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INTRODUCTION

Our body is protected against a diversity of pathogenic offenses by the exquisitely 

specialized cells of the immune system that originated from the pluripotent 

hematopoietic stem cells in the bone marrow (BM). These stem cells could differentiate 

into common lymphoid progenitor cells or common myeloid progenitor cells [1]. 

The lymphocytes, comprising B cell, T cell, NK cell, and NK-T cells, originate from the 

common lymphoid progenitor. The granulocytes -comprising basophils, eosinophils, 

neutrophils- mast cells, macrophages, and monocytes, were originating from the 

common myeloid progenitor. The development of lymphocytes mostly takes place in 

the bone marrow (and the liver during fetal period) for the B cells and the thymus for 

the T cells [2]. NK cell development, however, is rather unique as it takes place in both 

BM and lymph node [3].  During each stage of lymphocyte development, precursor 

cells develop into more differentiated or specialized cells expressing antigen-specific 

receptors, namely immunoglobulins for B cells, T-cell receptors for T cells, and NK cell 

receptors for NK cells. All these receptors mainly have functions in differentiating self-

molecules and non-self molecules

MULTIPLE MYELOMA
Multiple myeloma (MM) is a malignant disease of plasma cells residing in the BM 

[4]. Plasma cells are terminally differentiated B cells, which in the normal situation, 

produce antibodies with different structures and functions and a high affinity for 

specific antigens [5]. In MM, the plasma cells undergo abnormal clonal expansion and 

produce an abnormal amount of monoclonal M protein, an abnormal immunoglobulin 

fragment, as a result of an excess abnormal monoclonal proliferation of plasma cells. 

The disease has been described as a multifactorial disease, with risk factors including 

genetic, occupational, clinical, and lifestyle factors [6]. The biological mechanism for 

the malignant transformation from plasma cells to MM has been described to be a 

multistep process involving genetic (and epigenetic) aberrations and changes in the 

BM microenvironment [7]. 

MM biology, pathogenesis
To differentiate from an immature B cell to a mature plasma cell, capable of producing 

antibody, a B cell needs to undergo several genetic alterations namely isotype class 

switching and somatic hypermutation in the germinal center within the lymph nodes or 

spleen [8]. These processes involve DNA strand breaks [4, 5], which are highly prone to 

mutation. In MM, mutations, such as translocation involving the IGH gene encoding the 

heavy chain of antibody, indeed frequently occur at the immunoglobulin switch region 

on chromosome 14 (q32.33) [4, 7, 8]. Other mutations affecting a set of partner genes 
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such as MM SET, FGFR3, cyclins D1 and D3, MAF are also frequently observed [5, 7, 8]. 

Mutations acquired during isotype class switching and somatic hypermutation stage are 

considered to be the primary or first oncogenic event of the multiple oncogenic steps in 

MM pathogenesis.

After the maturation process, some plasma cells relocate and reside in the BM to 

become a long -ived plasma cell. It is postulated that the secondary or later oncogenic 

events of MM oncogenesis take place in the BM because the so-called late-onset 

translocations as well as gene mutations involving MYC, NRAS and KRAS, FGFR3, p53, 

CDKN2A/2C are frequently found in MM and rarely in the monoclonal gammopathy of 

undetermined clinical significance (MGUS) [7], a premalignant condition which often 

precedes the development of MM.

In addition to genetic instabilities, the bone marrow microenvironment where MM 

resides play an important role in the pathogenesis of the disease. BM is physiologically 

a hypoxic region to support the normal hematopoiesis. The BM of MM patients, 

however, has been reported to be more hypoxic compared to the normal BM marked 

by the higher expression of hypoxia-inducible factor (HIF)-1α and -2α (reviewed by 

[9]). Additionally, a previous study demonstrated that hypoxia plays a role in MM 

progression by decreasing the adhesion of MM cells to the BM and therefore promoting 

MM cells dissemination to the circulation [10]. Furthermore, the interplay between MM 

cells and BM cells or the extracellular matrix proteins have been shown to support 

tumor growth, survival, trafficking, and drug resistance and will be discussed in more 

detail later in the introduction [7, 8]. 

MM clinical
MM accounts for 10% of all hematological malignancies in the United States in 2017 

[5] and around 1100 people per year are diagnosed with MM in the Netherlands 

according to the Dutch cancer registry. 

MM has been described as an age-related disease and the median age at diagnosis 

is 70 years and 37% of patients are younger than 65 years or older than 75 years 

[7]. Clinically, MM manifestation involves extensive lytic bone lesions, hypercalcemia, 

anemia, production of M-protein (as a result of excessive antibody production), 

and kidney failure [11]. The therapeutic regimen for MM composed of high dose 

chemotherapy (alkylators, such as Melphalan, and corticosteroids) followed by a 

rescue autologous stem cell transplantation (AutoSCT) [12]. More recently, drugs such 

as proteasome inhibitors (bortezomib, ixazomib, carfilzomib), immunomodulatory 

drugs (thalidomide, lenalidomide, pomalidomide), and monoclonal antibodies 
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(daratumumab, elotuzumab) have been applied in the clinic to improve the clinical 

outcome of patients with MM [13]. Nonetheless, MM is still an incurable disease. 

Despite the newer treatment options and the increase in survival rate [14], the 

median progression-free survival is approximately between 21-43 months and the 

median overall survival is between 48-72 months [13], with large differences between 

younger and older patient.

Given these data, the development of a treatment or a combination of treatments to 

further improve the clinical outcome of MM patients is desirable.

STEM CELL TRANSPLANTATION
One of the treatment options for patients with MM is a stem cell transplantation [15]. 

It is a procedure in which healthy stem cells, derived from the BM, peripheral blood, 

or umbilical cord, are infused to a patient to replace patient’s cells. Depending on the 

source of the stem cells, a stem cell transplantation could be an autologous stem cell 

transplantation (AutoSCT) or an allogeneic stem cell transplantation (AlloSCT).

To date, when eligible, AutoSCT is considered to be the treatment of choice for patients 

with MM under 70 years old [15, 16]. Initially, an induction chemotherapy will be performed 

to reduce the tumor burden before patients’ stem cells are harvested. The procedure 

is then followed by a conditioning chemotherapy to eliminate cancer cells and the 

transplantation of the harvested patient’s stem cells. The purpose of this transplantation 

is to replace patient’s stem cells which were destroyed after the administration of chemo- 

or radiotherapy to eradicate MM cells. Although AutoSCT could effectively control the 

disease [16] and improve the median overall survival of MM patients by approximately 

12 months [15], it does not cure MM or completely eradicate the malignant cells, possibly 

because it provides a minimal immunologic effect against MM cells [17].

AlloSCT, on the other hand, might offer the potential cure for MM. The stem cells for 

an AlloSCT are mostly obtained either from HLA-matched related or HLA-matched 

unrelated donors. Since it is derived from an allogeneic source, unlike AutoSCT, AlloSCT 

is tumor-free and it could elicit a graft-versus-tumor (GVT) effect [17]. NK cells and T 

cells are the two key players in inducing GVT effect in an AlloSCT.

GVT occurs when donor T cells attack the host tumor cells due to the presentation of 

tumor-associated/specific antigens or recognition of non-self HLA-peptide complexes 

by antigen presenting cells and tumor cells. Nonetheless, since T cells could recognize 

both the foreign HLA and the minor histocompatibility antigens, graft-versus-host-

disease (GVHD) could be an undesired side effect of GVT in an AlloSCT [18, 19].
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In an HLA-matched AlloSCT, donor T cells present in the allograft could induce a GVHD 

effect due to the recognition of the minor histocompatibility antigens exclusively 

expressed in the recipient [20]. Meanwhile in an HLA-mismatched AlloSCT, donor 

T cells could also promote the development of GVHD by responding to a specific 

protein expressed by the highly polymorphic HLA molecules on the recipient cells 

[20]. AlloSCT is still not recommended as a treatment of choice for most MM patients 

[15, 21] because of the high rates of transplant-related mortality (25-50%) [17], GVHD 

[13, 18], and the disappointing antitumor effect.

More recently, since the availability of HLA-matched donors, both related and 

unrelated, is limited, AlloSCTs can be carried out using the stem cells from 

haploidentical stem cell donors, which provide genotypically partially HLA-matched 

with the patients [22]. Importantly, recent studies on haploidentical stem cell 

transplantations (HaploSCT) with T cell depletion have shown encouraging results on 

patients with MM [23, 24] where the incidence of GVHD was low and transplantation 

outcome was improved. Also in our center, we are running a multicenter trial with 

haploidentical in MM which demonstrated the feasibility of the approach so far. 

In the HaploSCT setting, NK cells have been shown to be potent mediators of GVT 

reactivity [25] and  a more detailed mechanism on NK cell biology, their potential in 

HaploSCT and the role in tumor response will be discussed in this thesis introduction

NK CELL THERAPY
The general concept of (adoptive) NK cell-based therapy
NK cells were first discovered more than four decades ago. In 1975, when Kiessling 

published an article on a lymphocyte population in mice that displayed cytotoxicity 

against tumor cells without prior stimulation, the term “natural killer cell” was 

coined to this lymphocyte subset [26, 27]. However, the development of NK cell-

based immunotherapy came into the limelight as a potential cell-based cancer 

immunotherapy in 2002, when Ruggeri et al demonstrated that NK cells could induce 

a graft versus leukemia effect in patients with acute myeloid leukemia receiving 

HaploSCT without inducing GVHD [25]. In a 4T1 breast cancer mice model, our group 

showed that the depletion of NK cells from an HaploSCT graft in mice receiving 

HaploSCT resulted in a significantly reduced anti-tumor effect of the transplant [28]. 

In line with the observation by the Ruggeri group, our result demonstrated that NK 

cells from haploidentical donors were the key players responsible for the GVT effect 

and therefore could potentially eliminate both hematological and solid tumors.
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Given the antitumor potency of NK cells, attempts have been made to isolate NK cells 

and exploit NK cells for adoptive cell therapy, both in the autologous or allogeneic 

settings (Fig. 1.1). Multiple studies provided proof of principle that adoptive NK cell 

transfer could be a promising treatment for patients with cancer. Earlier clinical trials 

in patients having either lymphoma or breast cancer using autologous adoptive NK 

cell therapy demonstrated that, despite its excellent safety results, autologous NK 

cells did not exert antitumor responses [29]. In an allogeneic setting, infusion of a high 

number of allogeneic NK cells into patients having melanoma, renal cell carcinoma, 

or acute myeloid lymphoma has been shown to be feasible and without significant 

side effects [30]. Additionally, in the same study, 5 of 19 patients with acute myeloid 

lymphoma achieved a complete remission. In a more recent serie of studies, adoptive 

transfer of NK cells has been shown to induce remission and improve disease-free 

survival in a small number of patients with hematological malignancies [31–35]. 

In solid tumors, however, the efficacy of adoptive transfer of NK cells against solid 

tumors is still limited. 

Despite the encouraging results of adoptive NK cell therapy from the past and 

ongoing clinical studies, further investigations for the strategies to improve the 

clinical efficacy of NK cell therapy are warranted [36]. In light of this unmet need, we 

aimed, in the current thesis, to investigate potential strategies to enhance the NK 

cell-antitumor capacity for adoptive NK cell therapy.  

Figure 1.1. Concept of adoptive NK cell transfer. 1) NK cells are isolated from the peripheral 
blood of either a patient (in autologous setting) or a healthy donor (in allogeneic setting). 2) NK cells 
are then cultured ex vivo for expansion and activation. 3) The expanded NK cell product is infused to 
the patient. (Some illustrations in the figure are adapted from www.pngtree.com)
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Potential strength: NK cell function
When NK cells were first discovered, they were described as lymphocytes with “natural 

killer” capacity based on the observation that they could kill tumor cells without prior 

stimulation. Later on, it was revealed that NK cells belonged to a separate subset of 

lymphocytes that also had other effector functions such as production of cytokines 

(such as IFN-ɣ, TNF-α, GM-CSF, IL-10) [37–39] and chemokines (such as CCL1, CCL3, 

CCL4, CCL5)  [40–42]. Through these different functions, NK cells are very important 

for the clearance of certain viral-, parasitic-, and intracellular bacterial infections 

[43]. Human NK cells make up between 5-15% of total lymphocytes in the peripheral 

blood. They can be identified by their extracellular expression of CD56 and the lack of 

CD3. Classically, human NK cells are grouped into two major subsets based on their 

levels of CD56 expression, namely CD56dim and CD56bright NK cells. Approximately 90% 

of NK cells found in the blood are CD56dim and only roughly 10% are CD56bright. The 

majority of CD56bright NK cells are shown to reside in secondary lymphoid tissues [44] 

or other tissues such as liver and uterus [45, 46].

Functionally, upon activation, CD56dim NK cells have been described to have a more 

cytotoxic capacity than cytokine-producing capacity. CD56bright NK cells, on the other 

hand, are more capable to produce abundant amounts of cytokines and chemokines 

than killing a target cell [47]. Nonetheless, although CD56bright NK cells are the more 

efficient cytokines producer, CD56dim NK cells could significantly contribute to the 

production of cytokine because they form a significantly greater fraction of the total 

NK cells [48].

NK cell recognition of a target cell
One distinctive feature of an NK cell is that it can selectively kill diseased cells 

–e.g. virally-infected or transformed cells- without damaging healthy normal cells. 

NK cell could distinguish normal and diseased cells by the expression of different 

inhibitory and activating molecules on the cell surface of a normal or a diseased 

cell. Engagement of an inhibitory molecule on a potential target cell to an inhibitory 

receptor expressed on an NK cell provides an inhibitory signal for the NK cell while a 

binding of an activating molecule on a potential target cell to an activating receptor 

on an NK cell provides an activating signal. The sum of the strength of signals 

transduced determines the extent of an NK cell response.

Based on this concept, there are four types of NK cell recognition and the possible 

outcomes (Fig. 1.2) [49]: 1) “Healthy cell tolerance” - a normal healthy cell expresses a 

class I human leukocyte antigen (HLA) which could be recognized by a corresponding 

inhibitory killer immunoglobulin-like receptor (iKIR) expressed on an NK cell, which 
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provides an inhibitory signal. However, some normal healthy cells lowly express HLA 

(e.g. neural cells) or do not express HLA-class (e.g. erythrocytes) and are normally not 

killed by an NK cell. This is because normal healthy cells do not produce sufficient 

activating signals, or alternatively, this type of cells expresses other inhibitory 

molecules which bind to other inhibitory receptors besides the iKIRs.  2) “Missing self” 

recognition - a virally-infected cell or a tumor cell, often downregulates HLA-class I 

molecules, to escape CD8 T-cell lysis, therefore lowering the activation threshold of 

NK cells and allowing NK cells to be activated in the presence of sufficient activating 

molecules. 3) “Induced-self” recognition – some virally-infected cells or tumor cells 

could maintain their HLA-class I expression while at the same time upregulating 

stressed-induced activating molecules, making them vulnerable for NK cell mediated 

cytotoxicity. 

Figure 1.2. Different types of NK cell recognition. Tolerance: NK cell is tolerant to a healthy 
cell that expresses class I HLA molecule (A) or does not express class I HLA molecule (B) if the 
healthy cell does not express an activating ligand. Missing-self recognition: when a tumor cell/
infected cell downregulates the class I HLA molecule and expresses an activating ligand, the NK 
cell would release its cytolytic granules or starts producing cytokines to kill the tumor/infected cell 
(C).  Induced-self recognition: when a tumor cell/infected cell expresses class I HLA molecules and 
activating ligands, the signal is determined by the strength of inhibitory or activating signals. When 
the activation signals override the inhibitory signal, NK cells would kill the diseased cell (D). (Figure 
is adapted from [49])
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NK cell-mediated cytotoxicity
Upon recognition of a target cell and reception of activating signals, an NK cell could 

become activated and initiate the cytotoxic process. There are two distinct mechanisms 

or pathways known to date for NK cell-mediated cytotoxicity [50]. The first pathway is the 

granule exocytosis pathway, involving the release of the vesicular contents of cytotoxic 

granules protein such as perforin, granzymes, and granulysin into the intercellular space 

[51]. Within the vesicle, cytotoxic granules bind to the LAMP-1 (CD107a) protein on the 

vesicular membrane. Upon the release of the contents, these vesicular proteins are 

exposed, enabling the measurement of CD107a protein as a surrogate marker of NK cell 

activation. Of note, granzyme uptake into a target cell does not require perforin’s role 

to create transmembrane pores as initially proposed [50]. Rather, granzyme uptake is 

mediated by a receptor-mediated endocytosis, while perforin has been proposed to play 

a role in disrupting endosomal trafficking after granzyme uptake into the target cell [50]. 

The second pathway is via the interaction between death ligands of TNF-family members 

(FasL and TRAIL) expressed on NK cells and their receptors (Fas and TRAIL-R DR4, DR5) 

expressed on the target cells [52]. FasL and TRAIL are crucial mediators of the caspase-

dependent target cell apoptosis. 

NK cell receptors
Activating receptors
As previously mentioned in this thesis, an NK cell response is dictated by the net signals 

received by the receptors. NK cells express a vast array of both activating and inhibitory 

receptors. The major activating receptors for NK cells that play a significant role in NK cell 

cytotoxicity against tumor cells are the family of natural cytotoxicity receptors (NCRs), 

NKG2D, and DNAM1. Activating receptors on NK cells normally bind to the stress-induced 

molecules, which are normally absent or lowly expressed by healthy cells but upregulated 

by a diseased cell as a response to cellular stress, due to malignant transformation or 

viral infection. The NCR family comprises NKp30, -44, -46, and -80 and can recognize 

virally-associated proteins like BAT-3, HSPG, B7-H6, viral hemagglutinin [53]. NKG2D 

binds to self-antigens such as MICA/B molecules and UL16-binding proteins (ULBP). The 

expression of these two ligands is commonly induced by stress [54] or the DNA damage 

response pathway caused by malignant transformation or heat shock response pathway 

[53]. DNAM1 belongs to the family of nectin-binding adhesion molecules which bind 

to nectin proteins such as CD112 (nectin-2) and CD155 (poliovirus receptor –PVR-) [55]. 

The engagement between DNAM1 and its ligands induces actin polymerization and 

activation of other surface receptors, allowing a stable interaction between an NK cell 

and the target cell. Importantly, the upregulation of DNAM1 ligand, CD155, in MM has 

been reported to result in increasing MM sensitivity to NK cell mediated cytotoxicity [56]. 

Furthermore, since MM cells express ligands for NKG2D, the binding of NKG2D to either 
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MICA/B or UL16-binding protein families express on an MM cell has been shown to an 

enhanced MM cell killing by NK cells [57–59]

Another essential activating receptor is the CD16a receptor, also known as FcɣRIIIa 

receptor, which binds to the Fc part of an immunoglobulin G (IgG) antibody. CD16a is 

a very potent receptor that does not require a co-activation from other receptors to 

activate NK cell cytotoxicity and cytokine release [60]. The ligation of CD16a receptor 

triggers target cell killing via a mechanism called antibody-dependent cell-mediated 

cytotoxicity (ADCC) [61]. ADCC is the process where CD16 on the NK cell is binding to 

the Fc part of an antibody bound to a potential target cell leading to potent activation 

of the NK cell and killing of the target cell. There are several pathways involved in ADCC: 

1) secretion of cytotoxic granules, 2) death receptor signaling, and 3) the release of 

pro-inflammatory cytokines such as IFNɣ [62]. Although CD16a is a strong inducer of 

cytotoxicity, several polymorphisms have been found that influence the binding affinity 

of CD16a and the Fc part of an immunoglobulin. The most studied polymorphism is the 

V158F polymorphism where a single nucleotide polymorphism (SNP) at the nucleotide 

position 559 in the cDNA resulted in two allotypes of the receptor, one with low-affinity 

binding and one with high-affinity binding [63, 64]. Several clinical studies on several 

types of malignancies demonstrated that patients having high-binding affinity receptor 

showed a better outcome (progression-free survival) as compared to patients having 

low-binding affinity receptor upon monoclonal antibody therapy [65–69].

Inhibitory receptors
The major inhibitory receptors expressed on an NK cell interact with self-antigens such 

as the classical and the non-classical class I HLA (HLA A-B-C and HLA-E). KIRs, as briefly 

touched upon earlier in this thesis, are one of the major inhibitory receptors. Of note, 

not all KIRs are inhibitory and in addition, some inhibitory and activating KIRs (aKIRs) 

recognize the same ligands. However, most iKIRs have a stronger binding affinity to 

the same ligands than their activating counterparts [70]. The KIR family is encoded by 

14 highly polymorphic genes (2DL1-2DL5, 3DL1-3DL3, 2DS1-2DS5, and 3DS1) [71]. A 

KIR comprises two (KIR2D) or three (KIR3D) extra-cellular C2-type Ig-like domains with 

a long cytoplasmic tail (L) containing immunoreceptor tyrosine-based inhibition motifs 

(iTIMs) for iKIR or a short cytoplasmic tail (S) containing immunoreceptor tyrosine-based 

activation motifs (iTAMs) for aKIR [72]. 
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Figure 1.3. KIRs and their ligands.  

An iKIR could recognize one group of class I HLA alleles based on the allotypic presence 

of specific epitopes (Fig. 1.3). KIR2DL1 (CD158a) recognizes group 2 HLA-C alleles 

characterized by a lysine (Lys) residue at position 80 while KIR2DL2 and KIR2DL3 

(CD158b1/-2) recognize group 1 HLA-C alleles characterized by an asparagine (Asn) 

residue at position 80 [71]. KIR3DL1 (CD158e1) recognizes HLA-B allotypes with Bw4 

motifs at positions 77–83, except for B*13:01 and B*13:02 and some HLA-A alleles, namely 

A*23:01, A*24:02, and A*32:01 [73]. KIR3DL2 (CD158k) is the receptor for HLA-A*03/A*11 

[71].

In addition to recognition of classical class I HLA molecules, NK cells express CD94/

NKG2 receptor complex which can recognize non-classical class I HLA molecules 

(HLA-E). Similar to KIRs, the NKG2 receptor could be an activating (NKG2C) or an 

inhibitory (NKG2A) receptor. However, the binding affinity of NKG2A to HLA-E has 

been shown to be 6 folds stronger than the binding of NKG2C to HLA-E [74]. In 

contrast to the classical class I HLA molecules, HLA-E is less polymorphic with only 

15 alleles known to date (http://www.ebi.ac.uk/ipd/imgt/hla) and only 2 of them are 

functionally important, namely HLA-E*01:01 and HLA-E*01:03[75–77]. Similar to the 

classical class I HLA molecules, HLA-E is also expressed by virtually all cells in the 

body. However, HLA-E expression can be upregulated upon an environmental insult 

or as an escape mechanism of a tumor cell.

NK cell alloreactivity
Similar to T cells, NK cells distinguish self and non-self antigens by recognizing the 

HLA molecules expressed on the membrane of a cell. Unlike T cells which are activated 

by the interaction of the T cell receptor with a peptide-HLA complex displayed by 
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antigen-presenting cells or diseased cells, NK cells interaction involving class I HLA 

molecule-specific inhibitory receptor inhibits NK cell activation [78]. During the 

development, NK cells are educated to tolerate the self-antigens through a process 

termed “licensing” wherein NK cells expressing a specific inhibitory receptor specific 

for an HLA (Figure 1.3) would interact with the cognate HLA and become matured 

or licensed [79]. Therefore only receptors that have engaged with their cognate HLA 

during the developmental stage can become responsive upon encountering a target 

cell at a later stage [53]. 

KIR genes are randomly expressed and the distribution of KIR differs per NK cells. In 

addition, the expression of KIRs is independent of HLA expression since KIR genes 

are located in the chromosome 19 while HLA genes are located in the chromosome 

6 Because of the independent expression of KIRs and HLAs, some KIRs might not 

encounter its cognate HLA during development and therefore are not licensed [80]. 

NK cells expressing unlicensed KIRs are demonstrated to be hyporesponsive against 

a target cell that does not express HLA molecules [79]. 

The “missing self” concept as mentioned previously has been proposed to be the 

underlying mechanism of NK cell anti-tumor effect in the HSCT in AML patients 

[81]. When licensed NK cells from the donor express KIRs for which the HLA ligand 

is missing in the patient cell resulting in a KIR-ligand mismatch, these NK cells are 

called alloreactive [82]. An ideal alloreactive NK cell donor should, therefore, express 

one or more HLA epitopes that are absent in the patient and expresses the specific 

KIR that can interact with the missing HLA-epitope to create a KIR-ligand mismatch 

and potentially trigger NK cell activation upon patient’s cells that are missing the 

HLA. A clinical study on MM patients receiving reduced chemotherapy dose and 

T-cell depleted AlloSCT from unrelated donors showed that showed that KIR-ligand 

mismatch status between a donor and a patient was protective for relapse [83]. This 

study highlighted the possible role of NK cell alloreactivity in MM. In line with this 

study, another clinical study investigating the impact of KIR-ligand mismatched status 

on the clinical outcome in patients with MM showed that infusion of haploidentical 

KIR-ligand mismatched NK cells has a positive impact on patient’s survival after an 

AutoSCT [84]. An important issue pointed out by Shi et al was that the number of 

alloreactive NK cells should be sufficient to obtain an adequate anti-MM effect.

Potential problem: TME and NK cell inhibition
Tumor cells have attained characteristics to ensure their growth, survival, and 

progression namely by sustaining proliferative capacity, evading growth suppressors, 

enabling replicative immortality, invasion and metastasis, inducing angiogenesis, 
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resisting apoptosis, deregulating cellular metabolism, escaping immune surveillance, 

promoting inflammation, and creating mutation as well as genome instability [85]. With 

these acquired features, tumor cells could shape and alter both cellular and non-cellular 

components of the tumor niche to support the tumorigenesis [86]. Together these 

components form the tumor microenvironment (TME). The interaction between tumor 

cells with the other non-malignant cells, such as fibroblasts, osteoblasts, endothelial 

cells, as well as immune cells present in the TME happens via the secretion of cytokines, 

chemokines, growth factors [87]. The result of this interaction could be that the non-

malignant cells become more tumor-promoting cells. Other factors that might be present 

in the TME such as an elevated level of lactate and hypoxia could be a consequence of 

tumor cells metabolic activity and progression [88].

In the case of MM, the localization of tumor cells within the BM takes place via the 

interaction of cell-surface adhesion molecules such as LFA-1 and VLA-4 [89] with their 

ligands expressed on BM stromal cells and extracellular matrix proteins. In addition to the 

localization of tumor cells in the BM, this interaction can result in the secretion of IL-6 by 

BM stromal cells, thereby supporting MM growth [90].

Although BM is considered physiologically hypoxic, MM cells are thought to be chronically 

exposed to lower oxygen levels. As reviewed by Hu et al, several studies, showed that 

in the BM of MM mouse models there was a gradient of hypoxic area correlated with 

high levels of hypoxia-inducible factor (HIF)-1α [9]. In humans, HIF-1α and HIF-2α were 

also seen positive in the histopathology specimen of MM patients [9]. More recently, an 

increased IL-32 expression by MM cells has been associated with a hypoxic signature in 

patients [91]. The chronic exposure of MM cells to hypoxic microenvironment has been 

demonstrated to induce the production of VEGF by both MM cells and stromal cells and 

promote angiogenesis, allowing the expansion of MM cells [92]. 

As mentioned earlier, lactate is often present in the TME as a metabolic consequence 

of tumor growth, as a consequence of their increased metabolic needs [93]. Although 

exact lactate levels in the BM of MM patients are unknown to this date, an increase in 

lactate serum concentration [94] or lactate dehydrogenase (LDH) [95] has been found in 

patients with a more severe or aggressive form of MM. A study on MM cell lines and MM 

BM stromal cells demonstrated that MM cells and stromal cells produced high levels of 

lactate, as a result of aerobic glycolysis [96]. Additionally, they showed that lactate was 

reutilized by MM cells as source of energy. However, high levels of lactate have been 

shown in previous studies to reduce NK cell antitumor response [97, 98].
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Studies have demonstrated that the TME of MM can be suppressive for NK cell anti-MM 

activity (reviewed in [99]). Our group has previously demonstrated that hypoxia could 

diminish NK cell cytotoxicity against MM cell lines [100]. Moreover, MM cells as well 

as regulatory T cells and myeloid derived suppressor cells, which are abundant in MM 

patients, produce TGF-ß and can independently suppress NK cells killing capacity [101]  

and CD16a mediated IFNɣ production and ADCC [102]. Additionally, MM cells express 

COX-2 which leads to the production of PGE2 [103] and can inhibit the cytolytic activity 

of NK cells by suppressing the NK cell response to IL-12 and IL-15 [104, 105].

A study by Benson et al showed that NK cells from MM patients expressed programmed 

death-1 (PD-1) receptor, a co-signaling molecule acting as an immune checkpoint, and 

not in healthy donors [106] implying that its ligand (PD-L1) might be expressed on MM 

cells. Indeed, another study showed that PD-L1 was upregulated on the MM cells and 

myeloma-propagating pre-plasma cells in the BM of patients [107]. The interaction 

between PD-1 and PD-L1 could inhibit NK cell cytotoxicity could result in dysfunctional 

NK cells with decreased cytolytic and cytokine production capacity [108]. 

In summary, all these factors present in the TME potentially challenge the efficacy 

of cancer therapies. Therefore it is extremely important to understand how the TME 

influences the therapy and to study the strategies to bypass this.  

Outline of The Thesis
Although results from current clinical studies on NK cell-based immunotherapy on 

different types of malignancies are encouraging, the full potential of this therapy has 

not yet been achieved giving a plenty of opportunities for refinement. Some of the 

key aspects include: to obtain sufficient numbers of GMP-grade NK cells to infuse 

into cancer patients; upon infusion or reconstitution after SCT the NK cells should be 

able to home to the tumor and to survive at the tumor site and NK cells should be 

capable of mediating their anti-tumor function by killing tumor cells and production 

of anti-tumor cytokines. Since several TME factors have been shown to hamper NK 

cell antitumor response, TME will be the focus in this thesis as we anticipate that a 

suppressive TME is one of the greatest challenges for an NK cell-based therapy. 
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Figure 1.4. Bone marrow tumor microenvironment. The TME of MM is composed of cellular 
(immune cells, tumor cells, stromal cells, endothelial cells) and non-cellular compartment (hypoxia, 
cytokines, soluble factors, metabolites). Each of these factors has been described to hamper 
NK cell activity against MM cells. Strategies to overcome the suppressive effect of TME should 
include boosting NK cell activation, blocking NK cell inhibition, and tumor cell sensitization. (Some 
illustrations in the figure are adapted from www.pngtree.com)

We envision that a combination of strategies to, on the one hand, maximize NK cell 

activation while on the other hand minimizing NK cell inhibition would be a potent 

way to boost the power of NK cells (Fig. 1.4). We previously showed that activation 

of NK cells with IL-2 could overcome the inhibitory effect of hypoxia on NK cells 

[100]. Additionally, we showed that KIR-ligand mismatched NK cells were the better 

effector cells compared to KIR-ligand matched NK cells [109]. This provided proof of 

concept for our approach. In the current thesis, we followed up on these findings by 

investigating several additional strategies to potentiate NK cells in the TME. 

In chapter 2, we investigated the influence of a more complex TME by testing whether 

additional TME factors, such as lactate or PGE2, on top of hypoxia, could inhibit IL-

2-activated alloreactive NK cells. In this chapter, we also explored the efficacy of a 

combination strategy of IL-2 activated alloreactive NK cells with an ADCC-triggering 

antibody, Daratumumab, and the additional relevance of KIR-ligand mismatch in the 

presence of TME factors. 

CD16a (FcɣRIIIa) is the crucial receptor in NK cell-mediated ADCC. Several 

polymorphisms, such as V158F polymorphism and L48R/H polymorphism, have 

been identified to functionally affect the patient’s clinical outcome to antibody 
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therapy. However, a summary of other polymorphisms present within the gene is not 

available to date. In chapter 3, we, therefore, aimed to provide an extensive overview 

of polymorphisms present within the CD16a (FCGR3A) gene by using the 1KG project 

database. Additionally, we developed two gene-sequencing methods for a full-

length gene identification of CD16a polymorphisms that will enable future functional 

studies to unravel the functional consequences of these new polymorphisms. 

Our group intends to develop ex vivo-expanded NK cells as a therapy to treat cancer 

patients. Nonetheless, after an expansion protocol, we and others observed that 

the majority of NK cells were NKG2A+ cells which have been described to have an 

inhibitory response upon binding with HLA-E molecules on target cells. In chapter 
4, we revisited the role of non-classical class I HLA-E in stem cell transplantation and 

cancer in a review to give an update on the current knowledge of HLA-E in these two 

fields. In chapter 5, we subsequently aimed to investigate the relevance of HLA-E – 

NKG2A inhibitory interaction on the antitumor response of activated NK cells in the 

presence of different biochemical factors to mimic in vivo TME. Here, we also used 

patient-derived MM cells to better predict for the in vivo response in MM patients. 

By studying this, we would gain insight into whether the expression of NKG2A on an 

activated NK cell is a troublesome issue we need to tackle. In chapter 6, we discuss 

the relevance of KIR and NKG2A for NK cell anti-MM response and the strategies 

to maximize the clinical efficacy of allogeneic NK cell-based therapy to treat MM 

patients.

In addition to high levels of lactate as a result of tumor aerobic glycolysis and acting as 

a suppressive factor for NK cells in the TME, the TME of many tumors is characterized 

by low glucose levels. Whether this is also the case in MM and whether low glucose 

levels have an effect on the NK cell anti-MM response is not known so far. In chapter 
7, we, therefore, aimed to investigate the relevance of a low glucose concentration 

on the antitumor activity and viability of activated NK cells in short- and long-term 

cultures. To get an idea of glucose concentrations in vivo, we took samples from MM 

patients and healthy donors and we tested the effect of glucose on activated NK 

cells based on these references. By studying this, we would gain insight into the NK 

cell response towards glucose level and whether we could interfere with glucose 

concentrations during culture or activation of NK cells to create more potent NK cells.

In chapter 8, we summarized all the observations and findings of this thesis in a 

general discussion outlining a future perspective for the refinement of NK cell-based 

immunotherapy.
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ABSTRACT

Natural killer (NK) cell-based immunotherapy is a promising novel approach to treat 

cancer. However, NK cell function has been shown to be potentially diminished by 

factors common in the tumor microenvironment (TME). In this study, we assessed the 

synergistic potential of antibody-dependent cell-mediated cytotoxicity (ADCC) and 

killer immunoglobin-like receptor (KIR)-ligand mismatched NK cells to potentiate NK 

cell antitumor reactivity in multiple myeloma (MM). Hypoxia, lactate, prostaglandin 

E2 (PGE2) or combinations were selected to mimic the TME. To investigate this, NK 

cells from healthy donors were isolated and NK cell ADCC capacity in response to MM 

cells was assessed in flow cytometry-based cytotoxicity and degranulation (CD107a) 

assays in the presence of TME factors (TMEFs). Hypoxia, lactate and PGE2 reduced 

cytotoxicity of NK cells against myeloma target cells. The addition of daratumumab 

(anti-CD38 antibody) augmented NK cell cytotoxicity against target cells expressing 

high CD38 but not against CD38 low or negative target cells also in the presence 

of TME. Co-staining for inhibitory KIRs and NKG2A demonstrated that daratumumab 

enhanced degranulation of all NK cell subsets. Nevertheless, KIR-ligand mismatched 

NK cells were slightly better effector cells than KIR-ligand matched NK cells.

In summary, our study shows that combination therapy using strategies to maximize 

activating NK cell signaling by triggering ADCC in combination with an approach to 

minimize inhibitory signaling through a selection of KIR-ligand mismatched donors, 

can help to overcome the NK-suppressive TME. This can serve as a platform to improve 

the clinical efficacy of NK cells.
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Abbreviations
ADCC  Antibody-dependent cell-mediated cytotoxicity

BM  Bone marrow

CS-BLI  Compartment specific-bioluminescence imaging

FCS  Fetal calf serum

HaploSCT Haploidentical stem cell transplantation

HLA  Human leukocyte antigen

IL-2  Interleukin 2

KIR  Killer immunoglobulin-like receptor

mAbs  Monoclonal antibodies

MM  Multiple myeloma

NK cell  Natural killer cell

PBMC  Peripheral blood mononuclear cell

PGE2  Prostaglandin E2

TME  Tumor microenvironment

TMEFs  Tumor microenvironmental factor
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INTRODUCTION

NK cell-based immunotherapy is a promising therapeutic approach to treat cancer. 

NK cells selectively target cancer cells and induce potent anti-cancer responses while 

sparing non-cancer cells [1]. A potential obstacle to NK cell therapy is the suppressive 

tumor microenvironment (TME). The TME contributes to the acquisition of therapy-

resistant cancer cells posing a potential limitation for any anticancer therapy including 

immunotherapy [2, 3]. TME factors (TMEFs), for example: hypoxia [4, 5]; prostaglandin E2 

(PGE2) [6]; lactate [7, 8]; galectin-3 [9]; platelet-derived growth factor  [10]; transforming 

growth factor β1 [11]; as well as the presence of other immune cells such as myeloid-

derived suppressor cells [12, 13], have also been shown to contribute to diminished 

NK antitumor reactivity. Hence, to further optimize the clinical response of adoptive 

NK cell therapy, clinically applicable strategies to potentiate the NK cell anti-tumor 

response, which facilitate the NK cell function in the suppressive TME, are warranted.

The activation of NK cells is determined by the signaling balance between inhibitory 

and activating NK cell receptors. Either maximizing activating signaling or reducing 

inhibitory signaling would be a feasible strategy to improve NK cell efficacy. Activating 

receptors, typically bind to stress-induced ligands expressed by diseased or transformed 

cells. The most potent activating NK cell receptor is CD16, a low-affinity Fc receptor 

which binds to the Fc portion of an IgG antibody triggering antibody-dependent cell-

mediated cytotoxicity (ADCC) [14]. The current availability of a large array of clinical-

grade monoclonal antibodies (mAbs) to treat cancer provides a potent opportunity to 

enhance the NK cell anti-cancer response via the ligation of CD16 to a cancer antigen-

specific antibody subsequently resulting in cancer cell death [15]. The ADCC effect 

of different therapeutic mAbs such as rituximab, obinutuzumab, trastuzumab, and 

cetuximab has been described to be mainly NK cell-dependent [16]. Nijhof et al [17] 

also reported that daratumumab, a more recently engineered mAb against CD38, could 

trigger NK cell ADCC activity against multiple myeloma (MM) cells. Moreover, one study 

reported that rituximab could trigger ADCC even under 1% O2 albeit at a lower level than 

under 20% O2 [5].  Inhibitory receptors such as killer immunoglobulin-like receptors 

(KIRs), interact with human leukocyte antigen (HLA) class I molecules, expressed on the 

membrane of nearly all healthy cells, to prevent autoreactivity. Approaches to minimize 

signaling via strongly inhibitory NK receptors, such as KIRs and NKG2A, and to reduce 

the activation threshold for NK cell activation might be especially crucial in situations 

where there are already many inhibitory signals present. We recently demonstrated 

that, also under hypoxic conditions, KIR-ligand mismatched NK cells were more potent 

effector cells against MM than KIR-ligand matched NK cells [18]. 
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Inhibitory KIRs and CD16 are both primarily expressed on CD56dim cells and 

previous studies showed that a KIR-ligand interaction might negatively influence 

NK cell-mediated ADCC [16, 19, 20]. In this study, we, therefore, hypothesized that 

the combination of triggering ADCC and KIR-ligand mismatching could provide a 

potent platform to potentiate the NK cell antitumor response in the TME. To study 

this hypothesis, we used daratumumab to evaluate the NK cell-mediated ADCC 

response to MM cells in the presence of a selected combination of TME factors. These 

selected TME factors hypoxia, lactate and PGE2 are frequently found in the TME of 

many tumors and have been described to hamper NK cell antitumor response. In 

addition, we determined whether KIR-ligand mismatched NK cells were more potent 

than matched NK cells under these conditions. For the experiments, we used IL-2 

activated NK cells to resemble the clinical situation where ex vivo (IL-2) activated NK 

cells will be infused into cancer patients.
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MATERIALS AND METHODS

Cell lines and culture
The K562 cell line was cultured in IMDM and 10% fetal calf serum (FCS). The OPM-

2, UM-9, RPMI8226/s cell lines were cultured in RPMI1640 and 10% FCS, the L363 

cell line was cultured in RPMI1640 and 15% FCS, the JJN-3 cell line was cultured in 

40% IMDM and 40% low glucose DMEM with 20% FCS. All cell culture media were 

supplemented with 100 U/mL penicillin (Gibco) and 100 µg/mL streptomycin (Gibco). 

K562 and RPMI8226/s were obtained from American Type Culture Collection (ATCC, 

Rockville, MD, USA). OPM-2, L363, and JJN-3 were obtained from Deutsche Sammlung 

von Mikroorganismen und Zellkulturen (DSMZ GmbH, Braunschweig, Germany). 

UM-9 was a gift from Dr. A. Martens, Vrije Universiteit Medisch Centrum (VUMC), The 

Netherlands. All culture media were from Gibco, Breda, The Netherlands and FCS was 

produced by Greiner Bio-One International, GmbH. All cell lines were cultured at 37o 

C in humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-20AIC, Sanyo Electric 

Co, Japan). 

NK cell isolation and activation
NK cells were isolated from fresh blood derived from healthy donors after signing 

informed consent or from healthy donor’s HLA-typed buffy coats. Donors with an 

HLA-C1+C2+Bw4+ genotype were selected. The use of buffy coats, being a by-

product of a required Medical Ethical Review Committee (METC) procedure, does not 

need ethical approval in the Netherlands under the Dutch Code for Proper Secondary 

Use of Human Tissue. These buffy coats were anonymous, and the individuals from 

whom the samples originated did not object to their use. PBMCs were obtained 

by density gradient centrifugation of the donor sample using lymphoprep (Axis-

Shield). NK cells were subsequently isolated by negative selection with an NK cell 

isolation kit using MACS beads and columns according to manufacturer’s protocol 

(Miltenyi Biotec, GmbH). For short term activation, NK cells were cultured in RPMI-

1640 medium (Gibco) supplemented with 10% fetal calf serum (Greiner Bio-One), 100 

U/mL penicillin (Gibco) and 100 µg/mL streptomycin (Gibco) at 37°C in humidified 

air containing 5% CO2 with 21% O2 (Sanyo MCO-20AIC, Sanyo Electric Co, Japan). NK 

cells were activated overnight with 1000 IU/ml recombinant human IL-2 (Proleukin, 

Novartis). 

CD107a degranulation assay
To assess NK cell degranulation against MM target cells (tumor cells), CD107a 

expression on NK cells was analyzed using flow cytometry. Target cells were plated 

in 24 wells plates at a concentration of 2x106 cells/mL per well and incubated 
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overnight at 37oC in humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-

20AIC, Sanyo Electric Co, Japan) or 0,6% O2 (Invivo2, 1000 Ruskinn Technology Ltd, 

Bridgend, UK). Prior to the assay, IL-2 activated NK cells were harvested, washed, and 

subjected to 1-h incubation with either 50mM sodium L-lactate (Sigma), 100ng/mL 

prostaglandin (Sigma), or medium. Target cells were pre-incubated for 30 min with 1 

µg/mL daratumumab (Genmab) or trastuzumab (Roche) or, as a control, with medium 

at 21% O2 (ambient air) or 0,6% O2 (hypoxia). TMEF-exposed NK cells were then, in 

duplicate wells, co-cultured with the target cells in 1:1 effector:target ratio and 2 µl 

anti-CD107a-Horizon V450 (H4A3, BD Biosciences) was added per well. After 1 h of 

coculture, monensin (BD Biosciences) was added. After another 3 h, the plate was 

placed on ice to stop the reaction. Cells were then stained on ice with anti-CD3-APC/

H7 (SK7, BD Biosciences), anti-CD56-PeCy7 (B159, BD Biosciences), anti-KIR2DL1-APC 

(143211, R&D), anti-KIR2DL2/3/S2-PE (DX27, Miltenyi Biotec), anti-KIR3DL1-FITC (DX9, 

Miltenyi Biotec) and anti-NKG2A-PC5.5 (Z199, Beckman Coulter). 

Analysis of KIR-ligand matched and mismatched NK cells 
Using Luminex-SSO, we determined the genotypic expression of the HLA-class I 

epitopes of UM9 (C1+C2-Bw4-) and RPMI8226/s (HLA C1+C2+Bw4-) at the genomic 

level. KIR-ligand matched NK cells for UM9 were KIR2DL2/3+ while for RPMI8226/s 

they were KIR2DL2/3+, KIR2DL1+, or the combination of KIR2DL2/3+ and KIR2DL1+. 

KIR-ligand mismatched NK cells for UM9 were KIR2DL1+, KIR3DL1+ or the combination 

of KIR2DL1+ and KIR3DL1+, while for RPMMI8226/s they were KIR3DL1+.

Cytotoxicity assay
The NK cell cytotoxicity potential against tumor cells was determined in a 4-h flow 

cytometry-based assay. Tumor cells were labeled using CellTracker™CM-DiI Dye 

(Molecular Probes™, USA) and were incubated overnight at 37oC in humidified air 

containing 5% CO2 with 21% O2 (ambient air) (Sanyo MCO-20AIC, Sanyo Electric Co, 

Japan) or 0,6% O2 (hypoxia) (Invivo2, 1000 Ruskinn Technology Ltd, Bridgend, UK). 

Prior to the assay, IL-2 activated NK cells were harvested and washed followed by 

1-h incubation with either 50mM sodium lactate (Sigma) or 100ng/mL PGE2(Sigma) 

or medium. Tumor cells were pre-incubated for 30 min with 1 µg/mL daratumumab, 

trastuzumab, rituximab (Roche), or medium under ambient air or hypoxia. After pre-

incubation of with TMEFs, NK cells were co-cultured with labeled tumor cells in 1:1 

effector:target ratio for 4 h in duplicates. After 4 h, dead DiI-labeled tumor cells were 

measured with Live/Dead® Fixable Aqua Dead Cell Stain Kit (Molecular Probes™, 

USA). Specific cytotoxicity was determined by the equation: (% dead tumor cells - % 

spontaneous tumor cells death)/(100 % - % spontaneous tumor cells death) x 100. 
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Compartment specific-bioluminescence (CS-BLI) cyototoxicity assay
The assay was performed as described previously [21]. In short, luciferase positive 

cell lines RPMI8226/s, JJN3, and L363 were plated in optical 96-well plates (Corning) 

at 4000 or 6500 cells per well. NK cells, pre-incubated for 30 min with either lactate 

or PGE2, were added at a 1:5 effector:target ratio. After 24 h of co-culture, luciferin 

(Xenogen Corp) was added, and plates were incubated for an additional 30 min at 37°C 

followed by immediate measurement of the bioluminescence using a Luminoskan 

(Labsystems). The percentage tumor cell killing was calculated by: 100 % - (CS-BLI 

signal with NK cells/CS-BLI signal without NK cells) x 100 %.

Flow cytometry
Expression of MM specific antigens such as CD38-PE (BD Biosciences) and the above 

mentioned NK cell receptors were measured using flow cytometry. Cells were washed 

with PBS (Gibco) and stained first for dead cells using Live/Dead® Fixable Aqua Dead 

Cell Stain Kit (Molecular Probes™, USA) for 30 min on ice in the dark. Cells were further 

washed with FACS buffer (PBS, 1% FCS) and stained with antibodies for 30 min on ice 

in the dark. All flow cytometric analyses were performed with BD FACS Canto II. Data 

were analyzed with FlowJo 10.1r5 64 bit software. 

Statistical analysis
All statistical analysis was performed with GraphPad Prism V software (Graphpad 

Software Inc, San Diego, CA, USA) using two-tailed non-parametric t test with 

repeated measure (Wilcoxon signed rank test). * indicates a p value of <0.05.
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RESULTS

The tumor microenvironmental factors lactate and PGE2 can inhibit NK 
cell cytotoxicity against MM cells.
To study the effect of combinations of TMEFs on NK cell function, we used co-cultures 

of IL-2 activated primary NK cells with either MM cell lines or the HLA class I deficient 

K562 line. Previous studies observed that lactate and PGE2 concentrations of up to 40 

mM (lactate) and 50 ng/ml (PGE2) could be found in tumors [22, 23]. To determine the 

NK cell potentiating effect of antibodies in a severely suppressive TME, we performed 

a dose titration (supplementary Fig. 1) and selected 50mM lactate and 100 ng/ml 

PGE2 as concentrations to combine with hypoxia. As expected from our previous 

study [4], hypoxia (0.6% O2) alone did not influence cytotoxicity of IL-2 activated NK 

cells against all cell lines tested when compared to ambient air (21% O2) conditions 

(supplementary Fig. 2). However, the combination of hypoxia and lactate reduced NK 

cell cytotoxicity ranging between a 1.63 fold reduction (for RPMI8226/s) to a 2.61 fold 

reduction (for OPM-2) (Fig. 1b). The average fold reduction of NK cell cytotoxicity for 

all cell lines together was 2.28 fold (p <0.0001, Fig. 1d). The effect of the combination 

of hypoxia and PGE2 was less profound than the combination of hypoxia and lactate. 

It did not reduce NK cell cytotoxicity against K562. For the MM cell lines, the reduction 

ranged between 1.23 fold reduction (for UM-9) and 1.58 fold reduction (for JJN-3) 

(Fig.  1c). The average fold reduction of NK cell cytotoxicity against all cell lines tested 

was 1.26 (p <0.0001, Fig. 1d). To exclude the possibility that the inhibition was due 

to an increase in NK cell death caused by the TMEFs itself, we tested the viability of 

NK cells which demonstrated no differences in the percentage of dead NK cells in the 

presence of TMEFs (supplementary Fig. 3). 
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Figure 1. Analysis of the eff ect of combinations of tumor microenvironmental factors on the 
antitumor capacity of IL-2 activated NK cells. a Summary of the experimental set up: blood-
derived NK cells were activated with IL-2 overnight. The following day, the NK cells were washed 
and incubated for 1 hour with either PGE2 or lactate followed by a 4 hours cytoxicity assay with 
DiI-labeled tumor cells that had been overnight incubated under hypoxia (0.6% O2). b-d Specifi c 
cytotoxicity of NK cells against K562, JJN-3, L363, OPM-2, RPMI8226, or UM9 cell lines under hypoxia 
without (control) or with lactate (b) or PGE2 (c). Data in b and c are from n=6 diff erent NK cell donors 
(every dot represents one donor). d Data from all cell lines used in b and c were pooled and statistical 
analysis was performed on pooled data. * = p<0.05, ***= p<0.0001.
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Triggering ADCC with Daratumumab can augment NK cell antitumor 
reactivity in the presence of single or combinations of TMEFs  
To investigate whether ADCC triggering antibodies (daratumumab, trastuzumab, 

rituximab) could potentiate the NK cell antitumor response in the presence of TMEFs, 

we performed cytotoxicity assays with or without incubation of the tumor cells with 

antibodies. In the presence of hypoxia alone, all three antibodies could boost NK 

cell cytotoxicity when NK cells were co-cultured with cell lines expressing the target 

antigens (supplementary Fig. 4). We selected daratumumab to further evaluate the 

ADCC effect in the presence of combinations of TMEFs. 

For daratumumab to trigger ADCC, the CD38 antigen expression on the cell surface 

must persist under TME conditions. We therefore determined CD38 expression on 

myeloma cells upon culture with TMEFs. Flow cytometry showed that RPMI8226/s 

and UM9 were high in CD38 expression, while OPM-2 was low in CD38. L363, JJN-3, 

and K562 were CD38-negative. Moreover, CD38 expression levels remained constant 

in the presence of TMEF (Fig. 2). In subsequent cytotoxicity assays, we showed that 

daratumumab enhanced NK cell cytotoxicity against the CD38-high MM cell lines, 

from 20% to 45% for UM9 and from 14% to 33% for RPMI8226/s (Fig. 3). Importantly, 

daratumumab enhanced the NK cell anti-MM response in the presence of all tested 

combinations of TMEF. For UM9, under hypoxic and lactate conditions, the increase 

in ADCC was lower compared with the increase in the hypoxia only condition 

(p=0.0023). Daratumumab did not trigger NK cell-mediated ADCC under any of the 

conditions where NK cells were co-cultured with CD38low OPM-2 cells, suggesting 

that the expression level of CD38 on target cells was important for the potential of 

the antibody to induce NK cell-mediated ADCC. As expected, daratumumab also did 

not enhance or reduce the killing of the CD38 negative cell lines JJN-3, L363, K562.
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Figure 2. Analysis of the eff ect of hypoxia, lactate, PGE2 or combination thereof on CD38 
expression levels of multiple myeloma cell lines. UM9, RPMI8226, OPM-2, JJN-3, L363 and K562 cell 
lines were cultured overnight under 0.6% or 21% O2 followed by 4 h incubation with or without PGE2 
or lactate. CD38 expression was determined using fl ow cytometry. The median fl uorescence index 
(MFI) is indicated next to each histogram. Figure is representative of 3 independent experiments. Cell 
lines having high CD38 expression are denoted in red.
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Figure 3. Eff ect of daratumumab on NK cell killing of CD38-high cells under suppressive TMEF. 
DiI-labeled UM9, RPMI8226, OPM-2, K562, JJN-3 and L363 were incubated overnight at 0.6% or 21% 
O2. The next day, tumor cells were pre-incubated with daratumumab while overnight IL-2 activated 
NK cells were pre-incubated with PGE2 or lactate followed by co-culture in a cytotoxicity assay. Graphs 
show specifi c cytotoxicty data. White dots = without daratumumab, black dots = with daratumumab. 
* = p<0.05, n = 6 independent donors (K562, JJN-3, and L363) or 7 donors (UM9, RPMI8226, OPM2). 
Cell lines having high CD38 expression are denoted in red.
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Daratumumab induces NK cell death 
NK cells also express low levels of CD38 which potentially binds daratumumab and 

they could therefore be a target of daratumumab-mediated killing. Since reducing 

the number of effector cells could be detrimental, we also evaluated whether there 

was an increase in the number of dead NK cells after addition of daratumumab. In the 

absence of daratumumab and tumor cells, the average percentage of dead NK cells 

after 4 h of culture was 21.49% compared with 36.66% in the presence of daratumumab 

(Fig. 4a). This phenomenon was also observed in the presence of TMEF. An increase in 

the percentage of dead NK cells in conditions with daratumumab was also observed 

after 4 h co-culture with the different tumor cell as well as in the presence of TMEF 

lines (p<0.0001, Fig. 4b). An increased NK cell death by daratumumab was observed 

after only 2 h and cell death further increased to 60% after 24 h (Fig. 5a). Induction 

of NK cell death was not observed with trastuzumab which binds Her2/neu that is 

not present on NK cells. Furthermore, the effect of daratumumab was comparable 

for conditions with 0.1, 1 and 10 ug/ml of antibody. We also observed a higher 

percentage of CD107a positive NK cells in all conditions with daratumumab. This 

demonstrates that NK cells increasingly degranulate upon addition of daratumumab 

suggesting that they get activated by- and mediate ADCC against- other NK cells with 

daratumumab bound to their surface (Fig. 5b).
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Figure 4. NK cell death in the absence or presence of daratumumab. a IL-2 activated NK cells were 
incubated with daratumumab. After 4 h, NK cell death was determined by fl ow cytometric analysis 
of a life-death marker. n= 5 independent donors, every dot indicates one donor. b Incubation of 
IL-2 activated NK cells with daratumumab and tumor cell lines (K562, JJN-3, L363, OPM-2, UM9 or 
RPMI8226/s), n= 5 independent donors, every dot indicates one donor. For graphs in b, NK cells from 
each of the fi ve donors were incubated with all six cell lines. Data from all cell lines were collectively 
plotted in one graph.  ***= p<0.0001
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Figure 5. The kinetics of NK cell death and activation in the absence or presence of daratumumab. 
IL-2 activated NK cells were incubated with or without 0.1 µg/mL, 1 µg/mL, 10 µg/mL daratumumab 
or 1 µg/mL trastuzumab for 2, 4, 8, or 24 hours in 21% O2. a The percentage of dead NK cells was 
calculated by the percentage of NK cells positive for Live/Dead® Marker. b NK cell degranulation 
was determined as the percentage of CD107a+ NK cells. Shown are dots representing the mean of 
replicate cultures with standard deviation.
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Selection of KIR-ligand mismatched donors can help to potentiate NK 
cell anti-MM reactivity in the TME
After showing that triggering ADCC is a potent way to enhance NK cell anti-MM 

reactivity in the presence of TMEF, we questioned whether the selection of KIR-ligand 

mismatched donors could help to further augment the response. We performed a 

CD107a assay and determined degranulation of NKG2A negative NK cells (KIR-ligand 

matched vs mismatched subsets) against CD38-high UM9 or RPMI8226/s cells under 

different TMEFs and in the absence or presence of daratumumab. The addition of 

daratumumab to the culture enhanced NK cell degranulation of both KIR-ligand 

matched and mismatched NK cell subsets upon co-culture with UM9 or RPMI8226/s 

as compared to conditions without daratumumab (Fig. 6 and supplementary Fig. 5). 

For KIR-ligand matched NK cells, the average increase by daratumumab was from 

6.03% to 45.87% under hypoxia (p = 0.0039), 2.34% to 29.62% under hypoxia and 

lactate (p = 0.0039), and 4.05 % to 37.38% under hypoxia and PGE2 (p = 0.0039). For 

KIR-ligand mismatched NK cells, the average increase was from 14.32% to 52.96% 

under hypoxia (p = 0.0039), 4.76% to 35.17% under hypoxia and lactate (p = 0.0039), 

and 10.76% to 46.44% under hypoxia and PGE2 (p = 0.0039). We did not observe a 

difference in the percentage of degranulating NK cells for subsets single positive for 

KIR2DL1, KIR2DL2/3 or KIR3DL1 (supplementary Fig. 6 and supplementary Fig. 7).

In the absence of daratumumab, the average percentage of degranulating NK cells was 

higher for the KIR-ligand mismatched subset as compared to the matched subset for 

all donors tested in response to UM9 or RPMI8226/s. This was observed under hypoxia 

(p = 0.0039); hypoxia and lactate (p = 0.0091); and hypoxia and PGE2 (p = 0.0091) 

(p=0.0039 for all three TME conditions) (Fig. 6a). In the presence of daratumumab, 

there was little difference between degranulation of the KIR-ligand matched and 

mismatched subsets (Fig. 6b). This suggests that lowering the activation threshold by 

KIR-ligand mismatching would be most effective under conditions where the NK cell 

receives limited activating signals. Furthermore, for both the KIR-ligand mismatched 

as well as the matched subset, the percentage of degranulating NK cells in response 

to UM9 or RPMI8226/s with daratumumab was not significantly different between 

the TME conditions. 
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Figure 6. Comparison of degranulation of KIR-ligand mismatched NK cells and KIR-ligand 
matched NK cells in response to MM cells with or without daratumumab. Following an 
overnight incubation under hypoxia (0.6% O2), UM9 and RPMI8226/s cells were incubated a without 
or b with daratumumab for 30 min while IL-2 activated NK cells were incubated for 1 h with PGE2 or 
lactate. The percentage of degranulating KIR-ligand matched or KIR-ligand mismatched NK cells was 
determined as % CD107a+ cells. Dots represent means of replicate cultures of independent donors. 
n = 5 independent experiments 
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DISCUSSION

In this study, we set out to explore whether the combination of alloreactive NK 

cells and clinical antibodies targeting tumor-specific/-associated antigens could 

help to overcome the detrimental effects of the immunosuppressive TME. First, we 

demonstrated that the NK cell antitumor response can be potentiated by clinical-

grade antibodies and that this was effective even under conditions reflective of an 

NK cell suppressive TME. Additionally, we provide data demonstrating that selection 

of KIR-ligand mismatched NK cell donors could help to further amplify the NK cell 

response. 

In our previous study, we showed that hypoxia alone could inhibit NK cell anti-

MM activity and we demonstrated that IL-2 activation of NK cells could overcome 

this issue [4]. In this study, we aimed to investigate the influence of a more severe 

NK-suppressive TME. We observed the inhibitory effect of lactate on NK cell killing 

already at a low (5mM) concentration (supplementary Fig. 1) which was in line with 

earlier studies [7]. PGE2 has been shown to negatively impact the NK cell antitumor 

response [6]. In our hands, NK cell inhibition by PGE2 was less pronounced than with 

lactate and seemed to be more cell line dependent. In a mouse myeloma model, 

oxygen levels of <10 mmHg (1.3%) have been shown [24]. In patients with MM, the 

accumulation of hypoxia-inducible factor-1α (HIF-1α) in bone marrow (BM) biopsies 

suggested the presence of a hypoxic region in the BM [25, 26] and in other tumors, 

hypoxia frequently coincides with elevated lactate levels. Exact lactate and PGE2 

levels in MM BM should, however, be determined to confirm the relevance of these 

factors for MM. Another important point to consider in more detail in the future is 

tumor heterogeneity. Although we already performed our assays using multiple cell 

lines, it is necessary to perform follow up studies with more heterogeneous primary 

myeloma cells. In vivo, the tumor and the TME will be more complex, and potentially 

more immunosuppressive which necessitates additional clinical studies in human 

patients. Nevertheless, our study already illustrated that IL-2 activation alone was 

not enough to potentiate NK cells which clearly emphasized the need for further 

activation of NK cells to overcome the inhibitory effect of multiple TMEFs.

In this study, we demonstrated that daratumumab enhanced NK cell-mediated 

killing of cancer cells under hypoxia, hypoxia/lactate, and hypoxia/PGE2. In line with 

a previous study [27], we showed that the effect of daratumumab, was specific for 

MM lines expressing relatively high levels of CD38 (i.e. UM9 and RPMI8226/s). We did 

not observe ADCC in response to CD38 low or negative cells, suggesting that the 

level of antigen expression on target cells could affect the outcome. Our observation 
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that CD38 expression by MM cells was not reduced by TMEFs, and that binding of 

daratumumab was not affected by any of the TME conditions, was critical since CD38 

expression was required for daratumumab to be effective. Previously, we and others 

showed that hypoxia alone could slightly reduce CD16 expression [4, 5]. Here, we did 

not observe a decrease in ADCC capacity under hypoxia alone (Fig. 3), so apparently, 

this lower CD16 expression did not influence the capacity of NK cells to mediate 

ADCC. In line with our TME data, daratumumab has previously been shown to 

potentiate PBMC mediated anti-MM reactivity in the presence of immunosuppressive 

BM stromal cells and in a mouse model of MM [28]. Together with our current data, 

this emphasizes the potency of an approach using an ADCC triggering antibody to 

potentiate NK cells in the TME. 

The current availability of a large number of clinically available antibodies which bind 

to tumor-specific/associated antigens (e.g. cetuximab, rituximab, trastuzumab) on a 

variety of tumors provides the great opportunity to combine NK cell and antibody 

therapies. A major challenge, however, is to find antibodies that exclusively bind to 

tumor cells. Antibodies, such as daratumumab, also interact with antigens expressed 

on healthy cells, and could give rise to off-target cytotoxicity. We indeed observed a 

high number of dead or degranulating NK cells in conditions where daratumumab 

but no tumor target cells were present. Supporting this, in a previous study in MM 

patients, administration of daratumumab has been shown to decrease the number 

of peripheral blood NK cells [29, 30]. These clinical data and our current data could 

be explained by the fact that NK cells express CD38 [31]. Binding of daratumumab 

to CD38+ NK cells could trigger ADCC of NK cells against NK cells with bound 

daratumumab, a phenomenon called fratricide which would be in line with our 

degranulation data. Elotuzumab, an antibody against CS1 expressed on NK cells and 

MM cells, has been shown to directly activate NK cells [29]. Presumably, this is not the 

mechanism for daratumumab as a CD38-F(ab’)2 fragment did not trigger direct NK 

cell activation [32]. A reduction in NK cell numbers, upon administration to patients, 

could be detrimental on the long term and the treatment can possibly be further 

optimized by incubating NK cells, before infusion, with a CD38-F(ab’)2 fragment to 

reduce binding of the ADCC mediating antibody.

KIR-ligand mismatched NK cells were more effective against MM target cells than 

matched cells under all TME conditions tested in this study. Degranulation of both 

subsets was enhanced by daratumumab and although the difference between 

matched and mismatched NK cells was less distinct upon addition of daratumumab, 

mismatched NK cells seemed to be slightly better effector cells. The difference 

between matched and mismatched cells was not caused by intrinsic differences 
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between the subsets as, in response to HLA class I negative K562 cells, all subsets 

degranulated to the same extent (supplementary Fig. 7). KIR/HLA interactions have 

been shown to reduce ADCC mediated by rituximab [16, 19, 20, 33]. One of these 

studies showed that inhibitory KIR/HLA interactions could be compensated for by 

modification of the Fc part of the rituximab antibody by glycoengineering resulting 

in an antibody called GA101 (obinutuzumab) with an enhanced potential to trigger 

ADCC [33]. An alternative approach that has been proposed, is to use the KIR blocking 

antibodies that are currently available in clinical grade format [20]. Unfortunately, a 

recent study showed that the administration of anti-KIR antibody in patients with 

smoldering MM had to be terminated as it resulted in NK cell anergy caused by the 

removal of KIR receptor from NK cell surface by trogocytosis [34]. In the current study, 

we demonstrate that selection of a donor based on HLA genotype and KIR expression 

could be a good way to achieve a KIR-ligand mismatched status to minimize the 

detrimental effects of KIR/HLA. Selection of KIR-ligand mismatched donors would 

be feasible for allogeneic NK cell treatments where the patient lacks at least one of 

the HLA epitopes binding to inhibitory KIRs, as is the case in approximately 70% of 

the individuals (Mahaweni unpublished data and [35]). Also in the situation where a 

glycoengineered antibody is used, selection of a KIR-ligand mismatched donor could 

be beneficial since tumor cells could downregulate the expression of the antigen 

targeted by the antibody. In that case, the KIR-ligand mismatch will still facilitate the 

response against antigen negative cells. 

In summary, we showed in this study that the combination of an ADCC triggering 

antibody and selection of KIR-ligand mismatched donors is a potent and realistic 

platform to potentiate the NK cell antitumor response in the TME. The difference 

between allogeneic and non-allogeneic NK cells has to be explored in vivo. The 

antitumor potential of NK cells can be applied by donor NK cell infusion as well as 

by haploidentical stem cell transplantation (HaploSCT). In HaploSCT, donor-derived 

NK cells have been identified as the main mediators of antitumor reactivity and due 

to the improved post-transplant treatment regimen, HaploSCT is now a realistic and 

feasible treatment option. Therefore, we envision that the combination of ADCC 

triggering antibodies and KIR-ligand mismatching is a favorable combination to 

be tested in future clinical studies, both in the context of HaploSCT, potentially in 

combination with NK cell infusions, as well as single donor NK cell infusion.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Eff ect of lactate and PGE2 on the killing capacity of NK cells. In a 
compartment specifi c bioluminescence imaging (CS-BLI) based assay, luciferase-expressing L363, 
JJN-3 or RPMI8226/s cells were incubated overnight with KHYG-1 NK cell line, in the absence or 
presence of indicated concentrations of a lactate or b PGE2. Shown are the mean and standard 
deviation (SD) of n =4 technical replicates from one experiment.

Supplementary Figure 2. Killing of tumor cells by IL-2-activated NK cells under normoxia and 
hypoxia. IL-2 activated NK cells were co-cultured with DiI-labeled target cells in 1:1 E:T ratio in a 4 hour 
fl ow cytometry-based cytotoxicity assay, under 21% O2 (ambient air) or 0.6% O2 (hypoxia). Each dot 
represents the mean of replicate culture of one donor (n = 5 donors in 5 independent experiments).
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Supplementary Figure 3. Percentage of dead NK cells exposed to TME factors. NK cells were 
cultured under 21% O2 only (control), or under hypoxia (0.6% O2) or in combination of hypoxia with 
lactate or PGE2 for 5 hours. Dead cells were evaluated by calculating the percentage of NK cells 
positive for Live/Dead Marker. Per condition, each dot represents the mean of replicate culture of one 
donor (n = 5 donors in 5 independent experiments).

Supplementar y Figure 4. Eff ect of clinical-grade antibodies on NK cell mediated ADCC under 
hypoxia. DiI-labeled UM9 (CD38+), SKBR3 (HER2+), or EBV-B transduced cell line (CD20+) were 
incubated overnight at 0.6% or 21% O2. The next day, 30 minutes prior to 4 hours fl ow cytometry-
based cytotoxicity assay, tumor cells were incubated with either 1 µg/mL daratumumab (UM9), 1 
µg/mL trastuzumab (SKBR3), or 10 µg/mL rituximab (EBV-B transduced cell line) while IL-2 activated 
NK cells were incubated for 1 hour with 100 ng/mL PGE2 or 50 mM lactate. Shown are the mean of 
replicate culture with SD. n = 2 experiments for UM9 and SKBR3, 1 experiment for EBV-B.
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Supplementary Figure 5. Comparison of degranulation of KIR-ligand mismatched NK cells and 
KIR-ligand matched NK cells in response to MM cells with or without daratumumab. Following 
an overnight incubation in the presence of hypoxia (0.6% O2), a UM9 and b RPMI8226/s cells were 
incubated with daratumumab for 30 minutes while IL-2 activated NK cells were incubated for 1 hour 
with 100 ng/mL PGE2 or 50 mM lactate. 
Dots represent means of replicate cultures. n = 5 independent experiments



60 Chapter 2

Supplementary Figure 6. Spontaneous degranulation of NK cell subsets. NK cell spontaneous 
degranulation was measured in a fl ow cytometry-based degranulation (CD107a)  assay after 5 hours 
incubation of NK cells under hypoxia (0.6% O2) alone (control) or the combination of hypoxia and 
lactate or hypoxia and PGE2 in the presence or absence of daratumumab. Each dot represents the 
mean of replicate culture of one donor (n = 5 donors in 5 independent experiments).
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Supplementary fi gure 7. Degranulating capacity of KIR2DL2/3, KIR2DL1, and KIR3DL1 subsets 
in the absence of inhibitory signals from HLA class I. NK cells were co-cultured with K562 cells, 
in a fl ow cytometry-based degranulation (CD107a) assay in the presence of hypoxia (0.6% O2) alone 
(control) or the combination of hypoxia and lactate or hypoxia and PGE2. Each dot represents the 
mean of replicate culture of one donor (n = 5 donors in 5 independent experiments).
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ABSTRACT

The FCGR3A gene encodes for the receptor important for antibody-dependent 

natural killer cell-mediated cytotoxicity. FCGR3A gene polymorphisms could affect 

the success of monoclonal antibody therapy. Although polymorphisms, such as 

the FcɣRIIIA-V158F and -48L/R/H, have been studied extensively, an overview of 

other polymorphisms within this gene is lacking. To provide an overview of FCGR3A 

polymorphisms, we analysed the 1000 Genomes project database and found a 

total of 234 polymorphisms within the FCGR3A gene, of which 69%, 16%, and 15% 

occur in the intron, UTR, and exon regions respectively. Additionally, only 16% 

of all polymorphisms had a minor allele frequency (MAF) > 0.01. To facilitate (full-

length) analysis of FCGR3A gene polymorphism, we developed a FCGR3A gene-

specific amplification and sequencing protocol for Sanger sequencing and MinION 

(Nanopore Technologies). First, we used the Sanger sequencing protocol to study 

the presence of the V158F polymorphism in 76 individuals resulting in frequencies 

of 38% homozygous T/T, 7% homozygous G/G and 55% heterozygous. Next, we 

performed a pilot with both Sanger sequencing and MinION-based sequencing of 

14 DNA samples which showed a good concordance between Sanger- and MinION 

sequencing. Additionally, we detected 13 SNPs listed in the 1000 Genome Project, 

from which 11 had MAF >0.01, and 10 SNPs were not listed in 1000 Genome Project. In 

summary, we demonstrated that FCGR3A gene is more polymorphic than previously 

described. As most novel polymorphisms are located in non-coding regions, their 

functional relevance needs to be studied in future functional studies. 



65
A comprehensive overview of FCGR3A gene variability by full-length gene 

sequencing including the indetification of V158F polymorphism

Ch
ap

te
r 3

INTRODUCTION

Natural killer (NK) cells are innate lymphocytes and pivotal players in the defense 

against malignant- or virally-infected cells [1]. NK cells can produce cytokines and 

kill target cells [2]. Moreover, NK cells mediate antibody-dependent cell-mediated 

cytotoxicity (ADCC) via the ligation of their low affinity Fc receptor, FcɣRIIIa, also 

known as CD16, with an antibody bound to a potential target cell [1, 3]. 

As reviewed recently, the strength of the ADCC response could be determined 

by several factors, amongst them the isotype-, fucosylation- and glycosylation- 

characteristics of the antibody as well as genotypic variation of the FcɣRIIIa receptor 

itself [4]. A clear example of the latter is the single nucleotide substitution (SNP) from 

G to T at cDNA nucleotide position 559 of the FCGR3A gene generating two different 

FcɣRIIIa allotypes: one with a valine (V) and one with a phenylalanine (F) at amino acid 

position 158, known as FcɣRIIIA-V158F polymorphism (rs396991) [5–7]. The presence 

of a valine (V/V or V/F) has been shown to enhance the NK cell’s binding affinity to an 

IgG1 or IgG3 antibody as compared to the presence of a homozygous phenylalanine 

genotype (F/F), resulting in a higher level of NK cell-mediated ADCC [6–8]. 

In antibody-based immunotherapy, NK cell-mediated ADCC is one of the mechanisms 

underlying the anti-cancer effects of frequently used antibodies like rituximab, 

trastuzumab, and cetuximab. Several clinical studies provided evidence for the 

functional relevance of the V158Fpolymorphism in this setting: In non-Hodgkin 

lymphoma, HER-2/neu-positive metastatic breast cancer, metastatic colorectal 

cancer or head and neck cancer, patients with V/V polymorphism appeared to have 

an improved progression-free survival as compared to patients with F/F phenotype  

[9–13]. Moreover, a study examining rituximab and ADCC in healthy donors 

suggested that the expression of at least one valine at FcɣRIIIa-158 could explain the 

improved clinical outcome [14]. Nonetheless, two other studies [15, 16] did not find 

any correlation between the V158F polymorphism and the clinical outcome possibly 

due to sample size limitation. 

The characterization of the FCGR3A gene polymorphism may also be relevant in the 

solid organ transplantation setting where, in the presence of antibodies against 

a renal graft, NK cells have been shown to mediate ADCC contributing to graft 

rejection [17, 18]. A recent study on cardiac allograft showed that patients with V/V 

genotype had an enhanced CD16 expression and were associated with a higher risk 

of developing vasculopathy and eventually allograft rejection [19].



66 Chapter 3

Interestingly, a study on bone marrow transplantation for myeloid malignancies 

suggested that the V158F polymorphism in recipients could predict transplant 

outcomes and the presence of V/V genotype in recipients was associated with a 

significantly reduced risk of acute and chronic graft-versus-host disease as well as 

better overall survival [20]. Furthermore, patients with F/F or V/F genotype have been 

shown to have a higher predisposition to an increased incidence of infection after 

liver transplantation [21]. 

In addition to the V158F polymorphism, several additional polymorphisms in 

the FCGR3A gene have been identified: 1) the FcɣRIIIA-48L/R/H polymorphism 

(rs10127939), where a single nucleotide substitution from T to G is responsible for a 

leucine (L) to an arginine (R) substitution and T to A is responsible for a leucine (L) to 

a histidine (H) at amino acid position 48. Both these substitutions have been reported 

to have an enhanced binding to the IgG1, IgG3, and IgG4 [22]. This polymorphism 

has also been demonstrated to be linked to the FcɣRIIIA-V158F polymorphism [6] 

where the FcɣRIIIA-48L/R/H polymorphism influenced ligand binding capacity in the 

presence of the FcɣRIIIA-V158F polymorphism [23]. The presence of R or H allele and 

at least one copy of V allele provided a higher binding capacity. 2) A homozygous 

missense mutation in the FCGR3A gene encoding an L48H substitution causing 

a defect in NK cell cytotoxicity due to a reduced surface expression of CD2, a co-

activation receptor, while preserving an intact ADCC [24]. 3) Two SNPs (rs4656317 and 

rs12071048)  located within the enhancer region of the FCGR3A gene that are in strong 

linkage disequilibrium with the FcɣRIIIA-V158F polymorphism and strongly affected 

NK cell ADCC activity where the major alleles had a higher ADCC activity than those 

with minor alleles [25], 4) a 3-SNP/1-indel FCGR3A intragenic haplotype which was 

associated with increased FcɣRIIIa expression [26]. 5) Several other polymorphisms in 

the FCGR3A gene, i.e. rs2099684 [27]; rs10919543 [28]; and rs445509 [29], that have 

been found to be associated with arteritis [27, 28] and chronic periodontitis [29]. 

The above mentioned studies highlighted the potential relevance of FCGR3A 

polymorphisms for NK cell effector function and their potential clinical relevance. 

However, the analysis is frequently complicated by the presence of FCGR3B gene, 

encoding the inhibitory FcɣRIIIb receptor, as the FCGR3B gene is highly homologous 

to the FCGR3A gene except that it has a T at nucleotide 531 of the cDNA instead 

of a C [7, 30]. Another issue is that previous methods were focused on sequencing 

particular exons of the gene [7, 31] while extended polymorphism in for example 

5’ or 3’ UTR or in introns could also influence CD16 expression e.g. by influencing 

micro-RNA binding or alternative splicing [32]. To facilitate future studies to unravel 

the functional consequences of full length CD16 polymorphism, we established a 
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standardized way to determine V158F gene polymorphism using Sanger sequencing 

and we tested a new full-length gene single molecule sequencing method for the 

identifcation of polymorphism in the FCGR3A gene using MinION (a Nanopore 

technology). We subsequently used these methods, combined with the data present 

for the FCGR3A gene in the database of phase 3 of the 1000 Genomes project (1KGP), 

to generate a more comprehensive overview of full-length CD16a polymorphism.
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RESULTS

FCGR3A gene variability beyond the V158F polymorphism
To study the magnitude of FCGR3A gene polymorphism, we analysed the nucleotide 

variability data available in the 1KGP for this gene and mapped all the polymorphisms 

identified in 1KGP based on the location and the minor allele frequency (MAF)  

(Fig .1). The polymorphic index (PI), the number of polymorphic positions divided by 

the length of the region, of the whole gene and of the individual introns/exons/UTR 

were calculated (Table 1). This illustrated that exon 3 is the most polymorphic region 

in the gene, with a PI of 0.066, while exon 2 has the lowest PI. The gene sequence of 

exon 2–5 encodes for the FcγRIIIa receptor, which consists of an extracellular domain 

with two Ig-like domains (exon 3 and 4) and five potential N-glycosylation sites (three 

in exon 3 and two in exon 4), a transmembrane domain (exon 5) and a cytoplasmic 

domain (exon 5).

A total of 234 polymorphisms (3% of the entire gene, SNP density: 2.83 SNP/100bp) 

were identified, of which 34 (15%) are present in the exons, 162 (69%) in the introns, 

and 38 (16%) in the untranslated regions (UTRs) (Fig. 2). Of note, only 36 of these 234 

polymorphisms have a MAF higher than 1% (Table 2). A relatively high number of the 

polymorphisms are located in intron 3 as compared to the other regions (16 out of 

36).

Of the 34 polymorphisms identified in the exons, 22 (65%) are non-synonymous and 

12 (35%) are synonymous. Only one non-synonymous (rs10127939 C/T) and two 

synonymous polymorphisms (rs114535887 and rs150808747) have a MAF greater 

than 1%. The non-synonymous polymorphism is located at nucleotide position 1302 

in exon 3 with three different nucleotides possible (T, G, and A), resulting in three 

different amino acids: leucine (L, MAF 0.09), arginine (R, MAF 0.039), and histidine (H, 

MAF 0.027) and three different alleles. The synonymous polymorphism are located at 

nucleotide position 1321 and 1336 and have a MAF of 0.019, and 0.012 respectively.

The V158F polymorphism at nucleotide position 5093 (rs396991) is not documented 

in the 1KG because it did not reach the quality control threshold, most probably 

because of its location in a homopolymer-rich region, and thus no frequency 

information of this polymorphism was attainable. For this reason, Figure 1 shows an 

arrow demonstrating the location of the V/F polymorphism, but provides no further 

information.
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Figure 1. Schematic illustration 
of FCGR3A gene and its 234 
polymorphisms according to 
the 1000 Genome database. 
The stripes present underneath 
represent diff erent polymorphisms. 
All polymorphisms with MAF > 0.01 
are shown on the upper part of the 
scheme and the rs number is shown. 
Diff erent colors denote the amino 
acid changes as shown in the legend. 
The grey arrow points at the location 
of the V/F polymorphism.

The stripes present underneath 

The grey arrow points at the location 
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Table 1. Number of polymorphisms present in the FCGR3A gene described in the 1KG 

database.

Location Bases Polymorphisms PI

5'UTR 183 5 0.027

Exon 1 147 8 0.054

Intron 1 664 30 0.045

Exon 2 20 0 0.000

Intron 2 331 13 0.039

Exon 3 257 17 0.066

Intron 3 3461 87 0.025

Exon 4 257 4 0.016

Intron 4 1501 32 0.021

Exon 5 186 5 0.027

3'UTR 1252 33 0.026

Coding region 867 34 0.039

Noncoding region 7392 200 0.027

Whole gene 8259 234 0.028
The table reports the number of polymorphisms per location and the polymorphic index.  PI = 
Polymorphic Index. 

Figure 2. Schematic overview of overall polymorphisms in the FCGR3A gene in the 1KG database. 
The bottom circle depicts the whole FCGR3A gene. The light grey slice shows the percentage of the 
gene that is polymorphic.
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Table 2. Polymorphisms with a minor allele frequency (MAF) higher than 1% in the 1KG project.

SNP Position in gene Location Polymorphism MAF Amino Acid Change

rs34436026 195 Intron 1 R A: 0.011

rs10917571 224 Intron 1 K T: 0.340

rs4656317 516 Intron 1 S G: 0.257

rs371389552 664 Intron 1 R A: 0.021

rs138032965 727 Intron 1 R A: 0.106

rs12127809 756 Intron 1 Y C: 0.022

rs56095771 878 Intron 2 R G: 0.095

rs373184583 959 Intron 2 Y T: 0.090

G: 0.039 L/R/H

rs10127939 1302 Exon 3 D A: 0.027

rs114535887 1321 Exon 3 R A: 0.019

rs150808747 1336 Exon 3 Y T: 0.012

rs57581214 1641 Intron 3 Y T: 0.024

rs452662 1696 Intron 3 K T: 0.030

rs145862532 1816 Intron 3 Y T: 0.019

rs77825069 1950 Intron 3 K T: 0.048

rs115866473 2336 Intron 3 W T: 0.012

rs4656312 2418 Intron 3 Y T: 0.126

rs148467641 2802 Intron 3 W T: 0.014

rs145392761 3213 Intron 3 K T: 0.014

rs71632960 3275 Intron 3 Y T: 0.023

rs12071216 3278 Intron 3 R G: 0.018

rs7526944 3678 Intron 3 K T: 0.408

rs149210339 3763 Intron 3 S C: 0.025

rs6687275 3997 Intron 3 M C: 0.121

rs145421193 4098 Intron 3 S G: 0.017

rs55971447 4308 Intron 3 R A: 0.050

rs10429882 4459 Intron 3 R G: 0.408

rs367724155 5333 Intron 4 M C: 0.023

rs148685469 5803 Intron 4 K G: 0.011

rs56150752 6229 Intron 4 M C: 0.094

rs426615 6258 Intron 4 K G: 0.462

rs7539036 6904 3 'UTR Y T: 0.107

rs114559215 6975 3 'UTR S C: 0.013

rs138533290 7256 3 'UTR K 0.012

rs545128086 7507 3 'UTR Deletion (A/-) 0.010

rs116121681 7558 3 'UTR S 0.012
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Sanger Sequencing for detection of V158F polymorphism in the FCGR3A 
gene
To establish a convenient method to analyse FcɣRIIIa-158 polymorphism, while 

excluding the highly homologous FCGR3B gene, we explored a Sanger sequencing 

based approach that would also enable analysis of extended polymorphism. 

The FCGR3A gene sequence of the 1KGP database was used as reference for the 

sequencing analysis. First, we focused the analysis on the FcɣRIIIa-158 polymorphism 

and, in our sequence data, we identified the FCGR3A gene by the presence of a C 

nucleotide at the position 5065 while a T would be identified in case of an FCGR3B gene  

(Fig. 3a). The FcɣRIIIa-158 polymorphism variants at nucleotide position 5093 (T/T, T/G, 

and G/G) could be distinguished by analysis of the chromatograms. The T/T genotype 

would result in an F/F phenotype (low affinity), T/G in a V/F phenotype, whereas G/G 

would result in a V/V phenotype (high affinity). We subsequently analysed a total 

of 76 samples for the V/F polymorphism and a total of 29 samples were found to 

be homozygous for T (F/F), 42 samples were heterozygous (V/F), and 5 samples 

were homozygous for G (V/V). Hence, the T allele was overall the most prevalent; 

66% T compared to 34% G. To validate the results obtained from the sequencing, 

we used sequence-specific primers (SSPs) to specifically amplify the variants of the 

FCGR3A gene separately. For this validation, we selected a total of 11 samples. The 

gel electrophoresis results confirmed the sequencing results (Supplementary Fig. S1). 

Altogether, these data showed that the developed Sanger sequencing approach is 

reliable to identify polymorphisms in the FCGR3A gene. 
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Figure 3. Detection of V158F polymorphism by showing 3 different genotypes, homozygous 
T, homozygous G, and heterozygous. (a) Electropherograms show the Sanger-based sequencing 
result around the V158F polymorphism. The red square indicates nucleotide position 5064, which 
is used to check whether the FCGR3B gene is co-amplified. The yellow square indicates nucleotide 
position 5093, used for determining the V158F polymorphism. Nucleotide code K indicates that both 
T and G are present. (b) MinION sequencing result around the V158F polymorphism. Dark grey bars 
on the top show the sequence coverage identical to the consensus sequence. If the sequence is not 
identical to the consensus the bars will have the color of the corresponding nucleotide. The light grey 
lines show a small part of the reads obtained with the MinION run and the sequence at the bottom 
shows the consensus sequence. The first result represents a sample homozygous for T at position 
nucleotide 5093 (coverage: A: 0%: C: 2% G: 2% T: 96%), which was also used as consensus, the second 
sample is homozygous for G (coverage: A: 3% C: 2% G: 85% T: 9%), and the third is heterozygous at 
nucleotide position 5093 (coverage: A: 1% C: 3% G: 32% T: 64%).
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Detection of extended, full length polymorphisms is feasible using 
Sanger- and MinION Nanopore-based sequencing
The results from the 1KGP database analysis on FCGR3A gene polymorphisms revealed 

that there were more polymorphisms within the FCGR3A gene than previously 

described. Additionally, the 1KGP polymorphism frequency database showed 

that some of these polymorphisms occurred in the worldwide population with a 

frequency higher than 1.0%. We therefore envisioned that detection of extended full 

length polymorphisms, including the non-coding regions, in this gene could facilitate 

future studies on the functional relevance of the FcɣRIIIa receptor polymorphism. 

To investigate the feasibility of detecting polymorphisms in the FCGR3A gene, 

we set up a pilot study and amplified the whole FCGR3A gene region for 14 DNA 

samples and subsequently sequenced using two approaches: Sanger- and MinION 

sequencing (Oxford Nanopore Technologies). Despite full length amplification, we 

did not perform full length sequencing for Sanger sequencing for this pilot and used 

primers covering a part of intron 3, exon 4, intron 4, and 3’UTR region. MinION is a 

novel portable real-time single molecule sequencing device developed to sequence 

long regions with ultra-long reads. With this technique, we were therefore able to 

sequence the complete full-length gene, also including all non-coding gene regions. 

MinION amplification primers were also tagged enabling us to barcode and sequence 

multiple samples simultaneously. After sequencing, we analysed the sequencing 

results and compared the results obtained by SBT with those obtained by MinION 

and with the data from the 1KGP.

In this pilot study, we detected 23 SNPs in the FCGR3A gene of the 14 individuals 

(Table 3). Of these 23 SNPs, 13 were also identified by the 1KGP and two of these SNPs 

(G3121A and T3155C) were found with a MAF < 0.01. The only exonic SNP T5093G 

(V158F polymorphism) is listed in 1KGP database as “failed variant” and the allelic 

frequency data is not available in this database. We therefore used the MAF data from 

other databases (GO-ESP and ExAC) in table 3. The 10 SNPs not identified by the 1KGP 

were located in the non-coding intron 3, intron 4 or 3’UTR region.

Of the 23 detected SNPs, nine were identified by both the Sanger and MinION 

technique. Since the other 14 SNPs were located in regions outside the Sanger 

sequence area, these were only identified by MinION. This result demonstrates that 

MinION sequencing can be used to determine full length FCGR3A polymorphism. 

Although the results of MinION sequencing were similar to Sanger sequencing, some 

caution should be taken when reading the sequencing results in the region where 

V158F polymorphism is located (Fig. 3b). We observed that MinION could misreport 

the presence of heterozygous G/T where it would be reported as a homozygous T/T 

genotype (depending on the analysis settings/percentage of nucleotides present), 
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most likely due to the presence of homopolymer sequence within the region. This 

might actually be the reason why it is reported as a “failed variant” in the 1KG project, 

since all NGS methods encounter difficulties in analysing homopolymer regions.

Altogether, we demonstrated that using full-length Sanger-based and MinION-based 

sequencing methods we could detect both known as well as new polymorphisms 

within the FCGR3A gene.

Table 3. SNPs found within the FCGR3A gene detected by SBT and MinION, compared to 1KG.

Detected in

SNP Chromosomal 
position

Gene 
position

Gene 
location

SBT MinION 1KG project SNP name MAF

G224T 1:161519411 224 Intron 1 No* Yes Yes rs10917571 0,34

C516G 1:161519119 516 Intron 1 No* Yes Yes rs4656317 0,26

G727A 1:161518908 727 Intron 1 No* Yes Yes rs138032965 0,11

G1463A 1:161518172 1463 Intron 3 No* Yes No n/a n/a

G1793C 1:161517842 1793 Intron 3 No* Yes No n/a n/a

C2418T 1:161517217 2418 Intron 3 No* Yes Yes rs4656312 0,13

A2967G 1:161516668 2967 Intron 3 No* Yes No n/a n/a

G3121A 1:161516514 3121 Intron 3 No* Yes Yes rs545876704 <0,01

T3155C 1:161516480 3155 Intron 3 No* Yes Yes rs180923798 <0,01

A3187G 1:161516448 3187 Intron 3 No* Yes No n/a n/a

G3624T 1:161516011 3624 Intron 3 Yes Yes Yes rs6672453 0,11

G3683T 1:161515952 3683 Intron 3 Yes Yes Yes rs7526944 0,41

G3763C 1:161515872 3763 Intron 3 Yes Yes Yes rs149210339 0,03

A4083G 1:161515552 4083 Intron 3 Yes Yes No n/a n/a

A4327C 1:161515308 4327 Intron 3 Yes Yes No n/a n/a

A4459G 1:161515176 4459 Intron 3 Yes Yes Yes rs10429882 0,41

T5093G 1:161514542 5093 Exon 4 Yes Yes Yes rs396991
0.27** - 
0.33***

T5728C 1:161513907 5728 Intron 4 Yes Yes No n/a n/a

C5876G 1:161513759 5876 Intron 4 No* Yes No n/a n/a

T6187C 1:161513448 6187 Intron 4 No* Yes No n/a n/a

T6258G 1:161513377 6258 Intron 4 No* Yes Yes rs426615 0.46

C6904T 1:161512731 6904 3’UTR Yes Yes Yes rs7539036 0.11

G8054C 1:161511581 8054 3’UTR No* Yes No n/a n/a

Using the same amplification primers, 14 DNA samples were sequenced using SBT and MinION. MAF 
represents the Minor Allele Frequency data from 2504 individuals obtained from the1KG database 
except for rs396991 (F158V) were the MAF was obtained from the GO-ESP** and ExAC*** database. 
No* = this position was not included within the SBT sequence region. 
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DISCUSSION

NK cells are the principal mediator of ADCC due to the high expression of the 

activating FcγRIIIa and the absence of the inhibitory FcγRIIIb on their surface [3]. The 

large availability of clinical grade antibodies triggering ADCC against cancer cells 

has put increased focus on NK cell-mediated ADCC and emphasizes the relevance of 

the FcγRIIIa for cancer immunotherapy [4]. In addition, a few studies underlined the 

functional relevance of FcγRIIIa in the transplantation setting by showing that NK cell 

mediated ADCC could play a role in allograft rejection [33]. Albeit several FCGR3A 

gene polymorphisms have been shown to impact NK cell mediated ADCC, full length 

gene polymorphism has not been determined. Hence, we provide here an overview 

of FCGR3A gene polymorphisms, as well as two improved sequencing methods for 

further gene exploration.

In this study, with 234 polymorphisms identified, we demonstrated that FCGR3A 

gene is more polymorphic than currently known; 34 SNPs were located in the 

exons and only 3 of them had a MAF >0.01. We identified two non-synonymous 

SNPs either by Sanger sequencing/MinION sequencing or in 1KGP. The first one was 

rs10127939, representing the FcɣRIIIA-48L/R/H previously shown to influence ADCC 

[22, 23]. We did not detect this polymorphism in our full-length sequencing samples 

presumably because of our limited sample size and the fact that the frequency of this 

polymorphism is relatively low in the population (MAF= 0.039 and 0.027). The second 

non-synonymous SNP in the coding region was rs396991, representing the V158F 

polymorphism which we detected both by Sanger- and by MinION sequencing. 

In our test panel the V/F phenotype (G/T genotype) is the most common (55%) 

followed by F/F (T/T genotype, 38%) and V/V (G/G genotype, 7%). The presence of 

V158F polymorphism has been previously investigated in individuals from different 

populations, including ethnic groups from Singapore [34], the Netherlands, Great 

Britain, Norway [35] and Japan [36]. Overall these studies reported the V/F or F/F 

phenotype as the most frequent, whereas the V/V was the least frequent phenotype 

in all populations, which is comparable to our results and could suggest some kind of 

selective pressure on FCGR3A. Our study set up did not allow us to reliably compare 

V158F gene- and allele frequencies between the 34 samples from the Guadaloupe 

population vs the 42 samples from our institute or with the results from the 1KGP. 

The major reason for this was the lack of information on the exact ethnic background 

of the individuals and the low sample size. Given the known highly heterogeneous 

background of the Guadaloupe population, it would, however, be highly interesting 

to compare this population with other populations in a future study.
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In this study, we demonstrated that the majority of FCGR3A gene polymorphism is 

located in the non-coding regions and at least 33 of the 200 identified non-coding 

SNPs have a MAF>0.01 in the 2504 individuals of the 1KG project. As introns have 

been demonstrated to be involved in gene regulation [37] and many intronic 

polymorphisms could exhibit functional significance [38] it might be worthwhile 

to perform additional functional studies. SNPs located in the intron regions could 

potentially affect RNA splicing by altering the sequences of the 5’/3’ splice site, 

branch point, polypyrimidine tract or intronic splicing enhancer/silencer motifs. A 

study on FCGR2C gene interestingly showed that a mutation in an intronic splice 

site introduced novel stop codons resulting in a loss of FcɣRIIc expression [39]. In 

this study we have investigated the two consensus splice site sequences on the 

5’ and 3’ end of the intron (GT on 5’ and AG on 3’) and we already observed one 

SNP (rs544630563) at the 3’ of intron 4, turning AG into GG, although it was found 

with low frequency in the 1KGP database (MAF <0.01). Additionally, as in a recent 

paper reviewing different studies on different disease genes, several mutations deep 

within the introns (for example 100 base pairs upstream exon-intron boundary) were 

identified as being associated to multiple diseases [40]. In line with our data, where 

we observed intronic polymorphisms located upstream the exon-intron boundary, 

it would be interesting to look at the association of these polymorphisms with the 

functionality of the FcɣRIIIa receptor.

In the present study, we successfully set up a Sanger- and a MinION-based protocol to 

sequence the FCGR3A gene. We subsequently demonstrated that both Sanger sequencing 

and MinION were able to identify FCGR3A polymorphisms present in the 1KGP database. 

While Sanger sequencing is based on the capillary electrophoresis, MinION technology 

consists of nanopores embedded in an electrically resistant membrane through which a 

current is applied, causing a potential which flows through the aperture of the nanopores. 

The changes observed in the current correspond with 5 to 6 nucleotides passing through 

the nanopores. This electrical signal is translated into reads that can be analysed and 

by this technology, MinION can sequence reads up to hundreds of kilo base pairs. For 

both techniques, we performed identical full length amplification of the gene. However, 

MinION has the advantage of directly generating full length gene reads and phasing of 

the two variants is possible without group-specific amplification. Although MinION allows 

full-gene sequencing of various samples in a relatively short time, this technology is not 

yet widely implemented. Compared to conventional sequencing approaches MinION 

has a lower accuracy and sensitivity and therefore more reads must be generated. We 

demonstrated a good concordance between Sanger sequencing and MinION and were 

able to identify the V158F polymorphism in all samples using both MinION and Sanger. 

Nonetheless, a homopolymer region, such as the sequence around V158F, is known to 
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be problematic in all next generation sequencing approaches, apparently including 

MinION and presumably this also explains the lack of data for this region in the 1KGP. The 

challenge of analyzing such homopolymer regions with MinION sequencing has been 

described in several other studies as well  [41–43]. Hence despite its usefulness for full 

length gene analysis, Sanger sequencing for now seems the preferred method when only 

analysis of V158F polymorphism is required.

In summary, we showed that FCGR3A gene is highly polymorphic especially in the non-

coding regions of the gene requiring functional studies to investigate the functional 

consequences. Additionally, we demonstrated that our Sanger- and MinION-based 

sequencing approaches can be used to identify the extended polymorphisms of the 

gene. Although further optimization and validation is warranted, we also identified 

MinION as a powerful method to perform direct full-length FCGR3A gene sequencing.
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MATERIAL AND METHODS

Subjects
FCGR3A sequences were studied in a test panel consisting of 76 distinct samples with 

unknown DNA sequence, 42 of them were volunteers from the institute and 36 were 

individuals from the Guadeloupe islands [44]. Samples were left over from diagnostic 

procedures which does not require ethical approval in the Netherlands under the 

Dutch Code for Proper Secondary Use of Human.

DNA isolation
Genomic DNA was extracted from ethylenediamine tetraacetic acid (EDTA) blood 

samples using the QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). DNA 

concentrations were measured using the NanoDrop ND-1000 spectrophotometer 

(Thermo Scientific, Wilmington, Delaware).

Amplification of the FCGR3A gene for SBT and MinION sequencing
Amplification primers
Primers specific for the FCGR3A gene were designed by comparing the sequences 

of the FCGR3A and FCGR3B genes, including their polymorphisms, and finding the 

discrepancies among them. Due to the extreme homology of the genes, some generic 

primers (not specific for the FCGR3A gene) were also designed as a control and always 

used in combination with a specific primer.

Polymerase Chain Reaction
The entire FCGR3A gene, including the 5’UTR and 3’UTR, was amplified using an 

FCGR3A gene-specific forward primer and a generic reverse primer, producing a 9654 

bases long polymerase chain reaction (PCR) product. The PCR reaction contained 300 

ng of genomic DNA, 67 mM Tris-HCl (pH 8.8) (Merck, Darmstadt, Germany), 16.6 mM 

ammonium sulfate (Merck), 0.01% Tween 20 (Merck), 1.5 mM MgCl2 (Life Technologies, 

Austin, Texas), 0.2 mM of each dNTP (GE Healthcare, Diegem, Belgium), 0.1 µg/µl cresol 

red (Sigma-Aldrich, St. Louis, Missouri), 5% glycerol (Alfa Aesar, Karlsruhe, Germany), 

15 pmol of each primer (Sigma-Aldrich) and 2.5 U of Expand Long Template PCR 

System (Roche, Basel, Switzerland) with a final volume of 30 µl. The PCR program 

consisted of an initial denaturation step of 2 minutes at 94oC; followed by 10 cycles 

of 15 seconds at 94oC, 30 seconds at 63oC and 4 minutes at 68oC; then 10 cycles of 15 

seconds at 94oC, 30 seconds at 60oC and 6 minutes at 68 oC; afterwards 10 cycles of 

15 seconds at 94oC, 30 seconds at 60oC and 10 minutes at 68oC; and a final elongation 

step of 7 minutes at 68oC. The PCR products were checked by electrophoresis using a 

1.5% agarose gel containing 0.5 µg/µl ethidium bromide (Sigma-Aldrich). 
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MinION amplification
The same amplification primers used for SBT were used for the MinION sequencing 

mixture, with a tag-sequence (indicated as italic and red) added to the ends to enable 

barcoding amplification for identification of different samples after all samples were 

pooled.

Sanger sequencing of V158F region
Amplicons were purified by ExoSAP-IT (Affymetrix, Santa Clara, California) following 

the manufacturer’s protocol. Purified amplicons were sequenced using ABI 

BigDye Terminator Chemistry (Life Technologies) and an ABI 3730 sequencer (Life 

Technologies) with a forward and a reverse sequencing primer.

The sequencing mixture consisted of 1 µl purified PCR product, 0.5 µl sequencing 

primer (5 pmol, Sigma-Aldrich), 1 µl of BigDye Terminator v1.1 mix, 1.5 µl 5x Big Dye 

Terminator sequencing buffer and 6 µl distilled water. The PCR program consisted of: 

1 minute at 95oC, followed by 25 cycles of 10 seconds at 95oC, 5 seconds at 50oC, and 4 

minutes at 60oC. Successively, the mixtures were purified by Sephadex G-50 Fine (GE 

Healthcare Life Sciences, Little Chalfont, UK) and placed in the ABI 3730 sequencer 

for capillary electrophoresis sequencing. The chromatograms were aligned with a 

reference sequence obtained from the 1KG project and analysed using DNASTAR 

Lasergene SeqMan Pro (DNASTAR Lasergene, Madison, Wisconsin).

FCGR3A gene sequencing using Sanger Sequencing
For FCGR3A gene sequencing using SBT, several sequencing primers were used to 

cover different locations in the gene.

MinION Nanopore-based sequencing
Amplicons were barcoded and sequenced following Oxford Nanopore’s instructions 

(NSK-LSK208). In short, we purified the amplicons using CleanPCR beads (GC Biotech, 

Alphen aan den Rijn, the Netherlands) followed by determining DNA concentration 

using a DS-11 spectrophotometer (DeNovix, Delaware, USA). Next, 48 ng of amplicon 

was barcoded  using the PCR barcoding Kit 1 (Oxford Nanopore Technologies, Oxford, 

UK) and LongAmp Taq 2x (New England Biolabs, Massachusetts, USA) followed by 

purification of the barcoded PCR product using CleanPCR beads and determination of 

DNA concentration. The barcoded DNA samples were pooled to an end volume of 1 µg 

in 45 µl and an endrepair/dA-tailing was performed (NEBNext Ultra II End-Repair/dA-

tailing module, New England Biolabs) followed by a purification step using AMPure 

XP beads (Beckman Coulter, California, USA). After that, DNA adapter ligation was 

performed using NEB Blunt/TA ligase master mix (New England Biolabs) and samples 



81
A comprehensive overview of FCGR3A gene variability by full-length gene 

sequencing including the indetification of V158F polymorphism

Ch
ap

te
r 3

were purified using MyOne C1 Dynabeads (Thermo Fisher Scientific, Massachusetts, 

USA). Of this adapter library, 75 µl was loaded into a FLO-MIN106 flow cell.  Sequencing 

run was performed and base calling was done using Albacore software (V1.2.4, Oxford 

Nanopore Technologies). Sequencing data was analysed using in-house software and 

Integrative Genomics Viewer (IGV) [45].

PCR amplification using sequence specific primers for SBT validation
The sequence specific primers (SSPs) consisted of one primer specific for the T allele 

and one for the G allele. An FCGR3A gene-specific primer was used in combination 

with the SSPs to assure specific amplification of the FCGR3A gene. The PCR program 

was almost identical to the SBT amplification protocol described in this article, except 

that the annealing temperature used for SSP PCR was 63oC during the first 10 cycles. 

1000 Genome Project Data Analysis
Based on the publicly available data present in the third phase of the 1KG project 

(http://phase3browser.1000genomes.org/index.html), including 2504 

individuals originating from 26 different populations, the FCGR3A gene comprised 

8259 bp located on chromosome 1: 161511549-161519818 (reverse direction). This 

sequence corresponds to the FCGR3A-001 protein coding transcript and the start of 

exon 1 (position 1:161519634) was used as nucleotide position 1 in this paper. We 

recorded the polymorphism and its location on the chromosome as well as the gene 

location (position of nucleotide and region (i.e. UTR, exon, or intron)). The population 

genetic tool was used to acquire an overview of the overall allele frequencies and the 

frequencies within different population.
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List of primers

SBT Amplification Primers

Direction Sequence (5’ to 3’) Location 1000 Genomes

FW GCTGCCTGGGTTCATTTCCA 1:161520918-161520938

RV CCTCTGCCCAGGCCTCTA 1:161511283-161511301

MinION Amplification Primers

Direction Sequence (5’ to 3’) Location 1000 Genomes

FW TTTCTGTTGGTGCTGATATTGCGCTGCCTGGGTTCATTTCCA 1:161520918-161520938

RV ACTTGCCTGTCGCTCTATCTTCCCTCTGCCCAGGCCTCTA 1:161511283-161511301

SBT V158F region Sequencing Primers

Direction Sequence (5’ to 3’) Location 1000 Genomes

FW GTGTTCAAGGAGGAAGACC 1:161514701-1:161514719

RV ACTCAACTTCCCAGTGTGATT 1:161514701-1:161514719

SBT FCGR3A gene Sequencing Primers

Direction Sequence (5’ to 3’) Location 1000 Genomes Specificity

FW CTAATAATGATTCATCTCTYTGC 1:161525783 - 1:161525805 Intron 3

FW TGCTKAAAAAGTAAGTGGWTAG 1:161525803 - 1:161525824 Intron 3

RV GGTAAGTATTATAATGGCAYAAG 1:161526243 - 1:161526260 Intron 3

RV TTATAGGTAAGTATTATAATGGC 1:161526248 - 1:161526265 Intron 3

FW KTTTGGCAGTGYCAACCWTC 1:161528867 - 1:161528886 Exon 5 / 3’ UTR

FW TCCACCTGGGTACCAAGTC 1:161528898 - 1:161528916 Exon 5 / 3’ UTR

RV TTCTATGTTTCCTGCTGCTTG 1:161529146 - 1:161529166 Exon 5 / 3’ UTR

RV RGGATCTGGCTCTGAGTTC 1:161529163 - 1:161529182 Exon 5 / 3’ UTR

FW GTGTTCAAGGAGGAAGACC 1:161514701-1:161514719 V158F region

RV ACTCAACTTCCCAGTGTGATT 1:161514701-1:161514719 V158F region

SSP Amplification Primers

Direction Sequence (5’ to 3’) Location 1000 Genomes Specificity

RV AAGACACATTTTTACTCCCAAA 1:161514521-1:161514542 T allele

RV AAGACACATTTTTACTCCCAAC 1:161514521-1:161514542 G allele

FW GCTGCCTGGGTTCATTTCCA 1:161520918-161520938 FCGR3A 
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SUPPLEMENTARY FIGURE

Supplementary Figure S1. The detection of V/F polymorphism by SSP showing 3 different geno-
types. Three different DNA samples representing homozygous T (a), heterozygous (b), and homozy-
gous G (c) genotype. T on the lane means the SSP used for amplification was specific for the T allele, 
while a G indicates the SSP used for amplification was specific for the G allele. Each figure was derived 
from 3 different gels. Red dotted lines marked the border between the ladder and the samples.
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ABSTRACT

Human leukocyte antigen-E (HLA-E) is a non-classical HLA class I molecule that 

canonically binds peptides derived from the leader sequence of classical HLA 

class I. HLA-E can also bind peptides from stress protein [e.g. heat shock protein 

60 (Hsp60)] and pathogens, illustrating the importance of HLA-E for anti-viral and 

anti-tumor immunity. Like classical HLA class I molecules, HLA-E is ubiquitously 

expressed, however, it is characterized by only a very limited sequence variability and 

two dominant protein forms have been described (HLA-E*01:01 and HLA-E*01:03). 

HLA-E influences both the innate and the adaptive arms of the immune system by 

the engagement of inhibitory (e.g. NKG2A) and activating receptors [e.g. αβ T cell 

receptor (αβTCR) or NKG2C] on NK cells and CD8 T cells. The effects of HLA-E on the 

cellular immune response are therefore complex and not completely understood yet. 

Here, we aim to provide an overview of the immunological and clinical relevance of 

HLA-E and HLA-E polymorphism in stem cell transplantation and in cancer. We review 

novel insights in the mechanism via which HLA-E expression levels are controlled 

and how the cellular immune response in transplantation and cancer is influenced 

by HLA-E.
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INTRODUCTION

Major histocompatibility complex (MHC) class I molecules have an essential function 

in both the innate and the adaptive immune system through the presentation of 

peptides from intracellular proteins to lymphocytes and by acting as ligands for NK 

cell receptors. MHC class I molecules can be divided in classical MHC class I molecules 

(MHC class Ia) and non-classical MHC class I molecules (MHC class Ib). Human 

leucocyte antigen-E (HLA-E) is a member of the group of non-classical MHC class I 

molecules also including HLA-G and HLA-F. Non classical MHC molecules have been 

especially recognized for their immunomodulatory role. Expression of HLA-G and –F 

is mainly restricted to specific tissues, e.g. the placenta. In contrast, expression of 

HLA-E is more ubiquitous and virtually every healthy cell in the body positive for 

HLA class I also expresses HLA-E. The molecular structure of HLA-E closely resembles 

that of the classical MHC class I molecules (i.e. HLA-A, -B and –C) but there are some 

obvious differences; HLA-E displays limited polymorphism as compared to the highly 

polymorphic HLA class I molecules, and thus far two dominant protein variants have 

been recognized (1). In addition, the peptide binding cleft of HLA-E allows binding 

of only a restricted set of peptides while classical HLA class I molecules bind a wide 

variety of peptides. HLA-E interacts with inhibitory and activating receptors present 

on NK cells and T cells, hence, having a dual function in the immune system (2, 3). 

HLA-E has been shown to bind pathogen-derived peptides, to act as an antigen 

provoking an immune response in the transplantation setting and it can be aberrantly 

expressed by tumor cells. However, the exact influence of HLA-E on anti-viral- or anti-

tumor immunity and transplantation outcome is complex and not completely known. 

Structural characteristics of HLA-E
HLA-E is expressed by virtually every healthy cell in the body but the expression levels 

of HLA-E are relatively low compared to class I. The molecular structure of HLA-E 

closely resembles that of HLA class I and consists of a heavy chain made up, by the 

extracellular α1-3 domains, a transmembrane region and the intracellular domains 

of the protein. Equally to the classical HLA class I molecules, the heavy chain of the 

HLA-E molecule pairs with an invariant light chain i.e. β2-microglobulin, β2-m (1). 

The α1 and α2 domains form the peptide binding cleft of the molecule consisting of 

eight β folds at the bottom of the groove and two flanking α-helices. For stable cell 

surface expression, peptide binding is required and HLA-E typically binds short (8-10 

amino acid) peptides. Classical HLA class I peptide clefts usually have two anchor 

residues and one or more secondary residues for fine tuning between allotypes 

whereas the HLA-E peptide cleft comprises 5 of these anchor residues (p2, 3, 6, 7 and 

9) that in combination with its limited polymorphism result in the binding of a much 
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more restricted peptide repertoire (1, 4). This is an illustration of the more conserved 

nature of HLA-E and presumably also of the different function of HLA-E in the immune 

system. Under homeostatic conditions, HLA-E binds peptides from intracellular 

proteins and primarily peptides derived from the leader sequences of classical HLA 

class I molecules. These leader sequences become available when they are cut from 

the rest of the HLA molecule by signal peptidases in the endoplasmic reticulum (ER) 

during translocation of the HLA molecule to the cell surface (5). However, HLA-E 

has also been shown to bind a peptide derived from heat shock protein 60 (Hsp60), 

a protein that is abundantly expressed by cells exposed to a wide variety of stress 

factors (6). In addition, HLA-E can bind peptides from intracellular pathogens, e.g. 

from cytomegalovirus (CMV) (UL40), Hepatitis C, Epstein-barrvirus (EBV), human 

immunodeficiency virus (HIV), mycobacteria, Salmonella (GroEL). These pathogen-

derived peptide sequences can be different from the canonical class I leader peptide 

sequences. More details on structural characteristics of HLA-E and an overview of 

HLA-E binding peptides, including their sequences are reviewed elsewhere (1, 2, 7).

Regulation of HLA-E expression
HLA-E expression levels are predominantly controlled through HLA-E binding 

peptides. Availability of HLA-E binding peptides is important, but, the exact 

sequence of the peptide is also relevant as it has been shown to determine peptide 

binding affinity. Hence, peptides binding with a lower affinity result in less stable 

HLA-E molecules on the cell surface and thus lower expression levels as compared 

with peptides binding HLA-E with a high affinity (8). Through the availability of class 

I leader peptides, HLA-E expression levels are directly linked to expression levels of 

classical HLA class I molecules. Viral infection can reduce the availability of leader 

peptides either through direct inhibition of HLA expression or by interfering with 

the antigen presentation machinery (e.g. interference with transporter associated 

with antigen processing (TAP)) leading to the down regulation of HLA class I (9). The 

reduction in HLA class I facilitates the escape of virally infected- or tumor cells from 

immune surveillance by cytotoxic CD8 T cells (10). Through the limited availability 

of class I leader peptides, HLA-E expression shall go down as well rendering virally 

infected cells more susceptible for killing by NK cells. Several viruses encode (TAP 

independent) HLA-E binding peptides ensuring that, even in the absence of HLA 

class I leader peptides, HLA-E expression levels remain high enough to inhibit NKG2A 

expressing NK cells. This has been extensively studied for CMV which encodes a 

number of HLA-E binding peptides, amongst them the gpUL40-derived VMAPRTLVL 

and VMAPRTLIL peptides, having the same sequence as some of the HLA class I 

leader peptides, but not requiring TAP functioning (9). Interestingly, a recent study 

has demonstrated that in the absence of a functional TAP, HLA-E presents a different, 
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TAP independent peptide repertoire consisting of 500 peptides that do not have 

sequence overlap with the TAP dependent repertoire (11). The close resemblance 

of the TAP independent HLA-E repertoire with that of HLA-A2 suggests that in a 

TAP deficient situation, HLA-E has the same function as classical HLA class I in the 

activation of a CD8 T cell response. Under homeostatic conditions, HLA-E expression 

levels are controlled mainly through the binding of HLA class I leader peptides. In 

virally infected cells, however, the HLA-E system is hijacked by the virus to guarantee 

a level of HLA-E surface expression mimicking that of normal healthy cells to facilitate 

the escape from immunesurveillance.

Recently microRNA’s have been described as peptide independent regulatory 

mechanism of HLA-E expression. MicroRNA’s are small non coding RNA’s that 

interfere with RNA translation by binding to the 3’UTR of the gene which leads 

to direct inhibition of translation or to degradation of the mRNA also resulting in 

reduced levels of HLA-E protein. Nachmani et al, identified miR-376a as a microRNA 

that can bind to the 3’UTR of HLA-E (12). In addition, they showed that editing of 

miR-376a, by CMV encoded ADAR1, reduces the binding of this microRNA leading to 

enhanced expression of HLA-E. This study is illustrative for the potential role of post-

transcriptional control of HLA expression. MicroRNA control of gene expression has 

been reported for HLA-G (13) and classical HLA class I (14) as well. Moreover various 

viruses have been shown to encode microRNA’s or microRNA editing proteins like 

ADAR1, and availability of microRNA’s can be tissue dependent which could be an 

explanation for tissue restricted HLA expression (12). 
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Functional relevance of HLA-E
The effect of HLA-E and alterations in expression levels of HLA-E on the cellular 

immune response is complex because HLA-E interacts with both activating and 

inhibitory receptors on NK cells and CD8 T cells and, depending on the receptor 

and the responding cell, engagement of HLA-E can lead to immune activation or 

suppression (summarized in Figure 1). 

An important receptor family interacting with HLA-E is the family of CD94/NKG2, 

C-type lectin-like receptors, expressed on NK cells. NKG2 family members can trigger 

inhibition or activation of target cell lysis by NK cells ((15) and reviewed in Ref.7). 

NKG2A and NKG2C are two of several members of the NKG2 family which associate 

with CD94 as heterodimer. NKG2A has immunoreceptor tyrosine-based inhibition 

motif (ITIM) in its cytoplasmic tail while NKG2C can bind to DAP12 protein bearing 

immunoreceptor tyrosine-based activation motif (ITAM). Therefore, binding of HLA-E 

and CD94/NKG2A provides an inhibitory signal to the NK cell, whereas interaction of 

HLA-E and CD94/NKG2C delivers an activation signal to the NK cell (Figure 1). The two 

receptors have been demonstrated to recognize overlapping epitopes of HLA-E and 

competitively bind to HLA-E with NKG2A having higher affinity compared to NKG2C 

(16-18). Thus, the interaction between NK cells and HLA-E predominantly results in 

NK cells inhibition. 

But what could be the functional relevance of this mechanism for the immune 

system? HLA-E is expressed by nearly all healthy cells and tissues. NK cell activation 

is determined by the signaling balance between inhibitory and activating receptors. 

Engagement of HLA with inhibitory receptors like killer immunoglobuline like 

receptors (KIRs for HLA-ABC) and NKG2A (for HLA-E) protects healthy cells from 

killing by NK cells (19). Activating NK cell ligands are frequently stress- or pathogen-

associated proteins. In a situation where HLA is downregulated (e.g. upon viral 

infection or neoplastic transformation), inhibitory signaling via HLA will be reduced 

and if a potential target cell expresses sufficient levels of activating NK cell ligands, 

NK cell will kill the target cell via the release of cytotoxic granules or death receptors 

(20). However, several pathogens, amongst them CMV, have been shown to encode 

HLA-E binding peptides, e.g. CMV encoded gpUL40-derived peptides VMAPRTLVL 

and VMAPRTLIL that mimic the leader peptides from HLA-A and C resulting in 

upregulation of HLA-E and protection of the infected cells from NK cell attack and 

illustrates the importance of HLA-E in the pathogenesis of viral disease (9). 
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Figure 1.  The activating and inhibitory effect of human leukocyte antigen-E (HLA-E) on NK 
cell and T cell subsets.  HLA-E is stably expressed on the cell surface after the binding of HLA class 
I leader peptides or peptides derived from intracellular proteins degraded by the proteasome and 
transported into the endoplasmic reticulum (ER) via TAP. Cell surface HLA-E peptide complexes can 
have an inhibitory (red lines) or activating (green arrows) effect on NK cells or CD8 T cells. Upon 
activation, NK cells and cytotoxic CD8 T cells (CTL) will mainly have cytotoxic- and IFNγ-producing 
function contributing to anti-viral, anti-tumor and alloreactive immune-responses. Regulatory T cells 
will contribute to the suppression of other immune cells.

The affinity of HLA-E interaction with NKG2 receptors is influenced by the peptide bound 

to the HLA-E molecule, and for example HLA-E in complex with leader peptide from 

HLA-Cw7 (VMAPRALLL) results in reduced affinity of HLA-E for CD94/NKG2A (3, 17, 18). 

Moreover, we and others showed that HLA-E presenting the HLA-G derived peptide has 

superior capacity to activate NKG2C expressing NK cells as compared to other leader 

peptides (Lauterbach et al submitted, (21). During cellular stress, Hsp60 competes with 

other HLA class I molecules to bind with HLA-E. However, because the HLA-E:Hsp60 

complex cannot bind to CD94/NKG2A, it results in a reduction of inhibition of NK cell’s 

cytotoxicity therefore making the cell more vulnerable to NK cell killing (6). The HCV-

core35-44 peptide (YLLPRRGPRL) has also been shown to stabilize HLA-E on the cell surface 

without inhibition of NKG2A positive NK cells whereas it synergistically enhanced 

the inhibitory effects of HLA class I leader peptides (22). The NKG2A coreceptor CD94 

can also occur as homodimer and the authors proposed that the HLA-E:HCV-core35-44 

complex engages CD94 homodimers but not CD94:NKG2A heterodimers. Although 
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these CD94 homodimers cannot signal themselves, their clustering probably stabilizes 

the immunological synapse which augments inhibitory signaling via CD94:NKG2A and 

represents another way for viruses to enhance inhibition of NKG2A positive NK cells (23).  

A subset of peripheral blood T cells expresses NK receptor (NKR) such as CD94/NKG2 

enabling these T cells, mostly CD45RO+ CD8+ T cells to recognize HLA-E (figure 1) (24). The 

effect of CD8 T cells NKR engagement with Qa-1 (mouse homology of HLA-E molecule) 

peptide complex is determined by the NKG2 subunit in the same way as for NK cells; 

The interaction between Qa-1 peptide complex with CD94/NKG2A receptor on CD8 T 

cells conveys an inhibitory signal for the CD8 T cells (25) while binding of Qa-1 peptide 

complex with CD94/NKG2C expressed on CD8 T cells results in CD8 T cell activation and 

cytotoxic function (26). In addition to this recognition pathway, García et al and Pietra 

et al demonstrated that HLA-E restricted cytotoxic CD8 T cells could also interact with 

HLA-E peptide complex via their αβ T cell receptor (TCR) (figure 1) (27-29). The differences 

between the recognition via NKR and TCR lies in the outcome of the T cells response 

towards target cells and priming requirement. Because HLA-E has been shown to present 

a broad range of pathogen derived peptide HLA-E restricted CD8 T cells could play an 

important role in the clearance of pathogens especially in a situation where classical 

HLA class I is downregulated, as reviewed in Refs. 2 and 28. Unlike the NKR pathway, this 

pathway requires priming of CD8 T cells. A well characterized example is the recognition, 

by CD8 αβTCR of CMV-derived UL40 peptide presented by HLA-E in individuals 

expressing HLA-C alleles that do not have the same leader peptide sequence as the UL40 

peptide (i.e. HLA-Cw2 –Cw7, -Cw15 and –Cw18), or CD8 T cells specific for Mycobacterium 

tuberculosis and Salmonella typhi that have been isolated and could lyse infected target 

cells in an HLA-E restricted manner (30, 31). In addition to cytotoxic effects, HLA-E:TCR 

interaction has been shown to trigger T cells having a more regulatory function; TCR 

engagement with target cells expressing Qa-1 peptide complex results in Qa-1 restricted 

CD8 T cells suppression of autoreactive CD4+ T cells (32). Jiang et al demonstrated that 

these regulatory mechanisms also apply in humans illustrating that HLA-E restricted CD8 

T cells serve as a regulatory system in the peripheral immune system to maintain self-

tolerance by discriminating self from non-self (33).

HLA-E polymorphism
The HLA-E locus is located, together with the classical HLA class I and II genes, within 

the MHC region on the short arm of chromosome 6. The HLA-E gene contains eight 

exons encoding the leader peptide (exon 1), the extracellular α1-3 domains (exon 2-4), 

the transmembrane region (exon 5) and the intracellular domains (exon 6 and 7) of the 

heavy chain of the HLA-E molecule (1). The HLA-E stop codon (TAA) is present in exon 

7. Despite similarities in protein structure, HLA-E molecules are far less polymorphic 
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than classical HLA class I molecules and until now only 15 alleles have been assigned 

encoding six protein variants (HLA-E*01:01, *01:03, *01:04, *01:05, *01:06 and *01:07) 

as a result of non-synonymous mutations (IMGT/HLA database version 3.17.0). Multiple 

alleles encode the two most frequent phenotypes; HLA-E*01:01 (encoded by the alleles 

E*01:01:01:01, E*01:01:01:02, E*01:01:01:03, E*01:01:02) and HLA-E*01:03 (encoded by the 

alleles E*01:03:01:01, E*01:03:01:02, E*01:03:02:01, E*01:03:02:02, E*01:03:03, E*01:03:04, 
E*01:03:05). Frequencies of HLA-E*01:03 were shown to be higher than HLA-E*01:01 in 

two southern Han populations (34), a Japanese population (35) and American-Indians 

from Columbia (36). Nevertheless in most other worldwide populations, HLA-E*01:01 

and HLA-E*01:03 could be detected at equal frequencies suggesting some form of 

balancing selection and a functional difference between the two alleles (37, 38). The two 

protein variants differ by a single amino acid difference at codon 107 of the α2 domain 

of the HLA-E heavy chain (i.e. arginine in HLA-E*01:01 and lgycine in HLA-E*01:03; 

Figure 2 panel A). This substitution has very limited structural consequences except for 

the presence of an additional hydrogen bond in the HLA-E*01:01 molecule involving 

the p107 side chain (8). Nevertheless, cell surface expression of HLA-E*01:03 is higher 

than that of HLA-E*01:01 which has been demonstrated to be the consequence of the 

slightly higher peptide-binding affinity of HLA-E*01:03 as compared to HLA-E*01:01 (8). 
 

Figure 2. Alignment of 
HLA-E*01:01, *01:03, *01:04, 
*01:05, *01:06 and *01:07. The 
blue ribbons represent human 
leukocyte antigen-E (HLA-E) 
and the green ribbon β2-
microglobulin. (A) Red denotes 
the arginine (R) on position 107, 
present in HLA-E*01:01 and 
*01:07; green denotes the 
glycine (G) present in 
HLA-E*01:03, *01:04, *01:05 and 
*01:06. (B) Dark green denotes 
the lysine (K) present in 
HLA-E*01:05 on position 89, red 
the glutamic acid (E) present in 
all other alleles. (C) Purple 
denotes the glycine (G) present 

in HLA-E*01:04 on position 157, red the arginine present in all other alleles. Yellow denotes the valine 
(V) present in HLA-E*01:07 on position 158, red denotes the alanine (A) present in all other alleles. The 
serine (S) at position 267 of HLA-E*01:06 (P267S) is not visible in this view, as it is in the α3 domain. 
Models were obtained from the PDB database (http://www.rcsb.org, accession numbers 1KTL and 
1MHE) (4, 8, 68) or modeled using SWISS-MODEL (http://swissmodel.expasy.org/) (69–71) and 
visualized using Swiss PdbViewer (72) and POV-Ray for Windows (Persistence of Vision Pty. 
Ltd.,Williamstown, Victoria, Australia. http://www.povray.org/).
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The existence of HLA-E*01:04, still remains questionable. Like HLA-E*01:03, 

HLA-E*01:04 encodes a glycine at codon 107. In contrast to the other protein 

variants, having an arginine, HLA-E*01:04 has a glycine at position 157 (Figure 2 

panel C). However, upon its detection in a Japanese population, the presence of 

this allele could not be confirmed in any other population (including Japanese) or 

study suggesting that it might represent a sequencing artefact (35). Recently, high 

resolution sequencing techniques have been exploited to study HLA-E nucleotide 

variability in more detail which resulted in the identification of three new non-

synonymous alleles; HLA-E*01:05, HLA-E*01:06 and HLA-E*01:07. HLA-E*01:05 

encodes a lysine at position 89 while all the other alleles have a glutamic acid at that 

position (Figure 2 panel B). HLA-E*01:06 differs from the other alleles by the presence 

of a serine at position 267, instead of a proline, which is located in the α3 domain of 

the protein. HLA-E*01:07 uniquely has a valine at position 158, all the other alleles 

have an alanine (Figure 2 panel C). Like HLA-E*01:01, HLA-E*01:07 expresses an 

arginine at position 107 whereas HLA-E*01:04, HLA-E*01:05, HLA-E*01:06 shares with 

HLA-E*01:03 a glycine on position 107 (Figure 2 panel A).  The frequencies of the new 

alleles (E*01:05, E*01:06 and E*01:07) can be defined once larger population studies 

using high resolution typing are available to confirm whether these alleles are indeed 

relatively rare as compared to the HLA-E*01:01 and HLA-E*01:03 variants. 

The difference in cell surface expression of HLA-E*01:01 vs HLA-E*01:03 illustrates 

that variation in the coding region of the gene can have a functional impact. 

Polymorphism in the regulatory regions of the gene, for example the promoter 

region or the 3’UTR, could have an additional quantitative or qualitative influence on 

HLA expression. For HLA-C for example, it has been shown that a single nucleotide 

polymorphism (SNP) in the 3’UTR abrogates the binding of hsa-miR-148 microRNA 

which allows HLA-C alleles expressing this SNP to escape from post-translational 

control resulting in higher cell surface expression (14). Variation in 3’UTR for HLA-E 

remains virtually unexplored but a recent study analyzed genetic variation in the 

coding region (exons 1-4, including introns) and in the 3’UTR region in 104 Brazilian 

samples and in 14 different populations of the 1000genomes project (phase 1, 1092 

individuals) (39). Analyzing this database revealed the presence of 15 SNP variations 

in the coding region and 13 in the 3’UTR. These variable sites could be arranged in 

33 haplotypes, 29 of them encoding HLA-E*01:01 or HLA-E*01:03 proteins, and were 

present in an overall frequency of 0.982 in all populations studied, strengthening the 

idea that these variants are the most frequently occurring ones. In the same study, 

additional linkage disequilibrium (LD) evaluation uncovered a strong LD between 

the two most frequent polymorphic positions, genomic position +424 (synonymous 

substitution in exon 2) and +756 (the Gly/Arg substitution in HLA-E*01:01 vs 
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HLA-E*01:03) but not between the 3’UTR and the coding sequence, which could be 

indicative of a recombination hotspot between the coding region and the 3’UTR. We 

recently used the 1000genomes data including additional SNP databases (ESP, dbSNP, 

Uniprot and HapMap) to study nucleotide variability in the HLA-E gene and identified 

7 synonymous and 30 non-synonymous SNPs in the coding region of HLA-E (exons 

1-7), 48 SNPs in the introns and 32 SNPs in the untranslated regions that where not 

yet assigned in the IMGT/HLA database (Olieslagers et al in preparation). In addition, 

we used a full length sequencing approach (5’UTR to 3’UTR) and identified a new 

intron variant and a new null allele that were both not identified in the 1000 genomes 

project. These high resolution studies emphasize that, HLA-E is more polymorphic 

than initially thought, both in the coding and in the regulatory regions. Nonetheless, 

it still remains a highly conserved gene as compared to the classical HLA class I alleles.

HLA-E in allogeneic hematopoietic stem cell transplantation 
Allogeneic stem cell transplantation (allo-SCT) is an important treatment option for 

patients suffering from hematological malignancies. Depending on the underlying disease, 

allo-SCT can be an effective and curative treatment option, but severe complications can 

occur. Important complications after allo-SCT are graft versus host disease (GvHD) caused 

by donor-derived T cell reactivity against patient cells especially in the gut and the skin; 

Host versus Graft (HvG) responses, due to patient T cells attacking the graft leading to 

non-engraftment; disease relapse, presumably the result of residual tumor cells escaping 

donor NK- and T cell immunity; transplantation related mortalities (TRM) due to a cause 

that is unrelated to the underlying disease e.g. infection. HLA is an important determinant 

for the outcome of allo-SCT because of its high polymorphic nature and important 

function in antigen presentation. To avoid complications, high resolution typing is applied 

to, preferably completely, match for HLA-A, -B, -C, -DR and –DQ . HLA-E is not considered 

in the current matching criteria but its relevance for transplantation has been recognized; 

In mice, skin grafts from mice transgenically expressing HLA-E*01:03 were rejected by 

CD8 T cells from non-transgenic mice (40). Furthermore, in mixed lymphocyte reactions 

(MLR), HLA-E could trigger proliferation of human TCRαβ alloreactive CD8 T cells having 

the capacity to kill target cells expressing HLA-E in complex with HLA class I leader- or 

viral peptides (41). In addition to the activation of alloreactive T cells, HLA-E can regulate 

NK cells expressing NKG2 receptor variants. 

Because HLA-E*01:03 has been shown to be expressed higher on the cell surface 

than HLA-E*01:01 molecules and this could have an impact on the cellular immune 

response upon transplantation, a thus far limited number of studies addressed the 

influence of these genotypes on transplantation outcome (summarized in Table 1). 

Based on the two most frequent HLA-E alleles three possible genotypes exist; 



100 Chapter 4

Ta
bl

e 
1:

 O
ve

rv
ie

w
 o

f p
ub

lis
he

d 
st

ud
ie

s 
in

ve
st

ig
at

in
g 

th
e 

in
flu

en
ce

 o
f H

LA
-E

*0
1:

01
 v

s 
H

LA
-E

*0
1:

03
 p

ol
ym

or
ph

is
m

 o
n 

SC
T 

ou
tc

om
e

St
ud

y
Tr

an
sp

la
nt

at
io

n
HL

A-
E 

m
at

ch
Nu

m
be

r 
of

 
Pa

tie
nt

s

Va
ria

bl
e

Gv
HD

TR
M

Re
la

ps
e

Ov
er

al
l s

ur
vi

va
l

(4
2)

M
UD

 (1
0/

10
)

61
%

77
Do

no
r o

r p
at

ien
t 

 H
LA

-E
*0

1:0
1,0

1:0
1 v

s o
th

er
s

ns
In

cre
as

ed
(b

ac
te

ria
l in

fe
cti

on
s, 

da
y 1

80
)

N/
A

ns

(4
3)

HL
A-

id
en

tic
al 

Sib
lin

gs
 

10
0%

18
7

HL
A-

E*
01

:03
,01

:03
 vs

 ot
he

rs
De

cre
as

ed
(d

ay
 18

0)
De

cre
as

ed
(d

ay
 18

0)
ns (3

 ye
ar

s)
Im

pr
ov

ed
 (P

=
0.0

5)
(5

 ye
ar

s)

(4
4)

67
 Si

bl
in

gs
 (1

0/
10

)
16

 M
UD

 (1
0/

10
)

90
%

83
Pa

tie
nt

HL
A-

E*
01

:03
,01

:03
vs

 H
LA

-E
*0

1:0
1,0

1:0
1 o

r
vs

 H
LA

-E
*0

1 :
03

,01
 :0

1

In
cre

as
ed

(d
ay

 10
0)

De
cre

as
ed

vs
 01

:01
,01

:03
: n

s
vs

 01
:01

,01
:01

: P
=

0.0
1

No
 as

so
cia

tio
n

Im
pr

ov
ed

vs
 01

:01
,01

:03
: P

=
0.1

1 
vs

 01
:01

,01
:01

: P
=

0.0
03

 

(4
5)

Un
re

lat
ed

10
/1

0 m
at

ch
ed

53
%

12
4

Do
no

r
HL

A-
E*

01
:03

,01
:03

 vs
 ot

he
rs

Ac
ut

e d
ec

re
as

ed
Ch

ro
ni

c d
ec

re
as

ed
In

cre
as

ed
In

cre
as

ed

(4
6)

33
 H

LA
-id

en
tic

al 
sib

lin
gs

12
 M

UD
 

11
 KI

R l
ig

an
d m

ism
at

ch
ed

 

10
0%

56
HL

A-
E*

01
:03

,01
:03

 vs
 ot

he
rs

Ac
ut

e d
ec

re
as

ed
Ch

ro
ni

c d
ec

re
as

ed
N/

A
N/

A
Im

pr
ov

ed

(4
7)

11
 H

ap
loi

de
nt

ica
l

22
 A

llo
ge

ne
ic

23
 M

in
i-a

llo
ge

ne
ic

10
0%

56
Do

no
r

HL
A-

E*
01

:03
,01

:03
 vs

 ot
he

rs
N/

A
De

cre
as

ed
 

De
cre

as
ed

N/
A

(4
8)

M
UD

 (1
0/

10
)

68
.1%

11
6

Pa
tie

nt
 or

 do
no

r 
HL

A-
E*

01
:03

,01
:03

 vs
HL

A-
E*

01
:01

,01
:01

  o
r v

s 
HL

A-
E*

01
 :0

3,0
1 :

01

ns
ns

ns
ns

G
vH

D
, g

ra
ft

-v
er

su
s-

ho
st

 d
is

ea
se

; H
LA

-E
, h

um
an

 le
uk

oc
yt

e 
an

tig
en

; T
RM

, t
ra

ns
pl

an
ta

tio
n 

re
la

te
d 

m
or

ta
lit

y;
  

ns
, n

on
-s

ig
ni

fic
an

t; 
N

/A
, n

ot
 a

na
ly

ze
d;

 M
U

D
, m

at
ch

ed
 u

nr
el

at
ed

 d
on

or
 tr

an
sp

la
nt

at
io

n



101
Clinical and immunological significance of HLA-E in stem cell transplantation 

and cancer

Ch
ap

te
r 4

HLA-E*01:01,01:01, HLA-E*01:01,01:03 and HLA-E*01:03,01:03. In a first study with 

77 unrelated donor-recipient pairs (10/10 matched), HLA-E*01:01,01:01, either 

in the donor or in the patient, was identified as a risk factor for the occurrence of 

severe bacterial infections but not for viral or fungal infections nor for acute GvHD 

(42). In a second study, with 187 HLA-identical (including HLA-E) sibling pairs, the 

same authors report an association between the HLA-E*01:03,01:03 genotype and 

a lower incidence of acute GvHD and TRM as well as a trend towards association of 

this genotype with improved survival (43). However, in contrast to the first study, no 

association was observed between HLA-E*01:01 homozygosity and the occurrence 

of severe infections (including bacterial), presumably because in this cohort only 5 

of 187 patients experienced bacterial infections. Danzer et al analyzed 83 patients 

undergoing HLA-matched allo-SCT of either an unrelated- or a sibling donor and 

found that HLA-E*01:03 homozygous patients had a higher overall- and disease 

free survival and a decreased incidence of TRM when compared with HLA-E*01:01 

homozygous patients (44). Of note, in comparison with HLA-E*01:03,01:01 

heterozygous patients the survival difference did not reach significance. Furthermore, 

the cumulative incidence of relapse was comparable for all genotypes. In another 

study with a cohort of 124 allo-SCT of patients with unrelated donor pairs, the 

presence of HLA-E*01:03 alleles in the donor was associated with a lower risk of 

developing GvHD and a higher incidence of TRM and relapse (45). More recently, the 

influence of HLA-E*01:03 homozygosity versus the other 2 genotypes was studied 

in 56 HLA-E matched patients undergoing SCT with either an HLA-identical sibling-, 

MUD or KIR-ligand mismatched donor (46). This yielded no significant difference 

between the HLA-E*01:03,01:01 heterozygous and HLA-E*01:01 homozygous groups 

for any of the parameters. However, HLA-E*01:03 homozygosity was associated with 

a lower frequency of acute- and chronic GvHD and with improved survival. The same 

authors describe in a second study a lower incidence of relapse and improved disease 

free survival in HLA-E*01:03,01:03 patients as compared with patients having either 

one of the other two genotypes (47). Thus far only one published study showed 

that the HLA-E genotype did not have any influence on allo-SCT outcome (48). This 

study also determined whether the HLA-E matching status was associated with 

any of the above mentioned parameters but also this was not significant. Because 

the other association studies were either completely matched for HLA-E or did not 

report on the influence of HLA-E matching status, further studies in (partially) HLA-E 

mismatched cohorts are warranted to conclude whether matching status of HLA-E 

has an influence. Differences in clinical protocols, underlying disease and/or stem cell 

source might explain some of the discrepancies between the studies. Yet, in at least 

half of these studies the presence of HLA-E*01:03 alleles was associated with lower 

risk for TRM (42-44, 47) or GvHD (43, 45, 46) and an increased overall survival (43, 
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45, 46) suggestive of a protective role of HLA-E*01:03 in allo-SCT. To translate these 

findings into clinical practice would require conformational studies in larger cohorts. 

Moreover, the above mentioned studies did not take the newly identified HLA-E 

alleles into account. Because the effect of the non-synonymous SNP discriminating 

HLA-E*01:06 from HLA-E*01:03 on functionality of the molecule is not known it would 

be relevant to address the contribution of HLA-E*01:06 in groups originally types as 

HLA-E*01:03.

The exact mechanism by which HLA-E influences transplantation outcome remains 

unknown. Depending on the cell type and the receptor, HLA-E engagement can lead 

to immune activation or inhibition and several mechanisms for this can be proposed; 

First, the direct activation of an HLA-E restricted/specific CD8 T cell response 

contributing to the clearance of pathogens and tumors but also to unwanted GvH 

tumor responses reviewed in (28). A higher cell surface expression of HLA-E, as 

observed for HLA-E*01:03, could therefore lead to more efficient CD8 T cell reactivity 

which would be in line with the lower incidence of infection observed in HLA-E*01:03 

homozygous patients (42, 43). A second mechanism is immunomodulation, HLA-E has 

been recognized for its immunoregulatory role in the placenta and HLA-E restricted 

CD8 Tregs exist. Higher expression levels of HLA-E*01:03 might therefore improve 

transplant tolerance via the activation of HLA-E specific Tregs. Though this has not 

been demonstrated experimentally yet, activation of Tregs and immunosuppression 

by HLA-E might explain the association between homozygosity HLA-E*01:03 allele 

and lower incidence of GvHD (43, 45, 46). As a third mechanism, HLA-E can inhibit 

NK cells and CD8 T cells expressing NKG2A thereby prohibiting immune effector cell 

responses against virally infected- or tumor cells. On the other hand, engagement of 

HLA-E with the activating NKG2C receptor on NK cells and T cells can provide immune 

activating responses such as the production of IFNɣ and cytotoxicity. NKG2C positive 

NK cells might have a unique role in anti-viral immunity as NK cells expressing CD94/

NKG2C have been shown to expand in response to CMV infected fibroblasts (26) and 

upon CMV reactivation upon stemcelltransplantation (49). These expanded NK cells 

exhibited memory like-features and were potent producers of IFN-ɣ production upon 

reactivation. Although it is currently not clear whether HLA-E:NKG2C interaction is 

driving expansion of NKG2C positive NK cells, it is tempting to speculate that HLA-E 

presenting viral peptides or possibly TAP independent peptides contributes to the 

generation of a pool of “memory like” or “long-lived” effector NK cells with a potent 

anti-viral capacity. As NK cells are the first cells to come up after SCT, these subsets 

can be of particular importance in the first period after SCT. Finally, HLA-E could act 

via bystander cells e.g. endothelial cells that, upon activation, have been shown to 

attract and activate recipient T cells thus contributing to the graft rejection (50). In 
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vitro, endothelial cells have been shown to express enhanced levels of HLA-E on the 

cell surface upon culture with pro-inflammatory cytokines (i.e. TNFα, IL-1β and IFNɣ) 

which protects them from NK cell mediated killing. In addition, they secrete soluble 

HLA-E which protects bystander cells (51). Also, HLA-E expressing endothelial cells 

could trigger HLA-E restricted CD8 T cells contributing to allograft rejection. Further 

functional studies will be helpful to unravel the complex influence of HLA-E on the 

cellular immune response upon transplantation. 

HLA-E in cancer
Under the influence of the tumor environment, the process of metastasis and of the 

immune system, tumor cells can acquire or loose specific characteristics enabling 

them to survive in a hostile environment. This Darwinian selection of tumor cells is 

called cancer immunoediting, and because CD8 T cells and NK cells control tumor 

growth they have an important influence on the development of immune-escape 

tumor variants (52). Immunogenicity of tumors, especially for T cells, is largely 

depending on the presence of HLA molecules, presenting tumor-associated antigens, 

on the cell surface of tumor cells and dendritic cells. From a T cell perspective it is 

therefore not surprising that tumor cells frequently display reduced or complete lack 

of classical HLA class I expression because this enables them to escape from CD8 T 

cell killing (10, 53). On the other hand, tumor cells lacking cell surface expression of 

HLA class I become targets for NK cells (missing-self hypothesis) if they co-express 

activating ligands for the NK cell (20).

HLA-E expression mainly depends on the availability of HLA class I leader peptides, a 

reduction in expression of HLA class I normally results in a lower expression of HLA-E. 

In tumors however, this relation can be disturbed (54) and HLA-E expression by tumor 

cells, even in the complete absence of classical HLA class I, has been shown in a variety 

of tumors; colon cancer, ovarian cancer, glioblastoma, lymphoma, acute myeloid 

leukemia (AML), multiple myeloma, melanoma and breast cancer (Table 2). With 

respect to the presence or absence of HLA, multiple tumor variants exist e.g. tumors 

with total loss of HLA, loss of only one haplotype, enhanced or reduced expression of 

specific alleles or loci or combinations thereof (10, 55). Especially tumor cells lacking 

HLA class I while HLA-E expression is maintained or even enhanced will be very difficult 

to deal with for the immune system; the lack of HLA class I enables them to escape 

from T cell cytotoxicity while the presence of HLA-E protects them against cytotoxicity 

by the majority of NK cells expressing NKG2A (Figure 3). The importance of presence 

or absence of HLA-E when HLA class I is downregulated has been stressed in a study in 

breast cancer patients where cell surface expression of HLA-E correlated with reduced 

survival in the group of HLA class I negative patients (56). 
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Figure 3. The effect of HLA-E on the cellular immune response in transplantation and cancer. 
Depicted is the effect of human leukocyte antigen (HLA) on NK cells via CD94/NKG2A or inhibitory 
killer immunoglobulin-like receptors (KIRs) and CD8 T cells via αβ Tcell receptor (αβTCR). (A) NK and 
CD8 T cell tolerance to healthy cells by the presenta- tion of self-peptides via HLA-Ia and HLA-E. (B) 
A diseased or allogeneic cell presenting aberrant peptides in intact HLA-Ia and HLA-E molecules can 
trigger cytotoxic CD8 T cells while it inhibits the activation of NK cells. (C) Diseased cells lacking HLA-
Ia expression do not trigger CD8 T cells but can lead to the activation of NK cells if sufficient levels of 
disease-associated activating ligands are present. Comparable activation of NK cells can occur upon 
allogeneic stem cell transplantation (allo-SCT) having a mismatch between KIR and HLA-Ia. However, 
when HLA-E expression is maintained (e.g. by virally encoded HLA-E binding peptides) inhibitory 
signals can be provided via NKG2A present on the majority of peripheral blood NK cells.
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The relevance of HLA-E polymorphism for clinical outcome in cancer has been addressed 

in only a limited number of studies (Table 3). In a first study comparing 100 patients 

with nasopharyngeal carcinoma patients and 100 healthy controls, the frequency of 

individuals having the HLA-E*01:03 allele was higher in the patient group as compared 

to the healthy controls (72% vs 57.5%) (57). However, in a comparable study with 185 

nasopharyngeal carcinoma patients and 177 matched controls no significant difference 

between allele frequencies was found between the groups (58). In line with this study, 

comparing 100 melanoma patients and 100 healthy controls revealed comparable 

frequencies of HLA-E*01:01 and HLA-E*01:03 alleles between the two groups. Also 

no significant difference in frequencies of the three genotypes (HLA-E*01:01,01:01, 

HLA-E*01:01,01:03 and HLA-E*01:03,01:03) was observed (59). In 230 patients with stage 

II colorectal cancer HLA-E was found to be higher expressed in tumor tissue as compared 

to normal, surrounding tissue and HLA-E overexpression correlated with a lower disease 

free survival (60). However, no association between HLA-E genotype and HLA-E expression 

or disease free- or overall survival was observed. In none of the studies the HLA-E*01:02 

and E*01:04 alleles were detected. These studies indicate that, at this moment, it is not 

sufficiently clear if and how HLA-E polymorphism effects clinical outcome.

Despite the observation that many tumors show normal or enhanced expression of HLA-E, 

we and others found that the many tumor cell lines have very low or no HLA-E expression 

in vitro (Sarkar et al submitted, (54). We recently injected a multiple myeloma cell line 

expressing very low levels of HLA-E in vitro in immunodeficient mice and observed that 

HLA-E expression on in vivo grown cells was remarkably higher than expression on in vitro 

passed cells. Hence, the tumor environment presumably comprises factors that are not 

present in vitro and that enhance or maintain HLA-E expression. Although the regulatory 

mechanism for this remain elusive, several tumor-associated factors can be candidates to 

influence HLA-E expression; for example cellular-stress triggering Hsp60 expression and 

thus the enhanced availability of Hs60 peptides (6) cytokines (e.g. IFNɣ)  or HLA-G. HLA-G 

is not expressed on the majority of cells under physiological conditions, but has been 

shown to be upregulated by a variety of tumors (56, 61). Peptides derived from the HLA-G 

leader can stabilize HLA-E expression on the cell surface and enhance its expression. 
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The observation that many tumors maintain expression of HLA-E, even in the absence 

of classical HLA class I molecules, could suggest a predominantly immunosuppressive 

role for HLA-E in anti-tumor immunity. Recently, CD8 T cells positive for both CD94/

NKG2A and αβTCR have been found to be enriched in biopsies from gynecological- and 

colorectal cancer and their presence was associated with poor survival (61, 62). On the 

basis of these results it was proposed that HLA-E not only inhibits NK cell anti-tumor 

responses, but is also detrimental for T cell anti-tumor reactivity via the same CD94/

NKG2A receptor complex. The enhanced presence of CD94/NKG2A positive T cells in the 

tumor area could imply that these T cells have an increased migratory capacity towards 

the tumor as compared with T cells not expressing NKG2A. Alternatively, it could indicate 

that NKG2A expression is de novo induced e.g. by factors associated with tumor itself 

or its micro-environment; An illustrative example for this phenomenon is the induction 

of CD94/NKG2A on CD8 T cells by TGFβ which makes CD8 T cells sensitive for inhibition 

by HLA-E (63). Evidently, enhanced expression of the inhibitory CD94/NKG2A receptor 

complex on NK cells and CD8 T cells in combination with the (augmented) expression 

of HLA-E by tumor cells would be highly detrimental for anti-tumor immune reactivity.

Accumulating evidence suggests that HLA-E can also occur in a soluble form 

presumably after cleavage from the cell membrane by proteases, and that these 

soluble HLA-E molecules have immunomodulatory activity. This has also been shown 

for classical HLA class I, HLA-G and soluble ligands for activating NK cell receptors 

(e.g. MICA), and has been described to act in an immunosuppressive way by 

downregulation of activating receptors (e.g. NKG2D for soluble MICA); direct killing 

of CD8 T or NK effector cells; or by reduction in the levels of cell surface HLA reviewed 

in (64). Melanoma cells have been shown to shed soluble HLA-E and IFNɣ enhanced 

this shedding in vitro (55). Soluble HLA-E has been detected in culture supernatants 

of 98 cell lines of multiple origins and it was enhanced in serum of melanoma patients 

as compared with healthy controls (65). Because it was also increased in serum of 

neuroblastoma patients, it has been proposed to test in larger studies whether soluble 

HLA-E could serve as diagnostic marker (66). 

The presence of HLA-E on the tumor, the observation that tumor associated T cells 

are mainly NKG2A positive and the fact that the majority of NK cells expresses 

this receptor, would imply that, in the context of tumors, HLA-E mainly acts in an 

immunosuppressive manner. If this is indeed the case a better insight in tumor-

associated factors controlling HLA-E expression will be indispensable and helpful to 

develop agents interfering with tumor HLA-E expression. Another strategy could be 

to block the inhibitory NKG2A receptor using specific antibodies, an approach that is 

currently being tested for the inhibitory effects of KIR-HLA-C interaction. HLA-E has 
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also been shown to reduce effectivity of antibody dependent cellular cytotoxicity 

(ADCC) resulting from cetuximab binding to colon cancer cells (67). Because NK cells 

are important mediators of ADCC, interfering with NKG2A-HLA-E interaction will also 

be crucial for treatment strategies using tumor-specific antibodies aiming at the 

induction of ADCC. 

Parallels between the effect of HLA-E on the cellular immune 
response in transplantation and in cancer
The inhibitory or activating effect of HLA-E on NK cell or CD8 T cells in all-SCT or cancer 

is best characterized for αβTCR on cytotoxic CD8 T cells and KIR or CD94/NKG2A on 

NK cells. Healthy cells present self-peptides via HLA resulting in immune tolerance 

(Figure 3A); as a consequence of negative selection in the thymus, presentation of 

self-peptides will not trigger the activation of CD8 T cells. In addition, the intact 

HLA molecules on healthy cells will inhibit NK cells via KIR and CD94/NKG2A. Under 

pathophysiological conditions (e.g. upon viral infection, malignant transformation or 

an HLA mismatched allograft, a target cell can present aberrant peptides in intact 

HLA class I and HLA-E molecules (Figure 3B). This presentation of virus or tumor-

associated peptides or, upon allo-SCT, peptides from major and minor antigens can 

trigger cytotoxic CD8 T cells contributing to anti-viral or anti-tumor reactivity but also 

to unwanted GvH and HvD responses. On the other hand, the intact HLA molecules 

will provide an inhibitory signal to NK cells via KIRs (HLA class Ia) and CD94/NKG2A 

(HLA-E) which could prevent NK cells from killing and can help virally infected- or 

tumor cells to escape from NK cell immune surveillance. Importantly, diseased cells 

frequently express high levels of disease- or stress-associated activating ligands 

which can overrule inhibitory signaling and activate NK cells. Some diseased target 

cells may downregulate their HLA class Ia molecules to escape CD8 T cell recognition 

(Figure 3C). These low levels of HLA class Ia reduce the activation threshold of NK cells 

rendering target cells more susceptible for killing by NK cells. However, when HLA-E 

expression is maintained (e.g. by virally encoded HLA-E binding peptides) inhibitory 

signals can be provided via NKG2A expressed by the majority of peripheral blood NK 

cells. In an HLA mismatched allo-SCT setting, lack of inhibition via KIRs can also occur, 

namely, in the case of a mismatch between KIRs present on the donor NK cells and 

HLA class I on the patient cells. However, inhibitory signaling via NKG2A will remain 

present due to low polymorphic nature of HLA-E. Thus, there is significant overlap 

between the effects of HLA-E on the cellular immune response in allogeneic stem cell 

transplantation and in cancer and integrating this knowledge can help to improve 

the outcome of allo-SCT and cell-based immunotherapy for cancer.
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CONCLUSION

Evidence is accumulating that HLA-E is more polymorphic and can bind a more 

extended peptide repertoire than initially thought. Furthermore, novel mechanisms 

have been identified, e.g. microRNAs, that might provide an additional explanation 

for aberrant expression of HLA-E during viral infection or malignant transformation. 

HLA-E interacts with a variety of cells leading to immune activation, upon interaction 

with activating receptors like the TCR on CD8 T cells or NKG2C on NK cells. Alternatively, 

immunosuppression which will occur upon binding to inhibitory NKG2A receptors on 

both T cells and NK cells. Immunosuppression can also occur via the activation of 

HLA-E restricted regulatory T cells or upon the secretion of soluble HLA-E molecules 

by virally infected cells, tumor cells or accessory cells like endothelial cells. The exact 

role of HLA-E and the relevance of HLA-E polymorphism in pathophysiology of viral 

disease and in GvHD, GvH or anti-tumor responses needs to be further elucidated. 

Nevertheless, it appears evident that the effects of HLA-E are unique and numerous. 

Improved understanding of the immunoregulatory function of HLA-E may provide 

rational for the interference with HLA-E activities and the development of novel 

therapeutic strategies to improve clinical outcome in transplantation and cancer. 
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ABSTRACT

Natural Killer (NK) cell-based immunotherapy is a promising therapy for cancer 

patients. Inhibitory killer immunoglobulin-like receptors (KIRs) and NKG2A are 

required for NK cell licensing but can also inhibit NK cell effector function. Upon 

reconstitution in a stem cell transplantation setting or after ex vivo NK expansion 

with IL-2, NKG2A is expressed on a large percentage of NK cells. Since the functional 

consequences of NKG2A co-expression for activated NK cells are not well known, 

we compared NKG2A+ vs NKG2A- NK cell subsets in response to K562 cells, multiple 

myeloma (MM) cell lines and primary MM cells. NK cells were isolated from healthy 

donors (HLA-C1+C2+Bw4+) and activated overnight with 1000U/ml IL-2. NK cell 

degranulation in subsets expressing KIRs and/or NKG2A was assessed at 21 or 0.6% 

O2. Activated NKG2A+ NK cell subsets degranulated more vigorously than NKG2A- 

subsets both at 21 and 0.6% O2. This was irrespective of the presence of KIR and 

occurred in response to HLA deficient K562 cells as well as HLA competent, lowly 

expressing HLA-E MM cell lines. In response to primary MM cells, no inhibitory effects 

of NKG2A were observed, and NKG2A blockade did not enhance degranulation 

of NKG2A+ subsets. KIR- NK cells expressing NKG2A degranulated less than their 

NKG2A- counterparts in response to MM cells having high levels of peptide-

induced membrane HLA-E, suggesting that high surface HLA-E levels are required 

for NKG2A to inhibit activated NK cells. Addition of daratumumab, an anti-CD38 to 

trigger antibody-dependent cellular cytotoxicity (ADCC), improved the anti-MM 

response for all subsets and degranulation of the KIR-NKG2A- “unlicensed” subset 

was comparable to KIR+ or NKG2A+ licensed subsets. This demonstrates that with 

potent activation, all subsets can contribute to tumor clearance. Additionally, subsets 

expressing KIRs mismatched with the HLA ligands on the target cell had the highest 

level of activation in response to MM cell lines as well as against primary MM. Our 

current study demonstrated that if NK cells are sufficiently activated, e.g. via cytokine 

or antibody activation, the (co-) expression of NKG2A receptor may not necessarily be 

a disadvantage for NK cell-based therapy.
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INTRODUCTION

Natural killer (NK) cell-based immunotherapy is an attractive novel therapy against 

cancer owing to its target selectivity and killing potential [1]. NK cells are armed with 

both activating and inhibitory receptors, and their activation is dependent on the 

balance between activating and inhibitory signals. The major inhibitory receptors, 

killer immunoglobulin-like receptors (KIRs) and the NKG2A receptor, provide NK 

cells with inhibitory signals and are involved in the education process of an NK 

cell [2, 3]. This NK cell education process, also known as licensing, plays a pivotal 

role in shaping the NK cell ability to kill a target cell. Previous studies on murine 

NK cells have demonstrated that the number of inhibitory receptors for self-major 

histocompatibility complex (MHC) expressed on NK cells is proportionate to the 

strength of NK cell responsiveness against a target cell [4, 5]. A more recent study has 

shown that this is also relevant for human NK cells [6]. Moreover, they observed that 

NKG2A has a stronger licensing impact compared to the KIRs without a significant 

difference between KIR2DL2/3, KIR2DL1, and KIR3DL1. 

In the context of the NK cell response against tumor cells, inhibitory receptors have 

a dual role: On the one hand, having more inhibitory receptors, and thus better 

licensed and potentially more potent NK cells, could be advantageous for the NK cell 

response against MHC/HLA-class I deficient tumor cells. On the other hand, a licensed 

NK cell could be inhibited when binding to its cognate ligand expressed on an MHC/

HLA- class I competent tumor cell unless an excessive amount of activating signals 

is present [7]. To reduce the inhibitory effects mediated by KIRs, donor-derived, 

alloreactive, KIR-ligand mismatched NK cells have been proposed as one of the 

solutions to achieve a better response against tumor cells. Such donor NK cells would 

namely be fully licensed, albeit, their anti-tumor reactivity would not be hampered 

due to the genetic incompatibility between donor KIR and patient HLA ligands [8, 9]. 

In contrast to the KIRs, mismatching for NKG2A and its HLA-E ligand is not possible 

due to the limited polymorphism of HLA-E. NKG2A can, however, be an important 

inhibitory receptor for NK cells as it has been shown that NKG2A can inhibit anti-

tumor reactivity of NKG2A+ NK cells and NKG2A blocking antibodies could improve 

the anti-tumor response [10]. Moreover, NKG2A is expressed on a large fraction of 

the NK cells (20-80%) [11, 12], and this percentage is even higher on reconstituting 

relatively immature NK cells upon allogeneic stem cell transplantation [13].  Also, 

NKG2A has been shown to be overexpressed on NK cells isolated from chronic 

lymphocytic leukemia patients [14]. 
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Our group aims to develop NK cell-based immunotherapy for multiple myeloma, a 

hematological malignancy characterized by the growth of malignant plasma cells in the 

bone marrow for which curative treatment options are currently lacking. We previously 

reported that both primary MM and MM cell lines express HLA-ABC and HLA-E [15]. 

Additionally, we demonstrated that NKG2A negative KIR-ligand mismatched NK cells 

were more effective against HLA-class I competent multiple myeloma (MM) cell lines 

compared to NKG2A negative KIR-ligand matched NK cells [15], also under a more 

suppressive tumor microenvironment [16]. Also, we showed that an ADCC-triggering 

antibody, like daratumumab, can enhance the NK anti-MM response and that having a 

KIR-ligand mismatch can further potentiate the response [16].

Although several of the above-mentioned studies illustrate the functional relevance of 
either KIRs or NKG2A to set the NK cell activation threshold, the effect of co-expression 
of these receptors on the single NK cell level remains largely unexplored. As NKG2A is 
(co-)expressed on many NK cells, including KIR positive subsets, we follow up on our 
previous findings by investigating whether (co-)expression of NKG2A is beneficial, due 
to enhanced NK cell licensing, or detrimental due to inhibitory interactions 
with HLA-E- for the NK cell anti-MM response. We compare NK subsets with vs without 
NKG2A in three different settings: 1) in response to HLA deficient target cells, 2) in 
response to HLA competent target cells and 3) in the presence of ADCC-triggering 
antibodies. As we intend to perform future clinical studies with activated NK cells 
and the effect of NKG2A co-expression on activated NK cells remains largely elusive, 
we activated the NK cells throughout the study with IL-2. Additionally, to explore 
the influence of tumor microenvironment on the process of NK cell activation, we 
performed the experiments in the presence of ambient air (21%) or low (0.6%) oxygen 
concentration. This oxygen concentration is selected from previous experiments [17] 
and relevant for tumor hypoxia setting. 
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MATERIALS AND METHODS

Cell lines and culture
K562 cell line was cultured in IMDM and 10% fetal calf serum (FCS). UM-9, RPMI8226/

s-luc, U266, and, RPMI8226/s cell line were cultured in RPMI1640 and 10% FCS. JJN-3 

cell line was cultured in 40% IMDM, 40% low glucose DMEM and 20% FCS. All cell 

culture media were supplemented with 100 U/mL penicillin (Gibco) and 100 µg/mL 

streptomycin (Gibco). K562 and U266 cell line were purchased from American Type 

Culture Collection (ATCC, USA). UM-9 and RPMI8226/s-luc cell line were gifts from 

Dr. A. Martens, Vrije Universiteit Medisch Centrum, The Netherlands. RPMI8226/s and 

JJN-3 cell line were purchased from Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ, Germany). All media were from Gibco, Breda, The Netherlands 

and FCS was produced by Greiner Bio-One International, Gmbh. Cell lines were 

cultured at 37o C in humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-20AIC, 

Sanyo Electric Co, Japan). 

Primary multiple myeloma cells
Primary multiple myeloma cells were obtained from the department of cytogenetics 

as leftover material from a patient subject to a cytogenetic examination. Under the 

Dutch law on Research Involving Human Subject (http://www.ccmo.nl/en/non-wmo-

research), leftover materials from a patient can be used for research and are waived 

from individual patient’s consent. MM cells were purified using CD138 beads positive 

selection according to manufacturer instruction (Miltenyi Biotech). The purified cells 

were resuspended in RPMI1640 and 10% FCS supplemented with 100 U/mL penicillin 

and immediately used in degranulation assay

HLA genotyping, NK cell donor selection, and analysis of KIR-ligand 
matched/mismatched status
The genotypic expression of HLA epitopes relevant for KIR2DL1 (HLA group C2); 

KIR2DL2/3 (HLA group C1) or KIR3DL1 (HLA-Bw4 and HLA-A*23, -A*24, -A*32) in cell 

lines and healthy blood donors was determined using Luminex® sequence-specific 

oligonucleotides (SSO) analysis (One Lambda). Based on the genotyping result: UM9, 

U266, and JJN-3 were HLA-C1+C2-Bw4- and RPMI8226/s was HLA-C1+C2+Bw4-. 

KIR-ligand matched NK cells for UM9, U266, and JJN-3 were, therefore, KIR2DL2/3 

positive. KIR-ligand mismatched NK cells for UM9, U266, and JJN-3 were KIR2DL1 

positive and/or KIR3DL1 positive. For RPMI8226/s, KIR-ligand matched NK cells were 

KIR2DL2/3 and/or KIR2DL1 positive. KIR-ligand mismatched NK cells for RPMI8226/s 

were KIR3DL1 positive. NK cell donors were healthy volunteers or buffy coats with 

genotype HLA-C1+C2+Bw4+ and phenotypically expressing KIR2DL1, KIR2DL2/3, 
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and KIR3DL1. All donors signed informed consent forms. The use of buffy coats, being 

a by-product of a required Medical Ethical Review Committee (METC) procedure, 

does not need ethical approval in the Netherlands under the Dutch Code for Proper 

Secondary Use of Human Tissue.

NK cell isolation
NK cells were isolated by negative selection of NK cells isolation kit using MACS 

beads and columns according to manufacturer’s protocol (Miltenyi Biotec, GmbH). 

For all experiments, NK cells were activated overnight with 1000 IU/ml recombinant 

human IL-2 (Proleukin, Novartis) in RPMI-1640 medium (Gibco) supplemented with 

10% fetal calf serum (Greiner Bio-One), 100 U/mL penicillin (Gibco) and 100 µg/mL 

streptomycin (Gibco) at 37°C in humidified air containing 5% CO2 with 21% O2 (Sanyo 

MCO-20AIC, Sanyo Electric Co, Japan). 

CD107a degranulation assay
To assess NK cell degranulation, CD107a expression on NK cells was analyzed using 

flow cytometry-based assay.  For this, target cells (tumor cells) were plated in 24 wells 

plates at a concentration of 2x106 cells/mL per well and incubated overnight at 37oC in 

humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-20AIC, Sanyo Electric Co, 

Japan) or 0.6% O2 (except experiment in Figure 5) (Invivo2, 1000 Ruskinn Technology 

Ltd, Bridgend, UK). Prior to the assay, IL-2 activated NK cells were harvested and washed 

and when indicated in the experiment, subjected to pre-incubation with 50mM 

sodium L-lactate (Sigma) or 100ng/mL prostaglandin E2 (Sigma) or medium (Figure 

1 and Figure S1 in Supplementary Material), otherwise NK cells were immediately 

co-cultured with tumor cells in the assay without pre-incubation. For the NKG2A 

blocking assay, NK cells were incubated with 1 µg/mL anti-NKG2A antibody (clone: 

Z199, Beckman Coulter) (Figure 3C) or anti-NKG2A-PE-Cy7 (clone: REA110, Miltenyi 

Biotec) (Figure 5D) for 1 hour in 37oC in humidified air containing 5% CO2 with 21% 

O2 or 0.6 O2 when indicated in the figure. For the HLA-E blocking assay, target cells 

were incubated with 10 µg/mL anti-HLA-E antibody (clone: 3D12HLA-E, eBioscience) 

(Figure 5C and Figure S6 in Supplementary Material) 30 minutes in 37oC in humidified 

air containing 5% CO2 with 21% O2 or 0.6 O2 when indicated in the figure. For the 

ADCC assay (Figure 4), tumor cells were pre-incubated for 30 minutes with 1 µg/mL 

daratumumab or medium at 21% O2 or 0.6% O2 before co-cultured with NK cells. NK 

cells exposed to tumor microenvironmental factors (TMEF) were then, in duplicate 

wells, co-cultured with the target cells and 2 µl anti-CD107a-Horizon V450 (clone: 

H4A3, BD) was added per well. After 1 hour of coculture, monensin (BD) was added. 

After another 3 hours, the plate was placed on ice to stop the reaction. Cells were then 

stained on ice with anti-CD3-APC/H7 (SK7, BD), anti-CD56-PeCy7 (clone: B159, BD), 
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anti-KIR2DL1-APC (clone: 143211, R&D), anti-KIR2DL2/3/S2-PE (clone: DX27, Miltenyi 

Biotec), anti-KIR3DL1-FITC (clone: DX9, Miltenyi Biotec) and anti-NKG2A-PC5.5 (clone: 

Z199, Beckman Coulter). To analyze different subsets of NK cell, CD3- CD56+ cells 

were gated followed by gating of NKG2A- and NKG2A+ population and further gating 

based on the KIRs expressions.

Figure 5. Effect of NKG2A and KIR expression on daratumumab-induced NK cell fratricide. NK 
cells were incubated at 21% or 0.6 % O2 for 5 hours in the absence (A) or presence of daratumumab 
(DARA) (B), or DARA and anti HLA-E (C) or DARA and anti NKG2A (D). Flow cytometry was used to 
subtype NK cells based on their expression of NKG2A and KIRs. Degranulating NK cells were denoted 
as CD107a+ NK cells. Each dot represents the average of a technical replicate. (* = p<0.05, ** = p<0.01). 
n = 9 different donors (A&B) or 4 donors (C&D).
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Figure 1. Effect of NKG2A on NK cell degranulation in the presence of different microenvironment 
factors. NK cells were co-cultured with target cells (K562 cells) in a 1:1 E:T ratio for 4 hours at 21  (A) 
or 0.6 % O2 (B), or combinations of 0.6 % O2 and 50 mM lactate (C), or 100 ng/mL PGE2 (D). Flow 
cytometry was used to subtype NK cells based on their expression of NKG2A and KIRs. The percentage 
of degranulating NK cells is shown as % CD107a+ NK cells. Each dot represents an average of a 
technical replicate from an individual NK cell donor. (A) and (B) n = 11 donors, (C) and (D) n = 5 donors 
tested in independent experiments (ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001)



125
NKG2A expression is not per se detrimental for the anti-multiple myeloma  

activity of activated natural killer cells in an in vitro system mimicking the 

tumor microenvironment

Ch
ap

te
r 5

Figure 3. Effect of NKG2A expression on NK cells on NK cell activation against MM cell lines 
and primary MM cells. IL-2 activated NK cells were co-cultured with K562 cell line (A), primary 
MM (A, B, C, D) or without target cells (A) for 4 hours in a degranulation assay with or without an 
NKG2A blocking antibody (C). Flow cytometric analysis was used to subtype NK cells based on their 
expression of NKG2A and KIRs. Degranulating NK cells were denoted as CD107a+ NK cells. Each dot 
represents an average of a technical replicate. (A-C) n = 10 independent experiments with samples 
from 10 different MM patients as target cells (D) n = 2 different myeloma patients used as target cells 
(ns= not significant, * = p<0.05, ** = p<0.01, *** = p<0.001)
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Figure 4. Effect of NKG2A co-expression on daratumumab-induced ADCC. UM9 or RPMI8226/s 
cells were pre-incubated with daratumumab for 30 minutes before adding IL-2 activated NK cells at 
a 1:1 E:T ratio. A degranulation assay was performed for 4 hours at 21% or 0.6% O2. Flow cytometric 
analysis was used to subtype NK cells based on their expression of NKG2A and KIRs. Degranulating NK 
cells were denoted as CD107a+ NK cells. Each dot represents an average of a technical per donor. n = 
5 independent experiments with 5 different donors and two different cell lines.
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Induction of HLA-E expression using HLA leader peptides
U266 cells were incubated with 500µM of HLA-A1 (VMAPRTLLL), HLA-B7 (VMAPRTVLL) 

or a non HLA-E binding control peptide (RGPGRAFVTI) (Biosynthesis Inc.) overnight at 

37oC, 21% O2 as previously described [15, 18]. Additional negative controls were included 

by incubating U266 cells in DMSO, the peptide’s solvent or in the medium. After the 

incubation, HLA-E expression was determined by flow cytometry by staining the cells 

with an HLA-E antibody (clone: 3D12HLA-E, eBioscience) or with a matched isotype 

control, mouse IgG1 kappa (clone: P3.6.2.8.1, eBioscience).  Following the induction, 

U266 cells were used in the CD107a assay (Figure 6) as described in the previous section.

Figure 6. Inhibition via NKG2A is effective when a high level of HLA-E is present. 
(A) U266 cells were pre-incubated for 2 hours with HLA-B7 peptide, HLA-A1 peptide, DMSO, control 
peptide (non-HLA-E binding), or medium. HLA-E expression of U266 is depicted in the histogram, with 
its corresponding median fluorescence intensity (MFI). (B) Spontaneous degranulation of IL-2 activated 
natural killer (NK) cells cultured for 13 h in the absence of target cells. (C) Degranulation of NK cells 
upon 13 h co-culture with peptide- or control-incubated U266 target cells. Degranulating NK cells were 
denoted as CD107a+ NK cells. Each dot in the graphs represents the average of a technical replicate for 
an individual donor. Error bars in (B) indicate standard deviation.n = 3 different NK cell donors.
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Flow cytometry
Cells were washed with PBS (Gibco) and stained first for dead cells using Live/Dead® 

Fixable Aqua Dead Cell Stain Kit (Molecular Probes™, USA) for 30 minutes on ice 

in the dark. Cells were further washed with FACS buffer (PBS, 1% FCS) and stained 

with antibodies for 30 minutes on ice in the dark. All flow cytometric analyses were 

performed with BD FACS Canto II. Data were analyzed with FlowJo 10.1r5 64 bit 

software. 

Statistical analysis
All statistical analysis was performed with GraphPad Prism V software (Graphpad 

Software Inc, San Diego, CA, USA) using non-parametric t-test with repeated measure 

(Wilcoxon signed rank test. * indicates a p-value of <0.05 and ** indicates a p-value 
of <0.01, *** indicates a p-value of <0.001
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RESULTS

Expression of the inhibitory NKG2A receptor could be advantageous for 
IL-2 activated NK cells against HLA negative tumor cells 
To investigate the effect of NKG2A expression on the anti-tumor response of IL-2 

activated NK cells against HLA class I negative target cells, we performed a flow 

cytometry-based degranulation (CD107a) assay by co-culturing NK cells and HLA class 

I negative K562 cells followed by staining for KIRs and NKG2A to enable NK subset 

analysis. Under normal laboratory conditions of 21% O2, a slightly higher percentage 

of degranulating (CD107a+) NK cells was observed for the subsets expressing NKG2A 

as compared to NKG2A negative counterparts, and this was observed for both KIR+ 

(average increase 4.6%) and KIR- (average increase 18%) subsets (p <0.05 and p 

<0.001 respectively) (Figure 1A). As the tumor microenvironment could potentially 

impair cytolytic effector function of the NK cells, co-cultures were also performed 

in the presence of biochemical context mimicking tumor microenvironment, i.e. in 

the presence of 0.6% O2, or in the combination of hypoxia with 50 mM lactate or 

100 ng/ml prostaglandin E2 (PGE2). At 0.6% of O2, we observed more degranulation 

in NKG2A expressing NK cells than for the subsets not expressing KIRs (average 

increase 16.3%) (Figure 1B). However, for KIR+ subsets there was no difference in 

the percentage of degranulating NK cells with vs without NKG2A (average increase 

4.5%) (Figure 1B). In the conditions where 0.6% O2 was combined with PGE2 (average 

increase 11.8% for KIR- and 3.7 for KIR+) or lactate (average increase 6.1% for KIR- 

and 4.2% for KIR+), however this did not reach significance (Figure 1C, D). In the 

absence of target cells, the percentage of NK cell degranulation was very low (Figure 

S1 in Supplementary Material). Nonetheless, we also observed a similar pattern as in 

conditions with target cells with slightly higher percentages of degranulating NKG2A 

positive NK cell subsets. Of note, in none of the donors, NKG2A expression levels by 

the NK cells were clearly influenced by the 4 hours co-culture of NK cells and K562 

in the presence of hypoxia, lactate, or PGE2 (Figure S2 in Supplementary Material). 

Altogether, these results suggest that against an HLA negative tumor cell line, the 

presence of the NKG2A receptor, especially on KIR- subsets could be beneficial for 

IL-2 activated NK cells also in the presence of more suppressive microenvironmental 

factors, presumably because these NK cells were better licensed.  

NKG2A does not inhibit the response of IL-2 activated NK cells against 
myeloma cell lines expressing low levels of HLA-E
The interaction between the NKG2A receptor and its ligand, HLA-E, can have 

an inhibitory effect on the NK cell anti-tumor capacity and could outweigh the 

beneficial effect of improved licensing. Therefore, we investigated the effect of 
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NKG2A on IL-2 activated NK cell degranulation in response to 3 multiple myeloma 

cell lines (UM9, RPMI8226/s, and JJN-3) expressing both HLA class I and HLA-E (Figure 

S3 in Supplementary Material). Based on the HLA genotypes for classical class I of 

the cell lines, NK cells were divided into subsets expressing: 1) no KIRs, 2) KIRs that 

are KIR-ligand matched- or 3) KIRs that are mismatched for the HLA ligands on the 

target cells. We subsequently compared the response of NK cells (co-)expressing 

NKG2A vs NK cells lacking NKG2A for each of the three groups. In the absence of 

target cells, the percentage of degranulating NK cells was negligible (Figure S4 in 

Supplementary Material). We observed that for the matched and the KIR negative 

subsets, the percentage of degranulating NKG2A positive cells was slightly higher 

than degranulation of the subsets lacking NKG2A in most donors. This difference 

reached significance when NK cells were co-cultured with RPMI8226/s both in the 

presence of 21% O2 or 0.6% O2 (Figure 2). For NK cells expressing mismatched KIRs, 

we did not observe a difference between NKG2A+ vs NKG2A- cells against all cell 

lines. Although the three cell lines tested in this study expressed HLA-E, albeit at 

low levels (Figure S3 in Supplementary Material), in only 4 out of 45 samples we 

observed a lower percentage of degranulating NK cells in NK subsets expressing 

NKG2A (NKG2A+ matched; NKG2A+ mismatched; or NKG2A+KIR-) as compared 

to their counterparts without NKG2A (NKG2A- matched; NKG2A- mismatched; or 

NKG2A- KIR-) and these were all in the group of NK cells expressing mismatched 

KIRs. These data demonstrated that the presence of NKG2A on NK cells did not seem 

to have an inhibitory effect on the response of IL-2 activated NK cells against HLA-

class I competent cell lines expressing low levels of HLA-E. Moreover, for the subsets 

expressing no- or matched KIRs the NKG2A positive cells performed even slightly 

better than their NKG2A negative counterparts.
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Figure 2. NKG2A and KIR subset analysis per cell line. NK cells were co-cultured with UM9, 
RPMI8226/s or JJN-3 cells in a 1:1 E:T ratio for 4 hours in 21 % O2 (A) or 0.6% O2 (B). Flow cytometry 
was used to subtype NK cells based on their expression of NKG2A and KIRs. Degranulating NK cells 
were denoted as CD107a+ NK cells. Each dot represents an average of a technical replicate. n = 5 
independent experiments with 5 different donors (UM9), 4 independent experiments with 4 different 
donors (JJN-3) and 6 independent experiments with 6 different donors (RPMI8226/s). (ns = not 
significant, * = p<0.05)

To further investigate the functional relevance of NKG2A we incubated IL-2 activated 

NK cells with primary MM cells known to express relatively high levels of both 

the classical HLA-class I and non-classical HLA-class I (HLA-E) molecules [15]. This 

revealed that the NK cells were highly activated by K562 cell line used as positive 

control, but not by the primary MM cells or in the absence of target cells (Figure 3A). 

For both KIR positive and KIR negative subsets, we did not observe any difference in 

NK cell degranulation between NKG2A expressing vs non-expressing NK cells both in 

the presence of primary MM cells (Figure 3B) or in the absence of primary MM cells 

(Figure S5 in Supplementary Material). As the level of degranulation in response to 

primary MM cells was very low and this could have blunted analysis of inhibitory 

effects by NKG2A, we blocked the HLA-E- NKG2A interaction with an NKG2A blocking 

antibody (figure 3C) or with an anti HLA-E antibody (Figure S6 in Supplementary 

Material). To study the effect in more detail, we analyzed the effect of blocking on 

different subsets of NK cells. However, because the blocking NKG2A antibody has the 

same epitope with the fluorochrome labeled NKG2A antibody, we could not visualize 
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the NKG2A+ population and therefore we subtyped our NK cells into KIR+ and KIR- 

subtypes. Our results demonstrated that there was no effect of NKG2A blockade 

on the KIR+ subset and only a very small effect on the KIR- subset where we saw a 

small increase of CD107a+ NK cells in 2 out of 9 samples (p <0.05) (Figure 3C). In this 

analysis all KIRs were matched with the primary MM cells as the patients were C1+, 

C2+, Bw4+. In two samples, there was a genetic discrepancy between KIRs and HLA 

on the primary MM cells enabling us to subgroup NK cells based on the KIR-ligand 

matched/mismatched status and to investigate whether KIR-ligand interaction 

played a bigger role than NKG2A-HLA-E interaction in inhibiting NK cells activity. 

Although the number of patients was not sufficient to perform statistical analysis, 

this suggested that the NKG2A- KIR-ligand mismatched cells degranulated more than 

the NKG2A- matched counterpart (Figure 3D). NKG2A+ KIR-ligand mismatched NK 

cells however, were equally activated in 1 patient and more activated in 1 patient 

compared to the matched subset. 

Altogether, the data from MM cell lines and primary MM cells demonstrated that NKG2A 

did not seem to play a major inhibitory role in the anti-MM response of high dose IL-2 

activated NK cells. 

Daratumumab triggers antibody-dependent cell-mediated cytotoxicity 
(ADCC) in all NK cell subsets which is irrespective of the NKG2A status
Myeloma-specific monoclonal antibodies that trigger NK cell-mediated ADCC are a 

potent way to boost the NK antitumor response, and also in this setting, we studied 

the role of NKG2A in controlling NK activation. To trigger ADCC, UM9 and RPMI8226/s, 

two MM cell lines that highly expressed CD38 were pre-incubated with daratumumab 

followed by a CD107a assay with IL-2 activated NK cells at 21% or 0.6% O2 and analysis 

of degranulation of individual NK cell subsets. This revealed that the addition of 

daratumumab clearly triggered NK cell degranulation for all subsets, at 21% O2 as 

well as at 0.6% O2 (Figure S7 in Supplementary Material). For UM9, the median fold 

enhancement ranged from 2.5 fold to 19 fold at 21% O2 and 2.0 fold to 44.5 fold at 0.6% 

O2. For RPMI8226/s, the median fold enhancement ranged from 1.9 fold to 11.4 fold 

at 21% O2 and 3.5 fold to 11.6 fold at 0.6% O2. Analysis of CD107a+ NK cells per subset 

subsequently demonstrated that there was no difference in degranulation between 

subsets expressing NKG2A vs subsets lacking NKG2A (Figure 4).  

NK cells also express CD38 on their surface and previous studies showed that NK cells 

could kill each other via ADCC triggered by NK cell associated daratumumab. Therefore, 

we also compared the response of the NKG2A positive vs negative NK cells for the KIR+ 

and the KIR- subsets in the absence of tumor target cells. For this, IL-2 activated NK 
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cells were incubated without (Figure 5A) or  with daratumumab (Figure 5B-D)for four 

hours followed by analysis of CD107a expression by NK cell subsets at 21% or 0.6% O2. 

Without daratumumab, we showed that spontaneous NK cell degranulation was very 

low for all subsets. For KIR+ NK cells, both at 21% and 0.6% O2, we observed a lower 

percentage of degranulating NK cells in subsets co-expressing NKG2A (Figure 5B). For 

KIR- subsets, we only saw this in the condition at 0.6% O2. To determine whether this was 

truly due to NKG2A, we blocked HLA-E-NKG2A interaction with an antibody blocking 

either HLA-E or NKG2A. For all donors and in both the KIR+ and KIR- NK cell subsets, 

the level of degranulation of NKG2A positive subsets was higher than that of NKG2A 

negative subsets after blocking, except in 1 donor under hypoxia in the presence of 

anti HLA-E, NKGA+ KIR- showed lower percentage of degranulating NK cells (Figure 5C-

D). This illustrates that NKG2A could inhibit daratumumab induced fratricide.

As highly activated NK cells express higher levels of HLA-E than the MM cell lines 

(Figure S3 in Supplementary Material), we hypothesized that the level of HLA-E might 

influence the potential of NKG2A to inhibit highly activated NK cells. To explore this, 

we performed a 4-hour degranulation assay using IL-2 activated NK cells from 3 

healthy donors against U266, a multiple myeloma cell line expressing low levels of 

HLA-E. Prior to co-culture with NK cells, U266 cells were incubated with either medium, 

DMSO, control peptide, HLA-A1peptide, or HLA-B7 leader peptide. The HLA-A1 or B7 

peptide are derived from the leader sequence of HLA class I and have been shown 

to bind HLA-E and enhance HLA-E surface expression [18]. We observed that HLA-E 

was highly expressed on U266 cells upon peptide incubation, approximately 6 (HLA-A1 

peptide) and 8 folds (B7 peptide) higher than the baseline expression (Figure 6A). In 

the absence of target cells (Figure 6B), NK cells subsets expressing NKG2A showed a 

higher degranulation compared to NK cell subsets not expressing NKG2A. For subsets 

expressing matched KIRs or no KIRs, NKG2A+ NK cells degranulated more than NKG2A- 

NK cells in the conditions where target cells were incubated without or with control 

peptide (Figure 6C). This was true for all three donors and in line with the data obtained 

with the other MM cell lines. For the KIR- subset, upregulation of HLA-E resulted in less 

degranulation in the NKG2A+ NK cells vs the NKG2A- cells, suggesting inhibition by 

NKG2A. For the matched KIR subset this effect was less pronounced. For the mismatch 

subset, we saw a lower percentage of degranulating NKG2A+ NK cells vs NKG2A- NK 

cells in all conditions. This supports the NK cell fratricide data (Figure 5) and together 

illustrates that NKG2A can inhibit high dose IL-2 activated NK cells but whether or not 

this occurs depends on the exact NK cell subset and presumably also on the type of 

target cells and the level of HLA-E on the target cells.



134 Chapter 5

DISCUSSION

We envision that the ideal NK cell product for cancer treatment would be a large 

number of highly activated natural killer cells which can withstand the suppressive 

tumor microenvironment. Therefore, to refine NK cell-based immunotherapy, we 

focus our investigations on NK cell ex vivo expansion and strategies to enhance 

activation and to reduce inhibition of NK cells. Since the IL-2 activated NK cell ex 

vivo expansion protocols could result in a higher percentage of NKG2A expressing NK 

cells [19, 20], we performed, in the current study, an in-depth analysis of the influence 

of NKG2A expression on different NK cell subsets in response to MM cells showing 

that the inhibitory potential of NKG2A, for activated NK cells, depends on the exact 

subset of NK cells and the HLA-E context of the target cell.

NKG2A has a dual function in NK cells, on the one hand, it is required for NK cell licensing, 

but it also acts as an inhibitory receptor to control the activation threshold of the NK 

cell and to avoid autoimmunity [3]. Here, we show that high dose IL-2 activated NK 

cells expressing NKG2A degranulated more vigorously than subsets not expressing 

NKG2A. We observed this irrespective of the presence of KIR and in response to HLA 

deficient K562 leukemia cells and to a lesser extent against HLA competent MM cell 

lines. For K562, this is in line with previous studies in both mice [4, 5] and human [6]. 

These studies showed that for unactivated NK cells, the more inhibitory receptors 

an NK cell expresses, the better the NK cell is licensed and the more potently it can 

respond to HLA-class I deficient tumors. However, for HLA competent tumors, the 

presence of NKG2A could be a disadvantage due to the inhibitory signaling resulting 

from the NKG2A-HLA-E interaction. Although some tumor cells downregulate surface 

expression of HLA-class I molecules, tumors can also maintain or even enhance HLA-

class I [21, 22]. We and others previously demonstrated that MM cell lines and primary 

MM cells express HLA-class I and HLA-E on their surface [15, 23]. Nevertheless, in the 

present study, NKG2A expression on high dose IL-2 activated NK cells did not result 

in a reduced activation. On the contrary, the presence of NKG2A seemed to be more 

advantageous for the NK cell response, especially against MM cell lines. Although 

NKG2A expressing vs non-expressing subsets might differ in more features than only 

NKG2A, our data suggest that for these high dose IL-2 activated NK cells the benefit of 

better licensing due to NKG2A seemed stronger than the inhibitory effects provided 

by this receptor. 

Even in response to primary MM cells, despite relatively high HLA-E levels, no inhibitory 

effects of NKG2A were observed. As this could have been caused by the very low level 

of NK cell degranulation, we also blocked the NKG2A receptor using monoclonal 
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antibodies recognized for their capacity to block HLA-E or NKG2A. The effect of blocking 

was very minor and only present in KIR+ subsets which was in contrast to a previous 

study where Monalizumab, a clinical grade NKG2A blocking antibody, improved the 

cytotoxicity of low dose (250 U/ml) activated KIR-NKG2A+ NK cells against a variety 

of primary tumor cells [10]. One of the differences with our study was that Ruggeri 

et al used NKG2A+ KIR- NK cell clones while we used a heterogeneous population of 

NK cells. The percentages of NKG2A+ KIR- NK cells among our donors varied between 

11.6% to 51.8% of total NK cell populations (Table S1 in Supplementary Materials) which 

might have influenced the blocking capacity of the antibody. In our previous study [15], 

also using whole NK cells but non-activated, we showed that there was an increased 

percentage of overall CD107a+ NK cells when we blocked HLA-E/NKG2A interaction 

using an HLA-E antibody. Therefore, another reason could be the difference in activation 

and or licensing status of the NK cells as we used in the current study healthy donor-

derived NK cells pre-activated with a high dose of IL-2 (1000 U/mL) while Ruggeri et al 

used only 250 U/mL for activation. This suggests that the activation status of the NK 

cells is important for whether or not NKG2A can mediate strong inhibitory effects on 

NK cells. Importantly this also suggests that if NK cells are sufficiently activated e.g. via 

cytokine activation, the co-expression of NKG2A is not per se detrimental. 

The potency of NKG2A to inhibit NK cells can also be influenced by the HLA-E 

expression level on the target cell. Previously, inhibition via KIR has been shown to 

have a linear relation with HLA class I, meaning that the more of the ligand is expressed 

the more inhibition is mediated via the receptor [24]. For NKG2A this seems different as 

the same group also showed that inhibition by NKG2A occurs only when HLA-E levels 

are above a certain threshold and the strength of the inhibitory signal could not be 

further amplified by increasing expression levels of the HLA-E ligand [24]. Although 

the number of individuals was limited, in our experiments, peptide-induced HLA-E 

expression made NKG2A+KIR- less responsive than their NKG2A-KIR+ counterparts. In 

line with this, blockade of the NKG2A co-receptor CD94 has been shown to enhance 

the response of highly activated NKG2A+ NK cells against a cell line transgenically 

expressing very high levels of HLA-E but not against primary ALL cells expressing an 

intermediate level of HLA-E [25]. In addition, we observed that NKG2A positive NK cells, 

expressing high levels of HLA-E, mediated less daratumumab-induced fratricide than 

NKG2A negative NK cells which could be reversed by adding anti-HLA-E or anti-NKG2A. 

Highly activated T cells express increased levels of HLA-E and this protects them from 

killing by NKG2A positive NK cells [26]. We now show that this is also true for highly 

activated NK cells. Furthermore, we show that NKG2A has the potential to inhibit highly 

activated NK cells but that this depends on the exact setting and that activated NK cells 

may have a different threshold for HLA-E than unactivated NK cells.
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Another important point to take into account in the design of NK cell immunotherapy 

is that NK cells will have to function in a suppressive tumor microenvironment. 

Tumor microenvironmental factors such as hypoxia, lactate, prostaglandin E2, and 

others have been shown to dampen NK cell anti-tumor responses through several 

mechanisms summarized in [27]. We therefore evaluated the role of NKG2A also 

in the presence of factors from the TME but did not see very obvious differences 

with the data obtained under normal control conditions. In addition, we did not 

observe changes in NKG2A expression on the NK cells, possibly because the 4 

hours incubation was relatively short to induce changes on IL-2 activated NK cells 

by hypoxia. We realize that our in vitro set up does not fully reflect the complexity 

of the in vivo TME, and several other studies in human or mice did show that the 

tumor microenvironmental factors could lead to NK cell phenotypic change [28–30]. 

Furthermore, we demonstrated in an earlier study that HLA-E levels on MM tumor cells 

are increased upon in vivo growth in the BM of immunodeficient mice as compared to 

in vitro passaged cells [15]. Moreover, a recent paper has shown that under hypoxia 

and glucose deprivation, HLA-E can be upregulated in both human and mouse tumor 

cells as a result of microenvironmental stress [31]. It would therefore be valuable to 

determine the effect of NKG2A on high dose IL-2 activated NK cells in an in vivo MM 

model or after longer exposure of hypoxia and or other tumor microenvironmental 

factors. 

Importantly, our data show that, for high dose IL-2 activated NK cells, all subsets can 

get activated by tumor cells in the context of laboratory setting mimicking tumor 

microenvironment. This is also true for the presumed “hyporesponsive” subset not 

expressing any licensing inhibitory receptor. Moreover, the addition of daratumumab, 

to trigger ADCC, even improved the response of this hyporesponsive subset to a 

level comparable to that of subsets expressing NKG2A or KIR. This is important as it 

illustrates that with potent activation all subsets could contribute to tumor clearance. 

Nevertheless, under all conditions, subsets expressing KIRs that were mismatched 

with the HLA ligands on the target cell had the highest level of activation, both in 

response to the MM cell lines as well as in response to primary MM. This emphasizes 

the relevance to select KIR-ligand mismatched NK cell donors or to use a KIR blocking 

antibody like lirilumumab. For NKG2A, selection of mismatched donors is not a 

feasible strategy, but, the interaction between NKG2A and HLA-E can be blocked 

with a clinically available monoclonal antibody (monalizumab). However, in case of 

an expanded NK cell product, where NK cells received a cocktail of cytokines such as 

IL-2 or IL-15 providing strong activation signals, or in the situation where an ADCC-

triggering antibody is used, this may not be very useful as these NK cells may be 

not severely inhibited by NKG2A. Additionally, blockade could even be detrimental. 
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Therefore, a better understanding of the conditions leading to HLA-E expression in 

relation to the inhibitory effects via NKG2A, would be useful to predict for which 

patients a blockade of NKG2A with monalizumab would be beneficial.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Spontaneous NK cell degranulation in the presence of different 
microenvironment factors. NK cells were cultured without target cells for 4 hours at 21 (A) or 0.6 
% O2 (B), or combinations of 0.6 % O2 and 50 mM lactate (C), or 100 ng/mL PGE2 (D). Flow cytometry 
was used to subtype NK cells based on their expression of NKG2A and KIRs. The percentage of 
degranulating NK cells is shown as % CD107a+ NK cells. Each dot represents an average of a technical 
replicate from an individual NK cell donor. (A) and (B) n = 11 donors, (C) and (D) n = 5 donors tested in 
independent experiments (* = p<0.05, ** = p<0.01) 
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Supplementary Figure 2. NKG2A expression on NK cell is not affected by hypoxia, lactate, PGE2, 
or the combinations. NK cells were cultured for 4 hours in the presence of 21% or 0.6% O2, or the 
combination of 0.6% O2, and 50 mM lactate or 100 ng/mL PGE2. Each dot represents an average of a 
technical replicate for the different conditions. n = 5 independent experiments.

Supplementary Figure 3. HLA-E expression on different cell types. (A) IL-2 activated NK cells, K562 
or MM cell lines (UM9, RPMI8226/s or JJN-3 cells) or (B) primary MM cells were stained with HLA-E 
antibody or isotypes as control or unstained. Each plot of primary MM cells represent 1 MM patient. 
Flow cytometric analysis was used to determine the expression of HLA-E. A median fluorescence 
intensity (MFI) is displayed in each plot.
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Supplementary Figure 4. Spontaneous NK cell degranulation per subset. NK cells were cultured 
without target cells (MM cell lines) for 4 hours in the presence of 21% or 0.6% O2. The percentage of 
degranulating NK cells was denoted as CD107a+ NK cells. The subsets of 2DL2/3, 2DL1, and 3DL1 
were gated based on NK cells expressing only one of the KIR receptors and lacking NKG2A expression. 
The subset of NKG2A+ KIR- was gated based on NK cells expressing only NKG2A receptor and missing 
all other KIR receptors. The subset of NKG2A- KIR- was gated based on NK cells expressing neither of 
NKG2A nor KIR receptors. n = 5 independent experiments.

Supplementary Figure 5. Spontaneous NK cell degranulation based on NKG2A expression. NK 
cells were cultured without target cells (primary MM cells from patients) for 4 hours in the presence 
of 21% O2. The percentage of degranulating NK cells was denoted as CD107a+ NK cells. The subset 
of NKG2A+ KIR- was gated based on NK cells expressing only NKG2A receptor and missing all other 
KIR receptors. The subset of NKG2A- KIR- was gated based on NK cells expressing neither of NKG2A 
nor KIR receptors.
n = 10 independent experiments
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Supplementary Figure 6. Effect of HLA-E blocking on NK cell degranulation against primary MM 
cells. IL-2 activated NK cells were co-cultured with primary MM cells in a 1:1 E;T ratio in the presence 
of 10 µg/mL anti-HLA-E antibody for 4 hours in the presence of 21% O2. Flow cytometric analysis was 
used to determine the NK cell degranulation (denoted by %CD107a+ NK cell). n = 3 independent 
experiments with three different MM patients. 
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Supplementary Figure 7. Daratumumab enhanced degranulation of all NK subsets both at 
21% or 0.6 % O2. UM9 or RPMI8226/s cells were pre-incubated with daratumumab or medium for 30 
minutes before adding IL-2 activated NK cells in a 1:1 E:T ratio. A degranulation assay was performed 
for 4 hours in the presence of 21 or 0.6% O2. Flow cytometry was used to subtype NK cells based on 
their expression of NKG2A and KIRs. The fold increase in the percentage of CD107a+ NK cells in the 
presence of daratumumab for each subset was calculated by dividing the percentage of CD107a+ 
NK cells in the presence of daratumumab by the percentage of CD107a+ NK cells in the absence of 
daratumumab. Vertical bars shown in the plots are the median.
n = 5 experiments with 5 donors
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SUPPLEMENTARY TABLE

Supplementary Table 1. The proportion of NKG2A+ KIR- cells and NKG2A- KIR- cells 

from different donors.  
Donor NKG2A+ (%) NKG2A- (%)

Total NKG2A+ NKG2A+ KIR- Total NKG2A- NKG2A- KIR-

A 42.9 30.3 54.4 14.5

B 29.4 16.1 68.0 15.4

C 81.4 51.8 16.7 5.3

D 27.7 18.4 62.4 26.2

E 54.3 42.5 37.9 18.1

F 42.8 31.7 49.8 35.2

G 54.7 18.9 39.1 4.5

H 52.1 34.3 33.6 13.4

I 66.2 36.6 29.3 3.1

J 19.2 11.6 77.8 14.0

NK cells were stained with fluorochrome-labeled antibodies targeting NKG2A, KIR2DL2/3, KIR2DL1, 
and KIR3DL1 receptor. The expression of receptors was measured by flow cytometry. The percentages 
presented in the table were calculated from total NK cells (CD3-CD56+).
n = 10 donors
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ABSTRACT

Natural killer (NK) cells are attractive candidates for allogeneic cell-based 

immunotherapy due to their unique combination of a potent anti-tumor effector 

function and good safety profile. In addition, NK cells have the unique capacity to 

attack tumor cells that lack expression of HLA class I. NK cells express inhibitory 

receptors like killer immunoglobulin-like receptor (KIR) family members and NKG2A. 

KIR and NKG2A receptors interact with HLA class I and HLA-E and are important for NK 

cells education. However, they can also provide inhibitory signals upon encountering 

HLA expressing target cells which can lead to reduced anti-tumor reactivity. Strategies 

to reduce inhibitory signaling by these receptors may therefore be useful to enhance 

clinical efficacy of NK cells against HLA expressing tumors. Multiple myeloma (MM) 

is an example of a tumor where this can be helpful as MM cells have been shown to 

express relatively high levels of HLA class I and HLA-E. Moreover, MM is an incurable 

hematological malignancy characterized by expansion of malignant plasma cells 

in the bone marrow and NK cells are interesting candidates for immunotherapy in 

MM. In the current review, we provide an overview of the functional relevance of 

inhibitory KIRs and NKG2A for the anti-tumor response of NK cells in MM. In addition, 

we discuss strategies to reduce inhibitory signaling via KIR and NKG2A to enhance 

clinical efficacy of allogeneic NK cells in MM. 
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INTRODUCTION

Natural killer (NK) cells are innate lymphocytes equipped with a powerful cytotoxic 

machinery, the potential to produce cytokines and the capacity to selectively target 

diseased cells. NK cell activation is controlled by the integrated balance between signaling 

via a pleiotropy of inhibitory and activating receptors [1]. NK cells recognize diseased cells 

because, in contrast to normal healthy cells, virally-infected- or malignantly-transformed 

cells frequently express relatively high levels of ligands for activating NK receptors like 

NKG2D or DNAM-1 and reduced levels of human leukocyte antigen (HLA) ligands for 

inhibitory receptors [2, 3]. 

Over the past years, NK cells became popular candidates for immunotherapy in cancer 

due to their unique combination of a potent anti-tumor effector function and a very 

good safety profile [4]. The capacity of NK cells to discriminate healthy- from diseased 

cells creates the opportunity to safely use NK cells in the allogeneic setting and to 

maximally benefit from their anti-tumor potential while not risking development of graft 

versus host pathology. In the allogeneic setting, this latter feature is a great benefit over 

strategies using T cells. Although both T cells and NK cells exploit major histocompatibility 

(MHC) molecules for immune surveillance, they do it in an intrinsically different manner. 

T cell activation occurs upon interaction between the T-cell receptor (TCR) and a foreign 

MHC-peptide complex which, in an allogeneic MHC mismatched setting easily results in 

graft versus host disease (GVHD). NK cells, on the other hand, rather sense the absence 

of MHC molecules, a phenomenon called “missing-self recognition” described first in the 

1990’s by Karre et al [5]. Even in the absence of MHC molecules, NK cells do not attack 

healthy cells because for activation a sufficient level of activating signals, provided by 

viral- or stress proteins, is required and these signals are usually not sufficiently present 

on healthy cells [6].

The intrinsic potential to respond to missing-self enables NK cells to surveil tumors 

that have down regulated MHC class I expression as a mechanism to escape from 

CD8 T cells. NK cells express a variety of receptors and the receptors belonging to the 

killer Immunoglobulin-like receptor (KIR) family and NKG2A are used by the NK cells to 

interact with MHC class molecules. In the current review, we will provide an overview of 

the functional relevance of inhibitory KIR and NKG2A for the anti-tumor response of NK 

cells in an allogeneic setting. We will specifically address the role of allogeneic NK cells in 

multiple myeloma, a hematological malignancy characterized by expansion of malignant 

plasma cells in the bone marrow that still remains incurable despite the greatly improved 

clinical perspective due to novel immunomodulatory agents like lenalidomide and 

pomalidomide and the highly promising antibodies like daratumumab (anti-CD38) and 
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elotuzumab (anti-CS-1/SLAMF7). Given their excellent safety and feasibility profiles, NK 

cells are interesting candidates to combine with these novel agents to enhance clinical 

efficacy and to ultimate achieve curative treatment for MM patients.

Killer Immunoglobulin-like receptors (KIRs) 
The KIR family consists of activating- and inhibitory receptor family members. 

Activating family members are characterized by a short cytoplasmic ITAM activating 

signaling domain and are hence called KIRxDS. Inhibitory family members have a 

long and inhibitory ITIM domain and are named KIRxDL. Both the activating and 

the inhibitory KIRs have two (KIR2DSx or KIR2DLx) or three (KIR3DSx or KIR3DLx) 

extracellular immunoglobulin-like domains for ligand interaction. Classical HLA class 

I molecules are the most important ligands for both the activating- and the inhibitory 

KIRs. The best characterized inhibitory KIRs are: KIR2DL1 binding to HLA-C group 2 

(C2) alleles having a lysine at position 80; KIR2DL2/3 interacting with HLA-C group 1 

(C1) alleles having an asparagine at position 80  [7, 8]; KIR3DL1 binding HLA-B alleles 

bearing a Bw4 motif as well as HLA-A*23/24/32 [9] and KIR3DL2 that has been shown 

to interact with HLA-A*3/*11 [10] and HLA-F [11]. The activating KIRs KIR2DS1 and 

KIR2DS2 have been shown to bind with C2 and C1 alleles respectively and KIR2DS4 

to HLA-C*05:01, HLA-C*11:02 and HLA-C*16:01 [12]. The ligands for the other KIRs 

(KIR2DS3, KIR2DS5, KIR3DS1 and KIR2DL5) remain elusive so far.

The genes encoding the KIRs are located in the KIR gene cluster in the leucocyte 

receptor region on chromosome 19, and so far, 17 different KIR haplotypes have been 

described (IMGT website). KIR2DS4 and KIR2DL5 are so-called framework genes and 

are present in all the haplotypes. Based on the additional presence/absence of the 

other KIRs, the haplotypes can be further grouped into haplotype-A and –B. While A 

haplotypes expresses only KIR2DS4 as activating KIR and eight other KIRs (KIR2DL1, 

KIR2DL3, KIR2DL4, KIR2DL5, KIR3DL1, KIR3DL2, KIR3DL3, KIR2DL5, KIR2DP1 and 

KIR3DP1), the B haplotypes expresses multiple activating receptors in combination 

with various other  KIR genes [13]. In the population, the A to B haplotype ratio is 

on average 1.8 : 1 [14]. A study comparing KIR haplotype A and B frequencies in MM 

demonstrated that there was no difference in distribution between MM patients and 

healthy individuals [14]. Moreover, analysis of KIR repertoires of one hundred eighty-

two MM patients revealed that the genotypic presence of KIR3DS1 was associated 

with reduced progression-free survival after autologous SCT which was most 

pronounced in patients who were missing the KIR3DL1 ligand Bw4 [15]. But, further 

extensive studies on the influence of the KIR genetic repertoire on development and 

progression of MM are missing.
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In addition to gene content, further variation in KIR repertoires between individuals comes 

from the fact that the KIR genes are relatively polymorphic and expression differences 

can occur due to null/low/high expression allele variants and copy number variation 

[16]. Furthermore, KIRs are acquired in a stochastic manner leading to diversity, within 

one individual, in KIR receptor expression between NK cells [17]. Within the A haplotype 

four inhibitory KIRs, namely KIR2DL1, KIR2DL3, KIR3DL1, KIR3DL2 can be expressed. 

A combination of all four inhibitory KIRs is rarely found within one healthy individual 

(<5%). Co-expression of three inhibitory KIRs occurs also in rather few NK cells (about 

10%), while co-expression of 2 KIRs and expression of a single KIR occurs more frequently 

(30% and 35%, respectively). Functionally immature NK cells, lacking all inhibitory  KIRs, 

represent about 20% [18]. While the characterization and the role of inhibitory KIRs have 

been rigorously studied and described, the role of activating KIRs on NK cells, on the 

other hand, are still limited.   

NKG2A
NKG2A is an inhibitory member of the C-type lectin-like NKG2 receptor family that 

also comprises the inhibitory NKG2B and the activating NKG2C/E/H receptors [19]. 

NKG2A engages HLA-E, a non-classical HLA class I molecule that is constitutively 

expressed at low levels on the cell surface of virtually every cell. In contrast to the 

classical HLA class I molecules, HLA-E displays only very limited polymorphism 

and only two common protein variants are known (HLA-E*01:01 and HLA-E*01:03) 

[20]. These two HLA-E allelic variants differ in one amino acid at position 107 on 

the alpha2 domain of the HLA-E heavy chain, and HLA-E*01:01 has an Arginine at 

position 107 were HLA-E*01:03 has a Glycine [21]. This amino acid difference results 

in a higher peptide binding affinity and consequently a higher surface expression for 

HLA-E*01:03 vs HLA-E*01:01. NKG2A binds to both allotypes and so far, no obvious 

functional differences between the two HLA-E alleles have been described [22, 23]. 

NK cells of healthy individuals frequently express NKG2A (20-80%) [24, 25] NKG2A 

expression occurs more frequent on KIR-negative NK cells and decreases as NK cells 

acquire additional KIRs [18]. While the KIRs are highly polymorphic, NKG2A is very well 

conserved and not many polymorphisms are known [13, 26, 27] possibly because the 

ligand, HLA-E, has  also a very limited polymorphism.

NK cell education and recognition of missing self
Inhibitory receptors for HLA play a pivotal role in the shaping of a functional NK cell 

repertoire. NK cells develop from the bone marrow and acquire inhibitory receptors 

in a stochastic manner [28]. Mature NK cells can express no-, one- or a combination of 

inhibitory receptors. As the KIR and HLA genes are located on different chromosomes (KIR 
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on chromosome 19 and HLA on chromosome 6) they can be inherited independently. 

Consequently, individuals can express KIRs for which the corresponding HLA ligand is 

missing. For example, an individual can express KIR3DL1 without being Bw4 positive. 

To warrant self-tolerance, even in the absence of a ligand, NK cells are continuously 

educated by their HLA environment in a process called “licensing” or “arming”. Although 

the mechanistic basis of this process is not fully understood, it is known that the NK 

cell subsets expressing no inhibitory receptor or KIRs for which the HLA ligand is not 

endogenously expressed are hyporesponsive [29]. On the other hand, NK cells expressing 

KIRs that can engage HLA become more responsive [30]. Those so-called educated NK 

cells have been shown to hold higher density granules [31]. Moreover, they are more 

potent cytokine producers and killers than non-educated NK cells [32]. In addition to 

KIRs, NKG2A interaction with HLA-E can lead to enhanced NK responsiveness and from 

previous studies it known that the more inhibitory receptors an NK cell expresses, the 

more potent its effector function [33, 34]. 

HLA class I and HLA-E expression in MM
Many viruses and tumors have evolved strategies to reduce HLA expression presumably 

to escape from CD8 T cell immunity and educated NK cells are excellent in targeting 

these cells. However, while loss of expression of classical HLA class I is frequently seen 

in many types of cancer it is becoming more and more clear that numerous of these 

tumors remain positive for HLA-E [35]. By doing so these cells can evade from CD8 

T cells and, as the majority of the NK cells expresses NKG2A, the tumor also remains 

relatively protected against NK cells. Under physiological conditions, HLA-E expression 

is tightly linked to HLA class I expression. The reason is that HLA-E presents the leader 

peptides that are removed from HLA class I molecules before leaving the endoplasmic 

reticulum to travel to the cell surface [36]. Consequently, a reduced expression of HLA 

class I, as seen in many tumors, would also result in lower levels of HLA-E on the cell 

surface. But, apparently this is not necessarily the case, and tumors, as well as several 

viruses, have evolved ways to maintain HLA-E expression even in the absence of HLA 

class I leader peptides. Why this is possible is not completely known. One option could 

be that HLA-E presents a TAP- and HLA class I independent peptide repertoire, which 

has been shown to occur in TAP deficient LCL 721.221 cells [37]. Alternatively, peptides 

from stress proteins like Hsp60 have been shown to be capable of stabilizing HLA-E on 

the cell membrane [38]. Independent of the exact mechanism, it seems reasonable to 

consider HLA-E an immune escape mechanism for NK cells. 

In MM, we observed that MM cell lines frequently express only low levels of HLA-E in 

vitro while HLA-E expression upon in vivo growth of the cells in the bone marrow of 

immunodeficient cells was much higher [39]. Moreover, primary MM cells obtained from 
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patients expressed relatively high levels of HLA class I as well as HLA-E [39]. Furthermore, 

HLA expression has been shown to be related to disease status in MM, since MM cells 

isolated from late-stage pleural effusions expressed higher levels of HLA class I and 

reduced levels of activating NKG2D ligands as compared to earlier stage MM cells [40]. 

A comparable observation was made by comparing MGUS vs MM samples, showing 

higher levels of HLA class I and reduced levels of MICA on the MM samples [41]. Given 

the presence of both HLA class I and HLA-E on MM, interfering with inhibitory signaling 

to lower the NK cell activation threshold, so basically creating missing-self, for NK cells 

in MM seems a good strategy. This could be perceived either by KIR-ligand mismatching 

based on genotypes, the use of clinically available monoclonal antibodies to block KIR 

(lirilumumab) or NKG2A (monalizumab) [42, 43], or by agents such as the proteasome 

inhibitors lactacystin, bortezomib and carfilzomib that have been shown to reduce HLA 

class I expression in MM  [44–46]

Creating missing-self for MM by KIR-ligand mismatching in the 
allo-SCT setting
The potential of exploiting missing-self recognition to enhance the anti-tumor potential 

of NK cells in the allogeneic setting became most evident from the ground-breaking work 

of Ruggeri et al showing that a so-called KIR-ligand mismatch improved clinical outcome 

after haploidentical stem cell transplantation in patients with acute myeloid leukemia (AML) 

[47, 48]. In the Haplo-SCT setting, patient and donor are matched based on only one of 

the HLA haplotypes meaning that half of the HLA genes is mismatched between patient 

and donor. This enables incompatibility between KIRs, expressed on the donor NK cells, 

and their HLA ligands on patient tumor cells. As the donor KIR-ligand mismatched NK cells 

in this setting will remain to be educated based on the donor HLA background, they can 

efficiently detect missing-self and mediate more potent responses against the tumor cells 

than the non-mismatched NK cells that receive inhibitory signals via HLA (Figure 1). Only 

very limited data on the potential benefit of KIR-ligand mismatching in allo-SCT in MM 

is available. Nevertheless, Kroger et al showed that in HLA-C mismatched unrelated SCT, 

patients receiving a KIR-ligand mismatched graft had longer progression-free survival than 

patients receiving a matched graft [49]. Also in other hematological malignancies, there 

is still no real consensus on whether or not a KIR-ligand mismatch has a clinical benefit 

and presumably this is highly dependent on the exact conditioning- and transplantation 

protocol. In contrast to KIR-HLA class I, mismatching for HLA-E and NKG2A is not an option 

due to the limited polymorphism of HLA-E. However, early upon reconstitution, the relatively 

immature NK cells express NKG2A but not KIRs and it can take up to 3 months till a fully 

mature KIR repertoire is present [50]. As NKG2A could inhibit the anti-MM response of these 

reconstituting NK cells [39], it may be an interesting option to interfere with HLA-E NKG2A 

interaction using a monoclonal antibody like monalizumab in the context of allo-SCT.
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Figure 1. The concept of NK cell alloreactivity concept based on interaction with HLA class I. 

A) When an inhibitory KIR binds to a “matched” classical class I HLA molecule, an NK cell receives 

inhibitory signal from this interaction. In the absence of the corresponding class I HLA molecule 

(mismatched situation), the inhibitory signal is absent, resulting in a reduced NK cell activation 

threshold. B) Inhibitory KIRs and NKG2A and their corresponding class I HLA molecules. KIR = Killer 

immunoglobulin-like receptor, HLA = Human Leukocyte Antigen, Ser = Serine, Asn = Aspargine, Lys 

= Lysine. 

For a long time, the number of haplo-SCT that was performed was very limited due to 

the high occurrence of post-transplant complications such as GVHD and infections. 

However, due to the recent successes of improved T cell depletion methods (e.g. by 

ab-depletion) or by post-transplant administration of cyclophosphamide, haplo-SCT 

became a feasible approach with a good safety profile and the major advantage that 

a large number of donors is usually available within the family [51]. To be eligible 



155
Tuning NK cell anti-myeloma reactivity by targeting inhibitory signaling via 

classical HLA class I and HLA-E

Ch
ap

te
r 6

for KIR-ligand mismatched transplantation, patients should genotypically lack 

expression of at least one of the HLA ligands for the major inhibitory KIRs (KIR2DL1, 

KIR2DL2/3, KIR3DL1), meaning that they should miss either HLA-C1, -C2 or -Bw4 or a 

combination thereof. We performed a small pilot study to evaluate the percentage of 

MM patients in our center that would meet this criterion. This revealed that there was 

no obvious difference between MM patients and the cohort of healthy donors that 

we tested (table 1). Moreover, 30% of the patients expressed all three ligands. The rest 

of the patients lacked at least one ligand and 48% missed even two of the ligands. In 

addition, to the absence of C1, C2 or Bw4 in the patient, the selected donor should 

express the HLA ligand that is missing in the patient to make sure the NK cells will be 

educated to sense the missing ligand and the corresponding KIR should be present 

on the cell surface. Especially for KIR3DL1 this is important to confirm, preferably by 

flow cytometry, as null alleles frequently occur [52].

Table 1. Distribution of genotypic expression of HLA epitopes in MM patients and in 

reference samples

HLA epitopes

C1+ C2+ C1+C2+ Bw4+C1+ Bw4+C2+ Bw4+C1+C2+

Patients (%) 

n = 186

22 2 11 24 13 29

Reference (%)

n = 197

28 2 15 16 17 32

 
Genotypic expression of HLA-group C1, HLA-group C2 and HLA-Bw4 epitopes was determined by 
using sequence-specific oligonucleotides (SSO) and Luminex® analysis according to manufactures 
instructions (One Lambda). Reference samples were obtained from healthy blood donors.

Creating missing-self for NK cell adoptive transfer in MM
As mentioned earlier, various research groups have shown that NK cells played a major 

role in the elimination of tumor cells in the SCT setting. Nonetheless, previous studies 

have also shown that NK-cell numbers and effector to target ratios’ are important 

for tumor cell clearance [53, 54]. Since NK cell numbers in freshly isolated NK cells or 

unstimulated stem cell grafts are usually low [55], optimal protocols for large scale ex 

vivo generation of NK cells for adoptive NK cell-based therapy have gained interest 

and are currently heavily investigated [56]. To date, several studies have attempted 

to infuse NK cells to MM patients as a form of adoptive immunotherapy. In a study by 

Szmania et al, up to 1 x 108 (per kilogram) ex vivo-expanded NK cells derived from MM 

patients or haploidentical family donors were infused into 8 high-risk relapsed MM 
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patients [57]. In the study, NK-cell infusions were well tolerated and a significant in 

vivo expansion of the NK cells was observed in two subjects. Although in five patients 

NK-cell infusion did not affect the disease progression, in one patient it resulted in a 

partial response and one other patient in a delayed time to disease progression. In 

another study, umbilical cord blood-derived NK cells were used as a source of NK cells 

instead of peripheral blood-derived NK cells to infuse into twelve high-risk relapsed 

MM patients [58]. In this study, four different doses of NK cells were administered 

each to three patients; 5 x 106, 1 x 107, 5 x 107, and 1 x 108.  This showed that that 

the safety profile of the NK infusions were good and that ten patients achieved a 

partial response as their best response. In the 21st month of follow-up, four patients 

progressed or relapsed.

Although tumor cells often downregulate HLA-class I molecules to escape 

immunesurveillance by T-cells [59], analysis on MM cells obtained from patients 

showed that MM cells maintain HLA-class I expression on their cell surface [39, 40, 60]. 

The expression of HLA-class I on MM cells has been demonstrated as a mechanism 

to evade NK cell-mediated lysis [60] and selection of KIR-ligand mismatched NK cell 

donors could therefore be a way to enhance clinical responses of infused NK cells. As 

the potential benefit of a KIR-ligand mismatch is not very well established in MM we 

recently addressed this question in a series of in vitro studies in which we were especially 

interested in the functional relevance of KIR-ligand mismatching for highly activated 

NK cells. The reason for this was that most current insight in the role of KIR and NKG2A 

comes from studies using unactivated NK cells or NK cells that are reconstituting after 

allo-SCT and the situation might be very different for the highly activated NK cells 

that are typically used for adoptive NK cell therapy as their activation threshold could 

be changed by the activation. Our studies revealed that for unactivated NK cells as 

well as for highly activated (1000 U/mL IL-2) licensed allogeneic NK cells from healthy 

donors, KIR-ligand mismatched NK cells were the better effector cells compared to the 

KIR-ligand matched NK cells against various MM cell lines [39]. This was also the case 

in the presence of immunosuppressive factors like hypoxia, PGE2 and lactate that are 

frequently found in tumor microenvironment [61]. Even when we further potentiated 

the NK-cell anti-MM response via antibody-dependent cell-mediated cytotoxicity 

(ADCC), by combining NK-cells and daratumumab (anti-CD38), KIR ligand mismatched 

NK cells degranulated more robustly than their matched counterparts  [61]. Although 

the difference between the matched and mismatched subsets was not very large, 

one can anticipate that in an immunosuppressive tumor microenvironment, where 

the NK cell receives and integrates a multitude of inhibitory signals, reduction of any 

extra inhibitory signals by KIR-ligand mismatching could help to potentiate the NK 

cell response against HLA class I competent MM cells. As many of the currently used 
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ex vivo-expanded clinical NK cell products, harbor very high percentages of NKG2A 

positive NK cells, we also evaluated the relevance NKG2A interaction for the anti-MM 

response of highly activated NK cells. This showed that, at least in vitro and on ex vivo 

primary MM cells, the level of HLA-E on the MM cells was not sufficient to trigger 

potent inhibitory signaling via CD94-NKG2A [62]. Enhanced levels of HLA-E on the 

MM cells, by using a HLA-E stabilizing peptide, did, however, result in inhibition via 

NKG2A, and illustrated that the expression level of HLA-E influenced the inhibitory 

potential of NKG2A [62]. Together these data emphasize the complexity of the NK 

cell antitumor response. In addition, they suggest that for highly activated NK cells 

creating missing self by KIR-ligand mismatching could help to potentiate clinical 

efficiency while creating missing-self based on interfering with NKG2A may not be 

very useful given the limited inhibitory potential of NKG2A.

Creating missing-self with monoclonal anti-KIR or anti-NKG2A 
antibodies
In addition to creating missing self by KIR-ligand mismatching based on the donor 

and patient genotypes, the use of currently clinically available antibodies that block 

KIR or NKG2A is an interesting option to explore in MM. Blocking antibodies would 

especially be helpful for the 30% of donors expressing all three KIR ligands. It may 

also be applied under conditions where NKG2A does mediate strong inhibitory 

effects (e.g. for tumors with very high levels of HLA-E or for unactivated NK cells). 

Blocking KIR-ligand interaction using an anti-HLA antibody showed enhanced 

killing of primary MM by haploidentical KIR-ligand mismatched NK cells in an in vitro 

autologous transplantation setting [63]. In other in vitro studies, blocking KIRs also 

showed promising results demonstrating that the addition of IPH2101, an anti-KIR 

antibody, increased NK cell cytotoxicity against HLA-C positive acute myeloid leukemia 

and lymphoma cells [64, 65]. In spite of the in vitro successes, the clinical efficacy of 

IPH2102 still needs to be further elucidated. In a phase I clinical study in patients 

with relapsed/refractory MM, the IPH2101 antibody has been shown to be safe and 

well tolerated, however, it did not result in clear clinical responses although ex vivo 

patient-derived NK cells showed an enhanced cytotoxicity against MM cell line in vitro 

[42]. A phase II trial with IPH2101 in patients with smoldering MM, was prematurely 

terminated due to lack of therapeutic benefit  [66]. To unravel the unexpected lack 

of benefit, a follow-up study was performed which showed that infusion of IPH2101 

had led to both reduced KIR2D surface expression on NK cells and reduced NK 

function. KIR2D removal of anti-KIR treated NK cells was mediated by trogocytosis, 

a mechanism by which monocytes remove antibody-bound molecules from the cell 

surface [67]. These studies suggest that blocking KIR by anti-KIR antibodies could 
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result in uneducated, hyporesponsive NK cells and subsequently in limited effects 

of the antibody in vivo. Also they illustrate that, despite its in vitro potential, better 

understanding of how to use the blocking antibody in vivo is essential. 

One way to overcome IPH2101-induced hyporesponsiveness of NK cells may be by 

combinational therapies in which the anti-KIR antibody IPH2101 is combined with 

drugs providing strong activating signals to the NK cells. In a phase I clinical trial 

with relapsed/refractory MM patients, the combination of the anti-KIR antibody 

with lenalidomide, an immunomodulatory agent, augmented NK cell function 

and resulted in objective responses [68]. Combination of IPH2101 and the ADCC-

triggering antibody daratumumab could also enhance NK cell cytotoxicity against 

MM cell lines and against primary myeloma cells in vitro while IPH2101 alone did not 

induce a significant antitumor effect in this setting [69].

Blocking NKG2A is another option to block inhibitory NK cell signaling. In a preclinical 

mouse study, infusion of NKG2A+ NK cells mediated anti-leukemia effects when NK 

cells were pre-treated with an anti-NKG2A antibody and rescued the mice from 

developing leukemia [43]. In another in vitro preclinical study, blocking NKG2A with 

the anti-NKG2A antibody monalizumab could restore the cytotoxic potential of NK 

cells derived from patients with chronic lymphocytic leukemia [70]. However, thus far 

completed clinical trials testing safety and efficacy of monalizumab in MM patients 

are not available.
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SUMMARY AND FUTURE PERSPECTIVE

In contrast to several other types of cancer, MM cells have been observed to maintain 

or even enhance the expression of classical HLA class I molecules as well as non-

classical HLA-E. Studies with sufficient power to demonstrate a potential clinical 

relevance are currently lacking. Nevertheless, a limited number of, especially in 

vitro, studies provided evidence that creating missing self by genotypic KIR-ligand 

mismatching or through blocking antibodies could potentiate donor-derived NK 

cells in the setting of an allo-SCT or upon adoptive transfer. 

To further enhance NK-cell response, novel combination strategies are currently 

being explored. For example, a combination with an antibody (monoclonal, bi- or 

tri-specific) targeting tumor-associated or –specific antigens could be used to 

trigger ADCC.  Moreover, ex vivo NK cell expansion also provides room for further 

enhancement of NK-cell alloreactivity, for example by genetically manipulating the 

NK-cells to express a chimeric-antigen receptor (CAR). Selecting an alloreactive donor 

NK-cell as a source for a chimeric-antigen receptor (CAR)-NK cells could provide NK-

cell the KIR-ligand mismatch situation and a more effective tumor-cell recognition. 

Since the potential benefit of creating interfering with inhibitory HLA-induced 

signaling seems to depend on the activation status of the NK cell and on the input 

via other activating or inhibitory receptors, it will be important to test the clinical 

relevance of creating missing self for NK cells receiving very strong activating signal 

via a CAR or via potent bi- or even tri- specific antibodies. 

Another recent development that is potentially relevant for MM is haplo-SCT is 

platform for combination immunotherapy. An interesting option it the combination 

of haplo-SCT and infusion of a high number of highly activated NK cells from the same 

donor. This combination would namely bypass the drawbacks of both of the individual 

procedures being 1) slow reconstitution of mature NK cells (up to 2-6 months) in 

Haplo SCT [71] [72] often resulting in the occurrence of infection or relapse [73] and 

2) lack of persistence for ex vivo-expanded NK-cells as they are short-lived and not 

clonally expand like T cells do upon activation (reviewed in [74]). The combination 

setting would have the best of both worlds as the adoptively transferred NK cells 

could be manipulated during ex vivo expansion and can mediate their potent anti-

tumor effects in the first lymphopenic period after haplo-SCT and simultaneously 

contribute to protection from viral infections as well. In addition, the NK cells that 

reconstitute from the donor stem cells will provide persistence of donor NK cells. 

Since haplo-SCT becomes a routine procedure in the clinic and allogeneic ex vivo-

expanded NK-cell infusions have been demonstrated to be safe, combining haplo-SCT 
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with an ex vivo-expanded NK-cell infusion might be a promising strategy in the future 

to fully exploit NK-cell alloreactivity in 70% of patients where genotypic KIR-ligand 

mismatch is permitting. The combination of haplo-SCT and ex vivo-expanded NK 

cells offers several advantages; 1) the process of donor selection for both procedures 

needs to only be done once, and 2) ex vivo-expanded NK cells could minimize the 

risk of infection and relapse after a haplo-SCT, as well as reduce the risk of acute 

GvHD. According to a recent study, the use of haplo-SCT in Europe is increasing since 

2005 not only for myeloid and lymphoid malignancies, but also for solid tumors as 

well as non-malignant disorders [75] and also for these malignancies haplo-SCT and 

NK cells may be an attractive platform and also in these settings creating missing 

self may help to reduce the NK activation threshold and enhance clinical efficacy. 

At MD Anderson a clinical study using haplotransplantation with additional NK cells 

is underway in patients with AML. First published data [76] demonstrate that this 

treatment is feasible and data suggest better disease-free survival because of both 

an anti-disease as well as an anti-infectious effect of NK cells. In our group we recently 

finished a phase I study performing haplo-SCT in MM and the study is now continued 

as a phase II study (NL49476.000.14). This study will be the platform for haplo-SCT 

and NK cells. 
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ABSTRACT

Tumor cells rely mostly on the aerobic glycolysis resulting in a decreased glucose 

availability in the TME of solid tumors and metabolic competition with immune 

cells rendering dysfunctional immune surveillance. To date, glucose levels in the 

hematological malignancies and the effect of low glucose concentration on highly 

activated NK cells are largely unknown. In the current study, we compared glucose 

levels in the bone marrow (BM) of patients with multiple myeloma (MM) vs healthy 

donors and tested their effect on highly activated NK cells.

Glucose from BM samples from MM patients and healthy donors (each n = 9) were 

measured using a biochemical analyzer and found to be lower in MM patients (479 

to 1231 mg/L; mean = 731.8 mg/L, SD = 247.6) than in in healthy donors (2297 – 

4196 mg/L; mean = 3337 mg/L, SD = 661.5). To test the effect of glucose on NK-cell 

cytotoxicity and viability, NK cells were co-cultured at a 1:1 E:T ratio with K562 cells 

in a 4-hour cytotoxicity assay after a short-term culture in the presence of 1000 U/

mL IL-2 or after a two week NK-cell expansion protocol followed by 4 days exposure 

to different glucose levels. Low glucose concentration (comparable to MM BM 

glucose levels) during the 4-hour cytotoxicity assay did not negatively affect NK 

cell cytotoxicity. However, higher glucose concentrations (comparable to normal 

glucose BM or in vitro concentrations) diminished NK cell cytotoxicity against K562 

cells. Longer exposure (o/n) to low glucose concentrations did not reduce NK cell 

cytotoxicity against K562 cells and conferred a better survival for NK cells during the 

4-hour cytotoxicity assay. NK cells cultured for 4 days in the presence of low glucose 

concentrations were better capable of killing K562 cells and were less susceptible to 

die during the 4-hour cytotoxicity assay. 

In summary, we showed that a low glucose concentration during short- (overnight) 

or longer- term culture (4 days) did not compromise cytotoxicity or viability of highly 

activated NK-cells. On the contrary, our data showed that low glucose concentration 

might even be favorable during culture, activation and killing process. 
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INTRODUCTION

In the last decade, considerable effort has been put in the development of NK cell-

based immunotherapy to treat cancer patients due to the NK cells clinical potential 

and good safety profile. Multiple clinical trials using either autologous or allogeneic 

NK cells in various types of hematological- and solid cancers have demonstrated that 

NK cells could exert antitumor responses in patients without significant toxicity [1–3]. 

Nonetheless, despite these initially hopeful clinical outcomes, the therapeutic efficacy 

of NK cell-based immunotherapy remains limited and the outcome of NK cell-based 

immunotherapy should be improved by increasing NK-cell numbers, enhancing NK-

cell activation, improving NK-cell tumor-targeting capacity, and improving in vivo 

NK-cell persistence  [1].

The expansion and persistence of NK cells in vivo has been demonstrated to be 

positively correlated with the clearance of leukemic cells in patients receiving adoptive 

NK cell therapy [4]. However, to be able to survive in the tumor microenvironment 

(TME), NK cells require cytokines such as IL-2 or IL-15. Although IL-2 or IL-15 is 

produced by several cell types which might present in the TME, the amount available 

might not be enough [5]. In classic Hodgkin Lymphoma, for example, IL-2 was 

scarcely found in the TME and there was a competition between the cancer cells and 

NK cells in utilizing IL-15 [6]. The presence of other cytokines such as transforming 

growth factor-beta (TGF-ß) and IL-10 in the TME plays also a role in the suppression 

of IL-2 production [7]. Additionally, the microenvironment of tumor cells could be 

unfavorable and even suppressive for NK cells allowing tumor cells to escape the 

NK-cell antitumor response. Factors present in the tumor microenvironment such as 

myeloid derived suppressor cells [8], hypoxia [9, 10], or factors released by the tumor 

cells such as prostaglandin E2, TGF-ß, IL-10, reactive oxygen species, and arginase 

[11–13] have been described to hinder NK cell antitumor capacity. Additionally, the 

metabolic microenvironment of tumor cells could also inhibit the antitumor response 

of immune cells such as cytotoxic T cells and NK cells [14]. 

To sustain their growth and survival, tumor cells frequently undergo metabolic 

reprogramming, allowing the enhancement of glucose uptake and metabolism. 

This process takes place not only within a hypoxic region but also in the area where 

sufficient oxygen is available, a phenomenon known as aerobic glycolysis or “the 

Warburg effect” [15]. Aerobic glycolysis is favorable for proliferating cells since it can 

provide both bioenergetics and biosynthesis need of a proliferating cell better than 

oxidative phosphorylation (OxPhos) [14]. 
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Due to the high rate of glycolysis, the glucose supply in the tumor microenvironment 

can be limited. Average glucose levels in the microenvironment of several types of 

solid tumors have been reported to be low, ranging between 0.1 and 0.4 mM (18 – 72 

mg/L),  which is much lower than the average normal blood glucose of 6 mM (1080 

mg/L) [16]. These values have been also reported to be not uniformly distributed 

within the microenvironment and the glucose concentration was inversely correlated 

with the distance from the capillary [16]. Nonetheless, to our knowledge, there is not 

much known about glucose levels within the microenvironment of hematological 

cancers. 

Aerobic glycolysis appeared to be not only advantageous for tumor cells. Immune 

cells, such as cytotoxic T cells, have been shown to require a switch to aerobic 

glycolysis to exert their effector function [17]. Since both tumor cells and T cells are 

glycolytic, metabolic competition can occur within the tumor microenvironment. 

The glycolytic activity of the tumor cells can cause depletion of extracellular glucose 

thereby limiting the availability of glucose to T cells [18]. In mice, it has been 

demonstrated that this metabolic competition hindered T-cell metabolism resulting 

in a defective IFN-ɣ production which is crucial for antitumor response [19].

In NK cells, aerobic glycolysis has also been shown to be important for a potent NK-

cell effector function. In mice, resting NK cells preferred OxPhos for their metabolism 

while highly activated NK cells enhanced especially glycolysis and, to a lower extend 

OxPhos [20, 21] [22]. In humans, NK cells upregulated both glycolysis and OxPhos 

upon cytokine stimulation with IL-2 or IL-12/15 [23]. Additionally, CD56 bright NK cells 

were found to be metabolically more active than CD56 dim NK cells [23] . The same 

group also showed that elevated levels of OxPhos were essential for NK cell effector 

cytotoxicity and IFN-ɣ production. Furthermore, they showed that although the 

increase in glycolysis was not directly required for NK cell degranulation, restricting 

the rate of glycolysis resulted in a defected IFN-ɣ production by CD56 bright NK cells. 

Our group focuses on the development and refinement of NK cell-based 

immunotherapy to treat patients with cancer, especially multiple myeloma (MM) as 

there is no cure available to date for MM. To do this, we envision to inject a high 

number of highly activated NK cells to patients with MM. Since glucose levels in the 

MM microenvironment, as well as the effect of potentially low levels of glucose on the 

antitumor capacity of highly activated cytotoxic (CD56 dim) NK cells remain unknown, 

we aimed to explore the possible consequences of MM metabolic microenvironment 

on NK cell antitumor potential. First, we investigated the levels of glucose present 

in the microenvironment of patients having active MM to define relevant in vitro 
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experimental conditions. Second, based on these results, we performed in vitro 

4-hour cytotoxicity assays to study the effect of short-term exposure to different 

glucose concentrations on NK cell cytotoxicity against tumor cells and on NK cell 

viability. Third, we studied the influence of longer-term exposure of different glucose 

concentrations on expanded NK cells to evaluate whether NK cell effector function 

could be optimized by adapting glucose levels during expansion. The results from 

this current study would give us more insight whether in vivo glucose concentration 

should be a concern for the NK cell-based immunotherapy and whether eventually 

an intervention might be needed to improve the therapy.
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Materials and Methods
Cell lines and culture
The K562 cell line, purchased from American Type Culture Collection (ATCC, USA), was 

cultured in IMDM (Gibco, Breda, The Netherlands) supplemented with 10% fetal calf 

serum (FCS) (Greiner Bio-One International, Gmbh), 100 U/mL penicillin (Gibco) and 100 

µg/mL streptomycin (Gibco) at 37o C in humidified air containing 5% CO2 with 21% O2 

(Sanyo MCO-20AIC, Sanyo Electric Co, Japan). 

NK cell culture and NK cell expansion
NK cells were isolated from buffy coats by negative selection of NK cells isolation kit 

using MACS beads and columns according to manufacturer’s protocol (Miltenyi Biotec, 

GmbH). For experiments in Figure 2 and 3, NK cells were activated overnight with 1000 

IU/ml recombinant human IL-2 (Proleukin, Novartis) in RPMI-1640 medium (Gibco) 

supplemented with 10% fetal calf serum (Greiner Bio-One), 100 U/mL penicillin (Gibco) 

and 100 µg/mL streptomycin (Gibco) at 37°C in humidified air containing 5% CO2 with 

21% O2 (Sanyo MCO-20AIC, Sanyo Electric Co, Japan). For experiments in Figure 4 and 5, 

NK cells were expanded from CD3-depleted peripheral blood mononuclear cells (PBMCs) 

derived from buffy coats for 17 days using 2 different expansion protocols. In protocol 1, 

NK cells were expanded in the alpha-medium (Biochrom, Gmbh) supplemented with 10% 

human serum (Milan Analytica, AG), 2mM L-GlutaMax (Gibco), 1.3 g/L Sodium bicarbonate 

(Biochrom), 2000 mg/L glucose (Sigma), and 0.5% Gentamycin-Sulphate (Gibco) in the 

presence of 1000 U IL-2/mL for 17 days. In protocol 2, NK cells were expanded in SCGM 

medium (CellGenix) supplemented with 10% FCS and 2 mM L-GlutaMax (Gibco) in the 

presence of 100 U IL-2/mL for 17 days in combination with 200 µg PM21 particles/mL 

added on day 0 and day 7. PM21 particles [24] were provided by Dr. Alicia Copik (Burnett 

School of Biomedical Sciences, University of Central Florida, USA). On day 17, an additional 

NK enrichment step was performed using magnetic beads-based negative selection 

(Miltenyi Biotec, Gmbh) and the NK ells were subsequently cultured in RPMI1640 medium 

with the glucose indicated in the figure at 37°C in humidified air containing 5% CO2 with 

21% O2 (Sanyo MCO-20AIC, Sanyo Electric Co, Japan).

Glucose measurement
Leftover fresh bone marrow samples were harvested from MM patients with active 

disease or from healthy donors. When feasible, samples were measured directly as a 

whole bone marrow harvest. Otherwise, samples were centrifuged with speed 1170 g for 

15 minutes at 4o Celsius, followed by harvesting of the “plasma” fraction which was stored 

in -20o Celsius before the glucose measurement using YSI biochemical analyzer (Salm en 

Kipp, BV). Under the Dutch law on Research Involving Human Subject, leftover materials 

from a patient can be used for research and are waived from individual patient’s consent.
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Labeling of K562 cells 
One day prior to the cytotoxicity assay, 2 x 106 cells/ml K562 cells were labeled with 

3µl CM-DiI cell labeling dye (Thermo Fisher) in PBS according to the manufacturer’s 

instruction. After adding CM-DiI to the cell suspension, cells were incubated for 5 minutes 

in the incubator at 37°C in humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-

20AIC, Sanyo Electric Co, Japan) followed by 15 minutes incubation at 4o Celsius in the 

dark. After the last incubation, cells were washed 2 times with PBS and centrifugation 

(780 g for 5 minutes at room temperature). Cells were then resuspended in IMDM 

medium supplemented with 10% FCS and 1% Penicillin/Streptomycin and cultured in 

the incubator at 37°C in humidified air containing 5% CO2 with 21% O2 (Sanyo MCO-

20AIC, Sanyo Electric Co, Japan).

Cytotoxicity assay
For the cytotoxicity assays in Figure 2 and 3, NK cells were cultured in RPMI1640 medium 

supplemented with 10% FCS and 1% Penicillin/Streptamycin containing 500, 1000, 2000, 

4000, or 8000 mg/L glucose overnight in the presence of 1000 U IL-2/mL. For cytotoxicity 

assays in Figure 4 and 5, on day 17 the purified expanded NK cells were cultured for 4 

days in cultured in RPMI1640 medium supplemented with 10% FCS and 1% Penicillin/

Streptamycin containing 500, 2000, 0r 4000 mg/L glucose. On the day of assay, NK cells 

and DiI-labeled K562 cells were washed and plated in a 96-wells plate with DiI-labeled 

K562 cells in 1:1 effector:target (E:T) ratio for 4 hours in the presence of 500, 1000, 2000 

or 4000 mg/L glucose (Figure 2 and 3) or 500, 2000, 4000, or 8000 mg/L glucose (Figure 

4 and 5). After 4 hours, the assay was stopped by putting the plate on ice and dead cells 

were stained and percentages of dead cells were determined flow cytometry. 

Staining for dead cells and Flow cytometry
After a 4-hour cytotoxicity assay, cells were washed with PBS (Gibco) and stained first for 

dead cells using Live/Dead® Fixable Aqua Dead Cell Stain Kit (Molecular Probes™, USA) 

for 30 minutes on ice in the dark. Cells were further washed with PBS buffer (PBS, 1% FCS) 

and fixed with 1% paraformaldehyde in PBS solution. All flow cytometric analyses were 

performed with BD FACS Canto II. Data were analyzed with FlowJo 10.1r5 64 bit software. 

Statistical analysis
All statistical analysis was performed with GraphPad Prism V software (Graphpad 

Software Inc, San Diego, CA, USA) using non-parametric t-test with repeated measure 

(Wilcoxon signed rank test) (Figure 1, 2A, and 3A) or 2-way ANOVA (Figure 2B, 3B, 4 and 

5). * indicates a p-value of <0.05, ** indicates a p-value of <0.01, *** indicates a p-value 
of <0.001
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RESULTS

MM patients have a lower glucose concentration in the bone marrow 
than healthy donors
To get an indication of glucose levels in the bone marrow, we first investigated 

glucose concentrations in the bone marrow of MM patients and healthy donors. 

Leftover bone marrow samples from MM patients or healthy donors for a bone 

marrow transplantation were collected and glucose levels were measured. This 

showed that the average glucose concentration in the bone marrow of MM patients 

was significantly lower than in healthy donors (p <0.001). Glucose concentrations 

ranged between 479 to 1231 mg/L (mean = 731.8 mg/L, SD = 247.6) for MM patients 

and between 2297 – 4196 mg/L (mean = 3337 mg/L, SD = 661.5) for healthy donors 

(Figure 1). Moreover, for the healthy donors, the average glucose level in the bone 

marrow was higher than the average normal glucose level in the peripheral blood 

(820 – 1100 mg/L fasting or up to 1400 mg/L random). 

Figure 1. Glucose concentration in the bone marrow of MM patients compared with healthy 
donors. Bone marrow samples from newly diagnosed MM patients or healthy donors were collected 
and glucose concentrations were determined using biochemical analyzer (YSI). Grey bar indicates 
the reference value range for normal fasting blood glucose (4.4 – 6.1 mmol/L or 820 – 1100 mg/L up 
to 1400 mg/L postprandial). n = 9 diff erent subjects for both MM patients and healthy donors. *** = 
p < 0.001
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Low glucose concentrations present during killing did not affect NK cell 
killing capacity while high glucose is detrimental
Glucose has been described to be an important fuel for both T cell and NK cell effector 

functions. Therefore, we tested the effect of low levels of glucose, as observed in 

MM, and the more physiological levels of glucose, as in the healthy donors, on the 

cytotoxic capacity of NK cells. For this, we used NK cells isolated from buffy coats that 

were overnight activated with 1000 U IL-2/mL in a 4-hour cytotoxicity assay against 

K562 cells at 500, 1000, 2000, 4000 mg/L glucose. The presence of a low concentration 

of glucose (500 mg/L, representing the MM bone marrow) during the 4h cytotoxicity 

assay did not negatively affect the killing capacity of IL-2 activated buffy coat-derived 

NK cells or IL-2 activated PM21-expanded NK cells as compared to conditions with 

1000 mg/L which are more representative for the glucose concertation in the blood 

of healthy donors (Figure 2A). However, compared to 500 mg/L, higher glucose 

concentrations 2000 mg/L (comparable to standard culture conditions, p < 0.01) or 

4000 mg/L, (comparable to normal bone marrow concentrations, p < 0.01) reduced 

the cytotoxicity of IL-2 activated NK cells against K562 cells (Figure 2A). 

Figure 2. Short-term lower glucose concentrations do not reduce NK cell cytotoxicity while 
higher levels of glucose reduce NK cell cytotoxicty. (A) NK cells were overnight activated with IL-2 
at 2000 mg/L glucose followed by a 4h cytotoxicity assay with DiI-labeled K562 cells in 1:1 E:T ratio 
at diff erent glucose concentrations. (B) IL-2 activated NK cells were cultured overnight at diff erent 
glucose concentrations followed by a 4h cytotoxicity assay with DiI-labeled K562 cells in 1:1 E:T ratio 
at indicated glucose concentrations. Dead cells were stained with Live/Dead Marker. Percentage 
of tumor cells killed by NK cells are denoted as percentage specifi c cytotoxicity. n = 5 donors in 3 
independent experiments, error bars indicate SD. ** = p < 0.01, *** = p < 0.001
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As NK cells could be exposed for a longer period to low glucose levels while traveling 

through the bone marrow, we further investigated whether low glucose concentrations did 

have a negative impact on NK cell cytotoxicity when NK cells were exposed to low glucose 

concentrations during a period of overnight activation. We observed that the exposure to 

500 mg/L up to 4000 mg/L glucose during overnight activation with IL-2 did not result in a 

lower cytotoxicity against K562 cells regardless the glucose concentrations present during 

killing process (Figure 2B).  Significant reductions of NK cell cytotoxicity were detected 

when 500 mg/L (p < 0.001), 1000 mg/L (p < 0.001), and 2000 mg/L glucose were present 

during killing process for NK cells cultured in the presence of an extremely high glucose 

concentration of 8000 mg/L during an overnight activation (Figure 2B). This reduction in 

NK cell cytotoxicity was unlikely due to high osmolarity caused by the high glucose levels 

as we did not see a reduction in NK cell cytotoxicity when NK cells were cultured in the 

presence of 1000 mg/L glucose and 7000 mg/L Mannitol (Supplementary Figure 1).

In summary, these results showed that the presence of low glucose levels during the 

process of killing or during overnight activation with IL-2 did not reduce NK cell tumor-

killing capacity. Quite the opposite, the presence of higher levels glucose concentration 

(4000 or 8000 mg/L) during killing or overnight activation could potentially diminish NK 

cell cytotoxic capacity and this was unlikely due to a high osmolarity. 

A lower glucose concentration during short-term activation conferred a 
better survival for NK cells during the kill assay 
NK cells typically die after having killed a certain number of cells. We therefore 

investigated the effect of glucose concentration on NK cell viability during a kill assay. 

When we analyzed the percentage of dead NK cells in the same kill assay as in Figure 2, 

we did not observe differences between the percentages of dead NK cells among the 

different glucose conditions. This suggested that glucose concentrations present during 

the process of killing did not influence NK cell viability (Figure 3A).

However, when we analyzed the percentage of dead NK cells in the kill assay with NK cells 

that were cultured overnight with the different glucose concentrations, NK cells cultured 

overnight in 500 mg/L glucose had a lower percentage of dead NK cells in the kill assay 

compared to NK cells cultured in the presence of 4000 (p < 0.01) or 8000 mg/L glucose (p 

< 0.001) (Figure 3B). This phenomenon was observed regardless glucose concentrations 

present during the killing assay. There were no significant differences in the percentage 

of dead cells between NK cells cultured overnight in 500 mg/L with 1000 mg/L or 2000 

mg/L glucose. 

Altogether these viability data showed that the presence of a low glucose concentration 

either during kill assay or during in vitro overnight activation did not affect NK cells 

viability negatively. Additionally, low glucose concentration seemed to be advantageous 

for NK cell survival during the kill assay. 
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Figure 3. Glucose concentration during killing does not aff ect NK cell viability in a cytotoxicity 
assay and NK cells cultured short term lower glucose concentration are less sensitive to 
dying during killing. (A) Overnight IL-2 activated NK cells cultured in 2000 mg/L glucose were co-
cultured with DiI-labeled K562 cells in 1:1 E:T ratio in a 4-hour cytotoxicity assay in diff erent glucose 
concentrations. (B) IL-2 activated NK cells cultured in diff erent glucose concentrations were co-
cultured with DiI-labeled K562 cells in 1:1 E:T ratio in a 4-hour cytotoxicity assay in diff erent glucose 
concentrations. Dead cells were stained with Live/Dead Marker. Shown in the fi gure is the percentage 
of dead NK cells during the cytotoxicity assay.
n = 5 donors in 3 independent experiments, error bars indicate SD. ** = p < 0.01, *** = p < 0.001
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NK cells cultured at lower levels of glucose are better capable of killing 
target cells and less prone to die in the process of killing
Clinical application of NK cells requires large numbers of NK cells requiring ex vivo NK 

cell expansion. Many of the current NK cell expansion protocols use culture media with 

glucose concentrations of 2000 mg/L to 4000 mg/L glucose. Since our data with the short-

term cultures suggested that lower glucose levels might be beneficial, we investigated 

whether lower glucose levels during ex vivo expansion could improve the killing capacity 

or the viability of expanded NK cells. For this purpose, CD3-depleted PBMCs from buffy 

coats were ex vivo-expanded using 2 clinically applicable protocols; a) in the presence of 

1000 U IL-2/mL or b) 100 U IL-2/mL in combination with PM21 particles. After 17 days, the 

obtained NK cells were cultured in 500, 2000, or 4000 mg/L glucose for an extra 4 days 

followed by a 4-hour cytotoxicity assay with K562 cells. This showed that NK cells that 

were cultured at 500 mg/L killed a higher percentage of target cells than NK cells that 

were cultured at 2000 mg/L or at 4000 mg/L (Figure 4). This was true for the conditions 

where the actual cytotoxicity assay was performed at 500 mg/L, 2000 mg/L or at 4000 

mg/L. The only exception was the condition where the cytotoxicity assay was performed 

at 8000 mg/L and there we did not observe a benefit of four days culture at 500 mg/L. 

Moreover, at the 8000 mg/L killing condition, cytotoxicity for all NK products was lower 

than for the conditions with the cytotoxicity assay at 500 mg/L, 2000 mg/L or at 4000 

mg/L and the 4 day culture at 500 mg/L did not improve killing function of the NK cells. 

In this study we showed earlier that a high glucose concentration present in a short-

term activation culture could affect NK cell viability during the kill assay, we therefore 

questioned whether this was also true for expanded NK cells. In the same assay as 

performed in Figure 5, we determined the number of dead NK cells present after a 4-hour 

cytotoxicity assay. We observed a remarkably high percentage of dead NK cells when 

NK cells were cultured in 2000 or 4000 mg/L irrespective to the glucose concentration 

present during the assay. The percentage of dead NK cells at the end of the cytotoxicity 

assay was much lower for the NK product where NK cells were cultured for four days 

at 500 mg/L vs the products cultured at 2000 mg/L or 4000 mg/L (Figure 5). This was 

irrespective of the level of glucose during the cytotoxicity assay. In addition, there was no 

difference in the percentage of dead NK cells between conditions with the cytotoxicity 

assay performed at 500 mg/L, 2000 mg/L or 4000 mg/L. However, the percentage of dead 

NK cells was slightly higher when the cytotoxicity assay was performed at 8000 mg/L.

These results suggest that NK cells cultured for 4 days in the presence of a low glucose 

concentration are better killers and less prone to die in the process of killing as compared 

to NK cells cultured at higher levels of glucose. These data showed that lower glucose 

concentrations during a long term culture could be essential for NK cell’s survival in a kill 

assay.
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Figure 4. Lower glucose concentration during a longer culture period could improve NK cell 
cytotoxicity. After 17 days of culture, expanded NK cells were cultured in diff erent glucose concen-
trations for 4 days. On day 21, NK cells were co-cultured with DiI-labeled K562 cells in 1:1 E:T ratio 
in a 4-hour cytotoxicity in diff erent glucose concentrations. Dead cells were stained with Live/Dead 
Marker. Percentage of tumor cells killed by NK cells are denoted as percentage specifi c cytotoxicity. 
n = 4 samples, * = p < 0.05, ** = p < 0.01

Figure 5. NK cells cultured in lower glucose concentration during a longer culture period are 
less sensitive to dying during killing. Expanded NK cells were co-cultured with DiI-labeled K562 
cells in 1:1 E:T ratio in a 4-hour cytotoxicity assay in diff erent glucose concentrations. Dead cells were 
stained with Live/Dead Marker. Shown in the fi gure is the percentage of dead NK cells during the 
cytotoxicity assay.
n = 4 samples, * = p < 0.05, *** = p < 0.001
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DISCUSSION

Cancer cells have been demonstrated to be able to reprogram their cellular 

metabolism [25] and recent studies have shown that this metabolic reprogramming 

could have a negative impact on the antitumor response of immune cells due to 

metabolic competition [26]. Moreover, a limited glucose supply and the increase 

in lactate concentration as a by-product of aerobic glycolysis have been shown to 

render T cells exhausted or hyporesponsive [26]. While the metabolic requirement for 

T cells have been heavily investigated, NK cell metabolism is still largely unexplored 

and this is especially true for the effect of metabolism on the cytotoxic capability of 

highly activated human NK cells. In the current study, we therefore aimed to gain 

more insight on the effect of tumor metabolic microenvironment on highly activated 

NK cells antitumor response.

First, we showed that glucose concentrations in the bone marrow of MM patients 

with active disease were lower than the glucose concentrations in healthy donors. 

These MM glucose concentrations, however, are within the range of the normal 

blood glucose and are still higher than the concentrations found in the solid tumors 

[16]. Furthermore, we observed that short-term exposure to these lower glucose 

concentrations did not have a detrimental effect on the killing capacity or viability 

of NK cells. Although we did not investigate the underlying mechanism in detail, 

an explanation could be that our NK cells were peripheral blood-derived NK cells, 

meaning that a very large proportion of the NK cells in the assays were CD56 dim NK 

cells. Different human NK cell subsets have been shown to possess different metabolic 

requirements. CD56 bright NK cells, which are the main cytokine producers, appear 

to be metabolically more active than CD56 dim NK cells upon cytokine stimulation 

[23]. Therefore, CD56 bright NK cells are more likely to suffer more from the restricted 

glucose in the environment. In addition, during activation, NK cells are able to 

perform metabolic reprogramming, with a preference for glycolysis towards OxPhos 

[27]. Since we used high dose IL-2 activated NK cells, these cells could have become 

more or less independent on the availability of glucose. Unlike T cells that are more 

dependent on glucose’s availability to become activated, NK cells might be the better 

tumor-cells killer in the area where low glucose concentrations are located.

Interestingly, a high glucose in our assays concentration did result in a reduction in 

NK-cell cytotoxicity as well as an increase in the percentage of dead NK cells during 

the kill assay. This observation was highly unlikely due to high molarity since we did 

not observe the effect with mannitol. Furthermore, it was in line with a previous study 

on unactivated human NK cells showing that short-term exposure of NK cells to 8000 
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mg/L glucose led to an increase in intracellular calcium ion concentration, which is 

vital to NK cell cytotoxicity, and resulted in inhibition of NK cell cytotoxicity [28]. 

Many clinical protocols, aiming at NK cell infusion as a mean for cancer immunotherapy, 

will require an infusion of extremely high numbers of NK cells which necessitates ex 

vivo NK cell expansion. We therefore anticipated that this expansion period could 

provide an opportunity to either prime NK cells for the metabolic conditions in the 

tumor or to enhance their function or persistence by interfering with their metabolic 

programming. We indeed observed that a relatively low glucose concentration, 500 

mg/L vs 2000 or 4000 mg/L as present in most standard culture media, during the 

last four days of culture resulted in the highest NK cell cytotoxic response against 

K562 cells as well as the best NK cell viability after the cytotoxicity assay. And similar 

to our short-term culture data, higher glucose culture concentrations during the last 

four days of culture resulted in lower percentages of NK-cell specific cytotoxicity 

against tumor cells. This data also implied that a period of acclimatization to a higher 

glucose concentration did not result in an improvement of NK cell cytotoxic capacity. 

Additionally, a period of acclimatization to a lower glucose after a higher glucose 

concentration during expansion protocol seemed to result in better killer cells. For 

tumor-infiltrating T cells (TILs), it has been shown that low glucose levels during 

the ex vivo expansion enhanced TIL persistence upon transfer into tumor-bearing 

immunodeficient mice and by doing so overall anti-tumor responses [29, 30]. While 

we are currently investigating the underlying mechanism behind our data, they 

clearly show the potential of lowering glucose levels, at least during the last days of 

culture, to achieve a more optimal NK cell product. 

In conclusion, our current findings showed that exposure to a lower glucose 

concentration representing the MM bone marrow either short-term or long-term 

did not have detrimental effect on NK-cell cytotoxic capacity against tumor cells. 

Although this is positive news for NK cell-based immunotherapy, future studies should 

be directed to answer the mechanism why, despite the need of aerobic glycolysis for 

its effector function, low glucose concentration seemed to be even advantageous for 

NK cell antitumor capacity. In addition, our study demonstrates that interfering with 

NK cell metabolism during ex vivo NK cell expansion could be a novel way to yield 

more potent NK cells that might in the future contribute to improved clinical efficacy.
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SUPPLEMENTARY FIGURE

Supplementary Figure 1. High osmolarity is not the cause of a reduced cytotoxicity capacity of 
NK cells due to high glucose concentration during culture. NK cells stimulated with 1000 U/ml IL-2 
were cultured overnight in the presence of diff erent glucose concentrations or high concentration 
of Mannitol equivalent to 8000 mg/L glucose. The following day, NK cells were co-cultured with DiI-
labeled K562 cells in 1:1 E:T ratio in a 4-hour cytotoxicity assay in diff erent glucose concentrations as 
indicated. Dead cells were stained with Live/Dead Marker. Percentage of tumor cells killed by NK cells 
are denoted as percentage specifi c cytotoxicity. n = 2 independent experiments.
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INTRODUCTION

Multiple myeloma (MM) is a malignancy of plasma cells, which normally produce 

antibody. Although it is relatively rare, it is the second most commonly diagnosed 

hematological malignancy [1]. Around 1200 people every year are diagnosed with 

MM in the Netherlands (Netherlands Cancer Registry) and the worldwide incidence 

rate is around 0.8% per year (GLOBOCAN data). The current standard treatment 

for MM depends on a patient’s age. Fit patients younger than 70 years old receive 

induction therapy followed by a high dose chemotherapy and an autologous stem 

cell transplantation rescue while unfit patients or patients older than 70 years old 

receive a different treatment schedule without high dose chemotherapy because 

of its toxicity [2]. Despite the improvement of progression-free survival in the past 

few years due to the discovery of various new drugs besides classical chemotherapy 

such as immunomodulatory drugs (lenalidomide; pomalidomide) proteasome 

inhibitors (i.e  bortezomib, ixazombi) antibodies (daratumumab, elotuzumab) or 

HiDac inhibitors (panibinostat), MM is still incurable. Nearly all patients will have a 

relapse after achieving several remission with different treatment strategies [3]. This 

relapse is likely because MM cells often develop resistance to subsequent treatments 

by acquiring mutations in targeted pathways [4]. 

Cellular-immunotherapy could be a novel therapeutic option for MM patients and 

natural killer (NK) cells might be excellent candidates to target. Several reasons for 

this notion include: 

1. NK cells mediate strong antitumor responses both in vitro and in vivo without 

the need of priming with (different) tumor-associated/specific-antigens 

(reviewed in [5]). 

2. Donor NK cells do not trigger graft versus host disease (GvHD), even in a 

human leukocyte antigen (HLA) mismatched setting  [5–8]

3. NK cells can be purified and expanded ex vivo in a clinical grade also in a fully 

automated process [9–12]

4. NK cells can be genetically engineered to improve its efficacy and/or 

specificity against tumor cells [13–15]

 

In chapter 6, we put forward two platforms to exploit the anti-MM potential of 

alloreactive NK cells namely though haploidentical stem cell transplantation (haplo-

SCT) or by infusion of high numbers of alloreactive NK cells. Haplo-SCT is a type of allo-

SCT where donor and patient are matched for only one of the two HLA haplotypes. 

Despite its potential cure, the use of allogeneic stem cell transplantation to treat MM 
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patients as an alternative to the autologous transplantation, is still limited, due to 

treatment-related mortality, disease progression, difficulties in inclusion criteria as 

well as finding suitable donors [16–20]. Nonetheless, the breakthrough paper by 

Ruggeri et al in 2002 opened up a new treatment opportunity for cancer patients 

and possibly for MM patients as well. The study found, in patients with acute myeloid 

myeloma, that alloreactive NK cells in haploidentical stem cell transplantation 

elicit a graft versus leukemia (GvL) effect without causing a GvHD [21]. In a mouse 

model of breast cancer, our group has previously demonstrated that indeed NK cells 

played a crucial role in the tumor elimination in the mice receiving haploidentical 

transplantation [22]. More recently, haplo-SCT became a realistic treatment option 

which was mainly due to the implementation of novel strategies to control GvHD 

disease and since then the number of haplo-SCT is vastly increasing [23, 24]. Our 

center has started the first phase I/II multicenter study in MM were haplo-SCT where 

donors were selected on the basis of having a killer immunoglobulin-like (KIR)-ligand 

mismatch. Although it is too early to draw any real conclusions based on that study, 

it did already illustrate the feasibility of the approach and underlined that haplo-SCT 

could be an attractive novel platform for NK cell therapy: the Phase I study has been 

completed and toxicity is limited and patients are included for the phase II study.

Infusion of high numbers of ex vivo-expanded NK cells is an alternative way of using 

the antitumor potential of NK cell in MM. The generation, efficacy, and safety of ex 

vivo-expanded NK cells are currently being heavily investigated by different research 

groups. Several clinical studies have demonstrated that the source of ex vivo-

expanded NK cells could be an NK-cell line such as NK-92 cell [25], umbilical cord 

blood stem cells [26–28], or peripheral blood/apheresis/buffy coats from healthy 

donors [29]. To date, there is no standard protocol for ex vivo NK cell expansion. NK 

cells expanded from the peripheral blood mononuclear cells (PBMCs),either with or 

without CD3+ depletion, have been cultured with [30–34] or without feeder cells [35–

39]. As recently reviewed by Koehl et al, although infusions with ex vivo-expanded NK 

cells were generally well-tolerated and safe, the clinical efficacy of ex vivo-expanded 

NK cells seems to be limited [40].  

Observing the cancer-curing potential of NK cells and their relatively good safety 

profile, our group aims to develop NK cell-based therapy to treat cancer patients. 

Although we focused our investigations mainly on MM in this thesis, the general 

approaches/concepts put forward in the thesis could possibly be applied in the 

development of NK cell-based therapy for different types of cancers as well. As in 

detail described in chapter 1 and chapter 6 of this thesis, the NK cell response is 

dictated by the sum of activating and inhibitory signals it receives. Therefore, to 
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create NK cells that can mediate potent effector functions in patients, in this thesis 

we aimed to identify limiting factors and boosting strategies that we can apply to 

maximize NK cell activation and reduce inhibition in the tumor microenvironment 

(TME) (Figure 6.1). In this general discussion, we will integrate the different chapters 

of the thesis by discussing the main factors that could limit NK cell therapy, followed 

by a discussion on current and future strategies that may help to overcome these 

limitations.

Figure 8.1. Strategies to enhance the efficacy of NK cell-based therapy. Limiting factors described 
in this thesis include the number of NK cells and tumor microenvironment (TME) which can affect NK 
cells homing and survival and effector function. Boosting strategies proposed in this thesis include 
the selection of NK cell donor, combination therapy (i.e. with a monoclonal antibody), and optimizing 
NK cell culture condition (i.e. optimizing glucose culture condition).
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IDENTIFICATION OF FACTORS THAT CAN LIMIT CLINICAL 
EFFICACY OF NK CELLS IN MM

You are a product of your environment. So choose the environment that will best 

develop you toward your objective. Analyze your life in terms of its environment. Are the 

things around you helping you toward success - or are they holding you back?

- W. Clement Stone

The suppressive tumor microenvironment is a major hurdle for NK cell-
based therapies
In general, the TME is comprised of cellular and non-cellular compartments. The cellular 

compartment of the TME is mainly composed of stromal cells, immune cells, blood 

and lymphatic vessels, adipose cells, neuroendocrine cells, and cancer-associated 

fibroblasts [41]. Accumulating evidence (as reviewed in [42]) showed that cancer-

associated fibroblasts and other immune cells such as tumor-associated macrophages 

(TAMs), myeloid-derived suppressor cells (MDSCs), regulatory T cells present in the TME 

play a significant role in controlling and suppressing the NK-cell antitumor response. 

The mechanisms involved downregulation the activating receptors expressed on 

NK cells [43–45], reduced NK-cell degranulation [46] and reduced interferon gamma 

(IFN-ɣ) production [47, 48]. The non-cellular compartment of the TME encompasses 

the extracellular matrix (ECM) and an array of soluble factors secreted in the TME 

such as growth factors, cytokines, and chemokines [49] as well as (by-) products of 

metabolism [50]. Soluble factors such as adenosine [51, 52], prostaglandin E2 (PGE2) 

[53], transforming growth factor beta (TGF-ß) [52], lactate [54, 55], nitric oxide[56] have 

been demonstrated to compromise NK-cell antitumor response. 

Despite evidence that the TME hampers potent antitumor immune cell function, 

many investigators neglected this fact in the setup of their in vitro experiments. 

This underrepresentation of the TME in many in vitro experiments may provide one 

of the possible arguments for discrepancy between the in vitro and in vivo success 

of NK cell-based therapies. Data from numerous previous in vitro and in vivo mouse 

studies demonstrated that NK cells exhibited antitumor responses against both cell 

lines or primary cells of haematological [57–60] and solid cancers [61–66].  However, 

data from clinical studies showed that not all types of cancer were sensitive to NK 

cell therapy. Moreover, clinical studies on hematological cancers such as lymphoma 
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[67] or leukemia [68, 69] demonstrated that some patients could achieve a complete 

remission or partial response while others did not. Also, the efficacy of NK cell-

based therapy on solid tumors was less impressive even though the number of 

(endogenous) NK cells in solid cancers was positively correlated with the survival of 

patients, suggesting that NK cells played a vital role in the eradication of tumor cells 

[70].

MM cells home and reside in the bone marrow (BM) where they attach to the ECM 

and the stromal cells, and heavily depend on these interactions. The BM milieu is 

composed of both cellular and non-cellular compartment. The cellular compartment 

is comprised of hematopoietic cells, endothelial cells, osteoclasts, osteoblasts, and 

fibroblasts [71]. The non-cellular compartment consists of the ECM and enriched with 

soluble factors such as growth factors and cytokines crucial for the homeostasis of 

both hematopoietic stem cells and progenitors. Additionally, the BM is physiologically 

more hypoxic than many other tissues [72]. A recent study showed that MM cells 

could adapt to a long exposure of hypoxia by exhibiting stem-cell characters via 

the activation of TGF-ß/Smad pathway [73]. In patients with MM, previous studies 

have reported that there was an accumulation of regulatory T cells [74, 75], myeloid-

derived suppressor cells [76], and macrophages [77] in the BM of MM patients. 

Additionally, as reviewed by Pittari et al, soluble factors such as TGF- ß, IL-10, IL-6, 

PGE2, Indoleamine 2,3-dioxygenase, and soluble MHC-related ligands (sMICs) are 

increased in the MM BM [78]. IL-6, produced by BM stromal cells, is an important 

growth and survival factor for MM and found abundantly in the BM. In addition, this 

cytokine could induce Stat3 signaling in MM cells, conferring protection from Fas-

mediated apoptosis [79]. Furthermore, gene analysis of primary MM cells showed 

that aerobic glycolysis is functional in MM and that MM cell lines produced high 

amount of lactate as a result of glycolysis[80]. Several of these MM TME factors have 

been shown to support MM growth and survival and contribute to MM resistance to 

therapeutic agents as well as to anti-tumor effector functions.

Given that the immune cells and soluble factors present in the MM BM have been 

previously reported to potentially diminish NK-cell antitumor response [42, 55, 78], 

we felt the importance to create a more representative in vitro condition in our 

studies and performed most of our in vitro studies in the presence of TME factors.  

One important factor in our studies was hypoxia. Our group previously showed 

that hypoxia could diminish NK-cell anti-MM activity [81]. We also showed that pre-

activation of NK cells with a high dose of IL-2 could restore the NK-cell cytotoxicity 

capacity against MM cell lines under hypoxia. Nonetheless, there are multiple factors 

which can simultaneously present in the TME. In this thesis, we therefore took it one 
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step further by investigating the effect of combinations of TME factors. In chapter 
2 and 5, we proved that although IL-2 activation could restore NK-cell antitumor 

response under hypoxia, it is not enough to support NK-cell antitumor activity when 

another suppressive factor(s) are also present. One of these factors was lactate, 

present in the TME of many tumors as a by-product of tumor-cell metabolism [82] 

and shown to be harmful for NK-cell antitumor activity [54, 55]. We showed that a 

high concentration of lactate during killing process could blunt IL-2 activated NK-cell 

antitumor response. The coexistence of hypoxia led to a more severe incapacitation 

of NK-cell killing. Surely our representation of TME in our studies was a simplification 

of the real complexity of in vivo situation, but even with the combination of only 

two suppressive factors, we showed that it is important to realize that TME is a major 

hurdle for NK-cell antitumor response. Therefore, further identification of suppressive 

TME factors that could disarm NK cell-based therapy efficacy is pivotal.

In our effort to identify these factors, we followed the other end of the consequence 

of an altered tumor cell metabolism (chapter 7). While the concentration of lactate 

builds up, the glucose level in the TME drops as a result of glucose consumption. The 

lack of glucose availability in the TME could result in metabolic competition between 

tumor cells and the immune cells. Extensive studies on T cells showed that this 

competition contributed to CD8+ T cell dysfunction and anergy (reviewed in [83]), 

as T cells also rely on glucose to execute their effector function. To date, there is, 

however, very limited data on the effect of glucose concentration on NK-cell tumor-

killing capacity. Additionally, data on the exact glucose concentration in the TME is 

scarce. Although MM is regarded a slow-growing malignancy, we showed for the first 

time that in the BM of patients with active disease, the glucose levels were found 

to be lower than the glucose levels of that of healthy donors (chapter 7). However, 

to our surprise, unlike high lactate concentrations, lower glucose concentrations 

present during killing process did not negatively affect IL-2 activated NK-cell killing 

and our results pointed out that, unlike CD8+ T cells, NK cells did not seem to 

rely on glucose to kill a tumor cell. On the contrary, NK cells might even prefer a 

lower glucose concentration and such lower glucose concentrations, either during 

activation process or (longer) culture period, resulted in a better cytotoxicity against 

K562 cells. Apparently, a high glucose concentration seemed to predispose NK cells 

to be more susceptible to death in the culture as well as during kill assay. Studies on 

diabetic models on other cell types suggested several probable mechanisms such 

as altered metabolism [84], the formation of hydrogen peroxide [85], free radical 

generation and oxidative stress in the mitochondria [86]. Since we did not dig into 

the underlying mechanisms yet, it would be interesting to further dissect the exact 

mechanism of this susceptibility in the context of TME.
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Besides the direct suppressive effects of the TME on the NK cell antitumor response, 

other important issues that we need to tackle with regards to the TME are the 

homing to- and the survival of NK cell in the tumor bed. Several studies on solid 

tumors showed that the number of NK cells present in the TME was frequently low 

and that the NK cells were functionally impaired reviewed in [87]. NK cells present 

in the BM of MM patients displayed characteristics of an exhausted phenotype seen 

by the decreased expression of activating receptors (such as CD16 [88], 2B4[88, 

89], NKp30[89], and NKG2D[89]) and an upregulation of the programmed death-1 

receptor (PD-1)[90]. In addition, NK cells present in the TME are often located closer 

to blood vessels and not directly in contact with the tumor cells. The complexity of 

the TME, as well as the secretion of cytokines / chemokines / chemoattractants in 

established solid tumors play a major role in hampering NK cells infiltration to the 

tumor bed [91]. A previous study demonstrated that the growth of MM cells both 

in a mouse model of MM as well as in patients caused a perturbed chemokines-

profile in the BM resulting in a defect of NK cell homing to- and retention in the BM 

as well as reduced degranulation capacity [92]. The observation in the BM of MM-

bearing mice and in the serum of MM patients showed an upregulation of CXCL9 and 

CXCL10 (CXCR3 ligands) followed by a downregulation of CXCR3 expression on NK 

cells and decreased CXCL12. Nonetheless, In a NOD/scid/IL2Rγnull mice model for 

MM, expanded human NK cells have been shown circulating in the peripheral blood, 

trafficking to the tumor site, persisting in the MM TME, and protected the bone from 

MM-mediated destruction [93]. In patients with relapsed MM, infusions of high dose 

ex vivo-expanded NK cells were well tolerated and significant NK cells expansion in 

vivo was observed [7]. However, due to a limited number of patients recruited in the 

study, it is difficult to really evaluate the clinical efficacy of the NK cell therapy. Data 

on expanded NK cell biodistribution in patients, especially in the MM TME, would be 

valuable to provide insight to the fate of the infused expanded NK cells. In our clinical 

phase I study we observed that donor NK cells are present in the bone marrow 30 and 

60 days after transplants. This clinical model will give us the opportunity to analyze 

the potency of donor NK cells in MM (unpublished observations).  Despite the lack 

of patient’s data on expanded NK cells fate in the BM of MM patients, we can safely 

speculate that the TME of MM could present a potential challenge for NK cell-based 

therapy. 

Altogether, we presented in this thesis that TME factors are important aspects to take 

into account in designing an NK cell-based therapy for cancer patients. Therefore, we 

would like to emphasize 3 points: 1) the identification of relevant TME factors is very 

crucial for the success of NK cell-based therapy or any other kind of cancer therapy. 

As each cancer type is unique, TME factors can vary per cancer type. Techniques 
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including three-dimensional techniques to identify the tumor microenvironment 

are available to date [94, 95] and may be helpful to identify and prioritize targeting 

of TME factors. 2) Future in vitro experiments should include TME factors to better 

represent a more realistic situation and provide a better prediction on the tested 

(combination) therapy. Ideally, an in vitro testing condition should closely mimic 

the in vivo environment of a tumor. For this reason, utilizing a more complex in vitro 

tumor model, especially for solid tumors, for example using a scaffold model, a tumor 

spheroid model or a hybrid model (by embedding ex vivo tumor sections) would be 

a better approach for an in vitro testing (reviewed in [96]). An affordable and user-

friendly image-based approach for 3D spheroid tumor model has been recently 

developed to facilitate the monitoring of tumor cell growth and cytotoxicity [97]. 

3) In addition to NK-cell activation status, NK-cell numbers, homing capacity, and 

survival in the tumor bed play an important role in the success of NK-cell antitumor 

response in vivo.

Therefore, protocol optimizations for ex vivo expansion of NK cells should also 

focus on the improvement of NK-cell survival in vivo and include the evaluation of 

expanded NK-cell homing capacity.

POTENTIAL STRATEGIES TO CREATE TUMOR-KILLER 
NK CELLS WHICH CAN WITHSTAND THE CHALLENGE 
FROM THE TME

 

In most cases, strengths and weaknesses are two sides of the same coin. A strength in 

one situation is a weakness in another, yet often the person can’t switch gears

- Steve Jobs

Minimizing the inhibitory signaling: choosing the right donor and 
blocking the right receptor 
Given that NK-cell reactivity against a target cell is determined by the integration 

of both inhibitory and activating signals [98], minimizing inhibitory signal and 

maximizing activation signal would be a strategy to unleash the NK-cell antitumor 

response. Such strategies are necessary since components of the TME, both cellular 

and non-cellular could dampen NK-cell activation and provide strong inhibitory 
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signals leading to NK-cell exhaustion or anergy and poor NK-cell effector function [99]. 

We set out to address several strategies to enhance NK cell function in a suppressive 

environment starting with minimizing the inhibitory signals. One of the biological 

advantages of NK cells is that because allogeneic NK cells do not trigger GvHD on 

both mice models and patients and that NK cells could be isolated, activated and 

used from allogeneic sources. As this provides extensive possibilities to select and 

obtain the best and most potent NK-cell donors, we first evaluated the functional 

relevance of including KIR-ligand mismatching in donor selection criteria for MM. 

Tumor cells often downregulate their surface HLA expression to avoid T-cell 

surveillance, rendering their susceptibility to NK-cell-mediated killing [100]. 

Nonetheless, primary MM cells from patients showed that this is not always the case 

as they were frequently found to stably express classical class I HLA molecules [101], 

conferring their resistance to NK-cell-mediated lysis [102]. The observation that 

HLA is highly expressed in MM provides a rationale for the selection of KIR-ligand 

mismatched NK-cell donor for NK cell-based adoptive therapy for MM as an effort 

to minimize inhibitory signaling and to reduce the activation threshold as much as 

possible. Our group previously reported that killer-immunoglobulin-like receptor 

(KIR)-ligand mismatched NK cells were the better effector cells compared to the KIR-

ligand matched NK cells against MM [101]. In this thesis, we followed up on these 

findings by showing that KIR-ligand mismatched NK cells are even better in the 

situation where the NK cell receives a lot of extra activating signals via an antibody-

dependent cell-mediated (ADCC) triggering antibody (chapter 2) as well as primary 

MM cells isolated from MM patients (chapter 5). The selection of an ideal NK-cell 

donor should therefore be based on the KIR-ligand mismatched status with the 

recipients. Furthermore, it is important that the NK cells are fully licensed to allow 

alloreactivity against the cancer cell [103]. 

Next, we investigated the feasibility to create a KIR-ligand mismatched NK cells to 

treat MM patients, we performed a pilot study comparing the genotypic expression 

of HLA epitopes in healthy subjects and in MM patients showing that 70 % of MM 

patients miss one or two HLA epitopes and therefore could benefit from KIR-ligand 

mismatched NK cells (chapter 6). Moreover, 30% of healthy donors genotypically 

express all three HLA epitopes meaning that they could be universal alloreactive NK-

cell donors. Nonetheless, since KIRs and HLA molecules are inherited independently, 

an additional test to investigate the genotypic and phenotypic expression of KIRs 

would be required to confirm that the mismatched KIR is expressed by the donor NK 

cells. Based on the results of our aforementioned study, we propose that selecting 

a donor NK cell-based on its alloreactivity is a feasible strategy to be applied in 



197General Discussion

Ch
ap

te
r 8

the clinic. Another important message from this study is that although KIR-ligand 

mismatched NK cells could potentially benefit the vast majority of patients, 30% 

of the patients genotypically express all three HLA-epitopes. Therefore, there is no 

possible KIR-ligand mismatch. 

The lack of possibility to reduce inhibitory signaling by selection of KIR-ligand 

mismatched donors in 30% of the MM patients raised another important question 

that we addressed in this thesis: How can we reduce inhibitory signaling when we 
already select the best donor based on HLA and KIR genotype? To address this issue, 

we evaluated the importance of HLA-E and NKG2A interaction in the NK cell anti-

MM response. Among all inhibitory receptors identified on an NK cell, inhibitory KIRs 

(iKIRs) and NKG2A receptor are often regarded as the major inhibitory receptors. While 

iKIRs bind to the classical HLA class I molecules, the NKG2A receptor binds to the 

non-classical HLA class I molecule HLA-E which is expressed by nearly all cells[104]. 

Although the molecular structure of HLA-E closely resembles the classical HLA class 

I molecules, HLA-E is far less polymorphic than the classical HLA class I molecules. 

Furthermore, HLA-E can only bind a restricted set of peptides, while classical HLA 

class I can bind and present a broad range of peptides. In chapter 4, we provided 

an overview on the clinical and immunological significance of HLA-E both in stem 

cell transplantation and in cancer. In the overview, we discussed that HLA-E presents 

the leader peptide of other HLA class I molecules, especially the classical HLA class 

I molecules (HLA-A, -B, -C) and of non-classical HLA-G. In case of downregulation 

of classical HLA class I molecules, as seen in many tumors as an immune evasion 

mechanism from CD8+ T cells killing, HLA-E often persist or its expression is even 

upregulated, to evade NK cell surveillance. Also in MM, we observed relatively high 

levels of HLA-E on primary patient cells (chapter 5). For these reasons, we anticipated 

that HLA-E-NKG2A interaction could act as an important inhibitory checkpoint for NK 

cells in MM.

At present, our lab is developing an NK cell-based therapy involving a large scale 

ex vivo expansion of peripheral blood-derived NK cells. We noticed that at the end 

of the expansion protocol, a large number, if not majority, of the expanded NK cells 

express NKG2A receptor. Apparently, the expression of NKG2A after an expansion is 

quite common and independent to the cytokine combinations or feeder cells used 

during culture [10, 37, 105]. Although this phenomenon could be just a part of normal 

NK cell development representing the occurrence of a high number of relatively 

immature NKG2A positive NK cells[106], we raised the question: should we be 

concerned about having an NK-cell product containing a high number of NKG2A+ NK 

cells, considering that some tumor cells could also upregulate HLA-E? In our previous 
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study, we already demonstrated that the interaction between NKG2A and HLA-E 

could reduce the cytotoxic capacity of activated NK cell against MM cell lines [101]. 

However, the importance of HLA-E for activated NK cells remained largely elusive. 

Moreover, NKG2A has been widely described as an inhibitory receptor and studies 

suggested that it might be necessary to block the receptor using a blocking antibody 

(Monalizumab) [107, 108]. Therefore, we performed, in chapter 5, in-depth analysis 

of the inhibitory potential of NKG2A on subsets of highly activated NK cells that 

varied in their activation threshold due to being KIR-ligand matched/mismatched- or 

licensing status. Through this analysis, we showed that the expression of the NKG2A 

receptor was, in fact, advantageous for IL-2 activated NK cells against HLA negative 

tumor cells, also in the presence of a more suppressive TME factors (chapter 5). 

NKG2A did not inhibit IL-2 activated NK cell anti-MM activity when the levels of HLA-E 

expressed on the target cells were low. However, we showed that NKG2A expression 

can inhibit IL-2 activated NK cells anti-tumor response when the levels of HLA-E 

expressed on the target cells were high. This suggests that the threshold for NK-cell 

inhibition via NKG2A and HLA-E interaction could be higher in an activated NK-cell 

than in an unactivated NK-cell. An additional argument is that we used a high dose 

of IL-2 to pre-activate NK cells, which might also already have tipped the signaling 

balance towards activation, hence, stronger inhibitory signals might be required to 

completely abrogate NK-cell antitumor response. Therefore, blocking NKG2A-HLA-E 

binding using an antibody should be considered based on individual settings.  1) 

In case of the infusion of alloreactive highly activated ex vivo-expanded NK-cells, 

blocking NKG2A-HLA-E binding with an antibody might not be necessary. 2) Blocking 

of NKG2A-HLA-E interaction might be helpful to boost endogenous NK cells or NK 

cells that have reconstituted after allo-SCT, since the activation status of NK cells is 

not fully known and MM target cells are expressing HLA-E. 

Importantly, NK-cell subsets (co-)expressing NKG2A showed better anti-MM activity 

compared to subsets not expressing NKG2A, regardless of their KIR expression. As NK 

cell licensing is a quantitative process, NK cells with a higher number of inhibitory 

receptors become better licensed effector cells[109] which could be an explanation 

for our observations. Additionally, NK cell licensing is also a qualitative process 

determined by the receptor-ligand interaction, therefore stronger ligands could 

provide higher licensing strength compared to the weaker ligands [110]. Additionally, 

the specificity of the peptide presented by HLA class I or HLA-E has been shown to 

play a role in dictating the inhibitory effect [111, 112] and we show in the chapter 6 

that HLA expression levels could influence the inhibitory potential as well. Altogether 

this clearly illustrates the complexity of regulation of the NK cell anti-tumor response 

and the licensing process through HLA-KIR/NKG2A interaction. 
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Besides inhibitory receptors binding to HLA molecules, NK cells express inhibitory 

receptors that have been shown to be important for regulation of T cell activation. 

Examples of these receptors are programmed cell death protein-1 (PD-1), T-cell 

immunoreceptor with Ig and immunoreceptor tyrosine-based inhibition motif 

domains (TIGIT), and T-cell immunoglobulin- and mucin-domain containing 

molecule 3 (TIM-3). While these receptors are well studied in T cells and consequently 

became very popular targets for intervention, their role and functional relevance 

in NK cells is much less studied and for some of these receptors very controversial.  

These receptors have been found upregulated in activated NK cells but at the same 

time, they also marked NK cell exhaustion and dysfunction resulting in a decreased 

cytotoxicity [113, 114]. In primary MM cells, PD-1 blocking has been shown to enhance 

NK-cell anti-MM response specifically towards PD-L1+ MM cells by enhancing NK-cell 

trafficking, immune complex formation with MM cells [90]. In breast cancer cell lines, 

TIGIT blockade has been shown to enhance NK cells ADCC in trastuzumab-resistant 

tumor cells[115]. Blocking the inhibitory interaction of these receptors therefore 

could be a way to minimize the inhibitory signaling, however better understanding 

of their functional relevance for NK cells is essential as their occurrence and function 

for NK cells are not fully understood.

In summary, strategies to minimize inhibitory signals via NK cell receptors could be:

1) Creating KIR-ligand mismatched situation between NK-cell donor and 

patient, preferably, whenever possible, by selecting NK-cell donors who are 

genotypically HLA-C1+C2+Bw4+ and having NK cells expressing KIR2DL2/3, 

KIR2DL1, and KIR3DL1. Creating KIR-ligand mismatched using an anti-KIR 

antibody such as Lirilumab could be an alternative option when such a 

donor is not available. However, caution should be used as a recent study in 

smoldering MM pointed out that Lirilumab administration could result in NK 

cell hyporesponsiveness as the KIR2D molecules were cut off from NK-cell 

surface via trogocytosis [116].

2) Blocking other relevant inhibitory receptors. Since many of the inhibitory 

receptors expressed on NK cells are also involved in the education/licensing of 

NK cells, blocking NKG2A with antibody should be overweighed depending on 

the situations and we showed that its effect is highly dependent on the exact 

HLA-E context and NK subset. Blocking PD-1 or TIGIT receptor could be more 

beneficial as PD-1 and TIGIT are involved in another pathway. Nonetheless, since 

not all tumor cells express the ligands for PD-1 or TIGIT, it would be important to 

elucidate the status of the ligands expression on the targeted tumor cells.
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I can do things you cannot, you can do things I cannot; together we can do great things

- Mother Teresa

Boosting NK cell activation: combination therapy with ADCC-triggering 
monoclonal antibody
It takes two to tango. The discovery of new drugs has opened a limitless opportunity 

to treat cancers from different angles. These drugs include the immunomodulatory 

drugs (i.e. lenalidomide, thalidomide), monoclonal antibodies (mAbs) against tumor-

specific/-associated-antigens (i.e. Rituximab, Cetuximab, Trastuzumab, Daratumumab, 

Elotuzumab), immune checkpoint inhibitors (i.e. anti-PD-1/PD-L1, anti-CTLA-4), and 

other inhibitors/blockers such as the indoleamine 2,3-dioxygenase inhibitors, the 

proteasome inhibitors (Bortezomib), and the KIR-blocking antibody (Lirilumab)[78]. 

With their own specificities and targets, these drugs could be potential combination 

agents for NK cell-based therapy. 

In this thesis, we showed that enhancing the NK-cell antitumor response by 

combining IL-2 activated alloreactive NK cells with ADCC-triggering mAbs is a 

potential way to boost the NK cell antitumor response in the TME (chapter 2). As 

we mentioned earlier in the discussion, NK-cell cytotoxicity was reduced when more 

suppressive TME factors were present during killing process, activation NK cells with 

IL-2 alone was not sufficient to overcome the effect of suppressive TME (chapter 
2). We demonstrated that the addition of daratumumab, an antibody against CD38 

which is an antigen expressed on subsets of MM and several MM cell lines, could 

enhance NK-cell cytotoxicity specifically against CD38high MM cell lines (chapter 2). 

Importantly, the boosting effect of daratumumab seemed to be a general mechanism 

applicable to both KIR-ligand matched and KIR-ligand mismatched NK cells where 

an increase in the percentage of degranulating NK cells in all NK-cell subsets were 

observed (chapter 2 and 5). This finding gives a rationale for the combination of NK 

cell-based therapy and a mAb.

However, in this study we also learned the less desirable effect of daratumumab 

addition, namely NK cell-fratricide. Owing to the expression of CD38 on NK cell 

surface, the presence of daratumumab resulted in an increased percentage of 

degranulating NK cells and a higher number of dead NK cells both in the absence or 

presence of a target cell. This is in line with a recent study by Casneuf et al showed that 

daratumumab administration significantly reduced the NK-cell compartment in the 
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peripheral blood of MM patients, although it did not compromise the clinical efficacy 

of daratumumab ADCC potential [117].  Furthermore, in patients, daratumumab has 

also been shown to eliminate suppressive CD38+ regulatory T cells, downregulate 

myeloid suppressor cells as well as stimulating the expansion of helper and cytotoxic 

T cells [118] and inducing antibody-dependent cell-mediated phagocytosis [119]. 

Taking these into account, the administration of daratumumab, regardless the NK-cell 

fratricide, might still be beneficial to improve the elimination of MM cells. Moreover, 

because of the immunostimulatory capacity, the drug might also be valuable in 

tumors that do not express CD38 on the tumor cells. For this reason several trials are 

going on in solid tumors. Considering the multitude of the mechanism of actions 

of daratumumab, the combination of daratumumab and NK-cell might improve NK-

cell anti-MM response in the TME both directly and indirectly. Another alternative 

monoclonal antibody to be combined with NK cell-based therapy is elotuzumab, an 

antibody targeting CS1 (an MM-associated protein). Like daratumumab, elotuzumab 

has been shown to induce NK-cell mediated ADCC [120]. In addition, it provided direct 

NK-cell activation by triggering activating intracellular signaling pathways [121–

123] and via IL-2 and TNF-α pathways[124]. In addition, elotuzumab did not induce 

fratricide on NK-cell [121]. In the clinical studies, both antibodies have been shown 

to have favorable safety profile in patients with refractory or relapsed MM [125, 126]. 

The progression-survival rate at 12 months was 83.2% for daratumumab [127]  and 

68% for elotuzumab [126]. Since no clinical study investigated the combination of 

NK cell-based therapy and daratumumab or elotuzumab for MM yet, it would be very 

interesting to study the efficacy of these combinations. 

In this thesis we demonstrated that combination therapy with a monoclonal 

antibody targeting a tumor-specific/associated antigen could provide an extra boost 

for the NK cell. But we also showed that the antigen specificity of the antibody and 

the antigen expression level of the target cell may be important.  The selection of a 

mAb as combination therapy with an NK cell-based therapy should strive to select 

an antibody specific for antigens expressed only on the tumor cells and not on the 

NK cells for antibodies that also trigger NK cell-fratricide. If the targeted antigen of 

a mAb is also expressed on NK cells and induces fratricide (such as daratumumab), 

the method and timing to administer the two therapies should be considered to 

avoid the reduction of NK-cell number before reaching the tumor bed. Therefore, the 

selection of antibody becomes very crucial. Alternatively, when the targeted antigen 

is also (highly) expressed on the NK cell, in case of daratumumab, we could consider 

pre-treating the ex vivo-expanded NK cells with an F(ab)2 to mask the CD38 molecules 

expressed on NK cells [128]. 
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In addition, bi- or tri-specific mAb instead of the conventional mAb can be considered 

to be used in the combination with NK cell-based therapy. The invention of a bi- or 

tri-specific killer engager (BiKE or TriKE) antibodies could help NK cells to target 

the tumor cells better since they are composed of a single variable portion (VH and 

VL) of an antibody linked to one (BiKE) or two (TriKE) variable portions from other 

antibodies having different specificity [129]. While a BiKE such as the anti-CD33 x 

anti-CD16 could recognize an epitope on a tumor cell (CD33) and engages with an 

NK cell (CD16) simultaneously [130], a TriKE such as anti-CD33 x anti-CD16 x IL-15 

crosslinker could recognize the tumor, trigger ADCC by binding CD16 on an NK cell, 

and provide activation/survival/expansion of an NK cell [131, 132]. However, caution 

should be taken when designing an antibody as a lot of antigens on tumor cells like 

multiple myeloma are also present on NK cells. Another important point, CD16 is 

known to be shed quickly from the surface upon activation by ADAM-17, a matrix-

metalloproteinase [133]. Therefore, it might be of worth to also either stabilize the 

CD16 expression or use an ADAM-17 inhibitor. 

Our lab spent a lot of time and energy by developing a bispecific antibody targeting 

the tumor-specific underglycosylated MUC1 and CD16. However, this was not 

successful possibly because the MUC1 expression on tumor cells lines was not high 

enough to trigger the ADCC via the antibody, more than that NK cells on their own 

were triggered by the tumor cells (manuscript in preparation). 

 

Maybe you are searching among the branches, for what only appears in the roots

- Rumi

 
Genetic screening for FCGR3A gene polymorphisms to boost ADCC 
capacity of NK cells
The selection of the right monoclonal antibody or BiKE/TRiKE is important for 

combination therapy with ADCC triggering antibodies and NK cells. Another 

determining factor in the success of antibody therapy combination with NK cell-based 

therapy lies intrinsically within the NK-cell donor. Several genetic polymorphisms in 

the FCGR3A gene have been demonstrated to affect the strength of ADCC [134–136]. 

One of the most well-known polymorphism is the FcɣRIIIa-V158F polymorphism, 

where there is a single nucleotide polymorphism (SNP) from G to T at cDNA nucleotide 

position 559 of the FCGR3A gene resulting in two different FcɣRIIIa allotypes: one with 
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a valine (V) and one with a phenylalanine (F) at amino acid position 158 [136–138]. 

The presence of a valine (V/V or V/F) has been shown to increase the NK-cell’s binding 

affinity to an IgG1 or IgG3 antibody [138–140] and it was associated with higher 

level of CD16a expression [141]  as compared to the presence of a homozygous 

phenylalanine genotype (F/F), resulting in a higher level of NK cell-mediated ADCC 

and eventually a better clinical outcome, indicated by an improved progression-

free survival [142–144]. Therefore, selection of the best NK-cell donor, in addition to 

the KIR-ligand mismatched status, should also be based on their CD16a genotype, 

preferably donors with the high binding affinity (V/V) genotype. Selecting a donor 

with V/V genotype in combination with HLA-C1+C2+Bw4+ genotype expressing 

corresponding KIRs might be sufficient to increase the NK-cell potency. 

One important consideration for donor selection based on FcɣRIIIa-V158F 

polymorphism is the number of such “special” donor available. In our small test 

panel of 76 individuals, we found that the percentage of individuals with V/V (high 

affinity) phenotype was the lowest compared to the other two phenotypes (V/F or 

F/F). In other studies, V/V frequencies, ranging between 4 – 23%, have been reported 

in different populations (as reviewed in [145]). From the cancer treatment point of 

view, this is a rather unfortunate result, since only a small fraction of patients could 

maximally benefit from ADCC dependent antibody therapy. As to why V/V phenotype 

was always found to be the least frequent phenotype in the population, is still not 

known. However, as summarized in a review by Bournazos et al, the low affinity variant 

is usually associated with autoimmune pathologies characterized by the presence 

of circulating IgG complexes [146]. On the other hand, the high affinity variant is 

linked to chronic inflammatory disorders marked by excessive leukocyte activation. 

From an NK cell-donor perspective, the low frequency of high affinity genotype is not 

necessarily an issue since NK cells could be expanded ex vivo from a donor having 

the high variant or even be engineered to express a high affinity CD16a receptor 

although only 3-22% of the population (depending the ethnicity) are genotypically 

V/V [145]. 

To date, information on extended full length CD16a polymorphisms is still limited 

and, in chapter 3 of this thesis, we showed that a lot more polymorphisms exist 

in the FCGR3A gene than frequently described in the literature. We identified 234 

polymorphisms in the FCGR3A gene with more than 85% of the polymorphisms 

located in the non-coding regions and 15% in the coding regions. Further analysis 

showed that, although most of the polymorphisms were located in the introns, a high 

proportion of these polymorphisms was frequently found in the tested population 

(2504 individuals from 26 populations) of the 1000 Genome Project. Nonetheless, 
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information on functional consequence(s) of these intron polymorphisms is still 

lacking. A recent study on FCGR2C gene, interestingly showed that a mutation in 

an intronic splice site introduced novel stop codons resulting in a loss of FcɣRIIc 

expression [147]. Although the expression of FcɣRIIc is low on NK cells, this receptor 

has been shown to also mediate ADCC [148]. A loss of expression of this receptor 

might therefore reduce NK-cell’s ADCC. Given this example and the lack of functional 

evidence yet, we propose that it might be of value to select some of the potential 

intron polymorphisms (such as SNPs located around the splice site[149]) and perform 

in vitro studies (and possibly in vivo mouse study) to investigate the functional 

consequence of these polymorphisms on CD16a receptor, especially NK cell ADCC 

capacity. 

In addition to the lack of CD16 polymorphism data, there is currently a lack of 

standardized protocols, complications by interference due to high homology 

between FCGR3A and FCGR3b, and various methods have been employed by different 

research groups to study FCGR3A gene polymorphisms. In this thesis, we showed that 

it is feasible to identify extended polymorphisms in the FCGR3A gene, using sanger-

based typing (SBT) sequencing method and MinION nanopore technology by means 

of a full-length FCGR3A gene sequencing. Using these two methods, we could identify 

polymorphisms known in the 1KG database project as well as polymorphisms not 

listed in the 1KG database. Both methods offered the possibilities to sequence full-

length gene sequencing (although we did not obtain full length sequences by SBT 

yet) with their own advantages and disadvantages. Despite the high concordance 

between SBT and MinION, the identification of V158F polymorphism by MinION 

should be carefully performed as this polymorphism is located in a homopolymeric 

region, which is known as a problematic region for MinION and in other next 

generation sequencing methods [150–152]. On the other hand, a full-length gene 

sequencing for multiple samples was practically more efficiently done with MinION, 

as multiple sequencing primers were not required. Therefore, for the detection of 

V158F polymorphism and limited number of polymorphisms, SBT might be a more 

preferred approach than the MinION. However, with proper optimization and 

standardization, MinION could be a potential and more effective method to perform 

a full-length FCGR3A gene sequencing. Another group has recently demonstrated a 

successful high accuracy sequencing of class I HLA-gene using MinION [153]. This 

provides more reasons for us to consider using MinION in the future for selecting 

NK-cell donor. We can genotypically select an NK-cell donor based on their class I 

HLA-gene and KIR gene for a full alloreactivity in addition to CD16a genotype. We 

envisioned that MinION could be a practical and convenient tool to sequence multiple 

samples and multiple genes in comparison with conventional sequencing methods. 



205General Discussion

Ch
ap

te
r 8

To summarize, selecting an NK donor based on the genotypic expression of FCGR3A 

gene allotype could be an additional strategy to enhance NK-cell antitumor response 

especially in relation to ADCC response. Alternatively, CD16 polymorphism issues 

could also be bypassed by selecting an antibody either mono-, bi-, or trispecific 

mAb with an increased affinity at the Fc region and by manipulation of antibody’s 

Fc region through fucosylation or glycosylation has been shown to increase NK-cell 

ADCC strength [154]. 
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FUTURE PERSPECTIVES

NK cell-based immunotherapy has garnered more and more attention in the last 

decade. Due to its natural cancer-killing property, NK cell-based therapy has a 

promising future as a cell-based cancer treatment. Numerous studies have been 

performed by different research groups around the world, including our group, to 

develop, to expand and refine NK cells and to use them for NK cell-based therapy 

[155]. Notwithstanding the potential and the feasibility of NK cell-based therapy, 

there is still considerable room for the improvement of its clinical efficacy. In this 

thesis, we highlighted the potential challenges that NK cells might encounter in 

the tumor microenvironment and proposed several strategies to improve NK cell 

antitumor response.

Besides the strategies we discussed in this thesis, other strategies that we could 

foresee as potential methods to improve NK cell-based therapy are:

1. Improving NK-cell survival in- and NK-cell trafficking to the tumor site 
in vivo.

As previously mentioned in this thesis, NK-cell survival in- and trafficking to the 

tumor bed due to suppressive TME are often the issue for NK cell-based therapy. 

Since NK cell survival is dependent on certain cytokines [156], the administration 

of an immunocytokine, for example, might be able to provide a survival and or 

trafficking signal for the NK cell in vivo. An immunocytokine is an antibody targeting 

a tumor-specific/associated antigen fused to a cytokine [157]. L19-IL2 (Darleukin), 

is an immunocytokine which consist of an antibody L19 targeting the extra domain 

B (ED-B) of fibronectin and IL-2. A previous study demonstrated that L19-IL2 

could localize to the tumor tissue expressing ED-B and more importantly, it could 

activate NK cells which led to the eradication of tumor cells [158]. Currently, several 

immunocytokines are available and their clinical efficacy is being investigated in 

different clinical trials [157]. Since IL-2 is not the only cytokine that is important for 

NK cell survival, an immunocytokine consisting another cytokine such as IL-15 could 

be a potential cytokine as well. Additionally, a chemokine could probably be utilized 

instead of a cytokine with the purpose to improve NK cell trafficking. Alternatively, 

an improvement of human NK-cell survival or persistence in vivo by culturing NK cells 

with PM21 particles [36] or with K562 feeder cells expressing membrane-bound IL-21 

(K562-mb-IL-21) [159] possibly because NK-cells expanded with either PM21 or K562-

mb-IL21 have an increase in the telomere length and less senescence [160].



207General Discussion

Ch
ap

te
r 8

2. Generating a large number of highly activated NK cells.
One of the major hurdles in NK cell-based therapy is the insufficient number of NK 

cells infused to the patient. Several expansion protocols, including clinical-grade 

protocols, have been developed to cultivate NK cells ex vivo [155]. Fully automated 

expansion and activation protocol of clinical-grade NK cells have been developed 

by several groups, yielding up to 19x 109  NK cells[29, 31, 34, 161]. Although these 

numbers are enough for a typical dose used for 1 patient in the current NK cell-based 

therapy, the optimal dose of NK cell injection is still needs to be elucidated. A clinical 

study on high risk relapsed MM patients has demonstrated the safety of a dose up 

to 1 x 108 activated ex vivo-expanded NK cells/kg per patient [162].  It is however not 

unlikely that a higher dose would be needed in the future. Hence, multiple expansion 

runs would be required in this protocol, which might give a batch-to-batch variation. 

Therefore, alternative protocols/methods to maximize NK cell expansion still needs 

to be further investigated.

3. Investigating the metabolic profile of NK cells.
Accumulating evidence on the influences of TME on the metabolism of cytotoxic T 

cells has shed a new light on strategies to improve T-cell based therapy. We showed 

that unlike CD8+ T cells, NK cells did not seem to require high glucose concentration 

during culture or to become activated. It would be very attractive to study the 

metabolic profile of NK cells especially in the context of TME. This is not only relevant 

to optimize the ex vivo culture condition of NK cells but also to study whether certain 

activating or inhibitory pathways are regulated by in particular metabolism and vice 

versa [163]. Dissection of the metabolic pathways of NK cells would open the path to 

the possible ex vivo metabolic interventions to create potent NK cells.

4. Increasing activating signaling and antigen specificity by engineering 
ultra-potent chimeric antigen receptor (CAR)-NK cells.

The advances in molecular manipulation have made it feasible to create T-cells with 

enhanced targeting and activation towards tumor cells. Using similar principles, NK 

cells can also be engineered to better target tumor cells. A CAR consists of an external 

recognition domain (usually a small chain variable fragment) directed at a tumor antigen 

that is linked with one or more intracellular signaling domains that mediate T- or NK-cell 

activation. Different groups used either NK-92 cell lines or primary NK cells derived from 

the PBMC to engineer CAR-NK cells targeting different tumor antigens (reviewed in [164]). 

The use of NK-92 cell line or primary NK cells has its own advantages and disadvantages. 

While NK-92 cell line is easier to transduce, since it is principally a malignant NK cell line, 

these NK cells express fewer receptors than the primary NK cells. Additionally, the CAR 

product needs to be irradiated prior to infusion for safety reason therefore limiting its 
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efficacy and persistence in vivo. On the other hand, the major hindrance with primary NK 

cells is that these cells are more difficult to transduce [165]. If this issue can be solved, CAR-

NK cells could hold the future of NK cell-based therapy, since it might also offer several 

advantages over CAR-T cells, such as a shorter life span than T cells therefore eliminating 

the need of the incorporation of a suicide gene, less risk of  “off-target” cytotoxicity as 

well as cytotoxicity to normal tissues (GvHD), and less risk in inducing cytokine storm [15, 

166]. 

5. Combination of haploidentical transplantation, antibodies and ex vivo-
expanded NK cells in MM.

Since haplo-SCT recently starts to become a routine procedure to treat patients with 

hematological malignancies, combining haplo-SCT with (haploidentical) ex vivo-

expanded NK cells could be a promising combination. Proceeding the haplo-SCT, the 

reconstitution of NK cells from the donor takes approximately two months [167], 

therefore giving the window to administer ex vivo-expanded NK cells. The combination 

of haplo-SCT and (haploidentical) ex vivo-expanded NK cells offers several advantages 

for the patient. 1) The process of donor selection for both procedures needs to be done 

only once, 2) due to a delayed in immune reconstitution,  ex vivo-expanded NK cells 

could minimalize the risk of infection and relapse after SCT, and 3) increase the GvL effect 

without aggravating GvHD. In addition, based on the results presented in this thesis 

patients will also be treated with Elotuzumab, an antibody that activates the NK cells 

activity against MM. Our first model in haploidentical transplantation in mice was in 

breast cancer, with good anti-tumor activity by donor NK cells. Since a substantial group 

of patients with breast cancer will still die because of the disease we consider the concept 

of haploidentical transplantation and NK cells a valuable concept to be explored in breast 

cancer as well. Clinical studies will be developed as soon as the procedure is feasible in 

MM. Since it is already feasible in AML we consider this a realistic goal. 

Given that there are several options on how we can use an NK cell-based therapy and 

more options on how we can further enhance it, the one question remains is: How to use 
these NK cells? 

If you know your enemies and know yourself, you will not be imperiled in a hundred 

battles; if you do not know your enemies but do know yourself, you will win one and lose 

one; if you do not know your enemies nor yourself, you will be imperiled in every single 

battle.

- Sun Tzu
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In this thesis we showed that (cytokine-) activated alloreactive KIR-ligand mismatched 

NK cells are the better effector cells compared to the KIR-ligand matched NK cells 

against different (hematological) tumor cells. Therefore, the first consideration would 

be checking the HLA genotype of a patient and the status HLA expression on the 

target cells as well as checking the status of NK cell donor’s genotype and phenotype. 

Tumors expressing an intact HLA-C1, C2, and Bw4 molecules might benefit less from 

an NK cell-based therapy, and might even benefit more from a T-cell based therapy. 

Otherwise, anti-KIR antibody might be used to help to create KIR-ligand mismatch.  

Second, an NK cell-based therapy can be both administered as a single donor NK-cell 

infusion or in addition to a HaploSCT. In patients with hematological malignancies, 

AutoSCT or HLA-identical AlloSCT is a standard care for a certain group of patients 

(mostly younger patients). However, since haplo-SCT becomes more routinely 

performed in patients with myeloid malignancies, lymphoid malignancies, as well as 

solid tumors[23], it becomes more realistic to administer ex vivo-expanded NK cells 

following haplo-SCT. However, for patients who could not withstand the conditioning 

therapy prior to the haplo-SCT due to older age or unfit for the therapy, infusion of 

ex vivo-expanded NK cells could be given without the combination with haplo-SCT. 

Third, personalization of combination therapy. Considering the infinite choice of 

therapies to combine with an NK cell-based therapy (mAb, inhibitors/blockers, 

immunomodulatory drugs, immunocytokines, etc), a decision should consider 

the type, characteristic, heterogeneity of the cancer, the TME, as well as patient’s 

condition. This is not only to avoid a predictable negative outcome, but also to avoid 

unnecessary expensive treatment cost and to maximize the combination therapy. 

Therefore, investigation on specific biomarkers or other pathologic examinations 

should be done prior to therapy selection for better prediction.

Finally, we hope that this thesis could stress the importance of TME as a major threat 

of an NK cell-based immunotherapy. More importantly, we hope that this thesis 

could provide more insights and ideas on how we can exploit alloreactive NK cells 

to unleash its full capacity as the natural-born tumor-cell killer in such suppressive 

conditions.
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SUMMARY

An increasing number of studies provides evidence that natural killer (NK) cell-based 

immunotherapy is an attractive strategy and a potentially successful cancer therapy. A 

unique feature of NK cells, as the name suggests, is that NK cells have the ability to kill cancer 

cell without prior sensitization, providing a faster elimination. Importantly, clinical studies 

have shown that injection of NK cells was safe and well tolerated. Moreover, a small number 

of patients with hematological malignancies achieved complete remission and an increased 

disease-free survival upon NK cell infusion. However, results from different studies -especially 

on solid tumors- showed that the efficacy of NK cell-based immunotherapy is still modest. 

This could be due to the low number of infused NK cells, inadequate in vivo expansion, 

problem with homing to tumor sites, and the suppressive tumor microenvironment (TME) 

(chapter 1). 

In this thesis we focused on the suppressive TME and the NK-cell antitumor response. We 

studied and discussed the possible strategies and the feasibility to boost NK-cell tumor-killing 

capacity in the TME from the biology, immunology, and clinical perspective. Combination 

strategies to maximize NK-cell activation, reduce NK-cell inhibition, and sensitize tumor cell 

would be a key to unleash the NK-cell full potential.

The discrepancy between the success seen in vitro and the limited efficacy in vivo of NK 

cell-based immunotherapy could be due to the lack of a representative TME in vitro. In our 

previous study, we showed that hypoxia, a factor present in the multiple myeloma (MM) 

TME, inhibited the effectivity of NK-cell cytotoxicity against MM. We also showed that pre-

activating NK-cell with a high dose of IL-2 could restore NK-cell anti-multiple myeloma (MM) 

response. Since the MM TME is far more complex in vivo, we studied the effect of combination 

of TME factors (TMEFs) on the anti-MM response of IL-2 activated NK-cells in chapter 2. 

We showed that NK-cell pre-activation with IL-2 alone was not sufficient to elicit NK-cells 

anti-MM response when other suppressive TME factor such as lactate or prostaglandin E2 

(PGE2) were present in addition to hypoxia. Using daratumumab, a monoclonal antibody 

against CD38, we aimed to boost NK-cell activation via antibody-dependent cell-mediated 

cytotoxicity (ADCC). We showed that daratumumab augmented NK-cell activation and 

enhanced NK-cell killing against MM cells expressing high CD38 but not against CD38 low 

or negative MM cells. Additionally, the absence of target cells expressing high levels of 

CD38 resulted in a higher number of dead NK-cells due to fratricide as NK-cells also express 

CD38. Since previous studies suggested that killer immunoglobulin-like receptor (KIR)-

ligand mismatched NK-cells were the better effector cells compared to KIR-ligand matched 

NK cells, we investigated whether a combination of ADCC and KIR-ligand mismatched NK 

cells could further improve the NK-cell anti-MM response. We observed that daratumumab 
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enhanced degranulation of all NK cell subsets and that the combination of ADCC and KIR-

ligand mismatched NK cells could further enhance NK-cell activity in the presence of TMEFs. 

This shows that a combination therapy of maximizing NK-cell activation by triggering ADCC 

and minimizing inhibitory signal through selection of KIR-ligand status could be a strategy 

to improve the clinical efficacy of NK cell-based immunotherapy.

In NK-cells, ADCC is mediated by CD16a receptor (FcɣRIIIa). It has been described 

that a polymorphism in the CD16a gene (FCGR3A gene) could influence the clinical 

outcome of monoclonal antibody therapy. However, only a few polymorphisms have 

been described in literature to date. In chapter 3, we studied the polymorphisms 

within the FCGR3A gene using the 1000 Genomes project database. We showed that 

the FCGR3A gene is more polymorphic than currently described. More than two third of 

the polymorphisms analyzed were located in the introns and only about one sixth were 

located in the exon regions. It would be interesting to study the functional relevance of 

these polymorphisms as it could provide extra information for designing an antibody 

and or NK cell-based immunotherapy. As there is no standard method for the detection 

of FCGR3A gene polymorphisms, we developed two gene-sequencing methods for 

full-length gene identification of FCGR3A gene polymorphisms using a Sanger-based 

method and nanopore MinION-based method, a novel sequencing method. Using these 

two methods, we were able to detect both known and new polymorphisms within the 

FCGR3A gene. Although further optimization and validation is required, we showed 

that MinION could be a more efficient method to perform a direct full-length FCGR3A 

gene sequencing. Using this technique, we could perform full-gene sequencing of large 

number of samples in a relatively short time and therefore it could be attractive for a 

more high throughput setting requiring a full-length sequencing. 

To kill or not to kill a cancer cell, NK-cells rely on the activating and inhibitory signals 

received via the interaction of the activating and inhibitory receptors with their respective 

ligands. One strategy to fine tune the NK-cell antitumor response could be by targeting 

the inhibitory signalling via KIRs, NKG2A, and their ligands, the classical human leukocyte 

antigen (HLA) class I (KIR) and HLA-E (NKG2A). In chapter 4-6, we extensively discussed this 

strategy. In chapter 4, we discussed a more detailed role of HLA-E, a non-classical class I 

HLA molecule, in the context of stem cell transplantation and cancer. HLA-E can bind to 

either an activating receptor (NKG2C) or an inhibitory receptor (NKG2A), with a higher 

affinity to the inhibitory receptor. Current studies showed that HLA-E can be upregulated 

in cancer, possibly as an immune-evasion mechanism. Both membrane-bound and soluble 

HLA-E have been demonstrated to suppress the NK-cell antitumor response. Although 

several mechanisms regulating HLA-E expression have been identified, the exact roles of 

HLA-E in the tumor microenvironment as well as its regulation are still largely unknown. 
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Further investigations would be crucial to provide a better insight on the immunoregulatory 

function of HLA-E and the strategies to interfere with it to improve the clinical outcome of 

NK cell-based immunotherapy.

One of the limitations of many of the current NK cell-based immunotherapy protocols is the 

relatively low number of NK cells injected to a patient. To enable infusion of higher numbers 

of functional NK cells, our group aims to develop ex vivo-expanded NK cells as a therapy to 

treat patients with cancer. However, we and other groups observed that the majority of the 

expanded NK cells is NKG2A positive. Given that NKG2A could potentially inhibit NK-cell upon 

the binding with HLA-E on target cells, we investigated the relevance of NKG2A and HLA-E 

interaction on the antitumor response of IL-2 activated NK cells against primary MM cells and 

MM cell lines in chapter 5. We observed that there were higher numbers of degranulating 

activated NKG2A+ NK cells against HLA-deficient K562 cells, and HLA-competent MM cell 

lines expressing only low levels of HLA-E, irrespective to the presence of KIRs. However, 

when HLA-E was overexpressed by the target cell, NKG2A+ KIR- NK-cell degranulation was 

inhibited. This underlines that the expression level of HLA-E on the target cell is important 

to elicit an inhibitory response on activated NK cells. NKG2A+ NK cells were not inhibited 

by the HLA-E levels present on primary MM cells obtained from patients and blocking of 

the receptor did not enhance degranulation of NKG2A+ subsets. Daratumumab addition 

enhanced NK-cell degranulation of all subsets. Moreover, KIR-NKG2A- the “unlicensed” NK 

cells showed a comparable response to KIR+ or NKG2A+ subsets. This demonstrates that all 

subsets of NK cells can contribute to tumor clearance when a potent stimulation is provided 

via CD16. All in all, this study shows that NKG2A receptor might not be a disadvantage for NK 

cell-based therapy, when NK cells are properly activated. Furthermore, the licensing effect of 

NKG2A might be beneficial for an antitumor response. However, NKG2A blocking might be 

crucial for unactivated NK cells or circulating NK cells within the tumor site or in a situation 

where tumor cells express high levels of HLA-E.

Although many tumor cells downregulate the classical class I HLA molecules to escape 

CD8+ T cells, many of these tumors are positive for HLA-E. As the majority of NK cells 

express NKG2A, HLA-E-expressing tumor cells could also be protected against NK cells. We 

observed that primary MM cells express classical class I HLA as well as HLA-E, contributing 

their resistance to NK-cell killing. In chapter 6, we addressed this issue and discussed the 

role of KIR and NKG2A in NK-cell anti-MM response as well as the strategies to maximize 

the clinical efficacy of allogeneic NK cell-based therapy to treat patients with MM. As the 

expression of both classical class I HLA and HLA-E on MM cells reduces NK-cell activation via 

inhibitory signaling, creating a KIR-ligand mismatched situation between NK cells and MM 

cells is necessary. We demonstrated in chapter 2 and 5, that indeed alloreactive KIR-ligand 

mismatched NK cells were the better effector cells compared to KIR-ligand matched NK 
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cell against MM. Creating KIR-ligand mismatched in patients with MM can be achieved by 

several methods. First, creating missing-self by KIR-ligand mismatching based in genotypes 

in the allogeneic stem cell transplantation (SCT) setting and adoptive transfer (of ex vivo-

expanded NK cells) setting. A combination of these two methods from the same donor 

could also be an interesting strategy as allogeneic SCT using haploidentical donors became 

a routine procedure in the clinic and the infusion of ex vivo-expanded NK-cell has proven to 

be safe. Second, using antibodies such as lirilumab (anti-KIR) or monalizumab (anti-NKG2A). 

This method would especially be useful in conditions such as; when creating KIR-ligand 

mismatch genotypically is impossible (approximately 30% of the patients) , or when tumor 

cells express a high level of HLA-E, or when NK cells are unactivated.  Third, using agents such 

as proteasome inhibitors (bortezomib, lactacystin, or carfilzomib) to reduce classical class I 

HLA expression on MM cells. To maximize the NK-cell response, a combination strategy with 

agents which increase NK-cell activation (such as an ADCC-triggering antibody or an anti-

PD1 antibody) could be crucial. 

One of the biggest challenges for NK cell-based immunotherapy, as discussed in chapter 1, is 

the suppressive TME. This TME is not only a challenge for NK cell therapy but also contributes 

to resistance to T cell based immunotherapy and it can contribute to drug resistance. 

Hypoxic conditions in the tumor site could lead to an altered metabolism of tumor cells, 

such as increased glucose metabolism resulting in low glucose level and high level of lactate 

(as a by product). Recent studies in MM cell lines showed that hypoxia-inducible factor 1 

alpha (HIF1α) was upregulated by MM cells as a consequence of hypoxia, resulting in an 

increased glucose metabolism by MM cells. In chapter 7, we studied whether this was true 

for primary MM cells and whether it affects the NK-cell anti-MM response. We observed 

that glucose levels in the bone marrow samples of patients with MM were lower compared 

to the glucose levels in the bone marrow of healthy controls. This is an important finding 

as to date no other studies have shown this. As ex vivo-expanded NK cells are cultured in 

a relatively high concentration of glucose, we investigated whether the exposure of low 

glucose (in the TME) could compromise the NK-cell anti-MM response.  We observed that 

a low glucose concentration during short- (overnight) or longer- term culture (4 days) did 

not compromise cytotoxicity or viability of highly activated NK-cells. Quite the opposite, 

low glucose concentration might even be favorable during culture, activation and killing 

process. Although further confirmation and investigation are necessary, an adaptation of 

the culture protocol of ex vivo-expanded NK-cells might be warranted.

Chapter 8 summarized all the important observations and findings described in this thesis. 

Possible challenges for NK cell-based immunotherapy and possible strategies to overcome 

these challenges are discussed with future perspective for the refinement of NK cell-based 

immunotherapy.
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SAMENVATTING

Een toenemend aantal studies levert bewijs dat natural-killer (NK)-cel gebaseerde 

immunotherapie een aantrekkelijke strategie en een mogelijk succesvolle 

kankertherapie is. Een uniek kenmerk van NK-cellen is, zoals de naam doet vermoeden, 

dat NK-cellen het vermogen hebben om kankercellen te doden zonder voorafgaande 

sensibilisatie, wat een snellere eliminatie oplevert. Belangrijk is dat klinische studies 

hebben aangetoond dat injectie van NK-cellen veilig was en goed werd verdragen. 

Bovendien bereikte een klein aantal patiënten met hematologische maligniteiten 

volledige remissie en een verhoogde ziektevrije overleving na NK-cel-infusie. 

Resultaten van verschillende onderzoeken, met name op solide tumoren, toonden 

echter aan dat de werkzaamheid van op NK-cel-gebaseerde immunotherapie nog 

steeds bescheiden is. Dit kan te wijten zijn aan het lage aantal geïnfuseerde NK-

cellen, onvoldoende in vivo-expansie, probleem met transport naar de tumor en de 

suppressieve tumor-micro-omgeving (TMO) (hoofdstuk 1).

In dit proefschrift hebben we ons gericht op de suppressieve TMO en de NK-cel 

antitumorrespons. We bestudeerden en bediscussieerden de mogelijke strategieën 

en de haalbaarheid om NK-cel tumor-doding capaciteit in de TMO te verhogen 

vanuit biologisch, immunologisch en klinisch perspectief. Combinatiestrategieën 

om NK-celactivatie te maximaliseren, NK-celremming te verminderen en tumorcellen 

gevoelig te maken, zouden een sleutel kunnen zijn om het NK-celpotentieel volledig 

te ontketenen.

De discrepantie tussen het succes in vitro en de beperkte werkzaamheid in vivo van 

op NK-cel-gebaseerde immunotherapie kan te wijten zijn aan het ontbreken van een 

representatief TMO in vitro. In onze vorige studie toonden we aan dat hypoxie, een 

factor die aanwezig is in de multipel myeloom (MM) TMO, de werkzaamheid van NK-cel 

cytotoxiciteit tegen MM remde. We toonden ook aan dat het pre-activeren van NK-

cellen met een hoge dosis IL-2 de NK-cel, de anti-multipel myeloom (MM) -respons 

kunnen herstellen. Omdat de MM TMO in vivo veel complexer is, hebben we het effect 

bestudeerd van de combinatie van TMO-factoren (TMOF’s) op de anti-MM-respons van 

IL-2 geactiveerde NK-cellen in hoofdstuk 2. We hebben aangetoond dat NK-cel pre-

activatie met alleen IL-2 niet voldoende was om in NK-cellen een anti-MM-reactie op te 

wekken wanneer andere onderdrukkende TMO-factoren zoals lactaat of prostaglandine 

E2 (PGE2) aanwezig waren naast hypoxie. Met behulp van daratumumab, een 

monoklonaal antilichaam tegen CD38, wilden we de activatie van NK-cellen stimuleren 

via antilichaamafhankelijke celgemedieerde cytotoxiciteit (ADCC). We toonden aan 

dat daratumumab de NK-cel activatie verhoogde en NK-celdoding tegen MM-cellen 



227

Ch
ap

te
r 9

Samenvatting

met hoge CD38 expressie verbeterde. Dit was niet het geval voor MM-cellen met 

lage of negatieve CD38 expressie. Bovendien resulteerde de afwezigheid van MM-

cellen met hoge expressie van CD38 in een hoger aantal dode NK-cellen als gevolg 

van fraticide aangezien NK-cellen zelf ook CD38 tot expressie brengen. Omdat eerdere 

studies suggereerden dat killer immunoglobuline-achtige receptor (KIR) -ligand 

mis-gematchte NK-cellen betere effectorcellen waren in vergelijking met KIR-ligand-

gematchte NK-cellen, onderzochten we of een combinatie van ADCC en KIR-ligand 

mis-gematchte NK-cellen verder verder konden bijdragen aan de NK-cel anti-MM 

respons. We hebben waargenomen dat daratumumab de degranulatie van alle NK-

celsubsets verhoogde en dat de combinatie van ADCC en KIR-ligand mis-gematchte 

NK-cellen de NK-celactiviteit verder kon verbeteren in de aanwezigheid van TMOF’s. 

Dit toont aan dat een combinatietherapie van het maximaliseren van NK-celactivering 

door triggeren van ADCC en het minimaliseren van remmend signaal door selectie van 

KIR-ligandstatus een strategie zou kunnen zijn om de klinische werkzaamheid van op 

NK-cel-gebaseerde immunotherapie te verbeteren.

In NK-cellen wordt ADCC gemedieerd door de CD16a-receptor (FcɣRIIIa). Er is beschreven 

dat een polymorfisme in het CD16a-gen (FCGR3A-gen) de klinische uitkomst van 

monoklonale antilichaamtherapie zou kunnen beïnvloeden. In de literatuur zijn echter 

tot op heden slechts enkele polymorfismen beschreven. In hoofdstuk 3 hebben we de 

polymorfismen binnen het FCGR3A-gen bestudeerd met behulp van de 1000 Genomes 

projectdatabase. We hebben aangetoond dat het FCGR3A-gen meer polymorf is 

dan momenteel wordt beschreven. Meer dan tweederde van de geanalyseerde 

polymorfismen bevonden zich in de introns en slechts ongeveer een zesde bevond 

zich in de exon-regio’s. Het zou interessant zijn om de functionele relevantie van deze 

polymorfismen te bestuderen omdat het extra informatie zou kunnen verschaffen 

voor het ontwerpen van een antilichaam en of NK-cel-gebaseerde immunotherapie. 

Omdat er geen standaardmethode is voor de detectie van FCGR3A-genpolymorfismen, 

hebben we twee genssequentiemethoden ontwikkeld voor gen-identificatie van de 

volledige lengte van FCGR3A-genpolymorfismen met behulp van een op Sanger 

gebaseerde methode en een op nanometer MinION-gebaseerde methode, een 

nieuwe sequentiemethode. Met behulp van deze twee methoden konden we zowel 

bekende als nieuwe polymorfismen binnen het FCGR3A-gen detecteren. Hoewel 

verdere optimalisatie en validatie vereist is, hebben we aangetoond dat MinION een 

efficiëntere methode kan zijn om een   directe FCGR3A-gensequentie van volledige 

lengte uit te voeren. Met behulp van deze techniek konden we in een relatief korte tijd 

de volledige gensequentie in kaart brengen van een groot aantal monsters en daarom 

zou het aantrekkelijk kunnen zijn waar een sequentiebepaling van een volledige gen 

vereist  met  een meer hogere verwerkingscapaciteit.
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Om een   kankercel al dan niet te doden, vertrouwen NK-cellen op de activerende 

en remmende signalen die worden ontvangen via de interactie van de activerende 

en remmende receptoren met hun respectievelijke liganden. Eén strategie om 

de NK-cel antitumorrespons te verfijnen zou kunnen zijn door te richten op de 

remmende signalering via KIR’s, NKG2A en hun liganden, het klassieke menselijke 

leukocytantigeen (HLA) klasse I (KIR) en HLA-E (NKG2A). In hoofdstuk 4-6 hebben 

we deze strategie uitvoerig besproken. In hoofdstuk 4 bespraken we een meer 

gedetailleerde rol van HLA-E, een niet-klassieke klasse I HLA-molecule, in de context 

van stamceltransplantatie en kanker. HLA-E kan binden aan ofwel een activerende 

receptor (NKG2C) of een remmende receptor (NKG2A), met een hogere affiniteit voor 

de remmende receptor. Recente onderzoeken hebben aangetoond dat HLA-E kan 

worden opgereguleerd bij kanker, mogelijk als een mechanisme voor het ontwijken 

van de immuunrespons. Van zowel membraangebonden als oplosbare HLA-E is 

aangetoond dat ze de NK-cel antitumorreactie onderdrukken. Hoewel er verschillende 

mechanismen zijn geïdentificeerd die HLA-E-expressie reguleren, zijn de precieze 

rollen van HLA-E in de micro-omgeving van de tumor en de regulatie ervan nog 

grotendeels onbekend. Verder onderzoek zou cruciaal zijn om een   beter inzicht te 

krijgen in de immunoregulerende functie van HLA-E en de strategieën om deze te 

verstoren om de klinische uitkomst van op NK-cel-gebaseerde immunotherapie te 

verbeteren.

Een van de beperkingen van veel van de huidige op NK-cel-gebaseerde 

immunotherapieprotocollen is het relatief lage aantal NK-cellen dat bij de patiënt 

is geïnjecteerd. Om infusie van hogere aantallen functionele NK-cellen mogelijk te 

maken, wil onze groep ex vivo methode ontwikkelen om NK-cellen te  vermeerderen 

als een therapie voor de behandeling van patiënten met kanker. Wij en andere 

groepen zagen echter dat de meerderheid van de geëxpandeerde NK-cellen NKG2A-

positief is. Gegeven dat NKG2A mogelijk NK-cellen remt op de binding met HLA-E 

aan MM-cellen, onderzochten we de relevantie van NKG2A en HLA-E interactie op 

de antitumorrespons van IL-2 geactiveerde NK-cellen tegen primaire MM-cellen en 

MM-cellijnen in hoofdstuk 5. We hebben waargenomen dat er hogere aantallen 

degranulerende geactiveerde NKG2A+ NK-cellen waren tegen HLA-deficiënte K562-

cellen en HLA-competente MM-cellijnen die alleen lage HLA-E-niveaus tot expressie 

brengen, ongeacht de aanwezigheid van KIR’s. Toen HLA-E echter tot overexpressie 

werd gebracht door de doelwit-cel, werd NKG2A+ KIR-NK-celdegranulatie geremd. 

Dit onderstreept dat het expressieniveau van HLA-E op de doelwitcel belangrijk is om 

een   remmende respons op geactiveerde NK-cellen op te wekken. NKG2A+ NK-cellen 

werden niet geremd door de HLA-E-niveaus die aanwezig waren op primaire MM-

cellen die waren verkregen van patiënten en blokkering van de receptor versterkte 
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de degranulatie van NKG2A+ -subsets niet. Daratumumab toevoeging verbeterde 

NK-cel degranulatie van alle subsets. Bovendien vertoonden KIR-NKG2A- de “niet-

gelicentieerde” NK-cellen een vergelijkbare reactie op KIR+ of NKG2A+ -subsets. Dit 

toont aan dat alle subsets van NK-cellen kunnen bijdragen aan tumorklaring wanneer 

een krachtige stimulering via CD16 wordt verschaft. Al met al laat deze studie zien 

dat NKG2A-receptor misschien geen nadeel is voor een op NK-cel-gebaseerde 

therapie, wanneer NK-cellen correct worden geactiveerd. Bovendien kan het licentie-

effect van NKG2A gunstig zijn voor een antitumorreactie. Echter, NKG2A-blokkering 

kan cruciaal zijn voor ongeactiveerde NK-cellen of circulerende NK-cellen binnen de 

tumoromgeving of in een situatie waarin tumorcellen hoge niveaus van HLA-E tot 

expressie brengen.

Hoewel veel tumorcellen de klassieke klasse I HLA-moleculen downreguleren om 

te ontsnappen aan CD8+ T-cellen, zijn veel van deze tumoren positief voor HLA-E. 

Aangezien de meeste NK-cellen NKG2A tot expressie brengen, zouden HLA-E tot 

expressie brengende tumorcellen ook tegen NK-cellen kunnen worden beschermd. 

We hebben waargenomen dat primaire MM-cellen klassieke klasse I-HLA alsook 

HLA-E tot expressie brengen, hetgeen hun resistentie tegen NK-celdoding bijdraagt. 

In hoofdstuk 6 hebben we dit onderwerp besproken en de rol van KIR en NKG2A 

in NK-cel anti-MM-respons besproken, evenals de strategieën om de klinische 

werkzaamheid van allogene NK-celgebaseerde therapie voor de behandeling van 

patiënten met MM te maximaliseren. Omdat de expressie van zowel klassieke klasse I 

HLA als HLA-E op MM-cellen NK-celactivering via remmende signalering vermindert, is 

het creëren van een KIR-ligand mis-gematchte situatie tussen NK-cellen en MM-cellen 

noodzakelijk. We toonden in hoofdstuk 2 en 5 aan dat inderdaad alle reactieve KIR-

ligand mis-gematchte NK-cellen de betere effectorcellen waren in vergelijking met 

KIR-ligand gematchte NK-cellen tegen MM. Het creëren van KIR-ligand mis-gematcht 

bij patiënten met MM kan op verschillende manieren worden bereikt. Ten eerste, het 

creëren van missing-self door KIR-ligand mismatching op basis van genotyperen in 

de allogene stamceltransplantatie (SCT) setting en adoptieve transfer (van ex vivo 

vermeerderde NK-cellen) setting. Een combinatie van deze twee methoden van 

dezelfde donor zou ook een interessante strategie kunnen zijn, aangezien allogene 

SCT met behulp van haplo-identieke donoren een routineprocedure werd in de 

kliniek en de infusie van ex vivo vermeerderde NK-cellen veilig is gebleken. Ten 

tweede, met behulp van antilichamen zoals lirilumab (anti-KIR) of monalizumab (anti-

NKG2A). Deze methode zou vooral handig zijn in omstandigheden zoals; wanneer 

het creëren van een KIR-ligand mismatch genotypisch onmogelijk is (ongeveer 30% 

van de patiënten), of wanneer tumorcellen een hoog niveau van HLA-E tot expressie 

brengen, of wanneer NK-cellen niet-geactiveerd zijn. Ten derde, met behulp van 
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middelen zoals proteasoomremmers (bortezomib, lactacystin of carfilzomib) om 

klassieke klasse I HLA-expressie op MM-cellen te verminderen. Om de NK-celrespons 

te maximaliseren, zou een combinatiestrategie met middelen die NK-celactivering 

verhogen (zoals een ADCC-activerend antilichaam of een anti-PD1-antilichaam) 

cruciaal kunnen zijn.

Een van de grootste uitdagingen voor NK-cel-gebaseerde immunotherapie, zoals 

besproken in hoofdstuk 1, is de onderdrukkende TMO. Deze TMO is niet alleen 

een uitdaging voor NK-celtherapie, maar draagt   ook bij aan resistentie bij T-cel-

gebaseerde immunotherapie en kan bijdragen aan resistentie tegen geneesmiddelen. 

Hypoxische aandoeningen in de tumoromgeveing kunnen leiden tot een veranderd 

metabolisme van tumorcellen, zoals een verhoogd glucosemetabolisme, resulterend 

in een laag glucosegehalte en een hoog lactaatniveau (als bijproduct). Recente studies 

in MM-cellijnen toonden aan dat hypoxie-induceerbare factor 1 alfa (HIF1α) door 

MM-cellen werd opgereguleerd als gevolg van hypoxie, resulterend in een verhoogd 

glucosemetabolisme door MM-cellen. In hoofdstuk 7 hebben we onderzocht of dit 

waar was voor primaire MM-cellen en of dit de NK-cel anti-MM-respons beïnvloedt. We 

hebben vastgesteld dat de glucosespiegels in de beenmergmonsters van patiënten 

met MM lager waren in vergelijking met de glucosespiegels in het beenmerg van 

gezonde controles. Dit is een belangrijke bevinding omdat tot op vandaag de dag 

geen andere onderzoeken dit hebben aangetoond. Omdat ex vivo-geëxpandeerde 

NK-cellen worden gekweekt in een relatief hoge concentratie glucose, onderzochten 

we of de blootstelling van lage glucose (in de TMO) de NK-cel anti-MM-respons 

kon aantasten. We hebben waargenomen dat een lage glucoseconcentratie 

tijdens korte- (gedurende de nacht) of langere termijn (4 dagen) de cytotoxiciteit 

of levensvatbaarheid van sterk geactiveerde NK-cellen niet in gevaar bracht. 

Integendeel, een lage glucoseconcentratie kan zelfs gunstig zijn tijdens het kweek-, 

activerings- en dodingproces. Hoewel verdere bevestiging en onderzoek nodig zijn, 

kan een aanpassing van het kweekprotocol van ex vivo-geëxpandeerde NK-cellen 

gerechtvaardigd zijn.

Hoofdstuk 8 vat alle belangrijke observaties en bevindingen samen die in dit 

proefschrift worden beschreven. Mogelijke uitdagingen voor NK-cel-gebaseerde 

immunotherapie en mogelijke strategieën om deze uitdagingen te overwinnen, 

worden besproken met toekomstperspectief voor de verfijning van op NK-cel-

gebaseerde immunotherapie.
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VALORIZATION

The 2018 GLOBOCAN data estimated that there would be around 18.1 million new 

cancer cases and 9.6 million cancer deaths worldwide in 2018. Although several 

types of cancer have a better chance of remission than other types after surgery/

chemo-/radiotherapy, cancer is mostly still an incurable disease. Multiple myeloma 

(MM), a plasma cell malignancy, is an example of a malignancy with a low survival-

rate, regardless of an increased progression-free survival in the last few years due to 

the discovery of new drugs besides the conventional chemotherapy. NK cell-based 

immunotherapy might be a promising alternative therapy for MM patients as recent 

studies showed that NK cells in MM patients are often dysfunctional. In addition, 

recent clinical trials in MM patients using either autologous or allogeneic ex vivo-

expanded NK cells showed that it is safe and feasible. However, the clinical efficacy 

reported was still limited.

One of the possible limitations of the clinical efficacy of an NK cell-based 

immunotherapy could be the under representation of the tumor microenvironment 

in an in vitro testing. In this thesis (chapter 2 and 5) we showed that the addition 

of selected factors (hypoxia, lactate, PGE2) could negatively affect NK-cell killing 

against MM cells. In another study in this thesis (chapter 7), another factor (low 

glucose) on the other hand, seemed to be beneficial for NK cells. Given these results, 

a development of a more representative in vitro model of tumor microenvironment 

resembling in vivo (patient’s) tumor microenvironment would be pivotal to better 

predict the effect of the treatment in vivo. This could reduce unnecessary (further) 

developments of treatment which are unlikely to give a desirable effect in patients. 

To be able to mediate an antitumor response in the tumor microenvironment, NK cells 

need to be properly activated. We showed in this thesis that a combination strategy 

of KIR-ligand mismatched NK cells with a monoclonal antibody resulted in a better 

killing of tumor cells in the presence of selected biochemical factors mimicking the 

tumor microenvironment. At the same time, more importantly, we showed that the 

administration of an antibody had two less desirable outcomes, 1) the expression of 

the target antigen had to be high on the target cells otherwise the addition of the 

monoclonal antibody did not enhance NK cells killing against tumor cells, 2) when 

the target antigen is also expressed on NK cells, using the monoclonal antibody 

could be detrimental for NK cells as a result of fratricide (NK-NK killing). To overcome 

these unnecessary “side effects”, several strategies could be considered. First, proper 

timing between the antibody administration and the injection of NK-cell adoptive 

transfer. Second, pretreatment of NK-cells with a F(ab)2 fragment of the antibody 
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prior to injection. Third, development of a bi-specific or tri-specific antibody to better 

target tumor cells. Fourth, development of an antibody which could still trigger an 

antibody-dependent cell-mediated cytotoxicity (ADCC) on NK cell despite the low/

intermediate level of antigen expressed on the target cells. A proper design of an 

antibody is highly crucial for the success of a combination therapy with an NK cell-

based immunotherapy.

In this thesis, we also described that a factor that potentially contributes to the 

success of antibody therapy is the CD16a (FcɣRIIIa) receptor. A few polymorphisms 

of the FCGR3A gene, the gene encoding the CD16a receptor, have been described 

to influence the binding of CD16a to an antibody. We are the first to provide an 

extensive overview of FCGR3A gene polymorphisms using the 1000 Genome project 

database. Additionally, we also successfully developed two gene-sequencing 

methods to detect a full-length FCGR3A gene polymorphisms: a Sanger based and 

a MinION based, a novel sequencing method. From this study, both the overview 

and the sequencing methods together could be used to: 1) further investigate the 

functional relevance of FCGR3A gene polymorphisms on NK-cell ADCC capacity, 2) 

design an antibody or CAR-NK cells, 3) select an NK-cell donor. A major advantage of 

the nanopore MinION strategy would be that it enables faster analysis of full length 

gene polymorphism. Due to the possibility to barcode individual samples or genes, 

it also enables the simultaneous analysis of samples which may reduce the costs of 

this technology.

Another key limiting factor for an NK cell-based immunotherapy is to obtain sufficient 

numbers of functional NK cells for the infusion to a cancer patient. Although there is 

no consensus for the minimum or maximum number of NK-cells that can or should 

be injected to a patient, current clinical trials have gone up to 108 NK cells/kg. An 

advantage of donor NK cell-based immunotherapy is that donor NK cells could be ex 

vivo-expanded as an off-the-shelf product and hence a readily available product. As 

NK cells do not attack healthy cells infusion of allogeneic NK cell is safe and KIR-ligand 

mismatched NK cells seemed to be the better effector cells. Therefore, a universal 

“perfect” NK-cell donor could be selected based on the genotype; that is when donor 

NK cells express all licensed KIRs. Our group has been working for years to develop 

an optimized protocol and technology to expand NK cells ex vivo aiming to produce 

1010 NK cells. At CiMaas, a spin-off company founded by Prof. dr. G. M. J. Bos and Dr. 

W. T. V. Germeraard, it is now possible to manufacture a GMP-grade ex vivo-expanded 

NK-cell product. 
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One of the very promising strategies to use those expanded NK cells is by combining 

them with a haploidentical stem cell transplantation. Our group is currently leading 

the first PhaseI/II multicenter study where MM patients receive a haploidentical stem 

cell transplantation and donors are selected by the Transplantation Immunology lab, 

based on the presence of a KIR-ligand mismatch. Although the study has not been 

completed yet, it demonstrated the feasibility and safety of the approach. From the 

study, we also learned that it takes 30-60 days before mature NK cells are circulating 

in the patient. To further enhance clinical responses, haplo-SCT could be combined 

with infusion of NK cells form the same donor expanded according to the CiMaas 

protocol. The expanded NK cells could potently mediate their anti-tumor responses 

in the first two months while persistence of the response will result from donor NK 

cells that developed from the stem cell graft. This procedure has been shown to be 

very efficient by our close collaborators at Cytosen and MD Anderson. Based on the 

results described in this thesis, ADCC or blocking antibodies could be combined with 

haplo-SCT and NK infusion to further potentiate the response. A further development 

for these ex vivo-expanded NK cells would include molecular modifications of the 

receptors (termed chimeric antigen receptor or often abbreviated CAR) to better 

target tumor cells. As an off-the-shelf product, ex vivo-expanded NK cells would be 

stored in the freezer for storage. Previous studies, however, have reported that NK cell 

viability decreased after a freeze thawing procedure. Therefore, a further technology 

optimization/development on the freeze-thawing protocol/technology might be 

necessary and interesting aspect to develop.

In summary, data presented in this thesis serve as a confirmation and follow up of our 

previous studies as well as a starting point and foundation of our subsequent studies. 

Altogether, the findings described in this thesis contribute to the refinement of an NK 

cell-based immunotherapy which may contribute to novel treatment options for MM 

patients that provide curative responses and preferably have a low level of toxicity. 
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