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Abstract
Glioblastoma (GBM) is one of the most difficult cancers to treat because GBM has the high therapeutic resistance. 
Recently, immunotherapies for GBM have been used instead of conventional treatments. Among them, Natural killer 
(NK) cell-based immunotherapy has the potential to treat GBM due to its properties such as the absence of restriction by 
antigen-antibody reaction and deep penetration into the tumor microenvironment. Especially, genetically engineered NK 
cells, such as chimeric antigen receptor (CAR)-NK cells, dual antigen-targeting CAR NK cells, and adapter chimeric antigen 
receptor NK cells are considered to be an important tool for GBM immunotherapy. Therefore, this review describes the 
recent efforts of NK cell-based immunotherapy in GBM patients. We also describe key receptors expressing on NK cells 
such as killer cell immunoglobulin-like receptor, CD16, and natural killer group 2, member D (NKG2DL) receptor and 
discuss the function and importance of these molecules.
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Abbreviations
AdCAR   Adapter chimeric antigen receptor
ADCC  Antibody-dependent cellular cytotoxicity
AMs  Adapter molecules
bsAb  Bispecific antibody
CAR-NK cells  Chimeric antigen receptor-Natural Killer cells
CD28  Cluster of Differentiation 28,
CSC  Cancer stem like cells
DAP12  DNAX-activating protein 12
DNAM-1/CD226  DNAX accessory molecule 1
EGFR  Epidermal growth factor receptor
FASL  FAS ligand.
FITC  Fluorescein isothiocyanate
GBM  Glioblastoma
GD2  Disialoganglioside
GSCs  GBM stem cells
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GVHD  Graft versus host disease
HER2/ErbB2  Human epidermal growth factor receptor 2
HLA-I  Human leukocyte antigen class I (such as HLA-A, B, C)
IFN  Interferon
IgG  Immunoglobulin G
IL  Interleukin
KIR  Killer cell immunoglobulin-like receptors
LDHi5/LDH-A  Lactate dehydrogenase isoform 5;
mAb  Monoclonal antibody
MHC  Major histocompatibility complex
MIC  MHC class I chain-related protein
MULT1  Mouse UL16-binding protein-like transcript 1
NG2/CSPG4  Targeting neuron glial antigen 2 (also known as chondroitin sulfate proteoglycan 4)
NK cells  Natural killer cells
NKG2DL  Natural killer group 2, member D ligands
PB  Peripheral blood
PD-1  Programmed cell death protein 1
PD-L1  Programmed cell death ligand 1
ROS  Reactive oxygen species
scFv/FRP5  Single-chain variable fragment
sctb  Single-chain Fv triplebody
TGF  Transforming growth factor
TME  Tumor microenvironment
TNF  Tumor necrosis factor
UCB  Umbilical cord blood
ULBP  UL16 binding protein

1 Introduction

Glioblastoma (GBM) is the most common primary brain cancer and accounts for nearly 50% of mortality and mor-
bidity of all brain cancers. Despite the improvement in the diagnosis and therapeutic agents for GBM are being 
developed one after another, survival rates are insignificant. Only 25% of patients live more than one year, and 5% 
live more than five years [1]. The current treatments for GBM, which include combinations of surgery, chemotherapy, 
and radiotherapy, have remained unchanged since 2005, yet statistical results suggest that these techniques have 
failed to increase the therapeutic efficiency and prognosis of GBM patients [2].

Recently, numerous studies have reported optimistic outcomes for the role of immunotherapy in treating GBM 
including an increase of 5-year survival by almost 13% compared to 5% for conventional treatment strategies [3]. 
One aspect of cancer immunotherapy, sometimes referred to biological therapy, is the engineering of immune 
cells to boost the body’s natural defenses against cancer. However, due to the exclusive properties of glioma cells, 
immunotherapy has faced multiple challenges such as an immunosuppressive microenvironment, low immuno-
genicity, strong heterogeneity, and escape from immune surveillance [4, 5]. As a result, researchers have struggled 
to determine the effectiveness of immunotherapy in GBM. Though still an emerging technique, among other lym-
phocytes, natural killer (NK) cells may be more appropriate as therapeutic agents against the microenvironment and 
heterogeneous characteristics of GBM. Due to their properties, such as resistance to immune suppression and deep 
penetration into the tumor microenvironment, genetically engineered NK cells may become an important tool for 
GBM immunotherapy [5]. Here, we review recent efforts in the use of NK cell-based immunotherapy in GBM patients.
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2  Chimeric antigen receptor‑NK cells (CAR‑NK cells)

Similar to the efficiency and effectiveness of CAR-engineered T cells in the treatment of GBM recurrence, the adoptive 
transfer of CAR-modified NK cells has shown an appreciable anti-glioma activity both in vitro and in vivo. However, in 
contrast to CAR-T cells, which require an autologous supply for each patient, NK cells are safe in an allogeneic condition, 
which broadens the range of cell donors for generating clinically relevant doses of CAR-NK cells for therapy [6]. Moreover, 
CAR-NK cells are superior to CAR-T cells in safety because they act free from the antigen-antibody reaction and do not 
induce a cytotoxic effect such as cytokine release syndrome using a variety of tests [7]. Therefore, the intrinsic proper-
ties of NK cells make them an appealing alternative as CAR-engineered effectors in cancer treatment. This has paved 
the way for several clinical trials to be conducted to develop this method further and improve its ability to act against 
glioma cells [8, 9]. Briefly, CAR-NK cells can recognize CAR-targeted antigens and stimulate NK cell activation, prolifera-
tion, and secretion of various inflammatory cytokines and chemokines. Following cancer cell recognition, NK cells form 
a lytic synapse between themselves and cancer cells to enable guided delivery of lytic granules against susceptible 
cancer cells while still retaining their natural activating and inhibitory receptors [7]. Thereby, CAR-NK cells, in addition to 
eliminating tumor cells in a CAR-dependent manner, can destroy cancer cells that do not express CAR-targeted antigens 
(CAR-independent) (Fig. 1) [10].

CARs are made of a modified fusion protein based on the T cell receptor. It incorporates single-chain variable fragment 
(scFv/FRP5) as an extracellular antigen-binding domain that is predetermined to identify tumor antigens overexpressed 
on or unique to cancerous cells (in a major histocompatibility-independent way) and is connected to an intracellular 
activation signaling domain(s). CAR activation by a particular antigen leads to activation of the downstream signaling 
pathway that assists in the killing of malignant cells [11, 12]. Molecular research has shown that the epidermal growth 
factor receptor (EGFR) and its mutant version, EGFR variant III (EGFRvIII), are often overexpressed in GBM patients. Müller 
et al. developed a particular CAR on the cell surface of modified NK cells for the treatment of GBM that improved glioma 
cells destruction and increased survival rates in mice harboring GBM cancer [13]. The CAR consisted of a portion of the 

Fig. 1   Structure of chimeric antigen receptor (CAR)- Natural Killer (NK) cells and the manner of tumor cell elimination. A Functional struc-
ture of CAR. CAR consists of three major sites: the extracellular region with a single-chain variable fragment (scFv), the intracellular region 
with a signal activating domain, and the transmembrane (TM) region that connects the extracellular and intracellular regions. ScFv recog-
nizes tumor antigens that are overexpressed in cancer cells or expressed only in cancer cells. The TM region transduces activation signals 
recognized by scFv into intracellular activation signals. The intracellular activating domain regulates gene expression, which activates NK 
cells and stimulates chemokine and cytokine secretion. B The CAR-dependent or CAR-independent manner of tumor cell elimination. CAR-
NK cells recognize tumor antigens and activated themselves. Activated CAR-NK cells produce secretory cytokines and chemokines. These 
are effective not only on CAR-recognized cells (CAR-dependent) but also on cancer cells that do not express the tumor antigens recognized 
by scFv (CAR-independent). Activated CAR-NK cells express FAS ligand (FASL) or TRAIL. FAS and TRAILR recognize FASL and TRAIL on the sur-
face of cancer cells, respectively. These promote cancer cell apoptosis in a CAR-independent manner
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EGFRvIII-specific antibody (also called MR1) as a single-chain variable fragment (scFv) that was linked to the DNAX-
activating protein 12 (DAP12) domain as an intercellular region for signal transduction, resulting in increased cytotoxicity 
to cancer cells, the release of pro-inflammatory factors, and extend symptom-free survival in immunocompetent mice 
[5, 13, 14]. DAP12 is a protein with three immunoreceptor tyrosine-based activation motifs that transmits signals via 
activated NK cell receptors [13]. Other studies have demonstrated that additional alterations of NK cells to carry an MR1 
antibody with C-X-C motif chemokine receptor 4 increased the chemotaxis to C-X-C motif chemokine 12, also known 
as stromal cell-derived factor 1 generated by glioma cells, leading to higher stability in the circulation compared to NK 
cells expressing EGFRvIII alone [13].

Similar to EGFRvIII, human epidermal growth factor receptor 2 (HER2/ErbB2) has been proposed as a potential candi-
date for a tumor antigen. It belongs to a subfamily of EGFR and is overexpressed in 80% of tumor samples of GBMs and is 
associated with poor survival [15]. Zhang et al., developed genetically engineered NK cells to express a CAR that consisted 
of the HER2-specific antibody FRP5 and related intracellular signaling domains Cluster of Differentiation 28 (CD28) and 
CD3ζ [16]. This study indicated the higher anti-cancer effects of ErbB2-specific CAR NK cells against glioma cells, which 
minimized the spread of tumors in immunocompetent mice [16, 17]. However, immunological evasion by antigen-loss 
variations as well as the heterogenic characteristics of GBM clones considered as the primary causes of CAR-NK cell failure 
would limit their use in clinical application. As a result, there is an urgent need for next-generation therapies to address 
these newly identified hurdles. Preclinical studies have examined methods such as dual antigen-targeting and adapter 
chimeric antigen receptors (AdCAR) to overcome this resistance to treatment [18, 19].

3  Dual antigen‑targeting CAR NK cells

Today, despite significant improvements, more than half of GBM patients treated by single-targeting chimeric antigen 
receptor NK cells have unsatisfied clinical outcomes. Thereby, to improve the anticancer activity and survivability in 
patients with GBM, several antigens can be targeted at once, which in preclinical investigations has already yielded 
encouraging results. Current clinical trials will reveal their potential for the treatment of GBM patients [20, 21]. In other 
words, dual-antigen targeting can be applied to CAR NK cells against a set of antigens that are present on cancer cells at 
a higher rate but exhibit limited expression on normal cells to provide enhanced tumor selectivity and NK cell-mediated 
target cell disruption [21]. For instance, in immunodeficient mice with GBM presenting EGFR, EGFRvIII positive, or both 
receptors, it is desirable to integrate additional targets within the target range in engineered NK cells [22, 23]. Geneti-
cally engineered NK cells expressing CARs with scFv antibody fragments that simultaneously target both antigens EGFR, 
EGFRvIII, or an epitope common to both antigens, is preferable to treatment with corresponding one-targeting CAR NK 
cells (Fig. 2 A) [20, 21]. In general, the EGFRvIII mutant is seen in 20–40% of EGFR-amplified malignancies [24, 25].

Genßler et al. demonstrated that, in mouse models, intracranial injection of CAR targeting both EGFR and EGFRvIII 
led to significant tumor growth inhibition and greatly extended survival [20]. In another study, Wang et al. developed 
dual-antigen targeting NK cells with an extra functional feature that protects NK cell activity from being inhibited by 
immunosuppressive factors produced by the GBM tumor microenvironment (TME) [4]. They designed dual-functional 
CARs that target disialoganglioside (GD2) and natural killer group 2, member D ligands (NKG2DL), which are broadly 
present in glioma cells [26–28]. Moreover, the simultaneous local release of anti-CD73 fragments capable of binding to 
CD73 + GBM TME by proteinase activity in the TME resulted in significantly lower adenosine production rates [29, 30]. 
In contrast, CD73-induced accumulation of adenosine in TME leads to remarkable impairment of purinergic signaling 
of NK cells, which further affects their normal functions [31, 32]. Despite significant tumor heterogeneity and various 
immunosuppressive features of the GBM TME, these multifunctional equipped CAR-NK cells have shown an effective 
anti-GBM activity, in which tumor progression was either delayed or prevented in all treated mice [19]. However, numer-
ous questions such as longer-term efficacy and the impact of antigen targeting on the immunological landscape of GBM 
tumors must be resolved before employing NK cell-based GBM immunotherapy in clinical contexts [19].

4  Adapter chimeric antigen receptor (AdCAR)

Most current CAR therapeutic interventions target a single tumor antigen, which limits CAR-T or CAR-NK cells as a 
potential therapeutic approach for cancers that are heterogeneous and phenotypically flexible. This may also explain 
why the CAR technique has limited anticancer efficacy in patients with solid tumors. Recently, from its first to fourth 
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generation, CAR design has had continual modifications that have enhanced CAR NK cell expansion, cytotoxicity, 
and cytokine production [32]. AdCAR was created to target a single CAR to multiple kinds of cancer antigen, which 
simplifies the therapy procedure and therapeutic choices. Moreover, AdCARs increase the tumor selectivity, flex-
ibility, and stability of conventional CAR NK cells [33, 34]. To meet these aims, the target antigen recognition and 
signaling components of traditional CARs were split, generating a dichotomous system composed of an AdCAR and 
tumor-specific adapter molecules (AMs) [35]. This dichotomous system has several advantages over conventional CAR 
systems, including (1) the anti-tumor reactions reduce and disappear with the removal of the AM from the patient 
and (2) repeated AM administration allows for the restarting of treatment against the same or a different target in 
the event of cancer recurrence [32, 36]. AMs themselves consist of two active domains (an antigen-binding domain 
and a CAR binding domain), which serve as a linker between the tumor and AdCAR NK cells and can navigate CAR-NK 
cells to different tumor-associated antigens (TAA) [35, 37]. In this strategy, when the AM binds to a cancer cell, the 
AdCAR will attach to it and begin destroying the cancer cells. Three primary types of AdCAR platforms are often used 
in various types of cancer, including Fc-binding AdCARs, tag-specific AdCARs, and bispecific antibody (bsAb)-binding 
AdCARs [38–40]. In principle, tag-specific AdCARs are coupled with AMs using chemically and enzymatically bound 
tags. Most interactions with tag-specific AdCARs occur between avidin or streptavidin conjugated to biotin as well 
as scFv-based fluorescein isothiocyanate (FITC) CARs binding the synthetic dye FITC [38]. Recently, numerous studies 
have shown promising results in patients with GBM. For instance, Grote et al. demonstrated that AdCAR engineered 
NK-92 cell, a human natural killer cell line, using biotinylated antibodies (bAb) as the AM could significantly improve 
glioma cell lysis, specifically in GBM cancer stem (-like) cells (CSCs) (Fig. 2B) [41]. Notably, AdCAR-mediated lysis of 
CSCs was substantially higher than AdCAR-mediated lysis of adult GBM cells due to up-regulation of several target 
antigens on GBM CSCs. They designed a targeting biotinylated monoclonal antibody (mAb) with a novel scFv based 
on avidin and streptavidin as the AM [41]. The scFv could attach up to four biotin ligands at the same time, for which 
immune cell activity may be controlled quantitatively (on/off switch) as well as qualitatively (change in target antigen 
composition) [41, 42]. AdCAR-NK cells, in conjunction with biotinylated therapeutic antibodies, can be utilized for flex-
ible, patient-specific immunotherapy, enabling cancer patients to have access to more economical, safe treatments.

Fig. 2   Dual antigen-targeting and adapter chimeric antigen receptor (AdCAR) therapy in glioblastoma (GBM).A  Structure and recogni-
tion of dual antigen-targeting CARs in NK cells. NK cells express scFvs that recognize Epidermal growth factor receptor (EGFR)vIII or EGFR. 
Therefore, these NK cells can recognize not only GBM cells expressing both EGFRvIII and EGFR but also cells expressing only one of them. 
B  AdCAR therapy in GBM. AdCAR can recognize bAb. AdCAR is designed to recognize bAb and is used in conjunction with bAb, which 
can recognize cancer surface antigens. The important thing is that once AdCAR NK cells are made, it is possible to control them by simply 
changing bAb, even if the surface antigen of the patient’s cancer changes. Therefore, the use of AdCAR brings flexible and economical ben-
efits for patient-specific immunotherapy. Please see the main text for details
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5  Killer cell immunoglobulin‑like receptors (KIRs) as key immunotherapeutic molecules

NK cells are critical components of the innate immune response against invading organisms and cancer cells. NK 
cells activation, compared to other lymphocytes (T and B cells) is controlled by integrating receptor- and corecep-
tor-related pathways that involve the interaction of activating and inhibitory receptors on the NK cell membrane 
with their pair ligands presented on cancer cells [43, 44]. Inhibitory receptors appear in a variety of forms, the most 
important of which are KIRs, highly conserved NKG2A/CD94 receptors (C-type lectin receptors), and programmed 
cell death protein 1 (PD-1) [44–46]. Inhibitory signals mediated by KIR are the key regulators of NK cell activation. The 
primary ligands for these receptors are the human leukocyte antigen class I (HLA-I; HLA-A, B, C) molecules, which are 
expressed on the surface of normal cells, identifying them as self and, thus, avoiding autoimmunity [44, 46, 47]. In 
contrast, tumor cells have decreased HLA-I expression, which promotes NK cell activation through activating recep-
tors and subsequent cancer cell killing (Fig. 3A) [44].

Interestingly, rare malignancies such as GBM generate significant quantities of major histocompatibility complex 
(MHC) class I molecules, which serve as ligands for inhibitory receptors, despite the presence of NK cell-stimulating 
ligands such as UL-16 binding protein (ULBP) and MICB (ligand for NKG2D), thus evading the NK-mediated regula-
tion of tumor growth and neutralizing the immunoprotective activities of NK cells (Fig. 3B) [48]. Moreover, NK cells 
make up the smallest percentage of immune cells that infiltrate in glioma (2.11%). Therefore, novel strategies that (1) 
prevent NK cell inactivation owing to the presence of cancer-related ligands such as HLA-I or (2) increase the amount 
of NK cells in GBM cancers could significantly improve the anti-tumor activity of NK cells against GBM cancers [48, 
49]. Several methods have been developed to enhance NK cell homing in GBM for better treatment (see 5 − 1 and 
5 − 2 below).

Fig. 3   Killer cell immunoglobulin-like receptors (KIR) in NK cells. A Normal cells express major histocompatibility complex (MHC) class I mol-
ecules such as human leukocyte antigen class I. This binds to KIR, which is expressed on the surface of NK cells. When KIR binds to MHC class 
I molecules, NK cells recognize cells as autologous, and NK cells are inactivated. Most cancer cells do not express enough HMC class I mol-
ecules. Therefore, NK cells can not recognize these cancer cells as autologous cells and attack them. B GBM cells express a sufficient amount 
of MHC class I molecules and are not attacked by NK cells, like normal cells. When allogeneic NK cells were used, they attack GBM because 
allogeneic NK cells can not recognize GBM cells as autologous cells. C Anti-KIR antibody treatment allows KIR to attack GBM because KIR 
cannot bind to MHC class I molecules. Similarly, Natural killer group 2, member A (NKGA2) antibody treatment leads to activated NK cells. 
This is because NKGA2 on NK cells cannot bind to HLA-E on GBM, and inhibitory signals do not occur
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5.1  Allogeneic NK cells

Adoptive transfer of autologous NK cells is an appealing strategy to expand the number of effective NK cells even 
in the presence of a high tumor burden. It eliminates concerns about donor-recipient HLA incompatibility and graft 
rejection by the host immune system [50]. However, autologous NK cell infusion is inefficient in several cancers such 
as GBM [50], and autologous NK cells are likely to be inhibited by self-HLA signals in tumor cells in the absence of 
significant activating stimuli or CD16 interaction with antibodies. This circumstance emerges as a consequence of 
interactions between KIR receptors and their HLA ligands on cancer cells; as a result, NK cell activity is repressed by 
inhibitory receptors, allowing tumor cell survival [50–53].

To overcome the situation, researchers have continued to examine the use of allogeneic donor NK cells rather than 
autologous NK cells for cancer treatment [50–53]. Even if the cancer cells (such as GBM) express sufficient amount of 
MHC class I molecules, allogeneic NK cells can attack GBM because they do not recognize GBM cells as autologous 
cells (Fig. 3B) [51]. This method has the disadvantage that it is difficult to activate allogeneic NK cells due to immu-
nological incompatibility between tumor MHC molecules and donor KIR expressed on allogeneic NK. However, the 
presence of several cytokines can activate the allogeneic NK cell. It has been reported that interleukin (IL)-2, 12, IL-15, 
IL-18, and CCL5 are cytokines that have a role in NK cell activation [54].

There is an association between the use of allogeneic NK cells and graft versus host disease (GVHD), but GVHD can 
be avoided if the injected product is sufficiently T-cell depleted. Despite this, one study discovered an abnormally 
high rate of acute GVHD in patients who received allogeneic NK cells. However, researchers believe that GVHD is T 
cell-mediated rather than NK cell-mediated [55]. One of the difficulties with allogeneic NK cells is that they are some-
times rejected by the recipient’s immune system, limiting their therapeutic use [56, 57]. Prevention of rejection can 
be accomplished by administering lymphodepleting chemotherapy to the patient before the infusion of NK cells. 
According to animal research, lymphodepletion chemotherapy may increase the effectiveness of adoptively trans-
planted NK cells and, hence, the therapeutic outcome [57, 58]. The lymphodepletion conditioning regimen includes 
two medications that are given preferentially: cyclophosphamide and fludarabine [58].

Several studies have investigated the use of allogeneic NK cells in the treatment of GBM tumors. For instance, Shaim 
et al. confirmed that utilizing genetically modified allogeneic NK cells with a suppressed αv integrin/transforming 
growth factor (TGF)-β axis or CRISPR-gene-edited TGF-receptor 2 (TGFBR2) dramatically increased the overall survival 
in mouse model by effectively targeting both GBM stem cells (GSCs) and non-GSCs [6, 59, 60].

A major source of allogeneic NK cells is umbilical cord blood (UCB), which is commonly used in transplant settings. 
The potential benefits of UCB-derived NK cells as a ready-to-use source for NK cell immunotherapy over peripheral 
blood (PB) derived NK cells include (1) higher CD56 bright cell surface density; (2) higher expression of CD11c, CD94/
NKG2D, and L-selectin; (3) younger cells that are more capable of proliferating; (4) greater production of interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α; and (5) higher levels of CD69 when activated with IL-12 and IL-18 [61–63].

IFN-γ production by NK cells as a pluripotent cytokine has important functions in antiviral, anticancer, and immu-
nomodulatory processes and should be regarded as a potentially useful factor for suppressing tumor formation 
via a various pathway [64, 65]. Additionally, IFN-γ may be involved in the generation of cell cycle inhibitors such as 
p16 and p21 and in autophagy-mediated apoptosis through the production of reactive oxygen species (ROS) [64, 
66, 67]. Contrary to these tumor-suppressing effects of IFN-γ, IFN-γ is also known to increase tumor development, 
angiogenesis, and the homeostasis response [68]. IFN-γ produced by NK and T cells promotes the production of 
MHC class I molecules in tumor cells, and it can decrease NK cell function via inhibitory receptor ligation [64, 68]. 
Not surprisingly, the conflicting biological and pathological consequences of IFN-γ continue to be a major topic of 
research in the literature.

There are currently numerous clinical trials using UCB NK cells for the treatment of cancer. Recently, several studies 
have found that TGF as an immune-suppressive cytokine in the tumor microenvironment adversely affected NK cell 
activity by a inhibition of activating receptors such as NKG2D and NKp46. However, cancer cells’ evasion of NK cells is 
not limited to reducing activator receptor expression. Higher expression of isoform NKp30c of the activating receptor 
NKp30 (compared to isoforms NKp30a and NKp30b), which mediates an immunosuppressive signal by generating 
IL-10, is correlated with a weaker activating signaling and decreased TNF- and IFN-secretion in patients with gas-
trointestinal stromal tumor [69] and neuroblastoma [70]. Other factors generated by the tumor microenvironment, 
such as prostaglandin E2, adenosine, L-kynurenine, and picolinic acid can also suppress NK cell activation [71, 72]. 
To mitigate the adverse effects of TGF-β, Yvon et al. used UCB as a source of allogeneic NK cells with a genetically 
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modified dominant-negative TGF-β receptor II and verified that they could sustain both NKG2D expression and release 
of IFN-γ in the presence of TGF-β for the identification and lysis of GBM cancer cells [62, 73, 74].

5.2  Therapeutic use of anti‑KIR or anti‑NKG2A mAbs

IFN-γ generated by NK cells increases MHC class I molecule expression in tumor cells and can reduce NK cell activity 
via inhibitory receptor ligation, which effectively blocks the stimulation signals of co-engaged activating receptors in 
the immunological synapse [75]. Thus, one potential strategy for increasing NK cell killing is to disrupt this connection 
with checkpoint blockers, such as monoclonal antibodies that target KIRs or NKG2A (Fig. 3C) [76, 77]. Unprecedented 
advances in tumor management have been made possible by therapeutic mAb-mediated masking of inhibitory ‘‘check-
point” receptors (PD-1, KIRs, and NKG2A) [75, 78]. The inhibition of these checkpoints by monoclonal antibodies alleviates 
the immune cells from suppression and allows them to identify and kill cancer cells [79]. Monalizumab, a humanized 
immunoglobulin G (IgG) 4, targets NKG2A receptors and inhibits their interaction with HLA-E-expressing cancer cells 
and enhances degranulation and IFN-γ production by NKG2A + NK cells. Monalizumab is typically administered in com-
bination with other agents such as anti-programmed cell death ligand 1 (PD-L1) blockade, which promotes both T and 
NK cell immunity [80, 81]. Lirilumab (IPH2102), a human mAb aimed at preventing the interaction of three inhibitory 
KIRs (KIR2DL-1, -2, and − 3) and their ligands HLA-C1 and C2, not only increased cell-mediated lysis but also augmented 
antibody-dependent cellular cytotoxicity (ADCC) in clinical trials [82]. Pembrolizumab, nivolumab, and pidilizumab are 
humanized monoclonal antibodies that target PD-1 as immunological checkpoints on the surface of NK cells and have 
made immunotherapy an attractive option in GBM compared to conventional treatments [83–85]. However, compared to 
bevacizumab (anti-vascular endothelial growth factor monoclonal  IgG1 antibody), use of these agents as a monotherapy, 
such as nivolumab monotherapy, did not enhance overall survival in patients with GBM [86]. In Tables 1, we summarize 
some major therapeutic agents used in monotherapy.

So far, these agents as monotherapy have not proven to be clinically helpful in patients with GBM [87, 88]. The mul-
tiplicity of immunosuppressive pathways identified in GBM may require a combination of various immune checkpoint 
blockers to gain optimal therapeutic outcomes [89]. A recently published study demonstrated that a combination of 
lirilumab with pembrolizumab or nivolumab with ipilimumab as “dual immunotherapy” for patients with non-small-cell 
lung carcinoma or melanoma, respectively, had additive effects promoting both ADCC and the response rate in com-
parison with monotherapy [47, 90]. Moreover, in tumors expressing both HLA-E and PD-L1, inhibition of the NKG2A and 
PD-1/PD-L1 axis simultaneously resulted in not only increased NK and T cell cytotoxicity but also promoted T cell prolif-
eration and development of T cell memory [89]. In a preclinical trial in an in vivo mouse model, the anti-KIR lirilumab in 
conjunction with the immunomodulator lenalidomide showed a moderate effect on multiple myeloma tumors when 
compared to each drug individually [82]. When novel treatments are introduced, combination therapy may also allow 
the use of more toxic traditional anti-tumor drugs at lower dosages. Patients with compromised immune systems as a 
result of prior radiation or chemotherapy may also benefit from NK cell augmenting treatments. Overall, a number of 
clinical trials are now underway, both as monotherapy and in combination with other agents, and have yielded promis-
ing results in GBM patients [89].

6  NK cell activation via CD16

ADCC is mainly accomplished by immune cells that express surface Fc receptors (such as CD16 or FcγRIIIa) against anti-
gens expressed on target cells that are bound by a particular antibody. ADCC highly depends on IgG antibody subclasses 
generated by B cells, such as IgG1 and IgG3. Through the employment of an immunologic synapse, this interaction 
between the Fc domain of these antibodies and CD16 receptors on the surface of immune cells typically stimulates effec-
tor cells to release cytotoxic granules carrying perforin, apoptosis-inducing granzymes and granulysin into the target 
cell, leading to tumor cell lysis (Fig. 4A). Perforin is a cytolytic pore-forming protein that is stored in specialized secretory 
granules in NK cells and functions by piercing the plasma membrane of the target cells in a  Ca2+-dependent manner, 
resulting in cell death. Furthermore, perforin promotes the passive diffusion of serine proteases known as granzymes 
into the cytosol, which triggers the death signaling pathway through caspase cascade activation [91]. The class of human 
granzymes consists of 5 members: granzyme A, B, H, K, and M [92]. In Table 2, we summarize the characteristics of each 
granzyme, separately. Granulysin is an antimicrobial protein that kills intracellular pathogens. Granulysin express in most 
mammals except for rodents, and the expression is restricted to cytotoxic immune cells such as T cells, NK cells, and NKT 
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cells. Granulysin is active against a broad range of microbes including Gram-positive and -negative bacteria, fungi, and 
parasites [93].

Moreover, the stimulation of anti-tumor immune function by immune cells results in the production of cytokines and 
chemokines such as IFN-γ and granulocyte-macrophage colony-stimulating factor [94]. In this context, NK cells and their 
receptors have been proven to play a significant role.

NK cells are believed to be the primary mediators of ADCC because they do not co-express the inhibitory FcRγIIb 
(i.e., the receptor for the Fc region of IgG). Given that CD16 mediates ADCC of NK cells, which specifically recognizes the 
Fc portion of antibodies, ADCC is considered the primary mechanism of several NK-mediated tumor therapies, such as 
Pritumumab. Pritumumab is a humanized IgG1 kappa antibody that is designed to block ectodomain vimentin on the 
surface of glioma cells. It can be identified by NK cells via CD16 receptors and elicits a powerful activating signal that is 
stronger than the inhibitory signals and stimulates a cytotoxic reaction. Pritumumab has resulted in a safe and effective 
therapy at doses 5–10 fold less than currently approved antibodies in the treatment of GBM patients in restricted clinical 
trials [95]. Other studies showed that a mouse mAb called 8B6, which is specific for the O-acetyl GD2 that is abundantly 
expressed in glioma cells, dramatically limited GBM-bearing mice cell proliferation in vitro and in vivo [96–98]. Particu-
larly, NK-mediated ADCC has been linked to the clinical effectiveness of anti-ganglioside antibodies [96]. Similarly, other 
studies demonstrated that targeting of neuron glial antigen 2 or chondroitin sulfate proteoglycan 4 (NG2/CSPG4) with 
the monoclonal antibody mAb9.2.27 could inhibit tumor growth and prolong survival in GBM-bearing mouse and rat 
models [99, 100]. The expression of NG2/CSPG4 has been observed in vascular pericytes, oligodendroglioma, endothelial 
cells, and a subpopulation of GBM cells [100]. According to a recent study, 50% of GBM patients’ biopsies exhibit high 
levels of NG2/CSPG4 expression, which is linked to EGFR gene amplification (p = 0.0005) and a worse prognosis [101]. 
Additionally, the humanized anti-EGFR cetuximab in conjunction with immune checkpoint blockers such as anti-NKG2A 
antibody (monalizumab) can dramatically improve NK cell anti-tumor activity against glioma cells, notably in individuals 
resistant to temozolomide [80].

A significant issue involved in the ADCC process is the shedding of CD16 receptors by a process mediated by matrix 
metalloproteinase (encoded by ADAM17) following activation by an IgG-opsonized target cell or exposure to IL-2 [102]. 
The use of metalloproteinase inhibitors is a novel method for preserving the expression of CD16, resulting in not only 
prolonged CD16 signaling but also increased target cell death and cytokine production [103]. Notably, due to the differ-
ent affinities of IgG subtypes to CD16A receptors, Fc-based antibody formats are facing multiple challenges that should 
be considered. The development of bispecific or trispecific antibodies is another immunoglobulin-based strategy for 
increasing CD16A binding affinity and allowing CD16A binding irrespective of patient genotype. Bispecific antibodies 
(bsAbs) are antibodies that can attach to two distinct targets or epitopes at the same time [104]. Bispecific antibodies 
are available in a variety of formats, including fragment-based formats, which are formed by combining two different 

Fig. 4   Activation of NK cells via CD16 and immunoligands conjugated to NKG2D.A NK cell activation by CD16. CD16 binds to the Fc domain 
of the antibody that recognizes the cell surface antigens of GBM by its Fab domain. The interaction of CD16 and antibody stimulates the 
release of cytotoxic granules such as perforin, granulysin and granzyme. B NK cell activation by immunoligands. Immunoligands are com-
posed of two domains. One is an antibody (immuno-) domain, which recognizes cell surface antigens of GB cells, and the other is a ligand 
domain, which can bind to NKG2D on the NK cell surface. When immunoligands recognize GBM via the immunodomain and the ligand 
domain binds to NKG2D, the NK cells become activated. Activated NK cells attack GBM cells. Currently, immunoligands that simultaneously 
incorporate two or more antigens have been developed so that NK cells can recognize tumor cells more efficiently and produce cytokines. 
Please see the main text for details
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antigen-binding sites without the Fc portion [105], symmetric formats formed by incorporating two antigen-binding sites 
in regular antibody molecules while retaining the Fc region [104], and asymmetric formats, which result from strategies 
that force correct HL chain pairing or promote H chain heterodimerization [106]. In one approach, Pogge von Strandmann 
et al. designed a bispecific antibody by incorporating NKG2DL (i.e., UL16 binding protein (ULBP) 2) with an scFv targeting 
CD138, which is overexpressed in a variety of cancers. This bsAb showed high efficiency in inducing ADCC and cytokine 
production against cancer cells [107]. While progress in this sector has been encouraging, most malignancies continue 
to be resistant to immunotherapy, and more advances are needed for more effective therapy. One promising approach 
to optimizing the efficacy of immunotherapy is to redirect the cytotoxic activity of effector T cells to specifically eliminate 
tumor cells [108]. The trispecific antibody platform has made it feasible to use one antibody to engage not only three 
distinct epitopes on the surface of tumor cells but also T lymphocyte cell-surface molecules and guide these activated T 
lymphocytes exclusively to cancer cells, which results in improved lysis and protection against tumor growth. Bispecific 
antibodies have also shown some efficiency in this area [109, 110].

7  Immunoligands conjugated to a natural killer group 2, member D (NKG2DL) receptor 
on NK cells

The absence of MHC class I on cancer cells results in incomplete activation of NK cells. The full anticancer immunosurveil-
lance activity of NK cells is controlled by a complicated interaction of stimulatory and inhibitory cell surface receptors. 
The primary activating receptors are NKG2D, DNAX accessory molecule 1 (DNAM-1/CD226), FcγRIIIa (CD16a), NKp44, 
and NKp46. Two classes of NKG2DL are not present on normal cells but are up-regulated in cancers: MHC class I chain-
related protein (MIC) A and B and ULBPs. However, individual activating receptor ligation (with the exception of FcγRIIIa) 
is typically inadequate to induce cytotoxicity or cytokine release in naive NK cells [111]. Cytokines have essential roles 
in regulating all aspects of NK cell immunological responses. Cytokines such as IL-2, IL-4, IL-7, IL-9, IL-15, IL-18, IL-21, and 
IFN-α have been shown to enhance the signaling from activating receptors and are suppressed by immunosuppressive 
cytokines such as TGF-β [112, 113]. The interplay of cytokines and other stimuli causes NK cells to become fully activated. 
The significance of cytokine combination therapy in NK cell survival in vivo was originally established by the adoptive 
transfer of NK cells exposed to IL-12, IL-15, and IL-18, which resulted in enhanced cytotoxicity and survival of NK cells 
against tumors, whereas IL-2 or IL-15 alone was unsuccessful [114]. Moreover, studies have shown that combining IL-12 
with IL-2 or IL-15 increased NK cell activation and IFN-γ and TNF-α production, and TNF-α subsequently triggered NK cell 
death [112, 115]. This type of NK cell death might be a homeostatic mechanism to suppress NK cell function.

Interestingly, during tumor progression, cancer cells experience immunoediting processes and may remove the surface 
expression of NKG2DL to evade recognition by NK cells. This immunoediting mechanism can result in ligand proteolytic 
cleavage or down-modulation of NKG2DL in response to cancer cell-derived TGF. As a result, methods that preserve or 
restore NK cell detection of tumors may provide a novel therapeutic option. In most invasive tumors, surface expression of 
NKG2DL can be decreased by exosomal excretion or metalloproteinase activity [116]. In mice, antibodies that inhibit the 
loss of NKG2DL improve NK cell antitumor efficacy [117]. Soluble human NKG2DL produced by this proteolytic cleavage 
has also been demonstrated to inhibit NK cell antitumor immunity [118]. Another promising strategy for compensating 
for the lack of ligands associated with activating receptors such as NKG2D is to create recombinant immunoligands that 
contain antibody fragments targeting antigens that are commonly overexpressed on cancer cells or the extracellular 
domain of ligands of the NKG2D receptor to interact with host NK cells (Fig. 4B). In prostate cancer, Jachimowicz et al. 
used an immunoligand that targets the tumor-associated prostate-specific membrane antigen (PSMA) on the surface 
of cancer cells and tried to activate host NK cells. They used the immunoligand fused with the NKG2D-specific ligand 
ULBP2 to activate the receptor NKG2D and obtained high anticancer efficacy in the mouse model by inhibiting tumor 
development in vitro and by increasing cancer cell lysis [119]. In a similar study in colon cancer, a cross-reactive recombi-
nant immunoligand was fused with human ULBP2 and an antibody-derived single chain that binds to carcinoembryonic 
antigen on the surface of cancer cells. This specifically provided an anti-tumor activity to NK cells [120–122]. By binding 
to both tumor cells and NK cells, this immunoligand directed NK cells toward cancer cells, independently of NK ligand 
expression or MHC-I expression, and triggered NK cell-mediated cellular cytotoxicity against cancer cells. Additionally, 
immunoligand therapy was shown to decrease tumor development dramatically in a syngeneic colon carcinoma animal 
model [122]. The efficiency of stimulating receptor signaling is determined by several factors, including the concentra-
tion and availability of target antigens as well as morphological flexibility [123]. As a result, it is preferable to design 
immunoligands as multivalent molecules with higher affinity for cell surface antigens and with lower dissociation rates 
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than monovalent molecules, which can rapidly detach from the target antigen. Additionally, oligomerization of the 
immunoligand leads to more effective cross-linking of effector cells due to improved affinity, resulting in more effi-
cient NK cytokine production [123]. Multivalent immunoligands are synthetic molecules that incorporate two or more 
antigens either by chemistry, integrating two hybridoma cell lines, or utilizing recombinant DNA technology [124]. For 
instance, Singer et al. developed a novel format of recombinant antibody-derived proteins called the single-chain Fv 
triplebody (sctb), which targets CD19 by two distal scFvs while the central scFv attracts NK cells via CD16 [125]. Such an 
sctb was more effective than a bispecific single-chain Fv antibody fragment with identical scFv segments when used in 
cytotoxicity studies against CD19-positive human leukemia and lymphoma cells [126]. This technique provides a unique 
immunotherapeutic approach for solid tumors and has potential for other clinical applications [107].

Although the activation of NKG2DL is an attractive method to overcome GBM, it has some problems. It has been 
reported that lactate dehydrogenase isoform 5 (LDHi5/LDH-A) produced by the GBM causes an increase of NKG2DL in 
normal immune cells [126]. This prevents these cells from recognizing NKG2DL-bearing tumors, which impairs their 
ability to attack GBM. To overcome this problem, it has been suggested that down-regulation of LDHi5 in GBM might be 
effective because it would improve the recognition of GBM by NK cells and increase the possibility of eliminating GBMs 
[126]. Furthermore, it has been reported that NK cells are activated by the shed form of mouse UL16-binding protein-like 
transcript 1 (MULT1), which has a high affinity for NKG2D [127]. This result indicates that a soluble immunoligand also 
can activate NK cells. Therefore, activation of the soluble ligand such as MULT1 shed form might be one of the keys to 
future therapeutic strategies for GBM treatment.

8  Conclusion

GBM is one of the worst-prognosis tumors, but recent immunotherapies have improved the outcomes of GBM. Further 
investigation will be needed to overcome GBM, but as with other solid tumors, immunotherapy by NK cells might be 
one of the powerful tools to treat this refractory cancer.
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