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It is widely acknowledged that the human immune system plays a crucial role in preventing the formation and progression of innumerable types of cancer (1). The mechanisms by which this occurs are numerous, including contributions from both the innate and adaptive immune systems. As such, immunotherapy has long been believed to be an auspicious solution in the treatment of malignancy (2). Recent research has highlighted the promise of natural killer (NK) cells as a more directed immunotherapy approach. This paper will focus on the methods of potentiation of NK cells for their use in cancer therapy.
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INTRODUCTION

From the beginning, cancer treatment approaches with chemotherapy and radiation therapy have largely been unable to discriminate between healthy and malignant cells in their killing action. These therapeutics therefore often sacrifice healthy tissue in the effort to treat the cancer, which too often results in temporary, but often harsh side effects, and long-term consequences, including secondary malignancy. In addition, these treatment methods fail to account for cellular heterogeneity between individual patients with the same diagnosis, or even within a single tumor itself. Although still controversial, evidence indicates that in certain cancer types, small portions of cancer cells situated within an individual tumor display “stem-cell” like properties and are resistant to such therapy, such that they continue to proliferate in spite of treatment (3).

Cancer immunotherapy seeks to strengthen and direct the patient’s natural immune mechanisms against malignant cells, with the aim of targeting the disease while minimizing effects to surrounding healthy tissue (1). Preliminary data display the potential of immunotherapy, specifically natural killer (NK) cell-based immunotherapy, for targeting the quiescent cancer stem cell (CSC) population (3). Although such approaches have been discussed for decades, only recent advances in our understanding of cancer immunology have allowed for direct applications regarding these more specialized therapies (2).

WHAT IS IN A TUMOR: THAT WHICH I CALL HETEROGENEITY

“Tumor heterogeneity” refers to differences between tumors of the same type in different patients, as well as to differences among cancer cells within the same tumor. Both can lead to diverse responses to therapy and may explain why some tumor cells remain following aggressive treatment (4). There are two predominant theories to explain tumor heterogeneity, the CSC, or hierarchical model, alluded to above, and the stochastic model. The CSC model argues that individual tumors are comprised of a combination of both tumorigenic and non-tumorigenic cells, which are derived from a single CSC that undergoes transformation as a consequence of both genetic and epigenetic influences. Theory holds that the vast majority of the cells in these cancers have little capacity to contribute to disease progression, thus it is necessary to focus therapy on the small subpopulations of tumorigenic cells rather than the tumor as a whole (5). By contrast, in the stochastic model, all tumor cells are considered biologically equivalent but vary in behavior and function based upon intrinsic and extrinsic influences (6). Although there is compelling evidence to support the CSC theory in many types of cancer, including leukemias, breast cancers, brain cancers, and colon cancers, debate continues as to whether this model can be applied widely to all cancers, or whether certain cancer types exhibit the stochastic model (5).

MUSTER YOUR WITS AND STAND IN YOUR OWN DEFENSE: THE IMMUNE SYSTEM

The human immune system is divided into two arms, innate and adaptive, which work cohesively in response to specific internal and external stimuli. The innate immune system is involved in immediate host defense to perceived pathogens and includes neutrophils, monocytes, macrophages, complement, cytokines, and acute phase proteins. Adaptive immunity consists of antigen-specific reactions mediated by T lymphocytes and B lymphocytes.

Natural killer cells are lymphocyte-like cells considered to be part of the innate immune system, which recognize and respond to abnormal cells—typically either virus-infected or malignant cells—in two ways. First, they bind antibody coated targets via immunoglobulin receptors leading to antibody-dependent cellular cytotoxicity (ADCC). Second, they bear natural cytotoxicity receptors (NCRs) that detect the altered expression of ligands on the surface of tumor cells, which ultimately triggers NK cell activation. These mechanisms are illustrated in Figures 1A,B. NCRs are also involved in the process of discriminating between self and non-self via the generically termed MHC I receptor and ligand (7, 8).
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FIGURE 1 | Natural killer (NK) cell interaction with cancer cell microenvironment. (A) Antibody-dependent cellular cytotoxicity. The NK cell Fc receptor, CD16, binds the Fc region of the IgG antibody bound to the tumor antigen, leading to NK cell protease release and subsequent tumor cell lysis. (B) NK cell activation via natural cytotoxicity receptors (NCRs). The NCR KIR, an inhibitory receptor, recognizes the absence of MHC I ligand on the surface of the cancer cell. Because the inhibitory receptor remains unbound by MHC I, inhibition does not occur, and the NK cell is thus activated, leading to tumor cell lysis. Note: the NK cell killing mechanism proceeds principally by proteolytic lysis. For greater detail on mechanisms of cancer cell killing, see Ref. (9).



WILL YOU YIELD AND THIS AVOID: POTENTIATION OF NK CELLS

As mentioned above, NK cells are widely circulating lymphoid cells, specialized to eliminate virus-infected and malignant cells. Although traditionally categorized under the umbrella term of the innate immune system, recent evidence has indicated that NK cells can develop prolonged and highly specific memory to various antigens, a property typically associated with the adaptive immune response (10).

Studies have indicated that NK cells are frequently deficient or dysfunctional in patients with malignancy, indicating that this may be a key factor in cancer immunoevasion and progression. In a follow-up study of a patient cohort examining natural cytotoxic activity and cancer incidence, low NK cell function was found to predict an increased risk of developing cancer, thus further supporting their role in malignancy attenuation (11, 12). Given our expanding knowledge of routine NK cell function in conjunction with evidence of consequences of their dysfunction under the circumstances of malignancy, it is reasonable to conclude that the next advancement in cancer therapy should involve NK cell regulation and adaptation. Several approaches for NK cell utilization have been published, and many more are currently being evaluated. Such is the subject for the remainder of this report.

GO FORTH AND MULTIPLY!: NK CELL POPULATION ENHANCEMENT

For decades, allogeneic hematopoietic cell transplantation (HCT)—the engraftment of a donor’s immune system into a recipient with the objective of eliminating cancer cells—has provided increased disease-free survival to patients with hematologic malignancies. However, such methods come with the risk of graft versus host disease (GVHD), a life-threatening condition wherein recipient cells are recognized as foreign and attacked by the donor immune cells. One potential alternative to this is to isolate specific donor antitumor cells, most notably NK cells, for use in HCT, which minimizes the risk of GVHD. Such methods have displayed positive clinical outcomes in acute myelogenous leukemia (AML) patients who underwent HLA-haploidentical NK cell-specific HCT (11, 13).

Natural killer cells can be obtained from either patients themselves (autologous) or from a donor (allogeneic) and can be derived from multiple sources, including peripheral blood, bone marrow, or umbilical cord blood. Under normal circumstances, few NK cells circulate in human blood, and those that do frequently exhibit limited cytotoxic activity due to immaturity (14). In addition, NK cells are short lived, with an average life span of 2 weeks (15). Thus, research has focused on developing methods to expand NK cell populations, increase their life span, and potentiate their cytotoxicity. Preliminary studies displayed promise with in vitro expansion of NK cells using the cytokine IL-2. However, benefit is limited in vivo due to the high affinity of T-regulatory cells for IL-2, which is responsible for NK cell inhibition to prevent autoimmunity, as well as by the short half-life—approximately 10 min—of IL-2 in serum (8, 14). Recent evidence has indicated that the inhibition of NK cells can be overcome by diminishing the T-regulatory cell population through the use of an IL-2-diphtheria toxin fusion protein (IL2DT) (16, 17). IL2DT, also known as denileukin difitox or Ontak, is a recombinant cytotoxic fusion protein comprised of IL-2 and diphtheria toxin. The toxin selectively depletes IL-2-receptor expressing cells, particularly those bearing the IL-2 receptor α chain isoform, such as T-regulatory cells. IL2DT has a short half-life, thus donor NK cells infused hours later would be unaffected by it, and in fact, would proliferate more due to the transient decrease in their suppression by T-regulatory cells. A phase II clinical trial from the University of Minnesota that examined 57 patients with refractory AML displayed improvements in rates of NK-cell expansion and AML remission in 27 and 53% of patients, respectively, in those who received IL2DT as compared to 10 and 21%, respectively, in those who did not receive it (16). Other data indicated that modifying NK cells to produce IL-2 prior to transplantation can be done to create a self-sustaining source of IL-2 in vivo, providing additional possibilities for combination therapies (8).

Besides solitary IL-2, the combination of the cytokines IL-18, IL-15, and IL-12 has shown promise in inducing the proliferation of memory-like NK cells in immunodeficient mice when accompanied by supplemental exogenous IL-2 (14). Purified human NK cells cultured overnight in IL-2, IL-12, IL-15, and IL-18 that were subsequently infused into mice displayed increased responsiveness to exogenous IL-2; this was thought to be due to the induction of increased CD25 expression on the NK cells, a key component in the formation of the high-affinity IL-2 receptor subtype, IL-2Rαβγ (18). Many other combinations, including both cytokines—most recently IL-27—and other substances such as intravenous immunoglobulin, have been or are currently undergoing evaluation for their prospective roles in NK cell population modulation (14, 19, 20).

OH, SWEET INTOXICATION: DISINHIBITION OF NK CELLS

Like true lymphocytes, NK cells have a number of endogenous mechanisms that balance self-defense with self-recognition. First, they express MHC I receptors which interact with different cell types in the surrounding environment. If the MHC I receptors remain unbound upon interaction with a particular cell, that cell is targeted for lysis by the NK cell. Second, they express activating receptors which recognize stress-induced ligands on the surface of target cells and trigger cell lysis upon detection. Finally, they express the activating receptor CD16 that facilitates ADCC upon binding the Fc portion of various IgG antibody isotypes. In addition, NK cell activity is also modulated by various cytokines, toll-like receptor ligands, and T-regulatory cells (7, 14). To optimize NK cell antitumor responses, preliminary studies have examined approaches to block NK cell inhibition.

Evidence has shown that the antigen-specific NK cell targeting mechanism via CD16 plays a vital role in the effectiveness of established tumor specific monoclonal antibody (mAb) therapies such as trastuzumab, rituximab, and elotuzumab due to CD16 interaction with the Fc portion of the mAb that coats the tumor cells, as illustrated in Figure 2A (21). However, several studies have noted the downregulation of CD16 on the NK cells of cancer patients in comparison to healthy patients, making mAb therapies less effective due to decreased ADCC (22, 23). Thus, a developing approach to enhance NK cell-mediated ADCC responsiveness to tumor cells is to inhibit the shedding of CD16 via the inhibition of metalloproteinases (MMP) that cleave them, as shown in Figure 2B (21). Furthermore, genotypic variations exist in CD16 between individuals, which can influence its interaction with immunoglobulins; this not only results in variations in mAb therapy effectiveness depending on CD16 genotype but also affords a potential opportunity for targeted therapy (24). Consequently, a multifactorial approach accounting for all of these elements could greatly increase NK cell responses to malignancy.
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FIGURE 2 | Modulation of natural killer (NK) cell interaction with cancer cell microenvironment. (A) Monoclonal antibody (mAb)-driven cellular cytotoxicity. mAbs specific to the tumor antigen bind the tumor cell. The NK cell Fc receptor, CD16, binds the Fc portion of the mAb bound to the tumor cell, leading to NK cell activation, protease release, and tumor cell lysis. (B) Metalloproteinase inhibition combined with mAb therapy. Metalloproteinase inhibitors prevent cleavage and subsequent shedding of CD16 receptors by blocking MMP action. In conjunction with this enhancement in CD16 receptors, mAbs specific to chosen tumor antigen enhance NK cell binding via CD16 receptor, leading to NK cell protease release and tumor cell lysis. (C) mAb to KIR. The Fab region of an mAb specific to KIR binds the receptor. The antibody blocks KIR from binding the tumor cell MHC I ligand, thus preventing cellular inhibition, consequently leading to NK cell-mediated tumor cell lysis. (D) BiKEs and TriKEs. The Fab region of an antibody is designed to target both the Fc receptor of the NK cell as well as at least one specific tumor antigen, thus leading to NK cell stimulation and tumor cell lysis. (E) Chimeric antigen receptors (CAR). A CAR specific to a chosen tumor antigen is designed and infused into the NK cell, thus enhancing the NK cells’ recognition of the tumor cell. The NK cell then increasingly targets tumor cells for destruction. Note: the NK cell killing mechanism proceeds principally by proteolytic lysis. For greater detail on mechanisms of cancer cell killing, see Ref. (9).



One such example of these multifactorial strategies in practice is the use of GM6001, an MMP inhibitor used for in vitro treatment of NK cells. NK cells treated with GM6001 displayed preserved CD16 expression despite initial losses stimulated by the presence of tumor cells (25). Further studies have confirmed that a specific metalloproteinase, ADAM17, is able to mediate CD16 shedding in NK cells thus providing another promising opportunity for targeted cancer immunotherapy. A preclinical trial that examined the combination of an MMP inhibitor and anti-CTLA4 antibodies in mice with breast cancer displayed delayed tumor growth and metastases reductions in mice treated with MMP inhibitor verses those treated with anti-CTLA4 antibody alone. Anti-CTLA4 antibodies are involved in inhibiting immune system downregulation (26). A phase I/II clinical trial examining an MMP inhibitor which specifically targeted ADAM17 and the similar ADAM10 in combination with trastuzumab in patients with HER2+ metastatic breast cancer displayed no significant improvement from controls (27). While not specific to NK cells, nonetheless these results indicate a necessity for further exploration of this potential therapeutic method.

Another possible, albeit distinctive approach, is the use of an mAb, IPH2101, which blocks KIRs, preventing their binding to MHC I ligands, and thus perpetuating NK cell-induced target cell lysis, as illustrated in Figure 2C. Although initial results using the agent alone were inconclusive, a more recent study combining it with lenalidomide, an anti-angiogenic agent, in patients with multiple myeloma was more promising (11).

Alternative therapies maximizing the activating receptors expressed by NK cells have also been developed. NKG2D is a lectin-like activating receptor expressed by NK cells, activated CD8+ T cells, and macrophages, which reacts to NKG2D ligands found most commonly on tumor cells. Expression of these NKG2D ligands by target cells triggers NK cell cytotoxicity and target cell lysis (28). This mechanism was recently utilized in a study examining the suppression of colon cancer in mice. In the study fluorescent-labeled gene nanoparticles consisting of gene fragments of IL-21, a cytokine involved in lymphocyte activation and tumor suppression, and NKG2D were developed and intravenously injected into mice pretransplanted with tumors. The dsNKG2D-IL-21 nanoparticles preferentially amassed in the tumor cells which could subsequently continue to secrete the dsNKG2D-IL-21 protein, further activating T and NK cells against the tumor tissue. Although further investigation is required, the antitumor effects displayed by such strategies are promising (29).

WORTHY OF RECOGNITION: ENHANCING TUMOR ANTIGEN RECOGNITION

Due to the evidence that NK cells harbor immune memory and antigen recognition properties, therapeutic approaches have now evolved to exploit them. Initial studies utilized KIR mismatch between donors and recipients to enhance donor cell recognition of recipient leukemia, which was found to improve non-relapse mortality and overall survival (11, 30). A prime example of this mechanism in action was shown in an influential study completed by faculty at the University of Perugia and Stanford University, in which 60 high-risk leukemia patients received hematopoietic cell transplants from family donors mismatched by both HLA haplotypes and KIR epitopes. NK cells that were initially shown to lyse allogeneic B-cell lymphoblastoid cells and PHA lymphoblasts in a subset of the patients (4 CML, 4 AML, 5 ALL) were isolated and used to target pretransplant cryopreserved leukemic cells from the same 13 patients. The isolated alloreactive NK cells killed all of the acute and chronic myeloid leukemia samples, and two of five acute lymphoblastic leukemia samples (31).

Knowledge of NK cell triggering via CD16 by mAb therapies as discussed above has led to the development of bi- and trispecific antibodies—often referred to as bi- and trispecific specific killer cell engagers (BiKEs and TriKEs)—which enhance the specificity between NK cell and tumor. This method involves designing bi- and trispecific antibodies that fuse the Fab region of the antibody to the specific tumor cell antigen in combination with another Fab region of the same antibody fused with the CD16 portion of NK cells, which leads to NK cell stimulation and tumor cell lysis. Multiple Fab regions can be utilized to specifically target multiple tumor antigens (8). This mechanism is illustrated in Figure 2D. The efficacy of this method was displayed in an in vitro study done by the University of Minnesota that combined an MMP inhibitor to ADAM17 with a BiKE targeting CD33 through CD16 in the treatment of refractory AML cells. The combination therapy was found to enhance NK cell cytotoxicity and cytokine release against the CD33+ malignant cells (32).

Another method of enhancing tumor antigen recognition involves the use of single chain fusion proteins—referred to as chimeric antigen receptors (CAR)—molecules artificially engineered and introduced into hematopoietic cells such as NK cells or T lymphocytes to redirect specificity toward a chosen antigen, as shown in Figure 2E (8, 33). CAR modifications of T cells have been researched extensively; however, evaluation of this possibility in NK cells remains in its infancy (8). One recent study which showed much promise involved the transduction of human NK cells with a CAR targeting both wild-type and mutant epidermal growth factor receptors (EGFRs) commonly expressed by glioblastoma (GB) cells. The EGFR-CAR-engineered NK cells displayed increased interferon-γ production and increased tumor cell cytotoxicity when cocultured with GB cells, as well as increased malignant cell growth suppression when administered intracranially in mice (34). Other preclinical studies have successfully transduced human NK cells to express CARs to CD19, CD20, CD244, and HER2, which all displayed efficacy in tumor cell lysis (35). A phase I clinical trial by St. Jude’s in 14 relapsing or refractory B-lymphocyte acute lymphoblastic leukemia patients involving the transduction of NK cells to express a CD19 CAR concluded in February 2015 with no published results to this date (8, 36, 37). A second phase II pilot study also involving the engineering of an anti-CD19 CAR at the National University Health System in Singapore is currently recruiting participants (8, 36, 37).

PLAN FOR THE FUTURE BECAUSE THAT IS WHERE YOU ARE GOING TO SPEND THE REST OF YOUR LIFE

As discussed above, mounting evidence indicates that many tumors contain CSCs, rendering them decidedly resistant to established treatments. Recent reports have indicated that CSCs may be preferentially susceptible to NK cell killing, due in part to their decreased expression of MHC class I (3). Furthermore, the stage of cellular differentiation of certain tumor cell types has also been inversely correlated with the degree of NK cell cytotoxicity, with poorly differentiated cells showing significantly higher susceptibility to NK cell-mediated lysis than well-differentiated cells, which appear to display more sensitivity to chemotherapy-mediated cell death (38, 39). Given this evidence, Kozlowska et al. proposed a dual approach combining established chemotherapy/radiotherapy regimens (which better target well-differentiated tumor cells), with immunotherapy (which preferentially eliminates CSCs/poorly differentiated tumor cells) (39). Although these researchers recommended this method with oral cancer specifically in mind, it is not difficult to speculate that widespread use of this methodology may be forthcoming.

CONCLUSION

The theory of NK cell immunotherapy has gained momentum in recent years. This review summarized the most prominent methods by which NK cells are being manipulated for potential therapeutic uses, including population propagation, inhibition of NK cell suppression mechanisms, and enhancement of NK cell target recognition. Numerous studies have shown extensive progress in both managing NK cell proliferation and lifespan, as well as in the direct targeting of tumor cells and tissues. Although much has been discovered, there remains much to learn before such therapies will become widespread. Further cultivation of specific NK cell therapies by both biochemical and clinical studies is necessary before dissemination is possible.

In addition, no firm guidelines exist for the application of NK cell-based therapies in practice. While evidence to date seems to support its use as a complementary therapy to existing treatment regimens, the potential for an exclusive NK cell-based polytherapy cannot be ignored.

Finally, more research must be completed on the theory of malignancy itself, and on the individual characteristics of specific tumors. Further evaluation of these unique identifiers may help to determine even more precise therapeutic methods, and form the basis for future tumor staging and treatment guidelines.
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