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    Frontiers in Clinical Drug Research - Anti-Cancer Agents presents recent developments in various therapeutic approaches against different types of cancer. The book is a valuable resource for pharmaceutical scientists, postgraduate students, and researchers seeking updated and critical information for developing clinical trials and devising research plans in anti-cancer research.




    The five chapters in this volume are written by eminent authorities in the field. Chapter 1 deals with the role of the PI3K/AKT/mTOR pathway in the survival of malignant cells as a potential target to combat relapse in AML patients. It also covers therapeutic agents involving a new class of inhibitors for plausible approaches to treat patients with relapsed or refractory AML diseases. Chapter 2 discusses the role of some natural products as potential novel anti-tumor agents treat CRPC patients. Chapter 3 presents an overview of key proteins and their coordinating and/or cooperating partner proteins in protein pathways which can be useful to design innovative chemotherapeutics. Chapter 4 deals with the effectiveness of Hepatic Arterial Infusion Chemotherapy (HAIC) for advanced hepatocellular carcinoma. Chapter 5 summarizes the current strategies and discusses lead molecules which have found their way to preclinical and clinical studies for targeting cancer stem cells.




    I hope that the readers will find these reviews valuable and thought-provoking so that they may trigger further research in the quest for new and novel therapies against cancers.




    I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications) and Mrs. Salma Sarfaraz (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Regardless of the diverse modes of treatment, the prognosis and clinical response of AML (Acute myeloid leukemia) remain low as the conventional modes of treatment, including cytarabine and anthracycline have their limitations. Moreover, chemotherapy-induced cytotoxicity triggers the remission, thus most of AML patients succumb to relapse. The monotherapy is also not helping much due to the rapid growth of AML, while an insufficient period of time is a major barrier in immunotherapy. Therefore, the current focus has been on combination therapy, with different agents, possibly because chemotherapy for AML is associated with infection, inflammation and could be rather toxic when combined with immunotherapy. Thus, there is the utmost need for developing a new approach and treatment for AML. Recent therapies focus on various novel signaling pathways and proteins that promote the survival of cancer cells in AML patients. This single or combinatorial approach may be more effective with less harmful effects. In this context, here we are discussing the role of PI3K/AKT/mTOR pathway in the survival of malignant cells as a potential target to combat relapse in AML patients. Accordingly, the therapeutic agents with a new class of inhibitors for plausible approaches to treat the patients with relapsed or refractory AML diseases could be advocated.
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      INTRODUCTION




      Acute myeloid leukemia [AML] is a dysregulated proliferation of myeloid precursor cells leading to genomic instability. AML generally affects the people of older age and rarely occurs before the age of 45 and is thus a disease of later adulthood. 174,250 people were diagnosed with AML, in 2018, in the US alone. The overall incidence rate per 100,000 populations was reported in 2017 for leukemia based on age. 9.5 percent of the deaths was reported to be due to cancer in 2018, based on the predicted total of 609,640 cancer deaths [1, 2] The reckless progression of AML is fatal within a week or two if left untreated [3]. It is a multi-clonal disease involving the expansion of aberrant cells resulting in the impairment of the hematopoietic process, eventually leading to clinical relapse and death. The clonal heterogeneity in a large number of these patients intrigues different outcomes to chemotherapy in various individuals with AML.




      Leukemogenesis is a multifactorial phenomenon involving genetic disposition, physical, chemical, or radiation exposure and chemotherapy. Many genetic aberrations have been associated with hyperproliferation and undifferentiated clonal populations in patients with AML. The distinct pattern of clonal cytogenetic abnormalities gives rise to acute myelogenous leukemia. Thus, the characterization of such clonal population and chromosomal aberrations will provide insights to understand the origin and development of leukemia. The mutations in epigenetic and transcriptional regulators represent one of the hallmarks of AML. There are numerous mutated genes present in AML, e.g., FLT-3, fms-like tyrosine kinase-3, and IDH, isocitrate dehydrogenase associated with the sub-clonal population, which are difficult to analyze by an advanced technique like flow cytometry. It cannot be differentiated as to which sub-clone has refractory/ relapse properties. The mutations could be evaluated only after remission induction therapy in these patients for 5-7 days, which kills leukemic and normal blood marrow cells giving us an assessment of the improvement for the erased mutation after induction. Such trials can lead to identifying sub-clones having relapse markers by different techniques like cytogenetics, sequencing [4].




      

        Chemotherapeutic Drugs Used in the Treatment of AML




        Most of the patients can respond to the initial cytotoxic induction therapy; the common cause of death is the relapse of disease. The various chemotherapeutic regimes used for the treatment of AML are cytarabine, anthracycline, daunorubicin. Some of them are mentioned in Table 1. The other option for treatment is aggressive therapy to provide a path to an allogeneic hematopoietic stem cell transplant [alloHSCT], which is the promising option for patients with refractory or relapsed AML [RR-AML]. Patients should have at least a complete response before undergoing alloHSCT and fewer side effects with a suitable donor and in good health condition. The standard chemotherapy regimens do not help eliminate leukemia in patients showing relapse. It is due to the activation of various signaling cascades in leukemia stem cells and early leukemic precursors actively help in stimulating their survival. These signaling pathways are further targeted by several targeted agents. Some of the targeted agents are mentioned in Table 2, along with new combinational approaches of immunotherapeutic agents studied in clinical trials mentioned in Table 3. Such agents provide a potential therapeutic output and different signaling pathways like PI3K, mTOR can be targeted for the treatment of leukemia. New strategies and methods for treating AML individuals are being executed like a gene test variant of a patient, which helps in designing a drug and predicting the exact drug working for a specific patient [5].




        The clinical relapse occurs due to three main sources; disease was chemosensitive with partial treatment and reoccurred with multiple mutations, a subclone originated from an initial clone at low frequency, but after treatment clone gets benefitted due to the decreased chemotherapy sensitiveness and a denovo generation of AML because of side effects from treatment. AML is treated with chemotherapy at the initial stage with an additional hematopoietic stem cell transplant depending on the patient’s response [6].


      




      

        AML Relapse




        The relapse in AML occurs at any stage of the treatment or after completion of treatment. The standard recommendations by world health organization include monitoring blood counts for platelets every 1 to 3 months for the first two years and every 3 to 6 months thereafter for another three years [7]. The general practice of clinicians for treatment includes enrollment in a clinical trial, the reintroduction of a similar induction regimen if a relapse happens at a later stage [>12 months], or with a salvage regimen followed by allogeneic hematopoietic stem cell transplant. The relapse factor depends on age, pre-treatment cytogenetics, and chemotherapeutic drugs required for the first complete response. The prognosis factor is one of the important factors to be kept in mind at the time of relapse of disease. Relapse is one of the leading causes of death in such patients. The prognostic factor will help in facilitating appropriate chemotherapeutic agents for the successful treatment of disease [8, 9].


      




      

        PI3K/mTOR Pathway




        PI3K/mTOR, a mechanistic target of Rapamycin pathway is one of the main regulatory signaling cascades in mammals maintaining activities of a cellular system by regulating the transcription of genes encoding pro-oncogenic proteins which help in the survival of malignant cells. The growth-suppressive cytokines, for example, IFNs, help in activating the signaling cascades wherein a competition between growth factors and mitogenic factors occurs to regulate the mTOR pathway. Due to PTEN mutation, hyperactivation of PI3K leads to phosphorylation and activation of AKT on threonine 308, resulting in activation of downstream substrates and effectors promoting survival and proliferation in mammals. Extensive research and study are in progress to inhibit this pathway, which may pave the way for finding anti-tumorigenic therapy. The activation of this pathway also results in chemotherapy resistance. This makes the PI3K/AKT/mTOR signaling cascade pathway a major target for anticancer therapy in the treatment of AML and various other cancers. For the same reason, pharmacological inhibitors of the PI3K/AKT/mTOR pathway have been studied and are currently being evaluated in ongoing clinical trials. The first-generation mTOR inhibitors, including rapamycin, rapalogs, are in various phases of clinical trials. Two rapalogs, temsirolimus, and everolimus are approved by the FDA for treating renal cancer [10, 11]. The main pathway which is affected during AML is PI3K/mTOR signaling regulatory one. The study and elucidation of such pathways will pave the way to treat AML effectively.




        

          Table 1 Chemotherapy regimens in patients with relapsed or refractory acute myeloid leukemia [AML].




          

            

              

                	Regimen



                	Agents



                	CR and Response Rate



                	TRM or 30-day Mortality



                	Reference



                	Overall Survival

              


            



            

              

                	HiDAC



                	Cytarabine



                	32-47%



                	12-15%



                	[12-15]



                	Overall response is 50%, Clinical remission is 30-40%

              




              

                	FLAG


                FLAG-IDA



                	Fludarabine


                Cytarabine


                G-CSF



                	48-55%



                	10-11%



                	[16-18]



                	Overall and disease-free survivals were 19.3 and 11.3 months


                Overall CR rate for the salvage induction group was 73%


                Overall survival longer, superior disease-free survival [DFS at 5 years was 57% Vs 39%]

              




              

                	Fludarabine


                Cytarabine


                Idarubicin



                	63%



                	17%



                	[19, 20]



                	

              




              

                	CLAG


                CLAG-M



                	Cladribine 5 mg/m2 days 2-6


                Cytarabine 2 g/m2 days 2–6


                G-CSF 300 mcg days 1–6



                	38-50%



                	0-17%



                	[21-23]



                	Response rates and median overall survivals were 64% and 202 days

              




              

                	Cladribine 5 mg/m2 days 1–5


                Cytarabine 2 g/m2 days 1–5


                G-CSF 300 mcg days 0–5


                Mitoxantrone 10 mg/m2 days 1–3



                	50-58% [58% after first course]



                	0-7%



                	



                	

              




              

                	MEC



                	Mitoxantrone 6 mg/m2 days 1–6


                Etoposide 80 mg/m2 days 1–6


                Cytarabine 1 g/m2 days 1–6



                	59-66%



                	3-6%



                	[24-27]



                	Median overall survival [OS] was 6.8 months

              




              

                	MEC/Decitabine



                	Decitabine 20


                mg/m2 days 1–10


                Mitoxantrone 8 mg/m2 days 16–20


                Etoposide 100 mg/m2 days 16–20


                Cytarabine 1 mg/m2 days 16–20



                	30% [CR + CRp+CRi=50%]



                	20%



                	[27-29]



                	CR [30%], overall response rate was 50%, overall survival was longer [median of 211 days]

              




              

                	EMA-86



                	Mitoxantrone 12 mg/m2 days 1–3


                Cytarabine 500 mg/m2 CI days 1–3 & 8–10


                Etoposide 200 mg/m2 CI days 8-10



                	60%



                	11%



                	[29]



                	60% CR, median survival was 7 months, 11% survival was 5 years

              




              

                	MAV



                	Mitomycin 10 mg/m2 days 4–8


                Cytarabine 100 mg/m2 CI days 1–8


                Etoposide 100–120 mg/m2 days 4–8



                	58%



                	11%



                	[30]



                	58.3% patients had complete remission

              




              

                	FLAD



                	Fludarabine 30 mg/m2 days 1–3


                Cytarabine 2 g/m2 days 1–3


                Liposomal daunorubicin 100 mg/m2 days 1–3



                	53%



                	7.5%



                	[31, 32]



                	Complete response rate was 44% and 56%, overall response rate of 52%. Median overall survival in AML patients was 9 months

              




              

                	GCLAC



                	Clofarabine 25 mg/m2 days 1–5; Cytarabine 2 g/m2 days 1–5; G-CSF 5 mcg/kg day 0 until ANC recovery



                	46%, [CR + CRp 61%]



                	13%



                	[33, 34]



                	Thirty-one patients, 52% had CR, an overall response rate of 60%. Among 35 patients older than 60 years of age, 20 patients [57%] achieved CR and 2 [6%] and OR of 63%.

              


            

          




        




        complete response [CR], complete response with incomplete platelet recovery [CRP], complete response with incomplete blood count recovery [CRi], treatment-related mortality [TRM], High-dose arabinoside cytarabine [HiDAC], granulocyte colony-stimulating factor [G-CSF], continuous infusion [CI], cyclin-dependent kinase [CDK].




        

          Table 2 Targeted agents in trials for the treatment of patients with relapsed/refractory AML [RR-AML].




          

            

              

                	Agent



                	Mechanism of Action



                	Outcome



                	Overall Response



                	Complete Response



                	Reference

              


            



            

              

                	Quizartinib



                	FLT-3 inhibitor



                	It acts as a single agent against FLT3-ITD



                	61%-72%



                	44%-54%



                	[35]

              




              

                	Crenolanib



                	FLT-3 inhibitor



                	It inhibits signaling of wild-type and mutant isoforms of class III receptor FLT3, PDGFR α, and PDGFR β



                	234 days: 238 days



                	39%



                	[36]

              




              

                	Rapamycin



                	mTOR inhibitor



                	It acts as a


                mTOR inhibitory agent



                	95%



                	95%



                	[37, 38]

              




              

                	Everolimus



                	mTOR inhibitor



                	It acts as a


                mTOR inhibitory agent



                	10.5-12 months



                	The objective response rate of 38%



                	[39]

              




              

                	Tosedostat



                	Aminopeptidase activity inhibitor CR 53%



                	It is an aminopeptidase inhibitor, has synergy with cytarabine and hypomethylating agents



                	CR/CR with incomplete count recovery [CRi] rate was 53%



                	Median survival was 11.5 months



                	[40-42]

              




              

                	Vorinostat



                	Histone deacetylase inhibitor



                	It is a cancer growth blocker,


                suberoylanilide hydroxamic acid, SAHA], a hydroxamic acid inhibitor of class I and class II HDAC



                	105-153 days overall maiden survival



                	complete remission rate was 4.5%



                	[43-45]

              




              

                	AG-120



                	IDH1 inhibitor



                	It acts as a single agent in R/R AML



                	Overall response rate 31%



                	Complete response 15%



                	NCT02074839

              




              

                	AG-221



                	IDH2 inhibitor



                	It acts as a single agent in R/R AML



                	ORR 41%



                	18%



                	[46]

              




              

                	Vosaroxin



                	Anticancer quinolone derivative



                	It intercalates DNA and inhibits topoisomerase II.



                	overall survival was 6.9 months



                	CR rate was 25%



                	[47, 48]

              




              

                	Pravastatin



                	HMG-CoA reductase inhibitor



                	It is a member of the drug class of statins



                	median overall survival was 12 months



                	response rate was 75%



                	[49]

              




              

                	Bortezomib



                	Proteasome inhibitor



                	It acts as a proteasome inhibitor



                	2-year overall survival [OS] was 39 ± 15%



                	complete response [CR + CRp] rates were 29%



                	[50]

              




              

                	CPI-613



                	Lipoate derivative



                	It inhibits mitochondrial respiration in AML cells



                	Overall response rate was 48%



                	CR/CRi rate of 46%



                	[51]

              




              

                	ABT-199



                	BCL-2 inhibitor



                	It represents the first in class, selective, oral BCL-2 inhibitor sparing platelets



                	ORR was 15.5%



                	complete response [CR] of 23%



                	[52, 53]

              


            

          




        




        

          Table 3 Immunotherapeutic agents for the treatment of patients with relapsed/refractory AML.




          

            

              

                	Agent



                	Overall Survival



                	Complete Response



                	Mechanism of Action



                	Reference

              


            



            

              

                	Gemtuzumab ozogamicin



                	Overall response rate 26%



                	Complete response [CR] rate was 16%



                	Conjugated Antibody targeting CD33



                	[54, 55]

              




              

                	SGN-CD33A



                	Overall survival 12.75 months



                	Complete response rate was 71 percent



                	Conjugated Antibody targeting CD33



                	[56]

              




              

                	MGD006



                	phase 1 clinical trial, bispecific antibodies



                	MGD006 is a humanized, dual affinity retargeting, or DART, a molecule that recognizes both CD123 and CD3



                	Dual Affinity Re-Targeting Antibody targeting CD123 and CD3



                	[57]

              




              

                	CD16x33 BiKE



                	



                	It activates NK cells at high potency against acute myelogenous leukemia [AML]



                	Bispecific Killer Cell Engager Antibody against CD16 and CD33



                	[58]

              




              

                	CART33



                	



                	It is effective against long term myelosuppression and can be used alone or as part of a regimen before giving allogeneic transplantation in refractory AML.



                	Chimeric Antigen Receptor-Transduced T Cells targeting CD33



                	[59, 60]

              




              

                	CART123



                	



                	It eliminates leukemia and leads to long term survival of AML



                	Chimeric Antigen Receptor-transduced T -cells targeting CD123



                	[61, 62]

              




              

                	WT1 peptide vaccine



                	It has relapse-free survival >1 year



                	It has long-lived [more than 8 years] remissions of disease



                	Vaccine targeting WT1



                	[63, 64]

              




              

                	WT1-specific CD8[+] T-cell infusion



                	



                	WT1 with T-cells is safe and can lead to antileukemic activity



                	Adoptive Cell Transfer



                	[65, 66]

              




              

                	AlloHSCT



                	Leukemia-free survival, overall survival was improved



                	It reduced the risk of relapse for patients with AML



                	Adoptive Cell Transfer



                	[67, 68]

              




              

                	Donor lymphocyte infusion [post alloHCT]



                	Survival for all patients was 23% at 1-year post relapse



                	CR rates of 29%



                	Adoptive Cell Transfer



                	[10, 62, 69-71]

              


            

          




        


      




      

        mTOR Pathway in AML




        The dis-functioning of pathways control both transcription and translation of genes encoding for oncogenic proteins. These emerge as the leading player's promotion and progression of AML disease. The PI3K/AKT/mTOR pathway is activated in AML. The activation of constitutive 3'K in AML is because of active PI3K p110δ isoform.




        It has been found that AKT activation along with other cross-talk pathways like PKC-α and ERK leads to poor prognosis in AML. In recent years, proteomics study or single-cell network profiling with flow cytometry has been extensively used to check the chemotherapeutic response in AML patients. Their chemotherapy is highly ineffective in patients older than 60 years or secondary AML patients. Such AML ones are linked with increased phosphorylation of AKT, which is induced by FLT-3 ligand [72]. AML can be treated in a specific manner about identifying aberration in AKT/mTOR pathway. The use of mTOR inhibitor; Rapamycin has shown blast clearance in some patients of AML. The combinatorial approach of drugs like Rapamycin and etoposide has synergistic effects on AML cells in vitro and in AML mouse models under in vivo condition. The similar results of a combination of drugs in a chemotherapeutic regimen [mitoxanthrone, etoposide, and cytarbine] for the treatment of relapsed AML, but there weren't a similar response to AML patients. This gives an insight that the combinatorial approach of drugs can be successful for treatment. However, it needs to be extensively studied and practiced in clinical trials with the optimum dose and response of patients to the therapy before commercialization [73].


      




      

        TORC1 Targeted Therapy in mTOR




        Though there are various approaches to establish the dose and response of different rapalogs along with chemotherapy, the use of such agents is limited in the therapeutic aspect of the patient. To overcome such limitations, the agents are designed as inhibitors of multiple targeting pathways like mTORC1, mTORC2, and PI3K/AKT. For more effective treatment, dual TORC1, TORC2 inhibitors like PP242 or OSI-027 are being developed. These are very effective suppressors of TORC function in BCR-ABL transformed cells. These inhibitors showed anti-leukemic activity under in vitro and in vivo condition of CML cells, and on T3151 BCR-ABL mutated cells, which were resistant to such mTOR inhibitors are presently approved for CML and Ph+ ALL, for example, imatinib, mesylate, nilotinib, dasatinib. Such results lead to the possibility of using these agents in various other leukemias. The effects of dual TORC1/2 inhibition on different elements of the mTOR pathway in multiple AML cell lines and blasts of leukemia from AML patients were compared to mTOR inhibitor, rapamycin. The findings were that OSI-027 inhibited TORC2-specific cells of AML, leading to AKT phosphorylation on Ser473. In comparison to this finding, both OSI-027 and rapamycin were inhibiting activation of S6 kinase and its downstream target S6 ribosomal protein. There was an important finding that 4E-BP1 phosphorylation was inhibited by OSI-027 and not rapamycin stating that phosphorylation is a rapamycin-insensitive cell event in AML cells. The result is similar to other systems for rapamycin-insensitive TORC1-mediated signals. Some studies have established that OSI-027 is inhibiting primitive leukemic precursors from AML patients. Compared to rapamycin, OSI-021 was more inhibitory. It inhibited the effect of low dose cytarabine, stating that the combinatorial approach of dual TORC1/2 inhibitors with chemotherapy will provide an anti-leukemic response to chemotherapy [74].




        In conclusion, clinical trials need to be done in more numbers for such dual TORC1/TORC2 inhibitors for AML. Apart from OSI-027, there are more TORC1/2 in clinical or pre-clinical development. Another approach is to block the mTOR pathway by inhibiting PI3K/AKT completely. The combined blockade of PI3K and mTOR has also been developed, for example, NVPBEZ235. This molecule has been effective, including rapamycin-insensitive TORC1 and 4E-BP1. The outcome was cell proliferation, and leukemic progenitor clonogenicity was decreased. This outcome makes this combinatorial approach as a progressive way for the treatment of AML [75].


      




      

        Novel Therapies in the Treatment of AML




        The overall survival rate in AML patients increases with the clinically active single agents like hypomethylating agents, and chemotherapies. The most effective response is a combination of such agents with chemotherapy or the dual approach of drugs. For example, the combination of FLT3, fms like tyrosine kinase-3, and IDH, isocitrate dehydrogenase inhibitors with chemotherapy, can be used. Targeted therapeutic agents and ADCs, antibody-drug conjugates in induction chemotherapy are another excellent combination and use, thereby it as maintenance therapy. The other combinational approach can be volasertib, guadecitabine, and SGN-CD33A along with targeted therapies, but such agents should be practiced in clinical trials [56, 72].


      




      

        FLT3 Mutation in AML as a Therapeutic Target




        FLT3, a cytokine receptor for FLT3 ligand, belongs to the class III family of tyrosine kinases [76]. Eventually expressed in myeloid series, FLT3 regulates the cell survival and proliferation of hematopoietic stem cells [77, 78]. It is commonly restricted in the region of juxtamembrane, FLT3 mutations are mostly seen in AML patients, contain 20% of mutations as internal tandem duplications, and 28-34% as CN-AML, however recent data suggest the association of the poor outcome with later mutation [79]. These constitutively active mutations activate the downstream cascade like RAS, MAPK, PI3K/Akt/mTOR, and STAT5 signaling pathways and accelerate immature blast count [80]. Various reports suggested that FLT3 mutations in AML patients are providing beneficial effects to allo-HSCT in CR1 [81]. Tyrosine kinase inhibitors [TKI] have been recently introduced in the therapeutics of an AML patient with FLT3 mutations alone or combinations with other chemotherapeutic drugs, thereby drastically reduces the blast count and increases overall survival time of AML patients [82].


      




      

        Targeting Isocitrate Dehydrogenase [IDH] Mutations in AML




        Isocitrate dehydrogenase [IDH] 1 and 2 genes encode vital physiological, metabolic enzymes that regulate the isocitrate and α-ketoglutarate metabolites [83]. In AML, the gain of function mutation of IDH1/2 is an oncogenic mutation in hematologic malignancies, increasing the oncometabolite's synthesis, the 2-hydroxyglutarate from the α-ketoglutarate [84]. The high production of 2-hydroxyglutarate inhibits TET enzymes, thus increases immature blast count [85]. The gain of function mutation in IDH1/2 accounts for approximately 15-20% of AML patients and 25-30% of CN-AML patients [86]. IDH1/2 mutations are afflicted with overall poor overall in CN-AML patients [87]. It is especially true for older patients. Recent findings revealed that many promising, selective, orally available inhibitors of mutant IDH1/2 are in clinical trials [phase I and II] for AML patients [Table 4], which might represent a novel class of drugs in targeted therapy [88-90].




        

          Table 4 Small molecule inhibitors and mutations in different malignancies as a therapeutic target in various clinical trials.




          

            

              

                	Drug



                	Neoplasm/Cancer Studied



                	Clinical Trials



                	Mechanism/Target/Pathways



                	References

              


            



            

              

                	AG-120



                	Hematological malignancies



                	Phase I/II



                	IDH1 mutation



                	[89]

              




              

                	AG-120



                	Cholangiocarcinoma


                Chondrosarcoma


                Glioma


                Other advanced solid tumors



                	Phase I/II



                	IDH1 mutation



                	[89]

              




              

                	AG-221



                	Hematological malignancies



                	Phase I/II



                	IDH2 mutation



                	[89]

              




              

                	AG-221



                	Solid tumor


                Glioma


                Angioimmunoblastic T-cell lymphoma


                Intrahepatic cholangiocarcinoma


                Chondrosarcoma



                	Phase I/II



                	IDH2 mutation



                	[89]

              




              

                	AG-221



                	Refractory or relapsed AML



                	Randomized Phase III: AG-221 vs physician’s choice


                Patients ≥60 years of age after the second or third line of treatment



                	IDH2 mutation



                	[89]

              




              

                	AG-120 or AG-221



                	Newly diagnosed AML



                	Phase I



                	IDH1 mutation


                IDH2 mutation



                	[89]

              




              

                	AG-120 or AG-221



                	Newly diagnosed AML



                	Phase Ib/II



                	IDH1 mutation


                IDH2 mutation



                	[89]

              




              

                	In combination with subcutaneous azacitidine/In patients unfit for intensive chemotherapy



                	

              




              

                	AG-881



                	Advanced hematological malignancies



                	Phase I/II



                	IDH1 mutation


                IDH2 mutation



                	[89]

              




              

                	AG-881



                	Cholangiocarcinoma


                Chondrosarcoma


                Glioma



                	Phase I/II



                	IDH1 mutation


                IDH2 mutation



                	[89]

              




              

                	IDH305



                	Advanced haematological malignancies



                	Phase I/II



                	IDH1R132 mutation



                	[89]

              




              

                	IDH1 peptide vaccine



                	Grade III–IV gliomas



                	Phase I/II



                	IDH1R132H mutation



                	[89]

              




              

                	IDH1 peptide vaccine



                	Recurrent grade II glioma



                	Phase I/II



                	IDH1 mutation



                	[89]

              




              

                	FLT3 inhibitors as a single agent or in combination



                	

              




              

                	Midostaurin



                	Newly Diagnosed AML



                	Phase III



                	Protein Kinase C/another kinase inhibitor



                	[90]

              




              

                	Midostaurin



                	Newly diagnosed AML


                Elderly AML



                	Phase II



                	Protein Kinase C/another kinase inhibitor



                	[90]

              




              

                	Midostaurin



                	Newly diagnosed elderly MDS



                	Phase II



                	Protein Kinase C/another kinase inhibitor



                	[90]

              




              

                	Lestaurtinib



                	Newly diagnosed AML



                	Phase III



                	Janus kinase 2 [JAK2], tropomyosin receptor kinase A



                	[90]

              




              

                	Sorafenib



                	Newly diagnosed AML



                	Phase III



                	Pan-kinase inhibitor



                	[90]

              




              

                	Sorafenib



                	Newly diagnosed AML



                	Phase III



                	Pan-kinase inhibitor



                	[90]

              




              

                	Sorafenib



                	Maintenance after allogeneic transplantation of AML



                	Pilot Study



                	Pan-kinase inhibitor



                	[90]

              




              

                	Sorafenib



                	Maintenance after allogeneic transplantation of AML



                	Phase I/II



                	Pan-kinase inhibitor



                	[90]

              




              

                	Sunitinib



                	Newly diagnosed AML



                	Phase II



                	multi-kinase inhibitor/FLT3



                	[90]

              




              

                	Quizartinib



                	Relapsed/refractory AML



                	Phase II



                	c-KIT and another kinase inhibitor



                	[90]

              




              

                	Quizartinib



                	Newly diagnosed adults AML



                	Phase I



                	c-KIT and another kinase inhibitor



                	[90]

              




              

                	Quizartinib



                	Maintenance after allogeneic transplantation of AML



                	Phase I



                	c-KIT and another kinase inhibitor



                	[90]

              




              

                	Quizartinib



                	Newly diagnosed elderly AML



                	Phase II



                	c-KIT and another kinase inhibitor



                	[90]

              




              

                	Ponatinib



                	Relapsed/refractory AML



                	Phase I



                	BCR-ABL, FLT3, TKI-resistant CML/Ph+ ALL



                	[90]

              




              

                	Crenolanib


                Gilteritinib



                	Relapsed/refractory AML


                Relapsed/refractory AML



                	Phase I


                Phase III



                	PDGFR/FLT3 inhibitor


                FLT3/AXL inhibitoR



                	[90]


                [97]

              


            

          




        


      




      

        Immunologic Approaches for the Treatment of AML




        There are various immunomodulating agents like lenalidomide, which are supposed to be effective in low proliferating diseases. The use of epigenetic modulators will be useful in relapsed patients. The same can be used in combination with other agents like tosedostat, midostaurin, or as a helping agent to allogeneic transplantation for unhealthy patients to reduce the intensity of drugs. Some of the agents which are used in AML patients like IDH1/2 mutations, FLT3-1TD, MLL-r are promising for molecularly defined groups [36, 46]. The poor prognosis factor in AML refractory/early relapse is the worrying aspect. To overcome such disadvantages, the use of next-generation sequencing is another way to see the genetic aberrations and design the drug according to the treatment of AML [93, 94].


      




      

        The Use of Inhibitors in the Treatment of AML and Concluding Remarks




        The inhibition of mTOR is one of the positive outcomes in the treatment of many malignancies, which selectively target agents like TORC1 [rapalogs] with limited activity and less impact in the clinical aspect. In this regard, selective ATP-catalytic inhibitors, which block both TORC1 and TORC2, are showing new ways to treat AML by targeting the mTOR pathway. Various approaches are going on, both in vitro and in clinical aspects, to overcome the negative issues of rapalogs and make them better inhibitors, for example, dual inhibitors like TORC1/2 or pan-PI3K-TORC1/2 are being developed and tested in clinical trials. The trials have to be optimized further by including a large number of patients and optimizing the dose and response of these inhibitors with minimal side effects and a major effect on the malignant part. The inclusion and exclusion criteria, while taking an inhibitor in trial and patient-specific inhibitors, are in the process of development. The dual inhibitors, apart from having an anti-leukemic effect, dual TORC1/2 catalytic inhibition also increases the effect of commonly used AML drug cytarabine on primitive leukemic precursor from AML patients. These studies will have a beneficial effect on AML patients. The combination of inhibitors and chemotherapeutic agents will provide a therapeutic approach to leukemic initiating stem cells and help to incur such patients. The revolution of newer techniques and low cost of next-generation sequencing of DNA, genetic mutation studies, to the pathogenesis of new cases of relapsed and refractory AML. ChIP-seq has paved a way to understand genetic alterations present in leukemic disease [95, 96].




        
[image: ]


Fig. (1))


        Direct mTOR inhibition by rapalogs (Rapamycin, Everolimus, Temsirolimus), inhibitors like FLT3 in AML.



        Such genetic alterations can be studied using inhibitors like FLT3, NPM1, and CEBPA, which are in practice governed by world health organization guidelines for AML. Mutations in genes such as c-KIT, IDH1, IDH2, and FLT3 provide molecular aspects in AML that lead to an improvement in complete remission, disease-free survival, overall survival. Other inhibitors of proteins are also involved in clinical activity in phase 1 studies [7, 91, 92]. The newer approach is to translate preclinical data into the therapeutic regimen and in practice. The identification of a biomarker is another way to combine these agents with other drugs that show synergism. The pictorial representation of the mTOR inhibitors is shown in Fig. (1).
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