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Abstract

:

Simple Summary


CAR-T therapy is a breakthrough treatment in our fight against cancer. It was recently approved for the treatment of advanced diffuse large B-cell lymphoma and acute lymphoblastic leukaemia after the failure of previous multiple therapies. The positive results achieved in the registration studies for those patients were remarkable. Unfortunately, this was not the end of this chapter. Disease relapses occur in the range of 30–60% of patients treated with CAR-T therapy. Cytokine release syndrome represents a major side effect for treatment with CAR-T therapy. Notwithstanding, the high positive results triggered the start of a huge research activity of CAR-T therapy in other haematologic malignancies such as acute myelogenous leukaemia, Hodgkin’s disease, chronic lymphocytic leukaemia, and multiple myeloma. The research is also trying to overcome the hurdles stated above. These activities represent a new chapter in the management of haematologic malignancies with CAR-T therapy.




Abstract


Chimeric antigen receptor-T (CAR-T) therapy targeting CD19 has revolutionised the treatment of advanced acute lymphoblastic leukaemia (ALL) and diffuse large B-cell lymphoma (DLBCL). The ability to specifically target the cancer cells has shown high positive results as reported in the registration studies. The success of CAR-T therapy in the first two indications led to the initiation of a large number of studies testing CAR-T therapy in different haematologic tumours such as acute myelogenous leukaemia (AML), Hodgkin’s disease (HD), chronic lymphocytic leukaemia (CLL), multiple myeloma (MM), as well as different solid tumours. Unfortunately, relapses occurred in patients treated with CAR-T therapy, calling for the development of effective subsequent therapies. Likewise, this novel mechanism of action was also accompanied by a different toxicity profile, such as cytokine release syndrome (CRS). Patients’ access to the treatment is still limited by its cost. Notwithstanding, this did not prohibit further development of this new therapy to treat other malignancies. This research activity of CAR-T therapy moves it from being used as an end-stage treatment for ALL and DLBCL to a new therapeutic option for a wide range of patients with different haematologic and solid tumours.
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1. Introduction


In 2017, the Food and Drug Administration (FDA) granted the first approvals of two CAR-T therapies for the treatment of adult patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) after two or more lines of systemic therapies, including DLBCL not otherwise specified, primary mediastinal large B-cell lymphoma, high-grade B-cell lymphoma, and DLBCL arising from follicular lymphoma, and for patients up to 25 years of age with B-cell precursor acute lymphoblastic leukaemia (ALL) that is refractory or in second or later relapse [1,2].



The registration studies enrolled patients who were previously treated and considered of poor prognosis, with some having had prior stem cell transplantation. Yet, the results that were obtained from the studies (albeit single-arm studies) were quite encouraging and resulted in high responses in those difficult-to-treat patient populations [3]. The genetically engineered T cells, which are injected into the patient’s body, result in engraftment and rapid proliferation. Subsequently, each CAR-T cell attacks many cancer cells. This unique mechanism of action, with the involvement of the patient’s own immune system, resulted in a very high response rate despite the late disease stages and poor prognoses [4,5]. Furthermore, CAR-T therapy was used to bridge other therapeutic strategies with further improvement of responses. With the high response rates and durable responses with long-term follow-up [6], it was hoped that the responses would be for long durations with the possibility of a cure for these patients. Unfortunately, the relapse rate was around 30–60% for patients treated with CAR-T therapy [7]. With limited treatment options for patients who relapse after CAR-T therapy, it is of paramount importance to understand the mechanism of resistance in those patients in order to develop a subsequent effective therapy.




2. Mechanism of Relapse to CAR-T Therapy


Patients who relapsed following CAR-T therapy fall into two main groups of relapse: CD19-positive cells or CD19-negative cells [6]. The CD19-positive cells relapse occurs when the response to CAR-T therapy is not sufficient, with minimal effect for CAR-T cells and only transient B-cell aplasia. With flow cytometry, CD19 can be detected on the surface of the cells. Different animal studies attempted to identify the cause of this weak response to CAR-T therapy. Some of the factors that were proposed are the quality of CAR-T cells synthesised from children and young adults compared to those from older adults. For younger patients, the quality of the CAR-T cells was better, which was reflected in the tendency to receive better responses (longer event-free survival times) in the younger age groups versus older age groups. Studies have shown that the starting T-cell phenotype of CAR-T cell manufacturing is crucial to patients’ prognosis. A study conducted by Gardner et al. enrolled 43 children and young adults [7]. They looked for factors that contributed to a maintained response among those who responded, achieved, and maintained a minimal residual disease (MRD)-negative state beyond 63 days, versus the non-responders who did not achieve that [7,8]. The analysis of apheresis obtained from both groups showed that in non-responders, the percentage of CD8+ T cells, which expressed lymphocyte-activated gene-3 (LAG-3) and PD-1, had significantly increased, whereas in the responders group, the number of CD4+ CAR cells and CD8+ CAR cells was significantly higher at the time of peak implantation. They also found that the number of CD8+ T cells expressing tumour necrosis factor-α (TNF-α) was much less in the non-responder group compared to the responder group. This led to the assumption that the increase in LAG-3-expressing cells (LAG-3+ T cells) and decrease in the cytokines after stimulation leads to the production of ineffective CAR-T cells, or ones with low potency resulting in a CD19-positive relapse. This is in comparison to the responders who have less LAG-3-expressing cells and an increase in cytokines after stimulation, thus having a better response [9]. The presence of LAG-3+ T cells is a biomarker for T-cell exhaustion. T-cell exhaustion refers to a state where the T cells produced are dysfunctional with the decrease in the effectors and increase in the expression of the inhibitory receptors. This phenomenon is induced by chronic stimulation in patients with cancer. Chronic stimulation leads to the production of T cells that are usually deficient in their intrinsic activity. Accordingly, CAR-T cells derived from patients with cancer will be defective in function, which can lead to poor prognosis and relapse. The mechanism of CAR-T cell exhaustion is still not clearly understood. It was suggested that the CARs on the CAR-T cells could form a cluster that is formed independently of the antigen stimulation, which leads to the development of tonic CAR-CD3ζ signalling that can cause CAR-T cell exhaustion. Additionally, the endogenous T-cell receptor signal of CAR-T cells caused by a specific antigen stimulation can result in T-cell exhaustion [6,9].



The CD19-negative relapses represent up to 20% of the relapsed CAR-T cell treated patients. With CD19-negative relapse, CD19 is not detected on the surface of the cells. This occurs due to mutation in exons 1–13 of the CD19 gene [10]. Exons 1–4 carry the codes for the extracellular domains, and exons 5–13 carry those of the transmembrane domain. Studies have shown that patients who show CD19-negative relapse have developed mutations in exons 2–5 in the form of one insertion or deletion [11]. The percentage of CD19-negative cells can be measured by flow cytometry, which is also able to assess the frequency of allelic mutations and the percentage of cells where there is a homozygous loss and biallelic mutations, which are major reasons for the loss of the targeted epitope in the membrane of CD19, with the subsequent escape from the effect of anti-CD19 CAR-T. Called antigen escape, this leads to the development of resistance to CD19-directed CAR-T therapies.



There are other mechanisms that were described as possible causes for the occurrence of CD19 gene mutation and antigen escape, such as alternative splicing with the subsequent development of CD19-negative resistance [12]. These resistance mechanisms are not unique to CAR-T therapy. They have been observed in other tumour types, e.g., breast cancer tissues show splicing of exon 16 of HER2 leading to resistance to trastuzumab. Likewise, melanoma tissues show splicing of BRAF (V600E), which results in dimerisation and consequently resistance to vemurafenib. Splicing of mRNA (e.g., in SF3B1, SRSF2) also occurred in haematological tumours such as myelodysplastic syndrome (MDS) and chronic lymphocytic leukaemia (CLL) resulting in resistance to treatment [13].




3. CRS: A Limit to the Full Therapeutic Potential of CAR-T Therapy?


Both approved CAR-T cells cause the condition called cytokine release syndrome (CRS), which includes a set of life-threatening or even fatal reactions to the infusion of CAR-T therapy. Generally, CAR-T therapy should not be administered to patients who have active infections or inflammatory disorders.



Treatment with CAR-T cells causes rapid activation of T cells and the release of high levels of cytokines. The main cytokines involved in CRS are IL-6, IL-10, and interferon (IFN)-Υ. IFN-Υ, when secreted, causes the release of other cytokines such as IL-6, IL-10, and TNF-α. Its release is also accompanied by fever, chills, headache, malaise, and other symptoms occurring with CRS. IL-6 also is considered a key cytokine in the pathophysiology of CRS since it is highly elevated in cases suffering from CRS. It is also responsible for the occurrence of many of the severe symptoms such as vascular leakage and disseminated intravascular coagulation (DIC). The occurrence of life-threatening CRS mandates immediate treatment with tocilizumab or tocilizumab and corticosteroids. [1,2,14]. Tocilizumab, an anti-IL-6 receptor antagonist, is the standard for CRS management, although the optimal timing of administration is still unclear [14,15] (Figure 1). Management is also depending on the severity of the symptoms. The commonly used scheme for the assessment of the severity of CRS is the one developed by the National Cancer Institute (NCI).



CRS can affect different body systems and organs. Other medical specialties such as neurology, nephrology, cardiology in addition to the treating haematologist are required for the effective management of patients with severe CRS. Intensive care facilities should also be available when needed. The early and appropriate management of severe cases of CRS generally can lead to a positive outcome [15].



CRS can affect different organs, and the symptoms can range from mild to severe and debilitating [16]. Respiratory symptoms that are common with CRS can range from cough and hypoxia to acute respiratory distress syndrome, which can be seen on lung images as opacities affecting large areas of the lung and can be bilateral [16,17,18].



Cardiac and circulatory manifestations can be in the form of hypotension and can progress to capillary leak syndrome with subsequent peripheral and pulmonary edemas and signs of cardiac failure [19].



Neurotoxicity is also a serious type of toxicity that can occur following treatment with CAR-T therapy [20]. It can be in the form of mild confusion symptoms and headaches to a severe form of hemiparesis, cranial nerve palsies, and even seizures [21]. As a result of the relatively common incidence of neurotoxicity and the seriousness of it, the term CAR-T cell-related encephalopathy syndrome (CRES) is now used [22]. Despite the common incidence of CRES (being the second most common toxicity associated with CAR-T therapy) and the severity of the symptoms, neither the exact pathophysiology [23] nor the best way to treat it is clear; thus, the management of it may need to be carried out in specialised care units [24,25] (Figure 2).



Investigators have attempted to decrease the CRS signs/symptoms of CAR-T therapy while maintaining its positive therapeutic effect. Frey et al. conducted a study on 35 adults with relapsed/refractory (R/R) ALL who received CAR-T therapy [26]. Patients were enrolled in 1 of 3 dosing cohorts. The first cohort was a low-dose cohort where nine patients received a low dose of therapy either as a single dose or fractionated dose. In the second cohort, six patients received CAR-T therapy as a high single dose, and the third cohort had 20 patients enrolled and received high dose therapy either as a single dose or fractionated dose. Any fractionated dose was given on 3 consecutive days with 10%, 30%, and 60% given on days 1, 2, and 3, respectively. This schedule allowed for the assessment of CRS occurrence, taking necessary measures if they occur, and trying to avoid fatal complications.



The nine patients in the low single or fractionated dose had a complete remission (CR) rate of 33% with manageable toxicity. In the six patients who received the high single dose, three had fatal CRS complications, and the other three achieved CR. The results in the third cohort, where patients received a fractionated high CAR-T dose, were impressive with a CR rate of 90%, an event-free survival rate (EFS) of 49.5% (95% CI: 21–73%), and a 2-year overall survival (OS) rate of 73% (95% CI: 46–88%). Superior results were achieved for the patients who were dosed with a high fractionated dose of CAR-T cells, whereas the toxicity was manageable with only one patient out of the 20 patients having CRS grade 4 and no grade 5 CRS. The fractionation of CAR-T over 3 days allowed for early detection of clinical symptoms of CRS and withholding of consequent doses. Accordingly, in the third cohort, 7 out of the 20 patients received all three doses, nine patients received only one dose, and four patients received two doses. Only two patients in this cohort did not achieve CRS, and both only received two doses. The authors concluded that CAR-T cell fractionation allowed for early dose modification and consequently optimising the safety of patients with R/R ALL who received CAR-T therapy without compromising the efficacy of treatment [26].



Gardner et al. tested the early intervention of tocilizumab plus or minus corticosteroids with the first occurrence of mild CRS symptoms in a study of 43 patients. The first 23 patients received tocilizumab with or without corticosteroids if there was an occurrence of any grade 4 toxicity not meeting the study’s defined dose-limiting toxicity (DLT) and lasting >48 h, or there was a DLT lasting >48 h, and in either situation, the CRS was not effectively managed by medication. Corticosteroids were also given to any non-haematologic toxicity >grade 3 that was considered a result of CAR-T infusion, lasting for >48 h, and not controlled despite active medical intervention. The subsequent 20 patients received concomitant tocilizumab and corticosteroids every 6–12 h for persistent mild CRS symptoms according to the requirement of a protocol modification. The investigators reported that despite the patients being treated with tocilizumab and steroids, there was no increase in the incidence of infection. Likewise, the efficacy was not affected by the early treatment with tocilizumab and steroids or the expansion and engraftment of T cells. They also reported a decrease in severe CRS in the 20 patients who had early intervention and concomitant tocilizumab and corticosteroids, versus the first 23 patients who had their CRS managed as above (15% vs. 20%) [27].



In conclusion, the therapeutic effect of CAR-T therapy is well established and has been proven in a wealth of studies; however, the fact that there is a high percentage of patients suffering from relapse and CRS presents serious complications for treatment with CAR-T therapy. It represents huge challenges for the treating physicians and the patients. Ongoing research activity is trying to address the mechanism of relapse and the best way to administer CAR-T therapy in order to reduce the incidence of CRS [28,29].




4. CAR-T Therapy in Other Haematologic Malignancies: Is There a Role?


The unique mechanism of CAR-T therapy in addition to the high positive results mentioned above also triggered wide development programmes assessing this novel therapy in different haematologic malignancies as well as solid tumours.



4.1. CAR-T Therapy in AML


In 2020, the American Cancer Society estimated AML to represent 1% of all cancers. It is mainly a disease of the older population, being uncommon before the age of 45, with the average age at first presentation of 58 years. Its incidence is slightly more common among men than women. It is the most common leukaemia in adults and the second most common leukaemia in children [30,31].



Currently, with the standard 7 + 3 regimen (consisting of cytarabine for 7 days and anthracycline for 3 days), a CR rate of up to 80% has been achieved in young adults and up to 60% in older adults who are 60 years of age and above. This is followed by post-remission induction, which differs according to different factors, e.g., patient’s age, general condition, molecular prognostic stratification, etc. [32,33]. However, patients who do not achieve remission from the first-line regimens and those who relapse pose a serious problem for the haematologists with the continuous need for the development of effective therapies [34].



In ALL, the presence of a specific target such as CD19 supported the scientific concept behind the development of a specific targeted CAR-T therapy. However, the lack of a specific cell target for AML makes it difficult to treat this disease with targeted immunotherapy [35,36]. Currently, different researchers are attempting to identify an antigen or a group of antigens that are predominantly expressed on the myeloblast and not the normal tissues. This concept of specifically targeting surface antigens on myeloblasts is important to be able to target AML disease while avoiding the exposure of normal tissues to unnecessary immunotherapy, which could result in toxicity [37].



The concept of using targeted immunotherapy for patients with AML was successfully applied by treating CD33-positive AML patients (adults and children over 2 years of age) with chemotherapy and the CD33-targeted antibody-drug conjugate, gemtuzumab ozogamicin [38,39]. The positive results of this combination led to the approval of this combination in adults and children over 2 years of age who suffer from CD33-positive AML [40,41].



In an attempt to identify the ideal candidates for CAR-T therapy in AML, Perna et al. conducted an extensive analysis of large datasets of transcriptomics and proteomics from malignant and normal tissues [42] (Figure 3). The researchers performed surface-specific proteomic studies in a diverse panel of AML cell lines (THP1, Mono-mac, Kasumi, Molm13, OCI/AML3, and TF-1). The team performed a mass spectrometric analysis, which led to the identification of 4942 proteins. They enriched their protein sets by adding the findings from other similar studies conducted on other AML cell lines (e.g., NB4, HL60, THP1, PLB985, CD32, CD33, CE 96, CD99, and K562). The researchers used data from the Human Protein Atlas, the Human Proteome Map, and the Proteomics Database to identify the protein expression information in different normal tissues/organs such as liver, gallbladder, pancreas, stomach, gut, rectum, testis, epididymis, prostate, breast, etc. [43,44,45]. Consequently, they looked for CAR-T therapy targets that are overexpressed in AML versus normal tissue, and they were able to identify 24 molecules that fulfil this criterion (Figure 3A,B). Using flow cytometry to analyse the expression of the 24 candidates in AML specimens, they managed to detect nine targets that are detected in >75% of the cells (expression range: 78–99%, mean 82%): CD82, TNFRSF1B (also known as CD120b), ADGRE2 (also known as EMR2 or CD312), ITGB5, CCR1 (also known as CD191), CD96, PTPRJ (also known as CD148), CD70, and LILRB2 (also known as CD85d). Six of the nine targets were expressed in <5% in normal tissues (with ADGRE2, CCR1, CD70, and LILRB2 expressed in <5% in freshly purified and activated T cells from healthy donors), whereas the other three were expressed in the normal tissues at a slightly higher level with the maximum expression of 20% (Figure 3C,D). Still, all were much less expressed than their corresponding expression in the primary AML cells. (Figure 3E) [42].



Many pre-clinical studies were also conducted to assess the different possible targets for CAR-T therapy in AML populations, which led to the start of the Phase I clinical studies. These studies tested a wide range of ages, from as young as 6 months to up to 90 years of age. The number of patients treated in these studies was small. Cummins et al. treated six patients with CAR-T therapy. Two patients achieved complete remission (CR), three patients achieved partial remission (PR), and one patient had progressive diseases (PD) [46]. Richie et al. also treated four patients with CAR-T, with all of them initially achieving PR or stable disease (SD), then they relapsed [47]. Of note, both Cummins et al. and Richie et al. used autologous T-cell sources. Numerous studies are ongoing, with data still to be presented [48,49].




4.2. CAR-T Therapy in CLL


In order to assess if CAR-T therapy can target CLL cells, a group of researchers from the NCI in Bethesda managed to construct two CARs. They subsequently chose the one that has shown the best anti-tumour activity in vitro for further testing in CLL clinical trials [50].



One of the earliest observations of clinical activity in CLL was reported by Porter et al. in 2011 [51]. A patient who had R/R CLL was infused with a low dose (approximately 1.5 × 105 cells per kilogram) of autologous CAR-T cells. A real-time polymerase chain reaction detected DNA encoding anti-CD19 CAR-T after 1 day of the infusion of the cells. The infused CAR-T cells expanded to a level more than 1000 times the initial engraftment. The patient achieved CR. The toxicity profile was as expected, with the only grade 3/4 adverse event related to CAR-T therapy being lymphopenia as well as hypogammaglobulinemia, which was a chronic effect. The patient also suffered from tumour lysis syndrome. Leukaemia, as well as normal B cells-expression CD19, disappeared from the patient’s blood and bone marrow cells. A high level of CAR-T cells was maintained in the patient’s blood and bone marrow for 6 months, and the patient’s remission was ongoing at 10 months post-engraftment [52].



Following that, CAR-T therapy was investigated in different clinical trials, with more than 130 patients being tested in the trials. Most of these patients were heavily pre-treated, some relapsed post haematopoietic cell transplant [53,54]. Others were cases treated as they progressed to Richter syndrome. Despite the heterogeneity of the patient population and the adverse prognostic factors, a CR rate in the range of 20–30% of the patients with estimated progression-free survival (PFS) at 18 months of 25% was achieved. These studies have shown the potential activity of CAR-T therapy in the CLL patient population [55,56].



Ibrutinib, which is a breakthrough treatment for patients with CLL, was found to improve response in clinical trials. In one of the trials, treatment with CAR-T therapy following ibrutinib in three patients resulted in responses in all three patients, with one achieving CR [57]. Two other studies combining ibrutinib and CAR-T therapy have shown very promising response rates of 80% in two series of 19 patients with an MRD eradication in the bone marrow of around 90% among responders. The safety profile was not different from that of other patients with other indications when treated with CAR-T therapy, with the CRS being the main concern [58,59]. Other studies are ongoing to explore the full potential of CAR-T therapy in patients with CLL [60].




4.3. CAR-T Therapy in Hodgkin Lymphoma (HL)


Data from two studies testing CAR-T therapy targeting the CD30 antigen in patients with HL were recently presented in the Transplantation and Cellular Therapy Meetings of American Society for Blood and Marrow Transplantation (ASBMT) and Center for International Blood & Marrow Transplant Research (CIBMTR) and highlight the potential role of anti-CD30 CAR-T cells for this disease [61,62]. In one of the trials, the investigators treated the patients with a lymphodepletion chemotherapy that included cyclophosphamide and fludarabine (FC) before CAR-T cell infusion. With 14 patients enrolled in this Phase I study, the median age was 30 years (range: 17–69 years). Patients were CD30 positive HL and heavily pre-treated with a median of five prior regimens. Most patients previously received a checkpoint inhibitor and the monoclonal antibody brentuximab targeting CD30. Patients received a single infusion of one of three dose levels: 2 × 107 cells/m2, 1 × 108 cells/m2, or 2 × 108 cells/m2. The investigators found the expansion and persistence of the CAR-T cells to be dose-dependent. Of the 14 patients treated, important safety findings were seen in four patients who developed grade 1 CRS, and some patients developed maculopapular rashes that disappeared without any treatment. Other adverse events were in the form of alopecia, gastrointestinal toxicities, and transient cytopenias. At 6 weeks, 12 patients were evaluable for response, seven patients achieved CR, and one patient achieved PR. One of the CR patients showed the response by 6 weeks and maintained the remission for more than a year [61].



In another Phase I/II study, patients received one of two dose levels in a standard 3 + 3 design. The doses tested in Phase I were 1 × 108 cells/m2 or 2 × 108 cells/m2, and the Phase II part of the study tested the selected Phase I dose in more patients [62]. In both Phases of the study, a total of 29 patients were enrolled with a median age of 35 years (range: 23–69 years). All patients had a refractory disease and were heavily pre-treated with a median of eight previous regimens. There were 28 evaluable patients, of which 26 (8 in Phase I and 18 in Phase II) received CAR-T cell infusion (24 patients had classic HL, and the other two had T-cell lymphomas). In the eight patients enrolled in the Phase I part of the study, three patients received the lower dose of CAR-T cells (1 × 108 cells/m2) and all progressed. Of the other five patients who received the high dose (2 × 108 cells/m2), three patients had CR, one patient had SD, and one patient had PD. As there were no dose-limiting toxicities, the 2 × 108 cells/m2 was selected for the Phase II part of the study. Bendamustine (B) single agent was given for lymphodepletion in Phase I of the study. However, as response and CAR-T cell expansion were suboptimal, the investigators decided to add fludarabine (F), i.e., bendamustine and fludarabine combination (BF).



Out of the 18 patients treated in Phase II, four developed CRS (three grade 1 that resolved spontaneously, and one was grade 2 that was managed by tocilizumab). There were also nine patients who had mild rashes after the infusion. Patients also had cytopenias in the form of grade 3 or high neutropenia in 3 patients (12%), thrombocytopenia and lymphopenia each occurring in four patients (15%). Of the 18 patients who received CAR-T cell infusion, 14 patients achieved CR (78%), of which two had a response longer than 1 year. Another two patients (11%) achieved PR; one patient had SD (5%). Only one patient had PD (6%). Of note, the CR rate was higher in the patients who had the combination of BF (78%) versus the patients who received B monotherapy (37%), with survival also being longer in those who had BF than those who had F alone (median of 389 days vs. 55 days). After a median follow-up of 108 days (range not reported), progression-free survival was 164 days for 19 evaluable patients who had active disease at the time of lymphodepletion. Patients who received the higher dose of CAR-T cells with the combination lymphodepletion regimen appeared to have a longer survival than those treated with a lower dose and single-agent bendamustine (median = 389 days vs. 55 days; p = 0.0004) [62].



These data suggest the potential role of CAR-T therapy targeting CD30 HL. However, further studies with larger numbers of patients and longer follow-up periods are needed to identify the role of anti-CD30 CAR-T cell infusion in HL.




4.4. CAR-T Therapy in MM


Multiple myeloma (MM) is a plasma cell cancer, and despite the recent advances in treatment and the use of immunomodulatory, proteosome inhibitors, and other novel therapies, there is still no cure for it [63,64]. Current available therapies improve disease outcomes, but patients will ultimately relapse. Each relapse negatively affects survival chances for the patients [65,66].



Superior results are seen with CAR-T therapy in non-Hodgkin lymphoma and ALL encouraged the testing of CAR-T cell therapy in the disease of MM. B-cell maturation antigen (BCMA) is a protein and a tumour necrosis factor that is expressed by normal and malignant plasma cells including MM cells [67,68]. A specific CAR-T cell therapy (bb2121) was produced by the transduction of autologous T cells with a lentiviral vector that encodes a second-generation CAR-T that incorporates an anti-BCMA single-chain fragment, a CD137 (4–1BB) costimulatory motif, and a CD3-zeta signalling domain [69,70].



CAR-T therapy has shown the potential to benefit patients with MM. In a pre-clinical Phase I study conducted by Raje et al., bb2121 (a CAR-T agent that targets BCMA) showed promising activity in patients with R/R MM [71]. The study consisted of two phases: dose escalation and dose expansion. In the dose escalation phase, a single infusion of CAR-T cells was tested in groups of patients in a dose-escalating manner. The doses that were tested were 50 × 106, 150 × 106, 450 × 106, and 800 × 106. In the dose expansion phase, only two doses were tested: 150 × 106 and 450 × 106. The study enrolled heavily pre-treated patients who received at least three previous lines of therapy (the median was 7 and the range was 3–14). With the exception of one patient, all patients previously failed an autologous stem cell transplant. All patients previously received and relapsed or were refractory to an immunomodulatory agent and a proteasome inhibitor. Some patients also had extramedullary disease (27%), and 45% of the patients had a high-risk cytogenetic profile with the presence of t(4;14), t(14;16), or del(17p). Safety was the primary endpoint of the study, and the safety results of 33 evaluable patients (out of 36 enrolled in the study) were reported. The main toxicity was haematologic toxicity, with events of grade 3 or higher reported for 85% of the patients in the form of neutropenia. Other grade 3 or higher toxicities were reported in the form of leukopenia, anaemia, and thrombocytopenia in 58%, 45%, and 45% of the patients, respectively. The non-haematologic toxicities were in the form of CRS, which occurred in 25 patients (76%). Most of the patients (23 patients, 70%) had a maximum of grade 2 CRS, and only two patients (6%) had grade 3 CRS. Neurologic toxicities occurred in 14 patients (42%), with only one patient suffering from a reversible grade 4 event and all the remaining patients having only grade 1 or 2. A CR was achieved in 15 patients (45%), one patient had PR (3%), and a median of PFS of 11.8 months was achieved. Of note, six patients out of the 15 patients ultimately relapsed. It is important to note that some responders had MRD negativity. The investigators concluded that BCMA-directed cellular immunotherapy for patients with R/R MM had toxicities similar to what was reported in other CAR-T cell therapies used for other indications. The therapy also resulted in promising responses in the form of CR/PR with doses of 150 × 106 in this heavily pre-treated patient population of R/R MM [71].



In another first-in-human study (FIH), the anti-B-cell maturation antigen BiTE molecule was assessed in patients with R/R MM [72]. Patients who relapsed after at least two prior lines of therapies and no extramedullary disease were treated in the study. Patients received up to 10 cycles of treatment, given as an infusion every 4 weeks. The length of the cycle was 6 weeks. MRD was assessed using flow cytometry, and MRD negativity was defined as the presence of <1 cell/104 bone marrow cells. A total of 42 patients were enrolled in the study. The median age of the patients was 65 years. Patients had a median duration of MM of 5.2 years. The median number of cycles received by the patients was 1 (range: 1–10 cycles), while the responders received a median of 7 cycles. The doses received by the patients were in the range of 0.2–800 µg/d. Reasons for treatment discontinuation were disease progression in 25 patients (60%), adverse events in seven patients (17%), and death in four patients (10%). Likewise, three patients (7%) withdrew from treatment as they received the maximum allowable cycles in the study (10 cycles), one patient (2%) withdrew consent for continuation of treatment, and two patients (5%) were still on treatment at the time of the presentation of these data. Safety results have shown that the 800 µg/d was not tolerated, with two out of the three patients enrolled having a DLT, with one having a grade 3 CRS and the other one suffering from neurotoxicity (polyneuropathy) that started as grade 2 and progressed to grade 3. Both events were later resolved. For the patients who received the 400 µg/d dose, one patient had grade 1 polyneuropathy that progressed to grade 3 but ultimately resolved by week 12. CRS was seen in 16 out of the 42 patients (38%); however, it was treated with glucocorticoids, antihistamines, antipyretics, and analgesics, with one patient receiving tocilizumab for grade 2 CRS. Additionally, there were five patients who had increases in liver enzymes (ALT and/or AST > 3× times the upper limit of normal). Among them, four patients received the 400 µg/d. However, one of the four patients who had increased liver enzymes had increased enzymes at baseline. At the 400 µg/d dose, which was received in 10 patients, seven achieved a response rate of 70%. Among the seven responders, there were five patients who achieved MRD negative CRS. For the remaining two patients, one had a PR, and one had a very good PR. All the responses occurred in the first cycle, and some responses lasted >1 year. The investigators concluded that these results are promising and warrant further investigation [72].



The CARTITUDE-1 was a Phase Ib/II trial that enrolled adult patients who were heavily pre-treated with three or more prior lines of therapy or were double-refractory to an immunomodulatory drug and a proteasome inhibitor. Patients received a single low dose of ciltacabtagene autoleucel (cilta-cel), an autologous CAR-T therapy. Cilta-cel is a bioengineered T-cell receptor construct with a CD3ζ signalling domain, a 4-1BB costimulatory domain, and two BCMA binding domains. The Phase I study objectives were safety and defining a dose to carry forward to the Phase II part of the study. Patients underwent apheresis and cell collection to produce the CAR-T cells. The patients had lymphodepletion with 3 days of fludarabine 30 mg/m2 plus cyclophosphamide 300 mg/m2. The dose received of cilta-cel was a single dose of 0.75 × 106 cells/kg (range: 0.5–1.0 × 106 cells/kg). At the time of the cut-off level of 1 September 2020, 113 patients were enrolled, with 97 receiving CAR-T (Phase Ib 29 patients and Phase II 68 patients). The median age of the patients was 61 years (range: 43–78 years), and the median number of prior lines of therapies was 6 (range: 3–18). Haematologic adverse events were the most common, with neutropenia, anaemia, and thrombocytopenia occurring in 96%, 81%, and 79% of the patients, respectively. Most haematologic adverse events resolved quickly without complications. Non-haematologic adverse events were CRS (95% of patients) and neurotoxicity (21% of patients). Most CRS events were grade 1/2 (95%). All CRS events resolved within 14 days of their onset in all but one patient. Only 10% of the patients who suffered from neurotoxicity had their events as grade ≥3. The number of deaths was 14, five of which were due to PD, three due to adverse events unrelated to the CAR-T therapy, and six due to adverse events related to the therapy. The efficacy results have shown that 67% of the patients achieved stringent CR, 26% achieved a very good PR, and 4% had PR. There were 57 patients who were evaluable for the assessment of MRD, 93% of whom became MRD negative. PFS at 12 months was 77%. The investigators recommended the testing of this CAR-T therapy in a larger clinical trial [73].



The efficacy and safety of Ide-cel (bb2121) in patients with relapsed and refractory multiple myeloma and in subjects with high-risk multiple myeloma (KarMMA Phase II study) also reported the results of Ide-cel, another CAR-T therapy targeting BCMA. Based on the Phase I promising activity, the Phase II study enrolled 140 heavily pre-treated patients with MM. The median age of the patients was 61 years. For lymphodepletion, the patients received cyclophosphamide 300 mg/m2 and fludarabine 30 mg/m2 for 3 days. This was followed by the infusion of CAR-T cells in the range of 150–450 × 106. Of the 128 heavily pre-treated patients (median of prior 6 regimens) who received Ide-cel, and with a median follow-up period of 11.3 months, the overall response rate ORR (the primary endpoint of the study) was 73%, and the PFS was 8.6 months. The most common adverse events of any grade were cytopenias and CRS occurring in 97% and 84% of the patients, respectively. CRS was mainly grade 1/2, with only 5% having grade 3, one patient having grade 4, and one patient dying of CRS at the 300 × 106 dose of CAR-T. The response was durable, with 36% having CAR-T cells detected at 12 months. The investigators concluded that Ide-cel has demonstrated deep and durable responses in this heavily pre-treated patient population with an acceptable safety profile [74].





5. What Is Next?


The previously discussed studies in different haematologic malignancies represent a huge opportunity for patients who are suffering from those diseases. The fact that most of these studies are early phase studies with promising results and that there are planned Phase III studies represents great research opportunities for the scientific community and a chance for patients to be treated with a highly effective CAR-T therapy. These opportunities come with some challenges; the CRS is one of them. Some ongoing studies try to minimise this side effect while maintaining the superior outcome seen with CAR-T therapy [26]. Cost still represents a challenge to treatment with CAR-T therapy. Treatment with CAR-T cells is still not affordable for many patients in the approved indications. With the potential of more indications to come, the cost of treatment, either for the patients or any health care system, should be thoroughly evaluated, which also includes the cost of hospitalisation during treatment with CAR-T therapy and possible costs for the management of side effects [75].




6. Conclusions


Treatment with CAR-T therapy has started a new concept for the treatment of patients with advanced ALL and DLBCL. The search for subsequent therapy for those who failed treatment with CAR-T therapy, together with the huge ongoing and planned studies in different haematologic malignancies, opens a new era of research and treatment with gene/targeted therapy. Although CAR-T therapy is currently approved for advanced/heavily pre-treated patient populations, the research activities will potentially be conducted in earlier disease settings. All the ongoing and planned activities lead to one conclusion: this is not the end of the chapter; it is the beginning of a new chapter or even chapters in our fight against different haematologic malignancies.







Funding


This research received no external funding.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Yescarta Package Insert. Available online: https://www.fda.gov/media/108377/download (accessed on 28 January 2021).

	



Kymeriah Package Insert. Available online: https://www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/published/Package-Insert---KYMRIAH.pdf/ (accessed on 28 January 2021).

	



Srour, S.A.; Singh, H.; McCarty, J.; de Groot, E.; Huls, H.; Rondon, G.; Qazilbash, M.; Ciurea, S.; Bardelli, G.; Buck, J.; et al. Long-term outcomes of Sleeping Beauty–generated CD19-specific CAR T-cell therapy for relapsed-refractory B-cell lymphomas. Blood 2020, 135, 862–865. [Google Scholar] [CrossRef]

	



June, C.H.; Sadelain, M. Chimeric antigen receptor therapy. N. Engl. J. Med. 2018, 379, 64–73. [Google Scholar] [CrossRef]

	



Grupp, S.A.; Maude, S.L.; Rives, S.; Baruchel, A.; Boyer, M.W.; Bittencourt, H.; Bader, P.; Büchner, J.; Laetsch, T.W.; Stefanski, H.; et al. Updated analysis of the efficacy and safety of tisagenlecleucel in pediatric and young adult patients with relapsed/refractory (r/r) acute lymphoblastic leukemia. Blood 2018, 132 (Suppl. S1), 895. [Google Scholar] [CrossRef]

	



Xu, X.; Sun, Q.; Liang, X.; Chen, Z.; Zhang, X.; Zhou, X.; Li, M.; Tu, H.; Liu, Y.; Tu, S.; et al. Mechanisms of relapse after CD19 CAR T-cell therapy for acute lymphoblastic leukemia and its prevention and treatment strategies. Front. Immunol. 2019, 10, 2664. [Google Scholar] [CrossRef] [PubMed]

	



Gardner, R.; Finney, O.; Brakke, H.; Rhea, S.; Hicks, R.; Doolittle, D.; Lopez, M.; Orentas, R.J.; Li, D.; Jensen, M.C. Starting T cell and cell product phenotype are associated with durable remission of leukemia following CD19 CAR-T cell immunotherapy. Blood 2018, 132 (Suppl. S1), 4022. [Google Scholar] [CrossRef]

	



Kotani, H.; Li, G.; Yao, J.; Mesa, T.E.; Chen, J.; Boucher, J.C.; Yoder, S.J.; Zhou, J.; Davila, M.L. Aged CAR T cells exhibit enhanced cytotoxicity and effector function but shorter persistence and less memory-like phenotypes. Blood 2018, 132 (Suppl. S1), 2047. [Google Scholar] [CrossRef]

	



Guha, P.; Cunetta, M.; Somasundar, P.; Espat, N.J.; Junghans, R.P.; Katz, S.C. Frontline Science: Functionally impaired geriatric CAR-T cells rescued by increased α5β1 integrin expression. J. Leukoc. Biol. 2017, 102, 201–208. [Google Scholar] [CrossRef]

	



Sommermeyer, D.; Hill, T.; Shamah, S.M.; Salter, A.I.; Chen, Y.; Mohler, K.M.; Riddell, S.R. Fully human CD19-specific chimeric antigen receptors for T-cell therapy. Leukemia 2017, 31, 2191–2199. [Google Scholar] [CrossRef] [PubMed]

	



Orlando, E.J.; Han, X.; Tribouley, C.; Wood, P.A.; Leary, R.J.; Riester, M.; Levine, J.E.; Qayed, M.; Grupp, S.A.; Boyer, M.; et al. Genetic mechanisms of target antigen loss in CAR19 therapy of acute lymphoblastic leukemia. Nat. Med. 2018, 24, 1504–1506. [Google Scholar] [CrossRef]

	



Fischer, J.; Paret, C.; El Malki, K.; Alt, F.; Wingerter, A.; Neu, M.A.; Kron, B.; Russo, A.; Lehmann, N.; Roth, L.; et al. CD19 isoforms enabling resistance to CART-19 immunotherapy are expressed in B-ALL patients at initial diagnosis. J. Immunother. (Hagerstown, Md.: 1997) 2017, 40, 187. [Google Scholar] [CrossRef]

	



Inoue, D.; Bradley, R.K.; Abdel-Wahab, O. Spliceosomal gene mutations in myelodysplasia: Molecular links to clonal abnormalities of hematopoiesis. Genes. Dev. 2016, 30, 989–1001. [Google Scholar] [CrossRef]

	



Frey, N.V.; Porter, D.L. Cytokine release syndrome with novel therapeutics for acute lymphoblastic leukemia. Hematology 2016, 2016, 567–572. [Google Scholar] [CrossRef] [PubMed]

	



June, C.H.; O’Connor, R.S.; Kawalekar, O.U.; Ghassemi, S.; Milone, M.C. CAR T cell immunotherapy for human cancer. Science 2018, 359, 1361–1365. [Google Scholar] [CrossRef] [PubMed]

	



Shimabukuro-Vornhagen, A.; Gödel, P.; Subklewe, M.; Stemmler, H.J.; Schlößer, H.A.; Schlaak, M.; Kochanek, M.; Böll, B.; von Bergwelt-Baildon, M.S. Cytokine release syndrome. J. Immunother. Cancer 2018, 6, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Teachey, D.T.; Rheingold, S.R.; Maude, S.L.; Zugmaier, G.; Barrett, D.M.; Seif, A.E.; Nichols, K.E.; Suppa, E.K.; Kalos, M.; Berg, R.A.; et al. Cytokine release syndrome after blinatumomab treatment related to abnormal macrophage activation and ameliorated with cytokine-directed therapy. Blood 2013, 121, 5154–5157. [Google Scholar] [CrossRef]

	



Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 2010, 18, 843–851. [Google Scholar] [CrossRef] [PubMed]

	



Brudno, J.N.; Kochenderfer, J.N. Toxicities of chimeric antigen receptor T cells: Recognition and management. Blood 2016, 127, 3321–3330. [Google Scholar] [CrossRef]

	



Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Gutierrez, C.; Locke, F.L.; Komanduri, K.V.; Lin, Y.; Jain, N.; Daver, N.; et al. Chimeric antigen receptor T-cell therapy—assessment and management of toxicities. Nat. Rev. Clin. Oncol. 2018, 15, 47. [Google Scholar] [CrossRef]

	



Lee, D.W.; Gardner, R.; Porter, D.L.; Louis, C.U.; Ahmed, N.; Jensen, M.; Grupp, S.A.; Mackall, C.L. Current concepts in the diagnosis and management of cytokine release syndrome. Blood 2014, 124, 188–195. [Google Scholar] [CrossRef]

	



Lee, D.W.; Santomasso, B.D.; Locke, F.L.; Ghobadi, A.; Turtle, C.J.; Brudno, J.N.; Maus, M.V.; Park, J.H.; Mead, E.; Pavletic, S.; et al. ASTCT consensus grading for cytokine release syndrome and neurologic toxicity associated with immune effector cells. Biol. Blood Marrow Transplant. 2019, 25, 625–638. [Google Scholar] [CrossRef] [PubMed]

	



Davila, M.L.; Riviere, I.; Wang, X.; Bartido, S.; Park, J.; Curran, K.; Chung, S.S.; Stefanski, J.; Borquez-Ojeda, O.; Olszewska, M.; et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci. Transl. Med. 2014, 6, 224ra25. [Google Scholar] [CrossRef]

	



Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Locke, F.L.; Lin, Y.; Jain, N.; Daver, N.; Gulbis, A.M.; Adkins, S.; et al. Toxicity management after chimeric antigen receptor T cell therapy: One size does not fit ‘ALL’. Nat. Rev. Clin. Oncol. 2018, 15, 218. [Google Scholar] [CrossRef]

	



Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Nassif Kerbauy, L.; Overman, B.; Thall, P.; Kaplan, M.; et al. Use of CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N. Engl. J. Med. 2020, 382, 545–553. [Google Scholar] [CrossRef]

	



Frey, N.V.; Shaw, P.A.; Hexner, E.O.; Pequignot, E.; Gill, S.; Luger, S.M.; Mangan, J.K.; Loren, A.W.; Perl, A.E.; Maude, S.L.; et al. Optimizing chimeric antigen receptor T-cell therapy for adults with acute lymphoblastic leukemia. J. Clin. Oncol. 2020, 38, 415–422. [Google Scholar] [CrossRef] [PubMed]

	



Gardner, R.A.; Ceppi, F.; Rivers, J.; Annesley, C.; Summers, C.; Taraseviciute, A.; Gust, J.; Leger, K.J.; Tarlock, K.; Cooper, T.M.; et al. Preemptive mitigation of CD19 CAR T-cell cytokine release syndrome without attenuation of antileukemic efficacy. Blood 2019, 134, 2149–2158. [Google Scholar] [CrossRef]

	



Gardner, R.A.; Finney, O.; Annesley, C.; Brakke, H.; Summers, C.; Leger, K.; Bleakley, M.; Brown, C.; Mgebroff, S.; Kelly-Spratt, K.S.; et al. Intent-to-treat leukemia remission by CD19 CAR T cells of defined formulation and dose in children and young adults. Blood 2017, 129, 3322–3331. [Google Scholar] [CrossRef] [PubMed]

	



Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.; et al. Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N. Engl. J. Med. 2018, 378, 439–448. [Google Scholar] [CrossRef] [PubMed]

	



Key Statistics for Acute Myeloid Leukemia (AML). Available online: https://www.cancer.org/cancer/acute-myeloid-leukemia/about/key-statistics.html (accessed on 28 January 2021).

	



Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Larson, R.A. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 2017, 129, 424–447. [Google Scholar] [CrossRef] [PubMed]

	



Döhner, H.; Estey, E.H.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Burnett, A.K.; Dombret, H.; Fenaux, P.; Grimwade, D.; Larson, R.A. Diagnosis and management of acute myeloid leukemia in adults: Recommendations from an international expert panel, on behalf of the European LeukemiaNet. Blood 2010, 115, 453–474. [Google Scholar] [CrossRef] [PubMed]

	



Döhner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute myeloid leukemia. N. Engl. J. Med. 2015, 373, 1136–1152. [Google Scholar] [CrossRef]

	



Tasian, S.K. Acute myeloid leukemia chimeric antigen receptor T-cell immunotherapy: How far up the road have we traveled? Ther. Adv. Hematol. 2018, 9, 135–148. [Google Scholar] [CrossRef] [PubMed]

	



Gross, G.; Eshhar, Z. Therapeutic potential of T cell chimeric antigen receptors (CARs) in cancer treatment: Counteracting off-tumor toxicities for safe CAR T cell therapy. Annu. Rev. Pharmacol. Toxicol. 2016, 56, 59–83. [Google Scholar] [CrossRef] [PubMed]

	



Kantarjian, H.M.; DeAngelo, D.J.; Stelljes, M.; Martinelli, G.; Liedtke, M.; Stock, W.; Gökbuget, N.; O’Brien, S.; Wang, K.; Wang, T. Inotuzumab ozogamicin versus standard therapy for acute lymphoblastic leukemia. N. Engl. J. Med. 2016, 375, 740–753. [Google Scholar] [CrossRef] [PubMed]

	



Petrov, J.C.; Wada, M.; Pinz, K.G.; Yan, L.E.; Chen, K.H.; Shuai, X.; Liu, H.; Chen, X.; Leung, L.H.; Salman, H. Compound CAR T-cells as a double-pronged approach for treating acute myeloid leukemia. Leukemia 2018, 32, 1317–1326. [Google Scholar] [CrossRef] [PubMed]

	



Larson, R.A.; Sievers, E.L.; Stadtmauer, E.A.; Löwenberg, B.; Estey, E.H.; Dombret, H.; Theobald, M.; Voliotis, D.; Bennett, J.M.; Richie, M. Final report of the efficacy and safety of gemtuzumab ozogamicin (Mylotarg) in patients with CD33-positive acute myeloid leukemia in first recurrence. Cancer 2005, 104, 1442–1452. [Google Scholar] [CrossRef] [PubMed]

	



Gamis, A.S.; Alonzo, T.A.; Meshinchi, S.; Sung, L.; Gerbing, R.B.; Raimondi, S.C.; Hirsch, B.A.; Kahwash, S.B.; Heerema-McKenney, A.; Winter, L. Gemtuzumab ozogamicin in children and adolescents with de novo acute myeloid leukemia improves event-free survival by reducing relapse risk: Results from the randomized phase III Children’s Oncology Group trial AAML0531. J. Clin. Oncol. 2014, 32, 3021. [Google Scholar] [CrossRef]

	



Hills, R.K.; Castaigne, S.; Appelbaum, F.R.; Delaunay, J.; Petersdorf, S.; Othus, M.; Estey, E.H.; Dombret, H.; Chevret, S.; Ifrah, N. Addition of gemtuzumab ozogamicin to induction chemotherapy in adult patients with acute myeloid leukaemia: A meta-analysis of individual patient data from randomised controlled trials. Lancet Oncol. 2014, 15, 986–996. [Google Scholar] [CrossRef]

	



Mylotarg. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/021174s020lbl.pdf (accessed on 28 January 2021).

	



Perna, F.; Berman, S.H.; Soni, R.K.; Mansilla-Soto, J.; Eyquem, J.; Hamieh, M.; Hendrickson, R.C.; Brennan, C.W.; Sadelain, M. Integrating proteomics and transcriptomics for systematic combinatorial chimeric antigen receptor therapy of AML. Cancer Cell 2017, 32, 506–519. [Google Scholar] [CrossRef]

	



Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.; Asplund, A. Tissue-based map of the human proteome. Science 2015, 347. [Google Scholar] [CrossRef]

	



Kim, M.S.; Pinto, S.M.; Getnet, D.; Nirujogi, R.S.; Manda, S.S.; Chaerkady, R.; Madugundu, A.K.; Kelkar, D.S.; Isserlin, R.; Jain, S. A draft map of the human proteome. Nature 2014, 509, 575–581. [Google Scholar] [CrossRef]

	



Wilhelm, M.; Schlegl, J.; Hahne, H.; Gholami, A.M.; Lieberenz, M.; Savitski, M.M.; Ziegler, E.; Butzmann, L.; Gessulat, S.; Marx, H. Mass-spectrometry-based draft of the human proteome. Nature 2014, 509, 582–587. [Google Scholar] [CrossRef] [PubMed]

	



Cummins, K.D.; Frey, N.; Nelson, A.M.; Schmidt, A.; Luger, S.; Isaacs, R.E.; Lacey, S.F.; Hexner, E.; Melenhorst, J.J.; June, C.H. Treating relapsed/refractory (RR) AML with biodegradable anti-CD123 CAR modified T cells. Blood 2017, 130 (Suppl. S1), 1359. [Google Scholar]

	



Ritchie, D.S.; Neeson, P.J.; Khot, A.; Peinert, S.; Tai, T.; Tainton, K.; Chen, K.; Shin, M.; Wall, D.M.; Hönemann, D. Persistence and efficacy of second generation CAR T cell against the LeY antigen in acute myeloid leukemia. Mol. Ther. 2013, 21, 2122–2129. [Google Scholar] [CrossRef] [PubMed]

	



Nikiforow, S.; Murad, J.; Daley, H.; Negren, H.; Reder, J.; Sentman, C. A first-in-human phase I trial of NKG2D chimeric antigen receptor-T cells in AML/MDS and multiple myeloma. J. Clin. Oncol. 2016, 34 (Suppl. S15), TPS3102. [Google Scholar] [CrossRef]

	



Verma, B.; Aftimos, P.G.; Awada, A.; Machiels, J.P.H.; Brayer, J.B.; Sallman, D.A.; Kerre, T.; Odunsi, K.; Lonez, C.; Gilham, D.E. A NKG2D-based CAR-T therapy in a multinational phase I dose escalation and expansion study targeting multiple solid and hematologic tumor types. J. Clin. Oncol. 2017, 35 (Suppl. S15), TPS3093. [Google Scholar] [CrossRef]

	



Kochenderfer, J.N.; Feldman, S.A.; Zhao, Y.; Xu, H.; Black, M.A.; Morgan, R.A.; Wilson, W.H.; Rosenberg, S.A. Construction and pre-clinical evaluation of an anti-CD19 chimeric antigen receptor. J. Immunother. (Hagerstown, Md.: 1997) 2009, 32, 689. [Google Scholar] [CrossRef]

	



Zou, Y.; Xu, W.; Li, J. Chimeric antigen receptor-modified T cell therapy in chronic lymphocytic leukemia. J. Hematol. Oncol. 2018, 11, 1–12. [Google Scholar] [CrossRef]

	



Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric antigen receptor–modified T cells in chronic lymphoid leukemia. N. Engl. J. Med. 2011, 365, 725–733. [Google Scholar] [CrossRef]

	



Cruz, C.R.Y.; Micklethwaite, K.P.; Savoldo, B.; Ramos, C.A.; Lam, S.; Ku, S.; Diouf, O.; Liu, E.; Barrett, A.J.; Ito, S.; et al. Infusion of donor-derived CD19-redirected virus-specific T cells for B-cell malignancies relapsed after allogeneic stem cell transplant: A phase 1 study. Blood 2013, 122, 2965–2973. [Google Scholar] [CrossRef]

	



Kochenderfer, J.N.; Dudley, M.E.; Kassim, S.H.; Somerville, R.P.; Carpenter, R.O.; Stetler-Stevenson, M.; Yang, J.C.; Phan, G.Q.; Hughes, M.S.; Sherry, R.M. Chemotherapy-refractory diffuse large B-cell lymphoma and indolent B-cell malignancies can be effectively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor. J. Clin. Oncol. 2015, 33, 540. [Google Scholar] [CrossRef] [PubMed]

	



Kalos, M.; Levine, B.L.; Porter, D.L.; Katz, S.; Grupp, S.A.; Bagg, A.; June, C.H. T cells with chimeric antigen receptors have potent antitumor effects and can establish memory in patients with advanced leukemia. Sci. Transl. Med. 2011, 3, 95ra73. [Google Scholar] [CrossRef]

	



Kochenderfer, J.N.; Dudley, M.E.; Feldman, S.A.; Wilson, W.H.; Spaner, D.E.; Maric, I.; Stetler-Stevenson, M.; Phan, G.Q.; Hughes, M.S.; Sherry, R.M. B-cell depletion and remissions of malignancy along with cytokine-associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor–transduced T cells. Blood 2012, 119, 2709–2720. [Google Scholar] [CrossRef] [PubMed]

	



Fraietta, J.A.; Beckwith, K.A.; Patel, P.R.; Ruella, M.; Zheng, Z.; Barrett, D.M.; Lacey, S.F.; Melenhorst, J.J.; McGettigan, S.E.; Cook, D.R. Ibrutinib enhances chimeric antigen receptor T-cell engraftment and efficacy in leukemia. Blood 2016, 127, 1117–1127. [Google Scholar] [CrossRef]

	



Gauthier, J.; Hirayama, A.V.; Hay, K.A.; Li, D.; Lymp, J.; Sheih, A.; Purushe, J.; Pender, B.S.; Hawkins, R.M.; Vakil, A. Efficacy and toxicity of CD19-specific chimeric antigen receptor T cells alone or in combination with ibrutinib for relapsed and/or refractory CLL. Biol. Blood Marrow Transplant. 2019, 25, S9–S10. [Google Scholar] [CrossRef]

	



Gill, S.I.; Vides, V.; Frey, N.V.; Metzger, S.; O’Brien, M.; Hexner, E.; Mato, A.R.; Lacey, S.F.; Melenhorst, J.J.; Pequignot, E. Prospective clinical trial of anti-CD19 CAR T cells in combination with ibrutinib for the treatment of chronic lymphocytic leukemia shows a high response rate. Blood 2018, 132 (Suppl. S1), 298. [Google Scholar] [CrossRef]

	



Lemal, R.; Tournilhac, O. State-of-the-art for CAR T-cell therapy for chronic lymphocytic leukemia in 2019. J. Immunother. Cancer 2019, 7, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, C.A.; Bilgi, M.; Gerken, C.P.; Dakhova, O.; Mei, Z.; Grilley, B.J.; Gee, A.P.; Rooney, C.M.; Dotti, G.; Savoldo, B. CD30-chimeric antigen receptor (CAR) T cells for therapy of Hodgkin lymphoma (HL). Blood 2018, 132 (Suppl. S1), 680. [Google Scholar] [CrossRef]

	



Grover, N.S.; Park, S.I.; Ivanova, A.; Eldridge, P.; McKay, K.; Cheng, C.; Laing, S.; Covington, D.; West, J.; Sharf, E. A phase Ib/II study of anti-CD30 chimeric antigen receptor T cells for relapsed/refractory CD30+ lymphomas. Biol. Blood Marrow Transplant. 2019, 25, S66. [Google Scholar] [CrossRef]

	



Goldschmidt, H.; Ashcroft, J.; Szabo, Z.; Garderet, L. Navigating the treatment landscape in multiple myeloma: Which combinations to use and when? Ann. Hematol. 2019, 98, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Chim, C.S.; Kumar, S.K.; Orlowski, R.Z.; Cook, G.; Richardson, P.G.; Gertz, M.A.; Giralt, S.; Mateos, M.V.; Leleu, X.; Anderson, K.C. Management of relapsed and refractory multiple myeloma: Novel agents, antibodies, immunotherapies and beyond. Leukemia 2018, 32, 252–262. [Google Scholar] [CrossRef]

	



Sonneveld, P. Management of multiple myeloma in the relapsed/refractory patient. Hematology 2017, 2017, 508–517. [Google Scholar] [CrossRef]

	



Nijhof, I.S.; van de Donk, N.W.; Zweegman, S.; Lokhorst, H.M. Current and new therapeutic strategies for relapsed and refractory multiple myeloma: An update. Drugs 2018, 78, 19–37. [Google Scholar] [CrossRef]

	



Tai, Y.T.; Anderson, K.C. Targeting B-cell maturation antigen in multiple myeloma. Immunotherapy 2015, 7, 1187–1199. [Google Scholar] [CrossRef]

	



Novak, A.J.; Darce, J.R.; Arendt, B.K.; Harder, B.; Henderson, K.; Kindsvogel, W.; Gross, J.A.; Greipp, P.R.; Jelinek, D.F. Expression of BCMA, TACI, and BAFF-R in multiple myeloma: A mechanism for growth and survival. Blood 2004, 103, 689–694. [Google Scholar] [CrossRef]

	



Brudno, J.N.; Maric, I.; Hartman, S.D.; Rose, J.J.; Wang, M.; Lam, N.; Stetler-Stevenson, M.; Salem, D.; Yuan, C.; Pavletic, S.; et al. T cells genetically modified to express an anti–B-cell maturation antigen chimeric antigen receptor cause remissions of poor-prognosis relapsed multiple myeloma. J. Clin. Oncol. 2018, 36, 2267. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, K.M.; Garrett, T.E.; Evans, J.W.; Horton, H.M.; Latimer, H.J.; Seidel, S.L.; Horvath, C.J.; Morgan, R.A. Effective targeting of multiple B-cell maturation antigen–expressing hematological malignances by anti-B-cell maturation antigen chimeric antigen receptor T cells. Hum. Gene Ther. 2018, 29, 585–601. [Google Scholar] [CrossRef]

	



Raje, N.; Berdeja, J.; Lin, Y.I.; Siegel, D.; Jagannath, S.; Madduri, D.; Liedtke, M.; Rosenblatt, J.; Maus, M.V.; Turka, A.; et al. Anti-BCMA CAR T-cell therapy bb2121 in relapsed or refractory multiple myeloma. N. Engl. J. Med. 2019, 380, 1726–1737. [Google Scholar] [CrossRef] [PubMed]

	



Topp, M.S.; Duell, J.; Zugmaier, G.; Attal, M.; Moreau, P.; Langer, C.; Krönke, J.; Facon, T.; Salnikov, A.V.; Lesley, R. Anti–B-cell maturation antigen BiTE molecule AMG 420 induces responses in multiple myeloma. J. Clin. Oncol. 2020, 38, 775–783. [Google Scholar] [CrossRef]

	



Madduri, D.; Berdeja, J.G.; Usmani, S.Z.; Jakubowiak, A.; Agha, M.; Cohen, A.D.; Stewart, A.K.; Hari, P.; Htut, M.; O’Donnell, E.; et al. CARTITUDE-1: Phase 1b/2 study of ciltacabtagene autoleucel, a B-cell maturation antigen–directed chimeric antigen receptor T cell therapy, in relapsed/refractory multiple myeloma. In Proceedings of the 2020 American Society of Hematology Annual Meeting, San Diego, CA, USA, 5 December 2020. [Google Scholar]

	



Munshi, N.; Anderson, L.; Shah, N.; Jagannath, S.; Berdeja, J.G.; Lonial, S.; Raje, N.S.; Siegel, D.S.D.; Lin, Y.; Oriol, A.; et al. Idecabtagene vicleucel (ide-cel; bb2121), a BCMA-targeted CAR T-cell therapy, in patients with relapsed and refractory multiple myeloma (RRMM): Initial KarMMa results. J. Clin. Oncol. 2020, 38, 8503. [Google Scholar] [CrossRef]

	



Britten, O.; Ragusa, D.; Tosi, S.; Mostafa Kamel, Y. MLL-Rearranged Acute Leukemia with t (4; 11)(q21; q23)—Current Treatment Options. Is There a Role for CAR-T Cell Therapy? Cells 2019, 8, 1341. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 00853 g001 550] 





Figure 1. Pathophysiology of cytokine release syndrome (CRS) with the activation of different cytokines. The clinical picture can differ from mild, only representing with fever (Grade 1), to life-threatening conditions (Grade 4). Reprinted from Alexander Shimabukuro-Vornhagen et al. J Immunother Cancer 2018;6:56 with permission from the Journal for ImmunoTherapy of Cancer [16]. 
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Figure 2. Clinical presentation of CRS. Symptoms can range from fever to the affection of multiple organs. Abbreviations: DIC: disseminated intravascular coagulation; INR: international normalised ratio; PTT: partial thromboplastin time. Reprinted from Alexander Shimabukuro-Vornhagen et al. J Immunother Cancer 2018;6:56 with permission from the Journal for ImmunoTherapy of Cancer [16]. 
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Figure 3. Flow Cytometric Analyses in Primary AML Samples and Normal Haematopoietic Cells. (A–D) Expression (% positive) of the 24 candidate antigens and the three CAR targets in current clinical investigation (most right three) in bulk AML population (A), in leukaemic CD34+CD38− cells (B), in normal BM CD34+CD38− CD45RA− CD90+ HSCs (blue), CD34+ CD38+ progenitor cells (light blue) (C), or in freshly purified (green) or activated (brown) normal CD3+ peripheral blood T cells (D). Data are represented as mean ± SD. (E) Summary of expression levels (mean ± SEM) of four top targets in indicated cell populations. **** p < 0.0001 (Student’s t-test). Reprinted from Perna F, Berman SH, Soni RK, et al. Integrating proteomics and transcriptomics for systematic combinatorial chimeric antigen receptor therapy of AML. Cancer Cell 2017; 32: 506–519.e505 with permission from Elsevier [42]. 
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