

  

    

      

    

  




  




  

    

      Frontiers in Anti-Cancer Drug Discovery

    




    

      


    




    

      


    




    

      (Volume 11) 

    




    

      


    




    

      Edited by

    




    

      


    




    

      Atta-ur-Rahman, FRS

    




    

      Honorary Life Fellow,

    




    

      Kings College,

    




    

      University of Cambridge,

    




    

      Cambridge,

    




    

      UK

    




    

      


    




    

      


    




    

      &

    




    

      


    




    

      


    




    

      M. Iqbal Choudhary

    




    

      H.E.J. Research Institute of Chemistry,

    




    

      International Center for Chemical and Biological Sciences,

    




    

      University of Karachi,

    




    

      Karachi,

    




    

      Pakistan

    


  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.net.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.




          	The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.


        




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of Singapore. Each party agrees that the courts of the state of Singapore shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Pte. Ltd.


              80 Robinson Road #02-00


              Singapore 068898


              Singapore


              Email: subscriptions@benthamscience.net


            



            	[image: ]

          


        


      


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Despite tremendous development in our understanding of different types of cancer at biochemical and genetic levels, prevention, diagnosis, and treatment is still far from perfect. Based on the histopathological heterogeneity and remarkable genetic complexities of cancer, research on this disease has emerged as a truly interdisciplinary science. From biomarker identification for diagnosis and diseases progression monitoring to personalized treatment, the research is spread over a wide range of fields and disciplines. This book series “Frontiers in Anti-Cancer Drug Discovery” is, therefore, aimed to provide comprehensively written review articles on carefully selected topics in this important field. Volume 11 of the book series contains five (5) chapters covering target identification to new classes of anticancer therapies, each contributed by eminent experts.




    The review contributed by Neri et al. focusses on the importance of targeting phosphoinositide 3 kinases (P13Ks), their downstream mediator Akt and the mammalian target of rapamycin (mTOR) as targets for drug discovery against the acute lymphoblastic leukemia (ALL). They have included examples of small molecular inhibitors of P13Ks/Akt/mTOR as targeted drug candidates. Javed et al. have reviewed recent researches on polymeric nanomedicine for the treatment of breast cancers. The results of preclinical studies on polymeric nanomedicines in terms of target specificity, improved bioavailability and safety via their passive and active modes of action are presented. Lung cancers (non-small cell lung cancer and small cell lung cancer) are among the most aggressive cancer types with high mortality. Gabrani et al. review recent developments in the treatment of lung cancers, including EGFR tyrosine kinase inhibitors (TKIs), inhibitors of imbalance microRNA, and immunotherapy. Saima et al. have contributed a comprehensive chapter on the recent advancements in the applications of self-nonemulsifying drug delivery system (SNEDDS) for cancer chemotherapeutics. SNEDDSs offer improved bioavailability and greater tolerability as oral anticancer drug delivery vehicles. Last but not the least, Jain et al. focus on exciting advances in novel targeting approaches for the prevention, diagnosis and treatment of cancers. This includes theranostics based systems for diagnosis coupled cancer therapies.




    The above review articles by prominent researchers in the field of cancer research directed towards anticancer drug discovery should be of great interest to research scholars. We are grateful to all the authors for their excellent and scholarly contributions to the 11th volume of this internationally acclaimed ebook series. The Editorial team of Bentham Science Publishers deserves appreciation for the efficient processing and timely management of this publication. The coordination and liaison by Ms. Fariya Zulfiqar (Manager Publications), under the leadership of Mr. Mahmood Alam (Director Publications) is gratefully acknowledged. We also hope that like the previous volumes of this book series, the current compilation will also receive wide readership, and appreciation.
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      Abstract




      Acute Lymphoblastic leukemia (ALL) comprises a subset of different hematologic neoplasms characterized by impaired proliferation of immature lymphoid cells in bone marrow and peripheral blood. Pediatric patients have experienced treatment success with 5- year overall survival rates approaching 90%, whereas ALL adult patients are associated with poorer survival. Therefore, the development of new targeted therapeutic protocols constitutes a primary need. Phosphoinositide 3-kinases (PI3Ks) and their downstream mediators Akt and mammalian target of rapamycin (mTOR) represent the main components of the PI3K/Akt/mTOR signaling network. It is a key regulatory signaling cascade which drives proliferation, survival and drug-resistance of cancer cells, and it is frequently up-regulated in the different T- and B-ALL subtypes. Serious and irreversible late effects from conventional therapy are a growing issue for leukemia survivors, both for adult and pediatric patients. Therefore, the need to develop targeted and personalized therapy protocols for the treatment of leukemias is mandatory. Recent diagnostic tools allow to design therapeutic protocols with increased target specificity towards PI3K/Akt/mTOR axis that represents a critical target for cancer therapy. This chapter will focus on how this pathway could constitute a paradigm for the development of therapeutic strategies and how effective the recent pharmacological Small Molecule Inhibitors (SMIs) can suppress leukemic cell growth.
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      INTRODUCTION




      Neoplastic diseases such as solid tumors and leukemia hematological disorders




      contribute significantly to morbidity and mortality of the population worldwide [1-4]. Whereas, some cancers show declining incidences in part due to effective prevention programs, others such as ALL are increasing in incidence. This is in part due to the fact that as life expectancy is increasing, in parallel some ALL incidence increases as well.




      Development of new targeted treatment strategies aiming to increase cure rates and to decrease side effects is essential to take care of this patient population. Fundamental bases for such developments are a complex knowledge on oncogenesis, and more specifically on leukemogenesis [5, 6]. Aberrantly activated signaling pathways have been identified in different cancer models leading to the development of specific drugs, targeted therapies and ameliorated cure rates.




      An example of aberrantly activated signaling pathways or receptors that could contribute to the oncogenesis mechanism is, in colon cancer cells, the Epidermal Growth Factor Receptor (EGFR). This receptor is responsible for the activation of RAS/RAF/MAPK pathway [7]. Subsequently, EGFR inhibitors and anti-EGF antibodies were developed, improving treatment outcomes. Similarly, in renal carcinoma, abnormal activation of receptor tyrosine kinases has been identified, leading to an abnormal activation of the VEGF/RAF/RAS pathway [8]. Other multikinase inhibitors, such as Regorafenib for colon cancer or Cabozantinib for renal carcinoma and hepatocellular carcinoma, have been developed with the aim to increase survival and quality of life [9-11].




      It has been reported that in ALL, and especially in the T-ALL subtype, the EGFR pathway inhibition enhanced anticancer drugs induced cell death [12]. But another signaling pathway that displays constitutive activation in ALL, leading to uncontrolled production of malignant cells and driving chemotherapy resistance is the PI3K/Akt/mTOR signaling network. PI3K/Akt/mTOR is one of the most frequently aberrant activated pathway, and the inactivation of the tumor suppressor gene Phosphatase and tensin homolog (PTEN) represents one of the causes of this network stimulation [13-16], thereby giving the cancer cell a survival advantage. Indeed, literature data indicate that genetic alterations in components of PI3K/Akt/mTOR network have a close relationship with the development of ALL, thereby contributing to leukemogenesis, and these evidences highlighted the importance of developing new targeted therapies against this signaling network, with the aim to better predict favorable outcomes in acute leukemia patients. In chronic myeloid leukemia (CML), activation of this pathway is correlated to BCR-ABL tyrosine kinase, found also in 25% of adult ALL and less in ALL childhood. Treatment of ALL adults is more difficult than in pediatric patients due to the higher frequency of this chromosome rearrangement, including also the development of a recently characterized subtype, Philadelphia (Ph)-like ALL, with high expression of signaling tyrosine kinases, resulting in stimulation of Abl and the Janus kinase (JAK) signal transducer of activation (STAT) pathway (Jak/Stat) pathways [17]. As PI3K signaling is considered to be one of the decisive pathways for the transformation potential of BCR-ABL, and that it may play a role in causing one of the tyrosine kinase inhibitor (TKI) resistance, that is imatinib, the pharmacological combination of more than one targeted cascade inhibitor is necessary, as well as the association of drugs targeting the same pathway at multiple levels. Pediatric patients have better prognosis because of minimal residual disease (MRD) monitoring and the intensification of more targeted treatments that, in association also with recent PI3K/Akt/mTOR inhibitors, could overcome glucocorticoid (GC) treatment resistance, frequently observed in ALL pediatric patients.




      The importance of targeting this signaling network will be discussed in this chapter, together with a detailed profile of the most recent PI3K/Akt/mTOR inhibitors, also known as SMIs, tested in preclinical and recent clinical studies for the treatment of ALL.




      

        Acute Lymphoblastic Leukemia




        ALL is a malignant hematological disorder characterized by aberrant expansion and diffusion in blood and bone marrow of lymphoid progenitor cells. ALL is the most frequent cancer identified in children [18].




        Based on morphology and cytogenetic profiles, two different types of ALL have been identified: B-acute lymphoblastic (B-ALL) and T-acute lymphoblastic (T-ALL).




        The uncontrolled growth of B-cell precursors represents the main feature of B-ALL subtype [19] that, due to the differentiation level, can be classified as pro-B, common, precursor B (pre-B), and mature B-cell ALL.




        T-ALL is an invasive blood neoplasm characterized by aberrant proliferation of transformed T-cell precursors, and accounts for approximately 15% and 25% of pediatric and adult ALLs, respectively [20-22]. The most specific surface marker for lymphoblastic T-cell is represented by CD31, others T-cell markers such as CD1a, and CD2-CD8 are differently expressed and are strictly dependent on the T-cell differentiation degree [23]. A novel subtype of T-cell ALL, ETP T-ALL, has recently been described [24], and is capable to differentiate into both T-cell and myeloid lineages. Indeed, these lineages share high similarities in the myeloid leukemic stem cells gene expression profiles [23]. Concerning the frequency, in children ETP-ALL has been reported to be present in 11% to 16% of T-ALL, while in adults ETP-ALL frequency ranges from 7,4% to 17% of T-ALL [25].




        Chromosomal lesions such as translocations are the hallmark of ALL [26-28]. Known translocations include t(12;21) [ETV6-RUNX1], also known as TEL-AML1 and found in 22-25% childhood B-ALL [29], t(1;19) [TCF3-PBX1] observed in both adult and pediatric population with an overall frequency of 6% and associated with poor prognosis, t(9;22) [BCR-ABL1] that characterizes the Philadelphia chromosome (Ph) typified by reciprocal translocation of genetic material between chromosome 9 and chromosome 22 and that is frequent in 2% in childhood ALL, with an increment with 50% in the elderly, and t(17; 19) E2A variant translocation occurring in 1% of childhood B-cell precursor ALL cases and responsible of an E2A-HLF (hepatic leukemia factor) fusion gene that induces an aggressive, treatment-resistant pro–B cell stage ALL. In particular, the t(1;19)(q23;p13) TCF3/PBX1 (E2A-PBX1) is also seen in B-ALL (4% of cases). Another translocation involves TAL-1 (SCL) gene (t(1;14)(p34;q11) TAL-1 translocation), with a frequency of nearly 25–30% in T-ALL patients. Aberrant activated SCL during maturation of lymphocytes causes leukemia cells transformation [27, 30-32].




        The most common genetic rearrangements involve Janus kinase (JAK) mutations, abundantly found in B-ALL subtype and associated with poor prognosis. Activating JAK mutations also correlate with other gene abnormalities, like IKZF1 gene deletion or mutation, that is recurrent from 25 to 30% in B-ALL and at 80% in Ph+ALL, and genomic rearrangement involving the Cytokine receptor-like factor 2 gene (CRLF2) which results in its over expression with poor prognosis [27]. Rearrangements in CRLF2 leads to subsequent B-cell proliferation, and possibly cell transformation, especially in the presence of a constitutively activated JAK mutation. Rearrangements in Platelet Derived Growth Factor Receptor Beta (PDGFRB), in the erythropoietin receptor (EPOR), activating mutations of Interleukin Receptor 7 (IL7R) and deletion of SH2B adapter protein 3 (SH2B3) are also found in B-ALL, especially on the BCR-ABL1–like subtype [33-37]. Finally, MLL (mixed-lineage-leukemia) gene rearrangements at 11q23 are also present in 80% of all infant B-ALL cases and 10% of all childhood B-ALL [29].




        T-lineage ALL is characterized by activating mutations of Notch1 and other rearrangements, detected in both in pediatric and adult patients [5]. In particular, activating Notch1 mutations, occurring in more than 60% T-ALL, lead to inhibition of ubiquitin mediated degradation of the activated form of Notch1 and are associated with poor prognosis [38].




        Current genomic technologies such as Next Generation Sequencing (NGS) or computational genomics, have reported lesions and somatic mutations that can be included into several targetable networks, among which it is necessary to quote Notch, Jak/Stat, PI3K/Akt/mTOR and MAPK pathways. These pathways are reported to be frequently up-regulated in ALL. Notch1 receptor signaling is involved in T-cell lineage specification, inducing the proliferation of immature T-cell progenitors during lymphogenesis [39]. Relevant Jak/Stat genetic mutations and polymorphisms are significant for different categories of human diseases, including hematologic malignancies [40]. Increased activity of this network is represented in 20-30% of T-ALL. As for MAPK pathway, different genes are frequently dysregulated in ALL cases, including upstream signaling molecules, such as the receptor tyrosine kinase FLT3, or integral components of the pathway such as NRAS and KRAS. In T-ALL and, in addition to these networks, Wnt/β-catenin signaling, chromatin structure modifiers (i.e., KDM6A, CREBBP, EP300, and SMARCB1) and epigenetic regulators that are prevalent in both B-ALL and T-ALL, i.e. KMT2D (known as MLL2 in humans and Mll4 in mice), DNMT3A, TET2 or EP300 [41] could open the scenario for a more targeted identification and validation of new genetic biomarkers for better clinical management of ALL.


      




      

        PI3K/Akt/mTOR Signaling




        The phosphoinositide 3-kinase/Akt-signaling pathway is known to be involved in many physiological processes in the cell, including protein synthesis, cell cycle progression, differentiation, metabolism control and apoptosis (Fig. 1).
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Fig. (1))


        The PI3K/Akt/mTOR network and the different activities mediated by mTORC1 and mTORC2. The arrows indicate positive interaction, while the T-bars indicate inhibition activity. For the details, see the text.



        PI3K is activated by a variety of extracellular stimuli and receptor tyrosine kinases [42] and belongs to a family of lipid kinases that are divided into three classes, of which class I is the most important for oncogenesis. Class I PI3Ks comprises members of a conserved family kinases capable to activate Akt which in turn phosphorylates relevant proteins influencing cell growth and survival. Class IA PI3Ks is composed by a 110 kDa catalytic subunit (p110α, p110β, p110γ, p110δ) and a tightly bound 85 kDa regulatory subunit (p85α, p55α, p50α, p85β, or p55γ). The regulatory subunits maintain the integrity of the catalytic one and direct the heterodimer to membrane associated signaling complexes [43]. Activated PI3K network is controlled by PTEN and loss of activity of this tumor suppressor gene induces an increased downstream activation [44].




        PI3K generates the second messenger PtdIns (3,4,5) P3 (PIP3) which recruits Akt and phosphoinositide-dependent protein kinase-1 (PDK1) to the cell membrane. Akt is a 57 kDa serine/threonine protein kinase belonging to the AGC protein kinase family that is activated by phosphorylation by PDK1 at Thr308 and Ser473 [45-47]. Akt represents the cellular homolog of the v-akt oncogene [48] with three different isoforms: Akt1/α, Akt2/β, and Akt3/γ. Akt1 and Akt2 are widely expressed in all tissues, while Akt3 is less expressed and therefore limited to some specific tissues, such as brain and testes [49]. Our group was the first to describe the Akt role in the nucleus [50-53], and when Akt is present in its phosphorylated form it regulates downstream proteins that control translation and transcription. PIP3 is a substrate of PTEN, that is a dual specificity lipid and protein kinase that counter-regulates the PI3K-dependent signaling by removing the 3-phosphate mainly from PIP3. It functions as a tumor suppressor gene upstream of Akt and it is often mutated, with a consequent activation of several oncogenes, such as TAL1, TLX3 or TLX1 which are believed to represent the clonal T-ALL drivers [54-56]. p53 is an apoptosis inducer, and different studies have reported that PI3K/Akt/mTOR hyperactivation is able to inhibit p53-mediated transcription and apoptosis through Mdm2 protein, that acts as a an ubiquitin ligase for p53 [57].




        During transcription Akt targets several growth-regulatory transcription factors like FOXO, NFkB, p53, AP1, c-MYC, β-catenin and Hypoxia Inducible Factor-1 (HIF1) that control the expression of pro- and antiapoptotic genes. In particular, the FOXO transcription factors are a subclass of the large forkhead box protein family, predominantly located in the nucleus where they promote transcription of proapoptotic genes. Akt mediated phosphorylation of FOXO masks the nuclear localization signal which leads to nuclear export and proteasomic degradation. The result is inhibition of FOXO’s nuclear functions. Akt also regulates the multi-functional Ser and Thr protein kinase glycogen synthase kinase 3 (GSK3), that is composed of two isoforms, GSK3α and GSK3β, with 85% sequence homology.




        The nuclear factor kappa B (NFkB) positively regulates cell proliferation, apoptosis and survival [58]. NFkB activity is increased by Akt directly and indirectly: besides direct phosphorylation of NFkB, Akt also phosphorylates and activates IKKα that is responsible for the destruction of the NFkB-Inhibitor IkB.




        The mammalian target of rapamycin (mTOR) is a cellular progression regulator and is involved in metabolic mechanisms [59]. This 289-kDa serine/threonine kinase is composed of two separate complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [60]. mTORC1 is Rapamycin-sensitive and acts as a survival controller [61], up-regulates the glycolytic pathway with subsequent stimulation of HIF1α [62], regulates the lysosomal function [63] and is involved in the autophagy process in eukaryotic cells [64]. TSC1/TSC2 is a key negative regulator of mTORC1, and it consists of tuberous sclerosis 1 (TSC1) and tuberous sclerosis 2 (TSC2). Akt and extracellular-signal-regulated kinase (ERK1/2) are able to suppress TSC1/2 activity and stimulate mTORC1. Among the different components, mTORC2 is formed by the rapamycin insensitive companion of mTOR (rictor), mSIN1 and Proctor1/2 [65-67]. mTORC2 modulates cell migration, metabolism and actin rearrangement, and is involved in regulation of glucose and creatine transporters [61].


      




      

        Aberrant PI3K/Akt/mTOR Expression in ALL




        Aberrant activity of the PI3K/Akt/mTOR network is frequently observed in adult and pediatric B-ALL [68], being associated with poor prognosis in pediatric patients [69, 70]. High expression of mTOR has been demonstrated to correlate with poor clinical outcome in this ALL subtype [71]. Moreover, GSK-3β could act as a negative prognostic indicator in acute leukemias, including pediatric B-ALL [72, 73].




        In Ph+ B-ALL, PI3K activation is dependent on the presence of a multiprotein complex that, besides p110 and p85 PI3K, comprises BCR-ABL and the adaptor proteins, CRKL and c-CRK [74]. The leukemogenic potential of activated PI3K is supported by the evidence that deletion of both Pik3r1 and Pik3r2 (which encode for class IA PI3K p85α and p85β, respectively) markedly impaired leukemic transformation. Other models of activation of PI3K in Ph+ B-ALL have been proposed, including Src family kinases or Ras [75]. Regarding Ph- B-ALL, evidence suggests that the aberrant expression of the PI3K/Akt/mTOR pathway could depend on pre-B-cell receptor (pre-BCR) signaling, found in approximately 13% of Ph- B-ALL cases, whereas most Ph- B-ALL cases lack expression of functional pre-BCR [76].




        As to PTEN, both adult Ph- and Ph+ B-ALL primary samples displayed decreased PTEN activity and PI3K/Akt/mTOR network constitutive hyperactivation [77]. Also in this subtype, CK2 activity could be responsible for PTEN post-translational inactivation.




        In T-ALL, the constitutively activated PI3K/Akt/mTOR network is mainly due to the inactivation of PTEN [78]. Interestingly, the activation of the PI3K/Akt/mTOR signaling network in normal and malignant thymocytes is correlated to the hematopoietic growth factor IL-7 stimulation [79].




        According to the preclinical data, a number of early phase trials are currently open for the analysis of PI3K/Akt/mTOR inhibitors, alone or in combination with conventional therapeutic protocols in hematologic malignancies (see for example www.clinicaltrials.gov), including B- and T-ALL [69, 70, 77, 80, 81].




        

          PI3K Inhibition in ALL




          PI3K inhibitors comprise pan p110 PI3K inhibitors and isoform-specific inhibitors. The first report showing that a pan p110 PI3K inhibitor (LY294002) could induce either cell cycle arrest or apoptosis in a Ph- B-ALL cell line, RS4;t11, dates back to 2004 when it was observed that Akt activation was required for the protective effects exerted by human stromal cells on B-ALL cells exposed to chemotherapeutic drugs such as Ara-C and etoposide [82].




          LY294002 was able to completely abrogate Interleukin 17A (IL-17A)-mediated protection from daunorubicin-induced apoptosis in B-ALL cells. The cytokine IL-17A normally activates the Akt and Stat3 signaling pathways [83]. Moreover, LY294002 was reported to be cytotoxic and to negatively affect cell growth also in T-ALL cell lines [84, 85].




          Among the most recent PI3K inhibitors, BKM-120 (Buparlisib), a pan p110 PI3K inhibitor, showed a significant therapeutic potential. This drug has been tested in the B-ALL subtypes, in cultures of primary Philadelphia positive (Ph+) and Philadelphia negative (Ph-) B-ALL cells [17], inducing both cell cycle arrest and cell death. More recently, the proapoptotic role of BKM-120 in Ph- B-ALL cells was linked to upregulation of p53-regulated genes [86]. Moreover, it was recently demonstrated to have an acceptable tolerability in a case trial of 14 patients with advanced leukemias (12 affected by acute myeloid leukemia or AML, 1 ALL, and 1 mixed phenotype leukemia), however at 80 mg/day showed modest efficacy [87].




          The drug has also been tested in T-ALL models, exerting significant anti-leukemic activity [88, 89]. ZSTK-474, a pan p110 PI3K inhibitor, displayed significant antileukemic effects on three different NUP214-ABL1 positive T-ALL cell lines displaying PI3K/Akt/mTOR activation and showing sensitivity to anti BCR-ABL1 Tyrosin kinase inhibitors (TKIs) Imatinib, Nilotinib and GZD824. ZSTK-474 alone was cytotoxic, showed inhibition of cellular viability and induced autophagy. The same effects were also detected with the combinations of this drug with the three different TKIs [90]. It was also reported that ZSTK-474 was the most effective in inhibiting the growth of the purine analogue Nelarabine-resistant T-ALL cells and was synergistic with this drug in decreasing survival and inducing apoptosis. Moreover, the drug combination induced Akt dephosphorylation and Bcl2 downregulation [91]. ZSTK-474 displayed important cytotoxic effects also in B-ALL, some of them showing GC-resistance [54, 69].




          Besides the pan PI3K inhibitors, the selective PI3K δ/γ inhibitor IPI-145 (Duvelisib) was also partially tested in both in B- and T- ALL, showing anti-leukemic action and inducing apoptosis and autophagy [69, 92].




          To overcome the toxicity caused by some pan p110 PI3K inhibitors, novel and selective drugs targeting specifically one or two of the p110 PI3K catalytic subunits have been further tested [93].




          CAL-101 (Idelalisib), in Phase I/II clinical trials, is a p110δ PI3K inhibitor accepted in association with rituximab, an anti-CD20 antibody, as a second-line treatment for chronic lymphocytic leukemia (CLL) subjects [94]. CAL-101 has been tested in B-ALL, alone and in association with doxorubicin, exerting G1 blockage (presumably in consequence to up-modulation of p21) and inducing caspase-dependent apoptosis, with subsequent activation of p53 target genes [95].




          Importantly, CAL-101 was also able to decrease Akt phosphorylation at Ser 473 on a panel of B-ALL cell lines co-cultured with OP-9 stromal cells, and induced a decreased proliferation when combined with vincristine [96].




          To further potentiate the effect of PI3K/Akt/mTOR network inhibition, the development of inhibitors targeting multiple components of the signaling cascade was achieved. These inhibitors, also called dual PI3K/mTOR drugs, have been demonstrated to exert a more powerful anti-leukemic and anti-proliferative effect, and in some cases to promote a greater sensitivity of ALL cells in certain therapeutic protocols, in which the disease was previously resistant. Dual PI3K/mTOR inhibitors interact with ATP-binding sites of mTORC1 and mTORC2, by blocking PI3K/Akt signaling [17, 97]. This class will be discussed in the mTOR inhibition section. A synthesis of the main PI3K inhibitors in B-and T-ALL are reported in Tables 1 and 2.




          Concerning PI3K inhibitors, there is an urgent need to deepen the studies, also in clinical trials, to highlight their effectiveness in the anti-proliferative activity and for the development of new targeted protocols of personalized medicine for ALL treatment. The aim is to offer new therapeutic protocols with the most suitable drug concentrations that can minimize the toxic and collateral effects in all patients.




          

            Table 1 PI3K inhibitors used alone or in association in B-ALL.




            

              

                

                  	Drug Target



                  	Drug



                  	Reported Synergism



                  	Recent Clinical Trials



                  	Reference(s)

                


              



              

                

                  	pan p110 PI3K



                  	LY294002


                  (Ph- B-ALL)



                  	-Ara-C


                  -Etoposide


                  -Daunorubicin



                  	No clinical trials are available



                  	[82, 83]

                




                

                  	pan p110 PI3K



                  	BKM-120


                  (Buparlisib)


                  (Ph+/ Ph- B-ALL)



                  	-



                  	No clinical trials are available



                  	[86, 87]

                




                

                  	pan p110 PI3K



                  	ZSTK-474


                  (B-ALL)



                  	-



                  	No clinical trials are available



                  	[54, 69]

                




                

                  	PI3K δ/γ



                  	IPI-145


                  (Duvelisib)


                  (B-ALL)



                  	-



                  	No clinical trials are available



                  	[69, 92]

                




                

                  	p110δ PI3K



                  	CAL-101


                  (Idelalisib)


                  (B-ALL)



                  	-Doxorubicin



                  	NCT03742323



                  	[95, 96]

                


              

            




          




          

            Table 2 PI3K inhibitors used alone or in association in T-ALL.




            

              

                

                  	Drug Target



                  	Drug



                  	Reported Synergism



                  	Recent Clinical Trials



                  	Reference(s)

                


              



              

                

                  	pan p110 PI3K



                  	LY294002



                  	-



                  	No clinical trials are available



                  	[84, 85]

                




                

                  	pan p110 PI3K



                  	BKM-120


                  (Buparlisib)



                  	-



                  	No clinical trials are available



                  	[-]

                




                

                  	pan p110 PI3K



                  	ZSTK-474



                  	-



                  	No clinical trials are available



                  	[90, 91]

                




                

                  	PI3K δ/γ



                  	IPI-145


                  (Duvelisib)



                  	-



                  	No clinical trials are available



                  	[69, 92]

                


              

            




          


        




        

          Akt Inhibition




          Akt has been reported to be a difficult target to inhibit with ATP-competitive small molecules. Indeed, the ATP-binding pocket of Akt shares many homologies with other members of the AGC kinase family [98]. Despite this, different targeted SMI have been tested. One recent tested Akt inhibitor was Triciribine, that was able also to inhibit DNA synthesis. This inhibitor was only tested in T-ALL models, showing significant antileukemic activity, cytotoxicity, caspase-dependent apoptosis and autophagy [99]. Akt1/Akt2 were significantly dephosphorylated by this drug, that exerted also a good synergism with vincristine, a standard chemotherapeutic drug for treatment of T-ALL patients. There is actually one recruiting clinical trial study regarding the role of this drug in association with the cytosine arabinoside cytarabine (Ara-C) for 40 relapsed ALL patients (NCT02930109). However, the study does not specify the ALL subtype. GSK690693 is an ATP-competitive inhibitor which targets Akt [100] and it has been evaluated in different tumors, including hematologic neoplasms [101-103]. GSK690693 was reported to block the growth on a panel of ALL cells, and to induce apoptosis, highlighting the importance of Akt as a target inhibition [101]. Moreover, it has been tested in Ph+ and Ph- B-ALL cell lines where it induced a cell proliferation block and apoptosis accompanied by a dephosphorylation of Akt downstream targets, including GSK3β, PRAS40 and p70S6K [101]. Importantly, both stimulated peripheral blood CD4+ T-cells from healthy donors and mouse thymocytes were less sensitive to GSK690693 than leukemic cells. Nevertheless, dose-limiting toxicities that are likely on target, associated with hyperglycemia, led to termination of the clinical development of this drug [86].




          MK-2206 has also been reported to be a specific Akt inhibitor of considerable importance. It is an orally allosteric drug able to target Akt catalytic and PH domains [104]. Our group demonstrated for the first time the significant cytotoxic activity and the anti-leukemic action of this drug on a panel of T-ALL cells [20]. MK-2206 exerted not only cytotoxic activity to primary T-ALL cells, but also was able to induce programmed cell death in a T-ALL patient cell subset CD34+/CD4-/CD7-. Moreover, MK-2206 has reported to be effective not only when used alone, but also strongly synergized with the mTORC1 inhibitor, RAD001, in both Ph- B-ALL cell lines and patients [105]. The Akt inhibition was more pronounced in T-ALL cells as a triple simultaneous treatment, that has been shown to have greater efficacy in blocking cells in G0/G1 phase and in inducing both apoptosis and autophagy [106]. Furthermore, in steroid resistant T-ALL cells, methylprednisolone (MP), calcitriol and MK-2206 have a synergistic effect on cellular apoptosis, making MK-2206 an interesting treatment option for steroid resistance in T-ALL [107]. The importance of the overcoming of GC resistance by Akt inhibition has also been emphasized by Piovan et al [108]. The group showed that Akt inhibition significantly restores the GC receptor NR3C1 transport to the nucleus and sensitizes T-ALL cells to GC treatments, in vitro and in vivo.




          Another Akt inhibitor that has been tested in ALL, but which is no longer in clinical trial is the alkylphospholipid Perifosine. Perifosine leads to a marked inhibition of Akt phosphorylation by interacting with the pleckstrin homology domain of the kinase, thus preventing Akt membrane localization [109].




          A synthesis of the main Akt inhibitors in B- and T-ALL models are reported in Tables 3 and 4.




          

            Table 3 Akt inhibitors used alone or in association in B-ALL.




            

              

                

                  	Drug Target



                  	Drug



                  	Reported Synergism



                  	Recent Clinical Trials



                  	Reference(s)

                


              



              

                

                  	Akt



                  	GSK690693


                  (Ph+/ Ph- B-ALL)



                  	-



                  	No clinical trials are available



                  	[101]

                




                

                  	Akt



                  	MK-2206


                  (Ph- B-ALL)



                  	RAD001



                  	NCT01258998



                  	[105]

                




                

                  	Akt



                  	Perifosine


                  (B-ALL)



                  	-Daunorubicin



                  	No clinical trials are available



                  	[83, 106, 109]

                


              

            




          




          

            Table 4 Akt inhibitors used alone or in association in T-ALL.




            

              

                

                  	Drug Target



                  	Drug



                  	
Reported Synergism




                  	Recent Clinical Trials



                  	Reference(s)

                


              



              

                

                  	Akt



                  	GSK690693



                  	-



                  	No clinical trials are available



                  	[86]

                




                

                  	Akt



                  	MK-2206



                  	-Methylprednisolone


                  -Calcitriol



                  	NCT01258998



                  	[20, 106-108]

                




                

                  	Akt



                  	Perifosine



                  	-



                  	No clinical trials are available



                  	[83, 106, 109]

                


              

            




          




          Inherently to the targeted Akt inhibition, other SMIs are under development, therefore the next step will be the approval of their effectiveness, first in preclinical ALL models and subsequently in clinical trials.


        




        

          Classes of mTOR Inhibitors: Roles of Rapamycin, Rapalogs, Dual PI3K/mTOR Inhibitors and TORKIs




          The key activity of mTOR as an Akt regulator, its capability in controlling other signaling pathways such as Notch1 (mainly via mTORC2), and its role in directing cell metabolism in healthy and cancer cells led to the development of new targeted and personalized ALL therapies. Three classes of mTOR inhibitors can be described in the context of ALL treatment: allosteric inhibitors [(rapamycin and rapalogs, i.e., RAD001 (everolimus), CCI-779 (temsirolimus)] with mTORC1 as a principal target [110-112], the above mentioned ATP-competitive dual PI3K/mTOR drugs [113-115] and mTOR kinase inhibitors (TORKIs) that target both mTORC1 and mTORC2, but not PI3K [40, 113, 116].




          Rapamycin (Sirolimus) and rapalogs, also known as mTOR first generation inhibitors, report considerable anti-proliferative activity in the clinics, including ALL cases and other types of cancers. Rapamycin is strictly correlated to the intracellular receptor FK506-binding protein 12 (FKBP12), and is involved in the modulation of cytokine signaling inhibition [117].




          However, due to some pharmacological limitations, rapamycin has actually been quite outdated, and rapalogs have been subsequently developed for ALL treatment. These rapalogs were known for their minor immunosuppressive activity [117] and greater antitumoral action. As for rapamycin, this class of inhibitors are able to crosslink the immunophilin FK506 binding protein, and induce a dephosphorylation of S6K1 and 4EBP1, with reduction of protein synthesis and a decreased level of cell mortality and size [118]. CCI-779 was the first rapalog to be evaluated for the treatment of different types of cancer, such as breast, non-small-cell lung cancer (NSCLC) and other advanced solid tumors, and in hematological malignancies including ALL [85, 105, 119] exerting anti-proliferative effects, as single agent and in association with rapamycin and other targeted drugs towards signaling pathways different than PI3K/Akt/mTOR. RAD001 has also been investigated for its activity in suppressing tumoral cell growth. It shows a more selective activity for the mTORC1 complex, and it is crucial in inducing caspase-independent and -dependent cell death [120], or in overtaking resistance towards different inhibitors [121].




          However, despite the delayed advancement of tumor growth, different studies reported a limited apoptosis induced by rapalogs, and this aspect led to the development of second-generation anti mTOR drugs, that could block the feedback activation of PI3K/Akt pathway and to inhibit both mTOR complexes, bypassing some rapalog limits. As for rapalogs, second-generation anti mTOR drugs reduce protein synthesis and report cytostatic activities, besides inhibiting neo-vascularization in different tumor models [122]. One of the most important advantage of these class is the significant Akt dephosphorylation. Drugs like PKI-587 (Gedatolisib), BEZ235 and BGT226, that are dual PI3K/mTOR inhibitors, have the characteristic of inhibiting mTORC1 and mTORC2 ATP-binding sites, and PI3K catalytic isoforms, with a more pronounced induction of apoptosis and autophagy.




          PKI-587, BEZ235 and BGT226 showed significant apoptotic and anti-leukemic activity, and these effects have been reported in vitro [17, 90, 123, 124]. Except for BEZ235 that reported one clinical trial study involving 23 refractory ALL patients, PKI-587 and BGT226 have only been tested in vitro. The first inhibitor exhibited a relevant antileukemic effect on ALL, especially on T- leukemia subtype [113] and, in immune-deficient mouse models, delayed the progress of the tumor enhancing the survival rate. The anti-proliferative effect of BEZ235 in ALL cell lines was also documented in different preclinical studies [125, 126], alone and in association with other drugs like GCs, in vitro and in vivo [126, 127]. An accentuated apoptosis, together with an increased level of the proapoptotic BIM protein, was revealed in PTEN null cells treated with different concentrations of BEZ235 [126, 128]. There are no numerous studies reporting the activity of the dual PI3K/mTOR inhibitor BGT226 on ALL, although it exerted a significant cytotoxic role in the low micromolar range [124] and potently inhibited proliferation inducing cell death in BCR-ABL and TEL-ABL TEL-ABL positive ALL at very low doses [17]. However, the limitation of these inhibitors was an increased toxicity, in different cancer models [122]. Therefore, TORKIs were designed to limit the dual PI3K/mTOR drug toxicity. AZD8055, AZD2014, MLN0128, CC-223, and OSI-027 are examples of TORKIs for the treatment of different solid tumors, such as glioblastoma multiforme, hepatocellular carcinoma, colorectal and pancreatic cancers, but not yet for ALL. Other TORKIs like Ku-0063794 and Torin-2 were tested in B and T-ALL with significant antileukemic activity [17, 90, 123, 129]. However, no clinical trials were reported for these two inhibitors. Further studies are requested to deepen the knowledge for this class of inhibitors, also to overcome some reported resistance mechanisms in solid tumor models, like RTK overexpression/activation or MEK/ERK signaling overactivation [130, 131].




          

            mTOR Inhibition in Ph- B-ALL




            B-cell receptor (BCR) is of significant importance both in Ph+ B-ALL and also in Ph- B-ALL subtype [132]. BCR signaling characterizes about 13% of Ph- B-ALL cases displaying high expression of B Cell CLL/Lymphoma 6 (BCL6) protein [133], and its activation is strictly dependent on the precursor-B-cell receptor (pre-BCR) stimulated by different inputs that can lead to the activation of aberrant cellular mechanisms in pre-B cells, including a marked and uncontrolled proliferation and tumor invasiveness. Numerous studies reported the apoptotic and anti-leukemic effects of rapamycin also in this subtype, and in in vivo models. In REH cells, the association of rapamycin with focal adhesion kinase (FAK) displayed an anti-synergistic effect, further accentuated with a significant cell growth down-regulation, cell cycle blockade and programmed cell death [72]. IL-7 could significantly reverse the antileukemic effects induced by rapamycin, suggesting a crucial aspect of this cytokine in monitoring the mTOR function in B-ALL models, in vitro and in vivo [134]. CCI-779 inhibitor also reported a marked anti-proliferative activity and apoptosis, both in Ph- B-ALL adult patient lymphoblasts and in NOD/SCID xenograft models, showing peripheral-blood blasts reduction and spleen enlargement [111]. RAD001 inhibitor is also able to exert a good synergism with conventional chemotherapy regimens or other drugs like the proteasome inhibitor bortezomib [135]. RAD001 acts also as an autophagy [136] and caspase-independent apoptosis [137] inducer, and its association with MK-2206 significantly exerts anti-leukemic activity [105]. The importance of this inhibitor was also documented by our research in both Ph- B-ALL cell lines and patients, where RAD001 was tested alone and in association with MK-2206 [104]. BEZ235 has also shown to exert antileukemic effects in Ph- B-ALL cells [124], as well as BTG226 [124]. In Ph+ and Ph- primary B-ALL models, BEZ235 synergizes with GX15-070 (Obatoclax), a Bcl-2 inhibitor [138], pointing out a different strategy to check ALL survival. Concerning TORKIs, the cytotoxicity of Torin-2 to a panel of Ph- B-ALL cell lines was recently reported. Torin-2 as a single agent was able to suppress feedback activation of PI3K/Akt, whereas RAD001 needed the combination with MK-2206 to display the same effect [139]. In conclusion, the inhibition of the mTOR pathway is a good therapeutic approach, by using SMI acting at different points of the PI3K/Akt/mTOR cascade, in association with conventional chemotherapy.


          




          

            mTOR Inhibition in Ph+ B-ALL and in Ph-like B-ALL




            The introduction of TKIs in Chronic Myeloid Leukemia (CML) and Ph+ ALL revolutionized the pharmacological strategies for the treatment of these two subtypes, expanding the possibilities for the development of new therapeutic protocols [140-143]. However, survival outcomes still remain at a low level compared to Ph- B-ALL [77]. The combination of Imatinib (IM, first-generation TKI) significantly improved the survival of Ph+ ALL, and this was particularly noticed with standard chemotherapy or with allogeneic hematopoietic stem cell transplantation (HSCT) [144-146]. The development of second- or third-generation TKI have further documented positive outcomes [147, 148]. In this ALL subtype, the antileukemic activity of mTOR inhibitors acting as single agents is not often enough efficient in bypassing drug-resistance, and therefore the combination with other signaling pathway drugs or with TKI inhibitors is absolutely requested. Targeting the signaling pathway downstream from BCR-ABL, that directly activates mTOR pathway, rapamycin could bypass imatinib resistance in T315I mutation harboring cells. This mutation has been reported to confer resistance to TKIs [149, 150]. mTOR pathway can be aberrantly activated by Imatinib, leading to the onset of relapses. In Ph+ B-ALL models, Rapamycin was reported to overcame the imatinib mesylate effect, inducing programmed cell death mechanisms [151]. The ability of RAD001 in overcoming resistance to Imatinib was reported by Kuwatsuka et al. in Ph+ B-ALL cell subset (CD34+/CD38-) [121]. The co-administration RAD001/imatinib was more powerful in inducing CD34+/CD38- cell apoptosis than RAD001 as a single agent. Regarding dual PI3K/mTOR drugs, PI-103 and BEZ235 have also been used in Ph+ B-ALL pre-clinical models [80]. PI-103 displayed greater effectiveness than rapamycin at suppressing mouse pre-B-ALL and human Ph+ B-ALL cells [145]. In Ph+ B-ALL nilotinib-resistant cells, the anti-apoptotic MDM2 protein (or human homolog of the murine double minute-2) expression was significantly downregulated after BEZ235 treatment, leading to marked cell death [152]. Concerning TORKIs, the effect of PP242 was mainly seen in Ph+ SUP-B15 cells, where it showed a more pronounced cytotoxic effect and a more significant blockade of mTORC1 activity in association with Imatinib, together with an upregulation of bax and cleaved caspase-3 apoptotic proteins [147]. In preclinical Ph- and Ph+ pediatric B-ALL, MLN0128 abolished cell growth and increased Dasatinib efficacy, emphasizing the importance of exploring potential applications of this TORKI in the clinics. This inhibitor displayed a low toxicity also in in vivo models [153].




            A newly identified high-risk B-ALL subtype, frequently found more in adolescents than in adults, is the Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL). This ALL subtype has adverse clinical features, conferring a poor prognosis [154, 155], and it frequently displays a panel of genetic rearrangements in the cytokine receptor like factor 2 (CLRF2), JAK 1/2/3, FLT3 or platelet-derived growth factor receptor-β (PDGFRB) [156, 157]. These mutations are involved in the PI3K/Akt/mTOR pathway expression modulation, inducing high hyperactivation [155, 158, 159]. The combination of TORKIs with dasatinib was also particularly relevant in ABL-rearranged Ph-like B-ALL, and it was more effective than the administration of the TKI alone, suggesting a rationale, also in the clinics, for testing TKI pharmacological combinations with TORKIs in both pediatric and adult Ph-like B-ALL [140].




            A synthesis of the main mTOR drugs in B-ALL are reported in Table 5.




            

              Table 5 mTOR inhibitors used alone or in association in B-ALL.




              

                

                  

                    	Drug Target



                    	Drug/Cells



                    	Reported Synergism



                    	Recent Clinical Trials



                    	Reference(s)

                  


                



                

                  

                    	mTORC1



                    	Rapamycin


                    (Sirolimus)


                    (Ph+ B-ALL, Ph- B-ALL, Ph-like B-ALL)



                    	-Imatinib mesylate


                    -Daunorubicin


                    -Focal adhesion kinase (FAK) inhibitor



                    	NCT01184885


                    NCT00792948



                    	[72, 134, 146, 150-152]

                  




                  

                    	mTORC1



                    	CCI-779


                    (Temsirolimus)


                    (Ph- B-ALL)



                    	-



                    	NCT01614197


                    NCT01184885


                    NCT01403415



                    	[111]

                  




                  

                    	mTORC1



                    	RAD001


                    (Everolimus)


                    (Ph+ B-ALL, Ph- B-ALL)



                    	-Imatinib


                    -Vincristine


                    -Bortezomib


                    -MK2206


                    -LEE-01


                    -Glucocorticoids



                    	NCT01523977


                    NCT00968253


                    NCT00918333



                    	[71, 104, 105, 120, 121, 135-137, 139, 151, 162, 173]

                  




                  

                    	PI3K/mTOR



                    	PI-103


                    (Ph+ B-ALL)



                    	-Imatinib



                    	No clinical trials are available



                    	[145]

                  




                  

                    	PI3K/mTOR



                    	PKI-587


                    (Gedatolisib)


                    (Ph+ B-ALL, Ph- B-ALL, Ph-like B-ALL)



                    	-



                    	No clinical trials are available



                    	[113]

                  




                  

                    	PI3K/mTOR



                    	BEZ235


                    (Ph+ B-ALL, Ph- B-ALL)



                    	-Nilotinib


                    -GX15-070



                    	NCT01756118



                    	[17, 90, 124, 125, 128, 138, 152]

                  




                  

                    	PI3K/mTOR



                    	BGT226


                    (Ph- B-ALL)



                    	-



                    	No clinical trials are available



                    	[123]

                  




                  

                    	mTORC1/


                    mTORC2



                    	PP-242


                    (Ph+ B-ALL)



                    	-



                    	No clinical trials are available



                    	[147]

                  




                  

                    	mTORC1/


                    mTORC2



                    	Torin-2


                    (B-pre-ALL)



                    	-MK2206



                    	No clinical trials are available



                    	[139]

                  




                  

                    	mTORC1/


                    mTORC2



                    	MLN0128


                    (Ph+ B-ALL, Ph- B-ALL)



                    	-Dasatinib



                    	NCT02484430



                    	[153]
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