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Abstract

Natural Killer (NK) cells have long been known to mediate anti-tumor responses without prior
sensitization or recognition of specific tumor antigens. However, the tumor microenvironment can
suppress NK cell function resulting in tumor escape and disease progression. Despite recent
advances in cytokine therapy and NK cell adoptive transfer, tumor expression of ligands to NK -
expressed checkpoint receptors can still suppress NK mediated tumor lysis. This review will
explore many of the checkpoint receptors tumors utilize to manipulate the NK cell response as
well as some of the current and upcoming pharmacological solutions to limit tumor suppression of
NK cell function. Furthermore, we will discuss the potential to use these drugs in combinational
therapies with novel antibody reagents such as bi- and tri-specific killer engagers (BiKEs and
TriKESs) against tumor-specific antigens to enhance NK cell-mediated tumor rejection.

Introduction

Natural killer (NK) cells were originally described in the 1970’s by their ability to recognize
and destroy tumor-transformed cells without any prior sensitization to tumor antigens[1].
These innate lymphocytes are large and granular in their morphology, with the large
granules present in their cytoplasm containing the cellular machinery necessary to perforate
and induce apoptosis of susceptible targets[2]. The two primary molecules involved in this
process are perforin and granzyme-B. These large granules, or specialized lysosomes, are
pre-formed in resting, unstimulated NK cells[3]. In addition to lytic enzymes, NK cells also
contain preformed stores of inflammatory cytokines (e.g., tumor necrosis factor-a (TNF-a),
interferon-y (IFN-vy), etc.), which are secreted quickly upon stimulation without prior
priming to induce a potent inflammatory response[4]. Due to this, unlike T cells, NK cells
require little priming to respond to an appropriate target immediately upon detection. NK
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cells can also be classified as “serial killers”, in that they exert their effector function against
subsequent targets with no refractory period [5]. Their importance in the cancer setting is
highlighted in NK deficient or depleted animal models where lack of NK cells results in
failure to reject tumor cells[6]. Other studies demonstrate that various NK cell functional
abnormalities correlate with an increased risk of certain types of cancer[7]. Additionally, NK
cells with aberrant function are frequently found in cancer patients, making NK cell function
a potential biomarker for cancer[8-10]. The importance of NK cells in tumor recognition
and destruction has made NK cell functional enhancement and/or adoptive transfer an
enticing focus of immunotherapies. Understanding how tumors influence the NK cell
compartment is integral in devising appropriate methods of restoring NK cell function
through circumventing tumor immunosuppressive effects. In recent years, checkpoint
blockade has been an area of great interest in cancer immunotherapy. Checkpoint blockade
involves the use of antagonistic antibodies against lymphocyte-expressed receptors, or their
ligands, that suppress immune function. To maximize NK cell therapy, checkpoint blockade
could be utilized in conjunction with novel molecules, termed bi- and tri-specific killer
engagers (BiKEs and TriKEs, respectively), that drive NK cell mediated antigen specific
recognition of tumors and their Killing. This review covers current understanding of how
checkpoint blockade and BiKE/TriKE molecule utilization impacts NK cell biology and
their translational potential.

NK cells and immune surveillance

Natural Killer cells constitute an important first line of defense against tumor-transformed
cells. While both T and NK cells identify and kill tumor cells, the mechanisms by which
they recognize their targets are substantially different. T cells recognize tumor antigens in
the context of MHC class I, directly through T cell receptors, which undergo recombination
during development[11]. The result of this recombination is a T cell receptor that recognizes
a specific antigen to trigger the T cells cytotoxic or cytokine secreting function. NK cells, on
the other hand, do not identify target cells based on the presentation of viral or tumor-
specific antigens. Instead, they utilize germ-line encoded receptors that recognize ligands
present on cells as a result of the cell stress or DNA damage that occurs during viral
infection or tumor transformation[12-14]. Due to NK cell recognition of targets based on
germ-line encoded ligands, NK responses must be tightly regulated to minimize killing of
healthy cells and tissues. This regulation is controlled through a delicate balance between
activating and inhibitory signals provided by the repertoire of activation and inhibitory
receptors on the surface of NK cells (Figure 1). This concept of regulation, known as the
‘missing self hypothesis’, states that NK cells inhibitory receptor recognition of their
cognate ligands, MHC-1 molecules, provide an inhibitory signal to the NK that prevent its
response to a target despite the presence of activating ligands[15]. Only when MHC-I is
missing, or down-regulated on a cell is the NK cell capable of responding. NK cells also
express a variety of germ-line encoded activation receptors which include the natural
cytotoxicity triggering receptors (NCRs) (e.g., NKp30, NKp44, NKp46 and NKp80), the
SLAM-family receptors (e.g., 2B4 and NTB-A), the c-type lectins (i.e., NKG2D and
NKG2C/CD94) and the low affinity Fc receptor, CD16 (FcyRII)[16]. It is important to
delineate the role of CD16 from the other activation receptors, as CD16 does not recognize a
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cell-expressed ligand. Rather, CD16 ligates the Fc portion of cell- bound IgG antibodies.
Through its ligation CD16 provides a strong enough activation signal to overcome most
inhibitory signals to trigger NK antibody directed cell-mediated cytotoxicity (ADCC)[17]
without the need for co-ligation of other activating receptors[18]. This concept will be
discussed in greater detail and in the context of immunotherapy later in this review. Of the
noted receptors, the c-type lectin homodimer NKG2D[19-22] is amongst the best
characterized. This receptor recognizes molecules upregulated on the surface of cells that
have undergone DNA damage or cellular stress; these include the MHC-I polypeptide-
related sequence A/B (MIC-A/B) and the UL16 binding proteins 1-6 (ULBP1-6)[14]. Co-
ligation with a co-activation receptor like NTB-A or 2B4[23, 24] results in NK cell
degranulaiton. Perforin and granzymes then create pores in the target cells and trigger
caspases, resulting in apoptosis of the target[25-28]. Ligation of these activating receptors
also results in the secretion of cytokines such as IFN-y and TNF-a.[29]. Secretion of IFN-y
by NK cells acts as a bridge between innate and adaptive immunity by inducing the
upregulation of MHC-1 on surrounding cells[30], which enhances recognition of targets by
CD8 T cells as well as skews CD4 T cells towards a Tyl phenotype[31]. There are also NK
cell activating receptors that recognize ligands constitutively expressed on healthy cells.
DNAM-1 (CD226) recognizes the ligands CD155 (PVR) and CD112 (Nectin-2), which are
expressed on many endothelial cells as well as resting CD4 and CD8 T cells[32-36].
Similarly, the NK co-activation ligand NTB-A is basally expressed on all NK, T and B cells.
Tight regulation of activating pathways, particularly in settings where activating ligands are
present on healthy cells, is an integral component necessary to prevent NK cell mediated
autoimmunity and fratricide.

Negative regulation of NK cell function is controlled by a host of inhibitory receptors. NK
inhibitory receptors fall into one of four main categories: 1) killer immunoglobulin-like
receptors (KIRs), 2) c-type lectin receptors (NKG2A/CD94,), 3) the leukocyte
immunoglobulin-like receptors (LILRs,), and 4) the commonly considered checkpoint
receptors (PD-1, TIM-3, LAG-3 and TIGIT). The ligands for many of these inhibitory
receptors are the major histocompatibility class-1 (MHC-I) molecules. KIR recognition of
MHC-I is highly specific in that certain KIRs have defined MHC-I molecules as their
ligands. KIR2DL1 recognizes HLA-C2 molecules while KIR2DL2/3 recognize HLA-C1[37,
38]. Another inhibitory KIR, KIR3DL1, recognizes HLA-B molecules that express the Bw4
epitope[39, 40]. The c-type lectin, heterodimer, NKG2A/CD94 recognizes HLA-E
molecules[41, 42]. Though LIR-1 (ILT-2/CD85j/LILRB1) has a number of binding partners,
HLA-G exhibits the strongest binding characteristics[43].

Induction of inhibitory signaling via broadly expressed MHC-1 ligands is a critical aspect of
regulation of the NK cell response. Since healthy cells express a normal compliment of
MHC-I molecules even though they may constitutively express some activating ligands, the
inhibitory signal will dominate, resulting in the inhibition of NK function and maintenance
of tolerance. It is important to note that NK cells as a population are highly variegated in
terms of their inhibitory receptor expression[44]. Not every NK cell expresses every
inhibitory receptor. For example, while CD56P119t NK cells all express NKG2A/CD94, they
lack expression of KIRs. Only about 50-60% of CD569M NK cells express NKG2A/CD94
while around 70-75% express KIRs. CD56%M NK cells are further subdivided based on
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which KIRs they express. The stochastic expression of inhibitory receptors means that not
all NK cells will be negatively regulated in the same way. On the other hand, expression of
checkpoint receptors is not stochastic and much more complex in nature. The therapeutic
implications of this variegation will be discussed later in this review.

NK cell dysfunction against tumor targets

Cancer cells are cells undergoing unregulated cell division. This unregulated division is a
result of DNA damage in genes that control cell cycle[45-47]. Activation of the DNA
damage response (DDR) occurs in many tumor cells and pre-cancerous lesions, resulting in
the induction of NKG2D and DNAM-1 ligands[48-52]. Expression of these ligands should
trigger NK cell lysis of the tumor. However, cancer cells can abrogate NK cell activation
through a number of means. One mechanism by which tumor cells evade the NK response is
through upregulation of MHC-1[53]. While many tumors down-regulate certain MHC-I
molecules to evade the T cell response, the non-classical MHC-1 molecule, HLA-G, is
frequently upregulated on the tumor surface[54]. As mentioned before, this HLA molecule
acts as a ligand for the NK- expressed inhibitory receptor LIR-1[55]. The result is a strong
inhibitory signal provided to NK cells expressing LIR-1, thereby preventing them from
mediating their cytotoxic function despite the presence of activating ligands[56].

Another mechanism of tumor evasion by NK cells is through the shedding of soluble
NKG2D-ligands. This can occur as a result of alternative splicing, proteolytic cleavage or
secretion by exosomes[57, 58]. Soluble MIC and ULBP proteins have been identified in the
sera of patients with a variety of different cancers including lung, colon, breast, ovarian,
glioma, neuroblastoma, melanoma and leukemia[59-64]. The effects of secreted NKG2D-
ligands are numerous. One obvious effect is decreased ligand expression on the tumor
surface reducing their susceptibility to NK-mediated killing. Another effect is binding of the
soluble ligands to NKG2D on NK cells at proximal and distal sites from the tumor. /n7 vitro
studies using soluble ULBP-1-3 in co-culture with primary human NK cells identified a
substantial decrease in NKG2D expression. NKG2D-ligand coated exosomes can crosslink
NKG2D resulting in the continuous activation of the NK cells, thereby desensitizing
them[65]. In fact, chronic activation of NK cells with targets expressing NKG2D-ligands
results in decreased NK cell function, even resulting in decreased function mediated through
other NK cell receptors. However, regardless of NKG2D-ligand shedding, the serum from
cancer patients contains other immunosuppressive factors such as TGF-p, which has also
been reported to down-regulate NKG2D as well as the NCR NKp30 on NK cells[66].

Immunosuppressive cells, like myeloid-derived suppressor cells (MDSCs) and regulatory T
(Treg) cells residing within the tumor microenvironment can also potently deter NK cell
anti-tumor function. MDSCs are generated in the bone marrow of tumor-bearing hosts and
then migrate to lymphoid and tumor tissues through chemoattractants such as CCL2 and
CCLS5. These cells are one of the major constituents of the tumor microenvironment and
have been shown to suppress T cell proliferation as well as block CD8+ T cell entry to the
tumor[67]. MDSCs mediate some of their functions through secretion of the
immunosuppressive cytokines IL-10 and TGF-B[68]. As mentioned previously, TGF-B
down-modulates NKG2D expression on NK cells. Recent studies from our group have
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identified a mechanism by which MDSCs suppress NK activity via direct cell contact[69].
This will be discussed in more detail in a later section. However, high proportions of Tregs,
the other culprit likely involved in cellular immunosuppression of NK cells at the tumor
microenvironment, have been correlated to cancer progression[70]. These high proportions
were shown to be accompanied with decreased numbers and functionality of NK cells in a
number of studies[71-74]. Conversely, therapeutic treatments that induce a reduction in Treg
numbers, such as low dose cyclophosphamide treatment or treatment with Lenalidomide and
Pomalidomide, or direct depletion of Tregs using an IL-2 diphtheria toxin fusion protein,
resulted in enhanced NK cell function[75-78]. The Tregs can mediate NK cell inhibition via
cell-cell contact, membrane-bound TGF-, and soluble TGF-B[79]. As noted TGF-f can
decrease NKG2D expression on NK cells but can also help induce Treg expansion in the
suppressive tumor microenvironment. Another possible mechanism by which Tregs suppress
NK cell functions is by limiting the access of NK cells to IL-2 through its consumption[80].
Both MDSCs and Tregs induce a number of their immunosuppressive features via
checkpoint blockade, discussed in the next section.

Breaking tolerance through checkpoint blockade

PD-1

A target of particular interest in the current field of cancer immunotherapy is the checkpoint
receptor programmed death-1 (PD-1). PD-1 has emerged as one of the most important
checkpoint pathways for tumor-mediated immunosuppression. This receptor modulates the
duration and intensity of the immune response resulting in tolerance to tumor cells as well as
mitigating damage to surrounding tissues[81, 82]. PD-1 expression is inducible on Band T
cells after BCR or TCR engagement as well by stimulation with the common -y-chain
cytokines (i.e., IL-2, IL-7, IL-15 and 1L-21)[83]. As stated earlier, this receptor also appears
to be expressed on NK cells although its expression profile is less clear. What is clear is that
PD-1’s primary role is the attenuation of immune responses. PD-1 has two-well
characterized ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC)[84]. While PD-L1 is expressed
on a wide variety of tissues and cell types, PD-L2 is mainly restricted to antigen-presenting
cells. A great deal of insight on the functional importance of the PD-1 receptor was derived
from a murine model using lymphocyte choriomeningitis virus (LCMV)[85]. LCMV-
specific T cells from infected animals had high levels of PD-1 expression and by 80-days
post infection were mostly non-functional. When PD-1/PD-L1 interaction was blocked in
these animals, T cell function was partially restored and LCMYV viral load was reduced.
LCMV-infected mice lacking PD-L1 entirely died from immune-related pathologies,
indicating an important role for PD-1 in modulating the immune response during viral
infection[85]. Well characterized in T cells, ligation of PD-1 results in the phosphorylation
of SHP-2, which blocks the activation of phosphatidylinositol 3-kinase (PI3K) and its
downstream target, Akt[84]. Activation of Akt results in the increased expression of glucose
transporters on the plasma membrane and upregulation of glycolytic enzyme activity[84].
Inhibition of PI3K activation through PD-1 signaling prevents T cell division and effector
function by blocking metabolic pathways necessary for these activities. It is important to
remember that all information currently known about the function and signaling of PD-1 is
primarily derived from studies on T cells. Given that PD-1 signaling is best characterized on
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T cells, most of the clinical immunotherapy trials on PD-1/PD-L1 blockade have focused on
this cell subset, but that does not preclude function on other subsets. However, PD-1’s
expression and effects on NK cells are a less clear.

A recent study by Pesce et al. proposes a link between NK expression of PD-1 and CMV-
serostatus[86]. Data from this study indicates that PD-1 expression on NK cells is closely
linked with CMV-seropositivity; however, a quarter of all healthy, seronegative donors tested
also had PD-1* NK cells. Furthermore, PD-1 was only found to be expressed on a small
subset of NK cells in PD-1* donors. Subsequently, data regarding PD-1 expression on NK
cells has been difficult to interpret as other groups have published differing staining patterns.
Studies from the Caliguiri lab have identified increased PD-1 expression on NK cells from
patients with multiple myeloma[87]. PD-1 staining of these NK cells indicates that all NK
cells from these patients are PD-1*, not just a subset. The use of the PD-1 blocking antibody
(CT-011) in /n vitro assays enhanced both target cell killing and cytokine production by NK
cells in response to PD-L1 expressing primary multiple myeloma cells or myeloma cell
lines.

The two currently available PD-1 immunologics for clinical use are pembrolizumab
(Keytruda™), developed by Merck (Kenilworth, NJ, USA), and nivolumab (Opdivo™),
developed by Bristol-Myers Squibb (Lawrence Township, NJ, USA) (Table 1). Both
products are anti-PD-1 antibodies with human IgG4a Fc’s, which is important in the context
of NK cells as an IgG4a is incapable of triggering NK-mediated ADCC through CD16.
Keytruda™ is currently enjoying some acclaim for its use and effectiveness in the treatment
of metastatic melanoma and lung cancer. While there is clear evidence that NK cells in some
capacity express the PD-1 receptor, little is known about the effects of these clinical
biologics on the NK cell compartment and further study is warranted. However, increased
NK responses to tumor cells, especially in IFN-y secretion, may be a double-edged sword in
that IFN-y stimulation results in the up-regulation of PD-1 ligands on many primary tumors
and tumor cell lines. The interaction between NK cells and PD-L1 -expressing tumor cells
may therefore instigate a negative feedback loop where NK responses to tumor targets
would induce greater PD-1 ligand expression on the tumor cell further reducing NK cell
mediated tumor responses.

CTLA-4, another T cell expressed checkpoint receptor that binds the co-stimulatory ligands
CDB80 and CD86, has been found to be expressed on activated mouse NK cells. While
expression of CD80 and CD86 on tumor cells has been shown to enhance human NK cell
cytotoxicity[88], little evidence supports the expression of CTLA-4 on human NK. CTLA-4
is a CD28 homologue expressed primarily on activated T cells where it interacts with its
ligands CD80 and CD86 on antigen- presenting cells[89]. Ligation of CTLA-4 on T cells
provides a suppressive immunomodulatory signal, playing an important role in self-
tolerance[90]. Studies utilizing CTLA-4 -deficient mice show a marked development of a
lymphoproliferative disorder that ultimately results in death of the animal[91]. While there is
no evidence that CTLA-4 is expressed on human natural Killer cells, this does not preclude
an off-target effect on the ability of NK cells to respond to tumors.
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In a study of head and neck cancer patients treated with the endothelial growth factor
receptor (EGFR)-targeted antibody, cetuximab, there was a noted increase in CD4+FOXP3+
intratumoral Tregs expressing CTLA-4 and TGF-B[92]. These Treg’s were able to suppress
cetuximab-mediated ADCC by NK cells, which was restored when Tregs were treated with
anti-CTLA-4 antibody, ipilimumab (Yervoy™) (Bristol-Myers Squibb, Lawrence Township,
NJ, USA). As noted earlier, TGF-p production by intratumoral Tregs might down-regulate
NKG2D on tumor-infiltrating NK cells, thereby reducing their ability to mediate a cytotoxic
effect against NKG2D-L expressing tumor cells. Though evidence is lacking that NK cells
are involved in any way in the B7.1-CD28/CTLA-4 signaling axis directly, evidence does
support a potential for indirect effects on NK functionality through the blockade of CTLA-4
signaling on other cells or through ADCC-mediated targeting and elimination of CTLA-4
expressing cells.

Conventional NK cells express the T-cell immunoreceptor with 1g and ITIM-domains
(TIGIT), an inhibitory receptor that binds PVR and Nectin-2, the same ligands used by
DNAM-1. Many tumors have been shown to overexpress the TIGIT ligand, CD155, and
have been linked with enhanced tumor proliferation and migration[93, 94]. TIGIT itself has
been found to be upregulated on CD8+ T cells and Tregs in many clinical tumor settings[95—
97]. Blockade of TIGIT in vitro results in enhanced T cell function[95, 98]. Similarly,
blockade of TIGIT on NK cells enhanced both cytokine secretion as well as cytotoxic
function[35, 99].

In recent studies from our lab, when NK cells were co-cultured with MDSCs, which express
both PVR and Nectin-2, decreased proliferation was observed when compared to NK co-
cultured with monocytes. Moreover, NK cells had depressed degranulation and cytokine
production when subsequently stimulated with anti-CD16 after co-culture with MDSCs. NK
functionality was restored when the NK-MDSC culture was supplemented with a TIGIT-
antagonistic antibody. Furthermore, no NK inhibition was observed when NK cells and
MDSCs were separated via transwell, indicating cell-to-cell contact is necessary for the NK
cell immunomodulation[69]. A recently identified subset of NK cells that arises in
cytomegalovirus (CMV) infected individuals demonstrates enhanced secondary responses to
previously encountered stimulus not seen in conventional NK cells. Interestingly, these
‘adaptive’ NK cells express lower levels of TIGIT than the conventional NK cells are more
resistant to MDSC-mediated suppression, indicating the potential for TIGIT blockade to
enhance conventional NK mediated anti-tumor responses [69].

Killer Immunoglobulin-like receptors (KIR)

Amongst commonly expressed NK cell receptors, one of the more promising checkpoint-
targets for blockade to enhance anti-tumor responses is the KIR family of inhibitory
receptors. KIRs come in two varieties, activating and inhibitory, but for the purposes of
immunotherapy the focus is on the inhibitory KIRs. Inhibitory KIRs fall into one of two
groups: 1) those that express two (KIR2DL) or 2) those that express three (KIR3DL)
extracellular immunoglobulin- like domains. Both KIR2DL and KIR3DL signal through
intracellular tyrosine-based inhibitory motifs (ITIM) present in their long cytoplasmic
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tails[100]. As previously discussed, KIR recognize MHC-I molecules as their ligands on
normal, healthy cells and ligation of MHC-I by KIR inhibit NK cell function. Moreover, the
interaction between KIR and their cognate MHC-1 during NK cell development and
homeostasis is critical for the dynamic process of NK cell ‘education’. The concept of NK
cell “education’, ‘licensing’ or ‘tuning’ is important because NK cells only become
functional and retain functionality against targets missing MHC-I if they receive tonic
signals via KIR-cognate ligand interactions present within their environment[101-103]. In
the context of cancer, despite the up-regulation of ligands to NK activation receptors, many
tumors retain much of their complement of MHC-I molecules thereby restricting KIR-
expressing NK cells from responding to, and ultimately clearing the tumor burden.

The importance of inhibitory KIR signaling in cancer has been highlighted by the allogeneic
haplo-mismatched stem cell transplantation (allo-SCT). In a study of 112 patients with high-
risk acute myeloid leukemia (AML) who received HLA-haploidentical transplants, patients
had significantly better clinical outcomes when receiving cells from NK alloreactive donors
(possessing HLA-alleles that are missing in the recipients and are thus not engaged by the
donor’s KIRs) than patients who received cells from non-alloreactive donors[104]. In short,
KIR-expressing, ‘educated’ NK cells from a donor put into a recipient lacking the cognate
MHC-I are no longer restricted and are able to respond to the patient’s tumor due to lack of
inhibitory signaling via KIR. While this method is effective, it is not realistic to do adoptive
cell transplantation for every patient. As such, the utilization of a KIR-antagonistic antibody
is currently being tested as a potential therapeutic.

Phase I clinical trials of the anti-KIR antibody, IPH2101 (Innate Pharma, Marselle, France)
(Table 1), in AML patients in complete remission has demonstrated KIR-binding on >90%
of NK cells for 2 weeks at a minimum dose of 1mg/kg. Treatment with the anti-KIR
antibody resulted in some increases in serum concentrations of TNF-a and MIP-1p as well
as increases in NK expression of the early activation marker, CD69. Adverse events from
treatment with IPH2101 were mild and transient with grade 3-4 adverse events occurring in
only a single patient[105]. A similar phase-I trial of IPH2101 was conducted on multiple
myeloma (MM) patients with similar results[106]. In addition, patient-derived peripheral
blood mononuclear cells taken before and after the first dose were used to evaluate NK
functional activity against the MM cell line, RPMI 8226. These initial clinical studies
indicated possible greater NK functionality against the MM cell line post-IPH2101
treatment. However, a Phase |1 study on smoldering multiple myeloma showed no
therapeutic benefit[107]. A follow up study demonstrated that the limited efficacy in
smoldering multiple myeloma patients was due to IPH2101-mediated trogocytosis of KIR2D
receptors on NK cells[108]. While this effectively eliminated inhibitory signaling through
KIR2D receptors, it also eliminated the ability of those KIR2D- cells to become ‘educated’,
thus resulting in an overall net decrease in NK cell functional responses to the MM cells.
This complication highlights some of the challenges of targeting checkpoint blockade in
complex biologic systems.
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The c-type lectin heterodimer NKG2A/CD94 is expressed on both natural killer cells as well
as CD8+ T cells. This inhibitory receptor recognizes HLA-E molecules as its ligand.
NKG2A/CD94 is expressed on a large proportion of circulating NK cells (>60%) thereby
making its ligation a hugely suppressive event. Many tumor types, including solid tumors
and hematological malignancies, up-regulate HLA-E expression, dampening NKG2A-
expressing NK cell responses. In allogeneic and autologous hematopoietic stem cell
transplants NK2G2A is expressed uniformly on newly formed NK cells, making NKG2A~
HLA-E interactions one of the main deterrents in NK cell function post therapeutic
transplant[109, 110]. Maturation of the NK cells in this setting is associated with a decrease
in NKG2A expression and recovery of NK cell function, but blockade of NKG2A can be
used to bridge functionality until full maturation[111]. This has spurred interest in NKG2A-
antagonisitc antibodies as a cancer therapeutic. An anti-NKG2A monoclonal antibody
(IPH2201-Monalizumab) is currently being evaluated in phase I/11 clinical trials for a variety
of tumor types (Table 1).

Other NK-expressed checkpoint receptors

Other notable checkpoint receptors of interest are T cell immunoglobulin- and mucin-
domain containing molecule 3 (Tim-3),) and lymphocyte activation gene 3 (Lag-3).
Originally identified on T cells, Tim-3 is a negative regulator of T cell mediated immune
responses. Treatment of mice with anti-Tim-3 enhanced the development of spontaneous
autoimmunity. Tim-3 is found to be up-regulated on peripheral NK cells in patients with
advanced gastric cancer and patients with lung adenocarcinoma. It has also been identified
on tumor-infiltrating NK cells in 75% of patients with gastrointestinal stromal tumors[88].
The relevance of this receptor on NK cells appears to be somewhat clouded. While
functionally depressed NK cells from patients with advanced melanoma were rescued by
treatment with a Tim-3 antagonist, blockade of Tim-3’s ligand, galectin-9, reduced the IFN-
v production of healthy NK cells against AML targets[112]. Tim-3 blockade is an emerging
target in patients displaying resistance to PD-1 blockade, where Tim-3 expression is
increased and thought to drive suppression. A Phase-I clinical trial is currently in progress in
patients with advanced tumors testing combinational treatment with PD-1 blockade and a
Tim-3 blocking therapeutic antibody TSR-022[113] (Table 1).

Lag-3, also originally identified on activated CD4 and CD8 T cells, is structurally similar to
the CD4 co-receptor and binds MHC-I1 as its ligand. Lag-3 is expressed on a small
proportion of NK cells (~10%). However, since NK cells do not interact with MHC-II,
alternative ligands have been proposed for Lag-3 and the significance of Lag-3 expression
remains unclear[114].

Breaking tolerance through activation signaling

The balance of activating and inhibitory signals is crucial to the regulation of NK effector
function. While suppression of inhibitory signals can restore NK- mediated anti-tumor
responses, enhancement of NK activating signals can similarly result in increased tumor
killing. This can be achieved therapeutically through two primary mechanisms: 1) NK
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stimulation with activating cytokines or 2) antibody-directed killing through the low-affinity
Fc receptor, CD16.

inhibition through activating cytokines

NK cells express a wide array of cytokine receptors that can modulate NK effector function,
development, proliferation and homeostasis. A number of cytokine receptors are
constitutively expressed while others are inducible[115]. Although stimulation with
individual cytokines may enhance NK function, synergistic effects from multiple cytokines
can result in a more robust response than any single type alone[116]. Of interest in the
context of enhancing NK mediated anti-tumor responses are the common y-chain cytokines
IL-2 and IL-15. For a more through review on clinical applications of a variety of NK-
modulating cytokines, please refer to Romee et. al 2014[117]. However, for the purposes of
this review, we will focus on IL-2 and IL-15. These two cytokines activate a host of
downstream signaling molecules including Jak1/3, STAT3/5, PI3K, MAPK and the
transcriptional factor NF-xB; the result of which is enhanced cytokine production, cytotoxic
effector function, proliferation and survival [118-120]. Both IL-2 and IL-15 utilize the
IL-2/15Rp and the common gamma chain (7y) subunits for signaling. While soluble 1L-2
has a high affinity for NK-expressed IL-2Ra (CD25) in picomolar concentrations[121,
122], a strong IL-15 signal is transmitted when trans-presented by IL-15Ra expressed on, or
shed by, monocytes and dendritic cells[120].

IL-2 therapy has been well studied in cancer patients, but has yielded little clinical benefit as
a monotherapy[123, 124]. A 2003 study of relapsed lymphoma and metastatic breast cancer
patients at the University of Minnesota showed that while NK cells pre-activated with IL-2
prior to infusion enhanced NK cytokine and cytotoxic function, neither infusion of pre-
activated NK nor subcutaneous infusion of I1L-2 resulted in an improvement of disease
outcomes or survival[125]. A drawback of IL-2 is that although it activates NK cells it also
enhances function of T-regulatory cells, which can limit NK responses[126]. High dose IL-2
treatment of patients with renal cell carcinoma and metastatic melanoma only induced
remission in a minority of patients but also results in substantial toxicity[127, 128]. Other
studies tested low-dose IL-2 therapies, which enhanced NK cell function but similarly
resulted in the expansion of regulatory T cells. Due to the undesired expansion of Tregs in
IL-2 therapy, IL-15 has become a cytokine of interest in cancer immunotherapy because of
its NK stimulating effects without the augmentation of Tregs.

Recombinant human IL-15, in monomeric form, is currently being investigated for use in
solid tumors as well as to support NK cell persistence and activity post-adoptive transfer in
patients with leukemia[129]. Pre-clinical, non-human primate and early clinical data all
indicate that IL-15 can induce augmentation of NK cell numbers, which are thought to
enhance immunotherapy[130]. However, as previously noted, IL-15 transpresentation via
IL-15Ra is necessary to maximize IL-15 signaling and it is not entirely clear if this occurs
with the monomeric form of 1L-15. Altor Bioscience Corporation (Altor, Mirimar, FL) has
developed the IL-15N72D/IL-15Ra-Fc super-agonist complex (ALT-803) currently being
tested in vitro and in phase I clinical trials. Recent studies have shown a strong enhancement
in NK cell degranulation and cytokine production against ovarian cancer cell lines both /n
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vitro and in murine models after treatment with ALT-803. Furthermore, ALT-803 rescued
function of NK cells derived from ovarian cancer patient ascites[131]. ALT-803 also
enhanced /n vivo CD16-triggered NK cell clearance of B-cell lymphomas when treated with
an anti-CD20 monoclonal antibody[132]. In conjunction with the postulated role of v,
cytokine-mediated bypass of some checkpoint inhibition pathways[133], the ability of IL-15
to prime CD16 mediated functions on NK cells makes this cytokine an attractive
immunotherapeutic target.

FcyRllla (CD16a)

In addition to the mediation of target cell killing through the recognition of naturally
expressed ligands, NK cells express the low affinity Fc receptor, CD16a, which mediates
antibody directed killing. Two isoforms of CD16 exist, CD16a and CD16b[134]. These
isoforms possess a distinct expression pattern[135-138]. CD16a has a transmembrane
domain and is expressed on the surface of NK cells, macrophages and placental
trophoblasts. CD16b is expressed on neutrophils and is anchored to the membrane via a
GPI-domain. While the extracellular domains of CD16a and CD16b share greater than 90%
homology, CD16b doesn’t signal and only CD16a triggering results in the killing of tumor
targets[134, 135, 139, 140].

CD16a is expressed on the CD569™ subset of human NK cells, which accounts for >80% of
all peripheral NK cells in healthy individuals[4]. Triggering of CD16a is mediated by
engagement of the Fc-portion of 1gG-antibodies, which results in signaling through the
immunoreceptor tyrosine-based activation motif (ITAM) and association with adaptor
molecules FceR1y and CD3(C[141]. Ligation of CD16a results in potent cytokine production
and degranulation. Unlike other NK activating receptors, ligation of CD16a triggers a robust
response without the need for co-activation[142]. The ability to mediate a response to
antibody-coated targets without the need for co-activation allows for NK responses in the
natural settings of viral infection and during the early stages of tumor formation[143-145].
This NK function has been exploited in the clinic through the administration of monoclonal
antibodies against tumor-specific antigens to drive ADCC[146-150]. There are different
allotypes of CD16a with varying affinities for the Fc-portion of IgG antibodies. NK cells
expressing CD16a with the 158VV or -VF allotypes display a lower affinity for 1I9gG Fc
portion of the anti-CD20 monoclonal Rituximab than the CD16a-158FF allotype[151]. The
differences restrict positive outcomes on individuals with the 158VV or -VF allotypes in
terms of standard antibody- based therapies. This observation supports the use of a new class
of antibody therapeutic, known as BiKEs and TriKEs, which could negate this difference in
affinity while allowing for the targeting of specific surface expressed antigens.

Bi-specific and Tri-specific Killer Engagers (BiKEs and TriKEs)

Issues with toxicity, lack of specificity and unreliable effectiveness of chemotherapy have
prompted great interest in the potential of targeted cancer immunotherapies[152]. While
most of the recent focus has been on the generation and success of chimeric antigen receptor
(CAR) expressing T cells[153, 154], these personalized approaches are expensive, time
consuming, have not shown efficacy in solid tumors, and have resulted in an unacceptable
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toxicity at times. Complications with the CAR T cell methodology demonstrate a clear need
for a targeted off-the-shelf product that could fill this niche. Thus, the interest in BiKEs and
TriKEs.

These molecules are designed to form an antigen-specific immunological synapse between
NK cells and tumor cells in order to trigger NK cell-mediated killing of tumor targets.
Unlike full-length bi- and tri-specific antibodies (300-450 kDa), these small molecule
constructs (50-75 kDa) are composed by a single chain variable fragment (scFv) made up of
a variable heavy and variable light chain (Vi and V| ) of an antibody connected by a short
peptide[155], and linked to the scFvs of one (BIiKE) or two (TriKE) other antibodies of
different specificities. Alternatively, one of the scFvs can be swapped out for a cytokine in
the TriKE constructs, or can be left in place with the addition of the cytokine in TetrakKE
constructs (Figure 2).

Considering that monoclonal antibody-driven ADCC has resulted in significant clinical
success, BiKEs and TriKEs were designed with an anti-CD16 component. Furthermore,
based on the previously discussed differences in CD16 allotype affinity for 1gG-Fc, the use
of an anti-CD16 component has the potential to negate those differences and improve NK
function by instigating a stronger interaction with CD16 than the natural CD16-Fc
interaction. This concept was demonstrated when comparing the affinity of CD16 for the Fc-
portion of an anti-HER2 antibody versus binding of an anti-HER2 x anti-CD16 bi-specific
antibody (3.4-fold increase)[156]. Additionally, BiKEs and TriKEs have several advantages
including increased biodistribution compared to mAbs due to their significantly smaller size,
are non-immunogenic and can be quickly engineered, thus alleviating many of the
complications of their CAR counterparts[155, 157, 158].

Design of these constructs is a complicated process that begins with the selection of a target
of interest. Selected targets are usually surface antigens that are highly, and possibly
selectively, expressed or up-regulated on the surface of tumor cells. Once a target has been
selected, a source must be identified for the gene sequence for the scFvs. Common sources
include published works, hybridomas, B-cells from immunized animals or biopanning from
phage display. Once the sequence of interest has been identified, a proper linker is chosen to
connect the two antigen-binding domains, or scFvs. Selection of the linker is important as
the linker must provide separation of the antigen-binding components while maintaining
flexibility to allow binding of the two or three components of the construct to their antigens
on target cells[159]. Next, an appropriate expression vector is chosen for production.
Bacterial and mammalian expression systems are suitable for this process but have different
characteristics. Though bacterial production is cheaper, it requires refolding which is
unnecessary in mammalian systems. For use in bacterial expression, the pET vector is
commonly used in conjunction with Rosetta 2(DE3) host cells (Novagen). These cells are
engineered to express a “universe” set of transfer RNAs, which reduce the need for codon
optimization. For mammalian expression, the pTT5 vector is used with HEK-293-E6 cells or
the pcDNA3.1 vector is used with HEK293 Freestyle cells (Invitrogen). However, higher
protein yields have been obtained with the HEK293-E6 system[160]. The ExpiCho
expression system is another mammalian system that can be used for achieving higher
protein yields. Once the vector and expression system has been chosen, cloning of the BIKE
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components into the vector backbone can begin. This can be achieved through a number of
modalities, including restriction based cloning and the Gibson assembly method, favored by
our group due to ease of use and cost[161], [162]. The vector can be chemically transduced
into E. coli, where protein products are extracted from inclusion bodies, or transfected into
mammalian cells where protein can be harvested from the culture supernatant. The final step
is protein purification, achieved through size exclusion chromatography or column isolation
with an affinity tag.

Currently, bi-specific antibody constructs have been generated to engage CD16 in
conjunction with: CD20/CD19 on B cell Non-Hodgkin’s lymphomas[163-171], CD19/
CD33 on mixed lineage leukemia[172], CD33 or CD33/CD123 on acute myelogenous
leukemia (AML)[173-175], HLA Class Il on lymphoma[176], CD30 on Hodgkin’s
lymphoma[177-186], EGF-R on EGF-R+ tumors[187, 188], HER2/neu on metastatic breast
cancer and other HER2 expressing tumors[156, 189, 190] and MOV19 on ovarian
cancer[191].

Our group has generated and tested BiKEs and TriKEs that engage CD16 along with: CD19/
CD22 on B cell Non-Hodgkin’s lymphomas[192], CD33 on AML[193] and MDS/
MDSCs[194], EpCAM on prostate, breast, colon, head, and neck carcinomas[195] and
CD133 on cancer stem cells or a combination of EpCAM/CD133 for a broad spectrum
molecule[196, 197]. Newer generation TriKEs and TetraKEs all incorporate an IL-15 moiety
that substantially enhances NK cell function (Figure 2). The TriKE/TetraKE molecules
containing an IL-15 moiety demonstrate clear advantages over their BiKE predecessors in
terms of cytotoxicity of targets and generation of inflammatory cytokines. These molecules
also induce robust NK cell expansion as well as NK cell survival in vitro. When compared to
its BiKE counterpart, one of these molecules, an anti-CD16 x IL-15 x anti-CD33 TriKE, has
demonstrated better tumor control and NK cell maintenance/expansion in a preclinical AML
xenogeneic mouse model containing human NK cells. It is tempting to speculate that the
IL-15 moiety can also enhance a bypass of checkpoint signaling. Studies are currently under
way to evaluate this question. The anti-CD16 x IL-15 x anti-CD33 TriKE is headed for the
clinic (summer 2017) in a Phase | clinical trial for patients with refractory AML and high
risk MDS at the University of Minnesota.

While the current generation of TriKEs and TetraKEs trigger NK responses via CD16
ligation and cytokine signaling, additional components can be added to enhance the NK
response. Blocking scFvs against checkpoint receptors like KIRs, TIGIT, NKG2A or PD-1
can be included in TriKE and TetraKE constructs in order to bypass checkpoint blockade
and further drive NK-mediated anti-tumor responses. Alternatively, an scFv blocking TGF-B
could be included to reduce negative signaling in the tumor microenvironment. Another
interesting concept is incorporation of an scFv blocking ADAM-17, a matrix
metalloproteinase involved in CD16 shedding, to maximize CD16-mediated killing. Besides
IL-15, a number of other cytokines that differentially modulate NK cell biology could be
included[198]. This illustrates the flexibility of the BiKE/TriKE platform, which allows for a
variety of interchangeable components to be custom tailored to not only mediate NK specific
targeting of tumor cells, but also allow for bypass of checkpoint inhibition.
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Conclusions

Despite the ability of natural Killer cells to recognize and kill tumor cells, NK-expressed
checkpoint receptors present a hurdle when considering NK-mediated immunotherapies.
However, better understanding of the expression and function of these receptors, as well as
emerging pharmacological therapeutics, offers opportunities to eliminate checkpoint
receptor suppression of NK responses. Nevertheless, several caveats must be addressed
when considering some of these immunotherapies. Activation of NK cells has been shown to
activate the matrix-metalloprotease, ADAM-17, which is responsible for cleaving CD16
from the surface of NK cells which would potentially limit NK-mediated ADCC responses.
Furthermore, NK-secreted IFN-y can up-regulate MHC-1 molecules as well as PD-1 ligands
on tumor cells thus, increasing suppression of NK function. Combinational treatments, such
as checkpoint blockade antibodies in conjunction with TriKEs, must therefore be considered
when devising immunotherapies that utilize CD16 engagement.

It is important to note that the utilization of checkpoint blockade has the potential to enhance
not only endogenous NK cell function against tumor targets but also to enhance the function
of NK cells given as part of adoptive transfer therapies. With many cancers resulting in
aberrant NK function or NK loss, as a result of the tumor microenvironment or
lymphodepleting chemotherapy regiments, adoptive transfer of allogeneic NK cells or off-
the-shelf NK cell products can replace the missing immune component. Though these
infused products provide functional NK cells to support a robust anti-tumor response, they
may still be limited by inhibition through checkpoint receptors and may therefore benefit
from additional support through checkpoint blockade. Additionally blockade of checkpoint
receptors in combination with targeted antibody therapies, like BiKEs and TriKEs, can add
antigen specificity and further enhance NK responses in the immunosuppressive tumor
microenvironment. The future of NK cell-based immunotherapy likely lies in a combination
of these approaches rather than monotherapy.
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Highlights
. Natural killer cell function is negatively regulated by the tumor
microenvironment
. Checkpoint receptor blockade has the potential to restore NK function
. Checkpoint blockade can be used in conjunction with novel antibody

therapies (BiKE/Trike) or NK adoptive transfer to enhance targeted responses
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Tumor Cell

NK cell responses to tumor targets are regulated by a delicate balance of activating and
inhibitory signals provided by the receptors depicted. NK activating and inhibitory receptor
expression varies based on NK cell subset as well as cytokines and soluble ligands present at
or near the tumor microenvironment. Ligands present on tumor cells also vary depending on
tumor type and conditions in the microenvironment.
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Figure 2. Design and function of tumor antigen-specific bi- and tri-specific killer engagers
(BiKEs and TriKEs)

A) Schema of the basic design and structure of a BiKE consisting of an anti-CD16 scFV
linked to an scFv specific to a tumor-expressed antigen or B) a TriKE of the same design
including the cytokine, IL-15, included as a linker between the two scFv components. C)
Proposed function of tumor antigen-specific BiKE and TriKE.
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Table 1

Checkpoint Receptor Blockade Reagents in Clinical Trials

Target Drug Manufacturer Phase of Trial
CTLA-4 | Ipilibumab Bristol-Myers Squibb | FDA Approved
PD-1 Pembrolizumab | Merck FDA Approved
PD-1 Nivolumab Bristol-Myers Squibb | FDA Approved
PD-L1 Atezolizumab Genentech/Roche FDA Approved
PD-L1 Durvalumab AstraZeneca FDA Approved
PD-L1 Avelumab Merck/Pfizer FDA Approved
PD1 PDR001 Novartis Phase 111
LAG-3 BMS-986016 Bristol-Myers Squibb | Phase I/I1
Tim-3 TSR-022 Tesaro Phase |

KIR IPH2101 Innate Pharma Phase 11

KIR 1-7F9 Innate Pharma Phase |

KIR Lirilumab Bristol-Myers Squibb | Phase Il
NKG2A | IPH2201 Innate Pharma Phase 1/11
TIGIT OMP-313M32 OncoMed Phase |
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