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Abstract

Natural killer (NK) cells of the innate immune system and natural killer T (NKT) cells, which 

have roles in both the innate and adaptive responses, are unique lymphocyte subsets that have 

similarities in their functions and phenotypes. Both cell types can rapidly respond to the presence 

of tumor cells and participate in immune surveillance and anti-tumor immune responses. This has 

incited interest in the development of novel cancer therapeutics based on NK and NKT cell 

manipulation. Chimeric antigen receptors (CARs), generated through fusion of an antigen-binding 

region of a monoclonal antibody or other ligand to intracellular signaling domains, can enhance 

lymphocyte targeting and activation toward diverse malignancies. The majority of CAR studies 

have focused on their expression in T cells, however, functional heterogeneity of CAR T cells 

limits their therapeutic potential and is associated with toxicity. CAR-modified NK and NKT cells 

are becoming more prevalent because they provide a method to direct these cells more specifically 

to target cancer cells, with less risk of adverse effects. This review will outline current NK and 

NKT cell CAR constructs and how they compare to conventional CAR T cells, and discuss future 

modifications that can be explored to advance adoptive cell transfer of NK and NKT cells.

INTRODUCTION

Adoptive cell transfer (ACT) refers to the ex vivo stimulation and expansion of autologous 

or allogeneic lymphocytes, followed by reinfusion of the expanded lymphocyte population 

back into the patient. ACT of tumor specific T cells has demonstrated great clinical success 

for the treatment of cancer; however, preexisting tumor reactive cells are difficult to identify 

in non-melanoma malignancies. Efforts to engineer T cells with enhanced tumor specificity 

is an area of intense research. One approach has been to engineer T cells to express chimeric 

antigen receptors (CARs), artificial receptors that can redirect T cells to tumor targets. CAR 

therapy has shown great promise in recent years for hematological malignancies and has an 

emerging role against solid tumors. In general, CARs are composed of an extracellular 

single chain variable fragment (scFv) of an antibody for antigen binding linked to one or 
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more intracellular signaling domains. CARs have been classified by the differences in the 

intracellular signaling domains. First-generation CARs consisted of scFv and the T cell 

receptor CD3ζ chain without the presence of any co-stimulatory domains. Second 

generation CARs included a co-stimulatory molecule, such as CD28 and 4-1BB, in the 

intracellular domain (1, 2), which greatly enhanced expansion and persistence of T cell 

activation (3). The third generation included two co-stimulatory molecules which also 

enhanced activation, proliferation, and survival of T cells, thereby improving efficacy (4). 

Although CAR T cell-based therapies are revolutionizing adoptive cell immunotherapy, a 

significant obstacle with this approach is the need to isolate and use autologous cells. 

Moreover, T cells have been shown to persist for months up to years after infusion (5) which 

may result in chronic on-target-off-tumor effects such as B cell aplasia with the anti-CD19 

CARs being used currently in clinical trials (6, 7). There are also significant toxicity-related 

safety concerns for the use of polyclonal T cells for CAR therapy (8). A common 

complication is the development of cytokine release syndrome (CRS) which refers to the 

production of several pro-inflammatory cytokines, such as IFN-γ, TNFα, and IL-6, resulting 

from the large number of activated lymphocytes mediating tumor cell death (9). Although 

several avenues are being explored to limit CAR T cell therapy toxicity, an alternative 

approach would be to use other cell populations, such as natural killer (NK) and natural 

killer T (NKT) cells, which have potent anti-tumor activity and documented roles in tumor 

immunosurveillance, as well as characteristics that could make them more effective than 

autologous T cells. In this review, we describe some of the most recent and promising 

advances in CAR-engineered NK and NKT cells as well as new technologies that may be 

applicable for NK and NKT cells in the future.

NK cell biology

NK cells are effector lymphocytes of the innate immune system that are part of the first line 

of defense that protects the body from pathogen invasion and malignant transformation. In 

contrast to T lymphocytes, NK cells do not express antigen specific receptors, rather their 

effector function is determined by signals received through germ-line-encoded receptors that 

can recognize ligands on their cellular targets. They are characterized by the lack of T cell 

receptor (TCR) and by expression of CD16 (FcγRIII) and CD56 surface antigens. The 

majority of NK cells in the circulation are CD56 dim, and are characterized by their ability 

to mediate cytotoxicity (10, 11). NK cells that reside in lymphoid organs are CD56 bright, 

are considered more immature, but have a greater capability to secrete and respond to 

cytokines (10, 12). NK cells are also distinguished by their differential expression of CD16, 

which binds the Fc portion of immunoglobulin G1 and mediates antibody-dependent cellular 

cytotoxicity (ADCC) by NK cells. CD16 is expressed highly in CD56 dim NK cells while 

CD56 bright NK cells are CD16 dim or negative (12). NK cell function, including 

cytotoxicity and cytokine release, is governed by a balance between signals received from 

inhibitory and activating receptors. NK cells express inhibitory receptors for molecules of 

major histocompatability complex (MHC) class I, namely Ly49 receptors in mice, killer 

immunoglobulin-like receptors (KIRs) in humans, and the CD94-heterodimeric C-type lectin 

receptor NKG2A heterodimer in both species. Binding of self MHC class I is proposed as a 

major mechanism for the tolerance of NK cells to self-tissue, and engagement of self MHC 

class I by developing NK cells allows their “licensing” (13). Activating receptors include the 
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natural cytotoxicity receptors (NCRs) NKp46, NKp30, NKp44, and the C-type lectin-like 

activating immunoreceptor NKG2D (10). These receptors activate signaling adapter proteins 

which contain immunoreceptor tyrosine-based activation motifs that initiate the release of 

perforin and granzymes, and control production and release of cytokines and chemokines 

(14). NK cells also express several activating receptors that are potentially specific for self-

molecules. For example, KIR2DS1 has been reported to interact with group 2 human 

leukocyte antigen (HLA)-C2 molecules, and KIR2DS2 was shown to recognize HLA-A*11 

(15). Therefore, mechanisms to prevent activation against normal healthy tissues is required. 

When engaged by HLA class 1 molecules, KIR receptor signaling blocks NK effector 

responses, resulting in NK cell “tolerance to self”. The presence of these receptors suggest 

that NK cells are constantly surveying tissues for normal levels of the ubiquitously 

expressed MHC class I molecules (16). In transformed or infected cells, surface expression 

of MHC class I is often reduced or lost to evade anti-tumor T cell recognition. Therefore, 

when a mature NK cell encounters cells lacking MHC class I, their inhibitory receptors are 

not engaged, allowing the activating signals to prompt cytokine secretion and target cell 

death (11). Cellular stress and DNA damage can also upregulate “stress ligands”, such as 

MHC class I chain-related gene MICA/B, which can be recognized by activating NK 

receptors (17). Figure 1 outlines the role of activating and inhibitory receptor expression on 

target cells in NK cell recognition and activation.

NK cells for cancer therapy

Over the past decade, adoptive transfer of ex vivo-activated or -expanded allogeneic NK 

cells has emerged as a promising immunotherapeutic strategy for cancer. Autologous or 

allogeneic NK cells are typically obtained from donor peripheral blood but can also be 

derived from bone marrow or umbilical-cord blood. Human embryonic stem cells or induced 

pluripotent stem cells (iPSC) are also under investigation as alternative NK cell sources (18). 

Because naïve NK cells exhibit limited cytotoxic activity and only a small percentage of NK 

cells circulate in the blood, methods for clinical grade purification and expansion of donor 

NK cells from peripheral blood have been established to obtain large numbers of cells with 

full anti-tumor functions (19–21). In general, magnetic depletion of T cells is performed first 

to enrich for NK cells. T cell depletion can also be used in combination with positive 

selection of CD56 positive cells, however CD56 selection has been shown to result in fewer 

NK cells (22). NK cells are then expanded in culture for 1–3 weeks in the presence of IL-2 

with or without feeder cells (such as K562) that are modified to express co-stimulatory 

molecules or cytokines. Unlike conventional T cells, NK cells are able to kill infected or 

malignant cells without prior sensitization and without the need for HLA matching (23). NK 

cells can directly kill tumor cells through several mechanisms, including ADCC (10), release 

of cytoplasmic granules containing perforin and granzyme (24), expression of tumor 

necrosis factor (TNF) family members, such as FasL or TNF-related apoptosis-inducing 

ligand (TRAIL), which induce tumor cell apoptosis by interacting with their respective 

receptors Fas and TRAIL receptor (25). For autologous transfer, NK cells isolated from the 

patient are activated and expanded in vitro in the presence of cytokines. The NK cells are 

then reinfused back into the patient, typically along with exogenous cytokine to help sustain 

expansion and function of the NK cells. Although autologous NK cells might recognize 

activating signals such as stress molecules on cancer cells, their anti-tumor activity is limited 
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by the inhibitory signal transmitted by self-HLA molecules. For allogeneic transfer, NK 

cells are obtained from HLA-matched or haploidentical donors. Donor T cells are removed 

since they may cause graft versus host disease (GVHD) if infused (26). Allogeneic NK cells 

are advantageous because, unlike autologous cells, they are less likely to be inhibited as a 

result of NK cell recognition of self-MHC molecules. The most optimal responses are 

obtained when haploidentical donors do not express KIRs that recognize the patient’s HLA 

molecules, since tumor cells lack the appropriate MHC class I ligands to engage inhibitory 

KIRs and are thus eliminated by the alloreactive NK cells. Transfer of allogeneic NK cells 

are also advantageous for therapy because they can prevent GVHD through elimination of 

host antigen-presenting cells (27).

CAR NK primary cells

NK cells have gained significant interest as a potential “off the shelf”, allogeneic cell 

product for CAR therapy (28). Both primary human NK cells and NK cell lines have been 

investigated for CAR therapy, each with advantages and disadvantages. Activated primary 

human NK cells express a wider range of activating receptors and KIRs than NK cell lines, 

which are important for NK cell licensing (29). In contrast to NK cell lines which are 

transformed and must be irradiated prior to patient administration, primary NK cells do not 

require irradiation and are therefore able to expand in vivo, a quality which has been 

correlated with effectiveness in trials involving acute myeloid leukemia (AML) (30). Pre-

clinical data has been reported for CAR-modified human primary NK cells re-directed 

against CD19 (31, 32), CD20(33), CD244 (34), and HER2 (35). Chang et al. constructed a 

CAR composed of the NK cell activating molecule, NKG2D, along with two key signaling 

molecules, DAP10 and CD3ζ, They found that expression of this CAR could significantly 

enhance the cytotoxicity of activated NK cells against leukemias and solid tumors, and that 

cytotoxicity was induced through direct engagement of NKG2D without off target effects, as 

increased cytotoxicity was not achieved when tested with non-transformed cells or cells with 

little or no NKG2D ligand expression (36).

Primary NK cells engineered to express CARs present several advantages over their T cell 

counterparts. While T lymphocytes only kill their targets by a CAR-specific mechanism, NK 

cells have spontaneous cytotoxic activity and can trigger target cell death independent of 

tumor antigen. Therefore, in the event of antigen downregulation by tumor cells attempting 

to evade immune detection, NK cells would still be effective against tumor cells, whereas 

CAR T cell function would be hindered. In addition, ex vivo expanded primary human NK 

cells produce cytokines, such as IFN-γ, IL-3, and granulocyte macrophage colony 

stimulating factor (GM-CSF), that differ from the proinflammatory cytokines produced by T 

cells and associated with the onset of CRS. (28, 37). It is also known that individual NK 

cells can survive after making contact with and killing multiple target cells (38), potentially 

reducing the number of cells that need to be adoptively transferred compared to T cells. 

Furthermore, whereas the long-term persistence of CAR T cells may maintain on-target off-

tumor toxicity, such as B cell aplasia seen with anti-CD19 CAR T cells, mature NK cells are 

short lived, and are expected to disappear rapidly after mediating their anti-cancer effects 

(39). Therefore, suicide genes may not be required to attenuate toxicity related side effects 

(28). An exception to this would be NK cells isolated from cord blood or iPSC, which are 
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more immature and would persist longer in the patient. While this may improve anti-tumor 

effects, there would be an increased risk of adverse effects that may require safety measures. 

Despite such advantages, primary cells are difficult to isolate and expand from donor 

peripheral blood and the yield is variable depending on the donor. Therefore, NK cell lines 

have become attractive for CAR NK cell therapy.

CAR expression on NK cell lines

The most commonly used human NK cell line is NK-92, a transformed cell line of activated 

NK cells that is easy to transduce and expand. NK-92 cells are cytotoxic against diverse 

malignances and infusions have been shown to be safe and well tolerated in cancer patients 

(40). Unlike primary NK cells, NK cell lines have a more homogenous, well-defined 

population that do not require isolation from donors. The NK-92 cell line is characterized by 

the expression of CD56 and CD2, and the absence of CD3, CD8, and CD16. NK-92 cells 

also lack expression of most KIRs (41). Other NK cell lines that have been explored for 

allogeneic NK cell therapy include NKG, YT, NK-YS, HANK-1, YTS cells, and NKL cells, 

which also lack CD16 expression (42, 43). Most of the studies for CAR-modified NK-92 

cells have used first generation CARs that only have a CD3ζ intracellular signaling domain. 

Several antigens have been targeted by these first generation CAR-NK cells, including CD19 

and CD20 for B cell lymphoma (44–46), ErbB2 for breast, ovarian, and squamous cell 

carcinoma (47–49), GD2 for neuroblastoma (50), and CD138 for multiple myeloma (51). 

Second generation CAR-NK cells from the NK-92 line have also been created for several 

antigens, including EpCAM for multiple carcinomas (52), HLA-A2 EBNA3 complex for 

Epstein–Barr virus (53), CS1 for multiple myeloma (54), and ErbB2 for HER2 positive 

epithelial cancers (48, 49). The most common intracellular costimulatory domain used 

alongside CD3ζ in second generation NK-92 CARs is CD28. However, the potential effect 

of the CD28 domain is unclear since NK cells do not naturally express CD28 (55). 

Additional second generation CARs have incorporated the 4-1BB intracellular signaling 

domain along with CD3ζ to improve NK cell persistence. Schonfeld et al. compared 

functionality of different intracellular domains using an ErbB2 scFv fused with CD3ζ alone, 

CD28 and CD3ζ, or 4-1BB and CD3ζ tested against breast cancer cells. They found that 

both of the second generation constructs improved killing compared to the first generation 

CARs and the CD28 and CD3ζ had 65% target lysis, the 4-1BB and CD3ζ lysed 62%, and 

CD3ζ alone killed 51% of targets (49). 4-1BB and CD28 intracellular domains were also 

compared in a recent study using anti-CD19 CARs expressed on NK-92 cells for B cell 

malignances. Oelsner et al. found that CD3ζ/4-1BB constructs were less effective than 

CD3ζ/CD28 in cell killing and cytokine production, highlighting differential effects of 

CD28 and 4-1BB costimulatory domains (56). A third generation NK-92 CAR comprised of 

anti-CD5 scFv with CD3ζ, CD28, and 4-1BB intracellular signaling domains demonstrated 

specific and potent anti-tumor activity against a variety of T-cell leukemia and lymphoma 

cell lines and primary tumor cells, and was able inhibit disease progression in xenograft 

mouse models of T cell Acute lymphoblastic leukemia (ALL) cell lines as well as primary 

tumor cells (57). A significant obstacle for the efficacy of CAR NK therapy is overcoming 

the immunosuppressive tumor microenvironment (TME). One of the major 

immunosuppressive cytokines present in the TME is transforming growth factor-β (TGF-β), 

which has been shown to inhibit NK cells, and plays a role in tumor initiation and 
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progression (58, 59). One group has used TGF-β expression as an advantage for CAR NK 

cells by transducing NK-92 cells with a CAR that has the TGF-β type II receptor 

extracellular and transmembrane domains, and the intracellular domain of NKG2D, resulting 

in NK cell activation upon binding of TGF-β. These modified NK-92 cells displayed 

increased cytotoxicity against tumor cells, increased IFN-γ secretion, and enhanced 

migration to TGF-β producing cells in vitro. Moreover, when adoptively transferred, TGF-

betaR II expression slightly enhanced the anti-tumor effects of NK-92 cells in a xenograft 

model of hepatocellular carcinoma (60).

CAR NK cells in clinical trials

In contrast to the numerous clinical studies using CAR T cells for cancer treatment, 

relatively few CAR NK cell clinical studies have received regulatory approval. One is a 

study being conducted at St. Jude Children’s Research Hospital using haploidentical NK 

cells modified with anti-CD19 CARs for the treatment of B lineage ALL (NCT00995137). 

For this study, NK cells from donors were expanded by co-culture with K562 feeder cells 

that have membrane-bound IL-15 or 4-1BB ligand. Another study for refractory ALL being 

conducted at the National University Hospital in Singapore (NCT01974479) is using 

haploidentical NK cells activated with IL-2 in culture followed by transduction with an anti-

CD19 CAR (61). Four additional trials using CAR NK cells began recruiting in 2016. Three 

of the studies are being conducted by PersonGen BioTherapeutics in Suzhou, China and 

employ NK-92 cells engineered with CARs against either CD7, CD33, or CD19, attached to 

CD3ζ, CD28, and 4-1BB signaling domains for the treatment of patients with CD7+ 

relapsed or refractory leukemia and lymphoma (NCT02742727), relapsed CD33+ Acute 

myeloid leukemia (AML) (NCT02944162), and relapsed CD19+ leukemia and lymphoma, 

respectively. PersonGen BioTherapeutics is also testing an anti-MUC1 CAR-modified NK 

cells in patients with MUC1+ relapsed or refractory solid tumors (NCT02839954).

NKT cell biology

NKT cells constitute a small subset of lymphocytes which are characterized by the 

expression of NK cell lineage markers as well as αβ T-cell receptors (TCR). NKT cells 

develop in the thymus and arise from the same common lymphoid precursors as 

conventional T cells, but NKT possess phenotypic and functional characteristics that set 

them apart from conventional T cells. (62). After αβ T cell lineage commitment and the 

generation of double-positive thymocytes, the NKT cell development pathway diverges from 

that of conventional T cells. (63, 64). NKT cell precursors are selected following 

rearrangement of the TCR α-chain gene. In contrast to highly polymorphic TCRs, the TCR 

repertoire expressed by a major subset of NKT cells is highly invariant—a canonical Vα24- 

Jα18 chain rearrangement-associated with a single Vβ11 chain in humans (65). NKT cells 

are divided into 3 major subsets in human peripheral blood, namely CD4+, CD8+, and 

CD4/CD8 double negative (DN), which differ in their cytokine secretion profile and 

expression of chemokine receptors, integrins, and NK receptors (66,67). Unlike conventional 

T cells that recognize peptide antigens presented by MHC class I and II molecules, NKT 

cells recognize glycolipid antigens presented by CD1d molecules (68), MHC-like molecules 

that are constitutively expressed by antigen presenting cells such as dendritic cells (DC), B 

cells, and macrophages (69). To date, the most well-characterized activating glycolipid 
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antigen recognized by NKT cells is α-galactosylceramide (α-GalCer) discovered initially in 

bacterial infected marine sponges (70) α-GalCer shows a strong affinity for CD1d molecules 

in both humans and mice. NKT cells are unique because they have the ability to respond 

both as innate cells, with minimal TCR involvement, and as memory-like cells through the 

engagement of their semi-invariant TCR. In this way, they are able to bridge the innate and 

adaptive immune responses. Activation of NKT cells is accompanied by the rapid and robust 

production of both T-helper 1 and T-helper 2 cytokines (71). Similar to conventional T cells, 

this requires engagement of costimulatory molecules such as CD40:CD40L and B7:CD28 

pathways (72, 73). Both CD4+ and DN NKT cells can produce Th1 cytokines, but the 

production of Th2 cytokines, such as IL-13 and IL-4, is exclusive to CD4+ NKT cells (66). 

CD4+ NKT cells are therefore considered helper/regulatory cells while DN NKT cells are 

considered effector cells.

NKT cells and cancer

NKT cells are of particular interest for ACT because NKT cell infiltration of primary tumors 

is associated with better outcomes in diverse tumors (74, 75). Several studies have reported 

that donor-derived NKT cells may suppress GVHD while still maintaining anti-tumor 

function (76, 77). In agreement with these reports, recent studies demonstrated that 

reconstitution of NKT cells in peripheral blood is associated with long-term remission of 

pediatric leukemia patients receiving haploidentical transplantation (78–80). Moreover, NKT 

cells have been shown to co-localize with tumor-associated macrophages (TAMs) and can 

kill or inhibit these growth-promoting cells in a CD1d-dependent manner (81). TAMs are 

known to be major producers of IL-6 that promotes proliferation of many solid tumors, 

including neuroblastoma, breast, and prostate carcinomas (82). Based on the initial 

successes in preclinical studies that demonstrate the potent antitumor activity of NKT cells, 

intense efforts have been made in the last decade to initiate NKT-based immunotherapeutic 

approaches for the treatment of cancer. Some of the broad strategies used to manipulate 

NKT cells in vivo include the direct injection of α-GalCer and the reinfusion of autologous 

DC loaded ex vivo with α-GalCer (83). Numerous studies, however, have shown that cancer 

patients have a deficiency in both NKT cell number and function (84–86), suggesting that in 
vivo NKT cell modulation may be ineffective in patients. Adoptive immunotherapy using ex 
vivo expanded NKT cells may be a more productive strategy, therefore methods have been 

developed to isolate and expand donor-derived NKT cells (87, 88). Motohashi et al. 
demonstrated that adoptive transfer of ex vivo expanded autologous NKT cells was tolerated 

well in a small cohort of non-small cell lung cancer patients. Although subsequent 

expansion of NKT cells was observed in a few patients, none showed partial or complete 

remission (89). Upon antigen stimulation, expansion of NKT cells from human peripheral 

blood produces similar numbers of CD4+ and DN NKT cells (90). An area of consideration 

for adoptive transfer of NKT cells is which subset to use since it has been reported that 

CD4+ and DN NKT cell subsets have differential anti-tumor immunity. In a mouse model of 

methylcholanthrene-induced sarcoma as well as B16F10 melanoma metastases, it was found 

that CD4-NKT cells (liver-derived) were more potent anti-tumor mediators than the CD4+ 

population (91). Bricard et al. reported that in an ex vivo analysis of NKT cells from patients 

with hepatocellular carcinoma, the proportion of CD4+ NKT cells gradually increased from 

the blood, to liver, to tumor. These CD4+ NKT cells had reduced cytolytic activity and 
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increased Th2 cytokine secretion (92), which may be detrimental in the TME as CD4+ NKT 

cells have been shown to inhibit the expansion of antigen specific cytotoxic T cells (93). 

However, it is unclear at this time how CD4 distribution in adoptively transferred NKT cell 

populations may impact therapeutic outcomes.

Although there are numerous studies documenting a protective role of NKT cells in tumor 

immunity, it has been reported that in some cases NKT cells can prevent effective anti-tumor 

responses. In a CD1d knockout (KO) mouse model, it was reported that CD1d-restricted 

CD4+ NKT cells prevented effective cytotoxic T cell mediated tumor eradication in an 

IL-13-dependent manner (94). In addition, CD1d KO mice developed fewer tumor nodules 

in the lungs than wild type mice when tumor cells were injected intravenously (95), and in 

another study were shown to be more resistant to the development of spontaneous mammary 

carcinoma metastases that wild type mice (96).

CAR NKT cells

As shown in Figure 2, CAR NKT cells have distinct mechanistic advantages over CARs 

generated from bulk T cells. Upon activation, NKT cells exhibit direct NK-like MHC-

independent cytotoxic activity against tumor cells through several mechanisms, including 

perforin and granzyme secretion, Fas ligand, or tumor necrosis factor (TNF)-related 

apoptosis-inducing ligand (TRAIL) (84, 97). In addition, NKT cells indirectly contribute to 

tumor cell death through the induction of dendritic cell maturation in a CD40-CD40L 

dependent manner and through the production of large amounts of cytokines that can act on 

other immune cells (98). For example, upon activation NKT cells secrete IFN-γ, which can 

act on NK cells and CD8+ T cells to promote tumor cell killing. Moreover, in contrast to the 

genetic polymorphism and ubiquitous expression of HLA molecules, the CD1d gene is 

monomorphic and expressed by only a few cell types (99), limiting the potential toxicity of 

NKT cells and allowing them to be adoptively transferred to patients regardless of HLA 

allele expression.

Studies using CAR-modified NKT cells, however, have been relatively scant. Using a model 

of neuroblastoma, Heczey et al. demonstrated that the ex vivo expansion of human primary 

NKT modified with CARs specific for the ganglioside GD2 exhibited potent yet specific 

cytotoxicity against both GD2-positive tumor cells as well as CD1d-positive M2 

macrophages in vitro (100). Because the presence of TAMs with M2-like phenotype is 

associated with poor patient prognosis in neuroblastoma (101), the elimination or inhibition 

of TAMs by anti-GD2 CAR NKT cells could sensitize tumor cells to CAR-mediated 

cytotoxicity and decrease the possibility of tumor immune escape. Interestingly, when the 

anti-GD2 CAR constructs contained a 4-1BB endodomain either alone or in combination 

with CD28, the NKT cells were Th1-polarized, releasing increased levels of IFN-γ and GM-

CSF and reduced levels of IL-4 and IL-10, compared to CAR constructs without any 

costimulatory domains, highlighting the importance of costimulatory domain selection in 

CAR construction (100). Because CAR expression can alter the cytokine expression profiles 

of transduced NKT cells, it is unclear how critical the starting subset of NKT cells (CD4+/-) 

is prior to transduction. Anti-GD2 CAR NKT cells also effectively localized to the tumor 

site and had potent anti-tumor activity in a metastatic model of neuroblastoma without the 
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induction of GVHD, successfully demonstrating the potential of NKT cells to serve as a safe 

and effective platform for CAR-redirected cancer immunotherapy (100). A third generation 

anti-GD2 CAR NKT containing the CD3 chain along with the signaling domains of the co-

stimulatory molecules CD28 and OX-40, and the suicide gene inducible caspase 9, is 

currently in phase 1 clinical trials for patients with relapsed or refractory neuroblastoma 

(NCT02439788). NKT cells have also been modified with a CD19-specific CAR for the 

treatment of B cell lymphomas (102). In 2016, Tian et al. (102) investigated the functional 

significance of CD62L expression on NKT cells, since reports in T cells have demonstrated 

that CD62L+ central memory T cells have stem cell properties and superior therapeutic 

activity in cell therapy products (103–105). They found that upon ex vivo stimulation, the 

CD62L positive subset of NKT cells from peripheral blood is responsible for cell expansion, 

as only CD62L positive NKT cells survive and proliferate in response to repeated TCR-

stimulation, while CD62L negative cells undergo early exhaustion and cell death. In 

addition, when engineered to express CD19-specific CARs, CD62L positive, but not CD62L 

negative CAR NKT cells produced sustained tumor regression in a B cell lymphoma model 

in NOD/SCID/IL-2Rγ (NSG) mice. To determine optimal ex vivo expansion conditions of 

CD62L+ NKT cells, they created artificial antigen-presenting cells (aAPCs) with varying 

co-stimulatory molecules and found that the combination of CD86, 4-1BBL, and OX40L 

molecules enabled highly efficient clinical-scale NKT expansion with maximal preservation 

of CD62L expression. CAR NKT cells generated using the aAPCs demonstrated prolonged 

in vivo persistence and superior therapeutic activity in models of lymphoma and 

neuroblastoma (102), establishing the potential of NKT cells to serve as a safe and effective 

platform for CAR cancer immunotherapy. Of note, both before and after expansion, CD62L 

was more frequently expressed on CD4+ NKT cells and CAR NKT cells contained a mixed 

population of CD4+ and CD4− cells, suggesting that expression of CD62L, regardless of the 

subset of NKT cells infused, is an important factor in therapeutic success.

FUTURE DIRECTIONS

BiKes and TriKes

An innovative immunoglobulin-based strategy to redirect lymphocyte cytotoxicity towards 

tumor cells is to create either bispecific or trispecific antibodies (113). The concept of 

bispecific antibodies was first introduced as a method to target multiple antigens by a single 

antibody (106). They are composed of fragments of two different monoclonal antibodies that 

can bind two different antigens and can be generated with or without an Fc region (107). 

Bispecific antibodies with anti-CD3 and anti-CD19 components have been utilized in 

numerous preclinical studies, resulting in rapid and effective cytotoxicity specific for CD19+ 

B cells (108, 109). Blinatumomab, a bi-specific T cell engager (BiTE) antibody construct 

made by fusing an anti-CD3 scFv to an anti-CD19 scFv via a short five residue peptide 

linker has performed impressively in multiple clinical trials as a single agent for relapsed/

refractory B cell ALL (110, 111). Because the BiTEs were specific for CD3 on one arm and 

a tumor antigen on the second, they can bring T cells and tumor cells into close proximity 

and do not need conventional MHC recognition to induce T-cell activation (112). However, 

Stone et al compared the in vitro sensitivity of these two strategies and found that CAR-

expressing T cells were more sensitive than BiTE-modified T cells to low numbers of 
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antigens per cell (113), indicating that when epitope densities are low, CAR-expressing T 

cells may be considered preferential. To allow for even more targeting specificities, tri-

specific antibodies have also been developed to drive re-directed lysis of tumor cells.

Bi- and tri-specific killer engagers (BiKEs and TriKEs) are smaller molecules composed of 

2–3 variable portions of antibodies with different specificities, and represent a novel and 

more versatile strategy compared to traditional bi- and tri-specific antibody platforms. In NK 

cells, bi- and tri-specific antibodies work through binding of a tumor antigen and direct 

binding and crosslinking of the CD16 receptor, thus bypassing the need for binding of the Fc 

portion of mono-specific antibodies. Gleason et al. demonstrated the ability of a CD16/

CD19 BiKE and a CD16/CD19/CD22 TriKE to trigger NK cell activation through direct 

signaling of CD16 and induce target cell death through lytic granule secretion. BiKEs and 

TriKEs have been shown to effectively mediate NK cytotoxicity of lymphoma targets at high 

and low effector-to-target ratios. Vallera et al previously generated an NK-BiKE containing a 

scFv against CD16 and CD33 to create an immunologic synapse between NK cells and 

CD33+ myeloid targets. More recently, this BiKE has been modified to incorporate a novel 

human IL-15 crosslinker, producing a TriKE, which effectively promotes in vivo persistence, 

activation, and survival of NK cells (114). Although not as common, bi-specific antibodies 

have also been used for NKT cells. Using CD8+ NKT cells redirected with a bi-specific 

antibody against HER2 and CD3, Scheffold et al. demonstrated that administration of these 

NKT cells resulted in rapid, and in most instances sustained, eradication of HER2-

expressing tumor cells in a SCID mouse model, highlighting a promising strategy for NKT-

based adoptive immunotherapy of neoplastic diseases (115).

TRUCKS

In order to combat the tumor immunosuppressive microenvironment, CAR T cells redirected 

for universal cytokine killing (TRUCKs) are equipped with an inducible cytokine expression 

cassette, such as IL-12 or proliferative T cell–costimulatory ligands (1). Upon antigen 

engagement, these armored CAR T cells secrete IL-12 in a locally restricted manner, and 

recruit both primary adaptive and innate immune cells, such as cytotoxic T cells and NK 

cells, to the tumor site (116, 117) and can impact local suppressive cells, such as regulatory 

T cells within the tumor stroma that are aimed at recruiting a second wave of immune cells 

in a locally restricted fashion to initiate the recognition of cancer cells that have lost the 

expression of the CAR target antigen (118). Pegram et al. demonstrated that CAR-T cells 

modified to secrete IL-12 can effectively eradicate systemic tumors in their thymoma mouse 

model without the need for conditioning chemotherapy, unlike CAR T cells without IL-12 

release (119). Although pre-clinical data has shown that TRUCKs can enhance anti-tumor 

activity and modify tumor microenvironment, clinical experience is limited. To date, no 

studies employing an NK or NKT TRUCK have been published, but it may be an avenue to 

explore for future modifications to enhance efficacy.

CONCLUSION

Recent advances in the understanding of NK and NKT cell immunobiology have paved the 

way for novel and innovative anti-cancer therapies. The ability to engineer NK and NKT 
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cells with CARs holds great promise as a novel cellular immunotherapy against refractory 

malignancies. Because both NK and NKT are not HLA-restricted, they can potentially 

provide an off- the-shelf, standardized allogeneic treatment that would eliminate the need for 

patient-specific cellular therapy that is currently required for CAR T cell-based therapies. 

The use of NK or NKT cells is also less likely to have the same severe toxicity issues as 

CAR T cell therapy using bulk T cells, since mature NK cells have a shorter lifespan than 

conventional T cells and NKT cells are CD1d-restricted. Moreover, both cell types secrete a 

cytokine profile that differs from the pro-inflammatory panel released by T cells and 

associated with toxicity. With increasing focus on genetically modifying NK and NKT cells 

to redirect their specificity or engager-modified cells, it is likely that NK and NKT cells will 

move to the forefront of cancer therapy over the next few years.
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Abbreviations

aAPC artificial antigen presenting cells

αGalCer α-galactosylceramide

ACT adoptive cell transfer

ADCC antibody-dependent cell-mediated cytotoxicity

ALL Acute Lymphoblastic Leukemia

AML acute lymphoid leukemia

CAR chimeric antigen receptor

CRS cytokine release syndrome

DC dendritic cell

GM-CSF granulocyte macrophage colony stimulating factor

GVHD graft versus host disease

HLA human leukocyte antigen

iPSC induced pluripotent stem cells

KIR killer immunoglobulin-like receptors

MHC major histocompatibility complex

NCR natural cytotoxicity receptors
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NK Natural Killer

NKT Natural Killer T

scFv single chain variable fragment

TAM tumor associated macrophage

TCR T cell receptor

TGF-β transforming growth factor-β

TME tumor microenvironment

TNF tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand
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Figure 1. 
Enhancement of NK-cell antitumor activity by the expression of chimeric antigen receptors. 

The natural cytotoxicity of natural killer (NK) cells is regulated by signals from stimulatory 

and inhibitory receptors. Under normal conditions, signaling from inhibitory receptors for 

MHC-I overpower stimulation through activation receptors. When cells lack or 

downregulate MHC-1 expression, activation receptors signal NK cytoxicity. Activation 

against self can occur when the target cell is stressed and upregulates ligands for activation 

receptors, thereby overcoming MHC class I inhibitory signaling. The expression of a 

chimeric antigen receptor (CAR) specific for tumor-associated cell surface antigens 

efficiently redirects NK cells to malignant cells, and facilitates their cytolytic activity 

independently from the activation of endogenous stimulatory receptors.
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Figure 2. 
Activated NKT cells can mount both direct and indirect anti-tumor responses. Following 

activation, NKT cells rapidly secrete cytokines, such as IFN-γ, which can promote the 

activation of NK cells and CD8+ T cells, and in combination with CD40/CD40L interactions 

can also lead to the maturation of dendritic cells which can secrete IL-12 and further 

enhance NK and CD8+ T cell activation. NKT cells can also directly mediate cytotoxicity 

through FAS/FASL, perforin, and granzyme. NKT cells may be directed towards tumor cells 

expressing specific antigen through the transduction and expression of chimeric antigen 

receptors (CAR). CARs have an extracellular antigen-targeting domain capable of binding 

their target antigen in an MHC-independent manner. Current research efforts are focused on 

harnessing the adaptability of CARs to enhance NKT cell targeting of tumors.
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