facilitate NKp46 interaction with bacterial ligands and the subsequent NK cell 

activation [128]. NKp46 expression can be down-modulated in the tumor microenvironment by the 

presence of L-kynurenine [129], while it is up-regulated following stimulation by IFN-γ or IL-2 [127].  

 

1.4.2.1.2. NKp30 

NKp30, also known as CD337, is a type I trans-membrane protein containing a single V-type Ig 

extracellular domain, and encoded on chromosome 6 [130]. NKp30 exists in six different isoforms 

(NKp30 a-f), which differ in their Ig extracellular domain and cytoplasmatic region, resulting in 

different immunostimulatory or immunosuppressive functions. Moreover, alternatively spliced 

NKp30 isoforms have been described as prognostic markers for patients with gastrointestinal 

stromal tumors [130], [131]. The transmembrane portion of the receptor contains a positively 

charged residue (Arg), involved in the interaction with CD3ζ adaptor molecule. NKp30 is mostly 

expressed on NK cells, both resting and activated, but it can also be found in γδ T cells and ILCs. 

NKp30 can be modulated by different stimuli, including the immunomodulatory cytokine TGF-β, 

cortisol, and methylprednisolone, which decrease its expression, while an opposite effect is exerted 

by cytokines, such as IFN-γ and IL-2 [58], [130], [132]. 
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Regarding NKp30 ligands, B7-H6 molecule has been shown to be relevant for NKp30-mediated 

tumor cell recognition [133]. B7-H6 is a surface protein belonging to B7 family, which exclusively 

binds NKp30 receptor; its expression on tumor cells is considered as a poor prognostic factor for 

various cancers. As other members of its family, B7-H6 can be shed as soluble molecule. In this case, 

the interaction of NKp30 with soluble B7-H6 is associated with reduced NKp30-dependent tumor 

cell killing [133], [134].  

 

1.4.2.1.3. NKp44 

NKp44 is a triggering receptor, also known as CD336, which is only expressed on the surface of IL-2-

activated NK cells, but not on resting NK cells [60]. NKp44 is a surface glycoprotein characterized by 

a single extracellular V-type Ig domain followed by a long stalk region of 64 amino acids and a 

hydrophobic trans-membrane domain containing a charged residue (Lys) able to mediate the 

association with the ITAM-containing adaptor molecule DAP12, which allows intracellular signaling 

[135]. Three major transcripts of NKp44, known as NKp44-1, -2 and -3, are encoded at chr. 6p21.1. 

While NKp44-2 and -3 are characterized by a short cytoplasmatic tail, NKp44-1 displays a long 

cytoplasmatic tail containing the Immunoreceptor Tyrosine based Inhibition Motif (ITIM), usually 

responsible for inhibitory signals. Nevertheless, NKp44-1 isoform is able to deliver activating signals, 

since this isoform retains the ability to associate with DAP12 [135]–[138].  Like other NCRs, NKp44 

is not only expressed on NK cells, but can also be found in ILC1, ILC3 and in plasmacytoid DCs, where 

it regulates the secretion of type I interferon [58], [139], [140].  

Among NKp44 ligands, Platelet-Derived Growth Factor (PDGF)-DD was identified as the first soluble 

NKp44 activating ligand able to induce the release of IFN-γ, TNF-α and other pro-inflammatory 

cytokines and chemokines [141]. PDGF-DD can be produced by tumors and is able to stimulate 

angiogenesis and tumor growth through PDGF-receptor β [142]. Thus, the interaction between 

PDGF-DD and NKp44 led NK cells to recognize and kill cancer cells [141], [143].  

Recently, another extracellular ligand for NKp44 was described, namely Nidogen-1 (NID1) or 

Entactin. It has been shown that the interaction between soluble NID1 and NKp44 leads to the 

inhibition of NKp44-mediated IFN-g release and a slight reduction of NK cell cytotoxicity [144]. NID1 

is a glycoprotein of the basement membrane, essential for the adhesion between cells and the 

extracellular matrix, and for basement membrane stabilization; it can interact with different 

proteins, including collagen IV, fibrinogen, fibulin, perlecan, and laminin [145]. Soluble NID1 can be 

released by several types of tumors in the extracellular environment, possibly acting as a decoy 
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ligand for NKp44. Thus, this ability represents one of the possible suppressive mechanisms that can 

prevent NK cell-mediated killing of tumor cells [144]. NID1 can also be released in exosomes, and it 

has been shown that NID1 is contained in exosomes derived from cancer patients [146].  

The tumor microenvironment contains several molecules potentially able to interfere with NCR 

functions, for instance by inhibiting NCR expression. Among them, a prominent role is played by 

PGE2 and IDO [147], [148]. PGE2 production is normally regulated by the constitutively expressed 

COX-1, while, in response to inflammatory stimuli, the increased PGE2 levels can be mainly ascribed 

to the activity of the inducible COX-2 enzyme [148]. These molecules can inhibit cytokine-induced 

NK cell proliferation and effector functions, thus hampering NK cell-mediated anti-tumor response 

[111], [129], [148], [149]. 

 

1.4.2.1.4. NKG2D 

Natural killer group 2 member D (NKG2D), also known as CD314, is an activating C-type lectin 

receptor expressed on the surface of NK cells, CD8+ T cells, and γδ T cells. NKGD is expressed on the 

cell surface associated to DAP10 adaptor protein, which couples the receptor complex to the 

PI3K/Grb2-Vav pathway through tyrosine phosphorylation [150], [151]. NKG2D cell surface 

expression can be regulated by several mechanisms. It is known that IL-2 and IL-15 increase NKG2D 

membrane expression through the up-regulation of DAP10 protein synthesis, while TGF-β is able to 

down-regulate the surface expression of this receptor [132], [150], [152].  

Regarding NKG2D ligands, the most relevant ones belong to MHC class I (MIC) protein family [151]. 

These proteins are usually up-regulated on infected, stressed or transformed cells; in particular, 

MICA and MICB proteins are strongly induced by cellular stress and their expression is enhanced in 

many cancers, being almost absent in healthy tissues. While membrane-bound MICA is able to 

activate NK cells and their anti-tumor activity, MICA shedding from the tumor cell surface or from 

cancer-released exosomes impairs NKG2D-dependent tumor cell killing, representing a possible 

immune evasion mechanism. Moreover, sMICA interaction with NKG2D on NK cells results in 

receptor modulation from the cell surface, with a consequent reduced receptor availability for 

tumor cell recognition [150], [153]. 

Other relevant NKG2D ligands belong to UL16-binding proteins (ULBPs) family, which, in contrast to 

MICA and MICB, are expressed not only in tumor cells but also in a wide range of healthy tissues 

[150]. Similar to MICA, membrane-bound ULBP2 is able to trigger NK cell mediated killing, and when 
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released by tumors, high soluble ULBP2 levels acquire a poor prognostic value, due to its ability to 

down-regulate surface NKG2D and to impair tumor cell lysis [151], [154], [155]. 

 

1.4.2.1.5. DNAM-1 

DNAX accessory molecule-1 (DNAM-1), also called CD226, is a transmembrane glycoprotein, 

triggering T- and NK cell-mediated cytotoxicity. In this regard, DNAM-1 is considered as an important 

regulator of NK cell-mediated functions against tumor transformation [59], [156], [157].  

DNAM-1 can bind CD112 (Nectin-2) and CD155 (PVR, Poliovirus Receptor), two members of the 

Nectin family that are highly expressed on several tumor cell types and on normal cells, such as 

epithelial, endothelial cells, and fibroblasts, which are protected against NK cell cytotoxicity by the 

expression of self HLA-I molecules [156], [157]. 

Similar to NKG2D, cancer cells can develop escape mechanisms to bypass DNAM-1 anti-tumor 

potentials. Indeed, either the production of soluble factors (IDO or TGF-β) by malignant cells or the 

chronic exposure of DNAM-1 to its ligands, PVR and Nectin-2, interferes with DNAM-1 expression. 

Interestingly, the amounts of DNAM-1 ligands on cancer cell surface correlate with disease 

prognosis. Indeed, those tumors showing a great down-regulation of DNAM-1 ligands are also 

characterized by high serum levels of soluble PVR that, in turn, hampers the activation of this 

receptor, promoting tumor escape [158]–[160]. 

 

1.4.2.1.6. CD16 

CD16, also known as FcγRIIIA, is a surface NK cell receptor able to bind IgG-coated cells. Upon CD16 

activation, NK cells are induced to mediate ADCC and to produce cytokines. CD16 is associated to 

CD3ς and FcRγ ITAM-containing signal transduction proteins [100], [115]–[117]. 

 

1.5. MSC effects on NK cells  

In order to characterize the immunoregulatory proprieties of MSCs towards immune cells, several 

studies have been made [111]–[113], [161]. Regarding the interaction between MSC and NK cells, it 

has been shown that NK- MSC crosstalk is able to lead to major effects on the function of both cell 

types. In the presence of MSCs, activated NK cells substantially reduce their proliferation, with no 

signals of cell death. This inhibition occurs in a dose-dependent manner, is detectable with NK:MSC 

ratios ranging from 1:1 to 10:1, and does not require cell-to-cell contact. IDO enzyme and the soluble 

mediator PGE2, expressed/produced by MSCs, are crucial to mediate the inhibitory effect on NK 
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cells. In addition, MSCs are able to impair NK cell-mediated cytotoxicity, but in this case cell-to-cell 

contact is necessary. When activated NK cells are co-cultured with MSCs, they display a decreased 

ability to secrete cytokines, such as IFN-γ, TNF-α or IL-10, independently of the activating stimulus 

delivered by IL-2 and IL-15 [111]. 

In the context of NK-MSC interaction, it has also been demonstrated that activated NK cells are able 

to kill both autologous and allogeneic MSCs [111], [112]. In basal conditions, MSCs express low levels 

of HLA-class I molecules, resulting in a decreased recognition by alloreactive cytolytic T cells. On the 

other hand, HLA-I down-regulation makes MSCs susceptible to NK cell-mediated lysis. In this regard, 

MSCs express some ligands for activating NK receptors, including ULBP1-4 and MICA (NKG2D 

ligands), PVR and Nectin-2 (DNAM-1 ligands), and still unidentified NCR ligands. Thus, in view of 

their phenotype, both autologous and allogeneic MSCs can be recognized and killed by NK cells. It 

is of note that only IL-2- or IL-15-activated NK cells can exert this function, most probably because 

both cytokines induce the up-regulation of NK cell activating receptors, including NKp30 and NKG2D. 

On the other hand, even at high effector/target ratios, resting NK cells cannot kill MSC [111], [112]. 
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2. AIM OF THE STUDY 

 

Even if Wilms Tumor (WT) is the most common childhood kidney cancer, the role of immune cells 

in the response against WT cells, as well as the characterization of the inflammatory tumor 

microenvironment have not been fully addressed so far. Another poorly explored aspect is the 

search for biomarkers that could be predictive for prognosis and response to therapy, and could 

represent molecular targets for the development of new therapeutic strategies. 

In view of the similarity between mesenchymal stromal cells (MSCs) and stromal-like WT cells, the 

aim of this study was to characterize the immune phenotype and function of str-WT cells, to 

investigate the cellular and molecular interactions occurring between these cells and NK 

lymphocytes, and to characterize the immunoregulatory mechanisms taking place in the tumor 

microenvironment. 
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3. MATERIALS AND METHODS 

 

3.1. Cell Culture 

3.1.1. Isolation and expansion of str-WT cells from WT tissue specimens 

Primary WT cell lines were derived from patients undergoing nephrectomy for tumor removal. 

These samples were dissociated into single cell suspensions by combining mechanical dissociation 

with enzymatic degradation of the extracellular matrix using the gentleMACS™ Dissociator (Miltenyi 

Biotec, 130–093-235) and the Tumor Dissociation Kit (Miltenyi Biotec, 130–095-929), according to 

the manufacturer’s instructions. Samples were passed on a 70 μm filter to remove any remaining 

larger particles. Next, 4 × 105 cells/ml of single-cell suspensions were plated in T75 tissue-culture 

flasks in MesenPRO RS™ Medium (Gibco, 12746012) supplemented with 2 mM L-Glutamine (Gibco, 

A29168-01). At almost 80% of confluence, tumor cells were harvested by trypsin/EDTA (Euroclone, 

ECB3052), counted, and re-plated for expansion at 6000 cells/cm2. Culture expanded cells were then 

phenotypically and functionally characterized. As healthy renal epithelial cells, the gW4K and gW2K 

cell populations were isolated from healthy parts of renal tissue samples obtained from patients, 

and cultured in MesenPRO RS™ Medium. 

 

3.1.2. NK cell isolation and culture 

NK cells were obtained from the peripheral blood mononuclear cells (PBMC) of healthy donors using 

the Human NK Cell Isolation Kit (Miltenyi Biotec, 130–092- 657) according to the manufacturer’s 

instructions. The purity of NK cells was evaluated by cytofluorimetric analysis of CD56+CD3-CD19- 

cells, and ranged from 95% to 98%. Purified NK cells were cultured for up to 7 days in RPMI 1640 

(Lonza, BE12-167 F)/10% fetal calf serum (FCS) (Gibco, 10270–106), supplemented with 2 mM L-

Glutamine, Penicillin/Streptomycin (Euroclone, ECB3001D), and 100 U/ml IL-2 Proleukin (Novartis, 

18A08294) in order to obtain short-term activated polyclonal NK cells. 

 

3.1.3. Other cells 

WT1, WT6, and WT10 are immortalized stromal WT cell lines, generated and characterized in the 

laboratory of Prof. B. Royer-Pokora from WT patients displaying WT1 gene mutations [29]. Tumor 

cell lines were maintained in culture with MesenPRO RS™ Medium supplemented with 2 mM L-

Glutamine. 
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MSCs were obtained from the spongy tissue of bone fragments of pediatric patients undergoing 

surgery to correct major scoliosis at the Orthopedic Department of G. Gaslini Institute. MSCs were 

cultured with MesenPRO RS™ Medium supplemented with 2 mM L-Glutamine and utilized in the 

experiments after at least four expansion passages to ensure the depletion of hematopoietic cells.  

Other cell lines utilized in this study were HEK293T (human embryonic kidney); K562 (human 

erythroleukemia) and the corresponding K562/NID1 transfectant; HeLa (human cervical cancer); 

A549 (human pulmonary adenocarcinoma), BW5147 (murine thymoma), and the corresponding 

BW-NKp44 transfectant. Cell lines were cultured either in DMEM (HEK293T) or in RPMI1640 medium 

supplemented with 10% FCS, 2mM L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin. 

K562 stable transfectants were selected and cultured in the presence of G418 sulfate (Calbiochem) 

at the final concentration of 1.2 mg/ml. 

 

3.2. Antibodies 

Fluorochrome-conjugated monoclonal antibodies (mAbs) used for direct staining in flow cytometry 

experiments: allophycocyanin (APC)- anti-CD56 (clone NCAM16.2, IgG2b; 341027, Becton 

Dickinson); APC-anti-CD90 (clone DG3, IgG1; 130095402, Invitrogen); fluorescein isothiocyanate 

(FITC)-anti-CD3 (clone UCHT1, IgG1; 300406, Biolegend); FITC-anti-CD47 (clone CC2C6, IgG1; 

323106, Biolegend); phycoerythrin (PE)- anti-2B4 (clone C1.7, IgG1; IM1608, Beckman Coulter); PE-

anti-CD105 (clone MEM-226, IgG2a; 21271054, Biolegend); PE-anti-CD73 (clone AD2, IgG1; 344004, 

Biolegend); PE-anti-CD107a (clone H4A3, IgG1; 121079942, eBioscience); PE-anti-CD146 (clone 

P1H12, IgG1; 12146942, eBioscience); PE-anti-HLA class I (clone Tu149, IgG2a; MHBC04, Invitrogen); 

PE-anti-NKG2A (clone Z199, IgG2b; IM329IU, Beckman Coulter); PE-anti-NKG2D (clone ON72, IgG1; 

A08934, Beckman Coulter); PE-anti-NKp30 (clone P30-15, IgG1; 325208, Biolegend); PE-anti-NKp44 

(clone Z231, IgG1; IM3710, Beckman Coulter); PE-anti- NKp46 (clone BAB281, IgG; IM3711, Beckman 

Coulter); PE-anti-PD- L1 (clone MIH1, IgG1; 557924, Becton Dickinson); PE-anti-PD-L2 (clone MIH18, 

IgG1; 558066, Becton Dickinson). 

Primary mAbs for indirect staining: anti-ULBP1 (clone 170818, IgG2a; MAB 1380100, R&D Systems); 

anti-ULBP2 (clone 165903, IgG2a; MAB 1298100, R&D Systems); anti-ULBP3 (clone 166510, IgG2a; 

MAB 1517100, R&D Systems); anti-ULBP4 (clone 709116, IgG2b; MAB 6285, R&D Systems); anti- B7-

H6 mAb (clone 875001, IgG1; MAB7144, R&D Systems); anti-Nidogen-1 (clone 302117, IgG1; 

MAB2570, R&D Systems); anti-Nectin3 (clone N3.12.4, IgG2a; sc-69715, Santa Cruz Biotechnology). 
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Fluorochrome-conjugated secondary mAbs: goat anti-mouse antibodies PE-anti-IgG1 (Life 

Technologies; P21129); PE-anti-IgG2a (Southern Biotech; 108009); PE-anti-IgG2b (Southern Biotech; 

109009); PE AffiniPure F(ab’) Fragment Goat Anti-Human IgG (Jackson ImmunoResearch, 109–116-

170); PE-anti- IgM (Beckman Coulter; IM0555). 

mAbs produced in our laboratory: 5B14 (IgM, anti-B7-H3); L14 (anti-Nectin-2, IgG2a); L95 (anti-PVR, 

IgG1); BAM195 (anti-MICA, IgG1); A6136 (anti-HLA class I, IgM); F22 (IgG1, anti-DNAM-1). 

Primary mAbs utilized in Western blot experiments: mouse anti-pan Cytokeratin mAb (clone PCK-6; 

Abcam, ab6401); mouse anti-vimentin (clone V9; Santa Cruz Biotechnology, sc-6260); mouse anti-

Nectin3 mAb (clone N3.12.4; Santa Cruz Biotechnology sc-69715); mouse anti-Nidogen1 (NID1) mAb 

(clone 302117; R&D Systems MAB2570); rabbit anti-cyclooxygenase-2 (COX-2) mAb (clone D5H5; 

Cell Signaling 12282); rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mAb (clone 

14-C10; Cell Signaling 2118); rabbit anti-indoleamine 2,3-dioxygenase (IDO) Ab (ThermoFisher, 

711778); rabbit anti-UL16 Binding Protein 2 (ULBP2) mAb (clone EPR22303-124, Abcam ab275023); 

rabbit anti-CD276 (B7-H3) mAb (clone EPNCIR122; Abcam ab134161); rabbit anti-MHC class I chain-

related polypeptide A (MICA) mAb (clone EPR6568; Abcam ab150355). 

Horseradish peroxidase (HRP)-conjugated secondary mAbs: goat anti-mouse Ig HRP-conjugated 

mAb (Southern Biotech, 1031–05); goat anti-rabbit HRP- conjugated mAb (Southern Biotech, 4050–

05). 

 

3.3. Flow Cytometric analysis  

For flow cytometric analysis, 50.000 to 150.000 cells were incubated for 30 minutes at 4°C with 

fluorochrome-conjugated mAbs or with primary unconjugated mAbs followed by a 30-min 

incubation with the appropriate fluorochrome-conjugated secondary mAb. Flow cytometric analysis 

was performed on a Becton Dickinson FACSCalibur Flow Cytometer, and results were analyzed using 

BD CellQuest or FlowJo™ softwares. 

 

3.4. SDS-PAGE and Western Blot analysis 

WT cells and MSCs were lysed in 1% Nonidet P-40 (NP-40, Sigma) in a buffer containing 150 mM 

NaCl, 10 mM Tris-HCl pH 7.5, 1 mM MgCl2, or in RIPA buffer (Thermo Fisher, 89900) with the 

addition of Halt protease Inhibitor Single-Use Cocktail (Thermo Fisher, 78430). Protein 

concentration in total cell lysates was determined using Bradford Protein Assay (BioRad, 1976). For 

Western blot analysis, 40 μg of cell lysates were used, while 30 μl of cell culture supernatants (SN), 
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RPMI/10% FCS or MesenPro/2,5% FCS SN, either not concentrated or concentrated 20X with Amicon 

Ultracel-40K (Millipore) were used. Samples were diluted in 4x Laemmli Sample Buffer (Bio-Rad, 

1610747) with or without 5% β-mercaptoethanol (Sigma) and incubated for 5’ at 100 °C. Samples 

were subjected to SDS-PAGE on 10% or 8% polyacrylamide gels and transferred to Immobilon-P 

PVDF membranes (Millipore IPVH00010). Membranes were blocked with 5% BSA in Tris- buffered-

saline containing 0.05% Tween-20 (TBS-T) and probed with primary antibodies for 3 hours at room 

temperature or overnight at 4°C; afterwards, membranes were probed with the appropriate HRP-

conjugated secondary antibody for 1 hour at room temperature. The SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher 34080) was utilized, for the detection. Images were 

acquired with ChemiDoc Touch Imaging System (Bio-Rad) and analyzed with Image Lab software 

(Bio-Rad). 

 

3.5. RT-PCR analysis 

Total RNA was extracted from WT cells and MSCs using RNAeasy Mini Kit (Qiagen, 74104). Oligo(dT)-

primed cDNA was prepared starting from 1 μg of RNA using Transcriptor First Strand cDNA Synthesis 

Kit (Roche Diagnostics, 04379012001) following manufacturer’s instructions. RT reaction was 

conducted for 10ʹ at 42° C followed by 50ʹ at 55°C. PCR reactions were carried out for 30 (or 35) 

cycles utilizing Platinum TAQ DNA Polymerase (ThermoFisher, 10966034) at an annealing 

temperature of 58°C (β-actin, MICA, B7-H6 and IDO) or 60°C (COX- 2; NID1). Primers used were the 

following: β-actin for 5ʹ ACTCCATCATGAAGTGTGACG; β-actin rev 5ʹ CATACTCCTGCTTGCTGATCC; 

IDO ORF up 5ʹ GACTACAAGAATGGCACACG; IDO ORF dw 5ʹ AATGTGCTCTTGTTGGGTTAC; COX-2 for2 

5ʹ ATGATTGCCCGACTCCCTTG; COX-2 rev 5ʹ CCCCACAGCAAACCGTAGAT; NID1 for 5’ 

CTCCATTGGGCCTGTGAGG; NID1 rev 5’ AGACACGGGGGCGTCATC; MICA for 5’ 

TACGATGGGGAGCTCTTC; MICA rev 5ʹ GACCCTCTGCAGCTGATG; H6 for 5’ TGCTGTGGGCGCTGACGA; 

H6 rev 5ʹ GGTA GAACCCACTTGACTCA. 

PCR products (249 bp β-actin; 1244 bp IDO; 395 bp COX-2; 795 bp for NID1; 618 bp for MICA; 462 

bp for B7-H6) were separated by electrophoresis on a 1.5% agarose gel. Finally, bands were 

visualized by ethidium bromide staining with ChemiDoc Touch Imaging System (Bio-Rad) and 

analyzed with Image Lab software (Bio-Rad). 
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3.6. NK cell degranulation assay 

To evaluate NK cell activation following interaction with str-WT cells or MSCs, the expression of 

CD107a (lysosome-associated membrane protein-1) was assessed. NK cells, cultured in the presence 

of IL-2, were incubated with str-WT cells for 4 hours at a 2:1 effector to target ratio, with the addition 

of saturating amounts of the anti-HLA class I A6136 mAb (IgM), to mask HLA-class I molecules. As 

positive control, K562 cell line was used as target in a parallel degranulation assay. After 1-hour 

incubation, the monensin containing Golgi Stop reagent (BD Biosciences, 554724) was added, and 

cells were incubated for additional 3 hours. Finally, cells were analyzed on a Becton Dickinson 

FACSCalibur Flow Cytometer, and results were analyzed using BD CellQuest or FlowJo™ softwares. 

 

3.7. NK cell proliferation assay 

Freshly isolated NK cells, obtained from the PBMC of healthy donors, were plated at 2,5 x 105 

cells/well in U-bottom 96-well plates either alone or in the presence of irradiated str-WT cells or 

MSCs at an NK to WT/MSC ratio of 20:1, 10:1, and 5:1. Co-culture experiments were also carried out 

in the absence of cell contact, by the use of a transwell culture system (0.4 μm pore size; Costar, 

3413); in this case, 2.5 × 105 NK cells were plated in the upper chamber and 2.5 × 104 WTs or MSC 

cells were placed in the lower one. Cells were incubated for 4 days in RPMI supplemented with 10% 

FCS and 100 U/ml IL-2 to ensure cell proliferation; next, for the last 18 hours, 5 μM 5-ethynyl-2ʹ-

deoxyuridine (EdU) was added to each well. The uptake of EdU was evaluated by flow 

cytofluorimetric analysis following cell staining with CD56-APC mAb and the Click-iT® Plus EdU Flow 

Cytometry Assay Kit (Molecular Probes, C10633).  

In order to assess the role of COX-2 and IDO, co-culture experiments with tumor cells and NK cells 

were carried out in the presence of the COX-2 inhibitor NS-398 (5 μM; Sigma, N194) and the IDO 

inhibitor 1-methyl-D-Tryptophan (1-M-Trp, 0.5 mM; Cayman Chemicals, CAY-16456), used either 

singularly or in combination.  

 

3.8. Stimulation of WT cells and MSCs with cytokines 

For cytokine stimulation experiments, WT and MSC cells were cultured for 72 h in the presence of: 

20 ng/ml IFN-γ (Miltenyi Biotec, 130–096-482); 20 ng/ml IL-1β (Miltenyi Biotec, 130–093-897) plus 

5 ng/ml TNF-α (Miltenyi Biotec, 130–094-014); 10 ng/ml TGF-β (Peprotech, 100-21). As control, the 

same cells were cultured in the absence of these stimuli for 72h. 
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3.9. Evaluation of cytokine production by WT cells and MSCs by Enzyme-Linked Immunosorbent 

Assay (ELISA) 

PGE2 production by str-WT populations was evaluated on cell culture SN derived from: cells cultured 

alone (basal level); cells stimulated for 48 h with 20 ng/ml IL-1β + 10 ng/ ml TNF-α; 72h co-cultures 

of NK-str-WT cells.  

Prostaglandin E2 (PGE2) quantification was performed by competitive ELISA technique using the 

Prostaglandin E2 Parameter Assay Kit (R&D Systems, KGE004B) according to the manufacturer’s 

instructions. PGE2 concentrations were calculated by comparison with known standards with a 

lowest detection limit 39 pg/mL. All determinations were made in duplicate. 

IFN-γ and TNF-α production was evaluated on 48 h SN collected from cultures of short-term IL-2-

activated NK cells and from the same NK cell populations co-cultured with str-WT cells. Cytokine 

concentrations were measured by quantitative sandwich enzyme immunoassay technique using the 

Human IFN-γ ELISA Kit (Invitrogen, EHIFNG) and the Human TNF-a Quantikine ELISA Kit (R&D 

Systems, DTA00D). Each sample was run in duplicate. 

 

3.10. Evaluation of soluble ligands for NK cell receptors 

The presence of soluble ligands for different NK cell receptors, including sB7-H3, sMICA, NID1, PDGF-

DD, and sULBP2, was evaluated in cell culture SN derived from str-WT cells or MSCs in the following 

conditions: cells cultured alone for 72h; cells stimulated for 72h with 20 ng/ml IFN-γ; cells stimulated 

for 72h with 20 ng/ml IL-1β + 5 ng/ml TNF-α; cells stimulated for 72h with 10 ng/ml TGF-β. 

Samples were analyzed in duplicate by ELISA utilizing the following commercial kits, according to 

the manufacturer’s instructions: Human B7-H3/CD276 colorimetric sandwich ELISA kit (Proteintech, 

KE00143); Human NID1 ELISA kit (Abnova, KA4396, Version 10); Human MICA DuoSet ELISA (R&D 

systems, DY1300); Human ULBP-2 DuoSet ELISA (R&D systems, DY1298); Human PDGF-DD DuoSet 

ELISA (R&D systems, DY1159-05). 

 

3.11. Functional assays on BW5147 cell transfectants  

96-well flat-bottom cell culture plates were coated with 5 μg/ml sheep anti mouse IgG (MP 

Biomedicals, 55481) overnight at 4°C, and subsequently with 5 μg/ml Z231 (anti-NKp44) mAb for 4 

hours at 37°C. 105 Bw-NKp44 cells were pre-treated for 1 h at 37 °C with SN derived from str-WT 

cells or MSCs (100 μl/well), and then transferred on mAb-coated plates. After 22-hour stimulation 

at 37 °C, SN were collected and analyzed for their IL-2 content by ELISA assay, using the mouse IL-2 
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uncoated ELISA (eBioscience, 88-7024) following manufacturer’s instructions. All samples were 

determined in duplicate. 

 

3.12. WT cell stimulation and Mass Spectrometry (MS) analysis 

106str-WT cells (gW1, gW3, gW5a, gW5b, gW6, gW8), and MCSs (g58, g74, g79, g80, g82, g85) were 

cultured in the absence or in the presence of IFN-g (20 ng/ml); after 72 h, they were collected and 

utilized for proteomic analysis. Samples were lysed, reduced, and alkylated in 50 μl of iST-LYSE buffer 

(PreOmics) for 10 min at 95°C and then digested over night at 37°C with 0.7 μg Trypsin and 0.3 μg 

LysC. Digested samples were processed by iST protocol [162]. Next, peptide analysis was performed 

using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific Instruments).  

 

3.13.  Isolation of extracellular vesicles and MS analysis 

Extracellular vesicles (EV) were isolated from cell culture SN of WT cells and MSCs cultured for 72 h 

in MesenPro medium depleted from exosomes by ultracentrifugation (140,000 g 2 hrs at 16 °C). In 

order to remove cell debris and organelles, SN were centrifuged at 16,000x g for 30 min at 16°C. The 

resulting supernatant was centrifugated for 120 min at 22,000xg at 16°C to obtain the microvesicle 

fraction. The microvesicle-containing pellet was washed in phosphate-buffered saline (PBS) and re-

pelleted as above for a total of five wash cycles to obtain a clean microvesicle fraction. For exosome 

isolation, the supernatant was centrifuged for 120 min at 100,000× g at 16 °C. Then one-step sucrose 

cushion ultracentrifugation for 120 min at 100,000× g at 16 °C was performed to further purify 

exosomes according to their density. The exosome-containing pellet was washed in PBS and re-

pelleted as above for a total of five wash cycles to obtain a clean exosome fraction. Microvesicle 

and exosome fractions were stored at -80 °C until use. Samples were treated like cells and analyzed 

by high resolution mass spectrometry. Briefly, elution of the digested samples was performed with 

a 200 cm uPAC C18 column (PharmaFluidics) maintained at 40°C in the thermostatic column 

compartment of an Ultimate 3000 RSLC. The peptides were separated with increasing organic 

solvent at a flow rate of 350 nl/min using a non-linear gradient of 5-45 % solution B (80% CAN and 

20% H2O, 5% DMSO, 0.1% FA) in 155 min. 

MS data were acquired on an Orbitrap Fusion Tribrid mass spectrometer (ThermoScientific). MS1 

was performed with Orbitrap detection at a resolving power of 120K, while MS2 was performed 

with Ion Trap detection with Rapid Ion Trap Scan Rate. Top speed mode with a 2 sec. cycle time was 
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performed for data dependent MS/MS analysis, during which precursors detected within the range 

of m/z 375−1500 were selected for activation in order of abundance. 

 

3.14. MS data analysis 

Raw MS files were processed in the MaxQuant v1.6.0.16 environment using the MaxLFQ algorithm 

for label-free quantification and Andromeda search engine. Peptide and protein false discovery rate 

(FDRs) were both set at < 0.01. The search had contained variable modifications for the oxidation of 

methionine (M), N-terminal protein acetylation (protein N-terminus), and fixed carbamidomethyl 

modifications (C). For protease digestion, up to two missed cleavages were allowed. Peptides of 

length greater than six amino acids have been considered for the identification. The “match 

between runs” algorithm with a setting of 1 min time window was used for the quantification of MS 

missed data in each individual measurement. UniProt FASTA Homo sapiens database (access August 

2017) was used for the identification of peptides and proteins. 

 

3.15. Statistical analysis of proteomic data 

After normalization, whole mass spectrometry data were analyzed by unsupervised hierarchical 

clustering using multidimensional scaling (MDS) with k-means and Spearman’s correlation, in order 

to identify outliers and dissimilarity between samples. 

To maximize the discrimination between the different samples, we applied T-test, machine learning 

methods such as non-linear support vector machine (SVM) learning, and partial least squares 

discriminant analysis (PLS-DA). For the T-test, proteins were considered to be significantly 

differentially expressed between two conditions with power of 80% and an adjusted P-value ≤0.05 

after correction for multiple interactions (Benjamini-Hochberg) and a fold change of ≥2. In addition, 

the proteins needed to show at least 70% identity in the samples in one of two conditions and area 

under the curve (AUC) in the received operating characteristic (ROC) analysis >0.8. Volcano plots 

were used to visualize the expression fold change comparison and the cutoff lines were established 

using the function y = c/(x - x0). 

In SVM learning, a fourfold cross-validation approach was applied to estimate the prediction and 

classification accuracy. Besides, the whole matrix was randomly divided into two parts: one for 

learning (65%) and the other (35%) to determine the prediction accuracy. 

Gene Set Enrichment Analysis (GSEA) was done using whole dataset to identify a raked list of Gene 

Ontology (GO) annotation enrichment in different comparison. The rank was confined between -1 
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and 1 corresponding to minimal and maximal enrichment in the two groups of comparison. The 

results of this analysis are shown by scatter plot and report the statically significant enriched GO 

annotations (P<0.05 after multiple comparison correction). In the graphs, the points located on the 

straight line passing through the coordinates (1x,1y) and (-1x,-1y) are the equally enriched 

signatures, while the distance from this line is proportional to the increase of signature enrichment  

in one of the two groups. 

 

3.16. Statistical analysis 

GraphPad Prism (GraphPad Software Inc, San Diego, CA) was used for the statistical analyses. To 

determine statistical significance, matched paired or unpaired Students’ t-test were used for all 

experiments. A p value of less than 0.05 (*), 0.01 (**), or 0.001 (***) was considered statistically 

significant. 

 

3.17. Ethics statement 

All biological samples employed in this study were obtained after approval by the ethic committees 

of the institutional review boards of Giannina Gaslini Institute and of Regione Liguria, Genova, Italy 

(protocols 339–256REG2014 and 737-WILMS). In accordance with the Declaration of Helsinki, 

informed consent was obtained from patients or patients’ legal guardians. 
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4. RESULTS 

4.1. Isolation and in vitro expansion of WT cell populations 

The renal tumor samples used in this study were obtained from nine patients, with less than 4 years 

of age, who underwent surgery at the IRCCS Giannina Gaslini Institute. In eight out of nine patients, 

the diagnosis of Wilms tumor was confirmed by clinical observation and histopathological 

examination. In patient #7, the tumor was actually a clear cell sarcoma. In terms of tumor histology, 

patients #1, #5a, and #5b showed a biphasic WT characterized by stromal and epithelial 

components; patients #3 and #4 displayed the classical triphasic histology with a predominant 

blastemal component WT; patient #6 had biphasic WT with stromal and blastemal cells; patients #8 

and #9 displayed biphasic WT with blastemal and epithelial cells (Table 1). 

Most patients presented unilateral tumors and received chemotherapy before nephrectomy, except 

for patient #9, who was affected by bilateral disease, and patients #3 and #7 who did not receive 

pre-surgery chemotherapy. 

Patient Sex Age at surgery Tumor histology Pre-surgery 
chemotherapy 

gW1 F 17 months Biphasic WT (stromal+epithelial) Yes 

gW3 F 10 months Triphasic WT 
(stromal+epithelial+blastema) No 

gW5a M 30 months Biphasic WT (stromal+blastema) Yes 

gW5b M 30 months Biphasic WT (stromal+epithelial) Yes 

gW6 F 44 months Biphasic WT (stromal+blastema) Yes 

gW4 M 10 months Triphasic WT  
(stromal+epithelial+blastema) Yes 

gW8 F 7 years WT/Lung metastasis  
Biphasic (blastema+epithelial) Yes 

gW9 M 21 months Bilateral WT 
Biphasic (blastema+epithelial) Yes 

gW7 M 21 months Clear cell sarcoma No 
 
Table 1. Information on WT patients. Clinical data and histology of the tumor from which WT cells were derived 
are indicated (modified from [163]). 
 

In order to promote the preferential expansion of tumor cells of stromal type, cells derived from 

these specimens were cultured in an MSC-specific medium. During the early culture passages, tumor 

cells were morphologically heterogeneous, being derived from a starting cell population composed 

of different cell types. Subsequently, after at least 3 culture passages, a preferential expansion of 
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stromal-type tumor cells was observed in 6 cases out of 8 (gW1, gW3, gW5a, gW5b, gW6, and gW8), 

while gw4 and gW9 cells were mainly represented by epithelial type cells. A renal epithelial cell 

population (gW4K) was obtained from the healthy renal tissue specimen of patient #4.  

Our study was mainly focused on stromal-like WT (str-WT) cells, namely gW1, gW3, gW5a, gW5b, 

and gW6; gW5a and gW5b are two cell populations obtained from two distinct tumor specimen 

belonging to the same patient. In vitro expanded str-WT cells displayed a spindle-shaped 

morphology, typical of MSCs (Figure 7A), and an MSC-like phenotype, as demonstrated by the 

expression of CD105, CD90, CD73, and CD146 surface markers (Figure 7B). 

 

 

 

 

 

Figure 7. Morphological and phenotypical features of str-WT cells. A) Spindle-shaped, MSC-like morphology of in 
vitro expanded gW3 str-WT cells. Left: 4X magnification; right: 20x magnification. B) Flow cytometric analysis of 
the expression of the indicated MSC surface markers in MSCs (B), gW3 str-WT cells (C), and in WT1 immortalized 
cell line (D). Light gray and dark gray histograms represent negative control and marker expression, respectively. 
Numbers indicate Mean Fluorescence Intensity (MFI) [163]. 
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The phenotype of str-WT cells was comparable to that of the immortalized WT cell lines produced 

and characterized in the laboratory of Prof. Pokora (Figure 7D) and to that of MSCs (Figure 7B). 

To further support the MSC-like nature of str-WT cells, and to gain more information about their 

histology, the expression of different markers was evaluated by Western blot (Figure 8). In 

particular, we analyzed cytokeratin as a classical epithelial cell marker, and vimentin as a marker 

predominantly expressed in stromal cells. Since cytokeratins comprise several different proteins, we 

used an anti-pancytokeratin antibody, which recognizes epitopes present in cytokeratin isoforms 

expressed in most human epithelial tissues. Our results show that str-WT cells (gW1, gW3, gW5a, 

and gW6) do not express cytokeratin, while cytokeratin is expressed in kidney epithelial cells 

(gW4K), in epithelial-like WT (epi-WT) cells (not shown) and, only at very low levels, in MSCs (g74). 

On the other hand, all cell populations analyzed expressed vimentin, although at variable levels 

(Figure 8A). Similar results were obtained with WT1, WT6, and WT10 immortalized WT cell lines 

(Figure 8B). Thus, similar to MSCs, str-WT cells and cell lines are characterized by the absence or low 

expression of cytokeratin and high levels of vimentin. 

 

 

 

 

 

 

 

 

 

 
Figure 8. A) Western blot analysis of vimentin and cytokeratin expression in gW1, gW3, gW5a, and gW6 str-WT 
cells, in MSCs (g74), and in epithelial renal cells (gW4K). GAPDH expression was analyzed as positive control. 
Molecular weight (MW) markers (kDa) are indicated on the right. A similar analysis was performed on 
immortalized WT cell lines (WT1, WT6, and WT10) (B). A representative experiment of three is shown [163]. 
 

4.2. str-WT cells express ligands for different NK cell receptors 

In order to investigate the molecular interactions occurring between str-WT cells and NK cells, we 

analyzed the expression on tumor cells of the ligands for NK cell receptors responsible for the 

regulation of NK cell activation and functions. First, we focused our attention on the ligands for 

inhibitory NK cell receptors. We found that both str-WT and immortalized WT cell lines expressed 

A B 
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several ligands for inhibitory receptors, including HLA-class I molecules, and the immune checkpoint 

ligands PD-L1, PD-L2, and B7-H3 (Table 2 and Figure 9). The expression levels of these molecules 

were heterogeneous, depending on the WT cell populations; regarding HLA-class I molecules, the 

highest density was detected in gW5 cells, with a stain index (S.I.) of 87, and the lowest one in gW3 

cells (S.I. = 10) (Table 2). PD-L1 expression was low in all WT samples analyzed, while PD-L2 was 

usually expressed at higher levels than PD-L1. MSC populations obtained from healthy children were 

analyzed in parallel, giving similar results, i.e. a prevalent expression of PD-L2 rather than PD-L1, and 

a high B7-H3 expression (Figure 9) 

WT  HLA-I PD-L1 PD-L2  B7-H3 
gW1 32,1 0,4 1,8 10 
gW3 10 0,5 1,5 16,3 
gW5 87 1,1 5,4 13,1 
gW6 45,1 0,6 0,5 22 
WT1 33,4 3,7 5,9 5,3 
WT6 49,7 0,7 7,1 4,4 
WT10 28,9 1,4 9,6 5,1 
g79 11,7 1,7 9 299 
g80 16,6 0,5 1,9 258 

 

Table 2. Surface expression of ligands for inhibitory NK cell receptors in str-WT cells, WT cell lines, and MSCs. 
Surface expression is expressed as Stain Index (S.I.) (modified from [163]). 
 

 

 

 

 

 

 

 

 

 

 

Figure 9. Expression of ligands for inhibitory NK cell receptors in str-WT cells and MSCs. Flow cytometric analysis 
of the expression of the indicated molecules in gW3 str-WT cells (A) and in g74 MSCs (B). Light gray and dark gray 
histograms represent negative control and marker expression, respectively. Numbers indicate MFI. A 
representative experiment of three is shown [163]. 
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Next, the expression of ligands for activating NK cell receptors was assayed in WT cells (Figures 10-

12). Similar to MSCs, str-WT cells and immortalized WT cell lines expressed both PVR and Nectin-2 

molecules, which are known as ligands for DNAM-1 receptor (Table 3 and Figure 10A). However, 

while MSCs generally expressed higher levels of PVR than Nectin-2, tumor cells displayed 

comparable levels of the two DNAM-1 ligands. Tumor cells were also analyzed for the expression of 

NKG2D ligands, i.e. MICA and ULBP1-4, revealing that str-WT cells predominantly expressed ULBP2 

and MICA (Figure 10B). The expression of MICA was also confirmed by RT-PCR, indicating a variable 

expression among the different tumor cell populations analyzed (Figure 10C).  

Table 3. Surface expression of ligands for activating NK cell receptors in str-WT cells, WT cell lines and MSCs. 
Surface expression is expressed as Stain Index (S.I.) (modified from [163]). 
 
 

 

 

 

 

 

 

 

Figure 10. Expression of ligands for activating NK cell receptors in str-WT cells and MSCs. A) Surface expression of 
DNAM-1 ligands in str-WT (gW6) and MSCs (g80). B) Surface expression of NKG2D ligands in str-WT (gW6) and 
MSC. Light gray and dark gray histograms represent negative control and marker expression, respectively. 
Numbers indicate MFI. C) RT-PCR of MICA in str-WT cells (gW1, gW3, gW5, gW6), MSCs (g74), and epithelial renal 
cells (gW4K). b-actin expression was analyzed as positive control. PCR products were run on a 1,5% agarose gel 
and visualized by EtBr staining. A representative experiment of three is shown. 

gW6 

g80 

A B 

C 

gW6 

g80 



Immune response against Wilms Tumor: characterization of cellular and molecular interactions and identification of novel therapeutic targets 
 

 39 

Finally, we investigated the expression of NCR ligands on tumor cells; in this case, we utilized soluble 

molecules (sNKp46, sNKp30, sNKp44, and, as a control, sDNAM-1) generated in our laboratory 

(Figure 11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Flow cytometric analysis of the expression of ligands for NCRs and DNAM-1 in str-WT cells and 
immortalized WT cell lines. Light gray and dark gray histograms represent negative control and marker expression, 
respectively. Numbers indicate MFI. A representative experiment of three is shown [163]. 
 

 

The soluble receptors displayed a variable reactivity with str-WT cells and immortalized WT cell 

lines, depending on the cell population analyzed (Figure 11). sNKp46 reacted only with some tumor 

samples. Concerning NKp30 ligands, it is of note that str-WT cells, although reacting at variable levels 

with sNKp30, were all negative for B7-H6 surface expression (Figure 12A). B7-H6 mRNA expression 

was then investigated by RT-PCR, revealing very low expression levels for this NKp30 ligand (Figure 

12B). Thus, these findings suggest that str-WT cells may express alternative, still unidentified 

molecule(s) recognized by NKp30. 
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Figure 12. Analysis of B7-H6 expression in str-WT cells A) Flow cytometric analysis of B7-H6 expression in gW3 str-
WT cell. Numbers in the histogram indicate MFI of negative control and of marker expression (bold), respectively. 
B) RT-PCR analysis of B7-H6 in str-WT cells (gW1, gW3, gW5, gW6), MSCs (g74), and epithelial renal cells (gW4k). 
b-actin expression was analyzed as positive control. PCR products were run on a 1,5% agarose gel and visualized 
by EtBr staining.  A representative experiment of three is shown. 
 

sNKp44 reacted with all tumor populations analyzed (Figure 11), but Nidogen-1 (NID1) surface 

expression was generally absent, with the exception of gW6 cells (Figure 13A), suggesting that other 

NKp44 ligands, such as PCNA and MLL-5 (93), may be expressed by tumor cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. NID1 expression in str-WT and epi-WT cells, WT cell lines and MSCs. A) Flow cytometric analysis of NID1 
surface expression in the indicated str-WT cells. Light gray and dark gray histograms represent negative control 
and marker expression, respectively. Upper numbers indicate the MFI of negative control, whereas bold lower 
numbers represent the MFI of marker expression. A representative experiment of three is shown. B) RT-PCR 
analysis of NID1 mRNA expression in str-WT cells and cell lines (gW1, gW3, gW5, WT1), epi-WT cells (gW4), MSCs 
(g74), and renal epithelial cells (gW4K). b-actin expression was analyzed as positive control. PCR products were 
run on a 1.5% agarose gel and visualized by ethidium bromide staining. A representative experiment of three is 
shown. 
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Nevertheless, we investigated NID1 mRNA expression by RT-PCR in WT cells, and observed a 

variable, but generally low, NID1 expression in all samples analyzed (Figure 13B).  

Remarkably, the surface phenotype of all WT cell populations analyzed was stable and was not 

altered by cell culture passages. 

 

4.3. str-WT cells induce NK cell degranulation and cytokine production 

As previously mentioned, WT cell populations express low or intermediate levels of HLA-class I 

molecules, as well as some ligands for activating NK cell receptors. Considering that NK cell functions 

are regulated by the balance between activating and inhibitory signals delivered during the 

interaction between NK cells and target cells, the presence of activating molecules on WT cells could 

be responsible for the induction of NK cell-mediated effector functions. Firstly, in order to assess 

the susceptibility of str-WT cells to NK cell-mediated lysis, we utilized CD107a degranulation assay. 

As shown in Figure 14A-B, short-term IL-2-activated NK cells acquired the surface expression of 

CD107a degranulation marker upon 4h-incubation with str-WT cells. K562 leukemia cell line, which 

does not express HLA class-I molecules and is high susceptible to NK cell-mediated lysis, was used 

as positive control. Depending on the tumor population used as target, different degranulation 

levels were detected. Notably, the percentage of degranulating lymphocytes was higher in str-WT 

populations as compared to the immortalized WT cell lines. In addition, the masking of HLA class-I 

molecules in str-WT cells could not significantly increase degranulation, in contrast to what 

observed when WT cell lines were used (Figure 14A).  

 

 

 

 

 

 

 

Figure 14. NK cell degranulation upon interaction with str-WT cells. A) Short-term IL-2-activated NK cells were 
used in degranulation assays as effector cells in the presence of the indicated str-WT cells and WT cell lines. The 
effector/target (E/T) ratio used was 2:1. The HLA class I-negative K562 cell line was used in parallel as positive 
control. For each target, at least three effector cells from different donors were utilized. Experiments were 
performed either in the absence (black bars) or in the presence (gray bars) of mAb-mediated masking of HLA class 
I molecules (A6136 mAb, IgM isotype). Results are expressed as percentage of CD107a+ NK cells and represent 
mean ± SD of data obtained from at least three independent experiments. * p < .05, ** p < .01. B) A representative 
degranulation experiment with gW1 as target cells is shown. Numbers indicate percentages of CD107a+ NK cells 
[163]. 
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Next, in order to further characterize the interaction between activated NK cells and WT cells, we 

asked whether this interaction could result in cytokine production by NK cells. To this end, we set 

up experiments in which activated NK cells were co-cultured for 48 h with str-WT cells (or MSCs as 

control). Co-culture supernatants (SN) were tested in ELISA assays, indicating that NK cells could 

produce IFN-g and TNF-a upon interaction with str-WT cells (Table 4). 

 

 

 

 

 
Table 4. Short-term IL-2-activated NK cells were co-cultured with the indicated str-WT cells (or with g58 MSC) at 
an NK/str-WT cell ratio of 8:1. After 48 h, culture SN were collected and tested by ELISA assays for the detection 
of IFN-γ and TNF-α. Data are expressed as cytokine concentration (pg/ml). Four NK cell populations derived from 
different donors were used [163]. 
 

4.4. str-WT cells display immunosuppressive properties toward NK cells 

Earlier studies demonstrated the similarity between str-WT cells and MSCs, mainly based on the 

analysis of cell phenotype and gene expression profiles [29]. An important feature of MCSs is their 

immunosuppressive activity against different immune cell types, including NK cells [111], [112]. For 

this reason, we evaluated the inhibitory potential of str-WT cells in co-culture experiments with NK 

cells. As control, co-culture of NK cells and MSCs was performed in parallel. As shown in Figure 15A, 

both str-WT populations and WT cell lines exerted a strong inhibitory effect on the cytokine-induced 

proliferation of NK cells. Indeed, the percentage of EdU+ NK cells, induced to proliferate in vitro by 

IL-2, was significantly reduced by co-culture with WT cells, and correlated with the NK-to-tumor cell 

ratio used, with the strongest inhibitory effect at a 5:1 ratio (Figure 15B).  

It is of note that the inhibition of NK cell proliferation required cell-to-cell contact, as co-culture 

experiments performed using transwell chambers, which physically separate NK cells and tumor 

cells, did not result in str-WT cell-mediated inhibition of NK cell proliferation (Figure 15 C-D).  

Besides NK cell proliferation, the inhibitory effect exerted by str-WT cells also affected the 

acquisition of the typical cytokine-activated NK cell phenotype. Indeed, in NK cells activated with IL-

2 and co-cultured with str-WT cells, the typical up-regulation of NKp30, NKp44, NKG2D, and 2B4 

activating receptors was not observed. By contrast, the expression of NKp46 and DNAM-1 receptors, 

that are not modulated by IL-2, was unaltered in co-culture with str-WT cells (Figure 16 A-B).  
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Figure 15. Str-WT cells inhibit IL-2-induced proliferation of NK cells. A) Freshly isolated NK cells were cultured with 
IL-2 in the absence or in the presence of str-WT, WT cell lines, or MSCs at an NK-to-WT ratio of 10:1. NK cell 
proliferation was analyzed after 5-day culture by EdU incorporation method. Data are expressed as percentage of 
EdU+ NK cells. Bars indicate the mean ± SD of independent experiments performed analyzing the effect of four str-
WT cells, three WT cell lines, or three MSCs on at least three different NK cell populations. B) Representative 
experiment showing the inhibitory effect of gW3 str-WT cells on NK cell proliferation at different NK/WT ratios. C) 
Freshly isolated NK cells were cultured with IL-2 in the absence or in the presence of str-WT cells under cell contact 
conditions or in a transwell chamber system. NK cell proliferation was analyzed as above. Data are expressed as 
percentage of EdU+ NK cells. Bars indicate the mean ± SD of eight independent experiments performed analyzing 
the effect of four str-WT cells on at least two NK cell populations derived from different donors. *** p<0.0001. D) 
Representative experiment showing NK cell proliferation of cells cultured alone or in the presence of gW6 str-WT 
cells under cell contact or in transwell conditions [163]. 
 
 

 

 

 

 

 

 

 

Figure 16. Str-WT cells inhibit IL-2-induced phenotype of NK cells. A) IL-2-activated NK cells were cultured for 6 
days alone (gray bars) or in the presence of str-WT cells (black bars) and analyzed by flow cytometry for the 
expression of different activating NK receptors. Results are represented as mean ± SD of S.I. data obtained from 
independent experiments analyzing the effect of four str-WT cells on at least 2 NK cell populations. 
*p<.05,**p<.01,***p<.001,****p<.0001. B) A representative experiment showing the ability of gW6 str-WT cells 
to modulate receptor expression on NK cells. Histograms represent marker expression. Upper numbers represent 
the percentage of positive cells, while lower numbers indicate MFI [163].  
 

B 

A B 

A 

C D 



Immune response against Wilms Tumor: characterization of cellular and molecular interactions and identification of novel therapeutic targets 
 

 44 

4.5. str-WT cells produce inhibitory factors upon exposure to proinflammatory stimuli 

In order to characterize the mechanisms involved in the inhibitory effect exerted by str-WT cells on 

NK lymphocytes, we initially analyzed the expression of cyclooxygenase 2 (COX-2) in tumor cells, 

since this enzyme was previously described as a marker of an inflammatory tumor 

microenvironment in WT tissue specimens, and was found to be primarily localized in the tumor 

stromal component [81], [82]. The role of COX-2 is to promote PGE2 production, which is known as 

one of the main factors responsible for the immunosuppressive effects exerted by MSCs. Since COX-

2 is generally induced by pro-inflammatory mediators, we analyzed its expression in str-WT cells, 

before and after exposure to IL-1b + TNF-a for 72h. We observed that all tumor populations did not 

constitutively express COX-2, but in three out of four str-WT cells analyzed, IL-1b + TNF-a 

stimulation was able to induce COX-2 mRNA and protein expression (Figure 17A-B).  

 

 

Figure 17. COX-2 expression in str-WT cells and MSCs. A) RT-PCR analysis of str-WTs and MSCs unstimulated and 
stimulated with IL-1β + TNF-α for 72 hours. Results show the induction of COX-2 mRNA after IL-1β + TNF-α 
treatment. b-actin was analyzed as positive control. PCR products were run on a 1.5% agarose gel and visualized 
by ethidium bromide staining. A representative experiment of three is shown. B) Western blot analysis of COX-2 
expression in the indicated str-WT cells and in MSCs (g66), stimulated with IL-1β + TNF-α for 72 hours. GAPDH 
expression was analyzed as positive control. Molecular weight (MW) markers (kDa) are indicated on the right. A 
representative experiment of three is shown. 
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In addition, we evaluated PGE2 production by performing ELISA assays on culture SN of str-WT cells 

cultured in the absence or in the presence of IL-1b+ TNF-a. Our results indicate that, although with 

a certain degree of variability, the str-WT populations constitutively secreted PGE2, and that PGE2 

levels were significantly increased by cytokine stimulation in three str-WT cells analyzed (Table 5). 

Notably, PGE2 production was also detected in SN derived from NK-str-WT cell co-cultures. 

Altogether these data suggest that, similarly to MSCs, str-WT cells can exert their inhibitory function, 

at least partially, through the synthesis of PGE2. 

 

WT  Basal IL-1β+TNF-α  WT Basal NK1 NK2 
gW1 470 1217  gW1 1305 174806 102750 
gW3 251 365  gW3 0 397 284 
gW5 35 476  gW5 272 655 869 
gW6 311 435  gW6 341 449 413 

 
Table 5. PGE2 production by str-WT cells cultured alone (basal), stimulated with IL-1β + TNF-α (left panel), or co-
cultured with NK cells derived from two different healthy donors (NK1 and NK2) (right panel). Culture SN were 
collected after 48 h (for cytokine stimulation experiments) or after 72 h (for co-culture experiments) and analyzed 
by ELISA assay. Data refer to the levels of PGE2 expressed as pg/ml [163]. 
 

Next, to better characterize the possible modulation of COX-2 in the tumor microenvironment, we 

also tested the effect of other soluble factors, including the pro-inflammatory cytokine IFN-g and 

the immuno-modulatory cytokine TGF-b, on str-WT cells. In contrast to IL-1b + TNF-a stimulation, 

neither IFN-g nor TGF-b were able to induce COX-2 protein expression (Figure 18). 

Figure 18. Western blot analysis of COX-2 expression in str-WT cells, either unstimulated, stimulated with IFN-g,  
IL-1β + TNF-α or TGF-b for 72 hours. GAPDH expression was analyzed as positive control. Molecular weight (MW) 
markers (kDa) are indicated on the right. A representative experiment of three is shown.  
 

Another relevant factor responsible for the MSC-mediated inhibitory effect is Indoleamine 2,3-

dioxygenase (IDO), an inducible enzyme that is up-regulated by inflammatory cytokines, such as IFN-

g [111], [147]. Concerning WT, IDO expression was previously demonstrated in tumor tissue 
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specimens by RT-PCR analysis [82]. Thus, we investigated whether IFN-g could induce IDO 

expression in str-WT cells, and observed a significant up-regulation of IDO mRNA and protein 

expression in all tumor populations analyzed, following IFN-g stimulation (Figure 19A-B). In addition, 

the exposure to IL-1b+ TNF-a also modulated IDO mRNA expression, but did not significantly modify 

IDO protein levels (Figure 19C-D).  

Figure 19. IDO expression in str-WT cells and MSCs. A) RT-PCR analysis of str-WT cells and MSCs stimulated with 
IFN-γ for 72 hours. b-actin was analyzed as positive control. PCR products were run on a 1.5% agarose gel and 
visualized by ethidium bromide staining. A representative experiment of three is shown. B) Western blot analysis 
of IDO expression in str-WT cells, stimulated with FN-γ for 72 hours. GAPDH expression was analyzed as positive 
control. Molecular weight (MW) markers (kDa) are indicated on the right. A representative experiment of three is 
shown. C) RT-PCR analysis of str-WT cells and MSCs following IL-1b+ TNF-a stimulation. b-actin was analyzed as 
positive control. PCR products were run on a 1.5% agarose gel and visualized by ethidium bromide staining. D) 
Western blot analysis of IDO expression in str-WT cells following IFN-g, IL-1β + TNF-α, or TGF-b stimulation for 72 
hours. GAPDH expression was analyzed as positive control. Molecular weight (MW) markers (kDa) are indicated 
on the right. A representative experiment of three is shown. 
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The immunosuppressive effect mediated by str-WT cells on NK cells could be mediated not only by 

soluble factors but also by cell-to-cell contact. In this context, immune checkpoint ligands, whose 

expression is regulated by inflammatory cytokines, could play an important role. To better 

characterize this aspect, immune checkpoint ligand expression was evaluated in str-WT cell 

populations in basal conditions and following stimulation with IFN-g. As shown in Figure 20, IFN-g 

could significantly induce the up-regulation of HLA-class I, HLA-class II, PD-L1, CD47 molecules, and, 

to a lesser extent, of PD-L2. On the other hand, IFN-g exerted a minor effect on B7-H3 expression. 

As far as CD47 is concerned, it is interesting to note that also this molecule, known as one of the 

major “don’t eat me” signals, is up-regulated in tumor cells following IFN-g exposure. 

 

 
Figure 20. Flow cytometric analysis of HLA class I and immune checkpoint molecules in gW1 str-WT cells following 
IFN-γ treatment. Light and dark gray histograms represent unstimulated and IFN-γ- stimulated cells, respectively. 
Upper numbers represent MFI of unstimulated cells, while bold lower numbers refer to MFI of stimulated cells. A 
representative experiment of three is shown. 
 

With the purpose of demonstrating the effective role of IDO and PGE2 in the inhibition of cytokine-

induced NK cell proliferation, we performed co-culture experiments with NK and str-WT cells in the 

absence or in the presence of IDO and COX-2 inhibitors: 1-M-Trp (an inhibitor of IDO enzymatic 

activity) and NS-398 (a selective COX-2 inhibitor) (Figure 21A). These inhibitors were used alone or 

in combination to evaluate their possible additive or synergistic effects. The addition of 1-M-Trp 

significantly reverted, although not completely, the inhibitory effect delivered by str-WT cells, while 

NS-398 did not exert any substantial effect. Importantly, however, the concomitant blocking of IDO 

and PGE2 could almost completely restore NK cell proliferation, leading to a not statistically 

significant difference in comparison to standard conditions (NK cells cultured alone) (Figure 21B). 
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Figure 21. Role of PGE2 and IDO in the str-WT cell-mediated inhibition of NK-cell proliferation. A) Freshly isolated 
NK cells were cultured with IL-2 with or without str-WT cells, at an NK-to-str-WT cell ratio of 10:1 in the presence 
or in the absence of the PGE2 synthesis inhibitor NS-398 or the IDO inhibitor 1-M-Trp, employed singularly or in 
combination. NK cell proliferation was analyzed after 5-day culture by EdU incorporation method. Data are 
expressed as percentage of EdU+ NK cells. Bars represent mean ± SD of 13 independent experiments performed 
analyzing the effect of four str-WT cells on at least three NK cell populations derived from different donors. * p < 
.05, *** p < .001 (NK+ str-WT vs NK+ str-WT +1MT or str-WT+NS-398 + 1MT). B) Representative experiment 
showing the inhibitory effect of gW1 str-WT cells on NK cell proliferation under the indicated culture conditions 
[163]. 
 

4.6. Role of cytokines in the modulation of NK cell ligands 

Next, we decided to explore more in detail the role of cytokines in the possible modulation of ligands 

for different activating or inhibitory NK receptors. To this end, str-WT cell populations were 

stimulated with IFN-g, IL-1b + TNF-a or with TGF-b for 72h, and their phenotype was evaluated by 

flow cytometry (Figure 22). As already shown in Figure 20, IFN-g stimulation up-regulated on str-WT 

cells the expression of PD-L1, PD-L2, CD47, and HLA class I and II molecules, while slightly down-

regulating B7-H3 expression; on the other hand, IFN-g did not induce CD200 expression. In T cells, 

CD200 was shown to be up-regulated by TNFα and IFN-γ stimulation, both as mRNA and protein, 

due to the promotion of the binding of different transcription factors in the CD200 enhancer 
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sequence [164]. Regarding ligands for activating NK receptors, IFN-g exposure down-regulated 

ULBP2 expression, whereas it had no significant effect on the expression of DNAM-1 and NKG2D 

ligands, including PVR, Nectin-2, MICA, and ULBP1 (Figure 22). The main effects of IL-1b + TNF-a 

stimulation were represented by the up-regulation of PD-L1 and PD-L2, HLA-class I molecules, and 

ULBP2, and by the down-regulation of PVR.  

Finally, our results indicate that the immunomodulatory cytokine TGF-b is not involved in the 

modulation of most molecules analyzed, with the exception of the NKG2D ligands MICA, ULBP1, 

ULBP2, and PD-L2 whose expression is significantly up-regulated, and of CD47 molecule, which is 

negatively regulated by TGF-b exposure (Figure 22). 
 

 

 
 
Figure 22. Flow cytometric analysis of the expression of the indicated ligands for inhibitory and activating NK cell 
receptors in str-WT cells, cultured alone (black bars) or in the presence of the following cytokines for 72 hours: 
TGF-b (10 ng/ml, green bars); IFN-g (20 ng/ml, red bars); IL-1b + TNF-a (20 ng/ml and 50 ng/ml respectively, blue 
bars). Results are expressed as mean ± SD of S.I. data obtained from 5 independent experiments performed on 
str-WT cell populations. *p<.05,**p<.01,***p<.001. 
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4.7.str-WT cells produce soluble ligands potentially able to modulate NK cell functions 

Given the importance of soluble ligands in the modulation of NK cell effector functions, we decided 

to assess their presence in WT cell culture SN, as well as their possible modulation by different 

cytokines (including IFN-g, IL-1b + TNF-a or TGF-b), by specific ELISA assays (Figure 23).  

Concerning the ligands for inhibitory NK receptors, we started with the analysis of soluble B7-H3 

(sB7-H3). B7-H3, a molecule belonging to the B7 family, is known as an immune checkpoint ligand 

that is overexpressed in different cancer types [76], [80]; although it has been demonstrated that 

B7-H3 is able to deliver inhibitory signals upon interaction with NK cells, the receptor for B7-H3 has 

not been identified so far [76]. As shown in Figure 23A, sB7-H3 was detected in str-WT-derived SN 

already in basal conditions, but its levels were not affected by stimulation with the different 

cytokines utilized, although IFN-g was able to slightly down-regulate B7-H3 surface expression (see 

Figure 22). 

Next, we focused our attention on the analysis of soluble ligands for activating NK receptors. In 

particular, we investigated the presence of soluble MICA (sMICA), whose shedding from the cell 

surface has been extensively demonstrated during tumor transformation or upon cellular stress 

[150], [151]. Despite the fact that MICA is expressed on the surface of tumor cells, no sMICA was 

detected in str-WT cell-derived SN, thus suggesting that no shedding (or a very low, undetectable 

shedding) of MICA from the cell surface occurred in str-WT cells (Figure 23B). The presence of 

another important NKG2D ligand was evaluated by ELISA assay, namely ULBP2, whose shedding is 

dependent on apoptotic pathways and mediated by metalloproteinases [165]. Similar to sMICA, 

soluble ULBP2 (sULBP2) can be frequently expressed on tumor or stressed cells, and its increase in 

the plasma of cancer patients, was shown to correlate with tumor prognosis [153]–[155], [166]. As 

shown in Figure 23C, we were able to quantify sULBP2 in str-WT cell-derived culture SN. 

Interestingly, stimulation of str-WT cells with IL-1b + TNF-a or with TGF-b, was able to increase 

sULBP2 levels in str-WT SN, while IFN-g exposure resulted in sULBP2 down-regulation. 

One of the most recently identified NKp44 ligands is PDGF-DD. It was shown that this soluble factor 

can be produced to support tumor growth, proliferation, epithelial-to-mesenchymal transition, 

angiogenesis, and metastasis [142]. PDGF-DD is the first documented soluble ligand recognized by 

NKp44, and able to trigger NKp44-mediated cytokine release. Indeed, PDGF-DD-NKp44 interaction 

triggers, in NK cells, the production of proinflammatory cytokines, such as IFN-g and TNF-a, involved 

in tumor growth arrest [141]. Thus, PDGF-DD, on the one hand, can induce tumor proliferation, 

while on the other hand can stimulate the immune response through its interaction with NKp44. In 
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view of these findings, we assessed whether PDGF-DD could be released by str-WT cell populations, 

cultured alone or in the presence of IFN-g, IL-1b + TNF-a or TGF-b for 72h. As shown in Figure 23D, 

PDGF-DD was not detected in culture SN in any of the conditions tested.  

 
Figure 23. Evaluation of the indicated soluble ligands for NK cell receptors in culture SN collected from str-WT cells 
cultured alone (black bars) or in the presence of the following cytokines for 72 hours: TGF-b (10 ng/ml, green bars); 
IFN-g (20 ng/ml, red bars); IL-1b + TNF-a (20 ng/ml and 50 ng/ml, respectively, blue bars). Results are expressed 
as mean ± SD of cytokine concentration. Data (pg/mL) were obtained from 3 independent experiments performed 
on 5 str-WT cell populations. *p<.05,**p<.01,***p<.001. 
 

 

4.8. Expression of NKp44 ligand Nidogen-1 (NID1) in str-WT cells  

Recently, a study by Gaggero et al. [144] described, for the first time, Nidogen-1 (NID1) as a soluble 

ligand for NKp44 activating receptor. NID1 is an essential component of the extracellular matrix that 

can promote cellular adhesion, neutrophil chemotaxis, and tumor angiogenesis [145], [146]. It has 

been demonstrated that NID1 interaction with NKp44 results in the inhibition of NKp44-mediated 

cytokine release induced either by mAb-mediated NKp44 crosslinking or by the NKp44-specific 

ligand PDGF-DD. Similar to other soluble ligands, when released as a soluble molecule, sNID1 can 

regulate NK cell function not only by modulating NKp44-induced IFN-γ production but also 

cytotoxicity, possibly acting as a decoy ligand [144].  

In order to study the possible role of NID1 in NK-str-WT cell interaction, we analyzed NID1 

expression both in str-WT total cell lysates and in str-WT cell-derived culture SN by Western blot. 

Our results indicate a variable and heterogeneous NID1 expression in total cell lysates (Figure 24A) 

as well as in culture SN (Figure 24B). Regarding the analysis on culture SN, the presence of NID1 was 

mainly revealed in concentrated SN samples, suggesting that sNID1 is released by str-WT cells in low 

amounts. It is of note, however, that NID1 was not detected neither in MSC total cell lysates nor in 

concentrated MSC-derived SN.  
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Figure 24. Expression of NID1 in str-WT cells and in str-WT-derived culture SN. A) Western blot analysis of NID1 in 
total cell lysates derived from str-WT cells and cell lines (gW3, gW5, WT6, WT1), epi-WT cells (gW9), and MSCs 
(g74). GAPDH expression was analyzed as positive control. Molecular weight markers (kDa) are indicated on the 
right. A representative experiment of five is shown. B) Western blot analysis of sNID1 in cell culture SN (20X 
concentrated or not) derived from str-WT cells (gW3, gW5, gW6), epi-WT cells (gW4), clear cell sarcoma (gW7), 
and MSCs (g74). Molecular weight markers (kDa) are indicated on the right. A representative experiment of three 
is shown. 
 

The variability of sNID1 content in culture SN was also confirmed by ELISA assay. As shown in Figure 

25A, sNID1 levels detected in culture SN derived from different str-WT cell populations were highly 

heterogeneous.  

Figure 25. Analysis of sNID1 in SN derived from WT cells. A) sNID1 was evaluated in 72 h-culture SN derived from 
the indicated cell populations by ELISA assay. RPMI and MesenPro media were used as negative controls. Data 
refer to sNID1 concentration expressed as pg/ml. A representative experiment of three is shown B) Pooled analysis 
of sNID1 levels in six str-WT cells, two epi-WT cells, three immortalized WT cell lines, and eight MSCs. Results are 
expressed as mean ± SD of NID1 concentration. Data (pg/mL) were obtained from three independent experiments. 

B 

158,0
391,4

3974,5
3070,2

3458,6
3242,7

2308,5
1479,0

4348,6
6992,4

8100,0
7479,2

6768,2
8404,5

8100,0
7460,3

1188,9
6781,8

6948,0
5455,7

6922,6
5386,9

1903,0
1616,6

0,0 1000,0 2000,0 3000,0 4000,0 5000,0 6000,0 7000,0 8000,0 9000,0

MesenPro
RPMI 10%

g107
g85
g82
g80
g79
g74
g66
g58

WT10
WT6
WT1
gW1
gW3
gW4

gW4k
gW5a
gW5b

gW6
gW7
gW8
gW9

gW10

pg/ml

sNID1

A 

A B 



Immune response against Wilms Tumor: characterization of cellular and molecular interactions and identification of novel therapeutic targets 
 

 53 

SN derived from K562 cell line and K562-NID1 stable transfectants were utilized as negative and 

positive controls, respectively. Notably, the pooled analysis of results obtained with all SN revealed 

that sNID1 levels in WT samples were rather high, although lower than the ones observed in K562-

NID1 SN (Figure 25B).  

 

4.9. Effect of soluble NID1 released by WT cells on NKp44-mediated cell activation 

With the purpose to characterize the possible effects of NID1-NKp44 interaction, we employed an 

in vitro cellular model, available in our laboratory, which is based on the use of murine BW5147 cell 

transfectants expressing the NKp44/DAP12 receptor complex (Bw-NKp44). In this model, cell 

activation induced by the crosslinking of the receptor (NKp44) mimics the receptor-ligand 

interaction, resulting in a signaling cascade that ultimately leads to the release of IL-2, which can be 

detected by ELISA assay. We took advantage of this experimental system, to assess the potential 

functional consequences of NID1-NKp44 interaction. In particular, Bw-NKp44 cells were stimulated 

with an anti-NKp44 mAb (Z231) in the absence or in the presence of str-WT cell-derived culture SN; 

as positive control, K562-NID1 SN was utilized.  

Figure 26. Evaluation of sNID1 effect on NKp44-induced IL-2 release by Bw-NKp44 cell transfectants. BW-NKp44 
cells were stimulated with anti-NKp44 mAb (Z231 pur) in the absence or in the presence of SN derived from the 
indicated cell populations. After 22 h at 37°C, SN were collected, and IL-2 levels were analyzed by ELISA assay. 
Data refer to the levels of IL-2 expressed as pg/ml. Results are expressed as mean ± SD of IL-2 concentration. Data 
(pg/mL) were obtained from three independent experiments performed on five str-WT cell populations, two ep-
WT cell populations and 2 str-WT cell populations. *p<.05,**p<.01,***p<.001. 
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As shown in Figure 26, K562-NID1 SN significantly inhibited NKp44-induced IL-2 release; on the other 

hand, str-WT-derived SN were not able to exert a similar effect. The lack of inhibition could be due 

to an insufficient amount of sNID1 released by WT cells as compared to sNID1 levels produced by 

K562-NID1 transfectant. Experiments are currently ongoing in our lab in order to better clarify this 

issue. 

 

4.10. Effects of IFN-g stimulation on str-WT cells and MSCs: a proteomic analysis 

To gain further insight on the effect of IFN-γ in str-WT cells and in MSCs, we applied a proteomic 

approach. To this end, six str-WT cell populations and six MSCs derived from different healthy 

donors were stimulated with 20 ng/ml IFN-γ for 72h. Next, cells were lysed and analyzed by high 

resolution mass spectrometry. Data analysis through the MaxQuant software allowed the 

identification of a total of 6703 proteins, 4735 of which (70.7%) were present in all samples. Besides, 

only 128 (1.9%), 84 (1.3%), 282 (4.2%) and 165 (2.5%) were exclusively found in MSC ctr 

(unstimulated), MSC + IFN-g, str-WT ctr, str-WT + IFN-g samples, respectively (Figure 27).  

Figure 27. Protein profile overlap between MSCs and str-WT cells unstimulated or stimulated with IFN-g. Venn 
diagram shows total proteins identified in MSCs and str-WT cells stimulated with IFN-g and their controls. The 
number of common and exclusive proteins is indicated in the respective overlapping and non-overlapping areas.  
 

Despite the high overlapping of protein identity between the four groups, Multidimensional scaling 

analysis evidenced a clear discrimination between them (Figure 28). 
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Figure 28. Two-dimensional scatter plot of multidimensional scaling analysis. The plot shows the un-supervised 
cluster analysis of MSC ctr, MSC + IFN-g, str-WT ctr, str-WT + IFN-g conditions using all identified proteins in all 24 
samples. The ellipse shows the 95% of CI of four clusters. No outliers were detected. 
 

Subsequently, we applied the T-test corrected for multiple interaction (Benjamini-Hochberg) to 

identify the statistically significant modulated proteins. This analysis revealed a total of 485 proteins 

changes. In particular, 386 and 197 proteins changed in IFN-g-stimulated vs. unstimulated MSCs and 

in IFN-g-stimulated vs. unstimulated str-WT cells (Figure 29). Among these, 98 proteins were 

common in the two comparisons. 

Figure 29. T-test analysis of MSCs and str-WT cells stimulated with IFN-g. Volcano plot representation of 
differentially expressed proteins in IFN-g-stimulated vs. unstimulated MSCs (A) or in IFN-g-stimulated vs. 
unstimulated str-WT cells (B). Black line indicates the cutoff of statistically significance (P≤0.05 after correction for 
multiple interaction); black dots indicate not statistically significant proteins; colored dots refer to statistically 
significant proteins modulated by IFN-g treatment. Magnitude of fold-change is shown on the x-axis (up-regulated 
proteins are shown on the right, down-regulated ones on the left); y-axis represents statistical significance (-log10 
of p value). 
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The expression profile of these statistically significant proteins after Z-score normalization is 

reported in a heatmap diagram (Figure 30). Visual inspection of the two dendrogram and heatmap 

color profile demonstrates the ability of these proteins to clearly discriminate between the different 

conditions. 

Figure 30. Heatmap of statistically significant proteins modulated by IFN-g treatment in MSCs and str-WT cells. In 
the heatmap, each row represents a protein, and each column corresponds to a sample. Normalized Z-scores of 
protein abundance are depicted by a pseudo-color scale with red, white and blue indicating positive, equal and 
negative expression, respectively. The tree dendrogram displays the results of the unsupervised hierarchical 
clustering analysis, placing similar sample/proteome profile values next to each other. 
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The wide diversity in expression profiles among IFN-g-stimulated vs. unstimulated MSCs or IFN-g-

stimulated vs. unstimulated str-WT cells, could imply their different biological role. To assess this, 

we performed Gene Ontology (GO) enrichment analysis based on cellular component, biological 

processes, molecular function, KEGG, Reactome, and keyword annotation. GO analysis identified 20 

and 21 significant enriched gene signatures in IFN-g-stimulated vs. unstimulated MSCs or in IFN-g-

stimulated vs. unstimulated str-WT cells, respectively (Tables 6-7).  

 
Table 6. GO enrichment analysis of MSC ctr and stimulated with IFN-g. Table reports the GO annotation name 
enriched in the comparison. For each GO the score of enrichment and its p-value after correction for multiple 
interactions are reported. 
 

GO Type GO Names 
Enriched 

score ctr 

Enriched score 

IFN 
P value Color 

GOMF oxidoreductase activity, acting on a sulfur group of donors -0.89039 0.333623 2.72E-07 red 

GOMF MHC class II receptor activity -0.81965 0.085516 5.93E-13 red 

GOBP complement activation, classical pathway -0.79435 -0.00401 3.55E-05 red 

Reactome Classical antibody-mediated complement activation -0.74298 0.312482 9.58E-06 red 

Keywords Disulfide bond {ECO:0000256|SAAS:SAAS00033343} -0.74298 0.312482 9.58E-06 red 

Keywords MHC II -0.73664 -0.01621 3.11E-15 red 

Reactome Initial triggering of complement -0.69047 0.108569 3.53E-05 red 

Reactome Translocation of ZAP-70 to Immunological synapse -0.64054 0.042985 1.1E-13 red 

Keywords Disulfide bond {ECO:0000256|SAAS:SAAS00437961} -0.61058 -0.10562 1.06E-05 red 

Reactome Phosphorylation of CD3 and TCR zeta chains -0.601 -0.02606 2.76E-12 red 

Keywords Disulfide bond {ECO:0000256|SAAS:SAAS00465899} -0.55164 0.001215 3E-13 red 

GOBP interferon-gamma-mediated signaling pathway -0.54763 -0.01744 9.92E-08 red 

Reactome PD-1 signaling -0.50895 0.016175 1.79E-11 red 

GOCC transport vesicle membrane -0.48882 0.056013 6.37E-14 red 

GOBP type I interferon signaling pathway -0.40974 0.320728 1.21E-07 red 

Keywords Disulfide bond {ECO:0000256|SAAS:SAAS00447792} -0.35375 0.142613 1.01E-05 red 

GOMF TAP2 binding -0.09553 0.661791 8.78E-05 red 

GOMF TAP1 binding 0.001448 0.698798 2.53E-05 red 

GOMF 
extracellular matrix structural constituent conferring compression 

resistance 
0.311611 -0.18794 9.34E-05 blue 

GOMF stearoyl-CoA 9-desaturase activity 0.505792 -0.46003 5.48E-05 blue 
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Table 7. GO enrichment analysis of str-WT cells ctr and stimulated with IFN-g. Table reports the GO annotation 
name enriched in the comparison. For each GO the score of enrichment and its p-value after correction for 
multiple interactions are reported. 
 

Finally, the GO enrichment analysis was visualized using a scatter plot (Figure 31A-B). In the plot, 

the points located on the straight line passing through the coordinates (1x,1y) and (-1x,-1y) are the 

equally enriched signatures, while the distance from this line is proportional to the increase of 

signature enrichment. In particular, the points above (red) or under (blue) the straight line represent 

the GO annotations/pathways highly enriched in IFN-g-stimulated vs. unstimulated MSCs or in IFN-

g-stimulated vs. unstimulated str-WT cells, respectively.  

Type Names ctr IFN P value Color 

Keywords MHC II -0.80802 -0.31522 6.45E-12 red 

GOMF MHC class II protein binding, via antigen binding groove -0.76948 0.085433 1.2E-05 red 

GOCC NOS2-CD74 complex -0.76948 0.085433 1.2E-05 red 

GOCC MHC class II protein complex -0.76343 -0.30609 4.44E-16 red 

GOMF MHC class II receptor activity -0.76182 -0.15076 1.98E-09 red 

Reactome Translocation of ZAP-70 to Immunological synapse -0.72529 -0.22675 9.96E-12 red 

GOBP cellular response to interleukin-1 -0.68115 0.226904 3.75E-06 red 

GOMF oxidoreductase activity, acting on a sulfur group of donors -0.65682 0.2138 9.25E-06 red 

Reactome Phosphorylation of CD3 and TCR zeta chains -0.65658 -0.24913 3.53E-10 red 

GOBP interferon-gamma-mediated signaling pathway -0.63876 -0.19346 2.5E-08 red 

GOMF CD4 receptor binding -0.63236 -0.19931 3.65E-06 red 

Reactome TRAF3 deficiency - HSE -0.61729 0.088763 0.000307 red 

Reactome PD-1 signaling -0.5886 -0.17628 4.06E-11 red 

GOBP type I interferon signaling pathway -0.56331 0.089346 7.16E-09 red 

GOCC transport vesicle membrane -0.55288 -0.14367 2.11E-12 red 

GOCC cis-Golgi network membrane -0.41665 0.198745 0.000129 red 

GOCC macrophage migration inhibitory factor receptor complex -0.23061 0.342795 0.000368 red 

GOMF TAP2 binding -0.08993 0.555298 5.38E-05 red 

GOMF TAP1 binding 0.001448 0.626521 5.31E-06 red 

Reactome Tryptophan catabolism 0.077155 0.646762 2.88E-06 red 

GOCC collagen type V trimer 0.097769 -0.39224 0.000413 blue 
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Figure 31. Gene Ontology annotation enrichment analysis. Plots show the enriched signatures in MSCs and str-WT 
cells following stimulation with IFN-g. In the graph, points located above or under the straight line passing through 
the coordinates (1x,1y) and (-1x,-1y) are positively enriched in cells stimulated with IFN-g or unstimulated, 
respectively. Red and blue circles represent the signatures enriched above 95% of CI in IFN-g-stimulated and 
unstimulated cells, respectively (see details in Tables 6-7).  
 

4.11. Proteomic profiling of exosomes and microvesicles derived from str-WT cells and MSCs 

The protein composition of microvesicles (MV) and exosomes (Exo) derived from str-WT cells and 

MSCs was determined by MS analysis. We identified 2167 proteins in total, 624 of which (28.7%) 

were present in all four sample types. Besides, only 69 (3.2%), 48 (2.2%), 56 (2.6%) and 298 (13.7%) 

were exclusively found in Exo MSC, Exo str-WT, MV MSC, MV str-WT samples, respectively (Figure 

32). 

Figure 32. Venn diagram showing all proteins identified in exosomes (Exo) and microvesicles (MV) isolated from 
cell culture SN of MSCs and str-WT cells. Numbers represent the distinct proteins in the overlapping and non-
overlapping areas. 
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Next, we applied the T-test to identify the proteins that best distinguish the type of cells from which 

MV or Exo were derived. This analysis revealed a total of 98 discriminatory proteins, 39 that 

distinguished between MSC and str-WT MV, and 61 that distinguished between MSC and str-WT 

Exo (Figure 33).  

Figure 33. Volcano plot showing the univariate statistical analysis of exosome (A) and microvesicle (B) fractions 
from MSCs and str-WT cells. The plot is based on the fold change (log2) and p-value (–log10) of all proteins identified 
in all samples. Blue and red circles indicate proteins with statistically significant differences in abundance between 
the two cell types. 
 

Figure 34. Two-dimensional scatter plot representing the partial least squares discriminant analysis of exosomes 
(Exo) and microvesicles (MV) from MSCs and str-WT cells. The ellipsis indicates 95% confidence interval. A total of 
81 proteins allowed to clearly discriminate the four conditions. 
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Then, SVM learning and PLS-DA were used to highlight the proteins that maximize the discrimination 

between different sample types, revealing a core panel of 81 proteins that allowed to distinguish 

the four conditions with an accuracy of 100% (Figure 34). In particular, 34 and 49 proteins were 

highly discriminatory in MV or Exo fractions, respectively. 

The high diversity of protein profile expression between Exo and MV from MSCs and str-WT cells 

could imply a different biochemical role of these proteins.  To assess this issue, we performed Gene 

Ontology (GO) enrichment analysis. This analysis identified 12 and 9 significantly enriched gene 

signatures in MSCs and str-WT MV or MSCs and str-WT Exo respectively (Tables 8-9).  

Black color refers to MV proteins equally enriched in both cell types 

 
Table 8. GO enrichment analysis of microvesicles (MV) derived from MSCs and str-WT cells. Table reports the GO 
annotation name enriched in the comparison. For each GO the score of enrichment and its p-value after correction 
for multiple interactions are reported.  
 

Type Names 

         MSC  

          MV  

    Str-WT 

       MV              P value 

               

Color 

GOBP RNA export from nucleus -0.70298 0.066498 2.01E-05 Red 

GOBP mRNA splicing, via spliceosome -0.4587 -0.01877 6.05E-07 Red 

GOCC  spliceosomal complex -0.41679 0.110683 0.000465 Red 

KEGG pathway  Spliceosome -0.41013 0.061853 1.79E-05 Red 

Keywords RNA-binding -0.57697 -0.10907 2.27E-06 Red 

Keywords Transit peptide -0.45172 -0.17982 4.8E-07 Red 

Keywords mRNA splicing -0.44472 -0.03219 1.7E-06 Red 

Keywords mRNA processing -0.44176 -0.03909 9.58E-07 Red 

Reactome mRNA 3'-end processing -0.79433 -0.02082 0.000148 Red 

Reactome Transport of Mature mRNA  -0.79433 -0.02082 0.000148 Red 

Reactome mRNA Splicing - Major Pathway -0.49633 -0.06538 1.77E-06 Red 

Reactome Processing of Capped Intron-Containing Pre-mRNA -0.48646 0.009097 0.000243 Red 

Vesiclepedia Microvesicle 0.341367 0.352221 4.74E-05 Black 
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Black color refers to Exo proteins equally enriched in both cell types 
 

Table 9. GO enrichment analysis of exosomes (Exo) derived from MSCs and str-WT cells. Table reports the GO 
annotation name enriched in the comparison. For each GO the score of enrichment and its p-value after correction 
for multiple interactions are reported. 
 

These signatures are visualized using a scatter plot (Figure 35 A-B). In the plot, the points located on 

the straight line passing through the coordinates (1x,1y) and (-1x,-1y) are the equally enriched 

signatures, while the distance from this line is proportional to the increase of signature enrichment. 

In particular, the points above (red) or under (blue) the straight line are the GO 

annotations/pathways highly enriched in the comparison of MSC vs str-WT MV or Exo, respectively. 

 
Figure 35. Gene Ontology annotation enrichment analysis. Plots show the enriched signatures in microvesicles 
(MV) and exosomes (Exo) isolated from MSCs and str-WT cells. In the graph, black points located on the straight 
line passing through the coordinates (1x,1y) and (-1x,-1y)  are the equally enriched signatures, while those above 
or under this line are positively enriched in MSCs or str-WT cells, respectively. Red and blue circles represent the 
signatures enriched above 95% of CI in MSCs and str-WT cells, respectively (see details in Tables 8-9). 

Type Names 

        MSC  

         Exo 

   Str-WT       

     Exo P value 

           Color 

GOBP complement activation 0.664759 0.242505 5.18E-07 Blue 

GOBP regulation of complement activation 0.686879 0.287234 6.66E-09 Blue 

GOCC  platelet alpha granule lumen 0.490921 0.184522 7.23E-05 Blue 

GOMF  antigen binding 0.588809 0.074481 2.99E-05 Blue 

KEGG pathway  Complement and coagulation cascades 0.548116 0.232501 2.6E-06 Blue 

Reactome complement activation 0.707832 0.278154 6.09E-05 Blue 

Reactome  Initial triggering of complement 0.657601 0.157184 7.9E-06 Blue 

Reactome Regulation of Complement cascade 0.663559 0.28471 2.26E-08 Blue 

Exocarta Exosome 0.094353 0.095353 0.012183  Black 



Immune response against Wilms Tumor: characterization of cellular and molecular interactions and identification of novel therapeutic targets 
 

 63 

5. DISCUSSION  

In this study, we provide novel information on the crosstalk between str-WT cells and NK cells, 

through the investigation of surface markers expressed by tumor cells and the analysis of NK cell 

receptors involved in tumor cell-NK cell interactions. Our results indicate that str-WT cells display a 

relevant immunosuppressive potential, that may play an important role both in shaping the tumor 

microenvironment and in the outcome of therapeutic interventions. In this regard, the stromal 

component of the tumor could represent one of the major factors responsible for the establishment 

of an immunoregulatory microenvironment that may influence the whole susceptibility of tumor 

cells to immune response.   

We could expand in vitro WT cells of stromal type using an MSC-specific medium that promoted the 

preferential proliferation of str-WT cells. As previously reported [29], these tumor cells exhibit the 

surface and intracellular phenotype typical of the mesenchymal lineage (see Figures 7-8). 

Our phenotypic analysis of str-WT cells demonstrated that these cells expressed different ligands 

for both activating and inhibitory receptors able to regulate NK cell effector functions (see Figures 

9-13 and Tables 2-3). Specifically, tumor cells expressed NKG2D ligands, with a major expression of 

MICA and ULBP2, and of DNAM-1 ligands, namely PVR and Nectin-2. Moreover, the availability in 

our laboratory of the soluble forms of NCRs (NKp46, NKp30, and NKp44), allowed to indirectly assess 

the presence of NCR-specific ligands on the surface of str-WT cells, indicating a variable and 

heterogeneous expression of these molecules on tumor cells. Str-WT cells also expressed HLA-class 

I molecules and ligands for some immune checkpoint inhibitory receptors, such as PD-L1, PD-L2, and 

B7-H3 (see Figures 22-23). 

In view of the finding that str-WT cells express several ligands involved in the interaction with NK 

cells and in the regulation of their effector functions, it was interesting to assess whether NK 

lymphocytes could be activated by tumor cell recognition and trigger their cytotoxic function. 

Indeed, we observed that short-term IL-2-activated NK cells could efficiently degranulate and 

produce IFN-γ and TNF-α following interaction with str-WT cells, demonstrating that activating 

receptor-ligand interactions prevailed on inhibitory signals. While mAb-mediated masking of HLA-

class I molecules did not increase NK cell degranulation toward str-WT cells, it was effective in the 

case of the three long-term cultured WT cell lines (see Figure 14 and Table 4); this could be explained 

with the simultaneous expression, in the latter cell lines, of high levels of HLA-class I molecules and 

low levels of ligands for DNAM-1 and NKG2D activating NK receptors (see Tables 2-3); as a 

consequence, the abrogation of the major inhibitory signals allowed to unlock the activating 
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pathways triggered by NK cell activating receptor engagement. On the other hand, it is conceivable 

that, in str-WT cells, the efficient triggering of activating receptors could prevail on the inhibitory 

HLA-class I-mediated inhibitory signals and consequently lead to a high percentage of degranulating 

NK cells. The finding that activated NK cells can degranulate upon interaction with str-WT cells 

highlights the important role played by these effectors in the immune response against the tumor. 

Interestingly, it has been recently demonstrated that WT tissues contain a high percentage of NK 

cells [83], suggesting that NK cells can be recruited toward WT sites and mediate anti-tumor 

response.  

In line with the similarity between str-WT cells and MSCs, in this study we demonstrated that str-

WT cells display immunosuppressive properties; indeed, all tumor populations tested, although with 

some variability, exerted an MSC-like immunomodulatory activity on NK cells (see Figure 15). The 

degree of inhibition was dependent on the NK-to-str-WT cell ratio and on the direct contact 

between the two cell types, impairing not only NK cell proliferation but also the up-regulation of 

activating receptors induced in NK cells by IL-2 stimulation (see Figure 16). Thus, str-WT cells can 

strongly impact the cytokine-induced activation of NK cells. 

As extensively demonstrated in several reports, the mechanisms underlying the immunosuppressive 

effects displayed by MSCs depend on an inflammatory microenvironment [40], [111], [112].  Based 

on these findings, we investigated whether similar mechanisms could be involved in the inhibitory 

activity exerted by str-WT cells. In this context, the interaction between WT cells and NK cells could 

promote the release by NK cells of inflammatory mediators, which in turn activate in tumor cells the 

release of inhibitory factors, such as PGE2, a soluble factor produced through the activity of the 

constitutive COX-1 and inducible COX-2 enzymes [81], [82]. Notably, different tumor tissues, 

including WT, have been shown to express COX-2, and COX-2 has been reported as a marker of an 

inflammatory microenvironment [82]. Our results showed that, except for gW6 str-WT cells, COX-2 

expression could be induced in str-WT cells upon stimulation by IL-1β and TNF-α, indicating COX-2 

as one of the most important mediators of the str-WT cell-induced inhibitory effect on NK cells. In 

keeping with these results, we were able to observe a significant increase of PGE2 levels in culture 

SN derived from WT cells stimulated with IL-1β and TNF-α or co-cultured with NK cells, while SN of 

unstimulated tumor cells generally displayed low PGE2 levels (see Figure 18). In this regard it has to 

be considered that PGE2 production in str-WT cells may be partially attributed to COX-1 activity, 

especially in basal conditions. 
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We also analyzed the role of IDO enzyme in the inhibition of NK cell activation [111], [147], 

demonstrating that its expression was significantly induced upon stimulation with IFN-γ in all str-

WT cell populations, it was low in basal conditions (see Figure19). The involvement of PGE2 and IDO 

in the inhibition of NK cell proliferation was further demonstrated in co-culture experiments in 

which the use of COX-2 and IDO inhibitors was able to restore NK cell proliferation. These results 

are in accordance with what was previously reported for MSCs [111], in which IDO enzyme plays a 

major role in the MSC-mediated inhibition of NK cell proliferation, while PGE2 exerts only a 

synergistic effect. In particular, the contact between NK lymphocytes and tumor cells results in the 

release of NK cell-derived cytokines that in turn induce COX-2 and IDO expression in tumor cells. 

Notably, these factors are involved in the inhibition not only of NK cells but also of other immune 

effectors, such as T cells and macrophages, detected in WT microenvironment, mostly confined in 

the stromal component of the tumor [82]. Collectively, these data indicate that str-WT cells mediate 

their immunosuppressive activity through the production of molecules that are induced by an 

inflammatory microenvironment. Thus, therapeutic approaches interfering with COX-2 and IDO 

activity could represent a useful and novel strategy to unlock the immune response against WT. 

It is well known that the use of immune checkpoint inhibitors is considered a promising 

immunotherapeutic approach. The blockade of the PD-1/PD-L1 and -L2 interactions is presently 

applied in different tumors, and other molecules, such as B7-H3 and CD47, are now being 

considered as novel molecular targets. In our study, we showed that str- WT cell populations express 

different inhibitory ligands, including PD-L1, PD-L2, B7-H3, and CD47, whose expression can be up-

regulated by IFN-γ and TNF-α + IL-1β inflammatory stimuli; on the other hand, the 

immunomodulatory cytokine TGF-β affects only the expression of PD-L2. Regarding the activating 

receptors, we observed a predominant expression of the NKG2D ligands MICA and ULBP2, while 

other activating ligands were heterogeneously expressed, depending on the specimens analyzed. 

Interestingly, also in this case, the inflammatory stimuli were able to modulate ULBP2, and the 

immunomodulator TGF-β induced a significant up-regulation of MICA, ULBP1 and ULBP2, suggesting 

a role in the triggering of the immune response. 

The shedding of membrane-bound ligands, mediated by the activity of proteases, generally 

increasingly expressed in the tumor site, is quite common in tumors, and represents a possible 

mechanism through which tumor cells can avoid NK cell-mediated response [63], [70], [153], [165]. 

In this regard, we evaluated the presence of different soluble ligands in culture SN of str-WT cells, 

and their possible induction upon cytokine stimulation. Our results revealed the absence of PDGF-
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DD and sMICA in tumor-derived culture SN, while high levels of sB7-H3 and sULBP2 were detected 

in all samples analyzed. Moreover, sULBP2 was down-regulated by IFN-γ and up-regulated by TGF-

β and IL-1β + TNF-α (see Figure 23). These data suggest a role for these soluble molecules in the 

modulation of NK cell-mediated effector functions.  

Regarding NKp44 soluble ligands, we focused on PDGF-DD and Nidogen-1 (NID1) [141], [144]. We 

could not detect any PDGF-DD in SN of str-WT cells. On the other hand, high levels of NID-1 were 

detected in all WT culture SN, while NID1 membrane expression was very low and heterogenous 

among the samples. The possible role of NID1 in the interaction between str-WT cells and NK cells 

in still under investigation. Our preliminary results suggest that sNID1 detected in culture SN is not 

sufficient to inhibit NKp44-mediated activation (see Figures 24-26).  

In order to obtain more information on the mechanisms responsible for the immunomodulatory 

properties of str-WT cells, we performed two different kinds of proteomic experiments. First, we 

investigated how tumor cells (and MSCs as comparison) were altered by stimulation with IFN-g, a 

cytokine that can be released in the inflammatory tumor microenvironment by NK cells and possibly 

other cells. Even if data analysis is still ongoing, we observed deep changes in the proteomic profile 

of str-WT cells, only partially overlapping with that of cytokine-treated MSCs (see Figures 27-31).  In 

view of the well-established role of extracellular vesicles in cell-to-cell communication and of their 

immunosuppressive properties, we also characterized and compared the protein content of 

exosomal and microvescicle fractions obtained from str-WT cells and MSCs (see Figures 32-35). 

Collectively, the in-depth analysis of data from both experiments, will provide useful information 

about biological processes and signaling pathways associated to modulated or differentially 

expressed proteins. 

Further information on the crosstalk between WT cells and innate immune cells was recently 

provided in a study by Fiore et al., in which primary blastemal and epithelial WT cultures were 

analyzed for their phenotypic and functional features. These cells were both susceptible to NK cell-

mediated killing and exerted immunosuppressive properties on NK cells, but, while blastemal cells 

displayed higher aggressiveness and self-renewal ability, epithelial-like cells were endowed with a 

great immunoregulatory potential on NK cells, suggesting a role for WT cells in the modulation of 

NK cell-mediated antitumor activity, both directly and indirectly by inducing M2 polarized-

macrophages [167]. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES  

A deep knowledge about the crosstalk between malignant cells and immune cells is mandatory for 

the comprehension of the mechanisms taking place in the tumor microenvironment, which can 

contribute to the growth and spread of cancer cells. Therapeutic advances in cancer immunotherapy 

reflect the importance of knowing the cellular and molecular mechanisms involved in the interaction 

between the human immune system and cancer, to achieve durable responses and survival for 

patients with terminal as well as earlier-stage cancer. Therefore, additional therapeutic strategies 

for WT are needed, in view of the fact that some patients do not respond to conventional 

treatments, undergo tumor relapse, or experience early or late treatment-related adverse events. 

In this study, for the first time, we described the interaction between str-WT cells and NK cells, the 

molecules involved and their modulation in the presence of pro-inflammatory or immunoregulatory 

stimuli, and the events taking place during the str-WT-NK cells crosstalk. Immune checkpoint 

inhibitors have revolutionized the treatment of some tumor types in adults, such as lung cancer and 

melanoma, but are less used in pediatric patients [168]. This apparent paradox may be explained by 

the low expression of immune checkpoints in pediatric cancers if compared to adult malignancies 

[168]. Considering that the knowledge about WT immune engagement is limited, these data may 

broaden horizons to the design of new therapeutic protocols. Moreover, data described in this study 

may be a useful hint to the investigation of other pediatric malignancies, sharing with WT and MSCs 

cells similar morphological, phenotypic, and biological features. 

The aim of our future investigation will be a deeper understanding of this issue and the search for 

novel WT markers by different approaches: the analysis and validation of proteomic data on IFN-g-

stimulated WT cells and on WT-derived extracellular vesicles; the complete characterization of 

soluble ligands for NK cell receptors released by WT cells; the investigation of the inhibitory 

checkpoints possibly involved in tumor-NK cell interactions. 

Collectively, our results and ongoing studies may contribute to the design of new therapeutic 

options for the successful treatment of WT. 
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NOTES 

Most of the results described in this thesis were recently published in Oncoimmunology: “Stromal-

like Wilms tumor cells induce human Natural Killer cell degranulation and display 

immunomodulatory properties towards NK cells” (2021),  Cantoni C., Serra M., Parisi E., Azzarone 

B., Sementa A. R., Nasto L. A., Moretta L., Candiano G., Bottino C., Ghiggeri G. M., & Spaggiari G. M. 

10(1), 1879530. https://doi.org/10.1080/2162402X.2021.1879530.  

A second manuscript, mainly dealing with WT extracellular vesicles and proteomic experiments, is 

in preparation. 
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