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Abstract

:

Acute lymphoblastic leukemia (ALL) and non-Hodgkin’s lymphoma (NHL) are hematological malignancies with high incidence rates that respond relatively well to conventional therapies. However, a major issue is the clinical emergence of patients with relapsed or refractory (r/r) NHL or ALL. In such circumstances, opportunities for complete remission significantly decline and mortality rates increase. The recent FDA approval of multiple cell-based therapies, Kymriah (tisagenlecleucel), Yescarta (axicabtagene ciloleucel), Tecartus (Brexucabtagene autoleucel KTE-X19), and Breyanzi (Lisocabtagene Maraleucel), has provided hope for those with r/r NHL and ALL. These new cell-based immunotherapies use genetically engineered chimeric antigen receptor (CAR) T-cells, whose success can be attributed to CAR’s high specificity in recognizing B-cell-specific CD19 surface markers present on various B-cell malignancies and the subsequent initiation of anti-tumor activity. The efficacy of these treatments has led to promising results in many clinical trials, but relapses and adverse reactions such as cytokine release syndrome (CRS) and neurotoxicity (NT) remain pervasive, leaving areas for improvement in current and subsequent trials. In this review, we highlight the current information on traditional treatments of NHL and ALL, the design and manufacturing of various generations of CAR T-cells, the FDA approval of Kymriah, Yescarta Tecartus, and Breyanzi, and a summary of prominent clinical trials and the notable disadvantages of treatments. We further discuss approaches to potentially enhance CAR T-cell therapy for these malignancies, such as the inclusion of a suicide gene and use of FDA-approved drugs.
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1. Acute Lymphoblastic Lymphoma


ALL is a malignancy of hematopoietic stem cells and accounts for 30% of all childhood cancers, making it the most common cancer occurring in children. ALL presents when there is an accumulation of malignant and immature lymphoid cells, primarily in the bone marrow and systemically in the blood [1]. ALL is not just limited to children and young adults; however, it does have a peak incidence in those aged 2–5. ALL accounts for 15% of adult leukemia incidences and peaks after 50 years old. The prognosis for recovery in children is high, with overall survival rates of around 90%, but infants and adults exhibit poorer outcomes [1,2]. ALL can occur in T lymphoid precursors (15% of childhood ALL and 25% of adult ALL) or B cell lymphoid precursors and is mainly attributed to chromosomal abnormalities such as translocations or aneuploidy. Germline abnormalities are also found in both the neoplasms and healthy cells of patients. Environmental risk factors such as exposure to some chemicals or radiation have been linked to ALL, but in very few cases [2,3,4]. Common symptoms include bleeding or bruising due to thrombocytopenia, infection from neutropenia and pallor/fatigue due to anemia [2].



ALL mainly targets the hematopoietic stem cells but it can spread to organs like the spleen and liver, as well as the CNS and lymph nodes [5]. The classification of ALL subtypes is determined by two different systems: the World Health Organization (WHO) and the French American and British (FAB) system. WHO determines the ALL subtype according to its precursor cell while the FAB system classifies ALL as L1, L2, or L3 according to its morphology and histology [6]. L1’s morphology comprises small cells, sparse cytoplasm, a uniform chromatin, a nuclear shape (some indentation could be present), and very small nucleoli. L2′s morphology comprises overall larger cells, varying in size, chromatin distribution, a large quantity of cytoplasm, and a nuclear shape with one or more pronounced nucleoli. L3′s cytological features show large and uniformly shaped cells with homogenous and somewhat stippled chromatin, a round or oval shape, and relatively ample cytoplasm. L1 and L2 can be of either B or T cell linages, while L3 is rare, with only 1–2% of ALL cells exhibiting this morphology, which is mainly associated with mature B-lymphocytes. A more modern approach is through the WHO, which categorizes ALL into B-cell or T-cell linages and considers genetics, clinical manifestations, and immunophenotyping in addition to cytomorphology [7,8].




2. Standard Treatment Options for Acute Lymphoblastic Leukemia (ALL)


Treatment plans for acute lymphoblastic leukemia (ALL) have evolved as long-term side effects have been defined and new treatment options have been discovered.



ALL patients at high risk of central nervous system (CNS) relapse were typically treated with cranial radiation therapy (CRT) followed by intensive chemotherapy. This treatment plan historically resulted in an up to 80% 5-year-event-free survival rate in standard risk ALL patients [9]. During radiation therapy, intense bundles of energy in the form of an X-ray beam are fired at cancer cells to damage the cell DNA and cause the cells to die. Chemotherapy employs a series of drugs that inhibit the cell division of rapidly dividing cells, leading to their death. A chemotherapy and irradiation combination treatment plan is relatively successful at eradicating cancer, but neither treatment is specific to cancer cells. Therefore, both treatments damage healthy cells as well as cancerous cells, and cause unwanted side effects. CRT specifically has many serious later effects, including neurocognitive deficits, endocrinopathies, and secondary brain tumors, which occur in more than two-thirds of long-term survivors [10,11].



Following the discovery of the late effects of CRT, standard ALL treatment shifted to intravenous, intrathecal, and systemic chemotherapeutic drug administration, omitting prophylactic cranial irradiation. A clinical trial following the proposal of this new treatment plan consisted of 498 patients who were treated with chemotherapy alone, which resulted in an 85.6% 5-year-event-free probability and 93.5% overall survival probability [11]. Typical chemotherapy treatment protocols are divided into two four-week cycles. The first phase involves cyclophosphamide on the first day, 3 consecutive days of daunorubicin, biweekly L-asparaginase, weekly vincristine, and 3 weeks of prednisone. The second phase introduces cyclophosphamide with cytarabine, oral 6-mercaptopurine (6-MP), four doses of methotrexate, and cranial radiation [4]. Following the induction phases, patients undergo 3–4 cycles of intensification therapy with methotrexate. Although this contemporary chemotherapeutic trial achieved unprecedented survival probabilities, patients receiving this treatment still experienced a variety of treatment-related side effects, including osteonecrosis and cardiovascular and endocrine morbidity, as well as neurocognitive deficits [9].



ALL patients treated with chemotherapy often develop resistances and require chemo-sensitizing agents for the treatment to remain effective. Patients with Ph+ ALL currently start with a treatment of chemo-sensitizing imatinib mesylate combined with chemotherapy. Some patients experience a relapse after their immune system develops resistance to this treatment protocol and require the addition of dasatinib, a second-generation BCR-ABL tyrosine kinase inhibitor, to effectively treat their cancer [12]. Dasatinib allows the drug to more efficiently penetrate the blood–brain barrier; however, in clinical trials, cases of BCR-ABL-mutated dasatinib-resistant clones were observed, resulting in the need for another second-generation BCR-ABL tyrosine kinase inhibitor, nilotinib, for chemotherapy to remain effective [12].



Several cycles of chemotherapy administration, followed by the selective outgrowth of chemotherapy-resistant clones, and finally a new, slightly altered chemotherapy treatment is detrimental to human health. As previously mentioned, chemotherapy targets rapidly dividing cells, not cancer cells exclusively; these include blood-forming cells in the bone marrow, hair follicles, and cells in the reproductive system, mouth, and digestive tract. Some of the effects of chemotherapy are short-lived and will cease upon completion of the treatment, such as increased susceptibility to infection and mucositis. However, some side effects of high-dosage chemotherapy can be long-lasting and even fatal. These include venoocclusive disease of the liver (VOD), interstitial pneumonia syndrome (IPS), and increased risk of new cancer development [13]. This highlights the need to develop treatment options that will have fewer side effects.



Allogenic hematopoietic stem cell transplant (AHSCT) is another treatment option for ALL patients and is used to suppress the disease and restore the patient’s immune system. AHSCT must be preceded by chemotherapy or total-body irradiation (TBI) in ALL patients to eradicate as many cancer cells as possible and to provide a place for the healthy transplanted cells to grow and divide [14]. The typical dosages of TBI range from 13.5 Gy to 8 Gy, with the most common dosage being 12 Gy [15]. A recent clinical trial recorded a 65% 8-year overall survival in ALL patients of 30 years old or younger who were treated with this protocol [13]. Allogeneic stem cell transplantation reduces relapse rates in ALL patients, but transplantation includes toxic side effects. These side effects include all of those from high-dosage chemotherapy as well as graft-versus-host disease, where donor lymphocytes attack the recipient’s cells, graft rejection ensues, and bone marrow function is not reinstated. Additionally, women treated with TBI before the transplant have an extremely high risk of becoming sterile and developing cataracts [13]. The severity of the side effects is directly correlated to the degree of donor/recipient HLA-matching, the age of the patient, the type of high-dosage chemotherapy administered prior to treatment, and the degree of the patient’s immune system suppression.




3. Non-Hodgkin’s Lymphoma (NHL)


Non-Hodgkin’s Lymphoma (NHL) is a cancer of precursor lymphocytes and results in solid tumors of the lymphoid tissue at certain lymphocyte differentiation stages. It has no conclusive etiology [16]. More than half of all cases occur in adults over 65 years of age, but it is also common amongst adolescents (ages 15–19) and young adults (ages 20–39), accounting for 7% and 6% of cancer incidences, respectively [17]. Collectively, NHL makes up 4.3% of all cancers in the United States, making it the most frequently occurring hematologic malignant neoplasm in the country. It is estimated that, in 2020, there will be 77,240 new cases and 19,940 deaths. Mortality rates were the highest in 1997 but by 2004 they had dropped from 11.1 to 7.0 per 100,000 population, respectively. Lymphoma rates in general dropped by 80% in children and 82% in adolescents from 1970 to 2017 [18,19,20,21]. The risk factors are not yet well-understood, but studies suggest that infection and poor immune systems are the most probable causes of the disease. High NHL rates have been observed in people with some autoimmune diseases as well as diseases that deplete the immune system, such as HIV/AIDS. Rarer NHL subtypes like Epstein–Barr virus and Burkitt lymphoma have been associated with the incidence of infection. Environmental and lifestyle factors have been suggested to increase the risk of NHL, depending on the subtype, but some of these results are not conclusive [22]. NHL is categorized as either low-grade or high-grade, with each containing specific subtypes of NHL. Low-grade or indolent NHL includes follicular lymphoma, mantel cell lymphoma, marginal cell lymphoma, small lymphocytic lymphoma, lymphoplasmacytic lymphoma, enteropathy-associated T cell lymphoma, and skin lymphoma. High-grade NHL consists of diffuse large B cell lymphoma (DLBCL), Burkitt lymphoma, mediastinal large B cell lymphoma, and peripheral T cell lymphoma. Rarer types of high- and low-grade NHL also exist [23,24,25]. While both are serious subtypes of this cancer, the difference between low-grade and high-grade NHL is the initial aggressiveness. Low-grade NHL spreads slowly compared to high-grade NHL, and differences also exist in the therapies established for treatment. Low-grade NHL also has the potential to become high-grade, making its treatment approach more aggressive. This transformed NHL has a poorer prognosis. Most NHL types (85–90%) are B cell NHL and the remaining 10–15% are T cell NHL. The majority of patients initially exhibit B type symptoms, such as night sweats, bone pain, fatigue, and fever. Lymphadenopathy (occurrence may fluctuate) and the extranodal appearance of lumps elsewhere on the body, commonly on the skin or in the GI tract, are also common. Symptoms vary by subtype and disease advancement [24,25,26,27]. The International Prognosis Index is used in combination with the Ann Arbor Staging System to determine clinical risk factors when evaluating a newly diagnosed patient. The model looks at how many extranodal sites are present, serum lactate dehydrogenase concentration, the age of the patient (either over 60 years old or younger than 60 years old), how advanced the tumors are according to the Ann Arbor system, and the patient’s Eastern Cooperative Performance Status. The World Health Organization classification of NHL subtype is the most commonly used system in the world and is implemented through the excisional biopsies of affected lymph nodes or other affected lymphatic tissues [28].




4. Traditional Treatments for Non-Hodgkin’s Lymphoma (NHL)


According to the American Cancer Society, the 5-year survival percentage of NHL patients from 2008 to 2014, from birth to 14 years old, is 90.2%, and slightly decreases to 89.1% from 14 to 19 years of age [21]. About 90–100% of ALL cases in children attain complete response (CR), and over 80% of pediatric patients with a new ALL diagnosis (following conventional regimens) are cured. However, adults with ALL have a cure rate of only 50–60%, even though their CR is 90% [29]. One of the two traditional treatments for NHL is a chemotherapy regimen, cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP), which has shown an OS of 35% and a CR rate in elderly patients of 40% [30]. A study of 225 patients with intermediate- to high-grade NHL, ranging in age from 15 to 71 (median 56), compared the efficacy of CHOP and three other intensive chemotherapies (total n = 899, with each treatment group containing at least n = 218). At three years, the disease-free OS was estimated at 54% for the CHOP patients, with no significant increase in OS in comparison to the other treatments in the study. CHOP did, however, show lower levels of toxicity, and was therefore still considered the standard of care at the time of publication (April 1993) [31]. Another regimen, R-CHOP (CHOP plus rituximab), has shown important improvements in efficacy for the treatment of NHL. Rituximab (Rituxan), a CD20 monoclonal antibody, was discovered in 1991 but not approved for use in the treatment of NHL by the FDA until 1997 [32]. An evaluation of 824 patients in two groups of 18- to 60-year-olds revealed that the 3-year event-free-survival rate of those in the group treated with R-CHOP vs. CHOP alone was 20% higher (79% and 59%, respectively) [33]. A 13% higher CR was observed in elderly patients treated with R-CHOP vs. CHOP alone [34].



The conventional standard-of-care chemotherapy treatment for ALL patients is generally conducted in several phases depending on their relapse risk assessment: induction chemotherapy (4–6 weeks), combination chemotherapy for numerous months, and maintenance chemotherapy lasting 18–30 months are standard for lower-risk patients. Interim maintenance and delayed intensification phases are added to the protocol for patients with the highest risk of relapse [2,29]. For remission induction, prednisolone is the most commonly used glucocorticoid, followed by dexamethasone for the reintensification phase [35]. Despite the promising outcomes of R-CHOP for the treatment of NHL, and the promising outcomes of combination chemotherapy for ALL patients, a significant decrease in cure rates occurs for those who develop resistance or relapse after or during treatment [2,36]. Collectively, these results highlight the need for the design of novel approaches, with more efficacy and less toxicity), for the treatment of ALL and NHL (Figure 1).




5. Design of Various CD19 CAR Constructs


The specificity of the CD19 antigen has helped chimeric antigen receptor (CAR) T-cells succeed in early clinical trials. Apart from healthy B-cells, normal tissues and hematopoietic stem cells do not exhibit the CD19 antigen [37]. This allows the CD19 antigen to be properly directed towards targeting the B-cell leukemias and lymphomas that do express it. Antibodies and T-cells are hybridized and genetically engineered into CAR T-cells that consist of an extracellular single-chain variable fragment (scFv), a cell-membrane-spanning region, and cytoplasmic domains [38]. The extracellular antigen-specific scFv has VH and VL genes, which are attached by a disulfide bond or peptide linker [39]. CD8 or IgG4 molecules make up the intracellular portion of the cell, along with a CD3ζ-signaling domain in the cytoplasm region [38]. The previously described backbone of CAR-T cells has remained consistent from inception in the first-generation versions through the later fourth-generation versions. Tisagenlecleucel and axicabtagene ciloleucel are second-generation (2G) CAR T-cell immunotherapies that have both a CD3ζ signaling domain and one intercellular costimulatory region. The coupling of both cytoplasmic regions is responsible for actuating the T-cell. In axicabtagene ciloleucel, the addition of the signal transduction domain, CD28, in the cytoplasm mimics the CD28/B7 interactions shared by tumor cells and T lymphocytes [40]. With this, the CARs have T-cells with heightened cytotoxicity for tumor-specific antigens [41]. In tisagenlecleucel, the costimulatory domain in the cytoplasmic region of the CAR T-cell is 4-1BB. Similarly, the addition of this costimulatory region intensifies cytokine production and propagation while increasing the persistence of the CAR T-cells in the body [42]. Another 2G CAR T-cell was engineered for r/r B-ALL and has a 1:1 ratio of CD8+- and CD4+-specific subsets along with the 4-1BB and CD3ζ domains [43]. Third-generation (3G) CAR T-cells integrate both CD28 and 4-1BB (CD137) or CD28 and OX40 (CD134) as costimulatory domains [44]. It is not yet known if the unification of CD28 and 4-1BB helps the CAR T-cells to expand and work more efficiently than their 2G versions. However, since, individually, the 2G costimulatory domains trigger different pathways in T-cells, which have shown success in treating r/r ALL or r/r NHL, the idea is promising. Anti-tumor activity was shown to be enhanced when combining CD28 and 4-1BB, and the results from a recent clinical trial comparing 2G and 3G CAR T-cell activity together in vivo showed a beneficial outcome for patients with r/r NHL [45,46,47]. Fourth-generation CARs, called TRUCKs, are T-cells that have been designed to have an inducible transgenic product that they transport to the targeted tumor. Apart from having the scFv, CD3ζ, and a costimulatory region, they express a transgenic cytokine such as IL-12. This is achieved by an activated T-cell’s nuclear factor (NFAT). The cytokine gene cassette can then excrete cytokines (IL-12 or others in the same family), which strengthen immune responses and equip the CAR T-cell with superior anti-tumor mechanisms [48,49]. Fifth-generation CAR-T cells have membrane receptors. Although various approaches have been tested, the most promising one is the addition of the IL-2 receptors, allowing, in an antigen-dependent fashion, for the activation of the JAK/STAT signal transduction [50] (Figure 2).




6. Tisagenlecleucel and Axicabtagene Ciloleucel for the Treatment of Refractory Non-Hodgkin’s Lymphoma and Acute Lymphoblastic Leukemia


The years 2017 and 2018 marked a great advance for anti-CD19 chimeric antigen receptor (CAR) T-cell therapy, with the US Food and Drug Administration approving two drugs: Tisagenlecleucel (Kymriah; Novartis, East Hanover, NJ, USA), approved in August 2017, and axicabtagene ciloleucel (Yescarta; Kite Pharma, El Segunda, CA, USA), approved in May 2018 [50]. Both cell-based immunotherapies were developed for patients with relapsed or refractory (r/r) aggressive B-cell malignancies who had at least two unsuccessful prior lines of systemic therapy [50]. A third CAR T-cell drug, lisocabtagene maraleucel (liso-cel, JCAR-017), is in the final stages of clinical development [51]. Specifically, tisagenlecleucel is approved to treat patients under 25 years of age with pediatric or young adult B-cell acute lymphoblastic leukemia (ALL), while axicabtagene ciloleucel is approved for the treatment of r/r primary mediastinal large B-cell lymphoma (PMBCL). Both axicabtagene ciloleucel and tisagenlecleucel obtained approval extending to adult patients with a variety of non-Hodgkin’s Lymphomas (NHL), including diffuse large B-cell lymphoma (DLBCL) not otherwise specified, DLBCL arising from follicular lymphoma (tFL), and high-grade B-cell lymphoma [52,53,54].




7. Summary of Clinical Trials


Several recent and major clinical trials, such as ELIANA, JULIET, and ZUMA I/II, were conducted to test the efficacy of tisagenlecleucel and axicabtagene ciloleucel in NHL and ALL treatments. These clinical trials are summarized in Table 1 and some of the prominent ones are discussed in Table 1 and Table 2 [51,52,53,54,55,56,57,58,59,60].




8. CD19 CAR-T Therapy in NHL


CAR T-cell therapy has had a recent exciting breakthrough, with two CAR T-cell products receiving FDA approval: axicabtagene ciloleucel (Yescarta) for DLBCL and tisagenlecleucel (Kymriah) for adult DLBCL subtypes and pediatric ALL. Clinical trials using these two agents have shown remarkable efficacy while increasing the homogeneity of treatment, resulting in more predictable toxicities and reliable post-administration proliferation (Table 2).



In a trial conducted at the University of Pennsylvania, investigators treated a total of 14 patients with DLBCL and 14 patients with follicular lymphoma (FL) using tisagenlecleucel [56]. A high percent of both groups had refractory disease: 86% of DLBCL and 57% of FL patients. Complete response (CR) was seen in 6 of 14 DLBCL patients (43%) and 10 of 14 FL patients (71%). At a median follow-up of 28.6 months, 57% of all patients remained progression-free survival (95% CI, 36 to 73), including 70% of patients in the FL group and 43% of DLBCL patients. Cytokine release syndrome (CRS) and neurotoxicity (NT) remained the most common adverse events, although CRS of grade 3 or higher was low, at 18%.



The ZUMA-1 trial by Kite evaluated axicabtagene ciloleucel in seven patients with refractory DLBCL who had no remaining chemotherapy treatment options and found CR in four patients (57%) and an overall response (OR) in five patients (71%), with three patients (43%) remaining disease-free at 12 months [54].



The ZUMA-2 trial funded by Kite Pharma and the Leukemia and Lymphoma Society Therapy Acceleration Program showed comparable results to JULIET. A total of 111 patients who had r/r DLBCL, tFL, or PMBCL with prior lines of therapy were considered for the ZUMA II study, and only 69% of patients had three or more lines of therapy. The treatment, axicabtagene ciloleucel, was administered to 101 patients (91%) with a median age of 58 years. After a conditioning chemotherapy treatment, a single target dose of 2 × 106 CAR T-cells per kg of body weight was infused intravenously. As a result, the ORR at or above a 6-month follow-up was 82%, with 54% having a CR and 28% having a PR. The remainder had either stable disease, disease progression, or were unevaluable. At a median follow-up of 15.4 months, the ORR was 42% and the CR was 40%. By 18 months, the survival rate was determined to be 52%. Among several adverse effects, CRS of any grade affected 93% of patients (13% had grade 3 or higher) and 64% experienced neurologic events such as encephalopathy (64%, any grade). Three patients died while undergoing treatment (two from CRS; one from pulmonary embolism). An updated analysis showed that 37 patients died from disease progression and 4 died from other lines of therapy after axicabtagene ciloleucel in combination with disease progression [57,58].




9. CD19 CAR-T Therapy in ALL


In two trials of 16 and 30 patients with relapsed or r/r B-cell ALL (n = 16 comprised only adults with a median age of 50; n = 30 comprised 26 children/young adults and 4 adults > 22 year), both achieved CR, with rates ≥ 90% (51, 52). In the 30-patient study conducted at the Children’s Hospital of Philadelphia and the Hospital of the University of Pennsylvania using tisagenlecleucel, CRS was experienced by 100% of the patients, with 27% of cases being severe (grade 3 or higher); however, the investigators noted that the C-reactive protein (CRP) functioned as a reliable indicator for CRS severity and allowed for successful abatement with tocilizumab [58,59]. The OS rate was 78% at 6 months. Thirteen patients had NT of any grade that included delirium and encephalopathy. At the median follow-up, no deaths were attributed to tisagenlecleucel; however, 23% of patients died from disease progression or relapse [59,60].



A total of 53 adults with B-ALL received Kymriah at the Memorial Sloan Kettering Cancer Center [60]. CR was seen in 44 patients (83%). Median overall survival was 12.9 months, and patients with low disease activity (predicted by blasts of <5%) saw a median survival of 20.6 months. A predictor of adverse events such as CRS and NT included marrow blasts > 5% [61]. The ELIANA trial, funded by Novartis Pharmaceuticals, was a phase II international cohort that investigated the efficacy of CTL-019 in 75 children and young adults averaging at 11 years old. Relapsed/refractory (r/r) B-ALL found an overall survival at 6 months of 90% and a 12-month survival of 76% [64]. The best overall response rate (ORR) at 3 or more months was 81%, with a complete response (CR) of 60% and partial response (PR) of 21%. CRS occurred in 77% of patients: 46% had CRS of grade 3 or higher. Because of CRS, 48% of patients required the administration of tocilizumab [64]. A total of 40% of patients had neurologic events of all grades except grade 4, which had no occurrences. Nineteen patients died post infusion, with the highest occurrences of death being 30 days after the infusion, primarily from B-cell ALL progression or relapse. CTL-019 was shown to be effective in another recent trial with a similar patient cohort of 59 r/r B-ALL patients aged 1.5–24 years who received 4-1BB CTL-019 infusions as a single-agent treatment. A total of 55 of 59 patients (93%) experienced complete remission, with a 79% overall survival at 12 months [59]. The results of these trials are summarized in Table 2.




10. Clinical Trials of Tisagenlecleucel and Axicabtagene Ciloleucel for the Treatment of Refractory Non-Hodgkin’s Lymphoma and Acute Lymphoblastic Leukemia


The major clinical trials that were conducted to test the efficacy of tisagenlecleucel and axicabtagene ciloleucel are ELIANA, JULIET, and ZUMA I/II [55,56,57]. These trials are discussed below and summarized in Table 3.



In the ELIANA trial funded by Novartis Pharmaceuticals, 92 patients were enrolled and 75 were treated with tisagenlecleucel. The phase II international cohort consisting of pediatric and young adult patients averaging 11 years old showed that the OS at 6 months was 90% and OS at 12 months was 76%. The best overall response rate (ORR) at 3 or more months was 81%, with a complete response (CR) of 60% and partial response (PR) of 21%. A variety of grade 3 or 4 adverse events attributed to tisagenlecleucel occurred in 73% of patients. Cytokine release syndrome (CRS) was experienced by 77% of patients, with 46% being grade 3 or higher and, because of CRS, 47% of the patients were treated in the ICU for an average of 8 days with a combination of treatments including tocilizumab for 37%. A total of 40% had neurologic events of all grades except grade 4, which had no occurrences. These events were treated with supportive care. Nineteen patients died post infusion, with the highest occurrences of death being 30 days after the infusion, primarily from B-cell ALL progression or relapse [64].



JULIET, a phase II, international study (funded by Novartis Pharmaceuticals), evaluated 93 adult patients with r/r DLBCL who continued to have disease progression after at least two lines of therapy, including rituximab and anthracycline. This suggests that post rituximab and anthracycline, patients were among the 20–35% of patients with the disease that relapsed, were among the 10–15% of patients to have primary refractory disease, or were unqualified for autologous transplantation. There were two cohorts in this study: one was in the United States (main cohort) and the other within the European Union (cohort A). The treatment used was centrally manufactured tisagenlecleucel. Of the 238 patients that were screened, 165 were enrolled, 111 were infused with a median dose of 3.0 × 108 CAR-positive viable T cells, and 93 received an infusion with evaluation for efficacy. A total of 79% of the patients had DLBCL and 19% had tFL. Together, they had a median age of 56 (ranging from 22 to 76). More than half of the patients (56%) had stage IV disease upon entering the study. The ORR, according to an independent review committee, was 52% at 14 months (median time) from infusion to data cutoff. A total of 40% of patients had a CR with a PR rate of 12%. Disease-free progression at 12 months was estimated to be 79% for patients who exhibited a CR and 65% for patients who had a PR. CRS of any grade was the most common adverse event, presenting in 58% of the patients, followed by infection, where only 20% were grade 3 or higher. After 30 days of infusion, three patients died, and investigators determined that their cause of death was unrelated to tisagenlecleucel [59].



The ZUMA studies funded by Kite Pharma and the Leukemia and Lymphoma Society Therapy Acceleration Program showed comparable results to JULIET. One hundred and eleven patients who had r/r DLBCL, tFL, or PMBCL with prior lines of therapy were considered for the study. a total of 69% of patients had three or more lines of therapy. The treatment, axicabtagene ciloleucel, was manufactured for 110 patients but administered to 101 (91%) with a median age of 58 years. After a conditioning chemotherapy treatment, a single target dose of 2 × 106 CAR T-cells per kg of body weight was infused intravenously. As a result, the ORR at or above a 6-month follow-up was 82%, with 54% of patients having a CR, and 28% having a PR. The remainder had either stable disease, disease progression, or were unevaluable. By the median follow up of 15.4 months, the ORR was 42% and the CR was 40%. By 18 months, the survival rate was determined to be 52%. Among several adverse effects, CRS of any grade affected 93% of patients (13% had grade 3 or higher) and 64% had neurologic events such as encephalopathy (64%, any grade). Three patients died while undergoing treatment (2 from CRS; 1 from pulmonary embolism). An updated analysis showed that 37 patients died from disease progression and 4 died from other lines of therapy after axicabtagene ciloleucel in combination with disease progression [58].



An additional study analyzed 30 patients (n = 25 of pediatric ages and n = 5 ranging from 26 to 60 years of age) with r/r ALL in a pilot clinical trial. The trial was conducted at the Children’s Hospital of Philadelphia and the Hospital of the University of Pennsylvania using tisagenlecleucel. At a median follow-up of 7 months, 90% of patients had a CR. The OS rate was 78% at 6 months. CRS of any grade was experienced by 100% of patients, and CRS of grade 3 or higher was experienced by 27%. Severe CRS was treated with tocilizumab. Thirteen patients had NT of any grade that included delirium and encephalopathy. At the median follow-up, no deaths were attributed to tisagenlecleucel; however, 23% of patients had died from disease progression or relapse [64]. The results of these trials are summarized in Table 3.




11. Summary of Clinical Trials of Brexucabtagene Autoleucel (Tecartus) for the Treatment of ALL and NHL


The clinical trials of brexucabtagene autoleucel (Tecartus) for the treatment of ALL and NHL are summarized in Table 4 [62,63,66,67,68]. The ZUMA-3 clinical trial (phase I/II) evaluated brexucabtagene autoleucel (Tecartus) in adult patients with r/r precursor B-cell ALL. The approval of Tecartus by the FDA was based on the phase II portion of the trial. The efficacy analysis population consisted of 54 patients who were enrolled in the phase II ZUMA trial (n = 54 comprised adult people within the range of 19–84 years, with the median age of 40 years, a slight predominance of men over women, and a predominance of Caucasians). The efficacy of the treatment was established based on complete remission (CR) being reached within 3 months after the infusion. A total of 52% of the 54 patients achieved CR within three months after infusion. The median time to CR was 56 days, with a range of 25–86 days. The safety population consisted of 78 people that were enrolled and treated in ZUMA-3 phase I or II trials. Among them, serious adverse reactions were observed in 79% and fatal adverse reactions happened in 5%. CRS of any grade occurred in 92%, while CRS of grade ≥ 3 was observed in 26%. Neurological toxicities (NT) of any grade occurred in 87%, and NT of grade ≥3 occurred in 35%. The median OS was 25.4 months [66].



The ZUMA-3 clinical trial (phase II) evaluated the efficacy and safety of brexucabtagene autoleucel (Tecartus) in adult patients with heavily pretreated r/r mantle cell lymphoma, with a median follow-up of 35.6 months. Of the 74 patients enrolled in the trial, only 68 received Tecartus (n = 68). The ORR was 91%. CR was 68% and PR was 24%. The median OS among patients was 46.6 months. The trial revealed that 99% of patients experienced toxicities. CRS of grades 1 or 2 occurred in 76% and CRS of grade ≥ 3 occurred in 15%. NT of grades of 1 or 2 occurred in 32% and NT of grade ≥ 3 was observed in 31%. Other toxicities included cytopenia (94%) and infections (32%). No deaths resulted from CRS or NT. The total number of deaths was 16 (24%). Death from progressive disease occurred in 14 patients (21%) [63,67]. The results of these trials are summarized in Table 4.




12. Summary of Clinical Trials of Lisocabtagene Maraleucel (Breyanzi) for the Treatment of NHL


The global TRASFORM phase III trial evaluated the efficacy and safety of lisocabtagene maraleucel (Breyanzi) in adult patients with r/r large B-cell lymphoma (LBCL) ≤ 12 months after first-line therapy intended for autologous stem-cell transplantation (ASCT) and compared it with the standard of care (SOC). The patients enrolled in the TRANSFORM phase 3 trial (n = 92) had a median age of 60 years with range of 20–74 years. In this study, with a 17.5-month median follow-up, the efficacy of treatment was established based on an ORR of 87% and a CR rate of 74%, and the median overall survival was not reached. The safety of the drug was confirmed by the fact that only Grade 3 CRS and NT occurred in 1% and 4% of patients, respectively. There were no grade 4 or 5 events. Prolonged cytopenia was experienced by 43% of patients. A total of 28 deaths (2%) occurred (Table 4) [68,69].




13. Application of CAR T Cell and CAR-NK Therapy in Solid Tumors


The CAR technology is not just limited to ALL and NHL treatment; it is very efficacious against other hematological malignancies, such as multiple myeloma (there are ongoing clinical trials of CAR-T cells in a wide array of solid tumors, including mesothelin-positive advanced refractory solid cancer, non-small-cell lung carcinoma (NSCLC), mesothelioma, gastric cancer, pancreatic cancer, esophagogastric junction cancer, hepatocellular carcinoma, glioblastoma, medulloblastoma, colon cancer, neuroblastoma, renal cell carcinoma, HER2-positive gastric cancer, HER2-positive breast cancer, bladder cancer, head and neck squamous cell carcinoma, cancer of the salivary gland, pediatric solid tumor, germ cell tumor, retinoblastoma, EGFR/B7H3-positive advanced lung cancer, EGFR/B7H3-positive advanced triple-negative breast cancer, squamous cell carcinoma of the lung, colorectal cancer, Merkel cell carcinoma, and myxoid/round cell liposarcoma. These trails have been elegantly discussed in detail [70], as well as more recent trials targeting EGFR and IL-13Ra2 in the glioblastoma [71].



In addition to T cells, other innate effector cells, such as natural killer cells (NK), that are used in the context of CAR (CAR-NK) have shown great anti-tumor efficacy in solid tumors [72]. For instance, CAR-NK is successful in treating acute myeloid leukemia (AML) [73]. CAR-NK in combination with other immunoregulatory treatments, such as the co-expression of IL-21 or immune checkpoint inhibitor anti-PDL-1 mAb, is effective against castration-resistant prostate carcinoma [74] and lung cancer [75], respectively. Various sources, such as residential or expanded NK (rNK and eNK) cells, as well as umbilical cord (rUC) and placental blood (rP) NK cells, were used. Residential and expanded (rNK and eNK) cells with a diverse biomarker expression profile, including the NKG2A+, NKG2D+, NKp46+, and NKp44+ subsets used in CAR technology, show efficacy against tumors [76].




14. Incorporation of Suicide Gene to Increase Efficacy of CAR Therapy


CAR-T cell therapy has been observed to cause cytokine release syndrome (CRS) or immune-effector-cell-associated neurotoxicity syndrome (ICANS), resulting in the release of potentially life-threatening toxicities. These side effects are the result of excessive immune reactions caused by the therapy [77]. Cytokine release is a mechanism that CAR-T cell therapy uses to destroy cancer cells; however, if the number of active CAR-T cells increases, the cytokines that are released can form a positive feedback loop that further increases cytokine release, resulting in a cytokine storm that causes intense body inflammation [78]. The persistence of these high cytokine levels can eventually lead to neurological toxic side effects including delirium, aphasia, hallucinations, and seizure-like activity [79].



To prevent toxic neurological side effects, CAR-T cell therapy should incorporate a suicide gene into the engineered CAR-T cell, making it possible to eliminate unwanted or excess CAR-T cells. The suicide gene could be implemented using gene-directed enzyme prodrug therapy (GDEPT), CRISPR/Cas9, or through mAb-mediated mechanisms.



Gene-directed enzyme prodrug therapy consists of three things: a prodrug, a gene encoding for an enzyme that will activate the prodrug, and a carrier [80]. In GDEPT, the transgene encoding the enzyme will activate the prodrug and the prodrug will create toxic products that result in cell death [81]. GDEPT can be very effective because tumor-cell-specific promoters can control gene expression. This means that the enzyme and its associated toxic reaction can be precisely limited to tumor cells. Because of the specificity of the treatment, the therapeutic index of the prodrugs is significantly higher than that of common chemotherapy drugs [82]. This allows for the administration of higher dosages of prodrugs which, alongside CAR-T cells, could lead to increasingly durable clinical responses with decreased off-target cytotoxicity. However, special care must be taken in the selection of the encoded enzyme and the prodrug that is administered. One of the most commonly used models for GDEPT is the herpes simplex virus thymidine kinase/ganciclovir system (HSV-TK/GCV system), in which the HSV-TK gene in tumor cells, followed by a treatment with the prodrug GCV, causes tumor cell apoptosis [83]. The system is successful; however, because HSV-TK has a viral origin, it could activate the immune system, causing the eventual elimination of the CAR-T cells [84].



Clustered, regularly interspaced, short palindromic repeats (CRISPR)/Cas9 also showed promise in increasing the efficacy of CAR-T cell therapy. CRISPR/Cas9 is a gene-editing tool that allows sequence-specific changes to be made to human DNA. This technology has been shown to improve CAR-T cell therapy by directing a CD19 CAR to the T-cell receptor alpha constant (TRAC) locus. The additional manipulation of CAR by CRISPR/Cas9 resulted in CAR-T cells that outperformed conventionally engineered CAR-T cells in a mouse model with acute lymphoblastic leukemia [85]. The CRISPR/Cas9-edited CAR-T cells showed more uniform expression in human peripheral blood T cells, increased T-cell potency, and mechanisms that delayed effector T cell differentiation and exhaustion [80]. Moreover, this technology could allow for the insertion of a suicide gene into CAR-T cells, which could be recognized by an enzyme that would be administered following treatment completion. This could eliminate all residual active CAR-T cells, thereby preventing excess cytokine release after the treatment ends.



Therapeutic mAb-mediated mechanisms can also be added to traditional CAR-T cell therapy to further increase its efficacy. The CD20 molecule is proposed to have the ability to function as a suicide gene for T lymphocytes due to its dual function as a selection marker as well as a killer gene following its exposure to rituximab (the anti-CD20 therapeutic antibody [81]). One study transduced CD20-positive T lymphocytes from wild-type human CD20 cDNA using a Moloney-derived retroviral vector. A total of 86–97% of the transformed CD20-positive T lymphocytes were killed in vitro following the administration of rituximab and its complement. Moreover, the addition of the CD20 transgene did not alter the function of the T lymphocytes [86]. This finding suggests that if CAR-T cells could be manipulated to express CD20 receptors, the CAR-T cells that remained in circulation after treatment completion could be easily eliminated with the administration of rituximab, without fear of decreasing the functional efficacy of the CAR-T cells (Figure 3).




15. FDA-Approved Small-Molecule Inhibitors to Increase the Efficacy of CAR T Cell Therapy


15.1. Celecoxib (Celebrex, COX2 Inhibitor)


Inflammatory responses are initiated through the conversion of arachidonic acid to prostaglandin via cyclooxygenase enzymes (COX1 and COX2). In the cell membrane, prostaglandin is further converted to prostacyclin (PGI2) to cause vasodilation and inhibit platelet aggregation, as well as Thromboxane A2 (TXA2), which is used to cause vasoconstriction and promote platelet aggregation. Upon the completion of these reactions, an inflammatory response is initiated. There are several ways to compete and fight exogenously with this mechanism and one of them is to inhibit COX2. Theoretically, there are structural and functional differences between COX 1 and 2. COX1 works as a housekeeping gene and is expressed in almost all tissue, where it produces prostaglandins to control homeostatic functionalities in the tissues. On the other hand, COX2, which is encoded by the Ptgs2 gene, reaches its maximum induction during inflammation in cells experiencing inflammatory arthritis, pro-inflammatory cytokines, and tumorigenic potential [87]. COX2 enzyme inhibitors have been in the market for decades and the most efficient and FDA-approved version of them is Celecoxib (a nonsteroidal anti-inflammatory drug-NSAID), which is the preferred drug of interest when it comes to COX2 inhibitors. Other drugs, such as Diclofenac and Meloxicam, have the same mechanism of action as Celecoxib, but celecoxib is the preferred drug of interest approved by the FDA for the treatment of osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, and primary dysmenorrhea [84,85,86,87] (Figure 3).




15.2. Histone Deacetylase Inhibitors (HDACi) Vorinostat and Panobinostat


Vorinostat (SAHA) and Panobinostat are histone deacetylases that belong to hydroxymates. Eukaryotic cells have characteristic processes, such as histone acetylation and deacetylation, that play major roles in the regulation of transcription. To maintain a balance between these two processes to promote normal cell growth, two distinct enzymes, called histone acetyltransferase and deascetylase, participate in the further development of different diseases such as cancer [79]. HDACi has several effects, both in vivo and in vitro, specifically arresting growth, affecting cell differentiation, and causing the apoptosis of malignant cells. Moreover, both monotherapy and a combination therapy of these drugs with anti-neoplastic drugs have achieved positive outcomes in curing cutaneous T-cell lymphomas (CTCL). However, the mechanisms of action of HDACi are broad; they inhibit class I and II HDAC enzymes but not class III [80]. Crystallographic studies show that Vorinostat binds to the zinc atom of the catalytic site of the HDAC enzyme while the phenyl ring of Vorinostat projects out of the catalytic domain onto the surface of the HDAC enzyme [79]. Furthermore, this binding causes an accumulation of acetylated histones and exhibits multiple effects on transcriptional and non-transcriptional processes. Moreover, HDACi can regulate apoptotic genes, allowing for them to be effective anti-tumor agents. HADCs regulate apoptosis via both extrinsic and intrinsic pathways. The extrinsic pathway of HDACi operates via the upregulation of death receptor 5 (DR5), and the death-inducing receptor of tumor-necrosis-factor-related apoptosis-inducing ligand (TRAIL) [81]. TRAIL induces apoptosis in tumor cells and has the luxury of leaving the untransformed cells mostly unaffected. HDACs also regulate the intrinsic apoptotic pathway via a reduction in the expression of key anti-apoptotic proteins such as Bc1-xL, Mc1 and XIAP, as well as an increase in the expression of pro-apoptotic proteins such as Bim, Bax, and Bak [82] (Figure 3).





16. Regulation of Apoptotic Machinery by Cox-2 Inhibitor and HDACi


16.1. Celecoxib


Celecoxib-induced apoptosis is mediated via the intrinsic apoptotic signaling pathway, which is Bcl-2 independent but apoptosome-dependent. Apoptosome is a large quaternary protein structure that is formed in the process of apoptosis upon cytochrome c release from the mitochondria in response to either intrinsic or extrinsic cell death stimuli. Celecoxib-induced apoptosis requires Apaf-1 and pro-caspase-9 in Jurkat T lymphoma cells, but the absence of Bcl-2 has no effect on apoptosis induced by celecoxib. Moreover, the unaltered size and quantity of the non-phosphorylated Bcl-2 protein levels show that the overexpression of Bcl-2 does not affect celecoxib-induced apoptosi. Celecoxib interferes with pro-survival signals by downregulating Mci-1. Also, a sharp decline in Mcl-1 levels in celecoxib-treated Jurkat was observed, allowing for Bak to trigger apoptosis [83]. Indeed, the increased Bcl-xL levels respond to the functionality of Mcl-1, which blocked apoptosis in Mcl-1-deficient cells. On the other hand, the presence of Bak is more important than the presence of Bcl-2 for celecoxib to trigger apoptosis. In conclusion, the intrinsic signaling pathway is the dominant mechanism that enables celecoxib to induce apoptosis in the presence of functional Bak [84]. These results suggest that HDACi can be effectively used as an adjuvant (immunosesitizing agent) in CAR-T cell settings [84,85,86,87] (Figure 4).




16.2. Vorinostat (SAHA)


After Vorinostat binds to the HDAC enzyme, acetylated histone protein that exhibit several cellular effects at both transcriptional and non-transcriptional levels accumulate. The transcriptional effect occurs via the direct binding of Vorinostat to the HDAC enzyme, which acts on several transcription factors, such as E2F-1, YY-1, Smad7, p53, Bcl-6, and GATA-1 [88]. This binding alters the expression of certain genes, such as the acetylation of Bcl-6 transcriptional activator, which initiates the inhibition of transcriptional repression by Bcl-6 [89]. On the other hand, non-transcriptional effects include cell cycle arrest, apoptosis, the inhibition of angiogenesis, which is the formation of blood vessels, and, finally, the downregulation of immunosuppressive interleukins.



As mentioned above, vorinostat causes apoptosis in hematological malignancies and tumors via both transcription and transcription-independent pathways. HDAC inhibition causes an imbalance in the ratio of pro- and anti-apoptotic proteins that allow for the apoptosis signal to proceed [89]. HDACi upregulates DR5 and sensitizes tumors to TRAIL-induced apoptosis in TRAIL-resistant cells. Moreover, Vorinostat downregulates proteins like anti-apoptotic proteins, which are responsible for maintaining mitochondrial integrity, thus assisting in apoptosome formation. It also upregulates proteins like Bim, Bak, and Bax, facilitating the full execution of the apoptotic signals. Finally, hyperacylation has a stabilizing effect on p53, further regulating apoptosis in CTCL [90]. Therefore, through their broad gene-regulatory effects, HDACi can regulate apoptosis in tumor cells and can be effectively used as an adjuvant in clinical settings [90,91,92,93] (Figure 4).





17. Conclusions/Future Directions


Traditional treatment protocols for NHL and ALL have been significantly revised and improved over time, resulting in higher response rates. However, these modalities are limited, mainly due to the undesired severe toxicity of the treatment and the presence of inherent (primary) or development of acquired (secondary) tumor resistance to conventional therapies. This spurred the development of CD19-redirected CAR T cells with potent anti-tumor activity. Clinical trials of various FDA-approved CD19CAR T cell therapies, namely, tisagenlecleucel, Brexucabtagene autoleucel KTE-X19 (Tecartus), Lisocabtagene Maraleucel (Breyanzi), and axicabtagene ciloleucel, conducted at various institutions, have achieved significant success in treating NHL and ALL patients. Despite their initial success, these responses are short-lived due to the primary or secondary resistance of malignant B cells, as well as the toxic, treatment-associated side effects.



Several approaches are being considered to increase the efficacy of CD19CAR T cell therapy. One general approach to improvement could be optimizing the number of infused, transgenic CD19 CAR T cells. Another approach is the incorporation of FDA-approved small molecules with broad gene-regulatory effects in conjunction with CD19CAR T cells. Epigenetic modifiers such as HDACi and the anti-inflammatory drug Celecoxib can regulate the apoptotic machinery and create a proapoptotic tumor milieu, thus reducing the apoptosis threshold of resistant tumor cells, which, in turn, will allow for the successful execution of apoptotic death signals delivered by transgenic T cells. This approach may alleviate the need for a higher number of transgenic T cells to be infused into the patient, thus reducing the side effects. The persistence of infused CD19CAR T cells after the cessation of treatment is another major concern in patients receiving CD19CAR T cell therapy. Engineered T cells will cause a multitude of side effects, including hallucinations, seizure-like activities, fever, delirium, aphasia, hypotension, and hypoxia. The incorporation of a suicide gene into the genetically engineer CD19CAR redirected T cells using GDEP-, CRISPR/iCasp9-, or mAb-mediated mechanisms will assist in curbing the undesired long-term side effects. Future research should investigate these approaches to further improve CD19CAR T cell efficacy in the treatment of hematological malignancies of B cell origin.







Author Contributions


Conceptualization, A.R.J. and D.K.; methodology, D.K. and B.K.; software, D.K. and B.K.; validation, A.R.J., D.K. and B.K.; formal analysis, A.R.J., D.K. and B.K.; investigation, A.R.J. and D.K.; resources, A.R.J., D.K. and B.K.; data curation, A.R.J., D.K. and B.K.; writing—original draft preparation, A.R.J. and D.K.; writing—review and editing, A.R.J., D.K. and B.K.; visualization, A.R.J., D.K. and B.K.; supervision, A.R.J.; project administration, A.R.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Mahmood, K.; Ubaid, M.; Rizvi, S.T. Multiple Osteolytic Lesions Causing Hypercalcemia: A Rare Presentation of Acute Lymphoblastic Leukemia. Case Rep. Med. 2017, 2017, 2347810. [Google Scholar] [CrossRef] [PubMed]

	



Hunger, S.P.; Mullighan, C.G. Acute Lymphoblastic Leukemia in Children. N. Engl. J. Med. 2015, 373, 1541–1552. [Google Scholar] [CrossRef]

	



Moriyama, T.; Relling, M.V.; Yang, J.J. Inherited genetic variation in childhood acute lymphoblastic leukemia. Blood 2015, 125, 3988–3995. [Google Scholar] [CrossRef]

	



Terwilliger, T.; Abdul-Hay, M. Acute lymphoblastic leukemia: A comprehensive review and 2017 update. Blood Cancer J. 2017, 7, e577. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, A.; Abbas, N.; Saba, T.; Rahman, S.I.U.; Mehmood, Z.; Kolivand, H. Classification of Acute Lymphoblastic Leukemia Using Deep Learning. Microsc. Res. Tech. 2018, 81, 1310–1317. [Google Scholar] [CrossRef]

	



Mohapatra, S.; Patra, D.; Satpathy, S. An Ensemble Classifier System for Early Diagnosis of Acute Lymphoblastic Leukemia in Blood Microscopic Images. Neural Comput. Appl. 2014, 24, 1887–1904. [Google Scholar] [CrossRef]

	



Bennett, J.M.; Catovsky, D.; Daniel, M.T.; Flandrin, G.; Galton, D.A.G.; Gralnick, H.R.; Sultra, C. Proposals for the Classification of the Acute Leukaemias French-American-British (FAB) Co-Operative Group. Br. J. Haematol. 1976, 33, 451–458. [Google Scholar] [CrossRef]

	



Vardiman, J.W.; Thiele, J.; Arber, D.A.; Brunning, R.D.; Borowitz, M.J.; Porwit, A.; Harris, N.L.; Le Beau, M.M.; Hellström-Lindberg, E.; Tefferi, A.; et al. The 2008 Revision of the World Health Organization (WHO) Classification of Myeloid Neoplasms and Acute Leukemia: Rationale and Important Changes. Blood 2009, 114, 937–951. [Google Scholar] [CrossRef]

	



Cheung, Y.T.; Krull, K.R. Neurocognitive Outcomes in Long-term Survivors of Childhood Acute Lymphoblastic Leukemia Treated on Contemporary Treatment Protocols: A Systematic Review. Neurosci. Biobehav. Rev. 2015, 53, 108–120. [Google Scholar] [CrossRef]

	



Wilejto, M.; Di Giuseppe, G.; Hitzler, J.; Gupta, S.; Alba, O. Treatment of Young Children with CNS-positive Acute Lymphoblastic Leukemia Without Cranial Radiotherapy. Pediatr. Blood Cancer 2015, 62, 1881–1885. [Google Scholar] [CrossRef]

	



Pui, C.; Campana, D.; Deqing, P.; Bowman, P.; Sandlund, J.; Kaste, S.; Ribeiro, R.; Rubnitz, J.; Raimondi, S.; Onciu, M.; et al. Treating Childhood Acute Lymphoblastic Leukemia without Cranial Irradiation. N. Engl. J. Med. 2009, 360, 2730–2741. [Google Scholar] [CrossRef] [PubMed]

	



Porkka, K.; Perttu, K.; Jundán, T.; Rimpiläinen, J.; Mustjoki, S.; Smykla, R.; Wild, R.; Luo, R.; Arnan, M.; Brethon, B.; et al. Dasatinib Crosses the Blood-brain Barrier and is an Efficient Therapy for Central Nervous System Philadelphia Chromosome–positive Leukemia. Blood 2008, 112, 1005–1012. [Google Scholar] [CrossRef]

	



Juliusson, G.; Karlsson, K.; Lazarevic, V.L.; Wahlin, A.; Brune, M.; Antunovic, P.; Derolf, Å.; Hägglund, H.; Karbach, H.; Lehmann, S.; et al. Hematopoietic Stem Cell Transplantation Rates and Long-term Survival in Acute Myeloid and Lymphoblastic Leukemia: Real-world Population-based Data from the Swedish Acute Leukemia Registry 1997–2006. Cancer 2011, 117, 4238–4246. [Google Scholar] [CrossRef] [PubMed]

	



Olaya-Vargas, A.; Pérez-García, M.; Ramírez-Uribe, N.; Del Campo-Martinez, M.A.; Lopez-Hernández, G.; Hernández-García, M.; Amador-Zarco, J.; Garcia-Vega, G.; Melchor-Vidal, Y.; Zapata-Tarres, M.Z.; et al. Low Dose Total Body Irradiation (600 cGy) as a Conditioning Regimen in Allogenic Hematopoietic Stem Cell Transplant in Children with Acute Lymphoblastic Leukemia. J. Cancer Ther. 2016, 7, 586–592. [Google Scholar] [CrossRef]

	



Park, J.; Choi, E.K.; Kim, J.H.; Lee, S.W.; Song, S.Y.; Yoon, S.M.; Kim, Y.S.; Kim, S.S.; Park, J.H.; Park, J.; et al. Effects of Total Body Irradiation-Based Conditioning on Allogeneic Stem Cell Transplantation for Pediatric Acute Leukemia: A Single-Institution Study. Radiat. Oncol. J. 2014, 32, 198–207. [Google Scholar] [CrossRef]

	



Fisher, S.G.; Fisher, R.I. The epidemiology of non-Hodgkin’s lymphoma. Oncogene 2004, 23, 6524–6534. [Google Scholar] [CrossRef]

	



Bleyer, A.; Budd, T.; Montello, M. Adolescents and Young Adults with Cancer: The Scope of the Problem and Criticality of Clinical Trials. Cancer 2006, 107, 1645–1655. [Google Scholar] [CrossRef]

	



Thieblemont, C.; Grossoeuvre, A.; Houot, R.; Broussais-Guillaumont, F.; Salles, G.; Traullé, G.; Espinouse, D.; Coiffier, B. Non-Hodgkin’s Lymphoma in Very Elderly Patients Over 80 Years. A Descriptive Analysis of Clinical Presentation and Outcome. Ann. Oncol. 2008, 19, 774–779. [Google Scholar] [CrossRef]

	



Chihara, D.; Nastoupil, L.J.; Williams, J.N.; Lee, P.; Koff, J.L.; Flowers, C.R. New Insights into the Epidemiology of Non-Hodgkin Lymphoma and Implications for Therapy. Expert Rev. Anticancer Ther. 2015, 15, 531–544. [Google Scholar] [CrossRef]

	



Pulte, D.; Gondos, A.; Brenner, H. Ongoing Improvement in Outcomes for Patients Diagnosed as Having Non-Hodgkin Lymphoma From the 1990s to the Early 21st Century. Arch. Intern. Med. 2008, 168, 469–476. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Dai, Y.; Zheng, T.; Zheng, T.; Ma, S. Risk Factors of Non-Hodgkin Lymphoma. Expert Opin. Med. Diagn. 2011, 5, 539–550. [Google Scholar] [CrossRef] [PubMed]

	



Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.; Salles, G.A.; Zelenetz, A.D.; et al. The 2016 Revision of the World Health Organization Classification of Lymphoid Neoplasms. Blood 2016, 127, 2375–2390. [Google Scholar] [CrossRef] [PubMed]

	



Weledji, E.P.; Orock, G.E. Surgery for Non-Hodgkin’s Lymphoma. Oncol. Rev. 2015, 9, 274. [Google Scholar] [CrossRef] [PubMed]

	



Groan, T.M. New Classification of Low-Grade Lymphoma. Ann. Oncol. 1996, 7, S3–S12. [Google Scholar] [CrossRef] [PubMed]

	



Ribrag, V.; Caballero, D.; Fermé, C.; Zucca, E.; Arranz, R.; Briones, J.; Gisselbrecht, C.; Salles, G.; Gianni, A.M.; Gomez, H.; et al. Multicenter Phase II Study Of Plitidepsin In Patients With Relapsed/Refractory Non-Hodgkin’s Lymphoma. Haematologica 2013, 98, 357–363. [Google Scholar] [CrossRef]

	



Fragkandrea, I.; Nixon, J.A.; Panagopoulou, P. Signs and Symptoms of Childhood Cancer: A Guide for Early Recognition. Am. Fam. Physician 2013, 88, 185–192. [Google Scholar]

	



Armitage, J.O. Staging Non-Hodgkin Lymphoma. CA Cancer J. Clin. 2009, 55, 368–376. [Google Scholar] [CrossRef] [PubMed]

	



Kantarjian, H.M.; Keating, M.J.; Freireich, E.J. Toward the Potential Cure of Leukemias in the Next Decade. Cancer 2018, 125, 4301–4313. [Google Scholar] [CrossRef]

	



Sonneveld, P.; de Ridder, M.; van der Lelie, H.; Nieuwenhuis, K.; Schouten, H.; Mulder, A.; van Reijswoud, I.; Hop, W.; Lowenberg, B. Comparison of Doxorubicin and Mitoxantrone in the Treatment of Elderly Patients with Advanced Diffuse Non-Hodgkin’s Lymphoma Using CHOP versus CNOP Chemotherapy. J. Clin. Oncol. 1995, 13, 2530–2539. [Google Scholar] [CrossRef]

	



Fisher, R.I.; Gaynor, E.R.; Dahlberg, S.; Oken, M.M.; Grogan, T.M.; Mize, E.M.; Glick, J.H.; Coltman, C.A., Jr.; Miller, T.P. Comparison of a Standard Regimen (CHOP) with Three Intensive Chemotherapy Regimens for Advanced Non-Hodgkin’s Lymphoma. N. Engl. J. Med. 1993, 328, 1002–1006. [Google Scholar] [CrossRef] [PubMed]

	



Grillo-Lopez, A.J. Rituximab (Rituxan/MabThera): The First Decade (1993–2003). Expert Rev. Anticancer Ther. 2003, 3, 767–779. [Google Scholar] [CrossRef]

	



Pfreundschuh, M.; Trumper, L.; Osterborg, A.; Pettengell, R.; Trneny, M.; Imrie, K.; Ma, D.; Gill, D.; Walewski, J.; Zinzani, P.; et al. CHOP-like Chemotherapy Plus Rituximab versus CHOP-like Chemotherapy Alone in Young Patients with Good-prognosis Diffuse Large-B-cell Lymphoma: A Randomised Controlled Trial by the MabThera International Trial (MInT) group. Lancet Oncol. 2006, 7, 379–391. [Google Scholar] [CrossRef] [PubMed]

	



Coiffier, B.; Lepage, E.; Brière, J.; Herbrecht, R.; Tilly, H.; Bouabdallah, R.; Morel, P.; Van Den Neste, E.; Salles, G.; Gaulard, P.; et al. CHOP Chemotherapy Plus Rituximab Compared with CHOP Alone in Elderly Patients with Diffuse Large-B-Cell Lymphoma. N. Engl. J. Med. 2002, 346, 235–342. [Google Scholar] [CrossRef]

	



Möricke, A.; Zimmermann, M.; Valsecchi, M.G.; Stanulla, M.; Biondi, A.; Mann, G.; Locatelli, F.; Cazzaniga, G.; Niggli, F.; Aricò, M.; et al. Dexamethasone vs Prednisone in Induction Treatment of Pediatric ALL: Results of the Randomized Trial AIEOP-BFM ALL 2000. Blood 2016, 127, 2101–2112. [Google Scholar] [CrossRef]

	



Atra, A.; Gerrard, M.; Hobson, R.; Imeson, J.D.; Hann, I.M.; Pinkerton, C.R. Outcome of Relapsed or Refractory Childhood B-Cell Acute Lymphoblastic Leukaemia and B-Cell Non-Hodgkin’s Lymphoma Treated with the UKCCSG 9003/9002 Protocols. Br. J. Haematol. 2001, 112, 965–968. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, D.M.; Liu, X.; Jiang, S.; June, C.H.; Grupp, S.A.; Zhao, Y. Regimen-Specific Effects of RNA-Modified Chimeric Antigen Receptor T Cells in Mice with Advanced Leukemia. Hum. Gene Ther. 2013, 24, 717–727. [Google Scholar] [CrossRef]

	



Subklewe, M.; von Bergwelt-Baildon, M.; Humpe, A. Chimeric antigen receptor T cells: A race to revolutionize cancer therapy. Transfus. Med. Hemother. 2019, 46, 15–24. [Google Scholar] [CrossRef]

	



Glockshuber, R.; Malia, M.; Pfitzinger, I.; Plückthun, A. A Comparison of Strategies to Stabilize Immunoglobulin Fv-Fragments. Biochemistry 1990, 29, 1362–1367. [Google Scholar] [CrossRef]

	



Krause, A.; Guo, H.F.; Latouche, J.B.; Tan, C.; Cheung, N.V.; Sadelain, M. Antigen-Dependent CD28 Signaling Selectively Enhances Survival and Proliferation in Genetically Modified Activated Human Primary T Lymphocytes. J. Exp. Med. 1998, 188, 619–626. [Google Scholar] [CrossRef]

	



Jain, M.D.; Bachmeier, C.A.; Phuoc, V.H.; Chavez, J.C. Axicabtagene Ciloleucel (KTE-C19), an Anti-CD19 CAR T Therapy for the Treatment of Relapsed/Refractory Aggressive B-Cell Non-Hodgkin’s Lymphoma. Ther. Clin. Risk Manag. 2018, 14, 1007–1017. [Google Scholar] [CrossRef] [PubMed]

	



Kalos, M.; Levine, B.L.; Porter, D.L.; Katz, S.; Grupp, S.A.; Bagg, A.; June, C.H. Cells with Chimeric Antigen Receptors Have Potent Antitumor Effects and Can Establish Memory in Patients with Advanced Leukemia. Sci. Transl. Med. 2011, 3, 95ra73. [Google Scholar] [CrossRef]

	



Turtle, C.J.; Hanafi, L.; Berger, C.; Gooley, T.A.; Cherian, S.; Hudecek, M.; Sommermeyer, D.; Melville, K.; Pender, B.; Budiarto, T.M.; et al. CD19 CAR–T Cells of Defined CD4+:CD8+ Composition in Adult B Cell ALL Patients. J. Clin. Investig. 2016, 126, 2123–2138. [Google Scholar] [CrossRef]

	



Hombach, A.A.; Heiders, J.; Foppe, M.; Chmielewski, M.; Abken, H. OX40 Costimulation by a Chimeric Antigen Receptor Abrogates CD28 and IL-2 Induced IL-10 Secretion by Redirected CD4+ T cells. Oncoimmunology 2012, 1, 458–466. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, C.A.; Rouce, R.; Robertson, C.S.; Reyna, A.; Narala, N.; Vyas, G.; Mehta, B.; Zhang, H.; Dakhova, O.; Carrum, G.; et al. In Vivo Fate and Activity of Second- versus Third-Generation CD19-Specific CAR-T Cells in B Cell Non-Hodgkin’s Lymphomas. Mol. Ther. 2018, 26, 2727–2737. [Google Scholar] [CrossRef]

	



Carpenito, C.; Milone, M.C.; Hassan, R.; Simonet, J.C.; Lakhal, M.; Suhoski, M.M.; Varela-Rohena, A.; Haines, K.M.; Heitjan, D.F.; Albelda, S.M.; et al. Control of Large, Established Tumor Xenografts with Genetically Retargeted Human T Cells Containing CD28 and CD137 Domains. Proc. Natl. Acad. Sci. USA 2009, 106, 3360–3365. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, X.; Matsushita, M.; Plotkin, J.; Riviere, I.; Sadelain, M. Chimeric Antigen Receptors Combining 4-1BB and CD28 Signaling Domains Augment PI3kinase/AKT/bcl-XL Activation and CD8+ T Cell-Mediated Tumor Eradication. Mol. Ther. 2010, 18, 413–420. [Google Scholar] [CrossRef]

	



Chmielewski, M.; Abken, H. TRUCKs: The fourth generation of CARs. Expert Opin. Biol. Ther. 2015, 15, 1145–1154. [Google Scholar] [CrossRef]

	



Zhang, L.; Feldman, S.A.; Zheng, Z.; Chinnasamy, N.; Xu, H.; Nahvi, A.V.; Dudley, M.E.; Rosenberg, S.A.; Morgan, R.A. Evaluation of γ-Retroviral Vectors that Mediate the Inducible Expression of IL-12 for Clinical Application. J. Immunother. 2012, 35, 430–439. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, L.; Zhong, J.F.; Zhang, X. Engineering CAR-T cells. Biomark. Res. 2017, 5, 22. [Google Scholar] [CrossRef]

	



Chow, V.A.; Shadman, M.; Gopal, A.K. Translating Anti-CD19 CAR T-cell Therapy into Clinical Practice for Relapsed/refractory Diffuse Large B-cell Lymphoma. Blood 2018, 132, 777–781. [Google Scholar] [CrossRef]

	



Maloney, D.G. CAR-T cells. Clin. Lymphoma Myeloma Leuk. 2019, S100–S101. [Google Scholar] [CrossRef]

	



Hopfinger, G.; Worel, N. CAR T-Cell Therapy in Diffuse Large B-Cell Lymphoma. memo-Mag. Eur. Med. Oncol. 2020, 13, 32–35. [Google Scholar] [CrossRef]

	



Bouchkouj, N.; Kasamon, Y.L.; de Claro, R.A.; George, B.; Lin, X.; Lee, S.; Blumenthal, G.M.; Bryan, W.; McKee, A.E.; Pazdur, R. FDA Approval Summary: Axicabtagene Bouchkouj Ciloleucel for Relapsed or Refractory Large B-cell Lymphoma. Clin. Cancer Res. 2019, 25, 1702–1708. [Google Scholar] [CrossRef]

	



O’Leary, M.C.; Lu, X.; Huang, Y.; Lin, X.; Mahmood, I.; Przepiorka, D.; Gavin, D.; Lee, S.; Liu, K.; George, B.; et al. FDA Approval Summary: Tisagenlecleucel for Treatment of Patients with Relapsed or Refractory B-cell Precursor Acute Lymphoblastic Leukemia. Clin. Cancer Res. 2019, 25, 1142–1146. [Google Scholar] [CrossRef] [PubMed]

	



Schuster, S.J.; Svoboda, J.; Chong, E.A.; Nasta, S.D.; Mato, A.R.; Anak, Ö.; Brogdon, J.L.; Pruteanu-Malinici, I.; Bhoj, V.; Landsburg, D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N. Engl. J. Med. 2017, 377, 2545–2554. [Google Scholar] [CrossRef] [PubMed]

	



Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.; Lin, Y.; et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N. Engl. J. Med. 2017, 377, 2531–2544. [Google Scholar] [CrossRef] [PubMed]

	



Locke, F.L.; Neelapu, S.S.; Bartlett, N.L.; Siddiqi, T.; Chavez, J.C.; Hosing, C.M.; Ghobadi, A.; Budde, L.E.; Bot, A.; Rossi, J.M.; et al. Phase 1 Results of ZUMA-1: A Multicenter Study of KTE-C19 Anti-CD19 CAR T Cell Therapy in Refractory Aggressive Lymphoma. Mol. Ther. 2017, 25, 285–295. [Google Scholar] [CrossRef] [PubMed]

	



Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F.; et al. Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N. Engl. J. Med. 2014, 371, 1507–1517. [Google Scholar] [CrossRef]

	



Maude, S.L.; Teachey, D.T.; Rheingold, S.R.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Barker, C.S.; Callahan, C.; Frey, N.V.; Nazimuddin, F.; et al. Sustained Remissions with CD19-Specific Chimeric Antigen Receptor (CAR)-Modified T Cells in Children with Relapsed/Refractory ALL. J. Clin. Oncol. 2016, 34, 3011. [Google Scholar] [CrossRef]

	



Park, J.H.; Rivière, I.; Gonen, M.; Wang, X.; Sénéchal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.; Mead, E.; et al. Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 449–459. [Google Scholar] [CrossRef] [PubMed]

	



Bouchkouj, N.; Lin, X.; Wang, X.; Przepiorka, D.; Xu, Z.; Purohit-Sheth, T.; Theoret, M. FDA Approval Summary: Brexucabtagene Autoleucel for Treatment of Adults with Relapsed or Refractory B-Cell Precursor Acute Lymphoblastic Leukemia. Oncologist 2022, 27, 892–899. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Munoz, J.; Goy, A.; Locke, F.; Jacobson, C.; Hill, B.; Timmerman, J.; Holmes, H.; Jaglowski, S.; Flinn, I.; et al. Three-Year Follow-Up of KTE-X19 in Patients with Relapsed/Refractory Mantle Cell Lymphoma, Including High-Risk Subgroups, in the ZUMA-2 Study. J. Clin. Oncol. 2023, 41, 555–567. [Google Scholar] [CrossRef] [PubMed]

	



Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.; et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 439–448. [Google Scholar] [CrossRef] [PubMed]

	



Schuster, S.J.; Bishop, M.R.; Tam, C.S.; Waller, E.K.; Borchmann, P.; McGuirk, J.P.; Jäger, U.; Jaglowski, S.; Andreadis, C.; Westin, J.R.; et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N. Engl. J. Med. 2019, 380, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Shah, B.; Ghobadi, A.; Oluwole, O.; Logan, A.; Boissel, N.; Cassaday, R.; Leguay, T.; Bishop, M.; Topp, M.; Tzachanis, D.; et al. Two-Year Follow-Up of KTE-X19 in Patients with Relapsed or Refractory Adult B-Cell Acute Lymphoblastic Leukemia in ZUMA-3 and Its Contextualization with SCHOLAR-3, an External Historical Control Study. J. Hematol. Oncol. 2022, 15, 170. [Google Scholar] [CrossRef] [PubMed]

	



Abramson, J.; Solomon, S.; Arnason, J.; Johnston, P.; Glass, B.; Bachanova, V.; Ibrahimi, S.; Mielke, S.; Mutsaers, P.; Hernandez-Ilizaliturri, F.; et al. Lisocabtagene Maraleucel as Second-Line Therapy for Large B-Cell Lymphoma: Primary Analysis of the Phase 3 TRANSFORM Study. Blood 2023, 141, 1675–1684. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Munoz, J.; Goy, A.; Locke, F.; Jacobson, C.; Hill, B.; Timmerman, J.; Holmes, H.; Jaglowski, S.; Flinn, I.; et al. KXE-X19 CAR T-Cell Therapy in Relapsed or Refractory Mantle-Cell Lymphoma. N. Engl. J. Med. 2020, 382, 1331–1342. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, G.J.; Gödel, P.; Rüger, M.A.; Onur, Ö.A.; Shimabukuro-Vornhagen, A.; Kochanek, M.; Böll, B. In the Eye of the Storm: Immune-mediated Toxicities Associated with CAR-T Cell Therapy. Hemasphere 2019, 3, e191. [Google Scholar] [CrossRef]

	



Qin, Y.; Xu, G. Enhancing CAR T-cell therapies against solid tumors: Mechanisms and reversion of resistance. Front. Immunol. 2022, 13, 1053120. [Google Scholar] [CrossRef]

	



Bagley, S.J.; Logun, M.; Fraietta, J.A.; Wang, X.; Desai, A.S.; Bagley, L.J.; Nabavizadeh, A.; Jarocha, D.; Martins, R.; Maloney, E.; et al. Intrathecal bivalent CAR T cells targeting EGFR and IL13Rα2 in recurrent glioblastoma: Phase 1 trial interim results. Nat. Med. 2024. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Liu, Y.; He, Z.; Li, L.; Liu, S.; Jiang, M. Breakthrough of solid tumor treatment: CAR-NK immunotherapy. Cell Death Discov. 2024, 10, 40. [Google Scholar] [CrossRef] [PubMed]

	



Gurney, M.; O’Dwyer, M. Realizing Innate Potential: CAR-NK Cell Therapies for Acute Myeloid Leukemia. Cancers 2021, 13, 1568. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Wu, L.; Yin, L.; Shi, H.; Gu, Y.; Xing, N. Combined treatment with anti-PSMA CAR NK-92 cell and anti-PD-L1 monoclonal antibody enhances the antitumour efficacy against castration-resistant prostate cancer. Clin. Transl. Med. 2022, 12, e901. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhang, C.; He, M.; Xing, W.; Hou, R.; Zhang, H. Co-expression of IL-21-Enhanced NKG2D CAR-NK cell therapy for lung cancer. BMC Cancer 2024, 24, 119. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Liu, M.; Song, B.; Miao, W.; Zhan, R.; Yang, S.; Han, Z.; Cai, H.; Xu, X.; Zhao, Y.; et al. Decoding the multidimensional signatures of resident and expanded natural killer cells generated from perinatal blood. Am. J. Cancer Res. 2022, 12, 2132–2145. [Google Scholar] [PubMed]

	



Jazirehi, A.R.; Dinh, T.N.M. Approaches to Improve Clinical Efficacy of CD19-Redirected Chimeric Antigen Receptor (CD19 CAR) T Cell Immunotherapy of Non-Hodgkin’s Lymphoma. Cancer Ther. Oncol. Int. J. 2017, 6, 555682. [Google Scholar] [CrossRef]

	



Onea, A.S.; Jazirehi, A.R. CD19 Chimeric Antigen Receptor (CD19 CAR)-Redirected Adoptive T-Cell Immunotherapy for the Treatment of Relapsed or Refractory B-Cell Non-Hodgkin’s Lymphomas. Am. J. Cancer Res. 2016, 6, 403–424. [Google Scholar] [PubMed]

	



Zhang, J.; Kale, V.; Chen, M. Gene-directed Enzyme Prodrug Therapy. AAPS J. 2015, 17, 102–110. [Google Scholar] [CrossRef]

	



Springer, C.J.; Niculescu-Duvaz, I. Prodrug-activating Systems in Suicide Gene Therapy. J. Clin. Investig. 2000, 105, 1161–1167. [Google Scholar] [CrossRef]

	



Eyquem, J.; Mansilla-Soto, J.; Giavridis, T.; van der Stegen, S.J.; Hamieh, M.; Cunanan, K.M.; Odak, A.; Gönen, M.; Sadelain, M. Targeting a CAR to the TRAC Locus with CRISPR/Cas9 Enhances Tumour Rejection. Nature 2017, 543, 113–117. [Google Scholar] [CrossRef] [PubMed]

	



Serafini, M.; Manganini, M.; Borleri, G.; Bonamino, M.; Imberti, L.; Biondi, A.; Golay, J.; Rambaldi, A.; Introna, M. Characterization of CD20-Transduced T lymphocytes as an Alternative Suicide Gene Therapy Approach for the Treatment of Graft-Versus-Host Disease. Hum. Gene Ther. 2004, 15, 63–76. [Google Scholar] [CrossRef] [PubMed]

	



Crofford, L.J. COX1 and COX2 Tissue Expression: Implications and Predictions. J. Rheumatol. Suppl. 1997, 49, 15–19. [Google Scholar] [PubMed]

	



McCormack, P.L. Celecoxib: A Review of its Use for Symptomatic Relief in the Treatment of Osteoarthritis, Rheumatoid Arthritis and Ankylosing Spondylitis. Drugs 2011, 71, 2457. [Google Scholar] [CrossRef] [PubMed]

	



Zarghi, A.; Arfaei, S. Selective COX-2 Inhibitors: A Review of Their Structure-Activity Relationships. Iran J. Pharm. Res. 2011, 10, 655–683. [Google Scholar]

	



Daniels, S.; Robbins, J.; West, C.R.; Nemeth, M.N. Celecoxib in the Treatment of Primary Dysmenorrhea: Results From Two Randomized, Double-Blind, Active- and Placebo-Controlled, Crossover Studies. Clin. Ther. 2009, 31, 1192–1208. [Google Scholar] [CrossRef] [PubMed]

	



Bubna, A.K. Vorinostat—An Overview. Indian J. Dermatol. 2015, 60, 419. [Google Scholar] [CrossRef] [PubMed]

	



Lehrmann, H.; Pritchard, L.L.; Harel-Bellan, A. Histone Acetyltransferase and Deacetylases in the Control of Cell Proliferation and Differentiation. Adv. Cancer Res. 2002, 86, 41–65. [Google Scholar] [CrossRef] [PubMed]

	



Gallouet, A.S.; Travert, M.; Bresson-Bepoldin, L.; Guilloton, F.; Pangault, C.; Caulet-Maugendre, S.; Lamy, T.; Tarte, K.; Guillaudeux, T. COX2-independent Effects of Celecoxib Sensitize Lymphoma B Cells to TRAIL-Mediated Apoptosis. Clin. Cancer Res. 2014, 20, 2663–2673. [Google Scholar] [CrossRef]

	



Zhang, X.D.; Gillespie, S.K.; Borrow, J.M.; Hersey, P. The Histone Deacetylase Inhibitor Suberic Bishydroxymate Regulates the Expression of Multiple Apoptotic Mediators and Induces Mitochondria—Dependent Apoptosis of Melanoma Cells. Mol. Cancer Ther. 2004, 3, 425–435. [Google Scholar] [CrossRef]

	



Dean, J.L.E.; Brook, M.; Clark, A.R.; Saklatvala, J. p38 Mitogen-activated Protein Kinase Regulates Cyclooxygenase 2 mRNA Stability and Transcription in Lipopolysacaride-treated Human Monocytes. J. Biol. Chem. 1999, 274, 264–269. [Google Scholar] [CrossRef] [PubMed]

	



Müller, A.; Handrick, R.; Elsaesser, S.J.; Rudner, J.; Henke, G.; Ganswindt, U.; Belka, C.; Jendrossek, V. Improtance of Bak for Celecoxib-induced Apoptosis. Biochem. Pharmacol. 2008, 76, 1082–1096. [Google Scholar] [CrossRef] [PubMed]

	



Gui, C.Y.; Ngo, L.; Xu, W.S.; Richon, V.M.; Marks, P.A. Histone Deacetylase Inhibitor Activation of p21WAFI Involves Changes in Promoter-associated Proteins, Including HDAC1. Proc. Natl. Acad. Sci. USA 2004, 101, 1241–1246. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 13 00662 g001] 





Figure 1. CAR-T-cell-mediated killing of tumors. Tumor cells are composed of heterogenous cell populations. CAR-T cells redirected against specific surface markers (e.g., CD19 in NHL) will induce apoptosis in a subpopulation of tumors (sensitive tumor cells) through Fas/FasL, TRAIL death receptors/TRAIL, TNF-R1 and -R2/TNF-α, and perforin granzyme pathways. This will result in patients undergoing remission. Alternatively, a subpopulation of the original tumor cells is either inherently resistant or develops resistance (acquired resistance) to the apoptotic stimuli delivered by CAR-T cells. Acquired and inherent CAR-T-cell-resistant tumors will lead to patient demise. 
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Figure 2. Different generations of chimeric antigen receptor (CAR) constructs. The structure and composition of various CAR constructs (first-, second-, third-, fourth- [TRUNK] and fifth-generation CAR constructs are depicted. Refer to the text for detailed information. VH: variable region of heavy chain; VL: variable region of light chain of mAb. 
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Figure 3. Development of CAR-T cell resistance. A subpopulation of tumor cells is inherently (innately) resistant to CAR-T-cell-induced apoptosis. Alternatively, prolonged CAR-T cell exposure will result in the selective expansion of tumor cells that developed resistance to CAR-T cells (acquired resistance) after successful initial CAR-T cell therapy. These tumors exhibit an altered expression profile of pro- and anti-apoptotic gene products. 
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Figure 4. Proposed model of the mechanism of Celecoxib and HDACi-mediated sensitization to CAR-T-cell-induced apoptosis. Both Celecoxib (Celebrex) and HDACi (SAHA, LBH589) exhibit broad apoptosis gene-regulatory effects. The pretreatment of CAR-T-cell-resistant tumors with subtoxic concentrations of these FDA-approved agents can modify the dynamics of cell survival signaling pathways and alter the expression profile of apoptotic genes. By favoring a proapoptotic tumor milieu, tumors will become sensitive to the apoptotic effects of these agents. Also, the incorporation of suicide genes (iCasp9) can render tumors sensitive to CAR-T cell-killing. Refer to the text for more detailed information. 
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Table 1. Summary of CD19 CAR-T cell clinical trials in ALL and NHL patients.
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	Summary

of Trial
	Drug/

Treatment
	Overall

Response

Rate (ORR)
	Objective

Response

Rate (ORR)
	Complete

Remission

(CR)
	Disease Free

Progression (DFP)
	Toxicites

(Most Common)
	References





	n = 30

Children/

Adults

r/r ALL
	CTL019

(Kymriah)
	OS = 78%
	
	90%
	Sustained remissions

at 6-month event -free survival = 67%

Predicted probability

of persistence with

CTL019 = 68%

Probability of

relapse-free

B-cell aplasia = 73%
	Severe:

CRS = 27%

Any grade:

CRS = 100%

NT = 43%

B-cell aplasia

In patients

with a

response = 100%
	[61]



	n = 28

DLBCL or

r/r FL
	CTL019

(Kymriah)
	64%
	
	FL = 71%

DLBCL

= 43%
	Sustained remissions

of patients with

response at 28.6

month (median)

follow-up:

FL = 89%

DLBCL = 86%
	Severe:

CRS = 18%

NT = 11%

Any grade:

CRS = 57%

NT = 39%
	[62]



	n = 93 adults

r/r DLBCL

(JULIET)
	Tisagenlecleucel

(Kymriah)
	52%
	
	Complete

response

40%
	12-month post first

response:

Relapse-free

survival = 65%

CR relapse-free

survival = 79%
	Severe:

CRS = 22%

Neurologic events

= 12%

Cytopenias

(>28 days) = 32%

Any grade:

CRS = 58%

Neurologic events = 21%

Cytopenias = 44%
	[58]



	n = 101

r/r DLBCL,

PMBCL or

(transformed)

FL

(ZUMA-II)
	Axicabtagene

Ciloleucel

(Yescarta)
	
	82%
	54%
	Sustained remissions

with a 15.4-month

(median) event-free

survival = 42%

CR at 15.4 month

(median) = 40%

OS at 18-months

= 52%
	Severe:

Thrombocytopenia

= 38%

Neutropenia = 78%

Anemia = 43%

CRS = 13%

Neurologic events

= 28%
	[59,60]



	n = 20 adults

r/r CLL

or ALL
	CAR T-19/

CTL019

(Kymriah)
	CLL = 42.9%

ALL = 83.3%
	
	CLL

= 21.4%

ALL

= 83.4%
	
	Severe:

CRS (CLL)

= 42.86%

CRS (ALL)

= 83.33%
	[56]



	n = 7

Refractory

DLBCL
	KTE-C19

(Yescarta)
	71%
	N/A
	57%
	CR at 12+ months

0.43
	Severe:

CRS = 14%

NT = 57%

Any grade:

CRS = 85%

NT = 44%
	[57]



	n = 53 adults

Relapsed

B-cell ALL
	Autologous

19 − 28z +

CAR T-cells
	N/A
	N/A
	83%
	29-month (median)

Follow-up:

Event-free survival

= 6.1 months

(median)

OS = 12.9 months

(median)
	Severe:

CRS = 26%

NT = 42%

Any grade:

CRS = 85%

NT = 44%
	[63]



	n = 59

Children/adults

r/r ALL
	CTL019

(Kymriah)
	OS at 12

month

(median)

Follow-up

= 79%
	93%

(1-month

Post

Infusion)
	N/P
	12-month (median)

Follow-up:

CR = 58%
	Severe:

CRS = 27%

B-cell aplasia

(continuing CR

patients) = 71%

Any grade:

CRS = 88%
	[64]



	n = 75

Pediatric/young

Adult

r/r B-cell ALL

(ELIANA)
	Tisagenlecleucel

(Kymriah)
	81%

(3 mo. ≥)
	PR = 21%
	3-month

overall

remission

rate = 81%

CR = 60%

Incomplete

hematologic

recovery

+ CR = 21%
	6-month follow-up:

Patients with

relapse-free

survival = 80%

OS = 90%

12-month

follow-up:

patients with

relapse-free

survival = 59%

OS = 76%
	B-cell aplasia in

Patients with a

response = 100%

Severe:

CRS = 46%

Neurologic event

= 13%

Infection = 24%

Any grade:

CRS = 77%

Neurologic event

= 40%

Infection = 43%
	[57]







ALL: acute lymphocytic leukemia; CLL: chronic lymphocytic leukemia; CR: complete response; CRS: cytokine release syndrome; DLBCL: diffuse large B-cell lymphoma; FL: follicular lymphoma; NT: neurotoxicity; OS: overall survival; PMBCL: primary mediastinal B-cell lymphoma; r/r: relapse/refractory; SD: stable disease.













 





Table 2. A. Summary of clinical trials of tisagenlecleucel in the treatment of NHL. B. Summary of clinical trials of tisagenlecleucel in the treatment of ALL.
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	Summary of

Trial
	Infusion

Amount (Per kg

of Body Weight)
	ORR%
	CR%
	PR%
	DFP%
	Toxicities

≥ 3
	Mortalities Post

Infusion
	Reference





	n = 75

(ELIANA)
	1.0 × 108

(median)
	81%

(3 mo. ≥)
	60
	21
	59

(12 mo.)
	CRS: 46

NT:13

FN:35

TLS:4
	3 (CRS and other

AE), 13 (DP +

subsequent

therapies, etc),

1 (unknown)
	[57]



	n = 30
	0.76 × 106

To 20.6 × 106
	78
	90
	NP
	67

(8 mo)
	CRS: 27
	7 (DP)
	[61]



	n = 59
	1 × 107 to

1 × 108
	79

(12 mo.)
	NP
	93

(at 1 mo.)
	58

(12 mo.)
	CRS: 27
	NP
	[64]



	n = 63
	>50 kg infusion amt

= 0.1 − 2.5 × 108

or

≤50 kg infusion amt

= 0.2 − 5 × 106

(single doses)
	83
	63
	NP
	Not reached

at 4.8 mo.

(median)

follow-up
	CRS: 49

NT: 18

(safety

population

n = 68)
	0
	[54]



	n = 6

(ELIANA

subgroup)
	>50 kg infusion amt

= 0.1 − 2.5 × 108

or

≤50 kg infusion amt

= 0.2 − 5.0 × 106

(single doses)
	66.7

(3 mo.)
	42.8
	NP
	100

(median

time of

6 mo.)
	CRS: 5

NT: 0
	2 (DP, 71, and

352 days post

infusion)
	[65]



	Summary of

trial
	Infusion

amount (per kg

of body weight)
	ORR%
	CR%
	PR%
	DFP%
	Toxicities

≥3
	Mortalities post

infusion
	Reference



	n = 93

r/r DLBCL,

tFL or

HGBL-DH/TH

(JULIET)
	3.0 × 108

(median)
	52
	40
	12
	65

(12 mo.)
	CRS:22

NT:12

FN:15

TLS:1
	3 (DP, 30 days

post infusion)
	[58]



	n = 28

DBCL or

r/r FL
	3.1 × 106 to

8.9 × 106
	64
	FL: 71

DLBCL:

43

Combined:

57
	18 (at

3 mo.)
	FL:89

DLBCL:

86

(28.6 mo)
	CRS:18

NT: 11
	1 (NT)
	[62]



	n = 9

r/r DLBCL

(JULIET

subgroup)
	2.0 × 108

(median)
	77.8
	55.6
	22.2
	100

(25 − 550 +

day range)
	CRS: 2

NT: 1
	2 (DP, 30

days post

infusion
	[66]










 





Table 3. Summary of Clinical Trials of Tisagenlecleucel and Axicabtagene Ciloleucel for the Treatment of Refractory NHL and ALL.
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	Summary of

Trial
	Infusion

Amount (Per kg

of Body Weight)
	ORR%
	CR%
	PR%
	DFP%
	Toxicities

≥3
	Mortalities Post

Infusion
	Reference





	n = 108

r/r DLBCL,

tFL or

PMBCL

(ZUMA-I & II)
	2.0 × 106
	82

(12 mo.)
	58
	29
	41

(15 mo.)
	CRS: 13

NT:28
	2 (CRS), 42

(DP +

subsequent

therapies, etc.)
	[59,60]



	n = 53

r/r DLBCL

or FL
	1 × 106 or

3 × 106
	-
	83
	-
	-
	CRS: 26

NT:42
	1
	[63]



	n = 22

r/r DLBCL,

FL, or mantle

cell lymphoma
	1 × 106, 2 × 106

or

6 × 106
	73
	55
	18
	63.3

(12 mo.)
	NT: 55
	0
	[67]







AE; adverse effects, CR; complete response, CRS; cytokine release syndrome, DFLBCL; diffuse large B-cell lymphoma, DFP; disease-free progression, DP; disease progression, FN; febrile neutropenia, HGBL- DH/TH; high-grade B-cell lymphoma with MYC rearrangement, plus rearrangement of BCL2, BCL6, or both genes, NP; not provided, NT; neurologic toxicities, ORR; overall response rate, PR; partial response, PMBCL; primary mediastinal B-cell lymphoma, TC; thrombocytopenia, tFL; transformed follicular lymphoma, TLS; tumor lysis syndrome.













 





Table 4. A. Summary of brexucabtagene autoleucel CD19 CAR-T cell clinical trials in ALL and NHL patients. B. Summary of clinical trials of Tecartus in the treatment of ALL. C. Summary of clinical trials of Tecartus in the treatment of NHL.
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Summary of

Trials

	
Drug/

Treatment

	
Overall

Response

	
Objective

Response

	
Complete

Remission

	
Disease

Free

Progression

	
Toxicities

(Most

Common)

	
Reference






	
n = 54

n = 78

r/r B-ALL

(all

leukapheresed

patients)

r/r B-cell

precursor

(ALL)

(ZUMA 3,

Phase II)

	
Brexucabtagene

autoleucel

KTE-X19

(Tecartus)

	
83.60%

(16.4%

of people

showed no

response)

	
71%

	
52%

	
Median

duration

of remission (DOR)

= 14.6 mo.

Median

relapse-free

survival (RFS)

= 11.6 mo.

Median

overall

survival (OS)

= 25.4 mo

	
Total

= 79%

Severe:

CRS = 26%

NT = 35%

Any grade:

CRS = 92%

NT = 87%

	
[62,65]




	
n = 68

r/r mantle cell

lymphoma

(NHL)

(ZUMA 2,

Phase II)

	
Brexucabtagene

autoleucel

KTE-X19

(Tecartus)

	
91%

	
91%

	
68%

	
Median OS

= 46.6 mo.

	
Grade

1 or 2:

CRS = 76%

NT = 32%

Severe:

CRS = 15%

NT = 31%

	
[66,67]




	
n = 92

LBCL

(NHL)

(TRANSFORM,

Phase III)

	
Lisocabtagene

maraleucel

(Breyanzi)

	
87%

	

	
74%

	
Not reached (NR)

	
Grade 3:

CRS: 1%

NT: 4%

No grade 4

or 5 events

Prolonged

cytopenia

= 43%

	
[63]




	
Summary

	
Infusion

amount (per kg

of body weight)

	
ORR%

	
CR%

	
PR%

	
DFP%

	
Toxicities

≥3

	
Mortalities post

infusion

	
Reference




	
n = 54

n = 78

r/r B-ALL

(ZUMA 3,

Phase II)

	
1 × 106

	
83.6

	
52

	
15

	
39

(complete

remission)

	
97%

Febrile

neutropenia:

35%

Infections:

30%

CRS: 26%

NT: 35%

	
Fatal adverse

reactions = 5%

(cerebral edema

and infections)

	
[62,65]




	
Summary

	
Infusion

amount (per kg

of body weight)

	
ORR%

	
CR%

	
PR%

	
DFP%

	
Toxicities

≥3

	
Mortalities post

infusion

	
Reference




	
n = 68

r/r mantle

cell lymphoma

(NHL)

(ZUMA 2,

Phase II)

	
2 × 106

	
91

	
68

	
24

	
24.9—

to not

estimable

	
99%

Cytopenias:

94%

CRS: 91%

NT: 63%

	
No death from

CRS

No death from NT

16 deaths total

(24%):

Death from

progressive disease

= 14 patients (21%)

Grade 5 AE = 2

patients (3%)

	
[66,67]
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