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Simple Summary: Cell therapy over the last few years has revolutionized the treatment of blood
cancers. However, efficacy against cancers of solid organs remains limited. These cancers pose a
major challenge to the success of cell therapy by generating a suppressive environment that inhibits
immunity. We review current efforts to improve the potency of natural killer (NK) cell therapy in the
tumor microenvironment. The successful application of these approaches will lead to more effective
treatment options and improve clinical outcomes for patients with solid cancers.

Abstract: Natural killer (NK) cells are innate immune effectors capable of broad cytotoxicity via
germline-encoded receptors and can have conferred cytotoxic potential via the addition of chimeric
antigen receptors. Combined with their reduced risk of graft-versus-host disease (GvHD) and
cytokine release syndrome (CRS), NK cells are an attractive therapeutic platform. While significant
progress has been made in treating hematological malignancies, challenges remain in using NK
cell-based therapy to combat solid tumors due to their immunosuppressive tumor microenvironments
(TMEs). The development of novel strategies enabling NK cells to resist the deleterious effects of the
TME is critical to their therapeutic success against solid tumors. In this review, we discuss strategies
that apply various genetic and non-genetic engineering approaches to enhance receptor-mediated
NK cell cytotoxicity, improve NK cell resistance to TME effects, and enhance persistence in the TME.
The successful design and application of these strategies will ultimately lead to more efficacious NK
cell therapies to treat patients with solid tumors. This review outlines the mechanisms by which TME
components suppress the anti-tumor activity of endogenous and adoptively transferred NK cells
while also describing various approaches whose implementation in NK cells may lead to a more
robust therapeutic platform against solid tumors.

Keywords: NK cell; solid tumor; tumor microenvironment (TME); immunotherapy; cell therapy;
chimeric antigen receptor (CAR)

1. Introduction

Natural killer (NK) cells are innate immune effectors that engage in cellular cytotoxicity against
virally infected or stressed cells. In contrast to T cells, which recognize targets via T cell receptors in an
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MHC-restricted manner, NK cells recognize target cells via a combination of activating and inhibitory
signals arising from a broad range of germline-encoded cell surface receptors, including activating and
inhibitory killer cell Ig-like receptors (KIRs). NK cells can thus interact with tumor targets without the
need for prior antigen sensitization. Approaches to utilize the unique activity of NK cells for anti-cancer
therapy have included administration of monoclonal antibodies to stimulate NK antibody-dependent
cellular cytotoxicity (ADCC), utilizing MHC-KIR mismatch to enhance graft vs. leukemia effects
post-hematopoietic stem cell transplant (HSCT), and most recently, ex vivo genetic modifications of
NK cells to express chimeric antigen receptors (CARs) that target tumor-associated antigens (CAR-NK
cells). Indeed, a recent trial of CAR-NK cells targeting the CD19 antigen in patients with acute
leukemias reported impressive anti-tumor responses with no observed graft-vs-host disease (GVHD)
or cytokine release syndrome (CRS), toxicities typical of other CAR-expressing cytotoxic effectors such
as T cells [1–3]. However, treatment of solid tumors utilizing these NK cell-based approaches remains
a challenge given the presence of a highly immunosuppressive solid tumor microenvironment (TME)
that impairs NK functions. If NK cell-based approaches are to be effective in treating patients with
solid tumors, strategies to overcome the TME must be employed. This review focuses on the various
strategies that have been used to overcome the solid TME in the setting of NK cell therapies in hopes of
improving efficacy in solid tumors. We review how TME components dysregulate anti-tumor functions
of both endogenous and adoptively transferred NK cells, report approaches to overcome the TME
using CAR-NK cells, switch receptors, dominant negative receptors, enhanced ADCC, gene ablation,
and checkpoint blockade that may enhance NK cell functions, and discuss the future of TME targeting
in the context of NK cell therapeutics. We hope that the compilation and discussion of this data will
not only enhance our understanding of the recent biologic and technological advances in NK cells that
help modulate their functions within the TME, but also pave the way for creation of more effective NK
cell-based therapeutics with greater anti-tumor activity within patients with solid tumors.

2. The Tumor Microenvironment Dysregulates NK Cell Functions

The tumor microenvironment poses a unique chemical and physical barrier to NK cells.
It comprises soluble factors such as inhibitory cytokines and metabolic products that deprive NK cells of
their activity, extracellular vesicles that shuttle cytokines/chemokines, metabolic factors, and inhibitory
ligands within the TME, and hypoxia rich zones affecting the metabolic fitness of NK cells. It also contains
a rich cellular component consisting of tumor cells, stromal cells like cancer-associated fibroblasts,
and immunosuppressive immune cells sometimes referred to as the tumor immune microenvironment
(TiME) (Figure 1). TME-secreted factors like matrix metalloproteinase (MMP)-7 cleave Fas and
Fas-L, preventing their interactions, as well as cleave Fcγ receptor ectodomains on NK cells [4,5].
Cancer-associated fibroblasts remodel matrix proteins and create physical barriers that inhibit effector
immune cell infiltration [6,7]. Inhibitory cells of the TiME include myeloid-derived suppressor cells
(MDSCs), M2 tumor-associated macrophages (M2-TAMs), T regulatory cells (Tregs), cancer associated
dendritic cells, and B-regulatory cells. MDSCs consist of a heterogenous population of cells resembling
immature neutrophils and monocytes [8–10]. These cells are able to inhibit T, NK, and dendritic cells
through the expression of inhibitory ligands such as PD-L1, the release of inhibitory cytokines such as
transforming growth factor (TGF)-β and IL-10, as well as expression of nutrient-depleting enzymes like
Arginase-1 and IDO [11,12]. MDSCs are relatively enriched and expanded in certain cancers including
liver and skin, particularly in metastatic disease settings [8,10,13,14]. Macrophages of the TiME also
inhibit NK cells via similar mechanisms including release of IL-10 and TGF-β [15,16]. Additionally,
inhibitory tumor-associated macrophages (M2-TAMs), utilizing similar mechanisms to MDSCs,
can promote cancer growth and support metastasis [17]. T regulatory cells (CD4+/CD25hi/Foxp3+) also
regulate the immune response in solid tumors by suppressing dendritic and NK cell mediated functions
such as interferon (IFN)-γ release and expression of activating KIR, and by limiting anti-tumor efficacy
through TGF-β signaling [18,19]. Serving at the interface between the adaptive and innate immune
systems, tumor-infiltrating dendritic cells can promote tumor growth as they express low levels of
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co-stimulatory signals and high expression of regulatory molecules, leading to immunosuppression
and blocking of adaptive immune responses. In addition, the protective function of dendritic cells in
stimulating the anti-tumor response is blunted by tumor factors that inhibit dendritic cell maturation
and function such as PD-1 expression and release of IL-10, TGF-β1, arginase-1, and IDO [20–22].
Lastly, and less well understood, regulatory B cells exist in many subtypes and are broadly defined
by their surface marker expression. Overall, they can inhibit all critical cells of the immune response
against tumors primarily through IL-10 and TGF-β expression [23]. Taken together, the TME creates
an inhibitory landscape that hampers NK cell anti-tumor activity. Solid tumors offer special challenges
to NK cell-based therapies secondary to this unique architecture of the TME that need to be overcome
to enhance anti-tumor efficacy.

Figure 1. Features of the tumor microenvironment. Schematic depicting mechanisms by which
components of the solid TME inhibit NK cell effector functions. Inhibitory immune cells of the TME
like MDSCs, Tregs and M2 macrophages secrete multiple inhibitory cytokines (yellow) and express
ligands towards checkpoint receptors on NK cells (purple) to suppress their cytotoxicity. They aid
tumor in generating a hostile surrounding by depleting the TME of essential amino acids while also
promoting hypoxia (green). Tumor and stromal cells of the TME secrete matrix metalloproteinases that
directly inhibit antibody-dependent cellular cytotoxicity of NK cells by cleaving NK Fcγ receptors thus
rendering them ineffective (blue). Additionally, stromal cells, along with cancer-associated fibroblasts
generate physical barriers that inhibits the infiltration capacity of tumor infiltrating NK cells (orange).

3. Strategies to Overcome the Tumor Microenvironment

3.1. CAR-NK Cell Therapy

The limited success of adoptively transferred NK cells against solid tumors can be at least partly
attributed to the TME, which employs multiple mechanisms to mediate immunosuppression in regions
surrounding the tumor [24,25]. Additionally, solid tumors are capable of down-regulating ligands
for endogenous activating receptors on NK cells that further impedes their anti-tumor activity [26].
To help override the inhibitory signals delivered to the NK cell by the TME, and thus skew the
balance of signals towards NK activation, NK cells have been genetically modified to express CARs
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that, depending on their design, can provide potent activating, co-stimulatory, and cytokine signals.
While pre-clinical studies assessing CAR-NK cell anti-tumor function have yielded encouraging results
against various solid tumor models, many of these systems did not include TME components, and thus
indications for the activity of these CAR-NK cells in harsh TMEs is lacking [27–38]. Nevertheless,
CAR-NK cells have since been employed in active Phase 1/2 clinical trials focused on solid malignancies
like glioblastoma, prostate, ovarian, pancreatic, and lung cancer [39–41]. Previous trials in patients
with solid tumors using CAR-T cells with analogous CAR designs to those being employed in NK cells
have not resulted in objective responses. Thus, it can be anticipated that CAR-NK cells similarly need
to overcome the hurdles discovered from CAR-T solid tumor trials like tumor antigen down-regulation,
tumor heterogeneity, and the immunosuppressive TME [42]. Strategies to overcome these hurdles to
improve the efficacy of CAR-NK cell therapy are currently being developed.

CAR-NK cell studies are often performed using CAR constructs with co-stimulatory domains
optimized for T-cell activation. Although CD3ζ- and 4-1BB-mediated signaling is conserved between
T and NK cells, other commonly used co-stimulatory domains like CD28 are either less effective or
completely absent in NK cells [43]. These differences in the induction of activating signals in NK cells
would likely lead to sub-optimal CAR-NK cell cytolytic capacity. Endogenous activating receptors on
NK cells use adaptor molecules such as CD3ζ, DAP10, and DAP12 to initiate downstream signaling [43].
Li et al. successfully transduced NK cells derived from induced pluripotent stem cell (iPSC) with
an anti-mesothelin CAR containing NK cell-centric 2B4 co-stimulatory domain and the NKG2D
transmembrane domain (‘NK-centric’ CARs) [44]. In vivo studies using ovarian carcinoma xenografts
in immunodeficient mice demonstrated that ‘NK-centric’ CAR transduced NK cells displayed superior
anti-tumor activity, reduced tumor burden, and improved mouse survival when compared to NK cells
transduced with traditional CARs containing the T cell signaling domain, CD28. Similarly, the NK
cell line YTS transduced with CARs containing DAP12 have been utilized for targeting prostate
stem cell antigen (PSCA) expressed on tumor cells (PSCA-DAP12 CAR) [45]. PSCA-DAP12 CAR
engineered NK cells displayed greater anti-tumor activity compared to non-modified NK cells in
PSCA+ tumor xenografts in immunodeficient mice. These studies highlight the importance of utilizing
CAR endodomains and transmembrane regions optimized for activity specifically in NK cells to
increase the likelihood that these engineered NK cells have heightened activity within solid TMEs.

To improve the in vivo persistence of CAR-NK cells within TMEs containing a highly inhibitory
cytokine milieu, NK cells can be engineered to co-express stimulatory cytokine-based transgenes with
CARs. Common γ-chain cytokines like IL-2, IL-7, IL-15, and IL-21 are key players in promoting NK cell
proliferation and survival [46]. Their incorporation into CAR design may not only promote CAR-NK
cell persistence within the TME, but potentially reprogram it to an immune-activating environment
to facilitate the infiltration of other immune cells, thereby amplifying immune anti-tumor immune
responses. Liu et al. genetically engineered primary human NK cells to co-express a CD19-directed
CAR and IL-15 transgene. These “armored” CAR-transduced NK cells constitutively produced
transgenic soluble IL-15 that sustained their growth over a period of 42 days in culture and improved
their anti-tumor capacity [47]. However, these studies were limited to lymphoma models and results
have not been replicated in a solid tumor model system. Although not NK cell specific, the effects
of IL-15 were studied in solid tumor model system using NK-T cells designed to co-express a GD2
antigen specific CAR and IL-15 transgene [48]. The inclusion of IL-15 augmented the therapeutic
activity of the GD2 CAR expressing NK-T cells in neuroblastoma xenografts in immunodeficient mice
by significantly improving CAR NK-T persistence and improved survival of mice with no observed
cytokine-driven toxicity.

The use of CARs not only bolsters NK cell activation against tumor cells but also equips them with
the ability to target a wider selection of antigens. This flexibility in CAR targeting can be employed to
generate CAR-NK cells that specifically target inhibitory cellular components in the TME to directly
delete sources of immunosuppression or utilize TME components to drive CAR expression. One of the
main concerns of CAR-based therapy is off-target toxicity since most solid tumors express antigens that
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are also present at some level on non-malignant tissues. Therefore, strategies are required to ensure that
CAR-expressing immune effectors are only active when localized in the tumor tissue. Since hypoxia is
a crucial aspect of the TME, utilizing TME hypoxia to drive CAR expression represents an innovative
CAR design for improving the therapeutic capacity of CAR therapy while preventing off-target toxicity.
A proof-of-concept in vitro study using a lymphoma tumor model demonstrated that a novel CAR
construct containing the oxygen-sensitive domain of HIF-1α (HIF-CAR), in which CAR expression
was dependent on low concentrations of oxygen in the immediate environment, could limit CAR
expression and activity to the TME [49]. While most of these reviewed studies were performed using
immune cells other than NK cells, the principles of CAR design used to generate these cell products
may be translated to NK cells and used in solid tumor model systems.

3.2. Dominant Negative and Switch Receptors

The TME is pervaded by a variety of inhibitory cytokines, including TGF-β which facilitates
tumor immunosuppression and supports tumor progression [50]. Elevated TGF-β levels in multiple
tumor types correlate with poor prognosis and higher likelihood of recurrence [51–53]. TGF-β secreted
by tumor cells, as well as by MDSCs, M2 macrophages, and Tregs of the TME, contributes to tumor
invasiveness and inhibits anti-tumor response of tumor infiltrating NK cells [14,15,54,55]. TGF-β has
been reported to modulate NK cell cytotoxicity by down-regulating the NK cell activating receptors
NKG2D and NKp30 as well impacting IFN-γ secretion upon NK activation [56–60]. Thus, to combat
this key TME inhibitory mechanism, TGF-β signaling was addressed in the context of NK cell therapy.
To improve the clinical efficacy of adoptive NK cell therapy in patients with solid tumors, NK cells
have been genetically engineered to express either ‘dominant negative’ or ‘switch receptors’ specific to
TGF-β as strategies to overcome TGF-β-mediated inhibition.

Dominant negative receptors lack intracellular signaling domains, and thus do not transduce
signals received at the cell surface but can still bind/neutralize the external cytokine. Yvon et al. utilized
this concept by engineering a TGF-β receptor II (DNRII) lacking a cytoplasmic domain to improve
the anti-tumor activity of cord-blood derived (CB) primary NK cells [61]. CB NK cells transduced
with DNRII and expanded using a modified feeder cell line expressing 4-1BBL and membrane bound
(mb) IL-21 displayed an activating receptor phenotype similar to that in non-transduced controls.
NKD2D and DNAM-1 expression levels on DNRII transduced NK cells in particular were found to be
unaffected even in the presence of TGF-β. Although the expansion capacity of DNRII-NK cells was
reduced compared to unmodified NK cells, expanded cell numbers were deemed sufficient for clinical
use. As a biologic proof-of-concept, phosphorylation of SMAD2 (p-SMAD2) downstream of TGF-β was
not detected in DNRII-NK cells as compared to elevated p-SMAD2 in unmodified NK cells. DNRII-NK
cells exposed to TGF-β exhibited enhanced cytotoxicity against glioblastoma tumor cells and retained
the ability to secrete IFN-γ, perforin, and granzyme-B compared to TGF-β-treated unmodified NK
cells, confirming the desired biologic effect. A similar study by Yang et al. was conducted using
DNRII-transduced NK-92 cells. DNRII-NK-92 cells were insensitive to TGF-β mediated inhibition with
a marked absence of p-SMAD2 and demonstrated enhanced cytolytic activity against lung carcinoma
in vitro as well as in a xenograft mouse model compared to that in unmodified NK-92 cells [62].

‘Switch receptors’ and inverted cytokine receptors (ICRs) are chimeric receptors that comprise the
extracellular domain of an inhibitory receptor fused to signaling endodomains of an activating receptor.
This leads to the conversion of an extracellular inhibitory stimulus to a downstream internal activating
signal for cellular activation. Burga et al. assessed the anti-tumor activity of feeder cell expanded CB
NK cells transduced with a TGF-β receptor II-based switch receptor containing either a DAP12 domain
(NKA) or a Notch minimal regulatory region containing a RELA binding domain (SynNotch) [63].
Both NKA- and SynNotch-transduced NK cells displayed an activation receptor phenotype similar to
that of DNRII transduced NK cells and unmodified NK cells. In the presence of TGF-β, both NKA- and
SynNotch-NK cells upregulated NKG2D and DNAM-1, and increased levels of phosphorylated Akt
compared to DNRII-expressing and unmodified NK cells. Additionally, p-SMAD2/3 was measurable in
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TGF-β-treated NKA- or SynNotch-NK cells. TGF-β pre-treated NKA- and SynNotch-NK cells exhibited
cytotoxicity similar to DNRII-NK cells and enhanced cytotoxicity against neuroblastoma tumor cells
compared to unmodified NK cells. Repeated doses of NKA- and SynNotch-NK cells improved the
survival of neuroblastoma xenografts compared to unmodified NK cells. However, mice injected
with NKA-NK cells had significantly higher survival rates and significantly lower tumor burden
compared to both SynNotch- and DNRII NK cells. Additionally, only NKA-NK cells persisted for
longer than 60 days in mice, suggesting that coupling the exogenous portion of the TGF-β receptor
to DAP12 signaling domain conferred potent internal signals for long-term survival in addition to
anti-tumor therapeutic efficacy. A similar study was conducted by Wang et al. who transduced NK-92
cells with switch-receptor comprising the extracellular domain of TGF-β receptor II fused to the
intracellular domain of NKG2D (TN) [64]. TGF-β-treated TN-transduced NK-92 cells were found to
be resistant to TGF-β downstream signaling as suggested by the absence if intracellular p-SMAD2
compared to empty vector NK-92 controls. Additionally, TN-NK-92 cells expressed higher levels
of IFN-γ when stimulated with phorbol myristate acetate (PMA) and ionomycin in the presence of
TGF-β. TGF-β-treated TN-NK92 demonstrated enhanced cytotoxicity against hepatocellular carcinoma
and prostate tumor cells compared to empty vector NK-92. Incorporation of the TN transgene also
improved the homing capacity of NK-92 towards TGF-β secreting tumor cells in vitro. This suggests that
the TN transgene may improve the ability of NK cells to infiltrate TGF-β rich tumor microenvironments.
Despite promising in vitro data, adoptive transfer of TN-NK-92 cells only moderately improved
outcomes in hepatocellular xenografts in athymic nude mice, suggesting that the NKG2D intracellular
domain may not be the optimal domain to select for TGF-β-based switch receptor design.

3.3. Enhanced NK Receptors and Genetic Deletions

Tumor and inhibitory immune cells of the TME can restrain NK cell anti-tumor responses through
a variety of mechanisms. These include the secretion of soluble ligands that block or neutralize NK
activating receptor function, matrix metalloproteinases and inhibitory cytokines, and the expression
of ligands to inhibitory receptors on infiltrating NK cells. Often times, these tactics employed by the
TME result in the down-regulation of activating receptors and/or their adaptor signaling molecules,
and upregulation of inhibitory receptors like TIGIT and PD-1, which lead to impaired NK cell cytotoxicity
and cytokine/chemokine secretion [54,65–72]. Therefore, strategies to improve NK cell-based therapies
against solid tumors have been described that engineer NK cells to express activating receptors resistant
to TME induced down-regulation, or NK cells that lack inhibitory receptors.

Parihar et al. approached this challenge by engineering peripheral blood-derived primary NK
cells to express a chimeric NKG2D receptor comprising the extracellular and transmembrane domains
of NKG2D and a CD3ζ intracellular domain (NKG2D.ζ), thereby circumventing the reliance of NKG2D
on DAP10 signaling that is routinely down-modulated within the TME [73]. NKG2D.ζ NK cells
expanded using modified K562 feeder line expressing 4-1BBL and mbIL-15 were able to exhibit
enhanced cytotoxicity against several solid tumor cell lines expressing NKG2D ligands. In addition,
these chimeric NKG2D-expressing NK cells also killed human MDSCs over short- and long-term
co-cultures while unmodified NK cells did not. Such cytotoxicity was also exhibited when NKG2D.ζ
NK cells were cultured with neuroblastoma patient-derived MDSCs. Importantly, NKG2D.ζ NK cells
retained expression of the chimeric receptor in the presence of TGF-β or soluble NKG2D ligands,
sMICA and sMICB, suggesting that chimeric NKG2D.ζ was resistant to TME inhibition compared
to unmodified NK cells which significantly down-regulated their endogenous NKG2D expression.
NKG2D.ζ NK cells injected into NSG mice with TME xenografts containing NKG2D-L+ MDSCs and
neuroblastoma tumor cells exhibited enhanced tumor control against MDSC-containing xenografts and
successfully improved survival compared to unmodified NK cells. Interestingly, when combined with
infusion of GD2 antigen-directed CAR-T cells, NKG2D.ζ NK cells not only enhanced the recruitment
of GD2 CAR-T cells to MDSC-containing tumor xenografts, but also improved GD2 CAR-T cell
infiltration and anti-tumor activity after NK elimination of intra-tumoral MDSCs. A similar study was
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conducted using a different version of the NKG2D chimeric receptor which included a DAP10 signaling
transgene in addition to the CD3ζ domain (NKG2D.DAP10.ζ) into primary expanded NK cells [74].
Interestingly, NKG2D expression levels in expanded NK cells were higher when DAP10 transgene was
present compared to NKG2D.ζ transduced NK cells. NKG2D.DAP10.ζ NK cells consistently exhibited
enhanced in vitro cytotoxicity against a broad panel of solid tumor cell lines with a marked increase in
IFN-γ secretion compared to mock transduced NK cells. Engagement of the NKG2D.DAP10.ζ receptor
with its target activated key DAP10 downstream signaling effectors NF-κβ and AKT. NKG2D.DAP10.ζ
NK cell also demonstrated in vivo cytotoxicity in an osteosarcoma xenograft-containing NSG mouse
model, resulting in lowered tumor burden compared to mock transduced NK cells.

Xiao et al. designed a chimeric NKG2D comprising only the NKG2D extracellular domain
fused to the DAP12 intracellular domain (NKG2D.DAP12) and transduced primary NK cells [75].
NKG2D.DAP12 expression successfully enhanced NK cell cytotoxicity against ovarian, colon,
and pharyngeal cancer cell lines in vitro. Repeated infusions of NKG2D.DAP12 NK cells in NSG mice
containing colorectal xenografts delayed tumor growth and improved their overall survival compared to
mock transduced NK cells. Clinical efficacy of NKG2D.DAP12 NK cells generated from autologous NK
cells or from haploidentical donors was assessed in a pilot clinical study comprising three patients with
metastatic colorectal cancer. To ease clinical manufacturing by not requiring viral vectors and to ensure
transient CAR expression as a means to decrease potential toxicity, NKG2D.DAP12 was introduced
into NK cells through mRNA electroporation. Although repeated infusions of NKG2D.DAP12 NK
cells controlled malignant ascites in treated patients, best overall response in 1 of 3 patients was stable
disease. No severe adverse events were reported in the 4-week toxicity assessment period.

An alternative approach to enhance NK activating receptors for the improvement of NK functions
within the TME has focused on engineering NK cells for enhanced antibody-dependent cellular
cytotoxicity (ADCC) against tumor targets. Although clinical trials employing tumor-targeting
antibodies administered with cytokines, drugs that enhance endogenous NK cell expansion and
ADCC activity, or adoptively transferred NK cells, have been reported, improvements in clinical
outcomes as compared to administration of antibody alone has been modest [76–83]. This can be
partially explained by TME-associated matrix metalloproteinases that cleave Fcγ receptors on NK cells
(FcγRIIIa or CD16) and inhibit their ability to engage in ADCC against solid tumors [5]. Snyder et al.
sought to enhance the ADCC potential of NK-92 cells and induced pluripotent stem cell-derived NK
(iNK) cells by designing a chimeric protein comprising the extracellular portion of CD64, the highest
affinity Fcγ receptor, and the transmembrane and intracellular domain of CD16A (CD64/CD16A) [84].
Additionally, the CD64/CD16A fusion receptor lacked the binding site for the matrix metalloproteinase,
ADAM17, making it resistant to cleavage in the TME. CD64/CD16A expressed in NK-92 cells and iNK
cells facilitated improved recognition and conjugation to HER2+ ovarian tumor cells treated with
the anti-HER monoclonal antibody (mAb), trastuzumab, and led to enhanced IFN-γ production by
CD64/CD16A-expressing NK cells. Importantly, CD64/CD16A expression was not down-regulated
upon antibody-mediated NK cell activation in contrast to the endogenous CD16 molecule, which was
down-regulated on the NK cell surface after engagement with trastuzumab.

A similar study was conducted using an engineered high-affinity non-cleavable CD16A receptor
(hnCD16A) expressed on iNK cells [85]. hnCD16A was stably expressed and was not down-regulated
upon iNK cell activation. hnCD16A-iNK cells exhibited enhanced degranulation and IFN-γ secretion
against antibody-treated ovarian and squamous carcinoma cells in vitro compared to unmodified iNK
cells. Combination treatment with hnCD16A-iNK cells and anti-HER2 mAb reduced tumor burden
and improved survival in mice, demonstrating that hnCD16A mediated a stronger ADCC response
than the endogenous CD16 receptor.

In addition to NK cells expressing enhanced activating receptors such as CD16,
engineering approaches have also focused on the development of NK cells lacking inhibitory receptors.
An approach developed by Pomeroy et al. employed CRISPR/Cas9 technology to genetically abrogate
the expression of the inhibitory receptor PD-1 in primary NK cells [86]. Deletion of PD-1 in expanded
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primary NK cells achieved a knockout (KO) efficiency of 82% and PD-1 KO NK cells could be further
expanded to numbers suitable for clinical use. Pre-clinical studies demonstrated that PD-1 KO enhanced
the cytotoxicity of NK cells against prostate carcinoma and ovarian carcinoma cell lines in vitro and that
a single dose of PD-1 KO NK cells given to mice containing ovarian xenografts successfully reduced
tumor burden and moderately improved their survival compared to unmodified NK cells.

3.4. NK Checkpoint Inhibitors

While genetic approaches that confer enhanced cytotoxicity and immune-modulating potential
within the TME are an attractive option for engineering NK cells, genetic manipulation of NK cells can be
technically challenging and thus is not yet readily available at all centers [87–90]. Alternative strategies
to enhance NK functions which do not require genetic modifications and/or robust ex vivo NK cell
expansion protocols include development of NK cell-specific checkpoint inhibitors and use of chimeric
proteins that co-engage NK cell receptors with tumor targets (i.e., NK cell engagers). While checkpoint
inhibitors have primarily been aimed at reinvigorating T cell responses, NK cells are now emerging as
a viable target effector for these therapies as NK cells express PD-1, LAG 3, TIM-3 and TIGIT, as well as
inhibitory receptors like NKG2A and KIRs [91].

3.4.1. NKG2A

The monoclonal antibody monalizumab, which binds and neutralizes the inhibitory NK receptor,
NKG2A, produced robust cytotoxicity against NKG2A ligand-expressing tumor cells and against an
antibody-coated squamous cell carcinoma of the head and neck (SCCHN) cell line [92]. Interim results
of a Phase II clinical trial of monalizumab plus cetuximab in patients with previously treated squamous
cell carcinoma of the head and neck showed a 31% objective response rate (NCT02643550). Most adverse
events (93%) were grade 1–2 and were easily managed [92]. Most common monalizumab-related
adverse events were fatigue (17%), pyrexia (13%), and headache (10%). These results suggest that the
ligands for NKG2A expressed within solid TMEs inhibit endogenous NK cells, and that this inhibition
may be reversed by ‘unleashing’ the NK cell checkpoint NKG2A. Efforts to determine whether the
NKG2A-ligand axis may also similarly inhibit adoptively transferred NK cells are underway.

3.4.2. KIRs

Solid tumors evade NK cell immunosurveillance by upregulating distinct HLA class I allotypes
specific to inhibitory KIRs on NK cells [93,94]. Sola et al. first reported the effectiveness of the
anti-KIR2DL1/2/3 monoclonal antibody lirilumab in RAG-1 deficient mice containing HLA-C expressing
B cell lymphoma xenografts [95]. NK cells that expressed human inhibitory KIR2DL3 were generated in
this background (KIRtgRAG mice). Lirilumab infusion significantly improved the survival of KIRtgRAG
mice in a dose dependent manner. A phase I study showed that infusion of lirilumab did not result in
severe adverse events or dose-limiting toxicity in patients with solid tumors [96]. The most frequent
adverse events recorded were grade 1–2 pruritus (19%), asthenia (16%), fatigue (14%), infusion-related
reactions (14%) and headache (11%). However, no objective responses were noted. A transient decrease
in peripheral NK cell numbers was noted after the first cycle of treatment. While no significant changes
in CD69 expression were noted in circulating KIR+ NK cells after treatment, further assessments of NK
cell function and phenotype before and after treatment were not conducted within the context of this
trial. Currently, the clinical efficacy of lirilumab in combination with nivolumab and ipilimumab is
being evaluated in patients with advanced or metastatic solid tumors (NCT03203876).

3.4.3. TIM-3

The immune checkpoint TIM-3 is constitutively expressed on human NK cells and binds ligands like
galectin-9 whose expression is upregulated in the TME and plays a role in suppressing NK cell-mediated
cytotoxicity in vitro [97,98]. TIM-3 upregulation has also been linked to NK cell dysfunction and poor
prognosis in patients with bladder cancer and advanced melanoma [99,100]. Thus, blocking TIM-3
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may be a suitable therapeutic strategy for enhancement of NK cell function. Pre-clinical studies have
demonstrated that antibody blockade of TIM-3 on peripheral blood NK cells isolated from patients
with lung adenocarcinoma moderately improved their cytotoxicity and IFN-γ production in vitro [101].
A similar study by da Silva et al. showed antibody blockade of TIM-3 rescued the anti-tumor
activity of functionally impaired peripheral blood NK cells derived from patients with metastatic
melanoma against melanoma tumor line targets [100]. Additionally, Farkas et al. demonstrated that
blockade of TIM-3 enhanced the effector function of bladder cancer patient-derived NK cells upon
IL-15 stimulation [99]. However, these effects could not be replicated in intra-tumoral NK cells,
which suggests that TIM-3 blockade alone may not be sufficient to fully rescue NK cells within the
TME where multiple immune checkpoint ligands are expressed [102].

3.4.4. TIGIT

TIGIT, like TIM-3, is constitutively expressed on human NK cells and has been reported to suppress
NK cell IFN-γ production in chronic viral conditions [103]. Importantly, TIGIT is upregulated on
intra-tumoral NK cells and is capable of binding the poliovirus receptor (CD155) and nectin-2 (CD112),
both of which are expressed in solid tumor tissues [104]. Zhang et al. demonstrated that TIGIT blockade
in immunocompetent tumor-bearing mice improved their survival. Importantly, the therapeutic
effect of TIGIT antibody blockade was found to be NK cell-dependent as antibody-mediated
NK cell depletion in mice 24 h prior to TIGIT blockade abrogated the positive effects of TIGIT
antibody treatment [104]. Similar studies in human peripheral blood NK cells showed that TIGIT
blockade enhanced their anti-tumor activity against soft-tissue sarcoma and ovarian carcinoma
tumor targets in vitro, and significantly, reduced tumor burden of mice with ovarian carcinoma
xenografts [105,106]. These encouraging pre-clinical results have led to the initiation of multiple clinical
trials using monoclonal anti-TIGIT antibodies alone or in combination with other checkpoint inhibitors
(NCT02913313, NCT04570839].

3.5. Engagers

Other antibody-based molecules that have been developed to improve NK cell anti-tumor
activity are Bispecific Natural Killer Engagers (BiKEs) and Trispecific Natural Killer Engagers (TriKEs).
BiKEs typically comprise two monoclonal antibody fragments, one specific to endogenous CD16 on NK
cells, and the other specific to a tumor-associated antigen, connected by a linker. TriKEs utilize a similar
design, but also include a stimulatory cytokine such as IL-15 or IL 21 meant to improve NK expansion,
viability, and function within a TME. While both systems promoted NK cell cytotoxicity against tumor
via CD16 activation, the TriKE system also improved NK cell survival. Both systems also enhanced NK
cell cytotoxicity against a component of the TiME, CD33+ MDSCs [107–109]. TriKEs also improved NK
cell survival and proliferation capacity compared to BiKEs in tumor bearing NSG mice [109]. Versions of
these agents are currently being tested in the context of clinical trials (NCT03214666; NCT00560794).
Additionally, TriKEs have now been adapted to target antigens expressed on solid tumors. Vallera et al.
developed a TriKE containing an IL-15 moiety which targeted a solid tumor-associated antigen
B7-H3 (cam1615B7H3) [110]. cam1615B7H3 induced NK cell expansion and cytolytic activity and
led to reduced tumor burden in mice containing B7-H3 expressing ovarian carcinoma xenografts
when compared to NK cells that only received infusions of IL-15. A similar study by Schmohl et al.
demonstrated that EpCAM targeted TriKEs could improve NK cell expansion, ADCC and survival
against EpCAM+ colorectal carcinoma cells in vitro [111].

4. Discussion

Previous reviews have focused on the utility of human NK cells as a cell therapeutic platform
for the treatment of cancer [41,112,113]. In this review, we specifically focused on recent strategies
employed to enhance NK cell function within inhibitory tumor microenvironments, important next
steps in utilizing NK cells for the effective treatment of solid tumors. We have detailed the design
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and implementation of various genetic engineering and antibody-based approaches to improve the
efficacy of NK cell-based therapies in the TME of patients with solid tumors. Many adoptive NK
cell therapeutic platforms presented in this review successfully demonstrated anti-tumor activity in
pre-clinical in vitro and in vivo studies (Table 1).

Table 1. NK cell therapeutic strategies. Summary of design and implementation strategies and
approaches to augment therapeutic responses of NK cells in the solid tumor microenvironment.

Design Strategy Target Tumor Model Origin of NK Cell Reference

NK-Centric CAR
Mesothelin Ovarian carcinoma iPSC-derived NK cells [44]

PSCA Kidney cell transplant YTS [45]

Armored CAR GD2 Neuroblastoma NK-T cells [48]

Inducible CAR CD19 Lymphoma T cells [49]

Dominant
Negative Receptors

TGF-β Glioblastoma Cord blood-derived NK cells [61]
TGF-β Lung carcinoma NK-92 [62]

Switch Receptors TGF-β Neuroblastoma
Hepatocellular carcinoma,

Prostate carcinoma

Cord blood-derived NK cells [63]

TGF-β NK-92 [64]

Chimeric NK
cell receptors

NKG2DL Neuroblastoma Primary NK cells [73]
NKG2DL Osteosarcoma Primary NK cells [74]
NKG2DL Colorectal carcinoma Primary NK cells [75]

Enhanced
Fcγ receptors

CD64/CD16A Ovarian carcinoma iPSC-derived NK cells, NK-92 [84]
CD16A Ovarian carcinoma iPSC-derived NK cells [85]

Genetic Deletions PD-1 Ovarian carcinoma Primary NK cells [86]

Checkpoint
Blockade

NKG2A Head and neck carcinoma - [92]
TIM-3 Lung adenocarcinoma, Melanoma - [100,101]

TIGIT Ovarian carcinoma,
Ewing’s sarcoma, leiomyosarcoma - [105,106]

BiKEs and TriKEs

CD33 Myelodysplastic syndrome - [107,108]
CD33 Acute myeloid leukemia - [109]
B7-H3 Ovarian carcinoma - [110]

EpCAM Colorectal carcinoma - [111]

Pre-clinical and clinical studies require large numbers of NK cells for experimentation and patient
infusion, respectively. Since NK cells comprise a small fraction of the lymphocytic population in
peripheral blood (1–20%), strategies have been developed to either enrich them from apheresis products
or rapidly expand peripheral blood or iPSC-derived NK cells to large numbers using irradiated feeder
cell systems, IL-2, or feeder- and serum-free techniques [114–117]. These strategies have resulted
in expansion of NK cells to numbers that allow for clinical use. Alternatively, NK cell lines such
as YTS, NK-92, NKL, and HANK-1 can be used for therapeutic purposes due to their tremendous
expansion potential and low cytotoxic and phenotypic variabilities [118,119]. However, the NK-92 cell
line lacks the low affinity Fcγ receptor rendering it incapable of initiating ADCC [120]. Additionally,
irradiation of NK-92 cells prior to infusion results in shortened survival in vivo and thus a priori
requirement for multiple large dose infusions [121]. Despite recent success in NK cell expansion
methods, the consequences of various expansion protocols on resultant NK cell phenotypes that may
influence their functions within solid TMEs have not been reported and this remains an important
question in the field. For example, whether NK cells expanded with protocols that utilize IL-2 vs. IL-15
vs. IL-21 as cytokine co-stimulation differentially express inhibitory receptors such as NKG2A or PD-1,
whose ligands are overexpressed within solid TMEs [122,123].

While the various NK cell sources including peripheral blood, cord blood, and iPSCs have
proven to be amenable to genetic modification, the selection of suitable transduction methods for
efficient and optimal transgenic expression in these cells is an obstacle that needs to be overcome.
Lentiviral and retroviral transduction systems provide stable gene expression but run the risk
of insertional mutagenesis and require significant regulatory considerations/evaluations [87,124].
Electroporation-based systems for transfer of genetic material have been explored as a potential
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alternative. The system is safe and provides relatively modest genetic material transfer efficiencies
depending on the NK cells and expansion systems utilized. However, gene expression is transient due
to eventual degradation of encoding mRNA [88,124].

CAR-NK cells are a promising option as a therapeutic platform and CAR-induced activation has
shown to result in heightened intracellular down-stream signaling which supports canonical activation
pathways leading to CAR-mediated cytotoxicity [125]. Historically, primary NK cell cytotoxicity and
pro-inflammatory cytokine secretion is thought to be tied to the intensity of surface CD56 expression
(CD56bright and CD56dim) although that notion is now being challenged [126–128]. While CD56bright
NK cells have been associated with survival in melanoma patients, their role in the efficacy of cellular
therapies is unknown [129]. Still, ex vivo expansion of primary NK cells for CAR-NK cell therapy
generates a ‘hybrid’ population of activated NK cells with both high expression of CD56 and CD16
capable of exhibiting both cytotoxic and cytokine-producing effector functions with no apparent
distinction based strictly on CD56 expression [130]. Recent reports suggest a role for CD56 in immune
synapse formation between NK KIR and targets cells, suggesting CD56’s importance in NK cytotoxic
function. However, this biology has not been confirmed in ex vivo manipulated NK cells [128].
Additionally, to improve in vivo persistence, CAR-NK cells have been engineered to express IL-15
which may prove useful in overcoming the suppressive TME [47]. Alternatively, dominant negative
and switch receptors aim to either blunt inhibitory signals or convert inhibitory stimuli to activating
intracellular signals that improve NK cell cytotoxicity. Switch receptors designed to be specific towards
ligands of inhibitory receptors on T cells may also be applied to NK cells which share some of the
same inhibitory receptors [131,132]. However, it is unclear whether these receptors, which typically
target a single inhibitory molecule, will improve NK cell anti-tumor activity in the context of a TME
capable of enforcing suppression through multiple inhibitory molecules. Additionally, the efficacy of
such receptors is largely dependent on the availability of the specific inhibitory molecule in the TME.
Conversely, continuous activation signals generated through switch receptors and constitutive cytokine
transgenes run the risk of initiating activation induced cell death (AICD). It would be beneficial to
optimize the design of switch receptors by assessing multiple extracellular and intracellular domain
combinations to not only determine their ability to transduce activating signals but also assess their
propensity to initiate AICD in NK cells.

Modifications to endogenous activating receptors have largely focused on NKG2D and CD16 to
prevent their down-regulation or cleavage in the TME. However, solid tumors and TME components
are capable of shedding NKG2D ligands [133]. Additionally, the efficacy of therapies which rely
on the administration of therapeutic antibodies is handicapped in the TME due to antibody
‘blocking’ by stromal barriers and antibody trapping by Fc receptors of resident MDSCs and M2
macrophages [134–136]. Since NK cells also express natural cytotoxicity receptors (NCRs) that recognize
ligands on tumor targets and mediate activating signals, modification of NK cells with engineered
NCR transgenes in combination with either modified NKG2D or enhanced CD16 receptors may lead
to a more robust NK cell therapy and improve anti-tumor activity.

The continued development of CRISPR/cas9 technology has led to its use as an efficient and potent
gene-editing tool in many cell types, including human NK cells [86,137]. While many technical and
biological barriers remain such as gRNA design, off-target effects, and post-electroporation NK cell
viability, CRISPR/cas9 systems show potential to improve NK cell immunotherapy due to the flexibility
of the delivery system as well as a highly efficient gene-editing capacity [89]. Another exciting approach
that is being considered is the incorporation of synthetic biological systems to ‘sense and process’
external signals from cell-specific and disease markers [138]. This would lead to greater command
over temporal and therapeutic functionality of the therapy making them safer and more effective.

Not surprisingly, approaches to improve the efficacy of cell therapy in the TME have not
been limited to NK cells. For example, multiple studies have attempted to utilize CAR-T cells to
eliminate immunosuppressive cancer associated fibroblasts by targeting fibroblast activating protein
(FAP) [139–141]. Unfortunately, FAP directed CAR-T cells have demonstrated the potential for toxicity
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due to the low level expression of FAP on normal tissue. The use of CAR-NK cells may be a viable
alternative due to their shorter life span that limits the number and duration of adverse reactions in
normal tissue [39]. In addition, as opposed to MHC-restricted T cells, NK cell activity is modulated by
a combination of activating and inhibitory receptors, such as those recognizing MHC-I, that alter the
cytotoxic response when encountering normal or transformed tissue [142]. Consequently, NK cells
have an overall greater mean time to target cell lysis in part due to the multiple signals needed for a
subsequent lytic response [143–145]. CAR-T cells have also been modified to express additional factors
like scFVs and chemokine receptors to improve cytotoxicity in the TME [146–148]. CAR-NK cells
have also been genetically modified to express the chemokine receptor CXCR1 leading to improved
trafficking and anti-tumor responses in ovarian carcinoma xenografts in mice [149]. The development
of novel strategies as well as the application of existing strategies against unique targets informs the
development of more efficacious NK cell therapies in the TME.

5. Conclusions and Future Considerations

The idea of engineered and non-engineered NK cell-based immunotherapy has steadily gained
steam, culminating in successful application in patients with hematological malignancies. However,
solid tumors present a unique and difficult challenge due to the inhibitory TME. These unique
challenges are not fully represented in published studies assessing human NK cell anti-tumor responses
as most pre-clinical models only employ tumor cells (e.g., traditional xenografts in immunodeficient
mice). It would be beneficial to either incorporate TME components in pre-clinical studies of adoptive
human NK cell therapies to better predict efficacy in patients and to discern how various TME
components impact the anti-tumor response, or to utilize immunocompetent models that contain
a complete endogenous TME (although the latter would preclude testing of human cell products).
Such experimental systems are now gaining popularity when testing anti-tumor responses of immune
cells. Three-dimensional tumor spheroid in vitro cultures that incorporate TME components including
stromal cells, extracellular matrix proteins, and immune infiltrates are able to mimic TME spatial
architecture, secretion of soluble factors, and gene expression patterns [150]. However, they are devoid
of ability to assess cell homing, intra-tumoral infiltration, and compartmental expansion. In vivo models
that utilize xenografts containing immune microenvironment components such as human MDSCs,
as well as humanized mouse models, can simulate the crosstalk between tumor cells and inhibitory
immune cells when assessing anti-tumor efficacy of human NK cell-based therapies [73,151–153].

Ex vivo expansion of NK cells leads to upregulation of both activating and inhibitory
receptors [116,117]. However, the significance of the differences in this upregulation between
expansion/activation systems on NK cell cytotoxicity within suppressive TMEs in vivo cannot be
assessed as no direct comparison of the NK cell anti-tumor function in the presence of TME components
has been made. Such experimentation would aid the development of expansion techniques that
generate NK cells capable of potent and durable tumor elimination within an immunosuppressive TME.

Checkpoint blockade therapies targeting inhibitory receptors on immune cells have shown
encouraging pre-clinical results as well as satisfactory safety profiles in patients in clinical trials [154].
However, their efficacy has been limited to a small subset of patients and to successful stemming of
disease progression, not necessarily disease eradication [92,96]. Thus, effective monotherapy targeting
NK cell checkpoints may be challenging since NK cells routinely express multiple inhibitory receptors
that check uncontrolled NK activation. Thus, combinations of various checkpoint inhibitors will likely
be required to fully mobilize NK cells in the TME. Although many immune checkpoint receptors
have been correlated with NK cell dysfunction in solid tumors, comprehensive analyses of their
functionality in suppressing of NK cell activity in the TME is limited. Therefore, screening of NK cell
phenotypes based on tumor type, tumor stage, and therapeutic setting will be required, not only for
the discovery of novel biomarkers, but to also assist clinicians in the selection of suitable therapies for
each individual patient.
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Aspects of innate NK cell biology may also be exploited to improve NK cell-based therapies.
Therapies that harness the cytotoxic capacity of NK cells to mediate ADCC have been described in this
review. NK cells are also an important source of chemokines that may promote the trafficking of other
immune cells to the TME [155–157]. In fact, Parihar et al. reported that NKG2D.ζ NK cell-derived
chemokines were able to recruit subsequently infused GD2 CAR-T cells to tumor sites [73]. Studies have
also aimed to improve NK cell immunosuppression by targeting the inhibitor metabolite adenosine
and the enzyme CD73 that generates it, and monocyte-derived reactive oxygen species via antibody
blockade and enzyme inhibitors [158–161]. Interestingly, tumor infiltrating NK cells upon engagement
with 4-1BBL expressing tumors upregulate surface CD73 expression and acquire immunosuppressive
properties via STAT3 resulting in IL-10 and TGF-β production [162]. Additionally, CD73+ NK cells are
capable of secreting CD73 into the extracellular space which may act on the abundant levels of ATP in
the TME to generate additional adenosine, further inhibiting NK cell activity. Therapies that target
CD73 or STAT3 may prevent this transcriptional reprogramming of NK cells to maintain its cytolytic
state. Finally, recent research has linked NK cell dysfunction to impaired metabolism leading to blunted
anti-tumor responses [163–165]. The TME plays a significant role in this process [166]. Therapies to
disrupt tumor metabolism are currently being tested in clinical trials or clinically approved [167–169].
However, these therapies inhibit shared metabolic pathways in NK cells, and also lead to reduced
NKG2D ligand expression in tumor cells [170,171]. It would be important develop strategies to improve
NK cell cytotoxicity and proliferation by enhancing the NK cell-specific metabolic programs that
control them.

NK cells are an important wing of the anti-tumor response. Uncovering the mechanisms behind
their reduced activity in solid TMEs will aid the conceptualization of new therapeutic modalities
using NK cells. Additionally, optimization of NK cell ex vivo expansion and in vitro differentiation
technologies, along with the implementation of novel cellular and non-cellular approaches detailed
herein, would enhance the application of NK cell-based therapies in the clinic. Ultimately, a combination
of design and implementation strategies will allow NK cells to become more efficacious for the treatment
of solid tumors where tumor microenvironments significantly impede current approaches.
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