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ABSTRACT

Neural stem cell research holds great promise for regenerative medicine, tissue engineering, drug screening, and especially brain tumour therapies. Efficient strategies for brain glioblastoma therapies were established by the construction of vectors targeting oncoproteins or growth factors (i.e. IGF-I, AFP) present during the development of the embryonic and fetal nervous system tissues originating from neural stem cells. The neoplastic stem cells, PCC3 and PCC4, derived from mouse teratocarcinoma – tumor mimicking the structures of developing central nervous system - were transfected in vitro with the anti - gene IGF-I vectors (antisense and triple helix approaches). This strategy has completely stopped the synthesis of the IGF-I and converted the stem cells into immunogenic cells expressing MHC-I and B7, and inducing in vivo anti-tumour effect. The strategy of Anti IGF-I vaccines was applied with success for therapy of glioblastoma. The anti IGF-I strategy was recently combined with use of nanotechnology. Nanotechnology has played an important role in the advancement of stem cell and neuronal/glial cell investigations. The application of nanotechnology in stem cell research is based on the use of nanoparticles, NP, for targeted drug delivery. NP can also be used as delivery vehicles for therapeutics, especially targeted gene therapy. As an example, the NP (β-Cyclodextrin functionalized β-lactoglobulin or theranostic iron oxide) conjugated to IGF-I targeting related signal transduction pathway have created an anti-tumour effect leading to cancer cell apoptosis.  Other studies have demonstrated that NP loaded with a chemotherapy drug and injected into mice with brain tumors, selectively targeted and killed cancer stem cells while sparing normal cells. 
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1. INTRODUCTION

Stem cell research holds great promise for regenerative medicine, tissue engineering, drug screening and clinical therapies. Stem cells are related to the phenomenon of neurogenesis [1,2].  Neurogenesis takes place when neural stem cells (NSC) generate new multipotent cells. In neurogenesis immature NSC exist in the central nervous system, CNS, in hippocampus and ventricles; they undergo differentiation and settle in the brain site where they activate a process of synaptogenesis [3,4].  The NSC generate new functional neurons and glia [5]. This process begins during foetal development and persists in adult life [5,6]. Neurogenesis is affected by different physiologic aspects associated with increased production of brain-derived neurotrophic factor (BDNF) and expression of genes necessary for proliferation and differentiation of NSC [7]. Development of NSC is mediated by insulin-like growth factor 1 and its receptor (IGF-1R); considering that is the convergence between an embryonic and tumor development, the IGF-I and its receptor was proposed as a target to treat the progression of the glioblastoma tumor [8,9]. The objective of this review is to describe the NSC in adults, as well as a relationship between IGF-I, IGF-1R and NSC implied during postnatal life development. Moreover, the use of IGF-I as a target brain tumour glioblastoma immuno-gene therapy modified by use of nanotechnology will be also considered. Nanotechnology provides a way to achieve precise control over stem cell differentiating into neuroglial cells behavior by manipulating their microenvironment at the nanoscale [10,11] Considering glioblastoma - the most common primary brain tumour in adults, with a prognosis for  survivals below 1 year, the solution for an efficient therapy constitutes the permanent challenge [9].  

2.     NEURAL STEM CELLS
In the 1980-90s, the advances in electron microscopy and molecular biology have demonstrated the existence of totipotent stem cells (NSC), their multiplication in CNS during differentiation process and moreover the relation existing between their differentiation process and the growth factors responsible for neuronal maturation, self-regeneration, synaptogenesis, and cerebral plasticity [12]. The stem cells giving rise to synaptogenesis are involved also in their role played in the processus of learning and memory [13].
The stem cells of adult CNS can produce new neurons and cells of the glia: the embryogenic stem cells, isolated in human embryos of only 100 cells, can generate any type of cells of the body These stem cells can be cultured, multiplied and then transplanted into the Central Nervous System of an adult animal. They survive successfully in the hippocampus and olfactory bulbs and differentiate into mature neurons [2,5,14].  

As far as history of nervous system description is considered, Santiago Ramon y Cajal described first the central nervous system (CNS) and neurons in details. In 1965 Altman evidenced that in adult rat’s hippocampus exist neurogenesis in the granule cells zone (SGZ) of the dentate gyrus [15], and also in the ventricular subventricular zone (V-SVZ) of the lateral ventricles [15-17]. As to the role of the dentate gyrus (DG) composed by different layers, one of them is the sub granulate zone (SBZ) where the NSC are concentrated. Different factors influence neurogenesis, that leads NSCs present in the DG and SBZ to astrogliosis, neurogliosis and vascular remodelling [14,18]. 

In 1978/79 Trojan and Uriel using a marker of alpha-fetoprotein (AFP) and a model of rat brain, the detailed CNS development was described for the first time coming from embryonic neurogenesis up to differentiated neuron and glial cells; AFP was absent from either undifferentiated or fully differentiated cells [19]. The localization of AFP and its mRNAs was investigated in parallel in the teratocarcinomas presenting similar structures (reproducing the structures of brain development). AFP-mRNA was observed only in differentiating structures. The analysed structures of neuro/glial neoplastic development in teratocarcinoma, from stem cells to glial differentiation, portrayed a glioma-like tumour. Studies using mammalian CNS models and teratocarcinoma models have shown the presence of AFP in both glial and neuronal cells [20,21]. On the contrary using another biomarker, the neoplastic growth factor, Insulin-like growth factor I, IGF-I [22] the presence of IGF-I was demonstrated only in glial cells being absent in neuroblastic cells [23]. IGF-I is considered as the most important growth factor of normal and neoplastic development, including CNS [24].  IGF-I is a polypeptide of 70-amino-acid playing a role in normal NSCs by inducing differentiation, proliferation or survival of neurons in SVZ and DG [25,26] . 


There are different mechanisms explaining neurogenesis and human cognitive functions preventing the death of new neurons or their relation with angiogenesis [27].  Among different factors affecting neurogenesis the immunologic factors play an important role in development of NSC and neurogenesis during adult life, especially cytokines like interleukin-1 (IL-1) [28], tumour necrosis factor alpha (TNF-α) [29] or interleukin-6(IL-6) [30].  Related to immune mechanism IGF-I activates genes like RIT-1 to produce Ras-related GTPase and increase proliferation of hippocampal NSCs [31]. Besides that, it helps a maturation process of transformation NSCs into neurons, which are integrated in dendritic trees [32]. 

The totipotent stem cells are conducting to auto-regeneration of CNS [33-36]. Stem cells are periodically divided into 2 main areas: the ventricles which contain the spinal brain fluid (CSF) and the hippocampus. In the adult brain, newborn neurons have been found in the hippocampus and in the olfactory bulb [2,37]. Then the differentiating neurons are principally involved in the following physiologic processes: The BDNF keeps neurons alive; the ciliary neurotropic factor (CNTF) protects neurons from death; neurotropin-3 (NT-3) promotes the formation of oligodendrocytes; EGF, an inducer of the division of brain stem cells, and FGF, in low doses keep alive several types of cells; IGF-I stimulates the birth of neurons and glia cells [2,5,14,26,27,37].

3.  STEM CELLS, CANCEROGENESIS AND THERAPEUTIC



The comparison of two models, developing rat CNS and murine teratocarcinoma reproducing the CNS development (both models coming from embryonic stem cells up to fetal neuroglial cells) showed that there is a convergence between embryonic / fetal development and neoplastic development [19,20,38,39]. The results were obtained using AFP marker. The AFP was present not only in glial but also in neuronal cells of differentiation, which has limited its usefulness for differentiational diagnosis and therapy of glial and neuronal derivatived tumors. A new oncoprotein IGF-I, presented only in glial cells of normal or neoplastic development but absent in neuronal cells, was considered for therapeutic purpose [22,23,40].  Logically, to stop the neoplastic development, the arrest of the synthesis of IGF-I in cancer cells of glioblastoma, in the "source" at the level of transcription or translation was considered, using the technologies of antisense created by group F. Jacob and Weintraub [41,42] or triple helix created by groups of P. Dervan and of C. Helene [43,44]. 

The translation level of IGF-I was targeted in PCC4 stem cells of teratocarcinoma and in C6 rat glioma malignant cells by antisense approach using a vector expressing antisense IGF-I RNA [23]. This strategy has given historically the birth of a new oncology domain - cancer gene therapy (immuno-gene therapy) [45]. This technology, as well using antisense as triple helix approaches, has yielded positive results in vitro, stopping the synthesis of IGF-I in both cell cultures, and in vivo, inducing an antitumor immune response mediated by TCD8 + cells, and then stopping the neoplastic development of the tumors [21,46-48] (Figures 1 – 5).

The proposed mechanism of anti – gene (antisense or triple helix) therapy concerns the growth factors and their receptors (IGF-I, TGF-beta, EGF, IGF-I-R, EGF-R) – a combination of an increased anti-tumor immune response (CD8 +), and an inhibition of the transduction pathway of the PI3K / AKT / GWK3 / GS signal that is involved in the transformed phenotype of glioma and teratocarcinoma [40,49,50]. New or proposed therapies of glioblastoma are based either on immune treatment or on immuno-gene strategies, including inhibitors, and the anti – gene strategy The last approach, anti IGF-I combined with phytochemical and nanotechnology has now been introduced into clinical trials (the median survival of patients has reached 2 years, and in some cases 3 or 4 years) [9,51,52]. Other AS approaches targeting TGF-beta or VEGF, their receptors and their downstream transduction signalling elements appear to offer hope for a promising solution [53,54]. 
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Figure 1.  Teratocarcinoma structures resulted of injection into 129 mice of stem cells – PCC3 embryonal carcinoma cells.  (left) Neuroepithelial rosette surrounded by neuroepithelial cells, HE, x250; (middle) Higher magnification of the same poorly differentiated neuroepithelial rosette, x400. (right) More advanced step of neuroepithelial differentiation showing a cyst of nervous origin ‘’pathological neural tube’’. The wall of the cyst as well its neighborhood is constituted by the same type of neuroepithelial cells. Neuroepithelila cells surrounding the cyst present a character of neurospongium, HE, x250
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Figure 2. Teratocarcinoma resulted of injection of stem cells, PCC3 cells, showing an intermediate step of cyst differentiation (bottom down) if compared to two structures presented in figure 1. The differentiating neuroependymal tube and groups of cells arranged in clusters (arrow) are labelled with antibodies anti AFP, Immunoperoxidase, x250
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Figure 4. Mechanism of immunogene therapy. After transfection in vitro of stem cells - PCC3 embryonal carcinoma cells, using Antisens IGF-I vector, the cells stop to synthesize IGF-I, and become immunogenic, expressing MHC-I and B7 antigens. One part of cells enter in apoptosis Celulas “antisentido” (anti IGF-I). The injection of these transfected cells into animal induce anti tumor immune response mediated by CD8 lymphocytes]. Abreviaturas: TAP 1,2 (transporter associated with antigen processing antigen); TK (tyrosine kinase); PI3K (phosphatidyinositol 3 kinase); PDK1 (phosphoinositide-dependent kinase 1); AKT (PKB, protein kinase B); Bcl 2 (key molecule of apoptose); GSK3 (glycogene synthetase kinase 3); GS (glycogene synthetase); PKC (protein kinase C). 
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Figure 5.   Tumor regression induced by injection of antisense IGF-I expressing PCC3 transfected stem cells. (left) Teratocarcinoma 4 days following transfected PCC3 cells injection, showing embryonal carcinoma cells (open arrow), neuroblastic cells arranged in pseudorosettes (star), and nervous-system derived cells scattered about blood vessel (broken arrow), HE, x110. (middle) Serial section stained with anti CD8 antibodies, x110. (right) Teratocarcinoma 9 days following transfected cell injection, showing embryonal carcinoma cells and pseudorosettes of neuroblastic cells (star), and disentegrating and necrotic tissue (black circle), HE, x110.   

                                                                                                                                                                                                                                                                                                                                                                                                                                                  


4. NEW HORIZONS: STEM CELLS AND NANOTECHNOLOGY



Nanotechnology has played an important role in the advancement of stem cell and neuronal/glial cell research as follows [10,55-58]:

The unique properties of nanomaterials, including their small size, high surface area, and tunable physicochemical properties, have enabled researchers to manipulate and control cellular behavior with a high degree of precision. Nanotechnology offers unique opportunities to address this challenge by providing precise control of cell behavior through manipulation of the cellular microenvironment. However, traditional methods of controlling the microenvironment lack the precision required for successful and reproducible differentiation. Nanotechnology provides a way to achieve precise control over stem cell behavior by manipulating their microenvironment at the nanoscale. Similarly, neurons and glial cells require specific microenvironments for growth and differentiation and nanotechnology can be used to create scaffolds that support their growth and distinction. In addition to scaffolds, nanoparticles have also been used to deliver therapeutic agents directly to stem cells or the tissues they are intended to regenerate. 

In particular, nanomaterials have been developed to mimic the extracellular matrix (ECM) and provide physical and chemical cues to guide stem cell behavior. Additionally, nanoparticles can act as delivery vehicles for therapeutics or genetic material, enabling targeted gene therapy and drug delivery. Furthermore, one of the major applications of nanotechnology in stem cell research is the development of nanoscale scaffolds that mimic the ECM found in the tissues. Nanotechnology has been used to create scaffolds that support the growth and differentiation of neurons and glial cells, with potential applications in the treatment of neurodegenerative diseases and spinal cord injuries. These scaffolds can be designed to provide physical support, as well as chemical and mechanical cues to guide stem cell differentiation and tissue regeneration. 

Concerning nanomaterials for stem cell research, one example is graphene, a two-dimensional material composed of carbon atoms arranged in a hexagonal lattice. Graphene's unique properties, including its high surface area, mechanical strength, and electrical conductivity, make it an attractive material for creating scaffolds for tissue engineering applications. Researchers have demonstrated that graphene-based scaffolds can support the growth and differentiation of various types of stem cells, including neural stem cells. In one study, it was demonstrated that graphene oxide nanosheets increased the adhesion and proliferation of neural progenitor cells.

Another application of nanotechnology in stem cell research is the use of nanoparticles for targeted drug delivery. Nanomaterials can also be used as delivery vehicles for therapeutics or genetic material, enabling targeted gene therapy and drug delivery. They can be engineered to release drugs or other therapeutic agents in response to specific stimuli, such as changes in pH or temperature. In one study, researchers developed gold nanoparticles functionalized with a protein that targets cancer stem cells. When these nanoparticles were loaded with a chemotherapy drug and injected into mice with brain tumors, they selectively targeted and killed cancer stem cells while sparing normal cells. Overall, the use of nanotechnology in stem cell and neuronal/glial cell research holds great promise for regenerative medicine, tissue engineering, and drug screening. The integration of nanotechnology with stem cell and neuronal/glial cell research has the potential to revolutionize the field of regenerative and therapeutic medicine and neuroscience.
 
The insights gained from studying brain tumoral development coming from cancer stem cells, in relation with tumoral therapies translate into innovative nanotechnology-driven therapies: a) Drug delivery systems: Nanocarriers bypass the blood-brain barrier to deliver targeted therapies, such as chemotherapeutics or RNA-based treatments, to tumour sites [59,60-62]; b) Gene editing: CRISPR-Cas9 systems, delivered via nanoparticles, target oncogenes while offering insights into gene functions critical for brain evolution [63]; c) Immunotherapy: Nanoparticles, NP, present tumor antigens to the immune system, enhancing responses against glioblastoma. The immunotherapy using nanotechnology constitutes currently the promising approach in cancer treatment [52,60-70]; NP related therapy recently approved for GBM treatment is NanoThermTM [11] and is based on iron oxide nanoparticles and the thermal ablation of the tumor with a magnetic field. Ongoing cancer immune and gene therapy studies involve nanotechnology mechanisms related to signal transduction pathways as well as immune response [66,67,71-73]. Future research should focus on refining nanocarriers for personalized and adaptive therapies, particularly immunotherapies [60,66,69,70,74]
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