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Abstract

Natural killer (NK) cells are cytotoxic innate lymphocytes that
protect against viral infection and tumor metastasis. Despite their
inherent ability to kill a broad range of virally infected, stressed
and transformed cells, low numbers of dysfunctional NK cells are
often observed in many advanced solid human cancers. Here, we
review the potential mechanisms that influence suboptimal
mature NK cell recruitment and function in the tumor
microenvironment (TME) of solid tumors. We further highlight
current immunotherapy approaches aimed to circumvent NK cell
dysfunction and discuss next-generation strategies to enhance
adoptive NK cell therapy through targeting intrinsic and extrinsic
checkpoints the regulate NK cell functionality in the TME.
Understanding the mechanisms that drive NK cell dysfunction in
the TME will lead to novel immunotherapeutic approaches in the
fight against cancer.
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INTRODUCTION

NK cells are cytotoxic innate lymphocytes (ILCs)
which are capable of recognising stressed or
transformed cells during viral infection and
tumoigenesis.1 Their endogenous anti-tumor role
in vivo has been demonstrated in mouse models
of NK cell deficiency that develop more
carcinogen-induced tumors, oncogene-driven
tumors, and experimental lung and liver
metastases.2–4 Similarly, collective clinical evidence
suggests that increased presence of NK cells
correlates with better survival outcomes in
multiple solid cancers and in response to
checkpoint blockade immunotherapy in

melanoma.5–9 In mice, NK cells have been shown
to be one of the earliest circulating lymphocytes
recruited to distal sites of tumor metastasis and
can mediate cancer regression through IFN-c
production, rapid cytotoxicity, and recruitment
and proliferation of type 1 conventional dendritic
cells (cDC1) through production of XCL1 and FLT3
ligand.10,11 NK cell activation is regulated by a
balance of activating and inhibitory receptors
such as natural cytotoxicity receptors (NCRs)12,13 or
killer cell lectin-like receptor (NKG2) molecules
NKG2D14 and NKG2A, respectively15; killer cell
immunoglobulin-like receptors (KIRs) in humans,
and the mouse counterpart c-type lectin-like
(Ly49) receptors.1 Under homeostatic conditions,
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transient activating signals can be countered by
potent inhibitory signals derived from MHC-I
molecules present on host cells.16 During
tumorigenesis, transformed cells can upregulate
activating NKG2D ligands (aNKG2DL) as a result of
replicative or genotoxic stress14,17 and can mutate
genes in the MHC-I pathway to evade cytotoxic
CD8+ T-cell recognition.1 These conditions shift
the balance of activating to inhibitory signals in
the NK cell–target cell synapse to lead to NK cell-
mediated lysis of tumor cells, which has been
extensively reviewed previously.7,12,13,18 In
addition to membrane-bound tumor ligands, NK
cells have also been shown to recognise tumor
cells through tumor shed soluble ligands capable
of activating NK cells through NKG2D and
NKp44.19,20 However, MHC-I-deficient and
aNKG2DLhi tumors can still progressively grow in
mice and humans17,21 suggesting that additional
suppressive mechanisms exist within solid tumor
microenvironments that inhibit endogenous NK
cell anti-tumor function. In this review, we discuss
the potential mechanisms that influence
suboptimal mature NK cell recruitment and
function in the tumor microenvironment (TME) of
solid tumors. We further highlight current
immunotherapy approaches aimed to circumvent
NK cell dysfunction and discuss next-generation
strategies to enhance adoptive NK cell therapy
through targeting intrinsic and extrinsic
checkpoints the regulate NK cell functionality in
the TME.

NK CELL MATURATION IN THE TME

NK cells consist of phenotypically and functionally
diverse subsets that represent a developmental
continuum during homeostasis (Figure 1). In mice,
the surface markers CD27 and CD11b can be used
to define NK cell developmental maturation
stages. These maturation markers correlate with
cytokine production and cytotoxic potential
because evidence suggests that CD11b–CD27+

immature NK (iNK) cells are potent cytokine
producers with heightened proliferative capacity,
and CD11b+CD27� mature NK (mNK) cells have
increased cytolytic capacity against tumor
targets.22 NK cells in the bone marrow (BM) are
primarily iNK, whereas the majority of NK cells in
the blood and most tissues are observed to be
mNK during homeostasis.22 However, multiple
studies using preclinical mouse models have

shown that this balance is disrupted during
tumorigenesis.23–25 For instance, transplanted EL4
thymoma tumors can block NK cell maturation in
the bone marrow, spleen and TME. This is
supported by experiments demonstrating that
adoptively transferred CD11b– NK cells failed to
upregulate CD11b when harvested from the
spleen of EL4 tumor-bearing mice 14 days later.23

Tumor-bearing mice displayed reduced levels of
interleukin (IL)-15R⍺+ in BM stromal cells, and
transgenic IL-15 expressing mice restored NK cell
anti-tumor function indicating that IL-15R⍺
expression BM stromal cells can be suppressed
during tumorigenesis in the BM niche.23 In
support of this hypothesis, a recent study using a
mouse transgenic MYC-driven T-lymphoma model
observed reduced mNK cells in peripheral organs
due to suppressed NK cell development in the
BM.26 Type I interferon (IFN) signalling was
suppressed in the BM microenvironment in the
presence of MYC-driven lymphomas, and type I
IFN was found to be required for systemic mNK
cell development.26 Since type I IFN is known to
induce IL-15R⍺ on dendritic cells (DCs),27 a
potential decrease in IL-15R⍺+ BM DCs could
explain the block in NK cell development during
lymphoma development in the BM. Additional
studies have shown NK cells display an immature
phenotype within the TME of B16 melanoma
tumors and spontaneously forming PyMT breast
tumors.24,25 However, these studies did not find
defects in NK maturation in splenic NK cells of
tumor-bearing mice, perhaps because these
tumors had not yet seeded the BM to negatively
impact systemic NK cell development and may
suggest that iNK cells may also be preferentially
recruited to the TME in certain solid cancers.

In humans, NK cells are classically divided into
two major subsets: CD56dimCD16hi and
CD56brightCD16lo (Figure 1).16,28 Peripheral blood
NK cells are composed of approximately 90% of
CD56dimCD16hi NK cells and 10% of
CD56brightCD16lo NK cells.28 Similar to mouse NK
cell subsets, human NK cells differ in maturation
status and function. Human CD56brightCD16lo NK
cells are considered terminally differentiated and
predominantly exert cytolytic function,16 while
CD56brightCD16lo NK cells are less cytolytic, but
have a higher propensity to produce effector
cytokines.16 A recent single-cell RNA sequencing
data set has unbiasedly identified two distinct NK
cell subsets present in mouse and human samples,
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and concluded that mature CD56dimCD16hi human
NK cells share similar gene signatures as
CD11b+CD27� mouse mNK cells and human
CD56brightCD16lo NK cell signatures overlap with
CD11b–CD27+ iNK cells.29 While these data suggest
that CD56brightCD16lo human NK cells likely
represent iNK cells (nomenclature we will use
hereafter), it remains possible that these cells
could represent an activation state or distinct
lineage of human NK cells. Similar to mouse
tumor models, human tumors are often are
infiltrated with iNK cells with diminished cytotoxic
function. Several studies looking at both lung and
breast cancer have shown that a majority of
tumor infiltrating NK cells are CD56brightperforinlo

compared to matched healthy tissue.30–32 Another
study looking at breast tumors also found
infiltrating NK cells were consistently
CD56brightNKG2AhiCD16loKIRlo and had reduced
functionality demonstrated by decreased
interferon (IFN)-c and tumor necrosis factor (TNF)-
⍺ compared to peripheral blood NK cells.33 This
evidence suggests that either iNK cells have a
higher propensity to reach the TME, or upon
entering the TME, mNK cells revert to a poorly
cytotoxic cell state. Further fate-mapping studies
will be helpful to understand whether
developmental states of NK cells are preferentially
recruited to the TME, or whether the TME can
induce phenotypical and functional suppression of
mNK cells.

NK CELL TRAFFICKING TO TUMORS

The mechanisms that drive chemotaxis of innate
lymphocytes to the TME is not well understood,
and chemokine receptor expression can vary
between iNK and mNK cells.34 Human mNK cells
express the chemokine receptors CXCR1, CXCR2,
CX3CR1, ChemR23 and S1P5 while iNK cells
typically express receptors CXCR3, CCR2, CCR3,
CCR5 and CCR722,31,34 (Table 1). Because
chemokine receptor expression on mouse NK cells
is less well understood, we utilised RNA-seq data
from the ImmGen database35 to examine
chemokine receptor expression in iNK and mNK
mouse subsets (Figure 2). Recent single-cell
sequencing data suggest that mouse and human
iNK cells are enriched for Cxcr3 transcripts.29 In
addition, mouse iNK cells have increased Ccr2
transcripts and mNK cells show increased S1pr5
transcripts,29 in agreement with the ImmGen
database (Figure 2). Furthermore, recent evidence
demonstrates that chemokine receptor
heterogeneity exists within CD56bright and CD56dim

subsets.36 These data indicate that NK cell
infiltration into different tissues may be more
complex than current developmental classification
suggest. In leukaemia and lymphoma mouse
tumor models, CXCL9 and CXCL10 are produced
at high levels and CXCL11 can be induced upon
addition of exogenous IFN-c to the TME.37 CXCL9
and CXCL10 expression in the TME can recruit iNK

Figure 1. Surface markers defining immature and mature NK Cells in mouse and human. Human and mouse NK cell subsets are simplified and

divided into two main subsets: mature (mNK) and immature (iNK) cells, based off CD56 and CD16 in humans and CD11b and CD27 in mice.

Important lineage markers, activation, inhibitory and chemokine receptors are depicted.
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cells through expression of CXCR3.38 However,
another study found that while administration of
CXCL9 and CXCL10 resulted in increased NK cell
infiltration to the TME in a CXCR3 dependent
manner, CXCR3 was dispensable for overall tumor
burden and survival, suggesting potential
redundancy in the chemokine receptors required
for NK cell recruitment depending on the tumor
model.37 Furthermore, stress factors produced by
tumor cells have been shown to be upstream of
chemokine production in the TME because IL-17D
produced by MCA-induced fibrosarcoma tumors
can induce endothelial cell production of CCL2,
which can recruit CCR2+ iNK cells to the tumor.39

These studies collectively suggest that both CCR2
and CXCR3 are important for NK cell recruitment
into solid tumors in mouse models, and suggest a
preference for iNK over mNK recruitment into
tumors. In support of this hypothesis,
CD56brightperforinlo NK cells preferentially
infiltrate human lung and breast tumors.31 This
accumulation is correlated with increased
expression of CCL19, CXCL9, and CXCL10 in the
TME.31 In contrast, CX3CL1 (the ligand for CX3CR1
expressed on mNK cells), is a positive prognostic
marker across 5 different human tumor types,18

and CX3CR1
+ mouse NK cells can better control

experimental lung metastasis than CX3CR1
– NK

cells.40 CX3CL1 was also shown to reduce tumor
burden in a lymphoma mouse model through
increased recruitment of activated NK cytotoxic
cells.41 Together, these results suggest that solid
tumors may selectively recruit poorly cytotoxic iNK
cells as a potential immune evasion mechanism,
although future work will be necessary to test this
hypothesis.

Of course, chemokine receptor expression is not
static, and can be modulated on NK cells during
proliferation or by secreted factors enriched in the
TME. Transforming growth factor (TGF)-b, a well-
known immunosuppressive cytokine, can
downregulate CX3CR1 on human NK cells.42

Furthermore, CX3CR1 expression rapidly declines
after 5 days in culture with IL-15,43 and ex vivo
expanded NK cells decrease CXCR2 expression
following 8 days of culture in vitro,44 suggesting
that proliferation and maturation of human NK
cells may negatively impact their recruitment to
the solid TME. However, CXCR2 and CXCR1
overexpression can improve NK cell migration,
resulting in increased killing of tumor cells in vitro
and in vivo human tumor xenograft models.44,45

Thus, it will be important to genetically engineer

NK cells to constitutively express chemokine
receptors based on the chemokine expression
profile present in individual cancer biopsies.
Future studies will be needed to understand the
specific chemokine gradients that preferentially
recruit mNK cells to specific TMEs to enhance anti-
tumor responses.

IMMUNOSUPPRESSIVE FACTORS IN
THE TUMOR MICROENVIRONMENT

Hypoxia

Solid tumors have been characterised by low
oxygen tension which can result from rapid cancer
cell proliferation, metabolism, and reduced
nutrient and oxygen transport as a result of
irregular solid tumor vasculature.46,47 Lymphocytes
can transcriptionally and metabolically adapt to
low levels of oxygen (hypoxia) through hypoxia-
inducible factor 1A (HIF-1a).48 HIF-1a regulates
gene expression programs involved in many
processes, such as cell proliferation, survival,
glucose metabolism, and angiogenesis.49 It has
been demonstrated that NK cells are
hyporesponsive under hypoxic conditions in vitro,
displaying reduced expression of NKG2D, CD107a,
and granzyme B with concomitant reductions in
cytotoxicity.49–52 Similarly, human peripheral NK
cells cultured under hypoxic conditions in vitro
displayed reduced IFN-c, granzyme B, and CD107a
protein levels that could be restored using a HIF-
1a inhibitor.53 Experiments using in vivo tumor
models have proposed that HIF-1a�/� NK cells
promote tumor clearance by inhibiting vascular
endothelial growth factor (VEGF)-driven
angiogenesis.48 A recent study demonstrated that
HIF-1a�/� NK cells promoted tumor clearance
in vivo through an increase in oxygen
consumption rate and higher levels of granzyme B
compared to WT NK cells.54 HIF-1a may regulate
NK cell mitochondrial dynamics during periods of
oxidative stress, because human NK cells in the
liver TME and under ex vivo hypoxic conditions
displayed small and fragmented mitochondria.53

Mitochondrial fragmentation occurred through
mTOR-Drp1 signalling and silencing Drp1 gene
expression using siRNA was sufficient to restore
mitochondrial size and function, cytotoxicity, and
in vivo efficacy of NK cells that were previously
cultured under hypoxic conditions.53,54 Together,
this evidence suggests HIF-1a and Drp1 may be
candidates to enhance NK cell anti-tumor
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responses and highlight the need for more
mechanistic studies profiling mitochondrial
dynamics in the regulation of NK cell effector
functionality.

Transforming growth factor beta (TGFb)

The TME is infiltrated with a preponderance of
immunosuppressive cells such as tumor-associated
macrophages, myeloid-derived suppressor cells
(MDSCs), and regulatory T cells (Tregs). These cells
can produce immunosuppressive signals like
Prostaglandin E2 (PGE2), indoleamine 2,3-
dioxygenase (IDO), and TGF-b which are capable
of suppressing NK cell effector function47

(Figure 3). Soluble modulators in the TME can
negatively regulate NK cell activity by acting
either directly on the NK cells or by acting on
other immune cell types to produce additional
suppressive molecules.46 TGF-b is a cytokine
produced in the TME by tumor cells, Tregs,
MDSCs, and other stromal cells. In addition to
modifying the chemokine receptor repertoire of

Table 1. Chemokine receptor and ligands in NK cell subsets in mouse and human

iNK (immature) mNK (mature)

Human CD56bright CD16� CD56dim CD16+ Ligand(s)

CCR5 + � CCL3, CCL4, CCL5

CCR7 ++ � CCL19, CCL21

CXCR1 � ++ CXCL6, CXCL8

CXCR2 � + CXCL8, CXCL1, CXCL2, CXCL5

CXCR3 ++ + CXCL9, CXCL10, CXCL11

CXCR4 ++ ++ CXCL12

CX3CR1 � ++ CX3CL1

S1P5 � + S1P

CR23 (Cmklr1) � + Chemerin

iNK (immature) mNK (mature)

Mouse CD27+CD11b– CD27–CD11b+ Ligand(s)

CCR5 ND ND CCL3, CCL4, CCL5

CCR7 ND ND CCL19, CCL21

CXCR1 ND ND CXCL6, CXCL8

CXCR2 ND ND CXCL8, CXCL1, CXCL2, CXCL5

CXCR3 + � CXCL9, CXCL10, CXCL11

CXCR4 + + CXCL12

CX3CR1 ND + CX3CL1

S1PR5 � + S1P

CR23 (Cmklr1) ND ND Chemerin

References (human): Carrega et al.31, Lima et al.34, Berahovich et al.36, Kremer et al.44, Castriconi et al.123, Cheng et al.124, Li et al.125, Pachynski

et al.126, Parodi et al.127, Pesce et al.128, Zhang et al.129 References (mice): Marquardt et al.38, Bernardini et al.130, Mayol et al.131, Robinson

et al.132, Susek et al.133 ++, high expression; +, expression; �, no or low expression; ND, undetermined
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Figure 2. Chemokine expression patterns in murine NK cell subsets.

RNA-seq data from the ImmGen database (http://www.immgen.org/)

show the differential expression of various chemokine receptors on

mature CD27–CD11b+ , intermediate CD27+Cd11b+ and immature

CD27+CD11b– NK cells. The expression value is plotted on the y-axis.
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NK cells, TGF-b can inhibit NK cell cytotoxicity and
proliferation. TGF-b impairs NK cell function
directly by limiting NK cell antibody-dependent
cellular cytotoxicity (ADCC) and IFN-c production
through inhibition of the transcription factor
SMAD3.55 TGF-b is also capable of downregulating
the expression of activating receptors NKG2D on
peripheral NK cells derived from glioblastoma
patients.56 Antibody-mediated depletion of TGF-b
can restore NKG2D expression on NK cells,
indicating the therapeutic potential for targeting
TGF-b or its receptor.57 Furthermore, TGF-b is
capable of upregulating fructose-1,6-
bisphosphatase (FBP1) expression in NK cells
which can lead to dysfunction by inhibiting
glycolysis and impairing viability during tumor
development.58 While small molecule inhibition of
FBP1 was observed to partially rescue glycolytic
capability and viability of NK cells, cytotoxicity

was independent of FPB1. Accordingly, in vivo
tumor clearance was only partially improved
following adoptive transfer of FBP1-inhibited NK
cells.58 These results suggest that transient
inhibition of FBP1 is not sufficient for maximal NK
cell anti-tumor activity and could benefit from a
permanent reduction in FBP1 activity using
genetic engineering approaches.

Prostaglandin E2 (PGE2)

Tumor cells can produce high levels of PGE2 due
to elevated cyclooxygenase-2 (COX-2) activity in
tumor cells.59 Early efforts using COX inhibitors
showed therapeutic efficacy dependent on T cells
or NK cells, but COX-2 inhibitors exhibited safety
concerns regarding toxicity.59 PGE2 can signal
through four G-protein-coupled receptors (EP1–4)
expressed on cytotoxic lymphocytes, primarily EP4

Figure 3. The suppressive tumor microenvironment. Suppressive molecular signals are normally required to maintain tissue homeostasis and

prevent damage after inflammation. However, when these signals (in red text) are expressed in the TME they can dampen NK cell responses and

promote tumor escape. A majority of NK cells are often found in an immature, dysfunctional state in the TME indicated by blue iNK cells. Poorly

structured tumor vasculature and rapidly proliferating tumor cells which consume much of the available oxygen result in an environment devoid

of oxygen leaving the TME in a hypoxic state. Hypoxia is indicated by the lack of oxygen (O) molecules in the tissue. Highly glycolytic tumor cells

also produce significant levels of lactate which acidifies the TME, further suppressing NK cell cytotoxic activity. In a series of enzymatic reactions,

ATP is converted to AMP which is then converted to adenosine by tumor bound ectoenzymes CD39 and CD73, respectively. Adenosine

suppresses NK cell cytotoxic function through receptor A2AR. Tumor cells with high COX2 activity can produce PGE2 which also suppresses NK

cell cytotoxic function. Tumor-derived enzyme IDO catabolises tryptophan in the TME thus starving NK cells of this essential amino acid. In

additional to tumor cells, other cells present in the TME such as Tregs, MDSCs, and stromal cells are all capable of producing highly

immunosuppressive molecule TGFb which can directly by limit NK cell ADCC and IFN-c production.
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in NK cells.60 Experimental evidence suggests that
a small molecule inhibitor of EP4 can restore IFN-c
production, cell migration and anti-tumor activity
of mouse NK cells.59,60 A recent study
demonstrated that tumor-derived PGE2 can
suppress the production of CCL5 and XCL1 by
mouse NK cells, which results in decreased
recruitment of XCR1+ dendritic cells (cDC1s) and
increased tumor burden.10 Given the
immunosuppressive role of PGE2 in the TME, it
will be necessary for future experiments to
determine whether EP4�/� NK cells display
restored chemokine production and anti-tumor
function.

Extracellular metabolites

IDO is an enzyme overexpressed by cancer cells
that catalyses the first step in the kynurenine
pathway of tryptophan catabolism, thus depleting
tryptophan from the TME and starving T and NK
cells of this essential amino acid.61 The by-product
of this reaction, L-kynurenine, has additional
immunosuppressive effects by directly
downregulating expression of activating receptors
NKG2D and NKp46 on NK cells.61 Despite
promising results from early phase clinical trials
using IDO inhibitors, a phase III study in
conjunction with programmed death-1 (PD-1)
immune checkpoint blockade (ICB) ultimately
showed no efficacy compared to ICB alone.61

However, other approaches to inhibit this
pathway continue to be considered. L-kynurenine
is imported into NK cells exclusively by transporter
SLC7A5, making it a potentially attractive target
to ablate during adoptive NK cell therapy.
However, SLC7A5 is a primary L-amino acid
transporter in activated NK cells, and SLC7A5 is
required for mTORC1-driven cMYC activity which
controls NK cell effector function.62 A more
complete understanding of L-kynurenine-driven
mechanisms in NK cells will be required to design
effective strategies to abrogate the immune
suppressive effects in the TME without hindering
NK cell effector function.

Rapidly proliferating tumors are recognised as
massive consumers of ATP in order to fuel increased
growth and proliferation during tumorigenesis.46

Ectoenzymes CD39 and CD73 often found on tumor
cells as well as some immune cells, catalyse ATP to
AMP and finally to adenosine.63 Adenosine is an
important immunosuppressive metabolite critical
for protecting tissues against damage during

inflammatory responses.64 Adenosine can signal
through four G-protein-coupled adenosine
receptors (A1, A2A, A2B and A3).65 Adenosine
receptor A2A (A2AR) is highly expressed on
lymphocytes, including NK cells. Collective reports
have demonstrated exogenous adenosine can
reduce NK cell cytotoxicity and cytokine production
in vitro.65,66 This hypothesis is supported by
experiments demonstrating A2AR�/� NK cells
exhibit a mature (CD11b+CD27–) and cytotoxic
phenotype capable of robust proliferation and
increased tumor clearance in mouse tumor
models.67 Upon A2AR small molecule inhibition,
human NK cells also display increased phenotypic
maturation and cytotoxicity.67 Further studies
outlining the role of A2AR in human NK cells using
preclinical humanised mouse models of cancer will
be needed to validate whether A2AR is an
attractive target for adoptive NK cell therapy.

Lactate is another immunosuppressive
metabolite capable of limiting anti-tumor
responses.47 The accumulation of lactate in the
TME is mainly due to metabolic reprogramming
of tumors, where instead of using oxidative
phosphorylation, tumor cells primarily use glucose
for glycolytic metabolism which produces lactate
as a by-product.68 Lactate can directly decrease
cytotoxic activity in mouse and human NK cells
demonstrated by lower expression of granzyme B
and perforin.69,70 Lactate was capable of
upregulating transcription factor NFAT in NK cells
which led to a decrease in IFN-c and NKp46.69 This
cumulative evidence suggests lactate can directly
inhibit NK cytolytic activity in the TME. Lactate
also increases the number of MDSCs in the TME
which inhibit NK cell cytotoxicity.69 An additional
study found liver-resident NK cells migrating
towards colorectal liver metastasis were unable to
regulate intracellular pH levels resulting from
lactate-induced acidity of the TME, causing
mitochondrial stress and apoptosis.71 Further
studies understanding how to improve NK cell
responses in acidic environments will be essential
to designing successful NK cell therapy in
response to solid tumors.

NK CELL INTRACELLULAR
CHECKPOINTS

IL-15 pathway regulators

NK cells are reliant on IL-15 signalling to maintain
cellular homeostasis.72 Recent studies have
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identified a number of intracellular negative
regulators for NK cell activation, summarised in
(Figure 4). One recent study has identified Otub1
as an important regulator of IL-15 receptor
signalling in NK cells and CD8+ T cells.73 IL-15
signalling recruits Otub1 to the membrane where
it prevents the activation of AKT. Otub1 likely
negatively regulates IL-15 signalling in vivo
because Otub1�/� NK cells had significantly more
CD11b+CD27– mNK cells capable of producing
higher levels of granzyme B and CCL5.73

Interestingly Otub1�/� CD8 T cells had increased
transcript levels of Cish, a known suppressor of IL-
15 signalling in NK cells.74 Mice with inducible
deletion of Otub1 during adulthood experienced
reduced tumor burden and increased NK and CD8
T-cell tumor infiltration.73 Similarly, Cish�/� NK
cells proliferate better in response to low levels of
IL-15 and show greater anti-tumor efficacy in
multiple mouse models.74,75 CISH�/� human NK
cells derived from induced pluripotent stem cells
(iPSCs) demonstrate superior killing of tumor cells
due to an improved metabolic profile compared
to WT cells.76 Several groups have already
demonstrated successful genetic targeting of CISH
in human NK cells resulting in enhanced anti-
tumor efficacy using humanised tumor
models.76,77 Together, these data suggest that
targeting negative feedback mechanisms
following IL-15 signalling is a beneficial strategy
to enhance NK cell anti-tumor responses in vivo.

Glycogen synthase kinase-3 (GSK3)

GSK3 is a serine-threonine kinase which can
influence gene expression directly by targeting
transcription factors or indirectly by
phosphorylating histones, histone deacetylases,
and histone acetyltransferases.78 15 years ago,
small molecule inactivation of GSK-3 increased the
cytotoxicity and cytokine secretion of NK cells
from individuals with XLP disease.79 GSK-3
inhibition in healthy donor NK cells was also
shown to increase IFN-c, granzyme B and specific
tumor cell lysis.79 Furthermore, GSK-3 inhibition
increased the expression of integrin LFA-1 on NK
cells which can recognise ICAM1 present on AML
cells resulting in improved specific cell lysis.80

Recent work has further defined the benefit of
GSK-3 inhibition in NK cells during an adoptive
transfer setting. CD57 is a maturation marker in
human NK cells which is associated with increased
cytotoxicity, TNF-⍺ and IFN-c production.16 The

frequency of CD57+ NK cells is often higher in
individuals who are seropositive for
cytomegalovirus (CMV), and dimly expressed on
CD56bright adult NK cells.81 The CD57+NKG2C+ NK
cell subset is considered to be the human
equivalent of mouse Ly49H+ memory NK cells
following MCMV infection, because they display
memory-like properties such as heightened
effector function, persistence, and rapid recall
responses.82 GSK3 inhibition of NK cells from CMV
seropositive donors during ex vivo NK cell
expansion with IL-15 significantly enhanced CD57
acquisition and maturation. Furthermore, GSK3-
inhibited NK cells displayed increased transcript
levels of TBX21, ZEB2, and BLIMP-1 which
positively regulate NK cell maturation.81

Additionally, GSK3-inhibited NK cells
demonstrated improved anti-tumor efficacy in an
adoptive transfer setting into humanised mice.81

Another study suggested that GSK-3 inhibition
can downregulate the inhibitory receptor
lymphocyte activation gene 3 (LAG-3) on NK cells,
further improving tumor clearance.83 Thus,
collective evidence suggests that approaches to
therapeutically limit GSK3 function should
improve NK cell anti-tumor function in vivo.

Cbl Proto-Oncogene (CBL)

CBL proteins, including c-CBL and CBL-b, are
adaptor molecules with multiple functions,
including E3 ubiquitin ligase activity. CBL proteins
primarily repress signalling of lymphocyte
receptors by promoting ubiquitylation, resulting
in internalisation of surface receptors.84 The TAM
(Tyro3, Axl, and Mer) receptor family are receptor
tyrosine kinases expressed by many immune cells
including NK cells. TAM receptors directly
phosphorylate E3 ubiquitin ligase CBL-b which can
then inhibit NK cell function by degrading
important molecules such as SLC7A5, which is
required for NK1.1- or NKG2D-mediated activation
and cytokine production.85 Indeed, adoptive
transfer of Cbl-b�/� NK cells reduces tumor
metastasis compared to transfer of WT NK cells.86

c-CBL can also inhibit VAV1 which is a common
downstream signalling component of activating
receptors NKG2D and 2B4.87 A study
demonstrated knockdown of c-Cbl but not Cbl-b
enhanced NK cell cytotoxicity and cytokine
secretion through a VAV1 dependent signalling
cascade.87 Given these conflicting results, future
work will be necessary to understand the precise
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role of c-CBL and CBL-b in human NK cell anti-
tumor function.

STRATEGIES TO ENHANCE
ENDOGENOUS NK CELL FUNCTION
IN THE TME

Cytokine therapies

To initiate and sustain a proper immune response,
pro-inflammatory cytokines IL-2, IL-15, IL-12, IL-18
and IL-21 are required to drive NK cell activation,
proliferation and cytotoxicity.1 Clinical efforts to
stimulate NK cell anti-tumor responses have used
cytokines to increase NK cell activation and

abundance within the TME. Early studies using IL-
2 proved to be unsuccessful due to activation of
regulatory T (Treg) cells in addition to CD8+ T and
NK cells.88 Alternative IL-2 molecules have been
developed with decreased affinity for IL-2R⍺
which is predominantly expressed on Treg cells. IL-
2Rb-biased agonist NKTR-214 is shown to expand
CD8+ T and NK cells with limited increase in
Tregs.89 In combination with anti-PD-1
immunotherapy, phase II clinical trial results
indicate an objective response rate (ORR) of 53%
(20/38), and a complete response rate (CR) of 34%
(13/38) at a median follow up time of 18.6
months.90 Phase III trials are currently underway
using NKTR-214 in combination with anti-PD-1 in

Figure 4. NK cell intrinsic checkpoints. Essential intracellular signalling pathways used by NK cells during an anti-tumor response are depicted.

Red targets and receptors are negative regulators while green arrows and receptors promote NK cell activation or cytotoxicity. IL-15 signalling is

required for NK cell proliferation, survival and anti-tumor function in the TME. IL-15 signalling drives expression of negative regulator CISH,

producing CIS which acts as negative feedback loop towards IL-15 signalling. OTUB1 can also suppress IL-15 signalling by preventing activation of

AKT. TGFb can signal through its receptor TGFbR leading to suppression of multiple downstream targets of IL-15 signalling. Furthermore, TGF-b is

capable of upregulating FBP1 expression in NK cells which can lead to dysfunction by inhibiting glycolysis. PGE2 through binding receptor EP4

and adenosine through binding A2AR can directly inhibit cytotoxic activity during anti-tumor NK cell responses. c-CBL can also inhibit VAV1

which is a common downstream signalling component of activating receptors NKG2D and 2B4 thereby suppressing NFjB-driven cytotoxic

programs. Additionally, GSK3b can inhibit NK cells at multiple points by suppressing NFjB and LFA-1 expression. GSK3b is also capable of

upregulating immunosuppressive surface receptor LAG-3.
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renal cell carcinoma, melanoma and muscle-
invasive bladder cancer,90 Alternatively, IL-15
represents a preferred route of activating NK cells
since IL15Ra expressed on antigen-presenting cells
can present IL-15 in trans to IL-2Rbcc receptors
expressed on NK and CD8+ T cells without
activating Tregs.91 Recombinant human (rh)IL-15
in combination with haploidentical NK cell
infusions in refractory AML patients has shown a
35% CR, better than IL-2 in previous trials,
indicating rnIL-15 is capable of augmenting
adoptive NK cell therapy. In addition to rhIL-15,
IL-15 superagonists such as ALT-803 are capable of
targeting both the IL-2 and IL-15 pathway in NK
and CD8+ T cells. In phase I studies, ALT-803 was
shown to have some clinical response as a
monotherapy and in combination with anti-EGFR
and anti-PD-1.92–94 Additional studies have
demonstrated an overnight activation with IL-12,
IL-15, and IL-18 generated superior NK cells with
memory-like capabilities exhibiting enhanced
responses to cytokine or activating receptor
restimulation for weeks to months after pre-
activation.95 A phase 1 clinical trial using adoptive
transfer of these cytokine-induced memory-like
(CIML) NK cells with rhIL-2 resulted in CR in four
out of nine AML patients.95 During the phase II
trials, rhIL-2 was replaced with IL-15 superagonist
ALT-803 since studies have shown ALT-803
resulted in better NK cell expansion than rhIL-2.
Interestingly a large expansion of host T cells
resulted in the killing of donor CIML NK cells,
suggesting that key caveats exist within systemic
cytokine administration for tumor therapy.95

Collectively, these studies indicate cytokine
therapies may prove to be an effective and well-
tolerated treatment; however, these strategies are
primarily efficacious in liquid tumors and it is not
yet clear how effective these treatments will be
for solid tumors.

Bispecific and trispecific killer cell engagers
(BiKEs and TriKEs)

In addition to NK cell-mediated tumor killing
through reduced expression of MHC-I and
increased activating receptor ligands, NK cells also
possess the Fc receptor CD16 which can initiate
ADCC.96 CD16 is primary expressed on CD56dim

mNK cells which account for a majority of the NK
cells in peripheral blood. CD16-mediated ADCC is
triggered by engagement with the Fc region of
IgG Abs which signals through the

immunoreceptor tyrosine-based activation motif
(ITAM) in association with adaptor molecules
FceR1c and CD3f.96 In order to further optimise
this process, bispecific killer cell engager (BiKE)
molecules possessing an anti-CD16 scFv linked to
an scFv specific to a tumor-expressed antigen have
been developed to bring CD16 and tumor
epitopes in close contact. Preclinical models have
suggested anti-HER2 x anti-CD16 BiKE molecules
allow for superior ADCC compared to the Fc
region alone on anti-HER2 monoclonal antibody
treatment.97 To further improve this treatment,
trispecific killer cell engager TriKE molecules can
possess a third arm containing a cytokine such as
IL-15. This has resulted in even more robust NK
cell ADCC compared to BiKE therapy,
demonstrated by better human NK cell expansion
and tumor control in a preclinical AML xenograft
mouse model.98 BiKE and TriKE molecules are
relatively small modalities, much easier to
manufacture than adoptive cell therapies, and can
be used off-the-shelf.99 In addition, the utilisation
of multiple arms and the possibility to add even a
fourth arm in TetraKEs allows for complete
customisation of killer cell engagement. IL-15 can
be swapped for another potent cytokine such as
IFNc or for a scFv blocking TGFb, IDO or PGE2
signalling. Because these molecules can be
engineered in an unlimited number of ways,
further research will be necessary to determine
the optimal combination of modalities that results
in superior NK cell anti-tumor activity.

Antibody-mediated checkpoint blockade
therapies

Immunotherapy for the treatment of cancer is
rapidly growing and even becoming standard of
care for some tumor types.100 These initial
breakthroughs have focused on ICB, an antibody
(Ab)-mediated therapy where blocking Abs are
used to inhibit regulatory surface proteins such
PD-1, programmed death-ligand 1 (PD-L1) and
cytotoxic T lymphocyte-associated antigen 4
(CTLA-4), which suppress T-cell activation.101 In
addition to these three targets, a number of new
surface receptors such as T-cell immunoglobulin
and mucin-domain-containing molecule 3 (TIM-3),
T-cell immunoreceptor with Ig and
immunoreceptor tyrosine-based inhibition motif
domains (TIGIT), LAG-3 and CD96 have been
found on multiple immune cell types such T cells,
NK cells and dendritic cells and are being
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recognised for their potential as additional ICB
targets102–104 and has been reviewed
previously.105 These inhibitory pathways are fairly
well understood in T cells but further
understanding of the underlying biological
mechanisms across the immune landscape in the
TME will be useful in designing new ICB
therapies. One inhibitory pathway that has been
successfully targeted in NK cells in a clinical
setting is NKG2A. Tumors can evade immune
clearance by expression of HLA class I molecule
(HLA-E), which suppresses NK cell activity via
ligation of the NK inhibitory receptor NKG2A.
Blocking expression of NKG2A has been shown to
overcome tumor resistance to NK cells in a
preclinical model.15 Monalizumab, a humanised
IgG4 checkpoint inhibitor targeting NKG2A, is
entering Phase III clinical trials in combination
with cetuximab, a clinically approved anti-EGFR
antibody. The phase II clinical trial results of the
combination of monalizumab and cetuximab,
demonstrated a 30% objective response rate in
immunotherapy-refractory in patients with head
and neck squamous cell carcinoma compared to
12.6% in previous studies using cetuximab
alone.106 Although these results are promising, it
may prove to be even more useful to generate
NKG2A deficient NK cells for use in adoptive
transfer since NK cells are often found in very low
numbers in the TME18 and may not effectively
respond to anti-NKG2A therapy.

NK cell adoptive cancer therapies

The earliest NK cell therapies using adoptively
transferred haploidentical NK cells have been
successful against certain liquid tumors like acute
myeloid leukaemia (AML).107 However, adoptive
cell therapy using T lymphocytes has been under
research for over 30 years108 and has gained
massive attraction over the last decade with the
use of Chimeric Antigen Receptor (CAR) T-cell
therapy. CAR molecules are designed to direct T
cells to recognise a specific tumor antigen. This
has proven to be a very successful therapy against
liquid tumors such as lymphomas expressing
CD19.109 However, reports have indicated that
CD19� lymphoma cells can arise after CAR T
mediated tumor epitope editing.110 Bispecific CAR
T cells have been designed to target CD19 and
CD20 to prevent antigen escape,111 yet it remains
possible that CD19–CD20– tumor cells could also
develop after using this treatment strategy. In

addition, life-threatening complications related to
Cytokine Release Syndrome (CRS) have occurred
resulting in the death of some patients receiving
CAR T therapy.112 Indeed, nearly all patients
experience at least mild CRS during CAR T-cell
therapy infusion, leading many to try and find
alternative treatments with reduced potential
complications.112 CAR-NK cells have shown
promise as an alternative therapy demonstrated
by anti-tumor efficacy against a number of
preclinical targets without indications of CRS.113 A
recent clinical trial reported a 73% response rate
in non-Hodgkin’s lymphoma or chronic
lymphocytic leukaemia patients using HLA-
mismatched anti-CD19 CAR-NK cells derived from
cord blood progenitors.114 NK cells were
transduced with a retroviral vector expressing
genes for an anti-CD19 CAR, IL-15, and an
inducible caspase 9 safety switch. Importantly,
zero patients experienced CRS, neurotoxicity, or
graft-versus-host disease, and they reported no
increase in inflammatory cytokines across 18
patients.114 It will be important to determine
whether these results hold true across a larger
number of patients and whether the responses
are durable. One concern is that NK cells do not
form lifelong memory, like T cells, so relapse may
be more likely using CAR-NK cells. However,
multiple infusions of CAR-NK cells could possibly
circumvent this problem. Another concern is that
NK cells are more difficult to expand ex vivo and
often require the use of feeder cells to initiate
robust ex vivo expansion.115 Similar to CAR T-cell
treatments, the successes of CAR NK cells against
liquid tumors have been encouraging, although
response rates during adoptive cell therapies
against solid tumors have room for much
improvement.

NK cell genetic engineering for adoptive
cancer therapy

CRISPR Cas9 is a gene editing technology which
has revolutionised the field of molecular biology.
The recombinant Cas9 nuclease protein is paired
with a guide RNA/scaffold, together this is
referred to as CRISPR ribonucleoprotein (RNP)
which is capable of making a double stranded
DNA break which renders a protein non-
functional.116 NK cells are some of the most
difficult immune cells to edit using transfection or
other viral methods. However, recent studies have
demonstrated high efficiency gene knockout
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using CRISPR RNPs is possible in mouse and
human NK cells.76,77,117 CISH has been successfully
targeted in both iPSC derived and primary human
NK cells using CRISPR RNPs.76,77 CRISPR RNP
technology has been useful in adoptive T-cell
therapy, demonstrated by PD-1�/� CAR T cells118

and CAR T cells generated using Homology
Directed Repair (HDR).119 In one elegant study, a
CAR construct was inserted into the T-cell receptor
(TCR) TRAC locus thus knocking out TCR protein
expression. This resulted in superior CAR T cells
with uniform CAR expression, reduced tonic
signalling, reduced T-cell exhaustion and
improved anti-tumor efficacy in a humanised
murine tumor model.119 Although high efficiency
CRISPR-HDR has remained difficult in primary NK
cells,120 a recent study has demonstrated a
number of optimised genetic engineering
approaches in NK-92 cells.121 NK-92 cells were
edited to have multiple gene knockouts of
inhibitory receptors, knock-in of a fluorescent
protein, and insertion of constitutive promoters to
reactivate endogenous CD16 and DNAM-1
expression. CRISPR-engineered NK-92 cells
demonstrated strikingly enhanced cytotoxicity and
could even mediate ADCC against previously hard
to kill cancer cell lines.121 Employing these
methods in primary human NK cells could
significantly improve adoptive NK cell therapy

(Figure 5). In theory, tumor biopsies could be
sampled for expression of various chemokine
ligands and a personalised chemokine panel could
be generated for each patient. Reactivation of
endogenous promoters for those specific
chemokine receptors required for recruitment to
their TME could be restored, thus improving
migration of ex vivo expanded NK cells to the
TME. Once these engineered cells have arrived,
they could be devoid of intracellular sensors
which respond to hypoxia and other
immunosuppressive molecules allowing their full
cytotoxic capability. Future studies leveraging new
advances in CRISPR editing technology will be
important for enhancing adoptive NK cell-based
therapies for cancer.

Conclusions and future perspectives

Current evidence suggests that NK cells face many
obstacles to become potently cytotoxic cells in
advanced human solid cancers without clinical
intervention. Current ICB strategies which target a
single molecule such as PD1 are ineffective for a
majority of cancer patients, suggesting
multifaceted approaches are necessary to bolster
the immune response to cancer. Furthermore, T-
cell-centric immunotherapies and systemic ICB are
associated with increased risk of severe immune

Figure 5. Genome engineering in NK cells. CRISPR Cas9 RNPs can be used to delete deleterious genes for NK cell function. CRISPR Cas9 RNP-

mediated HDR insertion of exogenous promoter elements can drive expression of activating genes which may be downregulated in the TME or

during ex vivo expansion of NK cells.
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adverse events, such as CRS. Recent studies have
suggested that double gene knockouts are possible
to generate with CRISPR RNPs in primary mouse NK
and T cells.117,122 It will be important to screen for
signs of autoreactivity in these highly engineered
NK cells since multiple ‘brakes’ could be removed
during this process. However, the repertoire of
non-redundant inhibitory receptors present on
primary NK cells may serve to create safer off-the-
shelf cellular therapies when compared to
engineered T cells. Thus, specifically targeting
multiple immunosuppressive checkpoints in human
NK cells may prove to be the most effective form of
anti-tumor therapy. Targeted multiplexed
immunotherapies will one day be possible thanks
to these recent advances in genome engineering
and continued understanding of the
immunosuppressive mechanisms that exist in the
solid TME. We envision creating ‘super’ NK cells
that are capable of rapidly entering the TME, are
resistant to the immunosuppressive environment,
retain their enhanced cytotoxicity against solid
tumors and are safely designed to prevent CRS. NK
cell-based therapy for solid tumors is poised to
break out in the next decade and may offer more
robust results than current T-cell-based or systemic
therapies.
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