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ABSTRACT
[bookmark: _GoBack]Acute lymphoblastic leukemia (ALL) is the most common pediatric malignancy, and relapsed and refractory patients continue to pose a significant therapeutic challenge despite breakthroughs in chemotherapy and bone marrow transplantation. Over the last several decades, immunotherapy has revolutionized the therapeutic paradigm for hematologic malignancies, culminating in the development and licensure of chimeric antigen receptor T-cell (CAR-T) treatments. This study examines the progress of immunotherapy in blood malignancies, emphasizing its advantages over traditional treatments and its specific application in pediatric ALL. We investigated the mechanism of action and manufacturing stages of CAR-T-cell therapy, focusing on the structural transition from first- to next-generation CAR constructs and its impact on efficacy and safety.
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INTRODUCTION:
The uncontrolled growth of abnormal cells that can spread to many parts of the body is known as cancer (1). Cancer was less common a century ago, but in the past few decades, its frequency has been rapidly increasing, most likely as a result of our changing habits, lifestyles, and longer life expectancies (2). According to the World Health Organization, the leading cause of death worldwide (244.6 million DALYs) is cancer, which affects both men and women (137.4 and 107.1 million DALYs, respectively). Ischemic heart disease (203.7 million DALYs) and stroke (137.9 million DALYs) followed. The cancer-related burden is slightly but not significantly greater in men than in women(3). The World Cancer Research Fund (WCRF) is associated with the risk of 13 distinct cancers, including bladder, breast, colorectal, kidney, lung, and lymphocytic leukemia; non-Hodgkin’s lymphoma (NHL); and oral cavity/pharyngeal, ovarian, pancreatic, prostate, and uterine cancers(4). The cells that can produce blood or bone marrow are the source of blood cancer, also known as hematological malignancy (5). There are four broad categories of blood cancers: leukaemia, myeloma, Hodgkin lymphoma and non-Hodgkin lymphoma (6). Currently, immunotherapy, radiation, chemotherapy, and transplantation are used to treat blood malignancies (7). Chimeric antigen receptor T (CAR-T) cell therapy is a very promising immunotherapy that has significantly altered the way hematological malignancies are treated in recent years (8). CAR-T-cell therapy involves targeting overexpressed tumor cell surface antigens with modified T cells (9). Early clinical trials involving patients with B-cell lymphomas or pre-B-cell acute lymphoblastic leukemia (ALL) have shown that chimeric antigen receptor (CAR)-T-cell therapy has transformed into anticancer therapy by offering a potentially curative option for patients who do not respond to standard treatments (10).

THE HISTORY OF IMMUNOTHERAPY IN HEMATOLOGIC MALIGNANCIES:
For many years, ionizing radiation and chemotherapy have been used in initial cancer therapies to remove the majority of the tumor mass. Although there have been some cures and notable benefits from many of these medicines, a major issue is the incidence of tumor relapse, which is caused by drug resistance mechanisms developing in some tumor cells. Therefore, it is necessary to develop additional therapeutic approaches to eliminate these resistant tumor cells (11). However, since Coley’s discovery in 1890 that bacterial products, or Coley toxins, could help treat incurable cancers and the subsequent use of Bacillus Calmette-Guerin (BCG) and other unrefined immunostimulants, a fourth immunotherapy modality has been thoroughly documented (12). Immunotherapeutic techniques have advanced significantly because of the intricate interactions between cancer cells and the immune system. To promote tumor growth, tumors frequently take advantage of tissue-resident immune cells, endothelial cells, fibroblasts, and neurons. Tumor growth is aided by immune cells such as tumor-associated neutrophils (TANs), regulatory T cells (Tregs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) (13). Targeted antibodies, immune checkpoint inhibitors (ICIs), tumor vaccines, adoptive cell therapy (ACT), and stem cell transplantation are the primary components of immunotherapy in the treatment of hematologic malignancies (14).An overview of immunotherapy for hematologic malignancies (blood cancers) and its historical timeline of key developments depicted in Image 1.
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FIGURE 1


CAR-T-cell therapy:
chimeric antigen receptor (CAR)-T-cell therapy has been remarkably successful and durable, which makes it a novel approach (15). Consequently, the development of genetically modified T-cell receptors to target a particular tumor antigen marked the beginning of a new era in cellular immunotherapy (16). Chimeric antigen receptor (CAR) is a modular fusion protein that consists of an intracellular signalling domain with CD3z connected to zero or one or two costimulatory molecules, such as CD28, CD137, and CD134, an extracellular target binding domain that is typically derived from the single-chain variable fragment (scFv) of an antibody and a spacer domain and transmembrane domain (17). The patient is asked to provide peripheral blood samples. T cells are separated and genetically modified to detect a particular tumor-associated antigen (TAA) and express chimeric antigen receptors (CARs). The patient is infused with expanded CAR-T cells that were acquired (18). Blood banks currently use apheresis to obtain platelets and other blood components for the treatment of a number of illnesses, such as renal and hematologic conditions. As a result, it is thought to be a safe procedure for patients and healthy people (19). CAR-T cells are composed of three parts: the transmembrane domain, endodomain, and ectodomain (20).


PEDIATRIC ACUTE LYMPHOBLASTIC LEUKEMIA:
Acute lymphoblastic leukemia is the most common childhood cancer, with an overall incidence of 42 cases per million children. Between the ages of one and four, the incidence peaks early in life, approaching 100 cases per million (21). Among all pediatric leukemia cases, 72% and over 25% are pediatric cancer cases. Every year, approximately 3,000 children in the US and 5,000 in Europe receive an ALL diagnosis (22). Numerous research avenues suggest that a portion of childhood leukemia cases occur prior to birth. Years before leukemia manifests clinically, chromosomal translocations, specifically ETV6-RUNX1 (TEL-AML1), can be found in cord blood and blood spots at birth, supporting a multistep leukemogenesis process. The genetic identification of the initial lesions and the identification of secondary genetic modifications indicating intertwin, intrauterine transmission of leukemia are demonstrated by genomic analysis of monozygotic, monochorionic twins that are concordant with leukemia (23) (24). The origins of ALL seem to be genetically unique and associated with several causal processes. Ionizing radiation and chemical mutagens are examples of environmental factors that have been linked to the development of ALL in certain people. However, in the great majority of cases, there are no obvious causative causes. The preferred theory holds that leukemogenesis is a reflection of the interplay between many environmental and genetic factors (25). Exome sequencing, transcriptome sequencing, and whole-genome sequencing are examples of next-generation sequencing used in current studies to describe the landscape of genetic changes in ALL (26).


FIG 2. DIAGRAMMATIC REPRESENTATION OF CAR T-CELL THERAPY PROCESS IN ACUTE LYMPHOBLASTIC LEUKEMIA:
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· T cells: T cells are collected through apheresis.
· Separation of T cells: This easy, noninvasive procedure returns the remaining blood to the body after removing the T cells from it (similar to donating blood).
· Supercharging T cells: On the surface of T cells, researchers introduce a protein known as a chimeric antigen receptor (CAR), which resembles an antibody.
· Multiplying the CAR-T cells: In the laboratory, CAR-T cells proliferate until they reach millions. After that, the cells are frozen and sent back to the patient’s hospital for treatment.
· Infusion of CAR-T cells: Most patients receive chemotherapy for a brief period of time. CAR-T cells continue to proliferate after being returned to the patient’s circulation. As “attacker” cells, they now locate, identify, and eliminate cancer cells that have the specific antigen on their surface.
· After CAR-T-cell therapy, to monitor and treat side effects, including possible adverse events, patients remain in the hospital for at least two weeks. Long-term remission can be achieved with CAR-T cells, which can remain active in the body and protect patients against cancer recurrence. (27).


GENERATION OF A CHIMERIC ANTIGEN RECEPTOR:
Targeted cancer immunotherapy is made possible by chimeric antigen receptors (CARs), which are modified receptors that combine antigen recognition and T-cell activation capabilities (28). Since the early days of immunotherapy, the use of CAR-T cells has evolved. CAR-T cells exist in four generations.

First generation: The first generation consists of the basic structure of CD3-ζ, which is found in the endodomain, a major signal transmitter (29). Although first-generation CARs are effective at rerouting T-cell cytotoxicity, they are not able to sustain proliferation or survival (30). Another trial assessed CYAD-01, a first-generation NKG2D CAR-T-cell product, in patients with myelodysplastic syndrome and relapsed/refractory acute myeloid leukemia. The results showed good objective response rates, although they were transient (31).
Second generation: Clinical results have improved with second-generation CARs that incorporate costimulatory domains such as CD28 or 4-1BB (32). Clinical outcomes with second-generation chimeric antigen receptors (CARs) in the treatment of B-cell malignancies have been impressive. These CARs include costimulatory and activating domains, usually CD28 or 4-1BB, which have a significant effect on T-cell persistence, differentiation, and function (33).
Third generation: Third-generation CARs, which combine CD28 and 4-1BB, are designed to eliminate tumors quickly while maintaining their effectiveness over time. Third-generation CAR-T-cell early clinical trials have produced encouraging outcomes with good safety profiles (34). Third-generation CAR-T cells that target CD19 were used in a phase I/Iia trial for patients with leukemia and lymphoma. The trial revealed that the treatment was generally safe, had little toxicity, and that some patients experienced first full responses (32). In vitro and in vivo, third-generation lentiviral vector-transduced CAR-CD19 T cells are more effective than second-generation CAR-T cells in treating B-cell malignancies (35).
Fourth generation: Adoptive cell therapy for cancer treatment has advanced with fourth-generation CAR-T cells, sometimes referred to as TRUCKs (T cells redirected for antigen-unrestricted cytokine-initiated killing) (36). When CAR signalling occurs, these cells are programmed to generate transgenic cytokines, which promote inflammation in solid tumors. For this purpose, several cytokines, such as IL-7, IL-12, IL-15, IL-18, and IL-23, are being investigated (37). The production of cytokines aids in overcoming obstacles such as the suppressive tumor microenvironment, low potency, and antigenic heterogeneity. To increase their antitumour potential, fourth-generation CAR-T cells can be equipped with additional proteins, such as membrane receptors, antibodies, and enzymes, in addition to cytokines (38). These advancements are anticipated to broaden the use of CAR-T-cell therapy beyond hematological malignancies to solid tumors in conjunction with advancements in CAR-T-cell structure and manufacturing technology (39).

CAR T CELL IN PAEDIATRIC ACUTE LYMPHOBLATIC LEUKEMIA:
Although newly diagnosed individuals with B-ALL have high cure rates, treatments that help children with relapsed or refractory B-ALL (40). Patients between the ages of 0 and 30 years have shown excellent complete remission rates of 82% with this therapy (41). Children and young adults under the age of 26 have demonstrated controllable safety profiles and long-lasting responses when given CD19-specific CAR-T cells (40). However, there are still issues, such as relapses that are both antigen-positive and antigen-negative, as well as toxicities linked to treatment, such as neurotoxicity and cytokine release syndrome (42). In vivo CAR activity is indicated by long-term B-cell aplasia, which is linked to longer remission but also an increased risk of antigen-negative recurrence (43). Tisagenlecleucel, a type of CAR-T-cell therapy, has demonstrated encouraging outcomes in the treatment of pediatric and adolescent patients with relapsed or refractory B-ALL. (44)

ONGOING CLINICAL TRIAL:
Tisagenlecleucel, the first chimeric antigen receptor T-cell therapy, was approved by the FDA to treat B-cell precursor acute lymphoblastic leukemia patients up to 25 years of age who have not responded to conventional therapy or who have experienced at least two relapses (45). The FDA authorized the use of axicabtagene ciloleucel, a chimeric antigen receptor for T-cell therapy, which is the second best way to treat blood malignancies in the U.S. For people with certain non-Hodgkin lymphomas who have tried at least two prior therapies, therapy is recommended (46). Axicabtagene ciloleucel and tisanecleucel have been approved for the treatment of hematological malignancies because they are encouraging phase I and II clinical study outcomes (47). Owing to their exceptional response rates and longevity in high-risk patients, these treatments are now considered standard care for patients who have not responded to several prior treatments. Nevertheless, there are still issues, such as toxicity, neurotoxicity and cytokine release syndrome. The goal of ongoing research is to investigate the causes underlying therapy failure and create solutions for these problems (48).
Side effects:
Tisagenlecleucel: Tisagenlecleucel is associated with specific toxicities, mainly immune effector cell-associated neurotoxicity syndrome (ICANS) and cytokine release syndrome (CRS) (49). ICANS symptoms include seizures, encephalopathy, and cognitive impairments, whereas CRS symptoms include fever, hypotension, and organ malfunction (50). Additionally, it results in coagulopathy, tumor invasion-associated neurotoxicity (TIAN), immune effector cell-associated hematotoxicity (ICAHT), infections, and immune effector cell-associated HLH-like syndrome (IECHS) (51). Hypogammaglobulinemia and cytopenias are additional possible adverse effects (52). Clinical variables can influence the severity of toxicity, and in rare instances, severe CRS might develop into hemophagocytic lymphohistiocytosis. First-line therapies for these toxicities usually include corticosteroids and tocilizumab (53).
Axicabtagene ciloleucel: However, there are serious adverse effects associated with this agent, namely, neurotoxicity and cytokine release syndrome. Encephalopathy, headaches, and tremors are among the most commonly reported symptoms of neurological adverse events and can be severe and prevalent(54). According to real-world pharmacovigilance data, 25.6% of reported adverse events are related to nervous system problems, suggesting that axi-cel may be more neurotoxic than other CAR-T-cell treatments are (55). These potentially fatal adverse effects are also a result of immunological activation, which makes axi-cel effective (56). Axicabtagene ciloleucel, a CAR-T-cell treatment, frequently causes neurotoxicity in 47% of patients, with 21% of those cases resulting in grade 3 or greater neurotoxicity (57).
Cost:
Tisagenlecleucel: At a willingness-to-pay threshold of $150,000/QALY, it was shown to have a 32% chance of becoming cost-effective in Canada; this likelihood could increase if long-term cure rates surpass 40% or if there is a 49% price reduction (58). The entire cost of administering tisagenlecleucel, including hospitalization and adverse event care, was projected to be $437,927 for the first two months after infusion from the standpoint of a US hospital (59). In contrast to traditional salvage therapy, which only achieves complete responses in 7% of individuals with relapsed or recurrent lymphoma, CAR-T-cell therapies, such as tisagenlecleucel, provide substantial therapeutic benefits despite their high cost (60).
Axicabtagene ciloleucel: With estimates ranging from $58,146 to $1,615,000 per quality-adjusted life year (QALY) gained, cost-effectiveness assessments have produced inconsistent findings (61). Axi-cel's cost-effectiveness varies by nation and seems to be strongly influenced by long-term survival results. With an incremental cost-effectiveness ratio (ICER) of $142,326.94/QALY, below the $150,000 barrier, axi-cel was determined to be a cost-effective second-line treatment for diffuse large B-cell lymphoma in the United States (62). With full response rates of 40–54% versus 7%, axi-cel has demonstrated improved efficacy over salvage chemotherapy, despite its high cost (60).


BEACON OF HOPE – FUTURE DIRECTION FROM BREAKTHROUGHS TO ONGOING CHALLENGES
  1. Proactive Toxicity Management:
Future directions include biologic prophylactics to prevent toxicity before it occurs.
Siltuximab (anti-IL-6) for CRS prevention: Siltuximab has been investigated in recent research as a potential substitute for tocilizumab in the treatment of immune effector cell-associated neurotoxicity syndrome (ICANS) and cytokine release syndrome (CRS) in CAR-T-cell therapy. Although the efficacy of siltuximab for ICANS is only moderate (45%), a phase 2 trial revealed that it has a high response rate (79%) and quickly resolved CRS (63). The objective response rates with siltuximab were 75% for CRS patients and 60% for ICANS patients, according to a multicenter retrospective investigation (64). Siltuximab shows comparable effectiveness in treating CRS to tocilizumab, but it decreases the incidence and infection rates of ICANS (65). As a first-line treatment for CRS, siltuximab was also determined to be safe and practical, requiring similar amounts of hospital resources as protocols based on tocilizumab (66).


Anakinra (IL-1 receptor antagonist) for CRS and ICANS control: Anakinra, an IL-1 receptor antagonist, has been investigated in recent research as a means of treating immunological effector cell-associated neurotoxicity syndrome (ICANS) and cytokine release syndrome (CRS) in CAR-T-cell therapy. Higher dosages of anakinra are associated with faster resolution and a decreased treatment-related mortality rate, suggesting that it may be useful in treating refractory CRS and ICANS. Prophylactic use of anakinra during lisocabtagene maraleucel treatment was associated with a reduced incidence of CRS compared with that in a real-world cohort, as well as good tolerability and retained antitumour activity (67). Early anakinra therapy for individuals at risk of severe ICANS may help lower the incidence of the condition and the need for corticosteroids, according to a phase II trial (68). Prophylactic administration of anakinra on day 0 of CAR-T-cell therapy was associated with better CRS and ICANS outcomes, according to another study (69). Anakinra may be a potential treatment for CAR-T-cell-related toxicity, according to these data.


Lenzilumab (anti-GM-CSF) reduces neuroinflammation. Beyond COVID-19, lenzilumab has shown promise in treating CAR-T-cell therapy-related neuroinflammation. Lenzilumab-mediated GM-CSF neutralization decreased myeloid and T-cell infiltration in the central nervous system in a xenograft model, eliminating cytokine release syndrome and reducing neuroinflammation without impairing CAR-T-cell activity (70). These results suggest that lenzilumab may be useful in the treatment of a number of inflammatory diseases, especially those involving neuroinflammation.


 2. Next-generation CAR designs
Dual-target CARs (e.g., CD19/CD22) to minimize relapse from antigen escape: Targeting CD19 and CD22 with dual-target CAR-T-cell therapy has become a viable strategy to combat antigen escape in B-cell cancers. The possibility of creating bivalent CD19/CD22 CAR complexes that remain effective against both antigens has been shown in preclinical research (71). Dual-targeting approaches, such as the use of cotransduced CD19/22 CAR-T cells, have demonstrated positive safety profiles and effectiveness in patients with relapsed/refractory ALL according to clinical trials (72). To address issues related to low CD22 antigen density, new high-sensitivity CD22 CARs have been created (73). There are still issues, such as CAR-T-cell persistence and the prevalence of antigen-positive relapses, even though dual-targeting strategies have demonstrated promise in lowering antigen-negative relapses (74).

“Suicide switches” to deactivate CAR-T cells if toxicity becomes uncontrollable: In the event that toxicity becomes unmanageable, suicide switches are safety measures intended to disable chimeric antigen receptor (CAR)-T cells. One such method is the inducible caspase-9 (iCasp9) system, which enables CAR-T cells to undergo rapid death when a small-molecule dimerization agent is administered. Preclinical research and phase 1 clinical trials have demonstrated the effectiveness of this approach (75). To address concerns regarding toxicity, including cytokine release syndrome and on-target off-tumor consequences, these safety mechanisms are essential for striking a balance between the possibility of uncontrolled activation and efficient T-cell activation. On-switch CARs, inhibitory CARs, and synthetic Notch receptors are further safety measures (76). In vitro and in animal models, the combination of a CD20 CAR with iCasp9 and a shortened CD19 selectable marker has shown encouraging results, enabling effective elimination of transduced T cells when needed (77).

Armored CARs with controlled cytokine signalling to fine-tune immune responses: These cells are usually second-generation CAR-T cells that have been engineered to perform better in hostile tumor microenvironments by expressing ligands or secreting cytokines. Strategies to improve CAR-T-cell performance include the expression of IL-12, CD40L, and 4-1BBL (78). However, optimizing CAR design is essential because hyperactive CARs may reduce antitumour effectiveness in vivo by causing activation-induced cell death (AICD) as a result of elevated FasL expression. Achieving clinical action against solid tumors may require adjusting CAR signalling to moderate levels. (79).



3. In Vivo CAR-T-cell Programming In a transformative shift, mRNA-based lipid nanoparticles
By overcoming the drawbacks of conventional ex vivo techniques, recent developments in mRNA-based lipid nanoparticle (LNP) technology have created new opportunities for in vivo CAR-T-cell creation. Effective T-cell transfection and functional CAR expression in vivo have been reported via targeted LNPs with extrahepatic tropism (80). This strategy offers possible answers to problems in CAR-T-cell therapy, especially for solid tumors, and is motivated by the efficacy of the COVID-19 mRNA vaccine (81). According to studies, tailored LNP systems can cause antigen-specific cell death, maintain cytotoxicity, and increase CAR expression in circulating T cells without causing severe toxicity (82). In addition, new CAR designs that make use of signalling adaptors unique to myeloid cells have demonstrated promise in reprogramming the tumor microenvironment, triggering both innate and adaptive immune responses against a variety of target antigens (83).
CONCLUSION:
CAR-T-cell therapy has emerged as a life-saving breakthrough for children with relapsed or refractory acute lymphoblastic leukemia (ALL), offering long-term remission where conventional treatments have failed. Despite its remarkable success, therapy faces challenges such as cytokine release syndrome (CRS), neurotoxicity, manufacturing delays, and high costs.
However, the future holds tremendous promise. With advances in biologic prophylaxis, next-generation CAR constructs, dual-targeting strategies, and in vivo CAR programming via mRNA technology, we are moving toward a more precise, safer, and accessible form of immunotherapy for pediatric patients. Research focused on predictive biomarkers, suicide switches, and universal donor cells is further paving the way for a new era in personalized cancer care.
Thus, CAR-T-cell therapy stands not just as a treatment but also as a BEACON OF HOPE, a transformative and evolving platform that is redefining the future of pediatric leukemia care across the globe.
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