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    Abstract
Cancer is nowadays one of the main causes of death worldwide. The numbers have shown that one in three people will develop cancer at some point in their lives. Cancer is a major issue for the whole humanity, and therefore a lot of research has been running for the past years in order to understand the mechanisms that underlie tumorigenesis and eventually cancer formation, with the perspective to discover new approaches for effective treatment. Gene therapy strategies that intended to tackle cancer systemically are often impaired by inefficient delivery of the vector to the tumor site. Several studies have shown the possibility of using mesenchymal stem cells (MSCs) as a future therapeutic mechanism against cancer, since they possess important features such as the ability to home to and target cancer cells. The engineering of MSCs to produce and deliver an apoptotic factor, calledtumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been studied excessively. TRAIL is a transmembrane protein that causes selective apoptosis of tumor cells but does not have any harmful effects on the normal neighboring cells. Experiments have shown that this approach has significant results in mouse models and has now proceeded for clinical trials.
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    Introduction


    Cancer remains one of the leading causes of death in the world with more than 10 million cases occurring globally each year.[bookmark: ft1][1],[bookmark: ft2][2],[bookmark: ft3][3] Despite the great improvements in medicine and healthcare, the current treatments have often limited results and are often accompanied by severe side effects, while metastatic cancer remains poorly responsive to conventional therapy.[bookmark: ft2][2] The emerging of mesenchymal stem cells (MSCs) as a tool against several diseases, gives a new perspective for cancer therapy which may also be beneficial against metastatic cancer. The use of MSCs has number of advantages, including their ability to home to damaged tissue sites, their facile isolation from various parts of the body and subsequently expansionin vitro, as well as their ability to be genetically modified with viral and non-viral vectors. They are described as migratory molecules which home to sites of inflammation including tumors and interact with lymphocytes exerting potent immunosuppressive and anti-inflammatory effects.[bookmark: ft4][4] The isolation of MSCs is convenient and accessible from a number of tissues, with the commonest being the bone marrow.[bookmark: ft4][4] As true stem cells, MSCs can self-renew and differentiate into multiple cell lineages of the mesoderm and are hence promising candidates for clinical use either as delivery particles or for regenerative medicine.[bookmark: ft5][5],[bookmark: ft6][6],[bookmark: ft7][7]


    Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a type II transmembrane death ligand that causes apoptosis of target cells through the extrinsic apoptosis pathway. TRAIL belongs in the tumor necrosis factor superfamily, similarly with tumor necrosis factor and Fas ligand.[bookmark: ft2][2],[bookmark: ft8][8] The extracellular region of TRAIL forms a soluble molecule on cleavage and both membrane- bound and soluble TRAIL can interact with the death receptors DR4/TRAIL-R1 and DR5/TRAIL-R2 and result in apoptosis of transformed cells.[bookmark: ft8][8],[bookmark: ft9][9],[bookmark: ft10][10],[bookmark: ft11][11],[bookmark: ft12][12] The capability of TRAIL to be expressed constitutively in many normal tissues without having toxic effects on them is what makes it an attractive and ideal molecule for clinical application, while it also suggests that normal cells have mechanisms which protect them from TRAIL-induced apoptosis.[bookmark: ft8][8],[bookmark: ft9][9],[bookmark: ft13][13],[bookmark: ft14][14],[bookmark: ft15][15] Reports have concluded that TRAIL can specifically kill malignant cells, leaving the normal neighboring cells unaffected,[bookmark: ft9][9] whereas tumor necrosis factor and Fas ligand seem to be toxic towards both malignant and normal tissues.[bookmark: ft2][2],[bookmark: ft16][16],[bookmark: ft17][17] Although the extracellular region of TRAIL is sufficient to induce apoptosis of tumor cells, the homotrimerization is needed in order for TRAIL to retain its activity, be expressed and capable of interaction with the death receptors DR4/TRAIL-R1 and DR5/TRAIL-R2.[bookmark: ft9][9],[bookmark: ft13][13],[bookmark: ft14][14],[bookmark: ft18][18] Several studies have reported anti-tumor activity of TRAIL against a range of different cancers, although the levels of sensitivity of each type towards TRAIL vary.[bookmark: ft9][9] However, its intravenous delivery has presented problems including a short pharmacokinetic half-life.[bookmark: ft2][2],[bookmark: ft13][13],[bookmark: ft14][14] thus requiring frequent and high doses in order to cause an efficient therapeutic effect.[bookmark: ft2][2] Here we review that the use of MSCs as a delivery vector promises to provide a specifically targeted, as well as prolonged delivery of the TRAIL death ligand.[bookmark: ft2][2]


    Mscs: Attractive Candidates for Clinical Applications


    MSCs are multipotent progenitor cells with the potential to self-renew and differentiate into multiple cell types of the mesoderm, including the adipocytes, osteocytes, and chondrocytes.MSCs have also been describeto differentiate beyond those cell lineages, and particularly to cells originating from the ectoderm and endoderm, such as hepatocytes, neurons, and cardiomyocytes.[bookmark: ft4][4],[bookmark: ft19][19],[bookmark: ft20][20],[bookmark: ft21][21],[bookmark: ft22][22],[bookmark: ft23][23],[bookmark: ft24][24] This multipotent nature of MSCs facilitates their use in regenerative medicine and tissue repair.[bookmark: ft4][4] MSCs have been reported to migrate to tumors when injected systemically, although the mechanisms by which MSCs are guided towards specific in vivo targets are poorly understood.[bookmark: ft7][7],[bookmark: ft25][25],[bookmark: ft26][26] They can also be isolated from a number of tissues with commonest being the bone marrow, while they can be expanded and manipulated in vitro with the potential to be re-implanted in the patient's organism. The fact that MSCs are immunoprivileged facilitates the re-implantation, since they can suppress immune system, reintegrate into tissue architecture and give rise to progeny consisting of both stem cells and lineage restricted daughter cell types without the need of prior immunomodulation.[bookmark: ft2][2],[bookmark: ft27][27],[bookmark: ft28][28] MSCs can also be isolated from the adipose tissue, the placenta, the amniotic fluid and the umbilical cord blood.[bookmark: ft4][4],[bookmark: ft18][18],[bookmark: ft29][29],[bookmark: ft30][30],[bookmark: ft31][31],[bookmark: ft32][32],[bookmark: ft33][33],[bookmark: ft34][34] Apart from that, the ability to be genetically modified, gives the choice of using MSCs for overexpression of anti-tumor genes as an approach for cancer therapy.[bookmark: ft4][4]


    The commonest source of MSCs is bone marrow, since MSCs isolated from there have been described to possess the highest degree of lineage plasticity. Particularly, MSCs isolated from this tissue site can differentiate to virtually all cell types following implantation into early blastocysts and are relatively easy to handle in vitro.[bookmark: ft28][28],[bookmark: ft35][35],[bookmark: ft36][36] However, the procedure of isolating MSCs from the bone marrow is invasive, and results in insufficient numbers of MSCs and a limited differentiation potential.[bookmark: ft28][28],[bookmark: ft37][37],[bookmark: ft38][38],[bookmark: ft39][39] This limitation shows that other more practical sources must be used in the clinical setting. The adipose tissue can be used; this isolation site can give abundant numbers of MSCs. In addition to the simple techniques used for the adipose tissue MSCs isolation, this tissue site gives a sufficient expansion potential for MSCs, as well as differentiation capacity and immunophenotype that resembles that of bone-marrow MSCs.[bookmark: ft28][28],[bookmark: ft38][38] Another important source of MSCs is the umbilical cord blood, obtained after removal of the placenta. This rich source of hematopoietic stem cells (HSCs) has also been shown to be rich in MSCs.[bookmark: ft28][28],[bookmark: ft40][40],[bookmark: ft41][41] Compared to bone marrow-derived MSCs, the MSCs that are isolated from the umbilical cord blood have a higher expansion rate, while they also maintain a great differentiation potential without being affected from ageing, whereas bone marrow MSCs lose this ability through time.[bookmark: ft28][28],[bookmark: ft38][38],[bookmark: ft42][42] The high levels of expansion of umbilical cord blood MSCs have been explained to be partly caused by the high telomerase activity.[bookmark: ft28][28],[bookmark: ft43][43]


    In regards to cancer therapy, MSCs seem to bring important features, such as the secretion of soluble factors that induce an immunomodulatory environment. MSCs were shown that can naturally have anti-tumor effects in both in vitro and in vivo studies. Apart from their advantage of being genetically altered with anti-tumor factors, the unmodified MSCs have also the advantage of secreting factors with anti-tumor properties and consequently result in the reduction of proliferation of cancer cells and tumor growth. Studies have shown evidence of the anti-tumor capacity of MSCs in several cancer models, including glioma, melanoma, lung cancer, hepatoma and breast cancer, as well as Kaposi's sarcoma when MSCs were injected intravenously.[bookmark: ft28][28],[bookmark: ft44][44],[bookmark: ft45][45],[bookmark: ft46][46],[bookmark: ft47][47] MSCs also interact with chemokine and receptor interactions, such as stromal cell-derived factor 1 (SDF-1)/C-X-C chemokine receptor type 4 (CXCR4)stem cell factor/c-kit, HGF/c-Met, vascular endothelial growth factor (VEGF)/VEGF receptor, platelet-derived growth factor (PDGF)/PDGF receptor, monocyte chemoattractant protein-1 (MCP-1)/C-C chemokine receptor type 2, and high mobility group box 1/receptor for advanced glycation end-products as well as other cell adhesion molecules, which facilitate their migration towards tumor sites.[bookmark: ft4][4],[bookmark: ft13][13],[bookmark: ft48][48],[bookmark: ft49][49],[bookmark: ft50][50],[bookmark: ft51][51],[bookmark: ft52][52],[bookmark: ft53][53],[bookmark: ft54][54] The role of these cytokine-chemokine receptor pairs is major, since they are required for leukocytes or HSC responses to injury and inflammation and are thought to function similarly in MSCs. This in addition to the fact that the tumor microenvironment resembles that of an unhealed wound, by continuously producing inflammatory signaling molecules, such as cytokines, chemokines, and other chemoattractant molecules make the MSCs ideal for a treatment approach against cancer, since they tend to migrate towards these stimulatory molecules.[bookmark: ft4][4],[bookmark: ft55][55] The SDF-1 and CXCR4 is the most important chemokine receptor pair for stem cell recruitment to tumor sites.[bookmark: ft4][4],[bookmark: ft51][51] The homing of MSCs towards tumor sites also includes the action of hypoxia-induced transcription factor, HIF-1a, which when found in a hypoxic environment such as that of the tumor, it results in the transcription of genes such as VEGF, macrophage migration inhibitor factor, TNF and other cytokines which in turn lead to the expression of chemokines and the migration of MSCs.[bookmark: ft4][4],[bookmark: ft56][56],[bookmark: ft57][57]


    Studies on Cancer Treatment Using Trail


    TRAIL Delivery by an Adenoviral Vector


    The appearance of TRAIL for delivery via MSCs is a new method which has now stepped into the clinical trials after several pre-clinical studies on mouse models.[bookmark: ft28][28] In 2001, the study of Kagawa et al., examined the delivery of TRAIL into malignant cells in vitro and tumors in vivoby a construction of adenoviral vectors. Systemic delivery of TRAIL was shown to induce cancer cell apoptosis without having toxic effects to the rest of the cultured normal fibroblasts or mouse hepatocytes. In contrast, Bax which is an apoptosis regulator, has hazardous effects on normal cells.It was also observed that apoptosis was not only induced in TRAIL-expressing cells, but also in the neighboring GFP- expressing cancer cells which were co-cultured with the TRAIL-expressing ones. In contrast, Bax-expressing cells did not allow the apoptosis of GFP-expressing cancer cells, suggesting that the use of TRAIL as an anticancer agent has bystander effects.[bookmark: ft28][28] The study of Kagawa et al. (2001) showed that the delivery of TRAIL by an adenoviral vector resulted into cell death, bystander effects and suppressed growth in vitro and in vivo without any significant effects on normal cells. The experiment ran with TRAIL delivered via an adenoviral vector without transfer via medium, suggesting that the properties of TRAIL against cancer cells are induced through membrane-bound TRAIL.[bookmark: ft9][9] The significant property of TRAIL being non-toxic to normal cells was also confirmed after the TRAIL gene was shown to not causing any effects in vitro cultured normal human cells and in vivo animal models.[bookmark: ft14][14],[bookmark: ft15][15],[bookmark: ft34][34] The use of TRAIL against cancer can also be applied in cooperation with a chemotherapeutic agent with the potential to result into a more efficient cancer cell death. This suggestion was confirmed in this study where results showed that TRAIL could work synergistically with chemotherapeutic drugs and result into reduction of tumor proliferation and growth, and in some cases tumor ablation.[bookmark: ft9][9],[bookmark: ft13][13],[bookmark: ft14][14],[bookmark: ft58][58],[bookmark: ft59][59]


    Trail-Expressing Mscs Delivered by a Lentiviral Vector


    Despite the very promising conclusions of Kagawa et al. (2001), it has been reported that normal cells could in some cases be susceptible to apoptosis induced by TRAIL and that a treatment combining TRAIL and chemotherapeutic drugs could lead to toxic effects on human cells.[bookmark: ft9][9],[bookmark: ft59][59] To minimize the possibility of normal cells being affected by such a treatment, further studies have focused on the targeting of TRAIL towards cancer cells specifically via stem cell delivery.[bookmark: ft9][9] There has been a number of studies examining the delivery of TRAIL using the MSCs as a delivery vector. The paper of Loebinger et al. in 2009, has proposed that genetically modified MSCs delivered by a lentiviral vector can be proven importantly beneficial against lung cancer and it indeed showed that there's a significant reduction in the number of cancer and metastatic cancer cells in a mouse lung metastatic cancer model. The activation of TRAIL was conditionally activated by the Tet-On system, which allows the turn on and off of TRAIL expression, through addition or withdrawal of doxycycline or other tetracycline derivatives.[bookmark: ft2][2] It was shown that MSCs can be infected at high efficiency using a lentiviral vector and that the delivery of TRAIL causes apoptosis of cancer cells through the extrinsic death pathway. What is more, in vivo mouse models presented significant reduction in metastasis number and complete clearance in 38% of mice compared to the controls, making MSCs a promising therapeutic against cancer.[bookmark: ft2][2] The study of Loebinger et al. (2009) using bone-marrow derived MSCs reported that transduction with TRAIL and the IRES-eGFP reporter gene under the control of a tetracycline promoter using a lentiviral vector induces cancer cell apoptosis in various cancer types, including lung, breast, squamous and cervical cancer. In addition, subcutaneous xenograft experiments confirmed that directly delivered TRAIL-expressing MSCs were able to reduce tumor growth, while in a pulmonary metastasis model delivery of MSCs completely cleared the metastatic disease in 38% of mice compared with 0% of controls.


    A more recent study has also described the delivery of TRAIL-transduced MSCs by a lentiviral vector, as a possible therapy to treat malignant pleural mesothelioma (MPM).[bookmark: ft59][59] MPM is a devastating type of cancer, occurring in the pleural lining.[bookmark: ft59][59] Although rare, it is one of the most lethal types of cancer, related to asbestos exposure, and no effective treatment has been identified so far.[bookmark: ft59][59],[bookmark: ft60][60] MPM shows high resistance to the intrinsic-mediated apoptosis and hence, as most chemotherapeutic drugs act through that particular pathway, they cannot result into efficient cancer cell apoptosis in the MPM cases. Because of this limitation, interest has turned to activation of the extrinsic apoptotic pathway for MPM targeted therapy.[bookmark: ft61][61] The study of Sage et al., in 2014, has focused on the use of TRAIL, which as described earlier binds via the transmembrane death receptors DR4/ TRAIL-R1 and DR5/TRAIL-R2, causing apoptosis via caspase cascade activation. The benefit of inducing cancer cell apoptosis via the extrinsic pathway has been demonstrated in the experiments of Sage et al. (2014), where MSCs were transduced with TRAIL and delivered via a lentiviral vector to the cancer cell lines in vitro as well as cancer sites of mouse models in vivo. MSCs were transduced with TRAIL-IRES- eGFP and the expression of the proteins was controlled via the Tet-On system and specifically via the addition or withdrawal of doxycycline. TRAIL-transduced MSCs or recombinant TRAIL (rTRAIL) were co-cultured in vitro with MPM. 49 hours later a significant increase in apoptosis was observed in cancer cells when co-cultured with transduced MSCs compared to those which were co-cultured with rTRAIL, suggesting that MSCs can target cancer cells more efficiently by homing to tumor sites and expressing TRAIL.[bookmark: ft58][58] The deliveryfor the in vivo experiments was succeeded via intrapleural and intravenous injections, with the results showing that the transduced MSCs caused a significant reduction in the tumor growth when injected intravenously, but not intrapleurally. Immunofluorescent microscopy was used to confirm that the MSCs were signaling within the tumor stroma after they were delivered intrapleurlly and intravenously, while no signal was observed outside the lungs, confirming that MSCs did not migrate to other tissues and that no toxicity was detected. The experiments carried in vivo on mouse models showed a significant reduction in tumor growth and lung weight in the transduced-MSC group of mice compared to the untransduced-MSC and PBS groups. The study of Sage et al. (2014) concludes that even though both delivery routes, the intrapleural and intravenous, lead to MSC migration to the tumor sites, there is a specific advantage in the level of accumulation when the injection is intravenous. Consequently, this massive accumulation of cells after intravenous injection could be the reason why the level of apoptosis was higher in the group of mice where TRAIL-transduced MSCs were delivered via the intravenous route than in the group which were injected intrapleurally. The mechanism by which MSC were suggested to accumulate in tumor sites is suggested to be via adhesion to vascular endothelial cells and cooperation of other factors which facilitate this adhesion.[bookmark: ft59][59],[bookmark: ft62][62],[bookmark: ft63][63] Hence, in intravenous injection, where the cells are directly delivered to endothelial cells, it is more likely that adhesion will occur compared to intrapleural delivery where the cells are delivered to areas that are poorly vascularized and hypoxic, thus leading to MSC death.[bookmark: ft59][59],[bookmark: ft64][64]


    Trail-Expressing Mscs in Addition to a Chemotherapeutic Agent


    A later study of Loebinger et al., in 2010, has focused on the synergistic cooperation of TRAIL and a chemotherapeutic agent against side and non-side populations of squamous and lung cancer cell lines. Side populations (SP) of tumors are described those parts of tumors which contain stemlike populations that show increased potential towards tumorigenesis, as well as resistance to traditional therapies. TRAIL was delivered to tumor cell lines via transduction of MSCs with a lentiviral vector expressing the TRAIL gene. The TRAIL expression was conditionally activated with the Tet-On system, as described earlier, using doxycycline. Under GFP-expression, the delivery and activation of TRAIL via MSCs, was shown to significantly reduce the colony formation.[bookmark: ft34][34] Numbers have concluded in 57.3±10.0% of apoptotic cells when doxycycline was added, whereas when TRAIL was not activated with doxycycline, the number of apoptotic cells reached only the 33.9±2.4%. The SP of tumors is characterized by its resistance to chemotherapeutic drugs and other cancer treatments. The study of Loebinger et al., (2010), tested whether a chemotherapeutic agent, such as mitoxantrone, could result in a significant reduction of cancer cells in SP when combined with TRAIL-expressing MSCs. This method can also be applied with other chemotherapeutic or radiotherapeutic drugs. The study of Sasportas et al., in 2009, has published significant results of CD133-positive glioma cell apoptosis by TRAIL, while other studies have also shown that the application of a TRAIL therapy could result in an increased sensitivity of SP colon cancer cells and oesophageal cancer cells to apoptosis, whereas they are resistant to radiotherapy.[bookmark: ft34][34],[bookmark: ft64][64] Similarly Loebinger et al. (2010), demonstrated that a therapy combining both TRAIL with MSCs and a chemotherapeutic agent can have synergistic effect on cancer cells of both SP and non-SP lines, and consequently lead to apoptosis.


    Clinical Trials


    A number of phase I/II clinical trials have been running to this new approach of delivering TRAIL to tumor cells as a possible treatment against cancer. Specifically, a phase I/II trial with the agonistic TRAIL-R1 antibody, called Mapatumumab, in combination with a chemotherapeutic agent, called cisplatin and radiotherapy showed safe and efficient results in patients with cervical cancer. Other chemotherapeutic drugs were also tested in combination with TRAIL, such as Bevacizumab, which was used for treatment of non-small cell lung cancer. The use of TRAIL was also described as a synergistic tool for T-cells against metastatic renal cancer.[bookmark: ft65][65] The potential delivery of TRAIL-transduced MSCs via a lentiviral vector was also proceeded into phase I/II clinical trials with promising results for the treatment of malignant pleural mesothelioma and eventually other types of cancer.[bookmark: ft59][59] As described previously, TRAIL has the advantage of targeting only the tumor cells for apoptosis, leaving the neighboring normal cells unaffected. This property of TRAIL facilitates its use in clinical trials, since it is non-toxic to the patients, in contrast with chemotherapeutic and radiotherapeutic agents which damage the normal tissue. As a result, the application of TRAIL in phase I/II clinical trials is approved and promises a possible treatment for cancer.


    Conclusions


    The appearance of MSCs in the clinical field holds a promising future for therapies towards a number of diseases, including cancers. Not only MSCs have proven to exhibit anti-apoptotic properties themselves, but they can also be targeted as delivery vehicles to target tumor sites. MSCs have been engineered to express, pro-apoptotic, anti-angiogenic agents to induce apoptosis in cancer cell lines. This type of stem cells are characterized by their facile isolation from a number of tissue sites, as well as their property of suppressing the immune system, avoiding the need of prior immunomodulation make them ideal candidates for a cell therapy against cancer. As true stem cells, they can also self-renew and differentiate to a number of cell types, thus avoiding the need of repeated injections for a continuous expression of the therapeutic agent, while they can also manipulated in vitro facilitating pre-clinical research.[bookmark: ft27][27],[bookmark: ft28][28],[bookmark: ft66][66] On the other hand, TRAIL, a pro-apoptotic protein, also member of the TNF ligand family, binds to its death domain and specifically on DR4/TRAIL-R1 and DR5/TRAIL-R2receptors,resulting in caspase-mediated apoptosis in cancer cells while remaining non-toxic most other cell types.[bookmark: ft28][28],[bookmark: ft67][67],[bookmark: ft68][68] Together with the data referred above, the studies focusing on a TRAIL-expressing MSCs cancer therapy suggest that this protein can show significant results as a potent anticancer agent without causing harm to normal cells.[bookmark: ft9][9] The transfer and expression of TRAIL via viral vectors have been shown to induce cancer cell apoptosis. However, some data have demonstrated a minimum toxicity on normal tissues as well, describing the need of an approach that specifically targets only tumor sites. The application of MSCs as delivery vectors has been proved to be the more efficient and safe way to succeed this.[bookmark: ft9][9] A number of studies have shown that the application of TRAIL- expressing MSCs as delivery vectors in cancer cell lines or mouse models is efficient for treating colorectal carcinoma, gliomas, lung, breast, squamous and cervical cancer, while phase I and II clinical trials are now running to test whether this therapeutic approach can be applied in cancer patients safely and efficiently.[bookmark: ft2][2],[bookmark: ft28][28],[bookmark: ft69][69],[bookmark: ft70][70],[bookmark: ft71][71] The expression of TRAIL is able to cause apoptosis, followed by reduction in tumor growth and proliferation and consequently a decrease in tumor cell viability.[bookmark: ft28][28] However, the level of efficiency in the delivery ofthe TRAIL into as many cancer cells as possible is still an important goal that needs to be targeted for succeeding a cancer treatment.[bookmark: ft9][9] Lastly, the combination of TRAIL gene therapy with a chemotherapeutic or radiotherapeutic agent promises a possible increase in the efficiency of cancer therapy.[bookmark: ft9][9]
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