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Abstract
The incidence of some types of tumours has increased progressively in recent years and is expected to continue growing in 
the coming years due in part to the aging of the population. The design of new therapies based on natural killer (NK) cells 
opens new possibilities especially for the treatment of elderly patients who are particularly susceptible to the toxicity of 
conventional chemotherapy treatments. In recent years, the potential use of NK cells in cancer immunotherapy has been of 
great interest thanks to advances in the study of NK cell biology. The identification of key points (checkpoints) in the activa-
tion of NK cells that can be regulated by monoclonal antibodies has allowed the design of new therapeutic strategies based 
on NK cells. However, there are still limitations for its use and the first clinical trials blocking KIR inhibitory receptors have 
shown little efficacy by inhibiting the maturation of NK cells. Blockade of other inhibitory receptors such as TIGIT, TIM3, 
LAG3 and PD1 may represent novel strategies to increase NK function in cancer patients. Altogether, the identification of 
NK cell and tumour cell markers of resistance or susceptibility to the action of NK cells will contribute to identifying those 
patients that will most likely benefit from NK cell-based immunotherapy.
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Abbreviations
AML	� Acute myeloid leukaemia
CAR​	� Chimeric antigen receptor

CTL	� Cytotoxic T lymphocytes
HLA	� Human leukocyte antigen
IFN	� Interferon
IL	� Interleukin
KIR	� Killer cell immunoglobulin-like receptors
LAG-3	� Lymphocyte activating gene 3
MHC	� Major histocompatibility complex
miRNAs	� MicroRNAs
mAb	� Monoclonal antibody
NCRs	� Natural cytotoxicity receptors
NK	� Natural killer
NSCLC	� Non-small cell lung cancer
PD-1	� Programmed death-1
TIM-3	� T cell immunoglobulin and mucin domain 3
TIGIT	� T cell immunoreceptor with Ig and ITIM 

domains

Introduction

In the last decade, therapies against cancer aiming to activate 
the immune system to attack cancer cells represent an impor-
tant tool to fight cancer. Cytotoxic T lymphocytes (CTL) 
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and natural killer (NK) cells represent the major cytotoxic 
cell subsets involved in tumour cell lysis. In the last few 
years, NK cells have gained attention as promising thera-
peutic tools owing to their innate capacity to identify and 
destroy cancer cells without major histocompatibility com-
plex (MHC) restriction [1]. NK cell-dependent anti-tumour 
immunity is accomplished by different mechanisms control-
ling tumour growth and metastasis dissemination. These 
functions are controlled by a diverse panel of activating 
and inhibitory receptors involved in target cell recognition. 
Although the ability of NK cells to destroy solid tumours 
has been questioned, their capacity to prevent metastatic dis-
semination by killing circulating cancer cells is well known. 
NK cells kill target cells by releasing the content of their 
cytoplasmic granules containing cytotoxic proteins such as 
perforin, granzymes and granulysin that induce target cell 
apoptosis by caspase-dependent and -independent pathways 
[2]. A new role for NK cells in the anti-tumour immune 
response has been defined by Böttcher et al. [3], showing 
that NK cells arrive early in the tumour microenvironment 
and cooperate with dendritic cells resulting in effective 
immune responses mediated by CD8 T cells [3, 4].

Advances in immunotherapy include strategies directed to 
checkpoint blockade of inhibitory pathways involved in the 
negative regulation of T cell activation and, more recently 
NK cell-checkpoint blockade. However, tumour cells fre-
quently develop strategies to evade immunosurveillance 
including changes at the tumour cell level (e.g. abnormal 
expression of human leukocyte antigen (HLA) class I or 
ligands for activating receptors) and changes in tumour 
microenvironment (e.g. immunosuppressive cytokines) 
resulting in tumour escape and cancer progression [5].

NK cells constitute a fundamental component of the 
innate immune system specialized in the elimination of 
virus-infected cells and tumour cells [6, 7]. NK cells do 
not require the recognition of tumour antigens restricted 
by MHC or clonal expansion prior to the destruction of 
tumour cells, which differentiates them from T cells. Acti-
vation of NK cells depends on a delicate balance between 
the signals mediated by activating receptors of cytotoxic-
ity such as NKG2D, DNAM-1 and the natural cytotoxic 
receptors (NCRs) NKp46, NKp30 and NKp44 and inhibi-
tory signals mediated mainly by receptors specific for the 
MHC class I molecules, HLA-A, B, C in the human [8]. 
Although cellular ligands of activating receptors are fre-
quently expressed by transformed and virus-infected cells 
[9–11], tumour cells have developed different escape 
mechanisms to evade recognition by the immune system 
and it is common to observe alterations in the function 
of NK cells in cancer patients that limit their ability to 
eliminate tumour cells [12]. Among these mechanisms of 
escape, our research group has described the downregula-
tion of activating receptors after contact with tumour cells 

[10, 13], shedding of soluble forms of NKG2D ligands 
[12] and altered cytokine profile in plasma from acute 
myeloid leukaemia patients (AML) that was associated 
with lower patient survival [14].

Several studies [10, 13, 15, 16] suggest that the inter-
action of NK cells with target cells causes changes in the 
expression of activating receptors in NK cells and/or of 
its ligands in target cells. Such changes may be mediated 
directly by the receptor–ligand interaction, by cytokine 
secretion by effector cells or by target cells (often as an eva-
sion mechanism). Some of these changes can be observed 
very early after tumour–NK cell co-cultures and might 
lead to tumour escape from NK cell recognition. Previous 
results show that interleukin (IL)-2 and IL-15 increase the 
expression of NKp30 and NKG2D in NK cells, boosting 
NK cell degranulation against target cells [17]. The pos-
sibility of modulating the expression of activating receptors 
by cytokines opens new pathways for the development of 
therapies based on NK cells although additional studies are 
needed to clarify their value in the context of cancer therapy 
[18, 19].

In the last decade, a better understanding of NK cell biol-
ogy has opened new avenues for the use of NK in cancer 
immunotherapy. NK cells express an ample panel of acti-
vating receptors and self-MHC class I-specific inhibitory 
receptors that control NK cell cytotoxic capacity. In addi-
tion, studies on the molecular mechanisms regulating NK 
cell activation have revealed novel non-MHC class I-specific 
inhibitory receptors controlling NK cell function, that rep-
resent new targets for checkpoint blockade-based immuno-
therapy. Thus, the inhibitory receptors PD-1 (programmed 
death-1), TIGIT (T cell immunoreceptor with Ig and ITIM 
domains), LAG-3 (lymphocyte activation gene 3 protein) 
and TIM-3 (T cell immunoglobulin domain and mucin 
domain-3) have been shown to be expressed on NK cells 
[20]. In this context, the development of therapeutic anti-
bodies used as checkpoint inhibitors, has revealed new pos-
sibilities for the use of NK cells in therapy against cancer. 
Thus, checkpoint blockade will facilitate NK cell activation 
enhancing NK cell-mediated response against cancer cells 
[20–24].

A number of clinical trials for NK cell immunotherapy 
against solid cancer and hematologic cancer have been 
recorded (https​://clini​caltr​ials.gov), including infusion of 
activated and expanded NK cells and NK cells expressing 
chimeric antigen receptors (CAR–NK cells) [1, 23, 25]. Pre-
liminary studies in human clinical trials [26] have shown 
that the use of NK cells in immunotherapy is not associated 
with the autoimmune side effects that can occur in treat-
ments with monoclonal antibodies (mAbs) against T cell 
checkpoints [27, 28] or with adoptive therapy using T cells 
expressing chimeric antigen receptors (CAR–T cells) that 
may elicit cytokine release syndrome [29, 30].

https://clinicaltrials.gov
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Anti-tumour immunotherapy based on NK cells can be 
directed towards the development of strategies to block 
NK cell checkpoints or the use of autologous or allogeneic 
NK cells in adoptive therapy and the use of immunomodu-
lators to stimulate NK function (Fig. 1a). In most studies, 
NK cell-based immunotherapy uses different therapies 
combinations.

Strategies to block NK cell checkpoints

The use of immunomodulatory monoclonal antibodies to 
block inhibitory receptors expressed by NK cells emerges 
as a promising treatment for cancer. The expression of 
inhibitory receptors on NK cells represents a mechanism 
to control NK cell activity against healthy cells. Thus, dis-
rupting the function of inhibitory receptors on NK cells 
will increase NK cell cytotoxic capacity against tumour 
cells. These therapies can provide long-term survival and 
are usually well tolerated compared with chemotherapy. In 
the future, optimized combinations of different therapies 
to fight cancer including NK cell-based approaches for 
targeting and lysing tumour cells will open new avenues 
in cancer immunotherapy [5, 20–22].

Blockade of MHC class I‑specific NK cell checkpoints

The main checkpoints identified on NK cells are killer 
cell immunoglobulin-like receptors (KIR) and NKG2A 
inhibitory receptors whose ligands are classical and non-
classical (HLA-E) MHC class I molecules, respectively. 
The demonstration that 100% of patients with AML who 
received bone marrow transplants from donors with 
MHC-I–KIR incompatibility achieved 5-year relapse-free 
survival, compared with only 25% transplanted patients 
with MHC-I–KIR compatibility [31], which has been 
confirmed in successive studies (reviewed in [32]), has 
highlighted the importance of blocking NK cell inhibi-
tory receptors and has promoted the design of strategies 
to block these checkpoints (Fig. 1b).

Thus, clinical trials (https​://clini​caltr​ials.gov) in hae-
matological malignancies and solid tumours are under-
way to explore the possibility of potentiating NK anti-
tumour cytotoxic activity through the use of anti-panKIR 
mAb (lirilumab, Innate Pharma/Bristol Myers Squibb) 
that would block the interaction of MHC-I expressed in 
the tumour cell with KIR on NK cells. Up to day, only 
four clinical trials using lirilumab are registered as com-
pleted. The use of lirilumab was analysed in monother-
apy (NCT01687387) as maintenance therapy in elderly 
patients with AML in first remission, or in combination 
with other therapies such as ipilimumab (anti-CTLA-4) in 
the clinical trial NCT01750580 in patients with advanced 
solid tumours or in combination with 5-azacytidine in 
leukaemia patients (NCT02399917) and combined with 
elotuzumab (anti-SLAMF7) for multiple myeloma. Other 
active clinical trials include combined therapies with other 
checkpoint inhibitors such as nivolumab, ipilimumab, 
relatlimab, cabiralizumab (for more detailed description 
of currently available clinical trials see Table 1). These 

Fig. 1   Activating and inhibitory signals control NK cell effector 
functions. NK cell recognition of tumour cells depends on the bal-
ance between different receptors expressed on NK cells that interact 
with their ligands on tumour cells (a). Inhibitory signals are medi-
ated by MHC class I-specific receptors (KIR and NKG2A) and other 
receptors TIM3 (ligand Ceacam-1), LAG3 (ligand LSECtin), TIGIT 
(ligands CD112 and CD155), TACTILE (ligand CD155), recogniz-
ing ligands other than MHC class I molecules. The major activat-
ing receptors include DNAM-1 (ligands CD112 and CD155), NCRs 
NK30 (ligand B7H6), NKp46 and NKp44 and NKG2D (ligands 
ULBPs and MICA/B) whose ligands are frequently overexpressed 
on virus infected and tumour cells. Checkpoint blockade by mAb 
and immunomodulation of NK cell activation and function represent 
strategies for immunotherapy based on NK cells. Clinical trials using 
mAb against KIR, NKG2A, TIM-3, LAG-3 and TIGIT are undergo-
ing (b). Blocking of inhibitory signals can enhance NK cell activation 
leading to tumour cell destruction mediated by granzymes and per-
forin release into immunological synapse

https://clinicaltrials.gov
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clinical trials have demonstrated the low toxic profile of 
KIR-specific mAbs in cancer patients, while no significant 
changes were observed in the number of NK cells upon 
treatment [33]. However, a potential limitation of anti-
KIR mAb therapy is that, paradoxically, it could prevent 
the activation of NK cells since the functional matura-
tion of NK cells requires the interaction of KIR recep-
tors with MHC-I molecules in a process termed education 
(also called licensing, arming or tuning). If the MHC-I 
molecules are not detected, the NK cells become hypore-
sponsive to in vitro stimulation [34], so low levels of 
MHC-I expression in a prolonged manner could lead to a 
low response of NK cells [35]. For this reason, one of the 
arms of the Innate Pharma/Bristol Myers Squibb clinical 
trial includes intermittent doses of lirilumab.

Recently, clinical trials have been initiated using monali-
zumab (Innate Pharma/Astrazeneca/Medimmune), a human-
ized IgG4 mAb specific for the inhibitory receptor NKG2A. 
Monalizumab blocks the binding of NKG2A to HLA-E 
allowing activation of NK and cytotoxic T cell responses 
and its use is currently in Phase 2 in various cancer indica-
tions (gynecologic cancer, head and neck neoplasms, leukae-
mia), as monotherapy or in combined therapy with cetuxi-
mab (anti-EGFR), durvalumab (anti-PD-L1) or conventional 
therapy (surgery, radiation, chemotherapy). Results of these 
clinical trials will contribute to the advance in our knowl-
edge on checkpoint blockade immunotherapy (for more 
detailed description of currently available clinical trials see 
Table 1).

Blockade of other NK cell checkpoints

PD‑1/PD‑L1 blockade‑based therapies

Anti-PD-1/anti-PD-L1 therapies have shown success in the 
treatment of some types of cancer, mainly in those express-
ing PD-L1 and with lymphocyte infiltration. In a recent 
meta-analysis of randomized controlled trials, it has been 
shown that, compared with conventional agents, PD-1 or 
PD-L1 blockade is associated with prolonged overall sur-
vival in PD-L1-positive and PD-L1-negative patients. The 
long-term clinical benefits are observed independently of 
the interventional agent, cancer histotype, method of rand-
omization stratification, type of immunohistochemical scor-
ing system, drug target, type of control group, and median 
follow-up time. Nevertheless, the efficacy of PD-1/PD-L1 
blockade is higher in PD-L1-positive cancers than in PD-L1 
negative [36].

Thus, it has been postulated that strategies aiming to 
increase PD-L1 expression should increase the efficacy 
of these treatments and improve the overall outcomes. 
Interferon (IFN)-γ induces PD-L1 expression on tumours, 
although, at least in an ovarian cancer model, the induction 

of PD-L1 coincides with the presence of regulatory T cells 
within tumours. In this experimental model the use of acti-
vated NK cells, that secrete high amounts of IFN-γ in com-
bination with anti-PD-L1 significantly improves anti-tumour 
efficacy of NK cell-based adoptive immunotherapy, support-
ing the use of anti-PD-L1 in combination with NK cell ther-
apy regardless of initial tumour PD-L1 status and indicate 
that NK cell therapy would likely augment the applicability 
of anti-PD-L1 treatment [37].

In addition to its effect enhancing anti-tumour T lympho-
cyte response, PD1/PD-L1 blockade also results in increased 
in vivo NK cell persistence and retention of their cytotoxic 
phenotype. Disrupting PD-1 inhibitory pathway with anti-
PD-1/PD-L1 antibodies enhances NK cell functions against 
multiple myeloma cells [38] and improves IFN-γ release 
by NK cells [39] and partially restores the degranulation of 
PD-1 + NK cells in the presence of PD-L1 + target cells [40].

TIGIT and TACTILE‑based blockade therapies

Another inhibitory receptor expressed in NK cells and that 
may represent a new target for immunotherapy based on 
the blockade of checkpoints, is TIGIT, expressed in both T 
lymphocytes and NK cells and whose ligands, CD112 and 
CD155, also interact with the activating receptor DNAM-1 
[20, 41, 42].

Four monoclonal antibodies against TIGIT are cur-
rently under investigation. Tiragolumab (also known as 
MTIG7192A and RG6058) is a fully human antibody that 
binds TIGIT developed by Genentech/Roche that is being 
analysed for use in immunotherapy in preclinical studies 
in combination with antibodies to PD-1, another inhibitory 
receptor of T lymphocytes that can also be expressed in 
NK cells [43]. Bristol-Myers Squibb also initiated a phase 
I/II study with an anti-TIGIT antibody (BMS-986207) as 
monotherapy or in combination with nivolumab in advanced 
solid tumours (NCT02913313). Etigilimab (OMP-313M32) 
developed by OncoMed Pharmaceuticals is under study in 
a phase I clinical trial (NCT031119428) in solid tumours 
as monotherapy or in combination with anti-PD1. AB154 
developed by Arcus Bioscience has started a phase I clinical 
trial (NCT03628677) evaluating the safety, pharmacokinet-
ics, pharmacodynamics and preliminary efficacy of AB154 
in advanced solid tumours as monotherapy or combined with 
AB122 (anti-PD-1) (for more detailed description of cur-
rently available clinical trials see Table 1).

In a recent study Zhang et al. have also demonstrated 
that TIGIT, but not the other checkpoint molecules 
CTLA-4 and PD-1, was associated with NK cell exhaus-
tion in tumour-bearing mice and patients with colon can-
cer. In addition, TIGIT blockade prevented cell exhaus-
tion and triggered NK cell-dependent tumour immunity 
in experimental mouse models. TIGIT blockade also 
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enhanced therapy with antibody to PD-L1 and sustained 
memory immunity in tumour re-challenge models. Thus, 
blockade of the checkpoint receptor TIGIT prevents NK 
cell exhaustion and elicits potent anti-tumour immunity 
[44].

TACTILE (CD96) blockade with monoclonal anti-
bodies inhibited experimental metastases in preclinical 
tumour models, and its effect was dependent on NK cells 
[45].

LAG‑3 and TIM‑3‑based blockade therapies

Other inhibitory receptors such as LAG-3 and TIM-3 
are also expressed in NK cells could also be involved in 
their function acting as checkpoints representing targets 
for novel immunotherapy protocols [45, 46]. Thus, clini-
cal trials using mAb against LAG-3 and TIM-3 alone or 
in combination with other checkpoint inhibitors such 
as anti-PD-1 are currently ongoing and their results are 
expected for the next years. Thus, clinical trials using 
relatlimab (BMS-986016), an anti-LAG-3 monoclonal 
antibody developed by Bristol-Myers Squibb, are ongo-
ing (NCT01968109, NCT03470922) either as monother-
apy or in combination with anti-PD-1 in the treatment of 
solid tumours. An anti-LAG-3 antibody from Novartis, 
LAG525, is also being analysed in combination with anti-
PD-1 in advanced solid (NCT02460224, NCT03365791) 
and hematologic malignancies (NCT03365791), in tri-
ple-negative breast cancer (NCT03499899), and mela-
noma (NCT03484923). Merck has developed MK-4280 
an anti-LAG-3 antibody that is being evaluated in com-
bination with anti-PD-1 in patients with hematologic 
malignancies (NCT03598608) and advanced non-small 
cell lung cancer (NSCLC) (NCT03516981), and in mon-
otherapy or in combination with anti-PD-1 in advanced 
solid tumours (NCT02720068). A multicentre phase I 
study (NCT03250832) is evaluating TSR-033, an anti-
LAG-3 monoclonal antibody developed by Tesaro Inc., 
in advanced solid tumours in combination with anti-PD-1 
(for more detailed description of currently available clini-
cal trials see Table 1).

TSR-022 an antibody against TIM-3 developed by 
Tesaro Inc., is under investigation in three clinical trials 
in advanced cancer alone or in combination with anti-PD-1 
(NCT02817633, NCT03307785), and in primary liver 
cancer (NCT03680508) in combination with anti-PD-1. 
Novartis anti-TIM-3 antibody MBG453 is being evalu-
ated as monotherapy or in combination with anti-PD-1 in 
patients with advanced malignancies (NCT02608268) and 
patients with AML or high risk MDS (NCT03066648) (for 
more detailed description of currently available clinical 
trials see Table 1).

Checkpoint blockade in adoptive NK cell therapy

NK cell adoptive therapy in combination with the transplan-
tation of hematopoietic progenitors in AML patients has 
shown good results, particularly if the HLA–KIR mismatch 
between donor and recipient is pursued [32]. The possible 
application to other types of tumours is being studied. The 
main limitations found for adoptive transfer of NK cells are 
the need for a large number of NK cells that have to be 
expanded in vitro and must have, after the expansion, cyto-
toxic capacity which implies that the balance between inhibi-
tion (mediated by inhibitory receptors such as KIR, NKG2A, 
TIGIT, TIM-3, LAG-3 or PD1) and activation (mediated by 
activating receptors such as NKG2D, NCR and DNAM-1) 
is positive and tumour cells are destroyed. Adoptive transfer 
of activated NK cells in combination with therapies aiming 
at blockade of inhibitory receptors is an alternative that can 
increase the efficacy of these treatments and improve the 
overall outcome [37]. The use as effector cells of the NK-92 
cell line that can be expanded in vitro and does not express 
KIR has also been proposed as an alternative to autologous 
or allogenic adoptive transplants of NK cells [47].

Advances in cancer immunotherapy have shown the 
promising potential of new therapeutic protocols, among 
which the use of NK cells stands out. The progress made in 
the characterization of activating and inhibitory receptors, 
in the mechanisms of recognition of target cells and tumour 
escape together with the possibility of manipulating these 
cells have shown that immunotherapy against cancer based 
on NK cells can be a reality. The identification of inhibitory 
receptors as checkpoints in the activation of NK cells and 
their blocking by mAbs opens new therapeutic possibilities. 
Furthermore, the use of genetically engineered NK cells [25] 
and the development achieved in the designing of bispecific 
antibodies, BiKEs and TriKEs to be used as enhancers of 
NK cell function [5] represent new possibilities in NK cell-
mediated immunotherapy that should be considered.

MicroRNAs (miRNAs) regulators of immune 
checkpoint expression

A network of miRNAs controls several immune checkpoint 
molecules. In addition, immune checkpoint blockade can 
change the expression of miRNAs [48, 49]. Thus, miRNA-
based regulation of PD-1 immune checkpoint has been 
extensively investigated in preclinical tumour models sup-
porting the role of miR-34a and miR-200 as negative regu-
lators of PD-L1 expression in AML and NSCLC. Other 
miRNAs have been shown to inhibit PD-L1 expression in 
different tumours such as miR-142-5p in pancreatic cancer 
or miR-138 in colorectal cancer (reviewed in [48, 49]. In 
a glioma mouse model, tumour‐infiltrating CD8+T cells 
without miR-15a/16 showed lower expression of PD‐1, 
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TIM‐3 and LAG‐3 suggesting that miR-15a/16-deficient 
T cells are more resistant to exhaustion and can control 
glioma progression [50]. In this context, the transfection 
of miR-138 was reported to decrease PD-1, CTLA-4 and 
FoxP3 expression in CD4 T cells. In vivo treatment of 
gliomas with miR-138 in immunocompetent mice dem-
onstrated glioma regression and increased survival [51].

Several microRNA (miR-146a, miR-155, miR-125b, 
miR-100, let-7e, miR-125a, miR-146b, miR-99b) have been 
associated with myeloid-derived suppressor cells (MDSCs) 
infiltrate and with resistance to treatment with immune 
checkpoint inhibitors in melanoma patients. These micro-
RNAs were found to be responsible for the conversion of 
monocytes into MDSCs mediated by melanoma extracellular 
vesicles [52]. In vitro studies have demonstrated that miR-28 
mimics decrease the expression of PD-1, whereas miR-28 
inhibition increases the expression of PD-1 and TIM-3 [53].

Conclusion

In conclusion, research in the last decade has unravelled 
major molecular mechanisms governing NK cell-mediated 
anti-tumour reactivity. However, further characterization of 
the molecular nature of ligands for NK activating receptors 
and their regulation in tumour cells is still required. Analysis 
of NK cells and tumour cells are required to define person-
alized immunotherapy procedures in cancer patients. Thus, 
uncovering major immunosuppressive pathways pursued by 
tumours to evade NK cell recognition will further aid in this 
endeavour. The use of inhibitors of NK checkpoints (KIR, 
NKG2A, TIGIT, TIM-3, LAG-3) are of potential use in NK 
cell-based immunotherapy in combination with other NK 
cell activation stimuli. Thus, modulation of NK activating 
receptors and NK cell function by cytokines, immunomod-
ulatory drugs or agonist mAbs represents new strategy in 
NK cell-based immunotherapy. In this context, the effect 
of immunosenescence should be considered to improve the 
efficiency of cancer immunotherapy [42, 54]. Recent stud-
ies describe miRNAs as key regulatory elements of tumour 
immune response being involved in tumour immune escape 
mechanisms such as immune checkpoints. Further charac-
terization of the relationship of tumour cells with NK cells 
can facilitate the definition of biomarkers that may be use-
ful as prognostic and response markers for NK cell-based 
immunotherapy.
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