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Abstract

:

Simple Summary


Natural killer cells are the first line of defense against tumor surveillance. Currently, efforts are being made to harness the potential of NK cells as tools for immunotherapy. Rapid progress is being made in engineering NK cells for tumor immunotherapy. Chimeric antigen receptor (CAR)-engineered NK (CAR-NK) cells are gaining ground on CAR-T cells because of better safety, cytotoxic function, and high feasibility for “off-the-shelf” manufacturing. In addition, bispecific NK cell engagers (BiKEs) and trispecific NK cell engagers (TriKEs) therapy have proven beneficial in solid tumors. In this review, we will focus on recent progress in the therapeutic competence of NK cell immunotherapy, including CAR-NK and BiKE across several in vivo and in vitro models.




Abstract


Increasing knowledge of cancer immunology has led to the design of therapies using immune cells directly or manipulating their activity, collectively termed immunotherapy. In the field of immuno-oncology, research on adaptive immune T cells has led to the development of CAR-T cells. Innate immune cells such as NK cells can also eliminate oncogenically transformed cells and regulate cells of the immune system. Considering NK cells as a live drug, numerous methods for the isolation and activation of NK cells have been shown to be clinically and therapeutically relevant. In such processes, various cytokines and antibodies present a source of stimulation of NK cells and enhance the efficacy of such treatments. The ex vivo expansion and activation of NK cells, along with genetic modification with CAR, enhance their antitumor activity. Recent preclinical studies have shown an antitumor effect through extracellular vesicles (EVs) derived from NK cells. Work with autologous NK cells has provided insights for clinical applications. In this review, we outline the recent advances of NK-cell-based immunotherapies, summarizing CAR-NK cells, BiKEs, and TriKEs as treatment options against cancer. This review also discusses the challenges of NK cell immunotherapy.
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1. Introduction


Natural killer (NK) cells are the body’s first line of defense against infected or transformed cells, as they kill target cells in an antigen-independent manner. Unlike adaptive immune T and B cells, NK cells are innate immune cells that do not undergo somatic rearrangements to produce highly specific receptors that recognize target cells or antigens. Broad systemic tissue distribution of NK cells can carry out different functions. NK cells express both activating and inhibitory receptors, which function to maintain physiological balance. Perturbation of this balance leads to activation of NK cells. NK cells can lyse tumor cells without the need for priming, and this plays an essential role in controlling tumor growth [1,2]. All NK cell receptors are germline encoded; thus, they are independent of recombination-activating gene (RAG) rearrangement activity for function. NK cells play a pivotal role in immunosurveillance [3,4] and represent an important effector cell type for adoptive cancer cell therapy [5,6,7]. Human NK cells are identified by the absence of the T-cell receptor (TCR) complex (i.e., cluster of differentiation (CD)3 negative) and the presence of the neural cell adhesion molecule (NCAM; also known as CD56) [8,9]. Fundamentally, NK cells are recognized for eliminating cells that lack expression of major histocompatibility complex (MHC) class I, also known as human leukocyte antigen (HLA). Binding of the MHC class-I ligand to NK cell inhibitory receptors, such as killer cell immunoglobulin-like receptors (KIRs), is a signal of self-recognition, which avoids activation and killing of self/healthy cells. Human NK cells acquire effector functions by an education process termed “licensing”, which is mediated by the interaction between KIR with-MHC class-I molecules [10,11]. NK cells are regarded as innate immune cells and surprisingly share important characteristics with the adaptive immune system, in particular CD8 T cells [12,13]. Engagement of the wide array of activating surface receptors that recognize ligands upregulated by cancer cells, such as natural cytotoxicity receptors (NCRs), activates NK cell tumor cytotoxicity and the secretion of antitumor cytokines, such as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) [14,15,16]. In summary, the balance between signals received for inhibitory receptors and activation receptors via foreign and self-antigens is the deciding factor for its effector function.



Cell-based therapies are emerging to supplement traditional chemotherapy and radiotherapy cancer treatments. In cell-based therapy, effector immune cells are isolated from the patient’s blood, expanded and activated outside the body (ex vivo), and then adoptively transferred back into the patient as a form of “immunotherapy” [17]. During the past decade, the concept of immune cells eliminating cancer cells has been successfully translated from bench to bedside, which is termed “Cancer Immunotherapy”. Notably, harnessing this potential of immune cells with the clinical success of autologous CAR-T cells in patients with leukemia and lymphoma has increased the potential of cancer treatment. Furthermore, methods of applying these concepts to other immune cells for such treatment have been gaining importance.



Efforts to utilize other effector immune cells such as NK cells have been explored [18,19]. A groundbreaking study of donor-mismatched allogeneic NK cells on the outcomes of patients with acute myeloid leukemia (AML) took advantage of the lack of TCR-like receptors on NK cells. This study showed that allogeneic NK cells protected against graft versus host disease (GvHD) [20]. This phenomenon prompted the idea of utilizing NK cells as “live drugs” in “off-the-shelf” immunotherapy products. Although peripheral blood mononuclear cells (PBMCs) contain only 10–12% of circulating NK cells, there are other sources such as umbilical cord blood (UCB) and induced pluripotent stem cells (iPSCs) that can also contribute and hold a promising way to expand and accumulate a large number of NK cells.



In-depth descriptions of NK-cell-activating and inhibitory markers can be found in the literature [21,22,23], along with a summary of sources and methods for the isolation, activation, and propagation of allogeneic NK cells, which is readily available [24,25]. In this review, we will discuss the strategies and preclinical and clinical efforts made to use these “live drugs” as cancer immunotherapy.




2. NK-Cell-Based Cancer Immunotherapy


NK cells are bone-marrow-derived lymphocytes that arise from multipotent CD34+ hematopoietic progenitors [26]. NK cell maturation occurs in bone marrow, as well as in lymphoid organs. They continuously receive signals and cytokines for proliferation and activation throughout their lifespan. After differentiation, human interleukin-15 (IL-15) plays an indispensable role in the homeostatic maintenance of NK cells in the peripheral blood [27]. The in vivo kinetics of human NK cells from a healthy young adult occur in approximately 10–12 days, while the mean proliferation rate or doubling time is roughly 13–16 days (turnover in blood of about two weeks) [28]. Some of the challenges of NK-cell-based immunotherapy are in vivo persistence of the NK cells, tumor localization, and homing to the tumor microenvironment. Similar to T cells, genetic manipulation of NK cells could be a solution that enhances their persistence, cytotoxicity, tumor-targeting capacity, and ability to home to disease sites in vivo. Improving the efficacy of NK-cell-based cancer immunotherapy has yielded good preclinical results. Here, we summarize a few of the strategies and efforts to overcome some of the limitations.




3. Adoptive NK Cell Therapy


Initial studies on adoptive NK cell therapy focused on antitumor activity through autologous and allogeneic transfer [29]. Efforts were made to enhance and improve the therapy by increasing the efficiency of killing tumor cells. These therapies are largely based on isolation of human NK cells, using CD56 as a cell surface target antigen, utilizing beads from a leukapheresis product, and subsequently infusing these autologous NK cells back into patients [29]. Due to the shorter lifespan of NK cells, systemic administration of cytokines such as interleukin-2 (IL-2) was provided in vivo to stimulate and support the expansion of activated NK cells. In vitro cytokine-activated NK cells have resulted in enhanced cytotoxicity; however, they have shown limited in vivo antitumor activity [30,31]. In clinical settings, autologous NK cells that were ex vivo activated and reinfused in lymphoma patients, followed by administration of systemic IL-2, resulted in a poor outcome [32]. First, the development of severe life-threatening side effects/severe adverse effects (SAEs), such as vascular leak syndrome, as a result of IL-2 therapy was observed. Secondly, IL-2 induced expansion of regulatory T cells, leading to inhibition of NK cell function, and induced NK cell death due to activation [33,34]. Additionally, the inhibition of autologous NK cells by self-HLA molecules resulted in the lack of antitumor effects. To overcome these limitations, new strategies were designed to redirect autologous NK cells to target and kill leukemic blasts. These strategies use anti-KIR antibodies to block inhibitory receptors on the NK cell surface with their cognate HLA class-I ligands.



Although NK cells recognize and kill tumor cells in vitro, the tumor microenvironment (TME) plays an important role in determining their antitumor efficacy in vivo. For example, not all solid tumors are equally well infiltrated by NK cells, as many infiltrated NK cells tend to be dysfunctional [35,36,37]. The failure of immune surveillance could be partially explained as sustained immunological pressure on tumor cells resulting in the development of tumor escape variants that are invisible to the immune system. Even cytotoxic functions of immune effector cells are compromised in the TME due to tumor-secreted suppressive soluble factors, as well as suppressive immune compartments, such as myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells (Tregs) [38]. Treg cells are defined as small T-cell subpopulations within the CD4+ cell subpopulation that have high affinity towards IL-2 receptor alpha (CD25, IL-2Rα) and express a nuclear factor forkhead box 3 protein (FoxP3), which need IL-2 cytokines to maintain their function [39]. Experimentally, it was shown that NK cells were suppressed by Tregs in a cell-contact-dependent manner via membrane-bound TGF-β that attenuated NK cytotoxicity in vitro [40]. An inverse correlation between NK cell activity and T-regulatory (Treg) cell expansion has been observed in patients with gastrointestinal stromal cancer (GIST) or hepatocellular carcinoma. Some studies indicate that NK cell proliferation, accumulation, and activation can be limited by Tregs through the availability of IL-2 released by CD4+ cells, which leads to inadequate IL-2-activated CD4+ T cells.




4. Use of Ex Vivo-Activated NK Cells


A different approach has been taken to facilitate effective NK cell function by priming ex vivo-isolated NK cells (CD56+ selection) with different cytokines to have antitumor activity, followed by expansion and infusion in cancer patients to augment NK cell function and antibody-dependent cell cytotoxicity (ADCC). In contrast to autologous NK cells, which are inhibited by recognition of a self-HLA-I molecule expressed on tumor cells and therefore show reduced antitumor potential, the KIR/HLA-I mismatch in allogeneic NK settings has led to more promising outcomes, along with hematopoietic stem cell transplant (HSCT) in hematologic malignancies [41]. Interactions of inhibitory receptors with HLA class-I molecules on autologous cells induce dominant negative signals that override activating inhibitory receptor signaling in cells. These interactions are responsible for preventing cytotoxic activity [41]. Among inhibitory receptors, Ig-like transcript 2 recognizes all HLA class-I molecules on somatic cells by engaging the conserved β2-macroglobulin and α3 domain of HLA class-I molecules [42]. Some methods, which employ ex vivo expansion of NK cells, require coculturing on the modified K562 feeder cell line. K562 can act as an excellent targeting cell line due to the downregulated MHC class-I inhibitory receptors. Modified K562 cells have membrane-bound IL-15 and 41BBL, which have proven to help in this expansion, activation, and proliferation, resulting in higher antitumor activity in vitro, as well as in mouse models [43]. Another example, a combination of feeder cell EBV-LCL and cytokine IL-2 supplementation, led to robust NK cell activation. These activated NK cells were found to be expanded by 200- to 600-fold over 21 days [44]. In clinical settings, one of the main questions being answered is the survival time of allogeneic cells after adoptive transfer. Reports indicate several weeks to months of cell survival depending upon the expansion method and the subpopulation transfer [45].



Recently, NK therapy has been modified with the addition of ex vivo cytokines for activation and expansion. As previously mentioned, the well-studied cytokine IL-2 was infused along with NK cell therapy. Other cytokines such as IL-12, IL-15, IL-18, IL-21, and IFN-γ have been studied for their relative effects on activation and expansion of NK cells [46,47]. In comparison to other cytokines, IL-15 presented an advantage, as it did not stimulate Tregs as well as in the preclinical model, and it showed some promising results. Although an antitumor effect was observed in in vivo studies, an excessive amount of IL-15 was required to achieve these effects. Imamura et al. showed that the expression of membrane-bound IL-15 (mbIL-15) in human NK cells sustained their growth and increased antitumor activity [47]. In this study, the significance of mbIL-15 was determined by expressing mbIL-15 on the cell surface of NK cells. Compared to non-membrane-bound NK cells, mbIL-15 NK cells showed higher survival in vitro and did not require IL-2. mbIL15-expressing cells essentially retained the immunophenotype of activated NK cells, as well as functional properties of CD107a expression and IFN-γ secretion. In mouse studies, expansion of mIL15 NK cells was observed as an autocrine effect in most of the tissues except the brain. This was further enhanced with administration of IL-2 in an immunodeficient mouse model. The potency and antitumor effect of mbL15 NK cells were underscored by enhanced cytotoxicity against leukemia and lymphoma cell lines. In a xenograft model of NOD/scid IL2RGnull (NSG) mice transplanted with Ewing sarcoma cell line (solid tumor), mbL15 NK cells showed superior cytotoxicity against carcinoma with prolonged survival benefit compared to the untreated group. This approach forms the basis for strategies that could improve the antitumor capacity of NK cell infusions, thereby avoiding the need to administer IL-2 dose-limiting.




5. NK Cells and CARs


The improvement of effector cell cytotoxicity or its ability to destroy cancer cells can be specifically redirected by the recombinant chimeric antigen receptor (CAR), which consists of a single-chain variable fragment (scFv; ectodomain) linked to intracellular signaling domains (endodomain). The scFv binds to a defined target antigen on tumors or transformed cells and triggers effector cell activation upon target engagement [48,49]. In general, CAR affinity and functionality are subject to the interplay between the antigen-binding scFv antibody, hinge region, transmembrane region, and endodomain. This also means that each new CAR construct should be experimentally tested for a specific target antigen and application [50]. Currently, many cancer target antigens are under clinical investigation, including CD19, CD20, CD30, CD138, epidermal growth factor receptor variant II (EGFRvII), disialoganglioside (GD2), human epidermal growth factor-2 (HER-2), Wilms’ tumor (WT1), prostate-specific membrane antigen (PSMA), and New York esophageal squamous cell carcinoma 1 (NY-ESO1) in multiple cancer types. Additional target antigens are currently in preclinical development [51].



With the success of CAR-T cells in hematological malignancies, the field is presently exploring NK cells for antitumor activity. Previous research on NK cell biology has found various sources of NK cells, where each source is subjected to engineering with different CAR constructs. Although all of these sources have their own advantages, each of these needs to be investigated for their safety and efficacy before they can be utilized in clinical applications. Here we provide sources and methods for isolation of NK cells in Figure 1. Please find below the list of targeted antigens and their respective details of study conducted in Table 1 and list of clinical trials in Table 2.



5.1. NK Cells Derived from Peripheral Blood


The majority of clinical trials have preferred NK cells from peripheral blood mononuclear cells (PBMCs). Due to the abundant source of CD16+ and CD56+ mature and functional NK cells in peripheral blood of healthy individuals, the focus of isolating NK cells has become dependent on leukapheresis. Briefly, lymphocytes can be enriched from whole blood using density gradient centrifugation [75]. Various companies have manufactured NK cell isolation kits based on immunomagnetic bead particles. These bead-based products usually come in different formats. First, the “touched” kit (positive selection) is based upon antibodies that bind specifically to NK cells such as CD56, and the remaining nonbound lymphocytes are cleared through wash buffer [76]. Further CD56-bound NK cells are enriched with buffer during washing steps. The second method of enrichment of NK cells is through “untouched” kits (negative selection), where a cocktail of antibodies binds all lymphocytes except CD56 (NK cells). The bound lymphocytes and monocytes other than NK cells are separated by immunomagnetic bead particles. Another method, which is in practice, takes advantage of the CD3 depletion kit, followed by CD56 enrichment to obtain a highly purified population from humanized mice, as well as PBMCs [77]. PBMCs NK cells, which are found in the steady state, require cytokines for activation to elicit enhanced cytotoxicity against tumor cells [45]. These chemokine-activated killer cells are a combination of T cells and NK cells [78,79]. Various modified culturing conditions have been used for activation of NK cells with a specific focus on maintaining in vivo cell survival and enhancing cell cytotoxicity. In addition to IL-2, IL-15 has been explored to mediate NK cell activation and cytotoxicity following post-cytokine withdrawal [80,81]. Other cytokines such as IL-12 and IL-18 were used to reverse the exhaustion caused due to IL-2 and expansion of NK cells in immunodeficient mice. The combination of IL-15 with IL-12 and IL-18 led to the induction of NK cells, as well as preferential induction of memory NK cells [46]. Similarly, the combination of the aforementioned cocktail of cytokines with IL-2 led to enhanced restimulation with greater IFN-γ production and greater cytotoxicity [52]. Early studies using primary NK cells transduced with anti-CD19-BBz and cocultured with K562 expressing membrane-bound IL-15 and costimulatory molecule 4-1BB (K562-mb15-41BBL) showed improved stimulation of NK cells and an amplification of NK cells within one week of culturing [53]. Addition of the 4-1BB costimulatory molecule to the chimeric anti-CD19-CD3zeta receptor not only improved stimulation but resulted in higher cytotoxicity compared to that of NK cells, which lacked these molecules. With increased activation, significant production of IFN-γ and granulocyte-macrophage colony-stimulating factor (GM-CSF) was observed in modified NK cells.




5.2. Immortalized Cells Lines as a Source of NK Cells


Addition of CAR expression to existing NK-cell-activating receptors could enhance NK cell ability to eliminate targeted tumor cells, especially in solid tumors that are often resistant to NK-cell-mediated killing. The feasibility of CAR-NKs has recently been explored, mostly in defined NK cell lines, such as NK-92 [43,76]. The NK-92 cell line has the advantage of being a homogenous cell population compared to mixed subsets isolated from a normal healthy donor. Although the NK-92 cell line is well defined, it has several disadvantages. It lacks expression of typical NK-cell-activating receptors such as CD16, and other NCR expression markers such as NKp30, NKp46, and NKGD are present. Additionally, NK-92 cells are tumor cell lines with multiple cytogenetic abnormalities and are latently infected with Epstein–Barr virus, which necessitates irradiation for safety measures before infusion [54]. Considering all advantages and disadvantages, NK-92 is the only cell line that is currently being employed in clinical trials (NCT00900809 and NCT00990717) [53]. Several other cell lines, including NK-YS, NKG, NKL, and haNK-1 cells, are being tested in preclinical models [82]. Most of the studies for CAR-NKs in NK-92 cells were performed using first-generation CAR constructs, which contain CD3ζ as their sole signaling domain. The scFv of these CARs target CD20 [62], CD19 [63], Erb, HER2 [61,83], GD2 [84], and CD138 [70].



CAR studies targeting B-cell malignancies with CD19 and CD20 have extensively used T cells. Some studies reported the use of CD3ζ, and some used CD8 [62] as a transmembrane domain in the CAR construct. The ADCC function of NK-92 anti-CD20-CAR was more effective than NK-92 plus rituximab in primary CLL cells [66]. These NK-92 cells were specifically engineered to express CD16 to perform ADCC functions. Preclinical models for B-cell malignancies have shown promising results. NK-92 cells engineered to target CD19 (construct NK92-CD19-CD3-ζ) showed cell cytotoxicity and enhanced killing of tumor cells. Similarly, transfection of peripheral blood NK (PB-NK) with the mRNA construct of CD20-41BB-CD3-ζ was used to generate another NK-CAR. These were activated by coculturing with modified K562 expressing IL-15-41BBL, which has been reported to enhance cytotoxicity to resistant Burkitt lymphoma. In vivo studies indicated better survival of mice [44]. Acute myelogenous leukemia (AML) cells lines are less resistant than solid tumors to the cytolytic activity of effector cells targeting cognate specific epitope on tumor cells [16].



In a solid tumor model, HER-2-positive breast, ovarian, and squamous cell carcinoma were successfully targeted by constructs with anti-Erb2 CAR in NK-92 cells, which had improved cytotoxicity and reduced tumor growth [61]. An anti-GD2 CAR-NK was able to target glioblastoma, melanoma, and breast carcinoma [66]. In mouse studies with a multiple myeloma (MM) tumor model, NK-92 cells expressing anti-CD138 CAR-NK had significantly longer survival compared to NK-92 alone [70]. This demonstrates that NK-92, along with first-generation CARs, produces effective target cell lysis in vitro, as well as in mouse models. However, most of these models are evaluated subcutaneously, which might not address all issues such as NK trafficking or environmental cues in various organs or tissues. Overall, NK cells could be an alternative to T cells for CAR-engineered therapy. Unlike T cells, which secrete TNF alpha, IFN-γ, IL-1, and IL-6, NK cells secrete IL-3, and GM-CSF, which are less likely to cause cytokine release syndrome (CRS) [85]. Most importantly, CAR-NK cells, as well as target tumor cells, have the ability to be recognized as a function of NK immunosurveillance, which may reduce tumor escape [86].




5.3. NK Cells Derived from Cord Blood


Umbilical cord blood (UCB) is a great source of stem cells, as well as lymphocytes. While NK cells account for ~10–12% of total lymphocytes in PBMCs, ~25–30% of lymphocytes in UCB are NK cells [87,88]. Thus, UCB is a rich source of NK cells (cord blood, CB-NK). An optimized protocol for CD34+ cell enrichment from cryopreserved UCB units has been established using the CliniMACS system, followed by an efficient expansion for 14 days in gas-permeable cell culture bags. These enriched CD34+ UCB cells are expanded, amplified, and differentiated into CD56pos CD3 neg NK cell products using bioreactors with a mean expansion of more than 2000-fold and a purity of >90%. This expansion was significant and necessary for clinical studies, as this was a relevant dose of NK cells (mean: 2 × 109 NK cells). All of these NK cells displayed high expressions of activating NK receptors, as well as retaining the ability to kill K562 cells [56].



Compared to PB-NK cells, CB-NK cells are less mature and therefore possess less cytotoxicity with low expression of CD16. Although CB-NK cells are less mature, the advantage of CB-NK is that they have tremendous potential for proliferation, and they respond to cytokine stimulus, which in turn eliminates the need for a feeder layer in production. One advantage of allogeneic NK cells over CAR-T cells is that they do not cause GvHD, as demonstrated in murine models [89], as well as clinical studies of haploidentical and CB-derived NK cell infusions for patients with hematological malignancies [16]. Rezvani’s group recently conducted the first-in-human phase I/II clinical trial of CAR-NK cell therapy for patients with relapse/refractory (r/r) B-cell hematologic malignancies (NCT03056339). Here, the NK cells were derived from CB and were HLA mismatched with the recipient. The NK cells were retrovirally transduced to target against CD19, and the vector was infused with IL-15 to enhance NK cell persistence and function. For internal safety, an inducible caspase 9 suicide gene (iCas9) was installed to prevent excessive activation. In total, the vector is composed of construct CAR-CD19-CD28-zeta-2A-iCasp9-IL15-NK cells. Eight out of 11 patients responded to the treatment (three different dose levels, 1 × 105, 1 × 106, or 1 × 107 cells per/kg). From these eight patients, seven achieved a complete remission (64%). Additionally, no serious toxicities such as CRS, immune effector cell–associated neurotoxicity syndrome (ICANS), or GvHD were developed in any of the patients.




5.4. NK Cells Derived from Induced Pluripotent Stem Cell


Stem cells, especially induced pluripotent stem cells (iPSCs), have the advantage of providing an unlimited source of potentially functional NK cells. Unlike other sources, iPSC-derived NK (iNK) opens the potential for “off-the-shelf” products using an improved manufacturing pipeline process. The “off-the-shelf” products of immunotherapy have been evaluated to overcome the rate-limiting step of providing an unlimited source of NK cells. Studies describing the reprogramming of stem cells to achieve pluripotency in order to differentiate into an innate immune product such as NK cells and further develop into a final product have been described in detail elsewhere [90,91]. Miller et al. outlined a detailed study that describes a robust and efficient manufacturing system for the differentiation and expansion of high-quality NK cells derived from iPSCs. The iNK cells were shown to produce inflammatory cytokines and strong cytotoxicity effects against an array of hematologic and solid tumors. These iNK cells were found to recruit T cells and enabled them to respond to anti-PD-1 antibodies. Furthermore, these iNK cells enhanced inflammatory cytokine production and tumor lysis activity. Bulk production of iNK cells from a single batch of adult stem cells can be achieved. This enables the manufacturing and production of large numbers of doses from a single manufacturer [80,92]. Hermanson et al. used an ovarian cancer xenograft model to evaluate the expansion of iPSC-derived NK cells and established the proof of concept of iNK cells effect against cold tumors (tumors which present low infiltration capacity, suppressing the immune response) [92].



In a similar study, Li et al. used CAR-NK cells with enhanced NK cell activity [58]. The CAR (construct NK-CAR-iPSC-NK cells) demonstrated an improved antitumor activity compared to T-CAR-expressing iPSC-derived NK cells (construct T-CAR-iPSC-NK cells). In this study, using an ovarian cancer xenograft model, NK-CAR-iPSC-NK cells supplemented with cytokines (IL-2 and rIL-15 for NK cells) were found to significantly inhibit tumor growth and prolong survival compared to PB-NK cells, iPSC-NK cells, or T-CAR-iPSC-NK cells. Furthermore, NK-CAR-iPSC-NK cells were found to be less toxic in vivo compared to T-CAR-expressing T cells. In this study, the mesothelin cell surface marker was targeted in an in vitro solid tumor model. These CAR-NK cells consisted of scFv for mesothelin, NKG2D as a transmembrane marker, a costimulating domain 2B4 (2B4D), and a stimulation domain CD3z (CD3zD). Overall cytotoxicity was measured through expression of CD107a and IFN-γ production. The results indicated robust antitumor activity. To further evaluate the CAR-NK, a tumor-bearing human ovarian xenograft mouse model was treated with CAR-iPSC-NK, which showed a significant reduction in tumor burden and prolonged the survival of these mice compared to control-treated mice. Combined, these two studies highlight NK-CAR-iPSC-NK cells’ potential as excellent candidates for standardized and targeted “off-the-shelf” lymphocytes for cancer immunotherapy [93]. One of the major hurdles of iNK expansion is the relatively low CD16 expression compared to PB-NK cells and therefore low cytotoxicity towards tumor cells. To overcome this limitation, iNK cells are engineered to enhance not only tumor surveillance but to improve persistence for clinical trials.



A biotechnology company, Fate Therapeutics (San Diego, CA, USA), has several iNK cells products that are currently being assessed in a phase 1 clinical trial. A phase I clinical trial (NCT03841110) with iNK cells (FT500) [94] as monotherapy in combination with immune checkpoint inhibitors has been initiated in patients with advanced solid tumors. Another investigational iNK cell product (FT516) [95], engineered to express a high-affinity, noncleavable CD16 Fc receptor (hnCD16Fc) designed to maximize antibody-dependent cytotoxicity, is also under phase 1 clinical investigation (NCT04023071) as a monotherapy against relapsed/refractory acute myeloid leukemia (AML) and in combination with CD20 directed monoclonal antibodies in advanced B-cell lymphoma [96]. The product, owing to its hnCD16Fc receptor and CAR-targeting CD19, in addition to IL-15 receptor fusion, allows for the multiantigen targeting of tumor cells with enhanced NK cell activity and survival. Another of their products, FT596, is a first of its kind: “off-the-shelf” CAR-NK cells produced from iPSCs and targets the B-cell antigen CD19. FT596 expresses a novel and high-affinity 158V, noncleavable CD16 (hnCD16) Fc receptor, which has been modified to prevent its downregulation and to enhance its binding to tumor-targeting antibodies. NK cell activity was enhanced with the support of endogenously expressed cell surface IL-15 receptor fusion (IL-15RF). The CD19-CAR-iNK cells with hnCD16 and IL-15 fusion receptor showed promising preclinical data with high antitumor activity and in vivo persistence with no loss of cell surface CD16 (no cleavage). Increased degranulation and cytokine release were observed upon dual receptor activation in lymphoma cancer cells. This has led to phase I/II investigation for treating advanced B-cell malignancies (NCT04245722) [97].



Another biotechnology company, Cytovia Therapeutics (Miami, FL, USA), is targeting solid tumors with CAR-iNK cells. They are planning to use this platform of CAR-iNK for multiple clinical trials in the near future. Currently, their program consists of preclinical work, where the aim is to differentiate and expand NK cells from iPSCs. Furthermore, in collaboration with Cellectis, they are in the process of cell engineering for optimization of their design and performance through gene editing [98]. Here, they take advantage of gene edits through transcription activator-like effector nucleases (TALENs) [98,99] to precisely edit/insert CAR into a certain gene location. Thus, the CAR insertion enables the highest functional persistence of NK cells, thereby improving their clinical efficacy and safety. Cytovia is also at the forefront of developing an NK cell engager making use of Nkp46 and targeting various other diseases. Their products of iNK, along with NK engagers, are a unique set of combinations of molecules targeting diseases. The product CYT-100 and CYT-150 are in preclinical trials, where they use universal iNK cells, along with NK cell engagers, both targeting solid tumors. Other products such as CYT-338 and CYT-538 target multiple myeloma, whereas CYT-501 targets glioblastoma through antigen EGFRvII+wt [100].



Additionally, unlike the persistence of CAR-T cells targeting CD19, which cause prolonged cytopenia, the shorter life span of mature NK cells provides an effective antitumor killing capacity with a reduced probability of long-term on-target/off-tumor effects. The antitumor activity of CAR-NK is not only executed through CAR, which has the capacity to specifically recognize antigen-expressing tumors, but also through its own cognate cell receptors.





6. Novel Bispecific Antibodies or Single-Chain Variable Fragment Targeting NK Cells


Other ways to redirect NK cell cytotoxicity towards tumor cells is through bispecific and/or trispecific engagers (BiKE, TriKE) [101]. Construction of specific targeting molecules involves combining a scFv against CD16 and a scFv against a tumor-associated antigen (BiKE) or two tumor-associated antigens (TriKE). The proof of principle was provided with NK cell bsFv bispecific CD16/CD19 and trispecific tsFv CD16/CD19/CD22 engagers that were activated through CD16. This led to enhanced cytotoxic killing and cytokine production against various CD19-expressing B-cell lines [101]. A CD33xCD16 BiKE was developed against AML and demonstrated that killing by NK cells could be achieved [102]. During the activation of NK cells, gradual loss of CD16 and CD62L was observed. It was determined that ADAM metallopeptidase domain 17 (ADAM17), a metalloprotease that is expressed in NK cells, may in turn impact the efficacy of Fc-mediated cytotoxicity by shedding CD16 [64]. Selective inhibition of ADAM17 prevented the shedding of CD16 and in turn increased CD16-mediated killing and restored the functionality of NK cells by preserving cell surface expression of CD16.



6.1. Bispecific NK Cell Engager (BiKE)


6.1.1. CD16xCD33


NK cells have also been redirected to target myelodysplastic syndrome (MDS) by engaging CD16 (FcγRIII) on the NK cell and CD33 on the MDS cells. In a study of blood and bone marrow (BM) from 67 patients with MDS, CD16xCD33 BiKE elicited enhanced deregulation and cytokine production of TNF-α and IFNγ against HL-60 and endogenous CD33+ MDS targets [101]. This treatment used IL-2 to expand NK cells, but unfortunately, IL-2 also induced Tregs that indirectly inhibited NK cell proliferation. Despite this, reverse ADCC assays showed potent degranulation and cytokine production when resting MDS-NK cells were triggered with an agonistic CD16 monoclonal antibody. The collected blood and BM MDS-NK cells treated with this bispecific killer cell engager (BiKE) showed significantly enhanced degradation and TNF-α and IFN-γ production against HL-60 and endogenous CD33+ MDS targets. MDS patients have been known to present an increased proportion of immunosuppressive CD33+ myeloid-derived suppressor cells (MDSCs), which negatively correlated with MDS lymphocyte populations and CD16 loss on NK cells. Treatment with the CD16xCD33 BiKE successfully reversed MDSC immunosuppression of NK cells and induced MDSC targeted cell lysis. Lastly, the BiKE induced optimal MDS-NK cell function irrespective of disease stage. These data suggested that the CD16xCD33 BiKE functions against both CD33+ MDS and MDSC targets and might be therapeutically beneficial for MDS patients.



To overcome the limitation of IL-2-mediated Treg suppression, a second-generation molecule incorporates the cytokine IL-15, which is the homeostatic factor for NK cell proliferation, survival, activation, and development [103], into a trispecific killer engager (TriKE). In short, TriKE molecules consist of three major arms: first, a scFv against CD16 of NK cells, to trigger NK cell activation; second, an scFv against a tumor-associated antigen, to induce specific tumor target recognition; and third, a cytokine IL-15 moiety, to trigger NK cell expansion and priming. In this study, Martin et al. targeted CD33 through TriKE, engaging CD16 on NK cells. The study highlighted that an improved TriKE using a modified anti-CD16 scFv with a humanized single-domain antibody against CD16 exhibited higher functionality. With such a second-generation TriKE that targeted CD33, the authors showed these TriKEs can induce stronger and more specific NK cell proliferation. In a preclinical tumor model, NK cells exhibited enhanced in vitro activation and killing of CD33-expressing targets. The promising outcome provides a framework for future clinical trials [65].



An off-the-shelf 161533 TriKE molecule, containing scFvs against CD16 and CD33, could engage both natural killer (NK) cells and myeloid cells, whereas a human-modified interleukin-15 (IL-15) linker that links the two scFvs, was found to impart potential immunomodulating and antineoplastic activities against CD33-expressing tumor cells [67]. Compared to CD16xCD33 BiKE, this TriKE showed greater target-specific TNFα, IFN-γ, IL-6, macrophage inflammatory (MIP1α), GM-CSF, and IL-18 production against HL60 target cells. The in vivo xenogeneic experiments with the adoptive transfer of human NK cells into NSG mice engrafted with HL60 showed that the TriKE had significant antitumor activity without any major toxicities [68]. Details of BiKEs and TriKEs are comprehensively discussed in another review [104].




6.1.2. CD30/CD16A


AFM13 is a bispecific (CD30/CD16A) tetravalent chimeric antibody construct (TandAb) that specifically targets CD30 in Hodgkin lymphoma (HL) cells and recruits and activates NK cells by binding to CD16A. It engages NK cells through CD16A with high affinity and specificity and confers significantly stronger NK cell activation compared to other therapeutic antibodies. AFM13 specifically enhances the cytotoxic, proliferative capacity, and cytokine-producing potential of NK cells. Preclinical data for AFM13 (CD16A/CD30) demonstrated that AFM13 strongly binds to NK cells, including cytokine-activated or cord-blood-derived NK (CB-NK) cells, resulting in enhanced tumor recognition and antibody-dependent cellular cytotoxicity (ADCC) [69]. Combination with low doses of IL-2 or with IL-15 may expand the quantity of tumor-reactive NK cells after AFM13 treatment and promote NK cell functionality in TME in cancer patients. Preclinical in vivo data of the combination of AFM13 with PD-1 suggests synergistic activity and the potential for induction of cross-talk between innate and adaptive immunity [105]. Reduction of tumor growth was strongly correlated with infiltrating NK and T cells and intratumoral cytokines. A Phase I study of the combination of AFM13 and anti-PD1 antibody, pembrolizumab, for the treatment of patients with r/r Hodgkin lymphoma has been planned.






7. Limitations


Although the field of NK cell immunotherapy has made significant progress from preclinical studies to clinical infusion of adoptively transferred NK cells, there are some immediate concerns that need to be addressed to enhance this therapy. The primary NK cells isolated from PBMCs are difficult to maintain in vitro, largely due to the short lifespan of NK cells. Efforts have been made to provide cytokine support such as IL-15 or IL-12 or a combination of other cytokines for the maintenance and persistence of NK cells in vivo. Components that act as negative regulators for IL-15 could impede the enhancement of NK effector function. CRISPR/Cas9-mediated deletion of a negative regulator of checkpoint inhibitor CISH in pluripotent stem cells at an early stage of NK cell biogenesis resulted in higher NK-cell-mediated cytotoxicity against target cells [106]. These cells had better in vivo persistence, cytotoxicity, and eradication of the target AML xenograft compared to the control. Additional efforts are being made to reverse the exhaustion of NK cells. Modified NK cells are provided with combinations of checkpoint blockade antibodies such as anti-TIM3, anti-PD1, and anti-TIGIT (T-cell immunoreceptor with Ig and ITIM domains) that lead to improved antitumor responses [71].




8. Future and Discussion


The future of clinical trials depends on many factors—most importantly, the trial design. NK cell immunotherapies, which harness the power of NK cells, have shown promising results and are complementary to T-cell therapies. Recent advances in gene manipulation have allowed for the creation of novel CAR-NK cell products with enhanced antitumor response [25]. The clinical trials of pleiotropic CAR-NK, which have gained a lot of attention, have begun to investigate the potential of this type of cancer immunotherapy. Similar to T cells, the engineering of NK cells continues to face difficulties such as safety, clinical efficacy, homing, dose replications, and in vivo persistence after treatment. Various modes of drug delivery, including lipid nanoparticles (LPNs) and liposomes, are currently being explored for use in adoptive transfer modalities. Briefly, LPNs are composed of ionizable lipid, a cholesterol moiety, and an additional helper phospholipid and lipid-anchorage polyethylene-glycol conjugate to minimize LPN aggregation [107]. Margert et al. reported LPNs designed for ex vivo mRNA delivery to human T cells. Several ionizable lipids were produced and then formulated into LPNs. They were further used to deliver mRNA to Jurkat cells, and some formulations were capable of enhancing mRNA delivery over lipofectamine. One of the LPN formulations was further selected to deliver CAR mRNA into primary human T cells. CAR-T cells engineered with the LPN method were then compared to electroporated (EP) CAR-T cells in a coculture assay with the Nalm-6 cell line, where CAR-T cells engineered via both these methods showed pronounced antitumor activity. Overall, this report signifies the importance of an alternate delivery method of mRNA to primary human T cells through LPN which can induce functional protein expression, as well as enhance mRNA-based CAR-T cells. Further investigation is required for the ability of LPNs to deliver cargo in TME and expression patterns in solid tumors [108].



Ultimately, the goal has been to provide an “off-the-shelf” product, which is considered nontoxic to normal healthy tissues after being adoptively infused into patients. The goal further covers the product that could be delivered to all HLA haplotypes without the occurrence of GvHD. Modification of iPSCs with CRISPR technology or inclusion of novel genes to improvise persistence of CAR-NK in TME are some of the key innovations moving forward. The reprogramming of CAR-NKs to overcome tumor suppression and escape is instrumental for the clinical outcome of NK therapies. Suitable gene modification along with biomanufacturing and banking processes will require further intricate optimization. Exploration for more optimal strategies and broad-range tumor targets for solid tumors is required. Manifestations of all these efforts are primarily aimed to avoid off-target cytotoxicity.
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Figure 1. Sources and methods for isolation of NK cells. (1). Allogeneic PBMCs: primary peripheral blood (PB)-NK cells. A way to obtain PBMCs from healthy donors is through leukapheresis. PBMCs are depleted for T cells (CD3+ with CD3 immunomagnetic particles), and NK cells are further enriched with CD56+ cell selection (CD56 immunomagnetic particles). T-cell-depleted PBMCs or enriched NK cells are infused or activated with a 12–16 h culture with cytokines (IL-2 or a mixture of IL-12, IL-15, and IL-18), which have been used in clinical studies [45,52]. After enrichment of NK cells, they can be propagated ex vivo for 10–15-days for coculture with stimulatory cells, such as the programed K562 cell line. The modified K562 expresses a membrane-bound IL-15 (mbIL-15) and 4-1BBL. This membrane-bound cell line is necessarily irradiated before coculturing with PBMCs to avoid its own expansion [53,54]. (2). NK cell line (NK92): NK-92 cells can easily be genetically manipulated to recognize specific tumor antigens or to augment monoclonal antibody activity through ADCC. NK-92 is also the only cell line product that has been infused into patients with clinical benefits and minimal side effects [55]. (3). Allogeneic cord blood cells (CBCs): Cord blood NK cells (CB-NK) have been used in preclinical research. Unlike PBMCs, the population of active CD16 + NK cells is somewhat low, but they can be enriched, activated, and propagated, similar to peripheral blood NK cells. CB is also an abundant source of CD34+ hematopoietic progenitors, which can be harvested from umbilical cord blood using CD34 immunomagnetic particles. Growth factors and cytokines could promote their proliferation and differentiation to NK cells, respectively [56]. (4). iPSC-derived NK cells: This source has an unlimited proliferation potential, whereas iPSC-NK cells are first promoted through hematopoietic progenitor differentiation factors and then NK cell differentiation with additional lineage factors, followed by propagation with a stimulatory cell line expressing mbIL-21 [57]. iPSC-NK cells can be produced from a standardized cell population to provide a homogeneous NK cell population that can be grown up to scale for clinical use [58,59]. (5). Autologous NK cells: peripheral blood can be used as a source of NK cells (PB-NK). NK in peripherl blood constitutes of 5–10% of total PBMCs. There are two major subpopulation of NK cells in PBMCs and can be distinguished as CD56bright and CD56dim. Most of the NK cells from blood are mature phenotype expressing CD16. PB-NK cells is a good source for creating effective CAR-NK cells [60]. 
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Table 1. CAR–NK constructs for clinical trials.
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	Year
	Researcher
	Target
	CAR Construct
	Method
	Tumor Targets
	Ref





	2002
	Uherek et al.
	ErbB2 (HER-2)
	mCD8α hinge/CD3ζ
	Amphotropicvirus
	Tumors of epithelial origin
	[61]



	2008
	Müller et al.
	CD20
	mCD8α hinge/CD3ζ
	Amphotropicvirus
	Lymphoma and leukemia
	[62]



	2009
	Boissel et al.
	CD19
	CD8α TM/CD3ζ
	mRNA transfection

(50%)
	Chronic lymphocytes Leukemia
	[63]



	2012
	Sahm et al.
	EpCAM
	CD8α hinge/CD28/

CD3ζ
	Lentivirus along with IL-15
	Breast carcinoma
	[64]



	2012
	Tassev et al.
	HLA-A2 EBNA3C
	CD8α TM/CD137/CD3ζ
	Retrovirus
	EBV-positive T cells
	[65]



	2012
	Esser et al.
	GD2
	mCD8α hinge/CD3ζ
	Amphotropicvirus
	Neuroblastoma
	[66]



	2013
	Zhang et al.
	HLA-2 complex-associated gp100 peptide
	A2 TM/CD3ζ
	Transfection
	Melanoma
	[67]



	2015
	Töpfer et al.
	PSCA
	CD28 hinge/CD28

TM/CD3ζ DAP12 cell TM and signaling
	Lentivirus in YTSNK

cells and primary NK cells
	Solid Tumors

prostate cancer
	[68]



	2015
	Schönfled et al.
	ErbB2

(HER-2)
	CD8α hinge/CD3ζ

CD8α hinge/CD137/CD3ζ

CD8α hinge/CD28/CD3ζ
	Lentivirus
	Tumors of epithelial origin
	[69]



	2015
	Liu et al.
	ErbB2

(HER-2)
	CD8αhinge/CD28/CD3ζ
	Transfections
	Breast carcinoma
	[70]



	2014
	Jiang et al.
	CD138
	CD8α hinge/CD3ζ
	Lentivirus
	Multiple myeloma
	[66]



	2014
	Chu
	CS1
	CD28 TM/CD28/

CD3ζ
	Lentivirus
	Multiple myeloma
	[16]



	2013
	Boissel
	CD19/CD20
	CD3ζ
	Lentivirus
	Lymphoblastic leukemia
	[44]



	2012
	Boissel
	CD19/CD20
	CD3ζ
	mRNA transfection (30–70%) and lentivirus
	Lymphoblastic leukemia
	[71]
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Table 2. Current CAR-NK clinical trials.
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	Year
	Cell Line
	Phase
	Disease
	Clinical Trial Nos
	Sponsors and Collaborator
	Study Type
	Gender
	Study Design





	2009–2016
	NK-92 cells
	Phase I
	Acute myeloid leukemia
	NCT00900809 [57]
	University of Pittsburgh

ZelleRX Corporation
	Interventional
	Both
	Treatment



	2005–2016
	NK-92 cells
	Phase I
	Leukemia

Lymphoma

myeloma

Hodgkin’s disease
	NCT00990717 [72]
	University Health Network, Toronto
	Interventional
	Both
	Treatment



	2009–2015
	NK Cell Infusion
	Phase I
	Lymphoblastic leukemia



Refractory B-lineage acute lymphoblastic leukemia (ALL)
	NCT00995137 [73]



David Shook, MD
	St.Jude Children’s Research Hospital



National Cancer Institute (NCI)



Assisi Foundation
	Interventional



(NK cell infusion)
	Both
	Treatment



	2013–2017
	NK Cell Infusion
	Phase I
	B-cell lymphoma,

non-Hodgkin, lymphoproliferative disorders, neoplasms
	NCT01974479 [74]



Dario Campana
	National University Health System, Singapore



Singapore General Hospital
	Interventional



(anti-CD19 redirected NK cells)
	Both
	Treatment
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