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Abstract

:

Chimeric antigen receptor (CAR) T-cell therapy has already achieved remarkable remissions in some difficult-to-treat patients with B-cell malignancies. Although the clinical experience in chronic lymphocytic leukemia (CLL) patients is limited, the proportion of remissions reached in this disease is clearly the lowest from the spectrum of B-cell tumors. In this review, we discuss the antigenic targets exploited in CLL CAR-T therapy, the determinants of favorable responses, as well as the mechanisms of treatment failure specific to this disease.
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1. Introduction


Chronic lymphocytic leukemia (CLL) is a lymphoproliferative disease of neoplastic B cells, which accumulate in the blood, bone marrow, lymph nodes, and spleen [1]. CLL is the most common adult leukemia in Western countries. It is a disease of the elderly, with a median age at diagnosis of 72 years. As such, CLL clinical management is oftentimes challenging and highly individualized based on the age of patients, their comorbidities, and the biological features of CLL cells [2].



Hematopoietic stem cell transplantation (HSCT) is still the only possibly curative therapeutic option, but it is rarely indicated due to its high procedure-related risk [3]. Its application is reserved for a specific subgroup of high-risk CLL patients, defined by clinical and/or genetic resistance (TP53 abnormalities) to treatment with chemoimmunotherapy and unresponsiveness to pathway inhibitors [4]. In the remaining cases, other treatment options are applied instead, ranging from the watch-and-wait approach in the case of early-stage asymptomatic CLL to chemoimmunotherapy or targeted therapy with specific B cell pathway inhibitors, capable of inducing prolonged remission in patients with more advanced disease [1]. In recent decades, chimeric antigen receptor (CAR) T-cell immunotherapy emerged as another exciting treatment modality for high-risk relapsed/refractory (r/r) CLL patients with resistance to other treatment modalities, complex cytogenetics, and/or TP53 abnormalities [5], who would otherwise have dismal prognoses. Generally, a lymphodepleting regimen is applied prior to CAR T-cell infusion to potentiate the clinical effect [6]. CAR T cells are T lymphocytes that have been genetically modified to express CAR on their surface. CARs are artificially engineered fusion proteins that incorporate antigen-recognition moieties and T-cell activation domains in a modular manner. They exploit antibody-derived single-chain variable fragments (scFvs) for targeting surface molecules in their native conformation [7]. Thus, CARs are capable of major histocompatibility complex-independent tumor cells’ recognition, extending the T-cell specificity to any target of choice, as long as there is an antibody available for it.



The T-cell response intensity can be fine-tuned by incorporating different activation domains in the CAR design, making this system highly adjustable. At first, only the CD3ζ domain was fused in tandem with the antigen-recognition module. However, these so-called first-generation CARs showed only a limited clinical effect [8]. The addition of a costimulatory signaling domain (e.g., CD28 or 4–1BB) produced the second generation of CARs, which showed significantly improved efficacy [9] and remain the most used design nowadays. Coupling of two costimulatory domains into the receptor sequence distinguishes the third generation CARs, whereas the fourth generation CARs are enhanced even further, e.g., with transgenes for cytokine secretion or other modifications [10].



Although this immunotherapy proved to be a true breakthrough in cases of certain B-cell malignancies [11,12], where it has already been approved for application outside of clinical trials, the benefit of CAR T cells in CLL has not been as clear [13]. In the present review, we discuss the CLL target antigens together with clinical and pre-clinical data supporting their selection, the determinants of clinical responses in CLL, as well as the mechanisms of treatment resistance specific to the disease.




2. Target Antigen


The CAR target should ideally be immunogenic, completely tumor-specific, and highly expressed on the surface of all tumor cells [14]. In this regard, CLL cells are characterized by expression of candidate surface antigens CD19, CD20, and CD23 [15], and either κ or λ immunoglobulin light chain [16]. Some of these markers have already become relevant antigenic targets for CAR T-cell therapy in clinical trials (Table 1), while other surface molecules are still only in the preclinical stages of development.



2.1. CD19


CD19, encoded by the CD19 gene located on the short arm of chromosome 16, is a transmembrane protein specifically expressed on the surface of all B-lineage cells, with the exception of plasma cells. Likely due to its role in B-cell receptor signaling [33], CD19 expression is rarely lost upon B-cell neoplastic transformation [34,35]. Consequently, it is still the most preferred antigenic target in CAR T-cell clinical trials of CLL patients.



Over 100 CLL patients have been treated with anti-CD19 CAR T cells to date (Table 1). Apart from one study, which enrolled cases with only a partial response to first-line chemoimmunotherapy [25], the remaining patients were heavily pre-treated, and the majority of them relapsed and/or were refractory to conventional therapy regimens. Nine patients experienced a relapse after HSCT [20,23]. In consequence, most of the patients received autologously derived CAR T cells, whereas those recurring after HSCT had their infusion products prepared from donors’ lymphocytes. Of note, the most recent study provided promising evidence that the application of off-the-shelf allogeneic CAR natural killer (NK) cells produced from cord blood is also feasible in CLL, without the need for HLA matching [29].



Notably, the study protocols of some recent trials have evaluated several therapy variations since their first use in CLL in 2011 [5]. Currently, several groups have tested the use of a controlled ratio of 1:1 CD4+:CD8+ cells in the final infusion product [24,27,28], which can hypothetically improve the clinical efficacy. Additionally, the use of a humanized anti-CD19 scFv in the CAR design [26] as opposed to the mice-derived sequence still used most frequently, may potentially help to minimize the immune reaction of the recipient to the treatment, thus increasing the possibility of a successful engraftment. Recently, a large study concluded that a high dose of 5 × 108 CAR T cells may be more effective at inducing CR in advanced CLL [30].



The overall response rate (ORR; sum of CRs and PRs) varies widely among the studies published so far, and it is challenging to draw conclusions regarding the efficacy. However, studies with the lowest ORR (Table 1 [17,20,23]) commonly lack the application of lymphodepleting chemotherapy prior to CAR T-cell infusion in the study protocol. This common feature once more underlines the importance of proper conditioning of the recipient, which strongly impacts the treatment efficacy. It is thought that this is due to a combination of a decrease in residual tumor mass and of the number of regulatory cells, which may trigger a reaction against the infused CAR T cells. Additionally, a slightly better ORR was achieved in trials incorporating the 4–1BB costimulatory domain in the CAR design (66% vs. 56%), which agrees with the preclinical data showing enhanced antileukemic efficacy and survival of this specific design [9]. Finally, long-term ibrutinib therapy prior to T-cell collection was shown to have a positive impact on CAR T-cell expansion, and thus treatment efficacy [36].



The average rate of CR induction in anti-CD19 studies listed in Table 1 is 32% (ranging from 0% to 60%). Of note, many of these remissions were durable [18,19,21,22,23,29,30,37]. Yet, considering the remissions induced by anti-CD19 CAR T cells in other B-cell-derived malignancies (68% to 93% in patients with acute B-lymphoblastic leukemia (ALL) [11,38], and 64 to 86% in B-cell lymphomas [12,39,40]), the efficacy of the therapy is far below expectations in the CLL scenario. The therapy failure was mostly caused by insufficient T-cell expansion and persistence upon infusion [22,23,24], and was also more frequent among patients with a bulky, aggressive nodal disease [24]. Additionally, although patients with recurrent/persistent disease after CAR T-cell infusions generally remained CD19+ [20], a significant portion of patients experienced a disease relapse through antigen-negative escape mechanisms (e.g., a CD19 dim Richter’s transformation [22] or a CD19− relapse [24]).




2.2. CD20


B-lymphocyte antigen CD20 is expressed on the surface of all B cells beginning at the late pro-B-cell stage and progressively increasing in concentration until maturity. Interestingly, the exact biologic function of CD20 is unknown, since its involvement in BCR signaling and its alleged function as a calcium channel remain controversial [41].



Nevertheless, CD20 is one of the oldest CLL immunotherapeutic targets. It has been very successfully exploited in CLL treatments with monoclonal antibodies, such as rituximab, ofatumumab, and obinutuzumab [42], although its prolonged therapeutic targeting was associated with downregulation of its expression [43]. Still, encouraging data exist from pivotal anti-CD20 CAR T-cell clinical trials in B-cell lymphomas [44,45], and several anti-CD20 CAR T-cell clinical trials are currently recruiting r/r CLL patients (e.g., NCT03277729). Additionally, three CLL patients were recently enrolled in a clinical trial treating patients with various B-cell malignancies using bispecific anti-CD20/anti-CD19 CAR T-cells (Table 1). Two of the CLL patients experienced durable ongoing remissions, and the third patient reached a partial response [31]. If these encouraging results are replicated in more patients, the latter approach may represent a tool to avoid the emergence of a CD19−− recurrence. Recurrent/persistent disease recorded in this trial was not due to an antigen-negative escape (neither CD19 nor CD20), but rather to inefficient T-cell engraftment.




2.3. κ Immunoglobulin Light Chain


Targeting of the pan-B cell markers CD19 and CD20 by CAR T cells generally leads to the long-term impairment of humoral immunity due to B-cell aplasia, induced by a successful treatment. Therefore, alternative targets were investigated [46]. In this regard, B lymphocytes express surface monoclonal immunoglobulins with either κ or λ light chains. Since κ/λ expression is clonally restricted, the malignant CLL cells in a given patient express either κ or λ light chain [47]. Thus, CARs targeting the light chain expressed by the tumor should spare normal B cells expressing the reciprocal light chain. Preclinical in vitro and in vivo data using CLL cell lines as well as primary CLL cells showed a potent cytotoxic effect of anti-κ CAR T-cells against Igκ+ tumors [48]. This antigenic target was further explored in a phase 1 clinical trial including two CLL patients (Table 1). A stable disease was the best response achieved in CLL in this trial [32]. Notably, there was no lymphodepletion applied in these patients prior to anti-κ CAR T-cell infusion, which could hamper the efficacy of the therapy and thus partially explains the suboptimal outcome.




2.4. Antigens in Preclinical Development


The receptor tyrosine kinase-like orphan receptor 1 (ROR1) was identified as a highly expressed gene in CLL, but not in normal B cells or in any major adult tissue apart from low levels in adipose tissue, pancreas, lung, and at early stage B-cell development. Thus, its targeting by CAR should lead to a tumor-specific elimination. In vitro anti-ROR1 CAR T cells exert cytotoxicity towards primary CLL cells [48], and the treatment is well-tolerated in vivo in nonhuman primates [49]. Consequently, a phase 1 clinical trial (NCT02706392) is currently recruiting refractory CLL patients to evaluate the efficacy of anti-ROR1 CAR T cells in this disease.



CD37 is yet another transmembrane molecule studied as a possible target for CARs in CLL. Its expression is restricted to lymphoid tissues, in particular to mature B-cells, with low levels of expression on plasma cells and dendritic cells, and it is maintained even after neoplastic transformation. In vitro anti-CD37 CAR T cells were activated in the presence of primary CLL cells, and in vivo, they exhibited antitumor cytotoxic activity against other B-cell malignancies. Additionally, bispecific anti-CD37/anti-CD19 CAR T cells were already successfully prepared for preclinical research purposes [50].



Other alternative antigens were searched for to expand the portfolio of CLL targets, which would be specific and sustained in their expression. Particular interest lies in the identification of a target unique for CLL cells that is absent in normal healthy B cells. The Fcµ receptor seems to be one such candidate with consistently high CLL expression and rather low presence on normal B cells. FcµR-specific CAR T cells were shown to successfully eliminate leukemic cells, whereas healthy B cells were spared, both in vitro and in vivo [51]. Targeting this antigen would thus avoid the long-term B-cell aplasia commonly associated with current CAR T-cell targets.





3. Determinants of Clinical Response and Treatment Resistance


Considering the results from all clinical trials, approximately only every third CLL patient will reach a complete remission with CAR T-cell therapy. Thus, it would be highly desirable to identify markers that can predict the success of this technically and economically demanding therapy in the CLL scenario. Determinants intrinsic to the infusion product as well as disease-specific characteristics may affect the clinical efficacy of this therapy. Likely due to the limited clinical experience (the largest trials only enrolled a few tens of patients), only a handful of studies are addressing this need so far; further research is urgently needed.



A central driving feature of CLL pathogenesis is early immune deficiency, which promotes tumor expansion and evasion of immune surveillance [52]. Clearly, this defect affecting T lymphocytes, which can be further aggravated by therapy (especially chemotherapy), may impair the expansion and activity of CAR T cells. Interestingly, the tumor microenvironment in CLL also differs from the environment found in ALL patients, likely contributing to the differential efficiency of CAR T-cell therapy in these two entities. It was shown that CLL cells have an impact on T cells, leading to severe skewing of T-cell repertoire, particularly in effector memory T cells, and inducing changes in T-cell gene expression profiles [53]. An analysis of global gene expression in purified CD4+ and CD8+ T cells from CLL patients revealed profound changes in the expression of genes mainly involved in cell differentiation, actin cytoskeletal reorganization, vesicle trafficking, and cytotoxicity pathways [54]. Consequently, T cells derived from CLL patients showed impaired formation of immune synapse with leukemia cells and defective recruitment of key regulatory proteins to the synapse. However, this defect could be partially reversed by immunomodulatory drugs such as lenalidomide [55].



T cells isolated from CLL patients also showed dysregulated expression of immune checkpoint molecules programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4) and more activated phenotype [56]. Higher proportions of antigen-experienced T cells were observed in CLL patients, with high PD-1 expression. Moreover, higher numbers of both CD4+ and CD8+ cells expressing PD-1 were found; higher numbers of T cells with intracellular CTLA-4 and high numbers of proliferating and activated CD4+ and CD8+ cells. These alterations were more pronounced in the patients with active disease. Another study demonstrated that CLL-derived T cells display features of cell exhaustion with overexpression of exhaustion markers CD244, CD160, and PD-1 [57]. Other markers of exhaustion, such as CTLA-4, TIM3, or LAG3, were found to be normal. On the contrary, these T cells retained the capacity for cytokine production as they showed normal IL-2 production, increased production of IFN-γ and TNFα, and a higher TBET expression. CD8+ T cells derived from CLL patients demonstrated defects in granzyme granule relocalization into the immune synapse. Consequently, they exerted defects in proliferation and target-cell killing.



These findings suggest that strategies combining anti-CD19 CAR T cells with immune checkpoint inhibitors or other methods to stimulate T-cell recognition of tumor cells would be appropriate. Interestingly, it was found that five or more cycles of ibrutinib, a BTK inhibitor often used in CLL therapy, especially for the management of adverse prognosis patients [58], caused a decreased expression of the immunosuppressive molecule PD-1 on T cells. Moreover, ibrutinib therapy improved the expansion of anti-CD19 CAR T cells in vivo [36]. These data likely explain the encouraging results observed in several clinical trials combining CAR T-cell therapy with ibrutinib [26,28].



The leading cause of CAR T-cell treatment failure is the inefficient engraftment of the infusion product. The largest study so far, gathering 41 CLL patients for the analyses, identified the mechanistically relevant T-cell subpopulation responsible for mediating tumor control, and underscored the need for minimizing culture time, using alternative cytokines or performing metabolic engineering or other approaches, such as IL-6/STAT3-pathway modulation, in the production process in order to maintain a less-differentiated phenotype of T cells in the infusion product. In detail, an increased proportion of memory-like CD45RO−CD27+CD8+ T cells was found to be associated with favorable responses to CAR-T therapy. The effectiveness of CAR T-cell therapy for CLL was improved by treating patients with cells enriched in CD27+PD-1−CD8+ lymphocytes that expressed high IL-6 receptor levels [13]. The presence of this CAR T-cell subpopulation in the infusion product may thus be used as a marker for predicting efficient therapeutic responses. Likewise, upregulation of genes involved in T-cell exhaustion, activation, glycolysis, and apoptosis in the patient’s T cells might serve as exclusion criteria in determining likely non-responding cases.



The locations of CAR vector integration acceptor sites in the T-cell genome seem to play a role in the clinical outcome [59,60]. Firstly, a single CLL case of CAR-triggered insertional mutagenesis, which led to T-cell clonal expansion and eventually to complete remission, was described. In this particular case, the anti-CD19 CAR vector was integrated into the locus of the TET2 gene, encoding a demethylation enzyme, sharply reducing the activity of the disrupted protein. This completely stochastic integration event led to the rapid expansion and domination of a single CAR T-cell clone, exhibiting a less-differentiated central memory phenotype in the patient [59]. This result was promptly validated in a study where the locations of CAR vector integration sites were correlated with clinical outcomes in 29 CLL and 11 ALL patients. Several other hotspot sites were identified, which, when disrupted by the transgene insertion, led to a preferential expansion and long-term persistence of a specific clone. Additionally, a multivariate model based on integration site distributions in the pre-infusion products capable of forecasting response in CLL was developed in the mentioned study [60].



Finally, data from clinical studies have so far failed to identify any clear patient- or disease-specific factors predicting which subjects will respond best to CAR T-cell immunotherapy [13,22]. No association between the response and patient age, previous therapies, disease stage, IGHV mutation status, or CD19 surface level has been observed. However, patients with predominantly nodal disease seem to beneficiate less from this particular treatment [24]. This may be partially remedied by concurrent ibrutinib treatment, which is known to cause an efflux of tumor cells from the tissue compartments into the blood [61]. Additionally, some preclinical evidence exists showing that TP53-mutated CLL gives rise to early disease onset, high tumor burden, and inefficient T-cell engraftment in a mouse model, leading to inferior performance of anti-CD19 CAR T cells [62]. When we closely inspected patient lists from anti-CD19 clinical trials (Table 1), only 3 of 20 cases unequivocally bearing del17p (TP53 genetic locus) reached complete remissions.



It has been calculated that up to 20% of disease relapses in B-cell ALL and lymphomas treated with anti-CD19 CAR T cells arise due to tumor escape characterized by the lack of CD19 expression on the surface of neoplastic cells [63,64]. Even though the clinical experience is limited in CLL, such relapses have already been recorded [22,24], and they will likely affect more CLL patients in the future. Some of the mechanisms driving these relapses in other B-cell malignancies are already known. CD19 gene mutations [65], alternative splicing of CD19 mRNA [66], and cell lineage switch [67,68] are among the mechanisms already described to drive antigen-negative escape in CD19−− relapses of ALL. It remains to be determined whether these mechanisms are present also in the CLL setting (which is highly likely), and what other alterations occur in relapsed CLL patients. Of note, epigenetic mechanisms may presumably play a role in CAR T-cell-triggered CD19 regulation, as CD19 promoter hypermethylation causing a lack of CD19 surface expression was recently described in a preclinical relapse model of CLL (manuscript under revision).




4. CAR T-Cell-Induced Toxicities in CLL


CAR T-cell therapy is classically associated with cytokine release syndrome (CRS), which reflects the biological mechanism of action of this treatment [69]. In the case of anti-CD19 CAR T cells, CRS is initiated by the activation and proliferation of CAR T-cells after CD19+ target cell recognition, leading to production of inflammatory cytokines (such as IL-6, IFN-γ, IL-10, etc. [70]), ultimately causing a plethora of symptoms such as fever, vomiting, seizures, and even organ failure. CRS has oftentimes been reported in CLL clinical trials [5,17,18,19,21,22,23,24,25,26,27,28,30]. However, even the more severe cases were generally reversible when treated with tocilizumab (antibody against IL-6 receptor) and corticosteroids. It is difficult to draw conclusions regarding the incidence of this complication since the available studies only describe clinical experience with a handful of patients. However, the largest series published so far found a significant positive correlation between the percentage of leukemic B cells in marrow before therapy and the incidence of CRS. Likewise, patients affected by CRS had higher peak numbers of CAR T cells in the blood after infusion, accompanied by higher peak values of several cytokines [24]. Finally, there are indications that concomitant CAR T-cell and ibrutinib therapy may decrease the incidence of severe CRS [26,27,71], presumably due to lower levels of inflammatory cytokines found in the patients receiving this combinatory treatment [71].



Although CRS is an expected toxicity of CAR T-cell immunotherapy, unexpected neurological complications (such as cerebral edema) have also been reported in CLL clinical trials, some of which were severe [71] or even fatal [24]. Nevertheless, neither the moment of onset nor the severity of the described toxicities (CRS and/or neurotoxicities) seem to differ from other hematological diseases; therefore, no CLL-specific instructions are currently used in clinical trials [72]. In this regard, the use of the off-the-shelf allogeneic CAR NK-cells, while inducing clinical response, was not associated with the development of any major toxic effects [29].




5. Conclusions and Future Perspectives


CAR T-cell therapy is an appealing treatment modality in CLL as it induces durable remissions in patients with unfavorable prognoses. Additionally, recent advances have provided some crucial data, which may help to potentiate the clinical effect even further. Concurrent use of ibrutinib, inducing lymphocytosis as well as partially reversing T-cell exhausted phenotype in the CLL patients, seems especially promising. Locus-specific insertion of the transgenic vector in the genome of recipient T cells with systems such as CRISPR/Cas9 may further improve the efficacy of the treatment. The generation of allogeneic CAR T cells may help to overcome the issue of low-quality or non-functional T cells that are often leukapheresed from heavily pretreated CLL patients. On the contrary, the use of selected T-cell subpopulations, defined CAR T-cell subtype compositions, or combinations of CAR T cells with immune checkpoint inhibitors (or other yet to be determined inhibitors) may further boost the therapeutic response in CLL patients. Bispecific CARs targeting two antigens on the surface of the cancer cell may alleviate the emergence of an antigen-negative relapse. Finally, it will be essential to identify suitable biomarkers dissecting responders from non-responders in order to tailor treatment and to avoid unsuccessful infusions with this costly and complex cellular therapy.
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Table 1. CAR T-cell clinical trials carried out in CLL to date. r/r, relapsed/refractory; *, relapsed after hematopoietic stem cell transplantation (HSCT); ORR, overall response rate; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NR, no response; NK, natural killer.






Table 1. CAR T-cell clinical trials carried out in CLL to date. r/r, relapsed/refractory; *, relapsed after hematopoietic stem cell transplantation (HSCT); ORR, overall response rate; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NR, no response; NK, natural killer.














	Study
	Target
	Participants
	Infusion Product
	Comment
	Clinical Efficacy
	% ORR





	[5]
	CD19
	1 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	
	1× CR
	100



	[17]
	CD19
	8 r/r
	Autologous bulk T-cells;

2nd generation with CD28
	No conditioning in 3 patients
	3× SD, 4× PD,

1× not evaluable
	0



	[18]
	CD19
	3 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	
	2× CR, 1× PR
	100



	[19]
	CD19
	4 r/r
	Autologous bulk T-cells;

2nd generation with CD28
	Combined with IL-2
	1× CR, 2× PR, 1× SD
	75



	[20]
	CD19
	4 r/r*
	Allogeneic bulk T-cells;

2nd generation with CD28
	HSCT donor-derived CAR T-cells, no conditioning
	1× PR, 1× SD, 2× PD
	25



	[21]
	CD19
	5 r/r
	Autologous bulk T-cells;

2nd generation with CD28
	
	3× CR, 2× PR
	100



	[22]
	CD19
	14 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	
	4× CR, 4× PR, 6× NR
	57



	[23]
	CD19
	5 r/r*
	Allogeneic bulk T-cells;

2nd generation with CD28
	HSCT donor-derived CAR T cells, no conditioning
	1× CR, 1× PR, 1× SD, 2× PD
	40



	[24]
	CD19
	24 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	1:1 CD 4 +: CD8+ ratio for infusion
	4× CR, 13× PR, 1× SD, 5× PD,

1× not evaluable
	71



	[25]
	CD19
	8 PR after 1st chemoimmunotherapy
	Autologous bulk T-cells;

2nd generation with CD28
	
	2× CR, 3× SD, 3× PD
	75



	[26]
	CD19
	19 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	Humanized anti-CD19 scFv,

concurrent ibrutinib
	10× CR, 1× PD,

8× not evaluable
	53



	[27]
	CD19
	10 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	1:1 CD 4 +: CD8+ ratio for infusion
	4×CR, 2×PR, 2×NR, 2× not evaluable
	60



	[28]
	CD19
	19 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	1:1 CD 4 +:CD8+ ratio for infusion, concurrent ibrutinib
	4× CR, 11× PR, 3× NR,

1× not evaluable
	79



	[29]
	CD19
	5 r/r
	Allogeneic NK-cells

4th generation with CD28, IL-15, and inducible caspase 9
	CAR NK cells derived from cord blood
	3× CR, 1× PR, 1× NR
	80



	[30]
	CD19
	32 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	Low (5 × 107) or high (5 × 108) dose of CAR T-cells
	9× CR, 5×PR, 18× NR
	44



	[31]
	CD19 + CD20
	3 r/r
	Autologous bulk T-cells;

2nd generation with 4–1BB
	Bispecific design
	2× CR, 1× PR
	100



	[32]
	Igκ
	2 r/r
	Autologous bulk T-cells;

2nd generation with CD28
	
	1× SD, 1× PD
	0
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