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ABSTRACT
Natural killer (NK) cell immunotherapies that target solid tumors require NK cells in the proper place, at the
right time, with optimal function and a susceptible target cell. Basic research and clinical correlative studies
have provided evidence, for certain malignancies, that intratumoral NK cells delay tumor progression.
Whether NK cells exert anti-tumor effects for solid tumors is determined by a number of factors including
homing and activating receptor expression by NK cells themselves and the sensitivity of tumor cells to be
targets of NK cell cytolysis, which depends on the chemokine and NK cell-inhibitory and activating
receptor ligand expression by tumor cells. Chemotherapeutic agents that increase NK cell-activating
receptor ligands on tumor cells have been clinically promising as well as ectopic gene expression in NK
cells with factors that overcome the suppressive mechanisms of the tumor microenvironment (TME).
Identifying agents that decrease myeloid-derived suppressor cells (MDSC) or T regulatory (Treg) cell
frequencies or function would be important to co-administer with adoptively transferred NK cells to
ameliorate immunosuppressive TMEs. Thus, studies indicate that critical factors for NK cell
immunotherapies targeting the TMEs are: being in the right place at the right time, with resilience.
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Introduction

The immune system plays a crucial role to prevent local growth
and dissemination of cancer. Immunotherapeutic approaches
based on activating T cells, i.e. tumor-infiltrating lymphocyte
(TIL) therapy, or blockade of immune checkpoints such as by
use of anti-PD-1 or PDL1 antibodies have been shown to result
in beneficial clinical responses in patients with advanced cancer
(reviewed in 1,2). Although these therapies are promising, many
patients fail to achieve long-lasting clinical responses. Analysis
of progressing tumor lesions in patients that fail to respond
to T cell therapy often reveal reduced expression of MHC
class I,3-7 and such tumors are no longer susceptible to lysis by
cytotoxic T cells. Instead, such tumor cells become sensitive to
killing by Natural Killer (NK) cells.

NK cells were first identified due to their potent cytolysis
of tumor cell targets.8,9 They recognize their cellular targets
by a combination of signals from inhibitory and activating
receptors (reviewed in 10). Thus, it is perturbations in the
ligands for these NK cell receptors on target cells can result
in cytolysis by NK cells. For example, loss of MHC class I, a
canonical NK cell inhibitory receptor (KIR) ligand, from a
cell’s surface,11 or an increase in expression of stress-induced
molecules such as MICA/B,12 a canonical killer cell activating
receptor (KAR) ligand, can result in NK cell-mediated lysis
of a cellular target. Later work established that NK cells are
innate lymphocytes with some qualities of adaptive cells in
that they have long-lived memory and are ‘educated’ and
‘licensed’ (i.e., tolerized) during development by the presence
of NK cell receptor ligands in the natural host (13; reviewed

in 14). As NK cells do not depend on the recognition of spe-
cific antigens in the context of MHC class I as do cytotoxic
T cells, one benefit of NK cell immunotherapy is that tumor
antigens do not require specific de novo identification, how-
ever, specific cancers types need to be evaluated for altera-
tions in NK cell ligands on tumor cells.

While NK cell immunotherapies have been used successfully
for certain hematologic malignancies such as acute myeloid
leukemia (AML), this modality of immunotherapy has not
been used extensively for solid tumors. In many cases, for
hematologic malignancies, allogeneic NK cells, either directly
infused, or expanded ex vivo with IL-2 or IL-15 prior to infu-
sion, have been used (reviewed in 15). Providing one of the first
clinical studies, in 2005, Miller et al. reported that infusion of
haploidentical NK cells resulted in complete hematologic
remission in 26% of poor prognosis acute myeloid leukemia
(AML) patients.16 However, the few clinical trials that have
been performed with infusion of autologous NK cells in
patients with solid tumors have reported varying clinical
responses. After transfer of autologous ex vivo expanded NK
cells, we found that 50% (7/14) of patients had stable disease
including 2 patients who had more than a 30% decline in serum
tumor markers and one patient with metastatic kidney cancer
had a minor response. 17 Although the autologous NK cell ther-
apy was well-tolerated and provided clinical evidence for NK
cell mediated anti-tumor immunity in patients with solid
tumors and advanced cancer, further improvement of this ther-
apy is needed.
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In addition to infusion of autologous NK cells for immuno-
therapy, other approaches have augmented NK cells before
infusion by genetic modification of cellular receptors or expres-
sion of homing receptors that are known to be important for
specific types of malignancies. There has been much attention
drawn to identifying methods for ectopic gene expression in
NK cells without using viral vectors in order to eliminate
potential safety concerns. One such example is the develop-
ment of an NK expansion protocol that includes feeder cells
transduced to express the CCR7 lymphoid-homing chemokine
receptor.18 It was found that the co-cultured NK cells expressed
CCR7 via a process known as trogocytosis (transference of sur-
face membrane molecules from target cells to effector cells such
as NK cells or T cells). After adoptive transfer, these CCR7-
expressing NK cells homed more efficiently to tumors.18

Genetic modifications of NK cells have included the expres-
sion of chimeric antigen receptors (CAR) that express a single
chain antibody fragment recognizing a tumor-associated mole-
cule with an intracellular activating domain, which, when
engaged with the ligand on a target cell, leads to targeted NK-
cell cytolytic activity. The most notable example of this has
been the use of an anti-CD19 antibody fragment used for mul-
tiple myeloma or B cell lymphomas,19 and in fact, mRNA elec-
troporation was used for CAR ectopic gene expression in NK
cells. Trogocytosis has also been used to mediate CAR expres-
sion in expanded NK cells.20 Other therapeutics to augment
NK anti-tumor activity are bi-specific antibodies with one
chain specific to the NK cell CD16 Fc receptor and another
arm of the antibody, directed against a tumor molecule.21 In
this way, the antibody-dependent cytotoxicity (ADCC) func-
tion of NK cells is harnessed and directed to tumor cells. Taken
together, a variety of methods are being used to both increase
the cytoxicity and effector function, as well as homing potential,
of NK cells for immunotherapies, with special attention to
innovative means of ectopic antigen expression for clinical effi-
cacy and safety. Another approach being taken is to increase
NK cell-mediated killing by sensitizing tumors using chemo-
therapeutic agents.

Rate-limiting factors for successful NK cell-based
immunotherapy in patients with solid tumors

Of course, a rate-limiting factor for successful clinical responses
is that the infused NK cells must display optimal tumor killing
potential. We as well as others have shown have shown in sev-
eral studies that various chemotherapy agents are able to sensi-
tize tumors to NK cell-mediated killing in vitro and in vivo. Of
note, in vitro exposure of tumor cells to chemotherapy agents
such as proteasome inhibitors or doxorubicin increases expres-
sion of the death receptor, tumor necrosis factor–related apo-
ptosis-inducing ligand receptor 2 (TRAIL-R2), sensitizing
tumor cells to NK cell-mediated apoptosis (22-24; unpublished
observations). Numerous studies have indicated that TRAIL
signaling represents an important pathway that improves the
ability of tumors to selectively serve as NK cell targets.

Novel chemotherapeutic agents are being examined for
tumor sensitization to NK cell effector functions. For example,
we have observed enhanced NK cell lysis of tumors using zole-
dronic acid (ZA), an osteoclast inhibitor that is used to prevent

bone complications in patients with bone metastases. Treat-
ment with ZA results in upregulation of TRAIL expression on
NK cells resulting in significant increased anti-tumor activity
by NK cells in vitro and in tumor-bearing mice.25 Thus, com-
bining standard chemotherapy with NK cell therapy represents
a viable strategy in patients with solid tumors.

Homing receptor expression to increase NK cell
intratumoral infiltration

NK cell infiltration within tumors of multiple cancers types is
associated with improved prognosis.26-28 For example, multi-
variate analyses have shown that a low number of tumor-infil-
trating NK cells is an independent factor of poor prognosis
whereas high levels of T cell infiltration is associated with a
poor prognosis in patients with renal cell carcinoma (RCC), the
most common form of kidney cancer.28,29 Thus, RCC could be
a prime candidate for NK cell immunotherapy. However, in
order to fully harness the potential of adoptive infusion of NK
cells in patients with solid tumors, infused cells need to first
migrate toward the solid tumor. The ability of NK cells to infil-
trate tumor microenvironments depends on the chemokine
receptors they express as well as the chemokines that are
secreted by the tumor cells themselves.

Chemokine (C-X-C Motif) Receptor 3 (CXCR3) mediates
leukocyte adhesion and trafficking, and its expression by NK
cells has been implicated in efficient NK cell homing to tumor
sites. Its ligands include chemokine C-X-C motif chemokine
(CXCL)-9, -10 and -11. We recently showed that production of
the tumor-derived inflammatory CXCL10 was rate-limiting in
attracting infused activated CXCR3-positive NK cells.30 Simi-
larly, Wendel et al. showed that local IFN-g treatment induces
intratumoral infiltration of CXCR3-positive murine NK cells,
resulting in delayed tumor progression in immunocompetent
mice.31 Others showed that tumors producing CX3CL1, or
fractalkine, had increased NK cell infiltration and decreased
tumor growth that depended on cognate receptor expression
(CX3CR1) of the NK cells.32

Human anaplastic thyroid cancer (ATC) is a solid malig-
nancy highly resistant to chemotherapeutic agents and no cura-
tive therapies exist. Furthermore, no immunogenic
determinants for T or B cell responses have been identified,
thus it is a potential candidate for NK cell immunotherapy.
When we investigated chemokine and chemokine receptor
expression, we discovered that CXCR3-positive NK cells were
enriched in ATC tumors compared to peripheral blood.33

When we examined the tumors, we also found a secretion of
CXCL10. Thus, testing for the secretion of chemokines by spe-
cific tumor types as well as the chemokine receptors expression
by NK cells for use in immunotherapies is important, in con-
junction with in vitro cell migration studies to test for the abil-
ity of lymphocytes to home to tumors.

We showed that the ATC tumors infiltrated by primarily
CXCR3-positive NK cells are very sensitive to killing by acti-
vated NKG2D-positive NK cells (NKG2D being a killer-activat-
ing receptor of NK cells for stress-induced ligands on target
cells). However, despite displaying these features, ATC xeno-
grafts are not targeted by infused NK cells.33 The lack of anti-
tumor responses was due to the fact that ATC cells produce
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high levels of prostaglandin E2 (PGE2) and suppressed the
activity of the infused NK cells. Similar to patients with ATC,
we have observed that CXCR3-positive NK cells preferentially
accumulate in tumor tissue rather than in peripheral blood in
patients with RCC, but are functionally suppressed (unpub-
lished data). In a number of cancers it has been shown that NK
cells isolated from tumors compared to the blood are sup-
pressed and cannot recognize and kill tumor targets.34,35 Thus,
a major challenge to designing immunotherapies based on NK
cell infusion for solid tumors is not only tumor-homing capa-
bilities, but that one must overcome the tumor microenviron-
ment, which exhibits, in many cancers, immunosuppressive
properties.

Targeting the immunosuppressive tumor
microenvironment

The tumor microenvironment exhibits accumulation of immu-
nosuppressive cell types including myeloid-derived suppressor
cells (MDSC), and T regulatory (Treg) cells and tumor-associ-
ated macrophages (TAM) as well as others (reviewed in36).
These cell types suppress anti-tumor NK cell responses and
limit their ability to kill tumor targets. A high tumor infiltration
of immunosuppressive cell populations is known to correlate
with poor prognosis in several cancers.37-40 These cells as well
as tumor cells themselves can produce an abundance of immu-
nosuppressive factors including TGF-b (TGFb), IL-10, argi-
nase-1, nitric oxide, indoleamine 2,3-dioxygenase (IDO),
PGE2, and reactive-oxygen species (ROS) that directly inhibit
NK cell responses.

MDSCs are cellular immune modulators that tumors
employ to suppress anti-tumor immune responses.41 We as
well as others have shown that MDSCs appear in higher fre-
quencies in patients with cancer compared with healthy indi-
viduals, and inhibit the effect of immunotherapy.42-44 When we
examined melanoma patients we found a preponderance of
MDSC, which could be recapitulated using an ex vivo model
using patient-derived melanoma cell lines.42,45 Co-culture with
the tumor cells resulted in the conversion of monocytes into
MDSC. These MDSC-like cells generated in vitro resemble
patient-derived MDSCs in their ability to suppress NK cell
responses through the production of PGE2, TGF-b, and
ROS.42,45 It has also been shown that treatment with Ipilimu-
mab (anti-CTLA4) decreases MDSC frequencies in melanoma-
affected individuals.46 Therefore, treatments such as these may
provide useful in conjunction with NK cell immunotherapies.

Due to their essential roles during cancer progression and
ability to reduce the effects of immunotherapy, MDSCs and
Tregs are attractive therapeutic targets in patients with cancer.

Tregs suppress NK cell activity by producing high amounts
of TGF-b,47 or by acting as a sink for IL-2.48 We also found
that in both a murine RCC model in vivo and a human RCC
system in vitro, Tregs suppressed NK cell activity via the pro-
duction of TGF-b.49 Therefore, another approach to overcome
the immunosuppressive mechanisms of the TME has been to
engineer NK cells to silence, or express dominant negative
(DN), TGF-b receptors 50 in order to decrease NK cell respon-
siveness to TGF-b. Also, as the TME is hypoxic and known
to affect lymphocyte activity, expressing anti-oxidants in

adoptively transferred NK cells, is another potential strategy to
overcome oxidative stress. Various drugs, including fluoroura-
cil (5-FU), cyclophosphamide, doxorubicin, celecoxib, and
sunitinib have shown effective targeting of MDSCs or Tregs.
However, these agents act broadly and can also negatively
impact the immune system. Thus, novel and more potent com-
pounds that could specifically eliminate MDSCs and Tregs in
the TME are needed.

Conclusions

It would be beneficial, to inform the design of NK cell immuno-
therapies that target solid tumors, to examine tumors of specific
cancers for NK cell accumulation and tumor cells themselves
for NK cell receptor ligand expression. This could be useful in
determining the best type of modifications or chemotherapeu-
tic agents to use to augment adoptive NK cell therapy. TME are
highly immunosuppressive and affect NK cell function. Thera-
pies that engineer NK cells to express factors that counter the
immunosuppressive TME, or treatments with agents that
decrease immunosuppressive cell types in the TME, are prom-
ising. Evidence indicate that NK cell homing to tumors is
important for NK-cell mediated protection from certain can-
cers and thus, it is important to boost the homing potential of
adoptively transferred NK cells. Using in vitro models that
recapitulate tumor microenvironments such as in vitro NK cell
– tumor migration assays and MDSC co-culture models pro-
vide useful research tools to examine NK cell – tumor interac-
tions. Chemotherapeutic agents that sensitize tumors as targets
of NK cell cytolytic function, and those that decrease immuno-
suppressive cell types in the TME, have been used clinically,
although more specific, targeted drugs are needed. Taken
together, there have been significant advances in NK cell
immunotherapies targeting solid tumors that take into account
NK cell homing, resilience in the TME, and clinical safety and
efficacy, yet there still is a need for a deeper understanding of
the NK cell parameters that (1) limit tumor progression for dif-
ferent malignancies, and (2) overcome the immunosuppressive
aspects of the TME.
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