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Immunotherapy has made significant strides in cancer treatment with strategies like checkpoint blockade antibodies and adoptive T cell transfer. Chimeric antigen receptor T cells (CAR-T) have emerged as a promising approach to combine these strategies and overcome their limitations. This review explores CAR-T cells as a living drug for cancer treatment. CAR-T cells are genetically engineered immune cells designed to target and eliminate tumor cells by recognizing specific antigens. The study involves a comprehensive literature review on CAR-T cell technology, covering structure optimization, generations, manufacturing processes, and gene therapy strategies. It examines CAR-T therapy in haematologic cancers and solid tumors, highlighting challenges and proposing a suicide gene-based mechanism to enhance safety. The results show significant advancements in CAR-T technology, particularly in structure optimization and generation. The manufacturing process has improved for broader clinical application. However, a series of inherent challenges and side effects still need to be addressed. In conclusion, CAR-T cells hold great promise for cancer treatment, but ongoing research is crucial to improve efficacy and safety for oncology patients. The proposed suicide gene-based mechanism offers a potential solution to mitigate side effects including cytokine release syndrome (the most common toxic side effect of CAR-T therapy) and the associated neurotoxicity.
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1 Introduction

Cancer is an umbrella term for a wide range of diseases characterized by cell heterogeneity. Tumor cell populations have distinctive characteristics: many of them show uncontrolled proliferation, little differentiation, and some of these cells have the ability to spread to adjacent as well as distant tissues or organs in a process called metastasis (1) with self-renewal capacity (2–4).

According to the World Health Organization (WHO), cancer is one of the leading causes of morbidity and mortality in the world, both in adults and children, second only to cardiovascular diseases. In 2020, there were an estimated 19.3 million new cases and 9.96 million deaths (5), and, consistent with the Global Cancer Observatory (GLOBOCAN) database, the incidence is expected to reach 28.4 million cases in 2040, an almost 50% increase compared to recent years. This is due to increased life expectancy and population levels, as well as massive exposure to various risk factors. Globally, the highest incidence rates are for breast (11.7%), lung (11.4%), colorectal (10%), prostate (7.3%) and stomach (5.6%) cancer, with the highest mortality rates for lung (18%), colorectal (9.4%), liver (8.3%), stomach (7.7%) and breast (6.9%) cancer, as shown in Figure 1.




Figure 1 | Estimated number of incidence (A) and deaths (B) of both sexes and ages in the world classified by cancer type. Adapted from: (6).



Cancer is not caused by a single factor but is the result of the interaction of different risk factors, with 90-95% being caused by environmental factors and the remaining 5-10% having an inherited component. Smoking is the main risk factor and cause of lung cancer, also increasing the risk of other types of cancer. Other known risk factors are ageing, alcohol, obesity, ultraviolet radiation, and even different infectious agents such as the Human Papilloma Virus or the Human Immunodeficiency Virus, among others (7, 8). For this reason, it is considered a multifactorial disease capable of producing damage and genetic heterogeneity within the affected populations, greatly complicating the design of new therapies.

Research is currently focused on finding effective treatments that show a decrease in deaths, an increase in survival rate and progression-free time, as well as aiming to improve the response to ‘conventional’ treatments such as chemotherapy or radiotherapy. One of the most popular treatments in research currently is immunotherapy, based on the idea of increasing the immune system’s ability to fight disease, such as by use of chimeric antigen receptor-transduced T lymphocytes (CAR-T). The primary objective of this literature review is to describe CAR-T lymphocyte-based therapy and to this end, we will describe the main molecular basis and mechanisms of the immune response to tumors, summarize the different immunotherapies that led to the development of CAR-Ts, analyze the clinical status of CAR-Ts by detailing their role in cancer treatment, and assess the obstacles and future prospects of these treatments.




2 Relevant sections and discussion



2.1 Anti-tumor immunity

The immune system is comprised of a set of cells, tissues and organs that work together to activate an immune response, encompassing the mechanisms and processes for recognizing and defending against tumor cells in addition to invading agents. It is a highly coordinated and complex response affected by the immunological microenvironment and tumor microenvironment. The number of newly described targets increases frequently, (9, 10) particularly consisting of immune and non-immune cell components (10, 11), demonstrating the essential role of the tumor immune microenvironment in understanding tumor biology (12) which can be summarized in the three following scenarios.



2.1.1 Anti-tumor immunity and immunogenic death

The immune system (IS) plays a central role in the elimination of tumor cells. This role was proposed by Paul Ehrlich and later studied in depth by Thomas and Burnet, who proposed the term “immunosurveillance”, referring to the immune system’s ability to detect and eliminate tumor cells, preventing the development of disease (13). Nowadays, this concept has been further extended to immunoediting, which consists of three stages: elimination, equilibrium, and escape, seen in Figure 2.




Figure 2 | Stages of cancer immunoediting. The graph shows tumor growth at the different stages of immunoediting developed by Thomas and Burnet.



The elimination phase represents the classic idea of immunosurveillance proposed by Burnet. After transformation has occurred and intrinsic non-immunological tumor suppressive mechanisms have failed (14), the innate and adaptive immune systems are co-activated to destroy the tumor (15). This combination is able to recognize tumor antigens and to develop an appropriate effector response on the transformed cells that express them (16, 17).

However, if the tumor is not eradicated, the equilibrium phase begins, in which growth is immunologically restricted, but not completely eliminated. The duration of this phase varies from patient to patient as it is influenced by the structure and the established tumor suppressive environment (TME). Finally, this state of equilibrium can lead to tumor escape (18–20), where tumor cells recruit IS cells to create an immunosuppressive TME and these cells in turn induce tumor cells to express immune checkpoint molecules (15) and even inhibitors (21, 22).




2.1.2 Cycle of anti-tumor immunity

Focusing on the cycle of the anti-tumor immune response (Figure 3), it begins with the release and capture of neoantigens, generated during oncogenesis, by antigen-presenting cells (APCs), such as dendritic cells (DCs). These cells process the antigens and undergo a maturation process, which involves an increase in the expression of various molecules, such as the chemokine receptor CCR7 (24–26)and the migration of DCs to the lymph nodes where they can interact with T cells (24), driving complex collective migration patterns, allowing DCs to create or enhance chemotactic gradients (24). For an anti-tumor T response to be generated, this process needs to be accompanied by signals that prevent peripheral tolerance to tumor antigens, such as high expression of major histocompatibility complex (MHC) molecules and co-stimulatory molecules (such as CD80, IL1, IFN-α) (27). This allows antigenic presentation via MHC I to effector T cells (CD8+ T cells) or MHC II to helper T cells (CD4+ T cells) (27), which triggers priming and activation of effector T responses directed against these antigens. At this point, the balance between regulatory T cells (Treg) and effector T cells determines the nature of the immune response and its outcome.




Figure 3 | Cycle of the anti-tumor immune response. This figure shows the different steps that make up the tumor immunity cycle together with the factors that stimulate (in green) or inhibit (in red) tumor cell death. Adapted from: (23).



CD8+ T cells are a cell population that can differentiate into several subgroups depending on the environmental stimuli they receive, which affects their function. The most studied and relevant subgroup is the subpopulation of cytotoxic CD8 T cells, also known as Tc1 (28). This subgroup is able to recognize and bind by interaction to its T-cell receptor (TCR) with the cognate antigen bound to MHC I, leading to the elimination of tumor cells by: synaptic exocytosis of granules composed of granzymes and perforins known as the “kiss of death”, or indirectly by secretion of cytokines such as tumor necrosis factor (TNF) or interferon gamma (IFNγ) (29). The death of these cells releases more tumor antigens, which positively feed back into the anti-tumor response in successive cycles (23).




2.1.3 Evasion of the immune response by tumors

It is now clear that the immune system can defend itself and attack tumor cells. However, the high prevalence, relapses and deaths indicate that this immune response is often ineffective. It is therefore recognized that many tumors have the ability to evade the host immune system. They exit the elimination and balance phase and enter the so-called escape phase. Consequently, one of the major goals of immunology is to understand these escape mechanisms in order to neutralize them and thus stop tumor growth. Some processes and molecules involved in this evasion are being brought to light, molecules actually previously linked to tumor progression such as ALDH2 and which have now been linked to tumor evasion of the immune response (30).

One such mechanism employed by the tumors is the inhibition of immune checkpoints. These checkpoints are molecules that normally regulate the immune response and prevent autoimmunity. However, tumors exploit self-expression of these molecules, such as CTLA-4 (cytotoxic T-lymphocyte-associated protein) and PD-1 (programmed cell death protein 1), to inhibit the response of tumor-infiltrating T lymphocytes (TILs), as they are two major negative regulators of the anti-tumor response. CTLA-4 is an inhibitory protein expressed on the surface of activated T cells. When activated, CTLA-4 translocates to the cell surface and binds to B7 molecules (CD80/CD86) on APCs. This interaction inhibits the activation and uncontrolled proliferation of T cells, thus limiting the immune response. On the other hand, PD-1 is an inhibitory protein expressed on the surface of several types of immune cells, including T lymphocytes, and can bind to its ligands, PD-L1 and PD-L2, inhibiting T-lymphocyte activation and effector function. This prevents an exaggerated immune response and autoimmune damage. However, some tumor cells may have the ability to express both CTLA-4 and PD-L1 (31, 32); inhibiting the antitumor response, and blocking this expression is the basis for the immunotherapy awarded in 2018 with the Nobel Prize in Physiology or Medicine to James P. Allison and Tasuku Honjo.

Another tumor escape mechanism is the secretion of molecules to induce inflammatory and immunosuppressive responses in the tumor microenvironment (Figure 4) promoting tumor escape and progression. Some of these molecules are transforming growth factor beta (TGF-B), interleukin-10 (IL-10), interleukin-4 (IL-4) and the onco-immunogenic molecule CD155 overexpressed in tumor microenvironments (TME), which all play multiple immunosuppressive roles. CD155+ tumor-associated macrophages showed an M2 phenotype and higher expression of interleukin (IL)-10 and transforming growth factor (TGF)-β (33). These cytokines inhibit the proliferation and effector functions of lymphocytes (B and T) as well as macrophages, limiting their ability to recognize and eliminate tumor cells. In addition, they activate Treg, thus contributing to the maintenance of a tolerogenic profile. These molecules also promote the differentiation and accumulation of myeloid-derived suppressor cells (MDSCs) in bone marrow, lymphoid tissues and in the tumor microenvironment. These suppressor cells inhibit innate and T-lymphocyte mediated anti-tumor immune responses by secreting immunosuppressive cytokines that possess the ability to modulate the tumor microenvironment (by decreasing the production of pro-inflammatory cytokines) creating a favourable environment for tumor growth and evasion (34).




Figure 4 | Molecules and cellular subgroups involved in the induction of an immunosuppressive environment or active immune response. The different molecules involved in promoting a tol-erant (green) or immunogenic (red) environment are shown. In blue are molecules that may be-long to both groups depending on the environment in which they are found. For the function of the respective molecules, see Supplementary Table S2.



Finally, the loss of tumor antigen expression is also a well-known escape mechanism (35–39). Due to the high mitotic rate of tumor cells and their genetic instability, it is common to find mutations in genes encoding these antigens. In some cases, these antigens are not critical for the survival or maintenance of the phenotype of the transformed cell and will thus go unnoticed by the immune system. In addition, a decrease in MHC-I expression is observed, preventing recognition of tumor cells by CD8+ T cells. This may be due to a reduction in the synthesis of the MHC-I complex or alterations in components involved in antigen processing such as TAP1, TAP2 or proteasome subunits (40).

In order for immunogenic cell death (ICD) of tumor cells to occur, it is important to have a number of factors (Table 1) such as: antigenicity, adjuvanticity (release of cell damage-related molecular patterns (DAMPs) due to stress or cell damage) (42) and a permissive microenvironment (41, 43, 44).


Table 1 | Different possible effects generated as a function of factors that establish immunogenic cell death.



Regarding antigenicity, in the absence of antigens not subject to central or peripheral tolerance, ICD can only trigger inflammatory responses without activating adaptive immunity. However, when antigenicity is present and sufficient adjuvanticity is present, ICD can activate the adaptive response. Otherwise, a state of tolerance would be induced. In the case of tumors, the high rate of mutations in the coding regions of the genome (non-synonymous and frameshift point mutations) can lead to exposure of tumor neoantigens, increasing antigenicity. In addition, some cancer cell autoantigens can also induce anti-tumor immunity (42).

On the other hand, adjuvanticity can be induced by cancer cells by the release of DAMPs, such as interferon (IFN), adenosine triphosphate (45) and calreticulin along with related cytokines. These molecules play an important role in the activation of adaptive immunity through the involvement of pattern recognition receptors (PRRs). However, it is important to note that DAMPs cannot initiate an immune response without increased antigenicity in dying cells (42, 46).

Finally, the tumor microenvironment determines whether T cells, activated by ICD-responsive dendritic cells, can access the tumor bed to carry out an effector response and establish memory. Factors such as the extracellular matrix (ECM), the macrophage polarization towards a pro-inflammatory (M1) or anti-inflammatory (M2) phenotype and the lymph nodes draining the tumor also influence this process (42).

Thus, all these tumor escape mechanisms allow cancer cells to evade immune surveillance and develop strategies to survive and grow without being attacked by the immune system.





2.2 Cancer immunotherapy

The term ‘cancer immunotherapy’ refers to any type of treatment based on stimulating and using the patient’s own immune system to attack the cancer or block cancer escape routes (47). Looking back, the first attempts to modulate the immune system to treat cancer are attributed to the German physicians Fehleisen (48) and Busch (49), who observed significant tumor regression after infection (50). Later, William Bradley Coley (51), known as the father of immunotherapy (52), attempted to harness the immune response to treat sarcomas in 1891 (53, 54). However, his achievements went unnoticed until half a century later when several fundamental discoveries in the field of immunology related to T cell existence and function led to an expansion in the study of immunotherapy, opening a new era in cancer treatments. Thanks to these therapies, long-lasting and successful responses have been observed in patients with advanced cancers (52). One of the most important and most advanced treatments in the fight against cancer is chimeric antigen receptor therapy or CAR-T, which involves modifying the patients’ own T cells. The mainstays of this therapy are immunotherapies with monoclonal antibodies (mAbs) and adoptive T-cell transfer (ACT) (Figure 5).




Figure 5 | Current approaches in the field of cancer immunotherapy. TCR: T-lymphocyte receptor, CAR-T: chimeric antigen receptor for T-lymphocytes, DCs: dendritic cells, Ig: immunoglobulin, ICIs: immune checkpoint inhibitors. Adapted from: (55).





2.2.1 Modulatory monoclonal antibodies

Immunomodulatory mAbs are proteins designed in vitro to mimic the function of natural antibodies. The characterization of tumor-associated or tumor-specific antigens allows us to generate specific mAbs against them, which can later prevent the antigen from binding to its receptor on the cell surface or mark the antigen for destruction by complement-mediated cytotoxicity (CDC) or antibody-dependent cytotoxicity (ADCC), among other uses. However, a major obstacle is the identification of cancer cell antigens that can be targeted without damaging healthy tissues (52).

The first mAb approved by the Food and Drug Administration (FDA) in 1997 to treat cancer, specifically Non-Hodgkin’s lymphoma, was Rituxinab (56) which specifically binds to the CD20+ molecule resulting in the depletion of CD20+ B cells (57).

Today, the most widely used monoclonal antibody therapy is the modulation of immune checkpoint inhibitors (ICIs), particularly CTL-4, PD-1 and their ligands (PD-L1, PD-L2) (58). Following this strategy, the FDA has approved three different categories of ICIs. These are PD- 1 inhibitors (Nivolumab, Pembrolizumab and Cemiplimab), PDL-1 inhibitors (Atezolimunab, Avelumab and Durvalumab) and CTLA-4 inhibitors (Ipilimunab) (59).




2.2.2 Adoptive T-cell transfer

ACT is a highly personalized therapy that aims to induce a potent anti-tumor response, directly or indirectly, through the infusion of immunologically active T cells after being manipulated ex vivo and in vitro (47).

There are different sources for obtaining these cells: in vitro differentiated stem cells, compatible donors (allogeneic transplantation) and the patients’ own cells (autologous transplantation) (60). The latter option is the preferred route as it avoids rejection or graft-versus-host disease. Autologous transplantation can be divided into two main strategies as shown in Figure 6.




Figure 6 | Different ACT strategies for cancer treatment. LT, T lymphocytes; TILs, tumor-infiltrating T lymphocytes; PMBC, peripheral blood mononuclear cells. Adapted from: (47).



The first approach was developed in 1980, after the technique for the generation of human lymphoid cells with the ability to lyse tumor cells while sparing healthy cells was first described. This was achieved by incubating peripheral blood lymphocytes with Interleukin-2 (IL-2), termed lymphokine-activated killer cells (LAKs) (61). These activated cells were then re-infused into the patient, who also received a large dose of IL-2. However, despite the positive results, it was noted that a large number of patients experienced toxicities associated (62) with the high doses of IL-2 required to achieve an effective anti-tumor response (47).

In 1982, therapy with TILs, a heterogeneous group of lymphocytes (T and NK) (47), with the natural ability to recognize and attack cancer cells, was pioneered, making them the most effective effector cells of the immune system in the fight against cancer (63). TILs recognize tumor-associated antigens (TAAs) through the endogenous TCR (47), but the main drawback is the limited number of lymphocytes available, as well as the high costs, time (6-8 weeks) and difficulty to standardize their production (64).





2.3 What is CAR-T?

Building on the types of immunotherapies described above, chimeric antigen receptors (CARs) have emerged as a promising technology in cancer treatment. These synthetic proteins are designed to be expressed on the surface of cytotoxic cells of the immune system (IECS), in order to enhance the recognition and killing of specific cells, including tumor cells (65).

An example of the use of chimeric antigen receptors are CAR-T lymphocytes. These are T-lymphocytes that are genetically modified to express the synthetic receptor on their cell surface. This receptor gives them the ability to specifically recognize and attack cancer cells by targeting specific tumor antigens (66). This process combines the cytotoxic properties of the T-lymphocyte with the specificity provided by a high-affinity recognition domain, usually derived from a monoclonal antibody (mAb) (67).



2.3.1 Structure of chimeric antigen receptors

CARs are composed of four distinct domains (Figure 7): the ectodomain or extracellular domain, the hinge domain, the transmembrane domain and the endodomain or intracellular signalling domain (68). Each of these domains plays an important role in the function of the receptor and therefore the precise composition of each domain is crucial for its proper functioning (69–71).




Figure 7 | Representation of the structure of the different CAR generations. This figure shows the main differences in the structure of the different generations of CARs together with the structure of the TCR.





2.3.1.1 Ectodomain

The extracellular domain or ectodomain (ECD) plays a key role in target antigen specificity as it contains the antibody responsible for antigen recognition.

It is formed from the single-stranded variable fragment (scFv) consisting of the variable regions of the heavy and light chains of an immunoglobulin, fused by a spacer peptide of approximately 15 residues in length (72). This domain is part of a synthetic antibody with a higher affinity for pMHC (MHC peptide) compared to the TCR. The scFv domain (73) allows recognition of specific cell surface antigens, including proteins, glycoproteins, carbohydrates, among others (74). This extends the reach of CAR-T beyond TCR-restricted MHC-peptide targets as CAR-T cells have the ability to recognize tumor cell surface antigens without the MHC complex, allowing them to recognize a wide variety of targets on tumor cells without being affected by the loss of MHC expression. For example, in solid tumors the antigen of the ectodomain could recognize IgC and IgV domains of the B7-H3 protein family (75). It should be noted that although after binding to the antigen the scFv fragment has been shown to trigger an activation signal through the endodomain and activation of different signalling cascades, the exact mechanism by which this occurs is still unknown.

In recent years, new alternatives to the use of the scFv domain as the main target interaction domain have emerged. Among these alternatives are nanobodies (also called single domain antibodies or VHH), derived from the variable domain of naturally occurring heavy chain only antibodies (HcAbs) first described in camelids. They present several advantages over traditional scFvs (76) such as lower immunogenicity due to the absence of synthetic binding peptides and the elimination of the murine origin of the scFv (71). In addition, they maintain similar binding capacity and specificity to traditional scFvs even in the absence of the variable light chain and constant domains (77). Nanobodies also prevent self-aggregation of the scFv domain, which prevents premature antigen-independent depletion of CAR-Ts, which can be caused by exposure of hydrophobic residues on both variable chains (78).

Another alternative consists in the use of dual chains, whereby the antibody-binding domain is used in its natural heterodimer form, consisting of the simultaneous expression of the light and heavy chain of an immunoglobulin, linked by endogenous disulfide bonds to its constant region. This structure enhances receptor stability and prevents antigen-independent clustering in the same way as nanobodies (79).

In addition to these, native receptors and ligand-based receptors have been developed as alternatives to this domain. These alternatives reduce immunogenicity due to their smaller size, decreasing the risk of triggering an adverse immune response and leading to increased persistence of CAR-Ts (65).




2.3.1.2 Hinges and transmembrane domain

The ectodomain connects to the transmembrane domain via a spacer known as a hinge (71). This spacer is usually derived from the constant fraction (Fc) of the immunoglobulin subfamily IgG (mainly IgG1 or IgG4), IgD or the CD8 domain (80). Although little research has been done on this component, it plays an important role in CAR-T activation, as the spacer design can modulate synaptic cleavage distances, provide flexibility (removing steric hindrance) and promote dimerization (increasing the strength of the activation signal), as well as reduce non-specific innate immune responses (81). It has also been observed that some IgG-derived peptides can interact with Fcγ receptors (FcγR), leading to CAR-T cell depletion and decreased persistence in vivo. Therefore, research is underway to optimize this domain through point mutations that prevent these interactions (82).

On the other hand, the transmembrane domain is located between the hinge domain and the endodomain and acts as an anchor point for the transduction of recognition signals of ligands to the intracellular domain. This domain is usually derived from CD3-ζ, CD4, CD8, ICOS or CD28 molecules. Although transmembrane domains used to be considered structural ligands of little interest, they are now known to have the ability to influence the effector function of CAR-Ts (69). For example, CARs containing the CD28 transmembrane domain tend to be more stable than those with CD3-ζ, but the latter can dimerize and facilitate activation. In addition, the CD8 domain releases less IFNγ and TNF and is less susceptible to activation- induced cell death (AICD) than those derived from CD28 (83).




2.3.1.3 Intracellular domain or endodomain

The intracellular domain or endodomain consists of the zeta chain of the TCR immunoglobulin receptor (TCR CD3ζ) (72) or, alternatively, the intracellular signalling domain of another protein containing an immune receptor tyrosine-based activation motif (ITAM); which is sufficient to induce antigen-dependent T cell activation (54). However, as activation of these genetically modified cells is dependent on exogenous IL-2, in vivo studies have shown reduced expansion, stability and anti-tumor activity of these CAR-T cells, as they lack interaction with co-stimulatory receptors. To address these limitations, subsequent generations of CARs have been developed (Figure 7) (84).

In 2nd generation CARs, a single costimulatory domain, such as CD28 or 4-1BB, is added between the transmembrane domain and CD3ζ (65). The CD28 domain activates the signalling pathway via the enzyme phosphatidyl-inositol 3-kinase (PI3K), which induces massive T cell proliferation and the production of proinflammatory cytokines such as IL-2, enhancing the persistence and duration of CAR-T cells in vivo and in vitro. On the other hand, 4-1BB (CD137), activates nuclear factor NK-KB, mitogen-activated protein kinase (MAPK/ERK) signalling pathways (85, 86). These are currently used in clinically approved therapies such as Kymriah® and Yescarta®.

Third-generation CARs are characterized by the simultaneous incorporation of two costimulatory domains, which can be a combination of CD28, ICOS (promotes Th17 polarization), OX40 and 4-1BB. This strategy allows for greater therapeutic efficacy compared to previous generations, as greater persistence, less differentiation and depletion are observed (87). The combined use of these costimulatory domains has been shown to be highly effective in killing cancer cells (81, 87).

TRUCKs (CAR-redirected T cells for universal cytokine killing) represent the fourth generation. These lymphocytes are derived from the third generation and are used as vehicles to produce and release specific pro-inflammatory cytokines to overcome the suppression generated by the tumor microenvironment, recruit other immune system cells and activate the anti-tumor response (88). These cytokines are: IL-12, which enhances T-cell viability, recruits and activates other IS cells to improve potency and safety (42), as well as IL-15, IL-18, CCL19 and IL-7. This release can be constitutive or induced, e.g. by nuclear factor T-lymphocyte activating factor (NFAT) when the T cell is activated by CAR in the target tissue (55, 89).

The fifth generation CAR includes a truncated beta-chain domain of the cytoplasmic IL-2 receptor with a binding site for the transcription factor STAT3. Thus, when the lymphocyte is activated through the CAR, this receptor simultaneously activates the TCR, via CD3ζ, CD28 and the JAK-STAT3/5 signalling pathway, using the three intrinsic physiological activation pathways of T cells. As the most recent, its efficacy and safety is still under investigation (90).

In second and subsequent generation CAR designs, the order of the costimulatory domains has been found to influence the effector function of CAR-Ts. For example, a trial to study the functional differences between CAR CD28-CD3ζ-CD28 and CD3ζ-CD28 CARs found that the former conformation secreted higher levels of IL-2 and exhibited sustained activity over time. Currently, the optimal combination of the different domains to achieve the highest CAR-T efficacy against the target antigen remains to be determined. Personalization of these domains (Figure 8) may be a key strategy to optimize the function of these cells and effectively direct them against the tumor depending on the target antigen of the desired outcome. This can lead to a more personalized and individualized therapy (81).




Figure 8 | Design plan of the different RACs. The different components used for each domain that make up the RAC are shown. Adapted from: (83).







2.3.2 Generation and manufacture of large-scale clinical-grade CAR-T lymphocytes

To achieve successful CAR-T therapy, it is crucial to ensure adequate transduction and expansion of the patient’s cells. This is especially important in patients who have received previous treatments, such as chemotherapy, which may compromise their immune system and hinder the expansion of CAR-T needed for therapy (91).

The process (Figure 9) begins with a peripheral blood leukapheresis, which involves the separation of leukocytes from the rest of the blood components. This is followed by positive selection of T cells using magnetic microbeads coated with anti-CD4 and anti-CD8 antibodies, which eliminates inhibitory and contaminating cells from the therapy (91). Subsequently, they are activated in vitro in a sustained manner for 48h with humanized anti-CD3/CD28 antibodies conjugated to a colloidal polymeric nanomatrix (93). This process takes place in the presence of a cytokine cocktail, which may vary depending on the study, and can include IL-2 or IL-7/IL-15 (94).




Figure 9 | Generation of GMP-grade CAR-T. Adapted from: (92).



Once activated, the obtained T cells are modified by a transduction strategy that generally involves the use of retroviral or lentiviral vectors, or the transposon/transposase system (95) and expanded in a closed culture system, such as culture bags (35%), T-flasks (22%) or bioreactors (43%) between 7-11 days. Over the years, there has been an evolution from manual static cultures to using closed, automated bioreactors such as the ClinicMACS Prodigy (91). During expansion, a mixed CAR+ and CAR- product is obtained, with a variable proportion of CD4 and CD8 and a more effector, undifferentiated or memory phenotype depending on the starting material. Finally, the relevant control analyses such as immunological, microbiological and characterization analyses are performed to classify the product as suitable for clinical use under good manufacturing practices (95) and once accepted, the product will be injected into the patient.

To achieve successful CAR-T therapy, it is crucial to ensure adequate transduction and expansion of the patient’s cells. This is especially important in patients who have received previous treatments, such as chemotherapy, which may compromise their immune system and hinder the expansion of CAR-T needed for therapy (91).

During this production period, the patient undergoes lymphodepletion with chemotherapy (mostly cyclophosphamide/fludarabine). This increases the likelihood of a longer-lasting response as it favours the in vivo expansion of the administered CAR-Ts, as well as eliminating Treg that can compromise therapy (96).



2.3.2.1 Target antigen determination and selection

Currently, one of the main challenges for the development of CAR-T therapies is the identification of appropriate and specific target antigens for each type of cancer, as the selection of these antigens has a significant impact on the specificity, efficacy and toxicity of the treatment, and thus its’ success (97, 98). The target antigen must meet certain requirements: be absent in healthy tissue or, if found, tolerate the cytotoxic activity of CAR-Ts. Two types of antigens can consequently be described: tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs).

TAAs are molecules that are mimetically and aberrantly expressed on cancer cells, usually at much higher levels than on normal cells. In addition, many of these antigens are immunogenic, making them potential targets of the immune systems. These antigens are easy to identify and shared by many patients but targeting them poses a greater risk of serious effects due to their low specificity, which can result in “off-tumor on-target” toxicity. For example, HER2-targeted CAR-T cells can cause respiratory distress and cardiac arrest due to expression of this antigen on normal cells (99). Supplementary Table S1 lists the main antigens used as targets, as well as the neoplasms and healthy tissues in which they are also present and, which are therefore, susceptible to the cytotoxic action of CAR-Ts. On the other hand, TAAs can also be found in extracellular vesicles originating from tumors and confounding CAR-Ts (100).

In contrast, TSAs are dysfunctional peptides derived from non-synonymous somatic mutations, such as single nucleotide variations (SNPs), deletions and insertions, among others. They are only expressed in tumor cells, which reduces the risk of off-tumor effects (98). Although TSAs are the ideal target for most immunotherapies, most CAR-Ts are directed towards TAAs, due to the low frequency of these specific mutations or TSAs. In addition, identifying these mutations at the transcriptomic or proteomic level and generating patient-specific CAR-Ts is costly (101).

On the other hand, the target antigen must be expressed on the cell surface. But, unlike natural T cells, CAR-Ts have the ability to recognize antigens without the need for them to be presented by the MHC, which broadens the spectrum of possible targets of natural T cells, enhancing the potential for therapy.

The antigen must be essential for the survival or growth of tumor cells, otherwise immunoediting could favour the proliferation of tumor clones lacking the target antigen, resulting in tumor escape.

Therefore, the ideal would be to characterize a tumor-specific antigen that is not present in any other healthy tissue and is vital for tumor survival, as well as being expressed on the cell surface. Although this may be a limitation, it should be noted that CARs can recognize different structures including proteins, carbohydrates and glycolipids, among others, increasing the set of available antigens (102).

Tian et al. (103) describe the use of bicistronic CAR-T cells that target multiple antigens expressed in neuroblastoma to overcome antigenic heterogeneity. This approach may lead to breakthroughs in the implementation of CAR-T cells for the treatment of solid tumors (104).




2.3.2.2 Choice of vector

Lymphocyte modification requires effective and safe genetic engineering tools that are capable of introducing the genetic material of interest into the lymphocyte itself either ex vivo or in vivo. To introduce the gene that will encode the CAR receptor into the T lymphocyte and induce its expression on the cell membrane, there are different strategies, which are described below.



2.3.2.2.1 Virals

Viral vectors use the natural ability of viruses to introduce genetic material into the cells they infect. These viruses are modified so that instead of their genetic material, they introduce the gene of interest by eliminating the virulence genes.

The most widely used are retroviral vectors [95% of all products manufactured (94)]. These vectors require the formation of viral particles containing the transfer plasmid encoding the transgene flanked by long terminal repeats (LTR) and the encapsidation signal Ψ (psi) (105). Among these vectors, lentiviral vectors derived from human immunodeficiency virus and gammaretroviral vectors, derived from Moloney murine leukaemia virus or murine cell virus, stand out (106).

The generation of the retroviral viral particle involves the introduction of basic genes required for survival and function, such as Gag (structural proteins), Pol, (enzymes for reverse transcription and integration into the host genome), Env, (viral envelope glycoprotein), plus the gene of interest (GOI). These genes are separated into plasmids, including the envelope plasmid, packaging and the vector of interest. For this purpose, packaging cells are used, which act as “viral particle factories”, assembling the different components of the vector and providing the virus membrane (106).

Integration of the DNA into the genome is achieved through the action of reverse transcriptase and integrase, allowing stable transduction of the T-lymphocyte and its lineage. This results in long-term expression of the transgene in lymphocytes capable of long-term survival, making CAR-Ts “living drugs” (105).

It is important to note that integration of the transgene into the genome carries the risk of oncogenesis. Lentiviruses have a preference for transcriptionally active regions, which can disrupt gene expression or inactivate tumor suppressor genes. On the other hand, gammaviruses preferentially integrate at transcriptional start sites, which increases the risk of oncogene expression. However, T-lymphocytes have been found to have a low susceptibility to transformation, making transfection with viral vectors safe in the long term. However, viral vectors may trigger an immune response against the epitopes encoded by the vector, which may limit the efficacy and persistence of the transduced cells (105), so further optimization of the system is needed.




2.3.2.2.2 Non-viral

As an alternative to viral transduction, electrotransfection emerged, a technique that involves the creation of pores in the cytoplasmic membrane of the target cell by means of electrical pulses, through which the genetic material of interest is introduced. However, this technique is considered inefficient, as it requires additional systems to achieve stable transduction (105).

In this regard, transposon/transposase-based systems such as “Sleeping beauty” (SB) and “piggyBac” (PB) have emerged that have demonstrated increased efficiency in non-viral transduction. In the case of SB, the vector consists of two functional components: transposon DNA, which carries the gene of interest flanked by inverted repeat sequences (ITRs), and the SB transposase, which recognizes the ITR motifs and mobilizes the transgene to an acceptor site within the cell genome. The transposase gene is then degraded, preventing genotoxicity. On the other hand, the PB vector consists of the PB transposase (PBase), in the form of DNA or mRNA, and a separate transfer plasmid containing the genetic material of interest (105).

The great advantage of these strategies compared to viral systems is their higher loading capacity, although there is an inverse correlation between insert size and transposition efficiency. It is important to keep in mind that these strategies require the electroporation method, as nucleic acids cannot spontaneously penetrate the target cells, which decreases cell viability (105).







2.4 Clinical applications

CAR-T immunotherapy is an effective option for use in advanced tumors. With FDA approval, this method has revolutionized current therapy. As a highly specialized treatment, it is effective with different haematological and solid tumors, yet the associated side effects are very strong.



2.4.1 Approved compounds or therapies

In 1989, a major scientific milestone was achieved by Gross et al. who succeeded in developing the first synthetic receptor expressed on lymphocytes (107). Much later, in 2017, the FDA approved the first two CAR-T-based therapies for the treatment of cancer. Specifically, approval was granted to Kymriah (tisagen lecleucel) and Yescarta (axicabtagene ciloleucel), which are used to treat patients up to 25 years of age with refractory or relapsed B-cell acute lymphoblastic leukaemia (B-ALL), and adult patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) after two or more lines of systemic therapies (108).

Since then, several studies have been conducted to evaluate the efficacy and safety of these immunotherapies in a wide range of solid and haematological tumors (66). These efforts have resulted in the approval of six products based on this cell therapy, four of which target the anti-differentiation cluster (CD19) and the two most recent ones target the B-cell maturation antigen (BMCA) (66). These advances have had a significant impact on the treatment of diseases such as acute lymphoblastic leukaemia (ALL), B-cell neoplasms and multiple myeloma. Supplementary Table S2 summarizes the trade names, approval dates and target antigens of these therapies.




2.4.2 Clinical trials

According to the data obtained, China was found to be the country with the highest number of clinical trials registered today, with a total of 566 ongoing clinical trials, followed by the United States (Figure 10).




Figure 10 | Distribution and number of registered clinical trials worldwide by country.



An analysis of the nature of these clinical trials shows that most of them are phase 1 or phase 1/phase 2 studies (Figure 11A). These trials focus on assessing the safety of CAR-T therapy and determining the appropriate dose of treatment. In Phase 1 studies, the safety and tolerability of treatment is investigated in a small group of participants, while Phase 1/Phase 2 studies assess both safety and preliminary efficacy in a larger group. These data suggest that promising research in the field of CAR-T therapy is ongoing, but still in early stages of development. In addition, it is important to note that most of the clinical trials are in the recruitment phase (Figure 11B).




Figure 11 | Number of clinical trials (A) in each phase per year and (B) general status of clinical trials that apply with CAR-Ts.



It is also worth noting that clinical trials using CAR-T are more numerous for haematological cancers compared to solid tumor forming cancers [70% vs. 30% respectively (109)] which may be due to several factors, such as the ease of finding well-defined and specific cell surface markers as well as the accessibility of the tumor microenvironment compared to solid tumor forming cancers (109–112). Nevertheless, the number of trials for the latter is growing over the years, where Figures 12A, B show the breakdown of the number of clinical trials registered for each cancer type, giving a more detailed picture of the distribution of CAR-T therapy research.




Figure 12 | Number of registered trials for CAR-T cancer treatment. (A) Number of clinical trials for haematological cancer. (B) Number of clinical trials for solid tumors. NHL, Non- Hodgkin’s lymphoma; ALL, acute lymphoblastic leukaemia; MM, multiple myeloma; AML, acute myeloid leukaemia; CLL, chronic lymphoid leukaemia; HL, Hodgkin’s lymphoma.





2.4.2.1 Applications in haematological malignancies

Haematological malignancies, including leukaemias and lymphomas, form a heterogeneous group of diseases arising from clonal expansion of haematopoietic cells, in bone marrow or secondary lymphoid organs. Within this group are B-cell lymphoproliferative syndromes, such as B-cell chronic lymphocytic leukaemia (B- CLL), B-cell acute lymphoblastic leukemia (B-ALL) and non-Hodgkins lymphomas (NHL). These neoplasms share widespread expression of the CD19 marker, which plays a crucial role in the survival and proliferation of malignant cells. CD19 is therefore a promising target for CAR-T immunotherapy, although elimination must be medically controlled to avoid additional risks, such as infections (113).

ALL is a rare neoplasm with 75% of cases developing from B-lymphocyte lineage precursors (B-ALL), on which we will focus. Supplementary Table S3 summarizes the characteristics and key target antigens of CAR-T cell therapy for B-ALL.

CAR-T lymphocyte therapy targeting the CD19 antigen has been shown to be highly effective in the treatment of B-ALL, with complete remission rates between 70-90% in paediatric and adult patients (113). However, differences in outcomes have been observed depending on the type of co-stimulatory domain used in the CAR construct; for example, patients treated with 4-1BB had undetectable minimal residual disease (MRD) in contrast to patients treated with CD28 constructs (114). While CD19-targeted CAR-T therapies have produced durable remissions, potentially severe toxicities have limited their use. Moreover, since CD19-targeted CAR-Ts relapse in 10-20% of cases, due to loss of the target antigen, other CAR designs were conducted for other target antigens, such as in the case of the trial by Pan et al. (CD22) showing CR in 70-80% of patients, in addition to lower toxicities associated with CD22 CAR-Ts (114).

Chronic lymphocytic leukaemia (CLL), on the other hand, is a type of cancer characterized by the transformation and accumulation of malignant monoclonal B cells in peripheral blood and lymphoid organs. Anti-CD19 CAR-T cells have been used in patients with CLL, achieving complete remissions and the presence of CAR-T in the blood for more than 10 years. However, subsequent studies have shown limited efficacy, with a complete response rate of 30%, which is lower than that observed in ALL (115).

Currently, CAR-T therapy is also being studied for myeloproliferative disorders. For example, in patients with chronic myeloid leukemia (CML), who present survival rates of around 10% and resistance to treatment, different CAR-T strategies have been employed in pre-clinical and clinical studies (116). These studies have focused on a variety of cell-surface markers such as CD123, CVD33, Cd7, or CD70, among others. (117). Amongst these, CD123 has emerged as an especially promising target, with directed CAR-T cells capable of eliminating the cancerous cells. However, some associated toxicity has been detected, posing significant clinical concern, against which researchers have proposed a number of strategies. These include mutations in the anti-CD123 CAR-T antigen binding domain, thus reducing the affinity to healthy tissues with low CD123 expression. (118).

Cells targeting the CD33 marker have also been successful, as it is expressed in myeloid cells and in 80-90% of patients with acute myeloid leukemia (AML) (116, 119). Clinical trial NCT01864902 found a noticeable decrease in blastocysts of a patient’s bone marrow two weeks after treatment, although there was later recurrence (120). Another phase I clinical trial (NCT03018405) targeting NKG2D showed a 42% RC/ICi in patients with recurring AML (121). In addition, in order to counteract the lack of specific markers, studies have been done using dual CAR-T cells, such as those trials with CAR-T cells with simultaneous targeting of CD33 and CLL-1. This phase 1 trial was capable of reaching remission without any evidence of minimal residual disease (122).

Finally, NHL is characterized by uncontrolled proliferation of B lymphocytes in lymph nodes, bone marrow or other lymphoid tissues. The most common types of NHL include follicular lymphoma (FL) as well as DLBCL. As above, the CD19 antigen is also a target for CAR-T therapy. Patients treated with anti-CD19 CAR-T have shown durable remissions in 33-40% of treated patients (123). In addition, anti-CD20 CAR-T has been developed for refractory/relapsed patients with promising results as 2/3 of patients remained progression-free for 24 months (115).




2.4.2.2 Multiple myeloma

Multiple myeloma is a disease characterized by the proliferation and accumulation of clonal plasma cells in the bone marrow with damage to other organs. Interest in developing CAR-T to treat multiple myeloma has increased dramatically in recent years, with a focus on surface antigens such as CD19 and BMCA.

Although CD19 is not directly associated with MM, it has been shown to be expressed on a minority subset of myeloma stem cells, which are associated with increased drug resistance and are responsible for the incurable nature of MM. In a clinical trial by Garfall and Maus et al. achieved a CR of 100%, despite the absence of CD19 on 99.5% of malignant cells in the only patient treated (124).

BMCA is a protein expressed on the cell surface exclusively by the B-lymphocyte lineage (80). Two CAR-T anti-BMCA therapies are currently approved: Idecabtagene Vicleucel (CR: 33% and ORR:73%) and Ciltacabtagene Autoleucel (CR:67% and ORR:100%) based on the results of the KARMMA-2 and CARTITUD-1 clinical trials, respectively. In addition, a clinical trial (EVOLVE) is ongoing for Orvacabtagene Autoleucel, with initial results putting the ORR at around 92% (125).

Despite these recent advances in treatment, disease recurrence remains a major obstacle due to the loss of molecules such as BMCA, among others, and poor CAR-T persistence caused by the tumor environment and malignant plasma cells (125).




2.4.2.3 CARs in the treatment of solid tumors

Despite the success of CAR-T in haematological malignancies, its application in solid tumors presents additional challenges that need to be addressed (Figure 13).




Figure 13 | Key challenges to successful CAR-T therapy for solid tumors. Adapted from: (126).



One of the main challenges is the identification and characterization of the target antigen. Solid tumors have greater heterogeneity and variable expression of specific tumor antigens, such as proteins resulting from unique post-transcriptional modifications, like alterations in the glycosylation patterns of MUC1, MUC16, TAG72 or B7-H3 (126). In addition, TAAs are more common, which increases the risk of off-tumor toxicities in the target (127). This tumor heterogeneity also includes loss or downregulation of the expression of the antigen of interest promoting patient relapse (126).

The second limitation is CAR-T trafficking to the tumor. CAR-Ts lack the necessary corresponding chemokine receptors, which reduces their cytotoxic capacity (128). To overcome this obstacle, the development of fourth-generation CAR-Ts expressing specific chemokine receptors that match the chemokines produced by the tumor is required (128). In addition, several preclinical studies have shown greater efficacy by injecting CAR-Ts directly into the tumor (126).

Another important limitation is overcoming the immunosuppressive environment generated by tumor cells and the surrounding stroma. Studies have been performed in second- generation CAR-T that highlight the importance of the co-stimulatory domain. In addition, approaches that induce local release of stimulatory factors to promote anti-tumor immune responses are being investigated, such as TRUCKs, which represent a more promising generation for this type of treatment. In preclinical studies, work is already in progress to develop this second-generation CAR-T, specific for markers of the tumor-initiating cell population, such as CD133 (129), to demonstrate their selectivity and efficacy against refractory, highly aggressive tumors with a high rate of metastasis production. Also new strategies are using bispecific antibodies (BsAb) which, as the name suggests, are antibody constructs with the ability to bind two antigens or epitopes. Single-stranded tandem variable fragments or Bispecific T-cell Engagers (BiTE ®) consist of two single-stranded variable fragments connected by a flexible glycine-serine connector region. They generally target the CD3ϵ subunit of the T-cell receptor and a tumor-associated or tumor-specific antigen. Their dual specificity allows the use of BsAb in many ways, such as recruiting immune cells or blocking immune checkpoint receptors, inflammatory factors or dual signaling pathways. Most bispecific antibodies that target immune cells act by binding the CD3ϵ subunit of T cells and a tumor cell antigen to form a cytolytic synapse. This bypasses the need for MHC presentation, directly triggering activation signaling leading to target cell apoptosis, for applications also in solid tumors even in such treatment-resistant tumors as glioblastoma, (130).

Finally, cytokine signaling has been studied to enhance CAR-T cell functions and to prevent or minimize CAR-T cell-related toxicities. Another notable advance in solid tumors, such as melanoma, has been the characterization of a subset of tumor-infiltrating CD4+ T cells that express the FcγRI receptor. The receptor based FcγRI structure allows T cells to target tumor cells using intermediate antibodies. These T cells show efficient and specific cytotoxicity only when an appropriate antibody is added and their cytotoxic activity depends on the density of the target protein, thus affecting tumor cells with high antigen density, not affecting normal cells with low or no expression. This activation mechanism prevents premature depletion and, during antibody-dependent cytotoxicity, the cells secrete attenuated levels of cytokines compared to CAR-T cells, thus improving their safety profile. They have been tested in solid tumors, infiltrating the tumor microenvironment and facilitating the recruitment of host immune cells in immunocompetent mice. Unlike CAR-T therapies, which require changing the receptor in different types of cancer, FcγRI T cells serve all tumor types, changing only the injected antibody (130).




2.4.2.4 CARs in the treatment of non tumoral diseases.

Anything that has the capacity to restructure the immune system in T-lymphocytes may have the possibility of application. This includes autoimmune (131), as lupus, nephrological diseases such as systemic vasculitis or neurological diseases such as multiple sclerosis. Its results have already been proven in viral and fungal infections, as well as in multiple types of diabetes, thyroid, etc.

Systemic lupus erythematosus (SLE) is a life-threatening autoimmune disease characterized by adaptive activation of the immune system, formation of double-stranded DNA autoantibodies and organ inflammation. Despite advances in the treatment of SLE, some patients fail to respond to current state-of-the-art therapies and are at high risk of organ failure and even death. The results of Schett and coworkers (132, 133) show the use of CAR-T against CD19, lupus remission of up to 17 months is posible. Adoptive immunotherapy with regulatory T cells (Tregs) is emerging as a viable drug therapy option for various inflammatory states and autoimmune and alloimmune diseases (134–136).






2.5 General limitations or side effects and traditional treatments

The main toxicities of CAR-transduced T cells fall into two categories: general toxicities, such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity (ICANS); and specific toxicities due to the interaction of CAR with antigens expressed on healthy cells, known as off-tumor on-target toxicities, mentioned above (Section 2.3.2.1).



2.5.1 Cytokine release syndrome

CRS is the most common toxic side effect of CAR-T therapy. For example, in haematologic malignancies treated with CD19-targeted CAR-T with Blinatumomab (the first bispecific T-cell-engaging single-chain antibodies), close to 100% of patients develop CRS (137). It consists of a systemic inflammatory response caused by significant cytokine up-regulation accompanied by rapid in vivo activation of CAR-Ts after the initial infusion. Binding of the scFv domain of CAR-T to the target antigen triggers the proliferation and secretion of high amounts of cytokines such as IL-6, IFN-γ, IL-10 and TNF-α in a short period of time. In turn, several studies have shown that IFN-γ induces the release of other cytokines such as TNF-α, IL- 6, IL-15, IL-1β and IL-12, maintaining the above responses through positive feedback (138). CRS can present a wide range of symptoms, from mild (flu-like) to severe and life threatening. Mild symptoms include fever, fatigue, rash, headache, arthralgia and myalgia, while severe cases are characterized by hypotension and high fever and may progress to uncontrolled systemic inflammatory responses such as circulatory shock, coagulopathies and multiorgan failure, which can result in death. Common laboratory abnormalities in these patients include cytopenias, elevated creatinine and liver enzymes, and altered coagulation parameters, among others (137). All this symptomatology causes patients to develop an initial low-grade CRS that, unfortunately, may progress to a high-grade CRS with severe outcome. Currently, treatment of CRS caused by CAR T-cell therapy is limited to tocilizumab (TCZ) and corticosteroids in clinical guidelines, and also glycyrrhizin has therapeutic potential for treating CRS caused by CAR T-cell therapy (139).

Other treatments being used to alleviate these effects produced by the cytokine storm include the use of different drugs such as Glycyrrhizin (139), a pleiotropic molecule that is well tolerated and affordably priced. The interleukin-6 receptor antibody tocilizumab has been used for advanced CRS prior to the use of corticosteroids (140). Prophylactic tocilizumab (1 hour prior to infusion of anti-CD19 CAR-T cells in patients with non-Hodgkin’s lymphoma) has been also associated with a low incidence and severity of CRS, with no detected adverse effects and no increase in the frequency or severity of neural pathology. These contributions proclaim excellent disease control and overall survival as applied to non-Hodgkin’s lymphoma patients (141). And although corticosteroids were initially applied at advanced stages of CRS complication, recently there have been contributions pointing to the benefits of early use of corticosteroids after CAR T-cell therapy to reduce the risk of high-grade CRS in patients with initial CRS. This treatment does not seem to have a negative impact on other parallel side effects such as neurotoxicity or treatment outcome (142).




2.5.2 Immune-associated effector cell-associated neurotoxicity

CAR-T cell-related encephalopathy syndrome (CRES) is alternatively known as immune effector cell-associated neurotoxicity syndrome (ICANS). To avoid the systemic toxicities mentioned above and achieve optimal clinical efficacy, it is necessary to reach a threshold level of cytokine activation and secretion tolerable to the body in CAR-Ts. This is achieved by correct dose escalation in phase I trials for each type of CAR, taking into account overall tumor burden, target antigen expression levels and ectodomain affinity, as well as co-stimulatory domains (83).

Other treatments, such as Anakinra, are feasible and safe for grade ≥2 ICANS improvement of symptoms despite treatment with high-dose corticosteroids (143), although a limited impact on CAR-T efficacy is observed.





2.6 Novel safety strategies to eliminate CAR-T-generated toxicities



2.6.1 Suicide gene control

Safety strategies have been developed to address CAR-T toxicities, such as the use of suicide genes (Figure 14). Suicide genes are designed to program cell death to selectively eliminate a certain population of cells in an organism using specific signals, designated the safe-cell system (145) Their use allows the elimination of therapeutic cells in the face of the unpredictable expansion of these cells and avoids toxicity in patients (146) with the main objectives of the control of proliferation and improvement of biosafety. This also prevents the uncontrolled release of pro-inflammatory cytokines into the bloodstream and its inflammatory response, using these genes as switches (147). However, we also highlight the adverse effects of suicide genes in CAR-T therapy, including treatment interruption and cytokine release syndrome by this abrupt interruption.




Figure 14 | Suicide gene-based security systems: (A) HSV- tk-based system. (B) iCasp9-based system. Adapted from: (144).



One example of these safety strategies is herpes simplex virus thymidine kinase (HSV-tk), which phosphorylates specific nucleoside analogues to form a toxic compound (GCV triphosphate) that inhibits DNA synthesis and causes cell death described for 20 years (148). The system has been previously validated in the control of induced stem cell therapies to improve their biosafety (149). Although HSV-tk expressing cells have demonstrated high anti-tumor efficacy and can be effectively killed, this approach has limitations such as the need for activation by a prodrug (ganciclovir) and a time of 3 days to achieve full effect in vitro (144).

Another alternative suicide gene system is CaspaCIDe®, which uses the inducible safety switch gene caspase 9 (iCasp9). This system, previously used for MSC anti-cancer treatments elimination (150), enables the elimination of inappropriately activated CAR-T by using a small-molecule dimerization-inducing drug called AP1903, which promotes apoptosis (151) in transduced cells. This gene is composed of the intracellular portion of the human caspase 9 protein fused to a drug-binding domain derived from the human FK506 protein. The CaspaCIDe® system is able to selectively kill cells expressing high levels of the suicide gene (152). This mechanism is implemented to effectively control adverse events in patients who have received a hematopoietic stem cell transplant, a common procedure in the treatment of haematological diseases and certain types of cancer. The main function of the iC9 is to manage possible unwanted side effects or adverse reactions that could arise after transplantation, thus providing an additional layer of safety in the treatment process (153).

A problem that has also been highlighted and is being attempted to be addressed is related to the underlying mechanisms of T cell exhaustion. The American group of Diana Gumber and Leo D. Wang present a summary of emerging strategies to prevent or reverse depletion through modifications of the CAR receptor or CAR-independent pathways. These strategies have broad potential to improve the clinical outcomes of CAR T cell therapy (154).

Preclinical research shows the possibility of integrating these genes to eliminate cells in case of severe toxicity and, in this way, modulate the activity of CAR-T cells. However, one of the limitations of the use of suicide genes is that it affects the therapy of rapidly progressing diseases in an abrupt manner. The group of Mestermann et al. have identified the drug dasatinib as a temporary inactivator of CAR-T cells. This contributes to reducing acute toxicity, allowing T cells to recover their antitumor effects after the drug is withdrawn, that is, reversible inhibition by putting CAR-T cells into inactivity (155). Since continuity of CAR T therapy is crucial to maintain treatment efficacy and control rapidly growing diseases, definitive discontinuation of CAR T therapy is avoided as it would mean loss of treatment control and efficacy. One of the most important challenges in around 50% of cases is recurrent diseases with changes in the expression of target antigens. This is due to genetic alterations, immune edits, clonal selection, and antigen elimination. Gupta et al. propose a drop of up to 57% in antigen expression in patients with CAR-T therapy and an uncontrolled release of cytokines (156). The release of antigens by CAR-T cells can trigger unwanted responses and produce systemic inflammation. The activation of suicidal genes can also produce this process, which triggers cytokine release syndrome, producing toxicity, haematological alterations and damage to multiple organs. Zhao et al, explain the adverse events associated with therapy using ocular models and a high expression of cytokine release syndrome (157). Rejeski et al, similarly, explain the inflammatory changes capable of inducing CART expansion dynamics, which produces haematotoxicity (158). The release of cytokines can be classified according to the reaction it is capable of triggering, where different pathophysiologies are shown, including the most serious, death (159).




2.6.2 Alternative method to gene manipulation with “suicide” genes, for CAR-T regulations

Other known methods are the cell elimination system by recognition of CD20 or EGFRt membrane proteins mediated by NK cells (160), representing an alternative method to gene manipulation with “suicide” genes (161). Ruxolitinib reduces severe CRS response by suspending CAR-T cell function instead of damaging CAR-T cells. Ruxolitinib significantly reduced the proliferation rate of CAR-T cells in vivo without affecting the therapeutic efficacy after withdrawal at the appropriate dose (162).

The tetracycline-inducible system corresponds to one of the most widely used methods to efficiently control cell proliferation through the use of gene expression with the antibiotic doxycycline (163). Primary T cells obtained by this treatment show no apparent functional changes (164). These advances show tremendous clinical results with high therapeutic efficacy already proven in in vitro and in vivo models (R.-Y. 165). Other strategies, such as control by small molecules, allow simple and rapid control with high kinetics and cellular diffusion. Examples are natural resveratrol compounds, drugs such as endoxifen or tamoxifen, which aim to precisely control the expression of CAR-T markers (166). These systems allow the conditional activation of CAR-T to the presence of molecules such as tamoxifen, so that in the absence of tamoxifen, side effects cease (167).

And even the activity of intratumoral CAR-T cells can be controlled photothermally via synthetic gene switches that trigger the expression of transgenes in response to mild temperature elevations (to 40–42°C) (168).

Despite the effectiveness of eliminating CAR-T cells, there are alternatives capable of regulating their activity and expression level in order not to permanently lose these cells. For this purpose, antigen expression monitoring technologies have been developed using NGS [(169), multimodal diagnostic tools, such as liquid biopsy, are being (170) and multiplexed assays (171–173)]. Finally, and just as importantly, biosafety management is still under study to control therapeutic cells, CAR gene expression and control their localization, prevent immune cell exhaustion, limit activities in unwanted areas, and improve the modular precision of antigens, which remain significant challenges (174). It is still necessary to optimize strategies and find a balance between patient monitoring and continued treatment effectiveness.

A new approach from “off the shelf” allogeneic CAR-T cells emerges to potentially address problems of autologous CAR-T with a customised manufacturing process for each patient (high cost, minimum production time of 3 weeks, and deficient number of functional T lymphocytes in peripheral blood possibly due to side effects of the patient’s previous treatments) (175), as they have several potential advantages, such as reduced cost due to the implementation of industrialised processes, where CAR-T can be performed for several patients from a single donor, as well as generating a cryopreserved product (176), making the treatment immediately available to patients who require it. This can be a significant challenge in patients with highly proliferative disease and there are already numerous clinical trials validating its efficacy (177).

However, they also have a number of immunological drawbacks, as they can cause life-threatening graft-versus-host disease (GVHD). In addition, these allogeneic T cells can be rapidly eliminated by the patient’s own immune system, limiting their persistence and anti-tumour efficacy. The T cells used in CAR-T therapy can come from a variety of sources, such as peripheral blood (PBMC) or umbilical cord blood (UCB), and even embryonic or induced pluripotent stem cells (iPSCs). The latter offer the advantage of being clonally homogenous and can be genetically edited to minimise GVHD (177).

A key strategy to mitigate GVHD involves genetic modification of T cells to block αβ-TCR expression or signalling. Disruption of the TRAC gene, which encodes the alpha chain of the TCR, has been identified as an effective method to prevent GVHD without compromising the anti-tumour efficacy of CAR-T cells (178, 179)This technique has been applied in clinical trials, as in the case of the UCART19 product, a product that involves the use of transcription activator-like nucleases (TALEN) to simultaneously knock out TRAC and CD52 genes, observing 64% knockout in CAR-T cells, without causing severe GVHD in treated patients (180.

There are also new technological advances in order to reduce costs and preparation time. New CARs are being designed with a modular or splitting domain approach, so that the antigen recognition domain is separated from the signaling domain of a conventional CAR, so that the target antigen can be more easily changed or redirected without the need to redesign the CAR T cells. Therefore, this CAR system can serve as a universal CAR (UniCAR) (181).

Finally note that to overcome the obstacles of CAR-T therapy in clinical treatment, emerging cell-free therapies based on CAR-T cell-derived exosomes have been developed as an effective and promising alternative approach (182).






3 Conclusions

	CAR-T cells have emerged as an innovative and promising strategy in the field of cancer immunotherapy, and throughout this literature review the therapeutic potential of this therapy has been thoroughly explored, investigating its structure, anti-tumor efficacy, side effects and production, as well as its remaining limitations and challenges in clinical application. This final section lists the conclusions drawn from the review and provides future perspectives and recommendations for improving and enhancing CAR-T lymphocyte therapy.

	CAR-Ts have high applicability as they could be used in a wide range of cancer types as long as tumor-associated or tumor-specific antigens are found to be expressed on the cell surface and their targeting is not toxic to the patient.

	CAR-T-based therapy can generate durable responses in cancer patients, as optimization of the CAR structure across generations has improved the persistence of these cells in the body and their ability to eliminate residual tumor cells, thus contributing to prolonged remission and long-term survival. However, potential relapses associated with loss of tumor antigen or tumor escape mechanisms must be considered.

	Targeting single antigens can lead to the risk of immune escape by the tumor, which can be reduced by targeting multiple antigens (87), for example, the bi-specific CARs HER2/IL13Ra2 (glioblastoma) and HER2/MUC1 (breast cancer) have been shown to produce superior anti-tumor responses compared to single-target therapy (87, 183).

	CAR-T lymphocytes have proven to be a promising strategy in the treatment of certain types of cancer, especially in haematological malignancies, achieving complete remissions of 70% ALL. However, in solid tumors the success rate is lower, as the various limitations of this therapy, such as the tumor microenvironment or the antigenic heterogeneity mentioned above, still need to be addressed.

	Despite the remarkable benefits of this therapy, associated toxicities such as systemic inflammatory responses, known as cytokine release syndrome, as well as neurotoxicity must be taken into account. These side effects must be properly monitored so as not to put the patient’s life at risk and to ensure the patient’s safety.






4 Future directions

Decades of work in the fight against cancer have led to significant advances in curing tumors, but success is closely linked to early diagnosis. In patients with advanced cancer, complete remission rates have hardly improved. Further research is important and the following future perspectives to improve therapy and achieve the desired success are proposed.

	The broadening of the spectrum of antigens available to treat various types of cancer requires the successful identification and characterization of the antigen to be targeted by CAR-T lymphocytes, e.g. by computer modelling (in silico assays).

	Improvements in persistence and durability: To this end, several trials are underway that combine various types of treatments alongside CAR-T therapy such as chemotherapy, or other immunotherapies such as checkpoint inhibitors. For example, co-administration of chemotherapy with CAR-T lymphocytes inhibits autoimmunity and immunosuppressive cells to improve CAR-T persistence in vivo (184).

	Improvements in security: optimizing the structure of the chimeric antigen receptor as well as introducing elements that help control security such as inducible suicide genes.

	An important area for future research is the study of the structure of the chimeric antigen receptor with the aim of creating the perfect construct adapted to each type of cancer. As we have seen, the appropriate selection of co-stimulatory domains, optimization of affinity and stability, and consideration of tumor antigen specificity are key aspects. In addition, the inclusion of safety features and combination with other therapies could further enhance their effectiveness. As genetic engineering and precision medicine advance, more sophisticated and targeted CARs are expected in the future, opening up new possibilities in personalized cancer treatment.

	Development of a greater number of allogeneic therapies (universal CAR-T), this could help us to shorten the waiting times suffered by the patient before receiving the treatment or allow entry to those cases in which they do not have enough lymphocytes required to carry out the treatment but taking into account the risks of rejection as well as reducing the cost of manufacturing.



Ultimately, it is hoped that these findings will be a starting point for future research and development in the field of cancer immunotherapy, with the aim of maximizing efficacy, minimizing toxicities, and broadening the scope of CAR-T lymphocytes as an innovative and promising therapeutic strategy in the fight against cancer.
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