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Abstract

Recent advances in the field of cellular therapy have focused on autologous T cells engineered to
express a chimeric antigen receptor (CAR) against tumor antigens. Remarkable responses have
been observed in patients receiving autologous CD19- redirected T cells for the treatment B-
lymphoid malignancies. However, the generation of autologous products for each patient is
logistically challenging and expensive. Extensive research efforts are ongoing to generate an off-
the-shelf cellular product for the treatment of cancer patients. Natural killer cells (NK) are
attractive contenders since they have potent anti-tumor activity, and their safety in the allogeneic
setting obviates the need for an autologous source. In this review, we discuss advantages and
limitations of NK cellular therapy, and novel genetic engineering strategies that may be applied to
overcome some of the limitations. Next-generation engineered NK cells are showing great promise
in the preclinical setting and it is likely that in the next few years CAR- engineered NK cells will
be incorporated into the current armamentarium of cell-based cancer therapeutics.
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Introduction

In the past decade, the field of cellular therapy has emerged as a powerful treatment
modality for advanced cancers refractory to conventional therapy. Genetic engineering of
immune cells has evolved from a promising concept to a practical solution for the treatment
of a number of previously refractory types of cancer. Indeed, in the past few months, the
Food and Drug Administration (FDA) approved the first gene-modified chimeric antigen
receptor (CAR) T-cell therapy (tisagenlecleucel) for relapsed B-cell acute lymphoblastic
leukemia (ALL) in children and young adults [1]. This was quickly followed by the approval
of the second gene-modified CAR T-cell therapy (axicabtagene ciloleucel) for patients with
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certain types of relapsed large B-cell non Hodgkin lymphoma (NHL) [2,3]. These exciting
new therapies mark a paradigm shift in the treatment of certain hematologic malignancies
and are expected to cause a ripple effect in the field of cellular therapy and gene editing to
target other cancers.

Despite its success, CAR modified autologous T-cell therapy has some undeniable
limitations [4]. From a clinical standpoint, some of the patients are heavily pretreated and
therefore lymphopenic, which makes it difficult to collect sufficient numbers of autologous
lymphocytes to generate a clinically relevant dose of CAR-T cells for therapy. Furthermore,
despite the high response rates, a significant number of patients still experience relapse as
the cancer cells develop mechanisms to escape recognition by CAR-T cells [5]. From a
logistic standpoint, the generation of autologous CAR-T cells is cumbersome and therefore
restrictive for large-scale clinical application. The process is also lengthy and time
consuming and therefore not applicable for patients with rapidly progressing malignancies.
An off-the-shelf, ready to use, allogeneic source of CAR-T cells is therefore attractive,
however allogeneic T cells are notorious for causing graft- versus-host (GVHD), even after
HLA matching [6].

Natural killer (NK) cells are very effective at mediating cytotoxicity against tumor cells and
unlike T-cells, kill their targets in a non-antigen specific manner and without the need for
prior sensitization [7]. Allogeneic NK cells lack the potential to cause GVHD [8,9], and
could be made available as an off-the-shelf allogeneic product for immediate clinical use.
Therefore, genetic engineering of NK cells by introducing a CAR to redirect their specificity
is an active field of investigation. Notably, engineered CAR-NK cells retain their diverse
arrays of activating and inhibitory receptors [10], which in principle should make relapse
due to downregulation of the CAR target antigen less likely than it is with CAR-T cells [11].
Therefore, the inherent qualities of NK cells make them attractive candidates for genetic
engineering for the therapy of cancer.

In this review, we detail recent advances in the field of NK cell engineering for cancer
immunotherapy and discuss advantages and limitations of these strategies.

NK Cell Biology and Role in Cancer Immune Surveillance

As their name indicates, NK cells are a subset of effector lymphocytes involved in innate
“natural” immunity and being potent “killers”, they represent the first line of defense against
pathogens and malignant cells [12]. They are characterized by CD56 and CD16 expression
and lack of T cell receptor (TCR) and CD3 expression on their surface. NK cells can be
further subdivided into two distinct subsets depending on their level of CD56 expression.
The most common subtype present in the peripheral blood is CD16*CD56%™ and represents
the more mature and highly cytotoxic phenotype; the second subtype is CD16~CD56P"9nt,
which characterizes a less mature immunoregulatory population mainly found in lymphoid
tissues [13]. Unlike T cells, NK cells do not need prior antigen sensitization to kill their
target cells. NK cells can mediate cytotoxicity through a number of mechanisms, the most
important of which are degranulation and antibody dependent cellular cytotoxicity (ADCC),
mediated by CD16 binding to the Fc portion of IgG1 opsonized on the surface of target cells
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[14]. Unlike other immune cells, which require time to acquire cytolytic activity, NK cells
are “ready to kill”. In fact, when NK cells form an immunologic synapse with their target
cells, they release preformed cytolytic granules containing perforin and granzyme, leading to
target cell lysis. In addition, engaged NK cells release molecules of the tumor necrosis factor
(TNF) family, which induce death ligands (such as FAS ligand and TRAIL) on their surface.
In turn, these ligands bind to death receptors on target cells, initiating an enzymatic cascade
through caspases leading to apoptosis [14,15]. Activated NK cells also produce interferon
(IFN)-v, which activates dendritic cells and macrophages and has pleiotropic effects on the
adaptive immune response [15]. In fact, the activity of NK cells is intricately complex and
depends on the delicate integration of signals from multiple activating and inhibitory
receptors, cytokines and chemokines [16].

NK cells can distinguish between normal and tumor cells through several mechanisms. To
prevent the killing of healthy cells, NK cells primarily use inhibitory receptors, such as killer
cell immunoglobulin-like receptors (KIRs) and CD94-NKG2A, that bind to major
histocompatibility complex (MHC) class | molecules which are constitutively present on
normal cells. Malignant cells can be recognized and killed by NK cells as they often
downregulate or lose the expression of MHC-class | molecules [17] and/or by activating
signals provided by multiple activating receptors on the surface of NK cells, which
recognize stress ligands on the tumor cells. The vast array of cytokines and chemokines in
the tumor microenvironment also play a role in the final disposition of NK cells to kill the
transformed cells [18].

In the past few decades, numerous studies have implicated an important role for NK cells in
tumor surveillance. In fact, quantitative and qualitative deficiencies of NK cells have been
shown to contribute to cancer risk [19-21]. In addition, in experimental animal models,
specific depletion of NK cells has been shown to cause more aggressive tumor progression
and metastasis [22]. These studies point to a crucial role for NK cells in the immune
surveillance of cancer.

Limitations of Adoptive NK cellular Therapy

Despite the lure of NK cells for adoptive therapy of cancer and their favorable safety profile,
their efficacy in human trials has been modest at best. A number of factors limit the
application of NK cell immunotherapy for the treatment of cancer. First, adoptively
transferred NK cells have limited persistence in vivo, which while desirable from a safety
standpoint, may hinder their efficacy [23]. Also, NK cell migration and their ability to
penetrate tumor tissues have been reported to be inferior to that of T cells, which raises
concerns regarding their usefulness in the setting of solid tumors [24]. Thus, strategies to
increase infiltration of NK cells into tumors would be a plausible strategy to enhance
antitumor efficacy. In addition, tumors develop mechanisms to evade NK cell surveillance
such as upregulation of HLA molecules to disguise as normal cells, or downregulation of
ligands for activating NK cell receptors [25]. The tumor microenvironment is also a major
barrier to the effectiveness of NK cells. For instance, regulatory T cells (Treg cells) and
myeloid-derived suppressor cells (MDSCs) frequently found at the tumor site can inhibit the
function of NK cells [26]. Activated platelets in the malignant milieu have also been shown
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to suppress NK cell cytotoxicity through a range of mechanisms [7]. Furthermore, the tumor
microenvironment is rich in immunosuppressive cytokines and metabolites such as TGF-g,
adenosine, prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO), which have
been linked to NK cell dysfunction [7]. Finally, until relatively recently, the genetic
manipulation of NK cells was considered to be challenging, yielding low efficiency and cell
viability. However, recent optimizations in viral transduction, gene editing and
electroporation technologies have renewed interest in strategies to enhance NK cell activity
through genetic engineering [27]. These include approaches to make these cells persist
longer, home to tumor sites, have enhanced cytotoxicity against tumors and be more adept at
circumventing the immunosuppressive microenvironment (Figure 1).

Genetic modification of NK cells to enhance their function for cancer

immunotherapy

Genetic modification to improve NK cell persistence

The in vivo persistence and proliferation of NK cells following adoptive transfer has been
shown to correlate with clinical responses [28]. Several groups have attempted to enhance
the in vivo persistence of NK cells by genetically reprogramming them to produce cytokines
such as IL-2 or IL-15, which are critical for NK cell survival and development (Figure 1A).
Retroviral transduction of NK cell lines or primary NK cells with /L-2or /L-15improved
their in-vivo persistence and activity in tumor-bearing mice without the addition of
exogenous cytokines [24]. Our group has shown that retroviral transduction of ex vivo
expanded NK cells with a vector encoding a CAR against CD19 and the IL15 gene
dramatically increased the in vivo persistence and anti-tumor activity of CAR-NK cells in a
murine mouse model of lymphoma [10].

Genetic modification to improve NK cell homing and tumor penetration

Homing of NK cells to tumor sites is critical for their efficacy in cancer immunotherapy. NK
cells that acquire expression of the chemokine receptor CCR7 via trogocytosis were reported
to preferentially home to lymph nodes [29]. Another group showed that ex vivo expansion of
NK cells results in increased expression of CXCR3 on their surface and improved migration
and anti-tumor activity in a xenograft mouse model of CXCL10- transfected melanoma
tumor [30]. Since then, several groups have explored genetic engineering of NK cells to
improve their homing (Figure 1B). For instance, electroporation of NK cells with mRNA
coding for the chemokine receptor CCR7 was shown to improve their migration toward the
lymph node-associated chemokine CCL19 [31]. In another report, viral transduction of
human primary NK cells to express CXCR2 improved their ability to migrate to renal cell
carcinoma tumor sites [32]. Similarly, another group showed that engineering NK cells to
express CXCR4 conferred specific chemotaxis to CXCL12/SDF-1a secreting glioblastoma
cells and improved tumor regression and survival in a mouse model of glioblastoma [33].

Genetic modification to protect NK cells from the tumor microenvironment

One of the hallmarks of cancer is an aberrant chronic inflammatory state that is maintained
by complex interactions between malignant cells, stromal cells and immune cells [34]. This
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ineffective inflammatory milieu favors tumor evasion from host defenses, partly due to the
release of immunosuppressive molecules by immunomodulatory cells such us Tregs,
MDSCs, and type 2 macrophages (M2). TGF- is a potent immunosuppressive cytokine that
plays an important role in NK cell suppression within the malignant milieu. To overcome
this well-described suppressive pathway, several groups have engineered NK cells with
dominant negative TGF-p receptors to enhance the activity of adoptively transferred NK
cells against multiple cancer types including glioblastoma, breast cancer and lung cancer
[35-37]. Our group recently reported that that genetic disruption of TGF-f receptor 2 (TGF
-BR2) by CRISPR-CAS9 gene editing can render NK cells resistant to the suppressive effect
of TGF-p and enhance their in vivo activity in a xenograft mouse model of acute myeloid
leukemia [38]. Adenosine is another critical immunosuppressive metabolite in the tumor
microenvironement and is generated from ATP by the ectonucleotidases CD39 and CD73 in
response to hypoxia and extracellular stress [39]. Adenosine signals via the high affinity
A2A adenosine receptor (A2AR) and hampers NK cell and T cell function [39]. NK cells
deficient in A2AR displayed enhanced proliferation, maturation and better tumor control in
murine models of melanoma, fibrosarcoma and breast adenocarcinoma [40,41].

Chronic inflammation and prolonged exposure to tumor antigens also directly contribute to
dysfuntion of effector lymphocytes. Upregulation of checkpoint molecules such as cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1)
was first reported in exhausted T cells. These discoveries led to development of checkpoint
inhibitors targeting CTLA-4 and the PD-1/PDL-1 axis that have revolutionized the treatment
of certain cancers (reviewed in [42]). Checkpoint molecules have also been found to be
expressed on NK cells in the setting of cancer. Several groups have demonstrated that PD1
mediates functional exhaustion of NK cells in certain cancers, and that blocking the PD-1/
PDL-1 axis can restore their function (reviewed in [43]). The expression of other checkpoint
molecules such as CTLA-4, TIM- 3, LAG-3, TIGIT on NK cells in the setting of
malignancy is less well explored and necessitates further elucidation.

In essence, the tumor microenvironment plays a critical role in immune escape from NK cell
surveillance, and reprogramming NK cells to circumvent these immune evasion mechanisms
is a promising strategy to improve the efficacy of adoptive NK cell therapy (Figure 1C).

Genetic modification to improve NK cell cytotoxicity

The panoply of activating and inhibitory receptors on NK cells and the myriad of
mechanisms by which NK cells mediate cytotoxicity provide ample opportunities to
engineer NK cells using approaches aimed at skewing the signaling balance towards
activation. These strategies include blocking inhibitory receptors, potentiating activation
receptors and ADCC, and redirecting the specificity of NK cells by introducing chimeric
antigen receptors (Figure 1D).

Targeting inhibitory receptors—NKG2A-CD94 is an important inhibitory receptor
universally expressed on NK cells. It binds HLA-E, a member of the nonpolymorphic MHC
class Ib molecules upregulated on cells from many cancers, and inhibits NK cell
function[44]. Knockdown of NKG2A in NK cells using sShRNA or siRNA triggers a NK cell
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“missing-self” response and leads to increased NK cell cytotoxicity against HLA-E
expressing cancer cell lines in vitro and in vivo[45,46]. Monalizumab (previously IPH2201)
is anti-NKG2A checkpoint inhibitor currently under clinical investigation in phase I/11 clinic
studies. NK cells also constitutively express inhibitory KIRs (iKIRs) that bind to HLA class
I molecules and prevent NK cell activation towards healthy autologous cells. In the setting of
haploidentical stem cell transplantation for hematologic malignancies, a KIR ligand-
mismatched donor favors NK cell alloreactivity and is associated with improved relapse-
free survival [47]. Thus, KIR blockade using an anti-KIR antibody (Lirilumab) is an
attractive approach that has been shown to improve NK cell cytotoxicity in vitro and in
preclinical models of myeloma and lymphoma [48,49]. This drug is currently being tested in
twelve different clinical trials in combination with other biologics or immunotherapeutic
agents for the treatment of hematologic malignancies and solid tumors (clinicaltrials.gov).

Enhancing the function of activating receptors and ADCC—NKG2D is an
activating receptor that plays a critical role in NK cell anti-tumor response [16,50].
Retroviral transduction of NK cells with a chimeric receptor composed of NKG2D and the
two signaling molecules DAP10 and CD3z enhanced NK cell function and cytotoxicity
against multiple tumor cell lines and resulted in better tumor control in a mouse model of
osteosarcoma [51]. Another innovative approach to enhance NK- mediated killing is to
transduce NK cells with a chimeric receptor specific for TRAIL- receptor 1 to target TRAIL
on target cells [52]. In addition, several groups are exploring ways to increase NK-mediated
ADCC towards tumor cells by the concomitant use of monoclonal antibodies, bispecific
killer cell engagers (BIKES) or trispecific killer cell engagers (TriKES) or by engineering NK
cells to express a high affinity CD16 (Reviewed in [53,54]).

CAR-engineered NK cells

The majority of published data on adoptive NK cell therapy have explored the use of the NK
cell line NK-92, a human NK cell line originally derived from a patient with NHL [55,56].
Promising pre-clinical data led to early-phase clinical trials of adoptive therapy using NK-92
cells to treat patients with advanced cancers [56,57]. Despite the safety profile of NK-92
cells, efficacy remains limited, even with multiple infusions. Therefore, several groups are
investigating the use of CAR-engineering to redirect the specificity and enhance the
antitumor activity of NK-92 cells. There are several potential advantages of using CAR
engineered NK-92 cells over primary NK cells [58]. The NK-92 cell line is a well-
characterized, uniform and reproducible source of NK cells. It offers an unlimited source of
NK cells, which is attractive for cellular therapy. In addition, given the homogeneity of the
product, transduction efficiency is more consistent in NK-92 cells compared to primary NK
cells. In recent years, several groups have engineered NK-92 cells to express various CARs
targeting both hematologic and solid malignancies, including CD19 and CD20 for B cell
leukemia and lymphoma, CD38 and CS-1 for multiple myeloma, HER-2 for epithelial
cancers, wild-type EGFR and mutant form EGFRvIII for brain metastasis and glioblastoma,
ganglioside protein D2 (GD2) for neuroectodermal tumors, GPA7 for melanoma, and CD5
for T cell malignancies (Reviewed in [27,55]). Despite its attractive features, NK-92 cellular
therapy has a number of important shortcomings. Most importantly, since this cell line is
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derived from a patient with NHL, there is legitimate concern about its potential for
tumorogenicity [59]. Therefore, for safety purposes, NK-92 cells are irradiated before
infusion, which will significantly affect their in vivo proliferation, persistence and efficacy
[55,59]. Finally, NK- 92 cells lack expression of several activating receptors such as NKp44
and NKp46, and do not express endogenous Fc receptors and thus, are not capable of
mediating ADCC [27]. To counteract the latter drawback, an NK-92 cell derivative
expressing the high affinity variant of FcgRII1 has been developed [60,61].

Given the above-mentioned limitations of CAR engineered NK cell lines, several groups,
including ours, have developed approaches to introduce CARs into primary NK cells to
target B cell malignancies, breast and ovarian cancer, colon cancer, prostate cancer and
sarcoma (Reviewed in [27]). Most of these published reports are utilizing primary NK cells
derived from peripheral blood, cord blood or human pluripotent stem cells (HPSCs) [62].

Our group has developed a GMP compliant pipeline for the generation of CAR-NK cells
from umbilical cord blood and is leading the first in-human clinical trial to test the safety
and efficacy of off-the-shelf CB-NK cells engineered to express a CAR against CD19, to
ectopically produce 1L-15 to support NK cell proliferation and persistence in vivo, and to
express a suicide gene, inducible caspase 9, to address any potential safety concerns
(NCT03056339).

What does the future hold?

The ideal product for adoptive cellular therapy is one that is safe, off-the-shelf, universal and
easy to generate in sufficient quantities for clinical use. Universal NK cells generated from
cord blood, HPSCs or NK cell lines are currently being explored by a number of groups. It is
likely that in the near future, we will witness an array of combinatorial gene manipulation
strategies for therapeutic applications of NK cells, including CAR transduction and
CRISPR/CAS9 or TALEN gene editing, to redirect their antigen specificity, improve their
persistence and their trafficking, enhance their cytotoxicity while preserving their safety, and
increase their resistance to the immunosuppressive TME. Moreover, notwithstanding the
hurdles and uncertainties that these approaches will likely encounter as a result of the FDA’s
regulatory path remaining undefined, their increasing adoption and efficacy may well
provide a paradigm shift in the field of cancer immunotherapy.

Concluding remarks

The past several years has seen ‘breakthrough’ advances in the engineering of immune
effector cells as therapy for cancer. CARs have been used extensively to redirect the
specificity of T-cells against lymphoid malignancies with striking positive clinical results
which led to the FDA approval of CD19-redirected CAR T cell therapy for relapsed B ALL
in children and young adults [1] and for patients with certain types of relapsed NHL [2,3].
However, a number of obstacles still limit the widespread use of this promising new therapy
in patients: (1) the generation of an autologous CAR T-cell product for each individual
patient is expensive and logistically challenging; (2) allogeneic T-cells (even if HLA-
matched) carry a significant risk of GVHD mediated through their native T-cell receptor; and
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(3) the infused immune effector cells are susceptible to the inhibitory effects of checkpoint
molecules and the TME. NK cells constitute a valuable, safe and versatile allogeneic product
for immunotherapy. With the recent advances in the field of NK cell biology and genetic
engineering, it is likely that NK cellular therapy will be incorporated into the current
armamentarium of cell-based cancer therapeutics.
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Highlights
t NK cells play a critical role in cancer immune surveillance
* NK cellular therapy is safe but has some limitations
t Genetic engineering strategies are being employed to overcome these

limitations
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Figure 1. NK cell engineering strategiesto enhance the effectiveness of NK cellular therapy.
To overcome some of the limitations of NK cellular therapy genetic engineering strategies

are employed to improve (A) NK cell expansion and persistence, (B) NK cell trafficking and
homing to tumor sites, (C) NK cell ability to circumvent the immunosuppressive tumor
microenvironment, and (D) NK cell cytotoxicity against tumors. A bbreviations: m IL —-15:
membrane bound IL-15. DN TGFBR: Dom inant negative TGFp recep tor. A2AR: A2A
adenosine receptor. MDSC: myeloid derived su pp ressor cell. Treg: regu latory T cell. TME:
Tumor microenvironment. iKIR: inhibitory killer imm unoglobulin recep tor. BiKE:
biscpecific killer cell engager. TriKE: trispecific killer cell engager. CAR: chimeric antigen
receptor.
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