

  cancers-13-05418




cancers-13-05418







Cancers 2021, 13(21), 5418; doi:10.3390/cancers13215418




Review



The Race of CAR Therapies: CAR-NK Cells for Fighting B-Cell Hematological Cancers



Lara Herrera 1,2, Silvia Santos 1,2, Miguel Angel Vesga 1,2, Tomas Carrascosa 3,4, Juan Carlos Garcia-Ruiz 4,5,6[image: Orcid], Antonio Pérez-Martínez 7,8,9[image: Orcid], Manel Juan 10,11,12,13[image: Orcid] and Cristina Eguizabal 1,2,*[image: Orcid]





1



Cell Therapy, Stem Cells and Tissues Group, Biocruces Bizkaia Health Research Institute, 48903 Barakaldo, Bizkaia, Spain






2



Basque Centre for Blood Transfusion and Human Tissues, 48960 Galdakao, Bizkaia, Spain






3



Hematology and Hemotherapy Service, Galdakao-Usansolo University Hospital, 48960 Galdakao, Bizkaia, Spain






4



Hematological Cancer Group, Biocruces Bizkaia Health Research Institute, 48903 Barakaldo, Bizkaia, Spain






5



Hematology and Hemotherapy Service, Cruces University Hospital, 48903 Barakaldo, Bizkaia, Spain






6



Faculty of Medicine and Nursing, University of the Basque Country UPV/EHU, 48940 Leioa, Bizkaia, Spain






7



Translational Research in Pediatric Oncology, Hematopoietic Transplantation and Cell Therapy, Hospital La Paz Institute for Health Research (IdiPAZ), 28046 Madrid, Spain






8



Faculty of Medicine, Universidad Autónoma de Madrid, 28046 Madrid, Spain






9



Pediatric Hemato-Oncology Department, Hospital Universitario La Paz, 28046 Madrid, Spain






10



Clinical Immunology Program, Hospital Sant Joan de Déu-Hospital Clínic Barcelona, 08950 Esplugues de Llobregat, Barcelona, Spain






11



Immunotherapy Platform, Hospital Sant Joan de Déu-Hospital Clínic, Universitat de Barcelona, 08950 Esplugues de Llobregat, Barcelona, Spain






12



Department of Immunology-CDB, Hospital Clínic-IDIBAPS, 08007 Barcelona, Spain






13



Universitat de Barcelona, 08007 Barcelona, Spain









*



Correspondence: cristina.eguizabalargaiz@osakidetza.eus; Tel.: +34-944007151







Academic Editors: Seung-Hwan Lee and Scott McComb



Received: 9 September 2021 / Accepted: 25 October 2021 / Published: 28 October 2021



Abstract

:

Simple Summary


Over the last few years, CAR-T cells have arisen as one of the most promising immunotherapies against relapsed or refractory hematological cancers. Despite their good results in clinical trials, there are some limitations to overcome, such as undesirable side-effects or the restraints of an autologous treatment. Therefore, CAR-NK cells have emerged as a good alternative for these kinds of treatments. This review discusses the advantages of CAR-NK cells compared to CAR-T cells, as well as the different sources and strategies in order to obtain these CAR-NK cells.




Abstract


Acute lymphoblastic leukemia (ALL) and Chronic lymphocytic leukemia (CLL) are the most common leukemias in children and elderly people, respectively. Standard therapies, such as chemotherapy, are only effective in 40% of ALL adult patients with a five-year survival rate and therefore new alternatives need to be used, such as immunotherapy targeting specific receptors of malignant cells. Among all the options, CAR (Chimeric antigen receptor)-based therapy has arisen as a new opportunity for refractory or relapsed hematological cancer patients. CARs were designed to be used along with T lymphocytes, creating CAR-T cells, but they are presenting such encouraging results that they are already in use as drugs. Nonetheless, their side-effects and the fact that it is not possible to infuse an allogenic CAR-T product without causing graft-versus-host-disease, have meant using a different cell source to solve these problems, such as Natural Killer (NK) cells. Although CAR-based treatment is a high-speed race led by CAR-T cells, CAR-NK cells are slowly (but surely) consolidating their position; their demonstrated efficacy and the lack of undesirable side-effects is opening a new door for CAR-based treatments. CAR-NKs are now in the field to stay.
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1. Background


B cell leukemias, such as Acute lymphoblastic leukemia (ALL) and Chronic lymphocytic leukemia (CLL), are hematological cancers affecting young and elderly patients [1]. In a patient with ALL, large amounts of stem cells become B-lymphoblasts very quickly, so the function of leukemia cells is then compromised and they are unable to fight infection correctly. Furthermore, leukemia cell numbers increase in both blood and bone marrow to such a high level (100 or even 1000 times more than normal); as a consequence healthy white blood cells, red blood cells and platelets are reduced, leading to anemia, infection and easy bleeding [2]. The current protocol in the diagnosis and classification of ALL involves the study of its morphology, immunophenotype, cytochemistry, cytogenetics, and molecular genetics [3]. Particularly, the immunophenotype is vital for the initial diagnostic work-up of ALL. In all B-lineage ALLs, total expression of the CD19 surface marker is mainly present, along with the total or partial expression of other surface markers such as CD22, CD20 and CD33. The median content of blast cells in bone marrow is around 82% [4]. ALL is the most prevalent cancer in children, with a rate of 20–25% of all cases [5], but this disease has become highly curable, with five-year survival rates above 90% [6]. In contrast, the outcome in adults is quite different, with a five-year survival rate of 40% with conventional treatments. Prognosis is more adverse with age, and this may be due to more unfavorable cytogenetic/genetic anomalies and patient comorbidities [7].



In adults, CLL is one of the most frequent types of leukemia, which usually evolves moderately slowly. It is a low-grade lymphoproliferative neoplasm with ≥5 × 109/L clonal B-cells in the peripheral blood, which usually express CD19, CD20, dim CD23, and CD5 [8]. It generally manifests during or after middle age and is exceptional in children. In CLL, a large number of hematopoietic stem cells turn into anomalous lymphocytes and do not differentiate into healthy white blood cells; as a consequence, the lymphocytes are not able to fight infection appropriately. Moreover, CLL patients do not normally show any symptoms and are often diagnosed during a routine blood test [9]. The five-year survival rate for CLL patients is 79.2%, and it is still incurable in many patients [10]. Furthermore, a major complication of CLL is the transformation into a fast-growing type of non-Hodgkin Lymphoma (NHL) called diffuse large B-cell lymphoma (DLBCL). This is known as Richter’s transformation, and it happens in 2% to 10% of CLL cases. Rarely, in CLL patients, the leukemia can also transform into ALL, and when this occurs, the treatment administered to ALL patients is likely to be used in CLL patients as well [11].




2. Standard Therapies and Treatment Improvements against Hematological Cancers


2.1. Standard Therapies for ALL


Over the last four decades, ALL treatment advances have principally been made in the children and adolescent populations, with less success reported in adults [12,13] ALL patients are mainly treated with chemotherapy, and treatment is usually split into three phases: induction, consolidation and maintenance. The aim of induction chemotherapy is to bring the leukemia to the point where it lacks detectable tumor cells (complete remission). There are several chemotherapy drug combinations for the induction phase, which generally include dexamethasone, vincristine or prednisone, and an anthracycline drug such as daunorubicin or doxorubicin (Adriamycin), and L-aspaginase. Next, the aim of the consolidation phase is to eliminate any leukemia cells that may still be in the blood or bone marrow but are undetectable in tests. This reduces the risk of the leukemia relapse, and it often includes another short course of high doses chemotherapy, using methotrexate (MTX) and cytarabine (ARA-C). Lastly, after consolidation, in most cases the patient receives a chemotherapy maintenance regime of methotrexate and 6-mercaptopurine (6-MP) with the aim of ALL in remission. Occasionally, this may be given along with other drugs such as prednisone and vincristine. However, 10–20% of ALL patients are refractory, which means that the leukemia cells do not disappear with the first treatment. Next, different or higher doses of chemotherapy drugs may be used, such as clofarabin, even though the outcome is poorer [14,15,16,17]. Other drugs such as blinatumomab (Blincyto) [18], rituximab or inotuzumab ozogamicin (Besponsa) may be a choice for ALL patients [19]. A hematopoietic stem cell transplant (HSCT) may be tried when the ALL is put into remission. Minimal residual disease is a key variable for the HSCT outcome [20], since if the ALL enters into remission with the first treatment but then relapses, bone marrow and blood will be affected. The chosen treatment depends on the time elapsed from the initial treatment until the leukemia returns. In the event of a long time free of disease, a similar treatment may be tried for a second remission. However, if the relapse appears earlier, new drugs for more combative chemotherapy may be used [21,22].



There are two principal types of HSCT: allogenic stem cell transplants, in which the stem cells belong to a donor (bone marrow, blood or umbilical cord blood (CB), which is the preferred transplant for ALL patients; and autologous stem cell transplants, in which the patient receives their own blood cells.




2.2. Standard Therapies for CLL


A greater number of CLL patients have no symptoms at diagnosis, and all patients should be classified based on their risk. Patients classified as low-and intermediate-risk (~75% patients) should be checked for disease progression every half a year to a year, while those in the high and very high-risk group (~25% patients) should be checked every 3–6 months [23]. For the initiation of a treatment against CLL, patients must present any of the following symptoms: (a) progressive marrow failure, (b) progressive lymphocytosis, (c) massive nodes with or without progressive or symptomatic lymphadenopathy or (d) autoimmune complications of CLL [24]. Patients could also present clinical symptoms such as fever, asthenia or night sweats. Treatment choices for CLL differ widely, determined by the patient’s age, their risk group classification, and the different symptoms that led to treatment. Many patients live with CLL for a long time, but usually this disease is extremely hard to cure, and it has been proved that early treatment helps prolong life. Patients without significant comorbidity are treated with rituximab, fluradabine and cyclophosphamide; patients with comorbidity are treated with obinutuzumab-chlorambucil or rituximab-chlorambucil. Finally, patients who present deletions in 17p or alterations of p53 are treated with ibrutinib, idelalisib, ofatumumab or venetoclax [25].



Relapsed or refractory ALL or CLL patients after two or more lines of treatment may need alternative therapies to treat their disease. New therapies, especially immunotherapies, are emerging to treat these and other hematological cancers. Chimeric antigen receptor (CAR) based therapy is positioning itself as one of the most promising therapies for getting rid of the malignant cells. ALL and CLL biological and clinical milestones are summarized in Figure 1.




2.3. Immunotherapies against ALL and CLL


Immunotherapy is a type of therapy that uses substances to stimulate or suppress the immune system to help the body fight cancer, infection, and other diseases [26,27]. The 2018 Nobel Prize in Physiology or Medicine was awarded to Prof. James P. Allison and Prof. Tasuku Honjo for their achievements in cancer immunotherapy by inhibition of negative immune regulation. Several types of immunotherapies are used to treat cancer, and these treatments can either help the immune system attack the cancer directly or stimulate the immune system in a more general way. Indeed, prior to its designation as the Science Breakthrough of the Year in 2013, cancer immunotherapy was already active in the treatment of hematologic malignancies [28].



In ALL, complete remission (CR) rates after chemotherapy are low and range between 25 and 45% [29], with most of these patients dying, which leaves a lot of room for improvement. Generally, four different immunotherapies have been established to date, including conjugated monoclonal antibodies, naked monoclonal antibodies (mAbs), bispecific T cell engager (BiTE), and chimeric antigen receptor (CAR) T cell therapy [30]. These therapies can target different antigens present on the surface of B cells.



About 30 to 50% of late pre-B cell lymphoblasts express CD20 and it is linked to a higher relapse and lower survival rate [31,32]. Several drugs that target this receptor are used in the clinic, such as rituximab, which has been integrated into chemotherapy programs [33]; ofatumumab, which induces higher levels of Complement-dependent-Citotoxicity (CDC) and Antibody-Dependent-Cellular- Cytotoxicity (ADCC) compared to rituximab [34]; and obinutuzumab, which is designed to intensify ADCC as compared to ofatumumab and rituximab [35]. Although the Food and Drug Administration (FDA) approved it for first-line treatment of CLL, the clinical scene of pre-B ALL needs to be studied.



CD22 is present on leukemic blasts in >90% of ALL patients [36]. Mainly, two drugs are used in ALL for targeting the CD22 antigen, both monoclonal antibodies: epratuzumab, as an orphan drug [37] and inotuzumab ozogamicin (InO) [38].



CD19 is expressed in 90% of pre-B and mature ALL lymphoblasts, providing an interesting target for immunotherapy. A BiTE construct named blinatumomab binds CD19-positive B cells and CD3-positive cytotoxic T cells. The cytotoxic T cells are activated when binding to CD19 and induce cell death via direct tumor lysis [39]. In October 2017 the FDA approved one of the most promising cellular therapy-based treatments for relapsed B-cell ALL: Tisagenlecleucel (Kymriah from Novartis). A short time later, Axicabtagene Ciloleucel (Yescarta from Kite-Gilead) was approved for relapsed or refractory large B cell lymphomas. In 2020, a third treatment named Brexucabtagene Autoleucel (TECARTUS, Kite-Pharma) was approved by the FDA. These treatments are Chimeric antigen receptor (CAR) T-cell based therapies [40], the first two of which were approved in Europe by the European Medicines Agency (EMA) in June 2018, and the third, TECARTUS, was approved in December 2020.



With CLL, in most cases several immunotherapies are applied to the patients as a first-line therapy. These antibodies, such as Rituximab, Ofatumumab or Obinutuzumab, target the CD20 pathway [23], while a monoclonal antibody that binds to CD52 (alemtuzumab) targets CD52 present in lymphocytes for destruction. This immunotherapy is usually administered to patients previously treated with alkylating agents, and after failure of fludarabine therapy [41]. All these therapies are summarized in Table 1.





3. State of the Art of CD19-CAR-T Therapies. From Bench to Current Clinical Trials Results


In the 1980s, Israeli researchers expressed chimeric TCR genes including the TCR constant domains united to the variable domain from an antibody, which led to a hypothesis about CAR-T treatments [42]; in 1989, Gideon Gross and Zelig Eshhar developed the first CAR-T cells at the Weizmann Institute, Israel. Some years later, Prof. Carl H. June from the University of Pennsylvania tested genetically modified CAR-Ts in humans for the treatment of cancer and clinical use, and thanks to his work, the first FDA-approved gene therapy, named Tisagenlecleucel (Novartis), was developed and commercialized. A CAR is a chimeric receptor construct consisting of an extracellular single-chain variable fragment (scFv) derived from an antibody [43] or a full-length antibody [44]. It is connected to a hinge fragment, which acts as a “spacer” between the extracellular and intracellular part, being usually a CD8α, which enhances responses initiated by TCR [45]; a transmembrane domain, and a CD3 ζ chain, or FcR receptor γ, consisting of an intracellular tyrosine-based activation motif. This was the structure of the first generation CARs (1G) [46]. T cell activation could be mediated by TCR ligation of the host antigen. Two signals are needed to activate the T cells fully. One of the signals is through the TCR, whereas the second signal is activated by the recognition of CD86 or CD80 in the surface of antigen presenting cells (APC), co-stimulating CD28. Consequently, during infection or inflammation, APCs upregulate CD86 and CD80 and both signals, TCR and CD28, are activated, so that T-cells perform target killing, with long-term persistence [47,48]. Researchers accordingly designed a CAR which included the two-signal model of T-cell activation CD28 co-stimulatory domain along with CD3ζ ITAM domains [49]. These kinds of constructs constitute second generation CARs (2G). Furthermore, it has also been reported that other co-stimulatory domains, such as 4-1BB, support comparable in vivo improvements to CAR-T cell persistence and function [50]. Nonetheless, CAR-T cell properties could change in regard to these last two domains; CD28-based CARs have direct antitumor efficacy, while 4-1BB-based CARs have long persistence activity [51]. As a result, third generation (3G) CARs have been developed to include two co-stimulatory domains, 4-1BB and CD28 intracellular domains [52]. CARs from 2G or 3G containing the 4-1BB domain have been reported to have greater in vivo expansion and anti-tumor activity compared to CD28 2G CARs [53]. Due to the vast heterogeneity of cancer cells in solid tumors, a fourth generation of CARs (4G), known as TRUCKs (“T cells redirected for antigen-unrestricted cytokine-initiated killing”) were developed, where cytokines are used to armor CARs. These CARs contain an additional modification which consists of an inducible or constitutive expression cassette for a transgenic protein, for example a cytokine, which is released by the CAR-T cell to modulate the T-cell response; As a consequence, an improvement of T cell properties and recruitment of additional immune cells can be achieved [54].



As CARs seem to be a newer and more effective way to treat cancers in relapse or refractoriness, especially hematological cancers, there are various clinical trials going on. Most of them use T cells as a vehicle for the CARs, with more than 1.000 clinical trials worldwide, and CD19 is mostly used as the CAR antigen.




4. The Role of NK Cells in the Immune System


Natural Killer cells, or NK cells, belong to the innate immune system, providing rapid responses against viral infections and tumors. Usually, the detection of the major histocompatibility complex (MHC) on the surface of the infected cells by the immune cells triggers cytokine release, causing lysis or apoptosis. NK cells have, in fact, a unique ability to recognize stressed cells lacking antibodies and MHC, accelerating an immune reaction. They owe their name “natural killers” to the initial perception that they do not need prior activation to kill cells with no “self” antigens of MHC class I. As malignant cells do not express MHC I markers, T cells cannot destroy them, so NK cells play a key role [55].



NK cells and their functions were described more than 30 years ago, but for the first time in 1975 these cells were described as bigger lymphocytes than B cells and T cells, which contained distinctive cytoplasmic granules. NK cells were characterized as cells which showed a co-stimulatory independent spontaneous cytotoxic capacity, differentiating them functionally from B cells and T cells [56,57].



In the immune system, NK cells are the third major lymphocyte subset. These large granular cells constitute approximately 10–15% of lymphocytes in the blood [58]. NK cells are able to kill tumor cells and infected cells “naturally”, i.e., in a casual manner that does not need any prior activation and is not limited to the expression of MHC molecules [57,59]. NK cells are usually defined within the lymphocyte population by a lack of CD3 and expression of CD56, a neural cell adhesion molecule (NCAM) [60].



During the development process of NK cells, they express several surface markers progressively and in an orderly way, and they are classified into stage 1 (CD34+, CD45RA+, CD117−, CD94−, CD56−, CD16−), stage 2 (CD34+, CD45RA+, CD117+, CD94−, CD56−, CD16−), and stage 3 (CD34− CD117+, CD94−, CD56−, CD16−). Mature NK cells are phenotypically described as stage 4 (CD34−, CD94+, CD117+/−, CD56bright, CD16+/−) and stage 5 (CD34−, CD94+/−, CD117−, CD56dim, CD16+) [61].



NK cell functions involve recognition of potential target cells by the initial binding interactions between activating and inhibitory receptors with ligands available on the target, and the integration of signals transmitted by these receptors, which determines whether the NK cell detaches and moves on or stays and responds. Therefore, the activating and inhibitory receptors are crucial for NK cell function regulation. NK cells express clonally distributed inhibitor receptors named killer cell immunoglobulin-like receptors (KIRs), that recognize allotypic determinants (KIR ligands) shared by particular groups of HLA class I alleles. The regulatory mechanism mediated by these receptors is thought to protect normal cells from autologous NK cell attack, while rendering cells for which class I expression is compromised (e.g., by tumor transformation or viral infection) susceptible to NK-mediated killing [62]. The absence of HLA molecules in the membrane is not enough to trigger a response in NK cells. A larger number of activating signal are needed. Several different families of activating receptors are found in NK cells. C-type lectine family, mainly represented by NKG2C and NKG2D receptors, which interact with DAP10 and DAP12 [63,64]. Other activating receptors are NCR family, practically exclusive in NK cells, mainly form by NKp30 (CD337), NKp44 (CD336) and NKp46 (CD335) [65]; and SLAM family, in which we found 2B4 (CD244) [66]. The imbalance between inhibitory and activating signals will determine the killing outcome of NK cells.



NK cell role during ALL or CLL may determine the prognosis of the disease. An increase in the number of NK cells is associated with a better prognosis in ALL and CLL [67]. The presence of NK cells in bone marrow is associated with better prognosis and higher chances of a good response to chemotherapy in ALL patients [68]. Besides, a strong NK cell phenotype at the time of ALL diagnosis seems to be related with the control of the disease after chemotherapy treatment [69]. In CLL, the role of NK cells remains controversial. While it was described that CLL patients paired with defects in NK cell cytotoxicity [70], other groups demonstrated that NK cell functions are not affected in CLL patients [71]. Thus, the role of NK cells is still uncertain.




5. Advantages and Disadvantages of CAR-NK and CAR-T Therapies


Despite the good results of CAR-T cells, there are some expected side-effects. On the one hand, the main and most serious side-effect of CAR-T cell therapy is cytokine-release syndrome and its dangerous form, a “cytokine storm”, in which T-cells are massively activated, triggering a cascade of pro-inflammatory cytokines which cause flushing, fever and dyspnea. Although an acute cytokine storm can potentially be lethal, it has been proved that the anti-interleukin-6 receptor antibody tocilizumab is an effective treatment [72]. Immune effector cell associated neurotoxicity syndrome (ICANS) has also emerged as a serious side-effect after CAR-T cell therapy. On the other hand, as these patients are usually highly medicated, it is not always viable to expand and manufacture their own autologous modified T-cells from lymphocytes, due to the scarce lymphocyte count or the poor state of the cells. Hence, the manufacture of off-the-shelf allogenic CAR-T cells from healthy donors’ lymphocytes is promising in many aspects, although there are some concerns that keep them from use in clinical trials [73]. Allogenic T cells express the human leucocyte antigen (HLA), which can give a mismatch between donor and recipient, leading to severe, even lethal graft-versus-host disease (GvHD) [74]. This leads to a new source of cells, since the less alloreactive T cell subset such as CD45RA- lymphocytes [75] and Natural Killer (NK) cells are good candidates because they suppress GvHD by inhibiting activated, alloreactive T cells without causing GvHD themselves [76,77]. NK lymphocytes constitute an attractive source for CAR-based treatments, owing to their innate ability to kill malignant or infected cells without prior activation or HLA restriction [78]. Moreover, due to NK cells’ shorter lifespan, B cell depletion could be less severe for the patient [79]. However, T cell expansion occurs in a differential manner regarding their subpopulations and polyclonal populations [80]; this could lead to poor expansion and persistence, which is directly correlated with patient relapse [81]. Another point to address is that, with a good initial cell product, T cells are easier to expand and less resistant to genetic engineering, thanks to the use of a CD3/CD28 activation kit [82]. Although NK cells appear to be harder to expand and transfect, some groups have achieved impressive fold expansion numbers by co-culturing them with activation beads or modified feeder cells [83,84] along with some good transduction numbers [85]. The mechanism of action of NK cells differs from that of T cells. On one hand, NK cells interact with target cells through activating and inhibitory receptors, and the outcome is determined by the accumulation of signal strength. If they are activated, they release cytotoxic granules, such as perforin and granzyme, and they secrete a variety of cytokines [86]. T cells, however, are activated through antigen presenting cells (APC). This triggers a signalling cascade from the TCR complex, which transforms the T cell from a resting state to a state of activation and proliferation [87]. T cells also need co-stimulation from APC and cytokines in order to attack tumor cells [88] (Figure 2).



Finally, T cells and NK cells are differentially activated. Despite the fact that some of the signal domains are conserved between these two types of lymphocytes, such as CD3ζ and 4-1BB, other co-stimulatory domains typically present in T cells are absent in an NK cell, such as CD8α and CD28 [89]. NK cells can operate through several adapter domains for downstream signaling, such as CD3ζ, DAP10, DAP12, and FcRγ chains. While CD3ζ signaling occurs via CD16, NKp30, and NKp46, FcRγ chains signalling also occurs via CD16, NKp30 and NKp46. DAP10 mediates signaling through NKG2D whereas DAP12 activates KIRs, NKG2C, and NKp44 [90,91]. These differences between CAR-T and CAR-NK therapy are shown in Table 2.




6. Designing NK Cells Specific CAR Constructs


As mentioned before, NK cells can be activated through CD3ζ, resulting in ADCC mediated by CD16 receptor. Thus, the vast majority of CAR constructs used for engineering NK cells contains this signaling component [92], classically present since 1G CARs. Despite the fact that traditional 2G CARs designed for T cells, that is, CARs containing CD3ζ and CD28 or 4-1BB domains, are functional in NK cells [85] new approaches need to be explored for NK cells (Figure 3). Taking into account other main signaling pathways that activate NK cells, new CAR constructs have been designed, in which signaling domains derived from 2B4, NKG2D, DAP10 or DAP12 have shown some promising results [93,94,95,96]. A 2B4 containing CAR construct integrated in the endodomain significantly enhanced all aspects of the NK-cell activation, having a powerful costimulatory effect in NK cells [96]. Regarding NKG2D, coupling this ectodomain with DAP10 and CD3ζ cytoplasmic signaling endodomain has shown increased NKG2D expression on CAR-NK cells with enhanced cytotoxicity against tumor cell lines [97]. Nevertheless, including the DAP10 cytoplasmic endodomain seemed to be needless since CAR-NK cells without DAP10 outperformed those with the DAP10 domain [98]. When designing a new CAR, the active interaction between the transmembrane domain and the endodomain must be taken into consideration to guarantee functionality of the CAR construct. Accordingly, the design of a perfect CAR for NK cells is still a current challenge in which a deep understanding of NK cell and CAR design signaling is crucial to enhance potency and performance in vivo [99].




7. NK Cells from Several Cell Sources: Adult Peripheral Blood, Umbilical Cord Blood, Hematopoietic Progenitors from Cord Blood and Human-Induced Pluripotent Stem Cells


NK cells can be obtained from different cell sources as shown in Figure 4a. Firstly, NK cells can be isolated from adult blood (AB) or cord blood (CB) PBMCs by negative selection after magnetic cell isolation. NK cells can be cultured with different cytokines, such as IL-2 and/or IL-15 in order to ensure their survival, proliferation and higher cytotoxicity [100]. We can obtain fully mature and functional NK cells from these cell sources, although their number is limited and hard to expand. Secondly, among all the uses that could be attributed to human induced pluripotent stem cells (hiPSCs), the generation of hematopoietic stem cells is one of the most widely studied, and several protocols have been proposed for getting in vitro CD34+ cells [101,102,103]. Firstly, it requires CD34+ hematopoietic precursors to be obtained for differentiating protocols from human embryonic stem cells (hESCs) and hiPSCs. There are several stromal cell lines used in co-culture systems with hESCs/hiPSCs; for instance, OP9 cells are the most popular [104]. In the first data reported, they were able to obtain up to 20% of CD34+ cells by coculturing hESCs with OP9 cells.



Therefore, these in vitro generated hematopoietic stem cells could be used to obtain different cells from the hematopoietic lineage, such as T cells [105], platelets [106], red blood cells [107] and NK cells. HiPSCs could became a new source for immunotherapies involving NK cells, as several groups have developed methods for producing clinical scale NK cells from hiPSCs [108,109]. Moreover, as previously mentioned in the Natural Killer cells clinical trials section, a hiPSCs derived NK cell pharmacology product was developed for treating several solid tumors (FT500) in 2019. Not only did they create this product, but they also used the hiPSCs derived NK cells for CAR based treatments (FT596).



Finally, hiPSCss constitute a source for NK cells, as do CD34+ cells from umbilical cord blood, since these cells could have therapeutic uses apart from hematopoietic stem cell transplantation [110,111]. They have been taken into consideration, as they could provide a large number of NK cells [112,113], already extensively described [114]. In general, all NK cell sources mentioned above can provide fully mature and functional NK cells suitable for immunotherapy, but the NK cells with high rates of proliferation described are NK cells from CD34+ cells and hiPSCs cells sources in comparison with peripheral and umbilical blood sources.




8. State of the Art of NK Cell Therapies and CD19-CAR-NK Therapies with the Recent Clinical Trial Data in Refractory B Malignancies Patients


There are several clinical trials taking place to treat different types of cancer with NK cells; combinations of cryosurgery and NK-based immunotherapy for advanced kidney cancer (NCT02843607), NK cell-based immunotherapy as maintenance therapy for small-cell lung cancer (NCT03410368) or NK cells along with IL-2 following chemotherapy to treat advanced melanoma or kidney cancer (NCT00328861). hiPSC-derived NK cells, named FT500, are also being used in combination with Immune Checkpoint Inhibitors (ICI) in a clinical trial to treat subjects with advanced solid tumors (NCT03841110). In April 2019, Fate Therapeutics declared that the first patient treated with FT500 had successfully completed an initial safety appraisal. The patient was administered with three once-weekly doses of FT500. There were no toxicities or severe adverse events reported and the treatment cycle was well tolerated, with no dose-limiting toxicities or severe adverse events reported during the initial 28-day observation period. Not only are NK cells able to treat solid tumors, but they also play a key role in immunotherapies against hematological cancer like acute myeloid leukemia (AML), by using high doses of these cells [115] or infusing NK cells after chemotherapy along with IL-2 (NCT02763475). Nonetheless, expanded and stimulated NK cells or high-dose NK cell therapy are not the only options when treating patients.



Although T cells have typically been used in CAR technology-based therapy, with more than 400 clinical trials on-going and 3 commercial products, Kymriah Yescarta and TECARTUS, NK cells are also emerging as one of the new promises in this field [116], as shown in Figure 4b. Due to their low infection rate, poor in vivo expansion and short life span, NK cells were not taken into account from the beginning for this kind of therapy. Nevertheless, newer protocols that enhance viral transduction efficiency and prosperous expansion of these cells have made a space for NK cells in the CAR therapy field [84]. Furthermore, allogenic NK cells have a major advantage over allogenic T cells, i.e., they could be used as a “universal” product as they do not cause GvHD as they lack TCR [76]. The interest in using allogenic NK cells for this kind of therapy is increasing, and there are already 13 clinical trials using CD19 CAR-NK cells (NCT03056339, NCT03690310, NCT00995137, NCT01974479, NCT04639739, NCT02892695, NCT04887012, NCT04796675, NCT03824964, NCT05020678, NCT03579927, NCT04796688, NCT02134262), and numerous preclinical studies with NK cells from different sources as vehicles. Firstly, NK-92 is an established NK cell line of a non-Hodgkin’s lymphoma patient [117]. NK-92 cells, featured with activated human NK cells, are applied in clinical practice for allogenic adoptive cellular immunotherapy. Due to the loss of absent expression of most currently known KIRs, NK-92 cells target and kill a wider range of tumor cells with enhanced toxicity in vitro and in vivo [118]. The NK-92 cells are irradiated before infusion, avoiding the induction of NK-derived leukemia. Despite the fact that the NK-92 cell line has been proved safe for clinical use [119], however, these cells are not as consistent as expected at killing lymphoid blast by themselves [120]. Taking this into account, the use of a CAR along with these cells could successfully kill NK-resistant lymphoblastic leukemia cells. Several preclinical studies confirm that NK-92 cell lines are a good source for CAR based therapy, as they possess consistent cytotoxic activity, a good expansion rate and low tumorigenicity risk when irradiated and transfused in patients [121,122,123].



Secondly, allogenic primary NK cells from adult peripheral blood (AB) or umbilical cord blood (CB) could represent feasible, safe, off-the-shelf CAR-cell products to treat various malignancies such as hematological cancers. When studying AB CD19-CAR-NK cells, they not only successfully kill CD19-expressing target cells, but they also retain the function and expression of their native activating receptors, preserving their activity [83]. However, AB NK cells are more variable from donor to donor in number, and they expand and activate less in vitro than CB NK cells [85,124]. Some studies show higher antitumor activity of CB cells compared with other NK cell sources, which justifies the use of CB-derived immunotherapy [125]. Moreover, CB units stored in blood banks could be used for this purpose. CB CAR-NK cells have shown great performance against their target cells, and more flexibility to be expanded [84]. These CB CAR- NK cells are currently being used in a clinical trial at MD Anderson Cancer Center targeting CD19 cells, with great results. CAR-NK cells from cord blood were administered to 11 patients with relapsed or refractory CD19-positive cancers (NHL or CLL). An anti-CD19-CD28-CD3ζ CAR was used for the transduction and the retroviral vector included an IL-15 gene and a suicidal switch. Seven out of eleven patients achieved a complete remission, exhibiting a significantly higher early expansion of CAR-NK cells compared to the non-responders. There were no reported side-effects associated with the high response rate of the treatment, even in even in KIR-ligand mismatch cases (5/11), and there was no interleukin-6 increase, which proved the safety of the treatment. The published observation of circulating CAR-NK cells by flow cytometry was limited to the first three weeks [126].



Finally, in the last few years, hiPSCs have arisen as one of the most promising cell sources for personalized medicine. HiPSC-NK cells can be manufactured from standardized cells resulting in a homogeneous clinical scale NK cell population [78]. These standardized NK cells would be excellent candidates for CAR based treatment as they show a similar phenotype and similar anti-tumor activity to AB NK cells [127]. As a matter of fact, iPSC-derived, universal, off-the-shelf CAR-NK cell immunotherapy for B-cell hematological cancer has been manufactured as a product called FT596. This product is being used in a phase I clinical trial (NCT04245722) along with anti-CD20 monoclonal antibodies. FT596 product was administrated to 20 patients in order to evaluate for assessment of safety and efficacy in the first, second and third dose cohorts. From the 14 patients that were administrated with a second and third dose, 10 of them achieved an objective response [128].



Nowadays the clinical indications of CAR-NK cell therapy in B cell hematological cancer remains an open question. Currently, it has been confirmed that various CAR-T cell therapy clinical trials are safe being an efficient therapeutic procedure for relapse or refractory B-ALL patients when used as a bridging approach before or after HSCT. Therefore, CAR-NK cells may also handle as a bridge strategy, through which patients can accomplish a low pre-infusion minimal residual disease (MRD) condition before administration of allo-HSCT. The aim of NCT02892695 clinical trial is to figure out the safety and best dose of CD19 CAR-NK cells used as a bridge therapy in patients who intend to undergo HSCT [129].



Other potential uses of CAR-NK cellular therapy may be indicated for patients that have not enough T cell numbers for autologous CAR-T cell product manufacture. Patients with aggressive ALL or CLL will benefit from allogeneic CAR-NK permitting early treatment or later in combination with CAR-T. Additionally, for those CD19+ patients that have been relapsed after CAR-T therapy or patients who develop high toxicity (ICANS and/or cytokine-release syndrome) after CAR-T infusion.




9. Challenges and Future Perspectives


Due to the boom in immunotherapy for hematological cancers, great strides have been made in this field, especially with the arrival of CAR-T treatments. However, despite the successful results obtained with autologous CAR-T treatment, there are still some worrying aspects. Undesirable side-effects, such as cytokine storms, ICANS or GvHD caused by allogenic CAR-T cells, are driving the CAR field towards new alternatives. The lack of side-effects or GvHD in allogenic treatments has put NK cells in the spotlight.



For the last few years, CAR-NK cells have proved to be an optimum product for the treatment of hematological malignances in vitro. Recently, the report from one of the few clinical trials taking place has not only proved their efficacy but also their safety when using allogenic CAR-NK cells. Hence, CAR-NK cells can serve as an off-the-shelf product to treat refractory hematological malignances, with no need for the patient-specific product request by CAR-T treatments. Moreover, the possibility of obtaining in vitro generated NK cells for this purpose could lead to massive production of universal allogenic CAR-NK cells, which could end up in a reduction of costs and more open access to this treatment. Combinations of CAR-NK products with other immunotherapies and even with other CAR-T cells are becoming a promising option.



Therefore, the benefits of CAR-NK cells over CAR-T cells augur promising applications in cellular immunotherapy against hematological malignancies as an alternative or combination cell drug. Nevertheless, there are still challenges to be addressed. For instance, because of the heterogeneity of NK cells with various functional features, the selection of appropriate NK cell subsets (e.g., killer, naïve or memory cell subsets) to specifically expand and arm CAR-NK cells has to be explored. NK cells are known for their transduction difficulty. Although several protocols with retrovirus and lentivirus have been successfully developed, there is still room for new techniques in order to improve NK cell transduction, such as mRNA electroporation or CRISPR/Cas9 technology. As CAR-NK cells are thought to be an “off-the-shelf” product, cryopreservation is also a crucial step. Focusing on not losing many NK cells at the thawing process, and re-establishing their function, it is determinant to elucidate the appropriate cryopreserving media and protocol for CAR-NK cell therapy success. Due to their short persistence in vivo, the NK cell cytolytic effect could also be restricted, but they are probably unable to trigger cytokine storms or on-target/off-tumor effects; continuous cytokine support or several infusions of CAR-NK cells may will be needed. Additionally, various NK cell sources have been studied (peripheral blood, cord blood or hiPSCs), and therefore in the future the foremost appropriate one could be used for refractory malignancies. Moreover, the best configuration of CARs to boost the activation, proliferation, cytolytic activity and cytokine secretion of NK cells has not yet been found. Perhaps the future of these CAR constructs for NK cells lies on exploring NK cell activating domains such as NKG2D, DAP10, DAP12 and 2B4 in order to improve their performance. Moreover, future directions of CAR-NK cell therapy could be administrated in combination with other therapies, being lymphodepletion, radiation, immune checkpoint blockers or even CAR-T cells. Notwithstanding, as a result of the recent advances, quick developments and future challenges for improvement, CAR-NK cell-based immunotherapy constitutes an encouraging scenario for cancer treatment. Tumor-associated antigens do not require the recognition of HLA molecules from patients, which makes it possible to manufacture off the shelf NK cell banks rather than manufacturing individualized CAR-NK cells. In conclusion, as more evidence from clinical trials is procured within the coming years, CAR-NK cell therapies could provide meaningful progress in tumor immunotherapy. Moreover, CAR-NK therapies in combination with other immunotherapies or even other CAR-T cells may pave a new way for CAR-NK cell-based immunotherapy in the future.




10. Conclusions


CAR-NK cells have excellent potential as an innovative and “off-the-shelf” cellular immunotherapy against hematological cancer that could be quick, accessible and safe for clinical practice. With the growing safety and encouraging work reported in preclinical studies and clinical trials, together with progressive achievements addressing the remaining challenges, it is envisioned that CAR-NK cell therapy will progress to emerge and contribute to significant improvement in the survival of relapsed or refractory hematological cancer patients.







Author Contributions


L.H. and C.E. conceived and designed the review, performed literature search and manuscript writing. L.H., S.S., M.A.V., T.C., J.C.G.-R., A.P.-M., M.J. and C.E. revised and approved the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Health Department of the Basque Government (Grant 2020111058), Economic Development and Infrastructures Department of the Basque Government (KK-2020/00068), Project “PI18/01299” and “PI21/01187”, funded by Instituto de Salud Carlos III and co-funded by European Union (ERDF) “A way to make Europe”, “ICI21/00095” funded by Instituto de Salud Carlos III and co-funded by European Union (NextGenerationEU), Inocente Inocente Foundation (FII18-003-CPS). LH was supported by the Jesus Gangoiti Barrera Foundation and the Asociación Española contra el Cáncer (AECC) and the Fundación Mutua Madrileña.




Acknowledgments


We apologize to our colleagues whose work was not cited due to space limitations.




Conflicts of Interest


The authors declare no competing financial and non-financial interests.




References


	



SEER. SEER Cancer Stat Facts: Leukemia—Acute Lymphocytic Leukemia (ALL). National Cancer Institute: Bethesda, MD. Available online: https://seer.cancer.gov/statfacts/html/alyl.html (accessed on 11 October 2021).

	



PDQ® Pediatric Treatment Editorial Board. PDQ Childhood Acute Lymphoblastic Leukemia Treatment. Bethesda, MD: National Cancer Institute. Available online: https://www.cancer.gov/types/leukemia/patient/child-all-treatment-pdq (accessed on 11 October 2021).

	



Vitale, A.; Guarini, A.; Chiaretti, S.; Foà, R. The changing scene of adult acute lymphoblastic leukemia. Curr. Opin. Oncol. 2006, 18, 652–659. [Google Scholar] [CrossRef] [PubMed]

	



Raponi, S.; Stefania De Propris, M.; Intoppa, S.; Laura Milani, M.; Vitale, A.; Elia, L.; Perbellini, O.; Pizzolo, G.; Foá, R.; Guarini, A. Flow cytometric study of potential target antigens (CD19, CD20, CD22, CD33) for antibody-based immunotherapy in acute lymphoblastic leukemia: Analysis of 552 cases. Leuk. Lymphoma 2011, 52, 1098–1107. [Google Scholar] [CrossRef]

	



Jeremias, I.; Schewe, D.M. Characteristics and Therapeutic targeting of minimal residual disease in childhood acute lymphoblastic leukemia BT. In Biological Mechanisms of Minimal Residual Disease and Systemic Cancer; Aguirre-Ghiso, J.A., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 127–139. ISBN 978-3-319-97746-1. [Google Scholar]

	



Pui, C.-H.; Campana, D.; Pei, D.; Bowman, W.P.; Sandlund, J.T.; Kaste, S.C.; Ribeiro, R.C.; Rubnitz, J.E.; Raimondi, S.C.; Onciu, M.; et al. Treating childhood acute lymphoblastic leukemia without cranial irradiation. N. Engl. J. Med. 2009, 360, 2730–2741. [Google Scholar] [CrossRef] [PubMed]

	



Giebel, S.; Marks, D.I.; Boissel, N.; Baron, F.; Chiaretti, S.; Ciceri, F.; Cornelissen, J.J.; Doubek, M.; Esteve, J.; Fielding, A.; et al. Hematopoietic stem cell transplantation for adults with Philadelphia chromosome-negative acute lymphoblastic leukemia in first remission: A position statement of the European Working Group for Adult Acute Lymphoblastic Leukemia (EWALL) and the Acute Leuke. Bone Marrow Transplant. 2019, 54, 798–809. [Google Scholar] [CrossRef]

	



Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, J.W. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; IACR: Geneva, Switzerland, 2008; ISBN 9789283244943. [Google Scholar]

	



PDQ® Adult Treatment Editorial Board PDQ. Chronic Lymphocytic Leukemia Treatment; National Cancer Institute: Bethesda, MD, USA, 2021.

	



Zou, Y.; Xu, W.; Li, J. Chimeric antigen receptor-modified T cell therapy in chronic lymphocytic leukemia. J. Hematol. Oncol. 2018, 11, 130. [Google Scholar] [CrossRef]

	



Typical Treatment of Chronic Lymphocytic Leukemia. Available online: https://www.cancer.org/cancer/chronic-lymphocytic-leukemia/treating/treatment-by-risk-group.html (accessed on 13 October 2021).

	



Copelan, E.A.; McGuire, E.A. The biology and treatment of acute lymphoblastic leukemia in adults. Blood 1995, 85, 1151–1168. [Google Scholar] [CrossRef]

	



Laport, G.F.; Larson, R.A. Treatment of adult acute lymphoblastic leukemia. Semin. Oncol. 1997, 24, 70–82. [Google Scholar]

	



Hoelzer, D.; Bassan, R.; Dombret, H.; Fielding, A.; Ribera, J.M.; Buske, C. Acute lymphoblastic leukaemia in adult patients: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2016, 27, v69–v82. [Google Scholar] [CrossRef]

	



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

	



Appelbaum, F.R. Chapter 98: Acute leukemias in adults. In Abeloff’s Clinical Oncology; Niederhuber, J.E., Armitage, J.O., Dorshow, J.H., Kastan, M.B.T., Eds.; Elsevier: Philadelphia, PA, USA, 2014. [Google Scholar]

	



Inaba, H.; Greaves, M.; Mullighan, C.G. Acute lymphoblastic leukaemia. Lancet 2013, 381, 1943–1955. [Google Scholar] [CrossRef]

	



Kantarjian, H.; Stein, A.; Gökbuget, N.; Fielding, A.K.; Schuh, A.C.; Ribera, J.-M.; Wei, A.; Dombret, H.; Foà, R.; Bassan, R.; et al. Blinatumomab versus Chemotherapy for advanced acute lymphoblastic leukemia. N. Engl. J. Med. 2017, 376, 836–847. [Google Scholar] [CrossRef] [PubMed]

	



Aujla, A.; Aujla, R.; Liu, D. Inotuzumab ozogamicin in clinical development for acute lymphoblastic leukemia and non-Hodgkin lymphoma. Biomark. Res. 2019, 7, 9. [Google Scholar] [CrossRef]

	



Inbar, T.; Rowe, J.M.; Horowitz, N.A. Which patients should I transplant with acute lymphoblastic leukemia? Best Pract. Res. Clin. Haematol. 2017, 30, 249–260. [Google Scholar] [CrossRef] [PubMed]

	



Craddock, C.; Hoelzer, D.; Komanduri, K.V. Current status and future clinical directions in the prevention and treatment of relapse following hematopoietic transplantation for acute myeloid and lymphoblastic leukemia. Bone Marrow Transplant. 2019, 54, 6–16. [Google Scholar] [CrossRef] [PubMed]

	



Fielding, A.K.; Richards, S.M.; Chopra, R.; Lazarus, H.M.; Litzow, M.R.; Buck, G.; Durrant, I.J.; Luger, S.M.; Marks, D.I.; Franklin, I.M.; et al. Outcome of 609 adults after relapse of acute lymphoblastic leukemia (ALL); an MRC UKALL12/ECOG 2993 study. Blood 2007, 109, 944–950. [Google Scholar] [CrossRef] [PubMed]

	



Parikh, S.A. Chronic lymphocytic leukemia treatment algorithm 2018. Blood Cancer J. 2018, 8, 93. [Google Scholar] [CrossRef] [PubMed]

	



Hallek, M.; Cheson, B.D.; Catovsky, D.; Caligaris-Cappio, F.; Dighiero, G.; Döhner, H.; Hillmen, P.; Keating, M.; Montserrat, E.; Chiorazzi, N.; et al. iwCLL guidelines for diagnosis, indications for treatment, response assessment, and supportive management of CLL. Blood 2018, 131, 2745–2760. [Google Scholar] [CrossRef]

	



Stilgenbauer, S.; Eichhorst, B.; Schetelig, J.; Coutre, S.; Seymour, J.F.; Munir, T.; Puvvada, S.D.; Wendtner, C.-M.; Roberts, A.W.; Jurczak, W.; et al. Venetoclax in relapsed or refractory chronic lymphocytic leukaemia with 17p deletion: A multicentre, open-label, phase 2 study. Lancet Oncol. 2016, 17, 768–778. [Google Scholar] [CrossRef]

	



Immunotherapy to Treat Cancer. Available online: www.cancer.gov/about-cancer/treatment/types/immunotherapy (accessed on 18 October 2021).

	



Immunotherapy Treatment Types. Available online: www.cancerresearch.org/immunotherapy/treatment-types/ (accessed on 18 October 2021).

	



Im, A.; Pavletic, S.Z. Immunotherapy in hematologic malignancies: Past, present, and future. J. Hematol. Oncol. 2017, 10, 94. [Google Scholar] [CrossRef]

	



Gökbuget, N.; Stanze, D.; Beck, J.; Diedrich, H.; Horst, H.-A.; Hüttmann, A.; Kobbe, G.; Kreuzer, K.-A.; Leimer, L.; Reichle, A.; et al. Outcome of relapsed adult lymphoblastic leukemia depends on response to salvage chemotherapy, prognostic factors, and performance of stem cell transplantation. Blood 2012, 120, 2032–2041. [Google Scholar] [CrossRef]

	



Wei, G.; Wang, J.; Huang, H.; Zhao, Y. Novel immunotherapies for adult patients with B-lineage acute lymphoblastic leukemia. J. Hematol. Oncol. 2017, 10, 150. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, D.A.; O’Brien, S.; Kantarjian, H.M. Monoclonal antibody therapy with rituximab for acute lymphoblastic leukemia. Hematol. Oncol. Clin. N. Am. 2009, 23, 949–971. [Google Scholar] [CrossRef]

	



Hoelzer, D.; Gökbuget, N. Chemoimmunotherapy in acute lymphoblastic leukemia. Blood Rev. 2012, 26, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, D.A.; O’Brien, S.; Faderl, S.; Garcia-Manero, G.; Ferrajoli, A.; Wierda, W.; Ravandi, F.; Verstovsek, S.; Jorgensen, J.L.; Bueso-Ramos, C.; et al. Chemoimmunotherapy with a modified hyper-CVAD and rituximab regimen improves outcome in de novo Philadelphia chromosome-negative precursor B-lineage acute lymphoblastic leukemia. J. Clin. Oncol. 2010, 28, 3880–3889. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, J.; Milani, C.; Mendez-Allwood, D. Ofatumumab, a second-generation anti-CD20 monoclonal antibody, for the treatment of lymphoproliferative and autoimmune disorders. Expert Opin. Investig. Drugs 2009, 18, 491–500. [Google Scholar] [CrossRef] [PubMed]

	



Herter, S.; Herting, F.; Mundigl, O.; Waldhauer, I.; Weinzierl, T.; Fauti, T.; Muth, G.; Ziegler-Landesberger, D.; Van Puijenbroek, E.; Lang, S.; et al. Preclinical activity of the type II CD20 Antibody GA101 (Obinutuzumab) compared with rituximab and ofatumumab in vitro and in Xenograft models. Mol. Cancer Ther. 2013, 12, 2031–2042. [Google Scholar] [CrossRef] [PubMed]

	



Shah, N.N.; Stevenson, M.S.; Yuan, C.M.; Richards, K.; Delbrook, C.; Kreitman, R.J.; Pastan, I.; Wayne, A.S. Characterization of CD22 expression in acute lymphoblastic leukemia. Pediatr. Blood Cancer 2015, 62, 964–969. [Google Scholar] [CrossRef]

	



Raetz, E.A.; Cairo, M.S.; Borowitz, M.J.; Lu, X.; Devidas, M.; Reid, J.M.; Goldenberg, D.M.; Wegener, W.A.; Zeng, H.; Whitlock, J.A.; et al. Re-induction chemoimmunotherapy with epratuzumab in relapsed acute lymphoblastic leukemia (ALL): Phase II results from Children’s Oncology Group (COG) study ADVL04P2. Pediatr. Blood Cancer 2015, 62, 1171–1175. [Google Scholar] [CrossRef]

	



Kantarjian, H.; Thomas, D.; Jorgensen, J.; Jabbour, E.; Kebriaei, P.; Rytting, M.; York, S.; Ravandi, F.; Kwari, M.; Faderl, S.; et al. Inotuzumab ozogamicin, an anti-CD22 calecheamicin conjugate, for refractory and relapsed acute lymphocytic leukaemia: A phase 2 study. Lancet Oncol. 2012, 13, 403–411. [Google Scholar] [CrossRef]

	



Phelan, K.W.; Advani, A.S. Novel therapies in acute lymphoblastic leukemia. Curr. Hematol. Malig. Rep. 2018, 13, 289–299. [Google Scholar] [CrossRef]

	



Mullard, A. Second anticancer CAR T therapy receives FDA approval. Nat. Rev. Drug Discov. 2017, 16, 818. [Google Scholar] [CrossRef]

	



ASHP. Alemtuzumab Monograph for Professionals. Medically reviewed by Drugs.com on May 4, 2020. Available online: https://www.drugs.com/monograph/alemtuzumab.html (accessed on 10 October 2021).

	



Gross, G.; Waks, T.; Eshhar, Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with antibody-type specificity. Proc. Natl. Acad. Sci. USA 1989, 86, 10024–10028. [Google Scholar] [CrossRef]

	



Geyer, M.B.; Brentjens, R.J. Review: Current clinical applications of chimeric antigen receptor (CAR) modified T cells. Cytotherapy 2016, 18, 1393–1409. [Google Scholar] [CrossRef] [PubMed]

	



Murad, J.M.; Baumeister, S.H.; Werner, L.; Daley, H.; Trébéden-Negre, H.; Reder, J.; Sentman, C.L.; Gilham, D.; Lehmann, F.; Snykers, S.; et al. Manufacturing development and clinical production of NKG2D chimeric antigen receptor-expressing T cells for autologous adoptive cell therapy. Cytotherapy 2018, 20, 952–963. [Google Scholar] [CrossRef]

	



Gibbings, D.J.; Marcet-Palacios, M.; Sekar, Y.; Ng, M.C.Y.; Befus, A.D. CD8 alpha is expressed by human monocytes and enhances Fc gamma R-dependent responses. BMC Immunol. 2007, 8, 12. [Google Scholar] [CrossRef]

	



Firor, A.E.; Jares, A.; Ma, Y. From humble beginnings to success in the clinic: Chimeric antigen receptor-modified T-cells and implications for immunotherapy. Exp. Biol. Med. 2015, 240, 1087–1098. [Google Scholar] [CrossRef]

	



Sharpe, A.H.; Freeman, G.J. The B7–CD28 superfamily. Nat. Rev. Immunol. 2002, 2, 116–126. [Google Scholar] [CrossRef] [PubMed]

	



Rossjohn, J.; Gras, S.; Miles, J.J.; Turner, S.J.; Godfrey, D.I.; McCluskey, J. T cell antigen receptor recognition of antigen-presenting molecules. Annu. Rev. Immunol. 2015, 33, 169–200. [Google Scholar] [CrossRef] [PubMed]

	



Abate-Daga, D.; Davila, M.L. CAR models: Next-generation CAR modifications for enhanced T-cell function. Mol. Ther. Oncolytics 2016, 3, 16014. [Google Scholar] [CrossRef] [PubMed]

	



Imai, C.; Mihara, K.; Andreansky, M.; Nicholson, I.C.; Pui, C.-H.; Geiger, T.L.; Campana, D. Chimeric receptors with 4-1BB signaling capacity provoke potent cytotoxicity against acute lymphoblastic leukemia. Leukemia 2004, 18, 676–684. [Google Scholar] [CrossRef]

	



Van der Stegen, S.J.C.; Hamieh, M.; Sadelain, M. The pharmacology of second-generation chimeric antigen receptors. Nat. Rev. Drug Discov. 2015, 14, 499–509. [Google Scholar] [CrossRef] [PubMed]

	



Karlsson, H.; Svensson, E.; Gigg, C.; Jarvius, M.; Olsson-Strömberg, U.; Savoldo, B.; Dotti, G.; Loskog, A. Evaluation of intracellular signaling downstream chimeric antigen receptors. PLoS ONE 2015, 10, e0144787. [Google Scholar] [CrossRef]

	



Carpenito, C.; Milone, M.C.; Hassan, R.; Simonet, J.C.; Lakhal, M.; Suhoski, M.M.; Varela-Rohena, A.; Haines, K.M.; Heitjan, D.F.; Albelda, S.M.; et al. Control of large, established tumor xenografts with genetically retargeted human T cells containing CD28 and CD137 domains. Proc. Natl. Acad. Sci. USA 2009, 106, 3360–3365. [Google Scholar] [CrossRef]

	



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

	



Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolini, S. Innate or adaptive immunity? The example of natural killer cells. Science 2011, 331, 44–49. [Google Scholar] [CrossRef]

	



Herberman, R.B.; Nunn, M.E.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic tumors. I. Distribution of reactivity and specificity. Int. J. Cancer 1975, 16, 216–229. [Google Scholar] [CrossRef] [PubMed]

	



Kiessling, R.; Klein, E.; Pross, H.; Wigzell, H. „Natural” killer cells in the mouse. II. Cytotoxic cells with specificity for mouse Moloney leukemia cells. Characteristics of the killer cell. Eur. J. Immunol. 1975, 5, 117–121. [Google Scholar] [CrossRef] [PubMed]

	



Yokoyama, W.M.; Kim, S.; French, A.R. The dynamic life of natural killer cells. Annu. Rev. Immunol. 2004, 22, 405–429. [Google Scholar] [CrossRef]

	



Lanier, L.L.; Phillips, J.H.; Hackett, J.; Tutt, M.; Kumar, V. Natural killer cells: Definition of a cell type rather than a function. J. Immunol. 1986, 137, 2735–2739. [Google Scholar] [PubMed]

	



Lanier, L.L.; Testi, R.; Bindl, J.; Phillips, J.H. Identity of Leu-19 (CD56) leukocyte differentiation antigen and neural cell adhesion molecule. J. Exp. Med. 1989, 169, 2233–2238. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Freud, A.G.; Caligiuri, M.A. Location and cellular stages of natural killer cell development. Trends Immunol. 2013, 34, 573–582. [Google Scholar] [CrossRef]

	



Moretta, L.; Moretta, A. Killer immunoglobulin-like receptors. Curr. Opin. Immunol. 2004, 16, 626–633. [Google Scholar] [CrossRef] [PubMed]

	



Braud, V.M.; Allan, D.S.J.; O’Callaghan, C.A.; Söderström, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.; Bell, J.I.; Phillips, J.H.; et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C. Nature 1998, 391, 795–799. [Google Scholar] [CrossRef]

	



Gasser, S.; Raulet, D. The DNA damage response, immunity and cancer. Semin. Cancer Biol. 2006, 16, 344–347. [Google Scholar] [CrossRef] [PubMed]

	



Kaifu, T.; Escalière, B.; Gastinel, L.N.; Vivier, E.; Baratin, M. B7-H6/NKp30 interaction: A mechanism of alerting NK cells against tumors. Cell. Mol. Life Sci. 2011, 68, 3531. [Google Scholar] [CrossRef]

	



Veillette, A. NK cell regulation by SLAM family receptors and SAP-related adapters. Immunol. Rev. 2006, 214, 22–34. [Google Scholar] [CrossRef]

	



Gonzalez-Rodriguez, A.P.; Villa-Álvarez, M.; Sordo-Bahamonde, C.; Lorenzo-Herrero, S.; Gonzalez, S. NK cells in the treatment of hematological malignancies. J. Clin. Med. 2019, 8, 1557. [Google Scholar] [CrossRef] [PubMed]

	



Mizia-Malarz, A.; Sobol-Milejska, G. NK cells as possible prognostic factor in childhood acute lymphoblastic leukemia. Dis. Markers 2019, 2019, 3596983. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, E.M.; Jeha, S.; Kang, G.; Cheng, C.; Rooney, B.; Holladay, M.; Bari, R.; Schell, S.; Tuggle, M.; Pui, C.-H.; et al. NK cell genotype and phenotype at diagnosis of acute lymphoblastic leukemia correlate with postinduction residual disease. Clin. Cancer Res. 2014, 20, 5986–5994. [Google Scholar] [CrossRef]

	



Ziegler, H.W.; Kay, N.E.; Zarling, J.M. Deficiency of natural killer cell activity in patients with chronic lymphocytic leukemia. Int. J. Cancer 1981, 27, 321–327. [Google Scholar] [CrossRef]

	



Costello, R.T.; Knoblauch, B.; Sanchez, C.; Mercier, D.; Le Treut, T.; Sébahoun, G. Expression of natural killer cell activating receptors in patients with chronic lymphocytic leukaemia. Immunology 2012, 135, 151–157. [Google Scholar] [CrossRef]

	



Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F.; et al. Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. J. Med. 2014, 371, 1507–1517. [Google Scholar] [CrossRef]

	



Salmikangas, P.; Kinsella, N.; Chamberlain, P. Chimeric antigen receptor T-Cells (CAR T-Cells) for Cancer Immunotherapy—Moving target for industry? Pharm. Res. 2018, 35, 152. [Google Scholar] [CrossRef] [PubMed]

	



Zeiser, R.; Blazar, B.R. Acute graft-versus-host disease—Biologic process, prevention, and therapy. N. Engl. J. Med. 2017, 377, 2167–2179. [Google Scholar] [CrossRef] [PubMed]

	



Fernández, L.; Fernández, A.; Mirones, I.; Escudero, A.; Cardoso, L.; Vela, M.; Lanzarot, D.; de Paz, R.; Leivas, A.; Gallardo, M.; et al. GMP-compliant manufacturing of NKG2D CAR memory T cells using CliniMACS Prodigy. Front. Immunol. 2019, 10, 2361. [Google Scholar] [CrossRef]

	



Olson, J.A.; Leveson-Gower, D.B.; Gill, S.; Baker, J.; Beilhack, A.; Negrin, R.S. NK cells mediate reduction of GVHD by inhibiting activated, alloreactive T cells while retaining GVT effects. Blood 2010, 115, 4293–4301. [Google Scholar] [CrossRef]

	



Corral Sánchez, M.D.; Fernández Casanova, L.; Pérez-Martínez, A. Beyond CAR-T cells: Natural killer cells immunotherapy. Med. Clin. 2020, 154, 134–141. [Google Scholar] [CrossRef] [PubMed]

	



Hermanson, D.L.; Kaufman, D.S. Utilizing chimeric antigen receptors to direct natural killer cell activity. Front. Immunol. 2015, 6, 195. [Google Scholar] [CrossRef]

	



Klingemann, H. Are natural killer cells superior CAR drivers? Oncoimmunology 2014, 3, e28147. [Google Scholar] [CrossRef]

	



McLellan, A.D.; Ali Hosseini Rad, S.M. Chimeric antigen receptor T cell persistence and memory cell formation. Immunol. Cell Biol. 2019, 97, 664–674. [Google Scholar] [CrossRef]

	



Ghorashian, S.; Kramer, A.M.; Onuoha, S.; Wright, G.; Bartram, J.; Richardson, R.; Albon, S.J.; Casanovas-Company, J.; Castro, F.; Popova, B.; et al. Enhanced CAR T cell expansion and prolonged persistence in pediatric patients with ALL treated with a low-affinity CD19 CAR. Nat. Med. 2019, 25, 1408–1414. [Google Scholar] [CrossRef] [PubMed]

	



Castella, M.; Caballero-Baños, M.; Ortiz-Maldonado, V.; González-Navarro, E.A.; Suñé, G.; Antoñana-Vidósola, A.; Boronat, A.; Marzal, B.; Millán, L.; Martín-Antonio, B.; et al. Point-of-care CAR T-cell production (ARI-0001) using a closed semi-automatic bioreactor: Experience from an academic phase I clinical trial. Front. Immunol. 2020, 11, 482. [Google Scholar] [CrossRef]

	



Quintarelli, C.; Sivori, S.; Caruso, S.; Carlomagno, S.; Falco, M.; Boffa, I.; Orlando, D.; Guercio, M.; Abbaszadeh, Z.; Sinibaldi, M.; et al. Efficacy of third-party chimeric antigen receptor modified peripheral blood natural killer cells for adoptive cell therapy of B-cell precursor acute lymphoblastic leukemia. Leukemia 2020, 34, 1102–1115. [Google Scholar] [CrossRef] [PubMed]

	



Liu, E.; Tong, Y.; Dotti, G.; Shaim, H.; Savoldo, B.; Mukherjee, M.; Orange, J.; Wan, X.; Lu, X.; Reynolds, A.; et al. Cord blood NK cells engineered to express IL-15 and a CD19-targeted CAR show long-term persistence and potent antitumor activity. Leukemia 2018, 32, 520–531. [Google Scholar] [CrossRef] [PubMed]

	



Herrera, L.; Santos, S.; Vesga, M.A.; Anguita, J.; Martin-Ruiz, I.; Carrascosa, T.; Juan, M.; Eguizabal, C. Adult peripheral blood and umbilical cord blood NK cells are good sources for effective CAR therapy against CD19 positive leukemic cells. Sci. Rep. 2019, 9, 18729. [Google Scholar] [CrossRef]

	



Lanier, L.L. NK cell recognition. Annu. Rev. Immunol. 2004, 23, 225–274. [Google Scholar] [CrossRef] [PubMed]

	



Titov, A.; Zmievskaya, E.; Ganeeva, I.; Valiullina, A.; Petukhov, A.; Rakhmatullina, A.; Miftakhova, R.; Fainshtein, M.; Rizvanov, A.; Bulatov, E. Adoptive Immunotherapy beyond CAR T-Cells. Cancers 2021, 13, 743. [Google Scholar] [CrossRef]

	



Hollingsworth, R.E.; Jansen, K. Turning the corner on therapeutic cancer vaccines. NPJ Vaccines 2019, 4, 7. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, R.S.; Rezvani, K. Chimeric antigen receptor expressing natural killer cells for the immunotherapy of cancer. Front. Immunol. 2018, 9, 283. [Google Scholar] [CrossRef]

	



Pfefferle, A.; Huntington, N.D. You have got a fast CAR: Chimeric antigen receptor NK cells in cancer therapy. Cancers 2020, 12, 706. [Google Scholar] [CrossRef]

	



Wang, W.; Jiang, J.; Wu, C. CAR-NK for tumor immunotherapy: Clinical transformation and future prospects. Cancer Lett. 2020, 472, 175–180. [Google Scholar] [CrossRef]

	



Chu, J.; Deng, Y.; Benson, D.M.; He, S.; Hughes, T.; Zhang, J.; Peng, Y.; Mao, H.; Yi, L.; Ghoshal, K.; et al. CS1-specific chimeric antigen receptor (CAR)-engineered natural killer cells enhance in vitro and in vivo antitumor activity against human multiple myeloma. Leukemia 2014, 28, 917–927. [Google Scholar] [CrossRef]

	



Müller, N.; Michen, S.; Tietze, S.; Töpfer, K.; Schulte, A.; Lamszus, K.; Schmitz, M.; Schackert, G.; Pastan, I.; Temme, A. Engineering NK cells modified with an EGFRvIII-specific chimeric antigen receptor to overexpress CXCR4 improves immunotherapy of CXCL12/SDF-1α-secreting glioblastoma. J. Immunother. 2015, 38, 197–210. [Google Scholar] [CrossRef]

	



Xiao, L.; Cen, D.; Gan, H.; Sun, Y.; Huang, N.; Xiong, H.; Jin, Q.; Su, L.; Liu, X.; Wang, K.; et al. Adoptive transfer of NKG2D CAR mRNA-engineered natural killer cells in colorectal cancer patients. Mol. Ther. 2019, 27, 1114–1125. [Google Scholar] [CrossRef] [PubMed]

	



Töpfer, K.; Cartellieri, M.; Michen, S.; Wiedemuth, R.; Müller, N.; Lindemann, D.; Bachmann, M.; Füssel, M.; Schackert, G.; Temme, A. DAP12-Based activating chimeric antigen receptor for NK cell tumor immunotherapy. J. Immunol. 2015, 194, 3201–3212. [Google Scholar] [CrossRef]

	



Altvater, B.; Landmeier, S.; Pscherer, S.; Temme, J.; Schweer, K.; Kailayangiri, S.; Campana, D.; Juergens, H.; Pule, M.; Rossig, C. 2B4 (CD244) signaling by recombinant antigen-specific chimeric receptors costimulates natural killer cell activation to leukemia and neuroblastoma cells. Clin. Cancer Res. 2009, 15, 4857–4866. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.-H.; Connolly, J.; Shimasaki, N.; Mimura, K.; Kono, K.; Campana, D. A chimeric receptor with NKG2D specificity enhances natural killer cell activation and killing of tumor cells. Cancer Res. 2013, 73, 1777–1786. [Google Scholar] [CrossRef]

	



Guo, C.; Wang, X.; Zhang, H.; Zhi, L.; Lv, T.; Li, M.; Lu, C.; Zhu, W. Structure-based rational design of a novel chimeric PD1-NKG2D receptor for natural killer cells. Mol. Immunol. 2019, 114, 108–113. [Google Scholar] [CrossRef]

	



Chaudhry, K.; Dowlati, E.; Bollard, C.M. Chimeric antigen receptor-engineered natural killer cells: A promising cancer immunotherapy. Expert Rev. Clin. Immunol. 2021, 17, 643–659. [Google Scholar] [CrossRef] [PubMed]

	



Fehniger, T.A.; Cooper, M.A.; Caligiuri, M.A. Interleukin-2 and interleukin-15: Immunotherapy for cancer. Cytokine Growth Factor Rev. 2002, 13, 169–183. [Google Scholar] [CrossRef]

	



Jacob, H.; Marius, W.; Styliani, M.; Chiao-Wang, S.; Alexander, M.; Cassady, J.P.; Beard, C.; Brambrink, T.; Wu, L.; Townes, T.M.; et al. Treatment of sickle cell anemia mouse model with iPS cells generated from autologous skin. Science 2007, 318, 1920–1923. [Google Scholar] [CrossRef]

	



Raya, A.; Rodríguez-Pizà, I.; Guenechea, G.; Vassena, R.; Navarro, S.; Barrero, M.J.; Consiglio, A.; Castellà, M.; Río, P.; Sleep, E.; et al. Disease-corrected haematopoietic progenitors from Fanconi anaemia induced pluripotent stem cells. Nature 2009, 460, 53–59. [Google Scholar] [CrossRef] [PubMed]

	



Amabile, G.; Welner, R.S.; Nombela-Arrieta, C.; D’Alise, A.M.; Di Ruscio, A.; Ebralidze, A.K.; Kraytsberg, Y.; Ye, M.; Kocher, O.; Neuberg, D.S.; et al. In vivo generation of transplantable human hematopoietic cells from induced pluripotent stem cells. Blood 2013, 121, 1255–1264. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, T. In vitro development of hematopoietic system from mouse embryonic stem cells: A new approach for embryonic hematopoiesis. Int. J. Hematol. 1996, 65, 1–8. [Google Scholar] [CrossRef]

	



Yasui, Y.; Hitoshi, Y.; Kaneko, S. In vitro differentiation of T Cell: From human iPS cells in feeder-free condition BT. In In Vitro Differentiation of T-Cells: Methods and Protocols; Kaneko, S., Ed.; Springer: New York, NY, USA, 2019; pp. 77–80. ISBN 978-1-4939-9728-2. [Google Scholar]

	



Takayama, N.; Eto, K.; Nakauchi, H. Potential usefulness of human iPS cells on the generation of platelets. Nihon Rinsho 2011, 69, 2161–2165. [Google Scholar]

	



Ebihara, Y.; Ma, F.; Tsuji, K. Generation of red blood cells from human embryonic/induced pluripotent stem cells for blood transfusion. Int. J. Hematol. 2012, 95, 610–616. [Google Scholar] [CrossRef]

	



Ni, Z.; Knorr, D.A.; Kaufman, D.S. Hematopoietic and Nature Killer Cell Development from Human Pluripotent Stem Cells BT—Embryonic Stem Cell Immunobiology: Methods and Protocols; Zavazava, N., Ed.; Humana Press: Totowa, NJ, USA, 2013; pp. 33–41. ISBN 978-1-62703-478-4. [Google Scholar]

	



Knorr, D.A.; Kaufman, D.S. Pluripotent stem cell-derived natural killer cells for cancer therapy. Transl. Res. 2010, 156, 147–154. [Google Scholar] [CrossRef]

	



Szaryńska, M.; Preis, K.; Zabul, P.; Kmieć, Z. Diversity of dendritic cells generated from umbilical cord or adult peripheral blood precursors. Cent. J. Immunol. 2018, 43, 306–313. [Google Scholar] [CrossRef] [PubMed]

	



Ajami, M.; Soleimani, M.; Abroun, S.; Atashi, A. Comparison of cord blood CD34 + stem cell expansion in coculture with mesenchymal stem cells overexpressing SDF-1 and soluble /membrane isoforms of SCF. J. Cell. Biochem. 2019, 120, 15297–15309. [Google Scholar] [CrossRef]

	



Domogala, A.; Madrigal, J.A.; Saudemont, A. Cryopreservation has no effect on function of natural killer cells differentiated in vitro from umbilical cord blood CD34+ cells. Cytotherapy 2016, 18, 754–759. [Google Scholar] [CrossRef]

	



Ambrosini, P.; Loiacono, F.; Conte, R.; Moretta, L.; Vitale, C.; Mingari, M.C. IL-1β inhibits ILC3 while favoring NK-cell maturation of umbilical cord blood CD34+ precursors. Eur. J. Immunol. 2015, 45, 2061–2071. [Google Scholar] [CrossRef] [PubMed]

	



Lehmann, D.; Spanholtz, J.; Osl, M.; Tordoir, M.; Lipnik, K.; Bilban, M.; Schlechta, B.; Dolstra, H.; Hofer, E. Ex vivo generated natural killer cells acquire typical natural killer receptors and display a cytotoxic gene expression profile similar to peripheral blood natural killer cells. Stem Cells Dev. 2012, 21, 2926–2938. [Google Scholar] [CrossRef] [PubMed]

	



Hansrivijit, P.; Gale, R.P.; Barrett, J.; Ciurea, S.O. Cellular therapy for acute myeloid Leukemia—Current status and future prospects. Blood Rev. 2019, 37, 100578. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zheng, H.; Diao, Y. Natural killer cells and current applications of chimeric antigen receptor-modified NK-92 cells in tumor immunotherapy. Int. J. Mol. Sci. 2019, 20, 317. [Google Scholar] [CrossRef] [PubMed]

	



Gong, J.H.; Maki, G.; Klingemann, H.G. Characterization of a human cell line (NK-92) with phenotypical and functional characteristics of activated natural killer cells. Leukemia 1994, 8 4, 652–658. [Google Scholar]

	



Maki, G.; Klingemann, H.-G.; Martinson, J.A.; Tam, Y.K. Factors Regulating the cytotoxic activity of the human natural killer cell line, NK-92. J. Hematother. Stem Cell Res. 2001, 10, 369–383. [Google Scholar] [CrossRef]

	



Tonn, T.; Schwabe, D.; Klingemann, H.G.; Becker, S.; Esser, R.; Koehl, U.; Suttorp, M.; Seifried, E.; Ottmann, O.G.; Bug, G. Treatment of patients with advanced cancer with the natural killer cell line NK-92. Cytotherapy 2013, 15, 1563–1570. [Google Scholar] [CrossRef]

	



Romanski, A.; Bug, G.; Becker, S.; Kampfmann, M.; Seifried, E.; Hoelzer, D.; Ottmann, O.G.; Tonn, T. Mechanisms of resistance to natural killer cell-mediated cytotoxicity in acute lymphoblastic leukemia. Exp. Hematol. 2005, 33, 344–352. [Google Scholar] [CrossRef]

	



Romanski, A.; Uherek, C.; Bug, G.; Seifried, E.; Klingemann, H.; Wels, W.S.; Ottmann, O.G.; Tonn, T. CD19-CAR engineered NK-92 cells are sufficient to overcome NK cell resistance in B-cell malignancies. J. Cell. Mol. Med. 2016, 20, 1287–1294. [Google Scholar] [CrossRef]

	



Pinz, K.G.; Yakaboski, E.; Jares, A.; Liu, H.; Firor, A.E.; Chen, K.H.; Wada, M.; Salman, H.; Tse, W.; Hagag, N.; et al. Targeting T-cell malignancies using anti-CD4 CAR NK-92 cells. Oncotarget 2017, 8, 112783–112796. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Yang, L.; Li, Z.; Nalin, A.P.; Dai, H.; Xu, T.; Yin, J.; You, F.; Zhu, M.; Shen, W.; et al. First-in-man clinical trial of CAR NK-92 cells: Safety test of CD33-CAR NK-92 cells in patients with relapsed and refractory acute myeloid leukemia. Am. J. Cancer Res. 2018, 8, 1083–1089. [Google Scholar]

	



Herrera, L.; Juan, M.; Eguizabal, C. Purification, culture, and CD19-CAR lentiviral transduction of adult and umbilical cord blood NK cells. Curr. Protoc. Immunol. 2020, 131, e108. [Google Scholar] [CrossRef] [PubMed]

	



Balassa, K.; Rocha, V. Anticancer cellular immunotherapies derived from umbilical cord blood. Expert Opin. Biol. Ther. 2018, 18, 121–134. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Li, Y.; Hermanson, D.L.; Moriarity, B.S.; Kaufman, D.S. Human iPSC-derived natural killer cells engineered with chimeric antigen receptors enhance anti-tumor activity. Cell Stem Cell 2018, 23, 181–192.e5. [Google Scholar] [CrossRef] [PubMed]

	



Fate Therapeutics. Available online: https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-positive-interim-clinical-data-its (accessed on 18 October 2021).

	



Lu, H.; Zhao, X.; Li, Z.; Hu, Y.; Wang, H. From CAR-T cells to CAR-NK cells: A developing immunotherapy method for hematological malignancies. Front. Oncol. 2021, 11, 3151. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 05418 g001 550] 





Figure 1. Landmark advances in the evolution of biological and clinical research in ALL and CLL. 
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Figure 2. Mechanism of action of NK cells and T cells. On the left, NK cells are killing a tumor cell, as inhibitory receptors do not encounter self-recognition in other cells. NK cells secrete granulocytes such as perforin and granzyme in order to kill the tumor cell. On the right, a T cell is being primed for activation by APC and cytokine stimulation. An effector T cell kills the tumor cell by secreting granulocytes and other cytokines into the tumor microenvironment. 
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Figure 3. Potential design of CAR generation according to NK cell intracellular motifs and functions. From left to right: First generation CARs (1G) have an intracellular tyrosine-based activation motif, such as a CD3 ζ chain, DAP10 or DAP12. Second generation CARs (2G) include a co-stimulatory domain (CD28, 4-1BB or 2B4) in tandem with CD3ζ or DAP10 or DAP12. Third generation CARs (3G) contain two co-stimulatory elements (CD28, 4-1BB or 2B4) in tandem with CD3ζ or DAP10 or DAP12. Fourth generation CARs (4G or TRUCKs) are additionally modified with an inducible or constitutive expression cassette for a transgenic protein. NKG2D ectodomain with DAP10 and CD3ζ cytoplasmic signalling endodomain. 
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Figure 4. (a) Diagram of the different cell sources used to obtain NK cells. These NK cells can be directly collected from Adult Peripheral Blood and Umbilical Cord Blood. They can be differentiated in vitro from CD34+ hematopoietic stem cells taken from umbilical cord blood, and also from hiPSCs, which are differentiated towards CD34+ cells and then to NK cells. There is an established NK cell line called NK-92. (b) Most relevant CAR-NK clinical trials use different sources of NK cells and different antigens, depending on the type of cancer. 
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Table 1. Different immunotherapies used for treating ALL and/or CLL.
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Target

	
Drug

	
Immunotherapy Type

	
Use and Clinical Indication






	
CD19

	
Blinatumomab [39]

	
BiTE

	
ALL




	
Tisagenlecleucel [40]

	
CAR

	
ALL




	
Brexucabtagene Autoleucel [40]

	
CAR

	
ALL




	
CD20

	
Rituximab [33]

	
Monoclonal Ab

	
ALL, CLL




	
Ofatumumab [34]

	
Monoclonal Ab

	
CLL




	
Obinutuzumab [35]

	
Monoclonal Ab

	
CLL




	
CD22

	
Epratuzumab [37]

	
Monoclonal Ab

	
ALL (orphan drug)




	
Inotuzumab ozogamicin (InO) [38]

	
Monoclonal Ab

	
ALL




	
CD52

	
Alemtuzumab [41]

	
Monoclonal Ab

	
CLL
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Table 2. Most noteworthy differences between CAR-T based treatments and CAR-NK based treatments.
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	CD19 CAR-T
	CD19 CAR-NK





	>400 clinical trials
	13 clinical trials



	3 commercial products [40]
	0 commercial products



	Autologous treatment [81]
	Allogenic treatment [83]



	Poor expansion directly correlated with patient relapse [80]
	Short lifespan [78]



	Less resistant to genetic engineering
	More resistant to genetic engineering



	(Up to 80% transduced cells) [81]
	(40–60% transduced cells) [82,83]



	Activated through CD3ζ 4-1BB and CD28 [88]
	Activated through CD3ζ, 4-1BB, DAP10, DAP12, and FcRγ [89,90]
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