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The immune system as cancer treatment  
The immune system is our defense mechanism that protects us against infectious 
agents such as viruses, bacteria and fungi and also plays a role in many other diseases 
including cancer. It comprises a highly complex network containing various immune 
cell types that cooperate to fight the diseased cells and afterwards restore tissue 
homeostasis1. Because the immune system is equipped with powerful tools to 
destroy cancer cells, harnessing the immune system’s power against cancer are 
attractive novel therapy approaches, termed cancer immunotherapies2. 
Immunotherapies can modulate immune responses specifically against tumor cells, 
which is an advantage over conventional cancer treatments (e.g., chemotherapy or 
radiotherapy) which do not only target cancer cells, but can produce massive 
damage to normal tissues, too. Different approaches of immunotherapies have been 
used to activate immune cells or to exploit the anti-tumor functions of immune cells. 
Such approaches include adoptive transfer of immune cells, donor bone marrow 
stem cell transplantation, monoclonal antibodies, cytokine therapy, cancer vaccines, 
immune checkpoint inhibitors and T cells engineered with chimeric antigen 
receptors (CAR-T cells)3. Immunotherapies have the potential to induce long-lasting 
remissions, but the success is mostly limited to a fraction of patients, while other 
patients experience recurrence or do not respond to the treatment4,5. Why this 
happens is not understood in detail, but tumors can for instance be equipped with 
strategies to escape immune cells, resulting in immune cell exclusion from tumors or 
dysfunctional immune cells inside tumors due to an immunosuppressive 
environment5,6. Therefore, much research is devoted to restoring and enhancing the 
functions of the immune cells to more effectively fight cancer cells. In our research 
group, we focus on natural killer (NK) cells for immunotherapies as NK cells can 
mediate potent and quick anti-tumor responses and are safe to administer to 
patients. To develop effective NK cell-based immunotherapies, we traditionally focus 
on two cancer types as models namely multiple myeloma, a form of blood cancer, 
and breast cancer as a solid cancer, since improved therapy approaches are desired 
for both tumor types.  
 
Multiple Myeloma  
Multiple myeloma (MM) is an incurable B cell malignancy, characterized by aberrant 
plasma cells in the bone marrow that usually develop from one clone and produce 
monoclonal, dysfunctional antibodies named paraproteins7. The disease develops 
from an asymptomatic phase called monoclonal gammopathy of undetermined 
significance (MGUS), i.e. monoclonal antibodies present in the blood but no further 
disease stigmata, which might progress to smoldering MM and eventually to 
symptomatic MM8. MM represents 13% of hematological malignancies and primarily 
occurs in the elderly population9. Therapy options have greatly advanced in the past 
two decades from standard chemotherapy and stem cell transplants to broader 
treatment options including immunomodulatory drugs, proteasome inhibitors, and 
monoclonal antibodies (e.g., anti-CD38 antibody Daratumumab, anti-SLAMF7 
antibody Elotuzumab), which have substantially improved survival10. Despite these 
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improvements, the large majority of patients will develop therapy resistance and will 
relapse eventually10. Because MM progression is strongly associated with dynamic 
changes in the surrounding bone marrow environment, comprehensive 
understanding of alterations in the MM environment could help to overcome 
therapy resistance and further improve treatment strategies8.  
 
Breast cancer  
Breast cancer is worldwide the most commonly diagnosed cancer in women and 
remains a leading cause of cancer death11. Despite improved clinical management 
and survival rates, around 30% of breast cancer patients develop metastases and 
succumb to the disease11,12. Occurrence of metastases many years after the initial 
diagnosis is especially prominent in estrogen-positive breast cancer, where the 20-
year recurrence rate is between 10 - 40%13. Breast cancer is a highly heterogeneous 
disease and are traditionally classified into molecular subtypes based on the 
presence or absence of the hormone receptors for estrogen and progesterone, the 
human epithelial growth factor receptor (HER2) or the absence of all three of these 
receptors (triple-negative breast cancer). Standard therapy approaches for all 
subsets comprise surgery, radiation or systemic treatments such as chemotherapy. 
For the 15-20% of patients with HER2+ breast cancer, who used to have worse 
prognosis than patients with other subtypes, the approval of the HER2-targeting 
antibody Trastuzumab significantly improved the clinical outcomes for a subgroup of 
patients, but the clinical efficacy remains heterogeneous as 25-50% of HER2+ breast 
cancer patients do not respond or eventually relapse14.  
 
Natural killers and more - Functions of NK cells  
NK cells are involved in the first line of defense against tumors and microbial 
infections15. When they were first described in 1975, NK cells received their name 
due to their ability to kill tumor cells ‘naturally’, meaning without previous antigen 
stimulation and in a short period of time16,17. Later, it became clear that NK cells have 
many other functions as well, which include protection against certain viruses, 
parasites and intracellular bacteria as well as tissue-specific functions e.g., in the 
uterus15,18. NK cells account for 5-15% of the mononuclear cells in peripheral blood 
and they can be identified as CD3- CD56+ cells. Based on their CD56 expression, NK 
cells can be further divided into CD56dim and CD56bright subsets. CD56dim NK cells make 
up the majority of NK cells in the peripheral blood (around 90%) and are generally 
considered the more cytotoxic subset, whereas CD56bright NK cells are more 
abundantly present in tissues and are generally less cytotoxic but strong cytokine 
producers19. However, more recent studies demonstrated that NK cell subsets in 
blood and tissues are much more diverse in phenotype and function and that the 
functional status of NK cells cannot solely be based on their phenotype20. The NK cell 
functions are described below in more detail with a focus on their anti-tumor 
functions.  
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NK cell-mediated cytotoxicity  
NK cells constantly patrol the body and monitor whether the cells they encounter 
are healthy or diseased. When encountering a diseased cell, NK cells can readily kill 
the diseased target cell because NK cells are always in an activated state and loaded 
with cytotoxic granules21. Upon binding to target cells, an immunological synapse is 
formed and the NK cell’s cytoskeleton is rearranged to establish close contact 
between NK cell and target cell and to facilitate cytotoxic responses against target 
cells21. The cytotoxic response of NK cells can be mediated via two different 
pathways, granule-mediated and death receptor-mediated killing of target cells. 
During granule-mediated cytotoxicity, the granule-containing lysosomes are guided 
towards the immunological synapse, where lysosomes fuse with the NK cell 
membrane and release the cytotoxic granules into synapse between NK- and target 
cell22. The granules contain perforins, which form holes in the target cell to facilitate 
granzyme entry and granzyme-induced apoptosis of the target cell22. The secretion 
of cytotoxic granules is termed degranulation, which can be measured by CD107a in 
experimental assays. CD107a, also named lysosomal-associated membrane protein-
1 (LAMP-1), is a protein that is part of the lysosomal membrane and that gets 
integrated in the cell surface when lysosomes fuse with the cell membrane to release 
their content. An alternative way of inducing target cell death is death receptor-
mediated cytotoxicity, which is induced when the ligands Fas ligand (FasL) or TNF-
related apoptosis-inducing ligand (TRAIL), expressed by NK cells, engage with the 
corresponding death receptors Fas or TRAIL-R1/R2 on the target cell. Subsequent 
conformational changes of the death receptor cause apoptosis of the target cell23.  
Of these two cytotoxic mechanisms by NK cells, the granule-mediated killing is a very 
rapid process that can occur within the first hour, whereas death-receptor mediated 
cell death requires more time24. After killing their first target cell, NK cells can usually 
continue to kill other target cells, a process that is termed ‘serial killing’. How many 
target cells are killed can differ between NK cells with some NK cells killing many 
targets, while others might kill none25.  
 
Cytokine production by NK cells 
When activated, NK cells are capable of producing large amounts of inflammatory 
cytokines such as interferon- γ (IFN-γ), tumor necrosis factor- α (TNF-α), granulocyte-
macrophage colony stimulating factor (GM-CSF) and various chemokines26,27. By 
secreting cytokines, especially IFN-γ, NK cells can directly affect tumor cells for 
example by changing expression of cell surface molecules on tumor cells such as 
upregulation of death receptors and by stimulation of antigen presentation28. 
Through cytokine secretion, NK cells additionally promote macrophage and dendritic 
cell activation via IFN-γ and TNF-α29. Moreover, NK cells can stimulate adaptive 
immune responses such as priming of CD4+ T helper cells type 1 by secreting IFN-γ30. 
Thereby, NK cells can contribute to anti-tumor immune responses in an indirect 
manner30,31. Depending on the context, NK cells can also adopt functions that 
support the tumor, for instance by secreting pro-angiogenic factors like vascular 
endothelial growth factor (VEGF) in response to hypoxia32. As this example 
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illustrates, the factors secreted by NK cells depend on the tissue NK cells reside in 
and the environmental cues they receive.   
 
Antibody-dependent cellular cytotoxicity 
In addition to their natural cytotoxic function, NK cells can kill their target cells with 
the support of antibodies; this mechanism is termed antibody-dependent cellular 
cytotoxicity (ADCC). NK cells recognize the Fc portion of human immunoglobulin G 
(IgG) antibodies through the receptor CD16, also named Fc gamma receptor IIIA 
(FcγRIIIA)33. When the antibodies bound to both their target and to NK cells, it 
creates a bridge between target cell and NK cell and can lead to NK cell-mediated 
target cell killing and secretion of large amounts of cytokines (Figure 1). ADCC is a 
key mechanism for NK cells to recognize tumor cells and significantly contributes to 
the clinical efficacy of some tumor-targeting monoclonal antibodies such as 
Daratumumab (anti-CD38) for multiple myeloma, Rituximab (anti-CD20) for B cell 
malignancies, or Trastuzumab (anti-HER2) for breast cancer34.  

 
Figure 1. Antibody-dependent cellular cytotoxicity (ADCC). A) Structure of an IgG antibody. B) An 
antibody, in this example the anti-HER2 antibody Trastuzumab, bind its antigens (HER2) on the target cell 
via the Fab region. The NK cell recognizes the antibody through the CD16 receptor binding to the 
antibody’s Fc region, whereby the antibody bridges the NK cell and target cell and signals the NK cell to 
kill the target cell. The figure was created using BioRender.com.  
 
 
NK cell activation and recognition of target cells  
NK cells can recognize diseased cells and distinguish them from healthy cells by using 
an extensive array of receptors. These receptors can be grouped into activating- and 
inhibiting receptors, which recognize molecules on the potential target cells that 
then provide activating or inhibiting signals to the NK cell19. Whether or not an NK 
cell starts to attack the target kill is determined by the sum of all activating and 
inhibitory signals that an NK cell receives: When the net balance of all integrated 
signals is shifted towards more activating signals, the NK cell gets activated and vice 
versa when inhibitory signals are dominant, NK cells are inhibited35. Figure 2 shows 
four scenarios of NK cells encountering potential targets cells and the corresponding 
outcomes:  
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1.) Virtually all healthy nucleated cells express inhibitory molecules that deactivate 
the killing process in NK cells and usually do not express activating ligands. Thereby, 
healthy cells are protected from NK cell attacks. Human Leukocyte Antigen (HLA) 
class I molecules are the most important group of inhibitory ligands for NK cells 
(Figure 2A).  
2.) In the absence of inhibitory ligands, healthy cells are also spared from NK cell 
attacks when activating ligands are absent as well. Red blood cells are an example of 
healthy cells that do not express the inhibitory ligands HLA class I (Figure 2B).  
3.) Diseased cells might lose the expression of inhibitory ligands, for instance 
transformed tumor cells or virally-infected cells often lose HLA class I expression to 
escape from CD8+ T cells. For NK cells, the loss of inhibitory ligands results in less 
inhibition and thus in a lower activation threshold. Consequently, NK cell-mediated 
killing is initiated if activating signals are present on the target cell. This scenario is 
also called missing-self hypothesis (Figure 2C).  
4.) Alternatively, diseased cells can be killed by NK cells when they express high levels 
of activating ligands for NK cells, such as cellular stress- and virus-associated 
molecules. This way, NK cells can attack target cells also in the presence of inhibitory 
ligands, if the activating signals outweigh the inhibitory ones and thus shift the 
balance towards NK cell activation. This scenario is called induced-self hypothesis 
(Figure 2D).  
 

 
Figure 2. NK cell recognition of a potential target cell. A-B) Two scenarios of NK cell tolerance towards 
healthy cells: A) A healthy cell inhibits the NK cell through expression of inhibitory ligands and is tolerated 
by NK cells. B) A healthy cell that lacks both inhibitory ligands (no inhibition) and activating ligands (no 
activation) is spared from NK cell attacks due to the absence of activating signals. C-D) Two scenarios 
where NK cells respond to target cells, indicated by the release of cytotoxic granules: C) The ‘missing-self’ 
hypothesis describes a target cell that lacks expression of inhibitory ligands combined with expression of 
activating ligands and the target cell is thus attacked by the NK cell. D) The ‘induced-self’ hypothesis 
describes a target cell that expresses inhibitory ligands combined with sufficient activation ligands, which 
outweigh the inhibitory signals and therefore tip the balance towards NK cell activation and killing. The 
figure is adapted from 35 and was created using BioRender.com. 
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NK cell activation through cytokine stimulation  
In addition to stimulation through activating receptors, NK cells are also responsive 
to a broad range of soluble factors such as cytokines, which can influence NK cell 
survival, migration, activation and effector functions36. Among these cytokines are 
IL-2, mainly produced by activated CD4+ T cells, as well as IL-12, IL-15, and IL-18, 
which can be produced by myeloid cells such as activated dendritic cells and 
macrophages36. These cytokines can exert multiple activating functions on NK cells. 
While IL-2 is well-known for stimulating NK cell proliferation, IL-15 can stimulate NK 
cell survival, and all named cytokines can potently activate effector functions of NK 
cells37. Of note, NK cells also respond to cytokines that have suppressive effects on 
NK cell functions such as TGF-β or IL-10, which are important mediators of 
immunosuppression as further introduced below36.  
 
Activating receptors  
The main activating receptors comprise the natural cytotoxicity receptors (NCRs, 
such as NKp30, NKp44, NKp46), NKG2D and DNAM1, which can typically bind to 
molecules that are upregulated on diseased cells in response to cellular stress, viral 
infections or transformation to tumor cells38. The NKG2D receptor engages with the 
stress-induced MICA/MICB molecules and UL16-binding proteins (ULBP1-6), which 
are expressed in response to malignant transformation, infection or DNA damage19. 
DNAM1 can bind to the poliovirus receptor CD155 and to the nectin adhesion 
molecule CD112, which can both be expressed on tumor cells19. For NCRs, the ligands 
are still insufficiently characterized. Known ligands include viral proteins such as 
hemagglutinins that engage with NKp44 and NKp4639,40. Moreover, ligands for 
NKp30 are the HLA-B associated transcript 3 (BAT3) protein and B7H6, a molecule 
which is often expressed on tumor cells41. Recently, HLA-DP molecules, belonging to 
the HLA class II family, have been identified as ligand for NKp4442.  
CD16 (FcγRIIIA) is another important activating receptor on NK cells through which 
NK cells can bind IgG antibodies and mediate ADCC, as explained above. CD16 is 
abundantly expressed on the majority of CD56dim NK cells and therefore on the 
majority of NK cells in the blood, whereas CD16 is absent or expressed at low levels 
on CD56bright NK cells43. Engagement of the CD16 receptor can induce very strong NK 
cell activation and is considered one of the most potent activating receptors on NK 
cells because antibody stimulation through CD16 receptors alone is sufficient to 
activate NK cells44.  
 
Inhibitory receptors  
Among the pool of inhibitory receptors, NK cells are predominantly inhibited by Killer 
Immunoglobulin-like receptors (KIR) and NKG2A, which interact with the inhibitory 
HLA class I molecules HLA-ABC and HLA-E, respectively. Almost all healthy nucleated 
cells express the inhibitory ligands HLA class I. Due to the importance of HLA and its 
receptors KIR and NKG2A for NK cell function, they will be further introduced in a 
separate paragraph below. In addition to HLA class I-dependent inhibition, NK cells 
express several other inhibitory receptors that mediate NK cell tolerance in an HLA-
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independent manner. Among these receptors are Programmed Death-1 (PD-1), T cell 
immunoglobulin and ITIM domain (TIGIT), and T cell immunoglobulin and mucin 
domain containing molecule 3 (TIM-3). As the names suggest, these receptors are 
also found on T cells and have relatively recently been described as inhibitory 
checkpoints for NK cells45. The immune checkpoint receptor PD-1 bind to its ligand 
PD-L1 and is one of the first receptors for which immune checkpoint inhibitors were 
used in the clinic6. TIGIT competes with the activating receptor DNAM1 as both 
receptors share the ligands CD112 and CD155, while TIM-3 receptors bind to soluble 
ligands (Galectin-9 and HMGB1) as well as cell surface ligands (Ceacam-1 and 
Phosphatidyl serine)46. The engagement of each of the three named receptors has 
been shown to restrict NK cells within tumors45.   
 
The NK cell receptors KIR and NKG2A 
The KIR family is encoded by 14 highly polymorphic genes and consists of both 
inhibiting and activating receptors47. The best described KIRs are the inhibitory 
receptors KIR2DL1, KIR2DL2/3 and KIR3DL1, which engage with HLA-C and with HLA 
alleles containing Bw4 motives (Table 1). Identifying the ligands for activating KIRs 
has been more challenging, in part due to the sequence homology with inhibiting 
KIRs48. Some of the ligands identified for activating KIRs serve as ligands for inhibitory 
KIRs as well, but the inhibitory KIRs have generally a higher binding affinity to these 
shared ligands, resulting more often in NK cell inhibition49. Unless activating KIRs as 
specifically mentioned, this thesis focuses on inhibitory KIRs.  
 
Not only KIR, but also HLA class I molecules are polymorphic. HLA class I are encoded 
by one of the most polymorphic genes in humans, which enables HLA molecules to 
bind and present a large variety of peptides to CD8+ T cells for immunosurveillance50. 
Expression levels of HLA class I are tightly regulated at the transcriptional level by 
several mechanisms including HLA polymorphisms, epigenetic regulators, and tissue-
specific transcription factors51. Further modulation of HLA class I expression levels 
can occur post-transcriptionally through proinflammatory cytokines, microRNAs or 
alternative splicing52. Notably, for NK cells, only some HLA-A and less than half of 
HLA-B alleles, but all HLA-C alleles serve as ligands for at least one KIR, which could 
suggest that HLA-C has a more dominant role in regulating NK cell activity and which 
may be related to the role of KIRs in pregnancy where HLA-C and HLA-E are 
expressed, while the other HLA molecules are virtually absent53.  
 
Table 1. Inhibitory receptors KIR and NKG2A and their corresponding ligands. 

Inhibitory NK cell receptor Ligands 
KIR2DL1 HLA-C group 2 alleles (C2) 
KIR2DL2, KIR2DL3 HLA-C group 1 alleles (C1) 

KIR3DL1 HLA alleles with a Bw4 motif: 
HLA-B alleles, HLA-A*23, HLA-A*24, HLA-A*32 

NKG2A HLA-E 



   Chapter 1 

15 
 

The inhibitory NKG2A receptor recognizes the non-classical HLA-E molecule, which 
is expressed at low levels on all nucleated cells (Table 1)54. NKG2A belongs to the 
receptor family NKG2 that forms a heterodimer with CD94 on the cell surface and 
comprises the inhibitory receptors NKG2A and NKG2B as well as the activating 
receptors NKG2C/D/E/H55. Of these, NKG2A and NKG2C are most extensively 
described to bind HLA-E. Similar to KIRs, the inhibitory receptor NKG2A has a 
stronger binding affinity to HLA-E than the activating receptor NKG2C, presumably 
to prevent overactivity56. But unlike KIR and HLA, NKG2A and HLA-E are not very 
polymorphic. Until now, few allelic variants are described for NKG2A and two main 
protein variants for HLA-E are known, which can result in different expression levels 
of HLA-E, but both variants can be bound by NKG2A54,57. 
A more extensive description of the KIR and NKG2A receptors can be found in 
chapter 2.  
 
NK cell education: Acquiring “license to kill” to prevent autoreactivity  
Because KIR and HLA genes are located on different chromosomes, different KIR and 
HLA combinations can be expressed in one individual58. Subsequently, NK cells can 
express KIRs hat recognize its corresponding HLA ligand, but also KIRs that recognize 
an HLA ligand, which is not expressed in the same individual. This second situation 
could potentially become dangerous because the KIR would not be inhibited by HLA 
in the same individual and the NK cell could become autoreactive. To ensure self-
tolerance, NK cells have to undergo a ‘licensing’ process: NK cells with KIRs not 
encountering their ligand remain hyporeactive, whereas NK cells with KIRs that 
encounter their corresponding HLA ligand in the same individual become the more 
potent effector cells59. NK cells with licensed KIR are also termed educated NK cells. 
The mechanisms of NK cell education are not fully understood, but different 
metabolic pathways in educated and non-educated NK cells have been described60. 
Moreover, educated NK cells contain more and denser cytotoxic granules than non-
educated NK cells, which could explain the higher killing capacity of educated NK 
cells61.  
 
NK cell-based immunotherapy 
NK cells in the setting of hematopoietic stem cell transplantations 
NK cell-based immunotherapy gained enthusiasm in the setting of hematopoietic 
stem cell transplantations (HSCT), when it was discovered that NK cells are key 
players in mediating anti-tumor effects in acute myeloid leukemia (AML)62,63. HSCT 
are used to treat certain types of cancers such as leukemia, lymphoma and myeloma 
to rescue the bone marrow damage after high-dose chemotherapy or radiation64. 
New bone marrow including platelets, red blood cells, and immune cells can 
subsequently develop from the transplanted stem cells. The stem cells can either be 
derived from the patient (autologous) before the chemotherapy treatment or from 
a healthy donor (allogeneic). 
Allogeneic transplants provide the potential cure for patients with hematological 
malignancies because the donor-derived cells can mediate more potent anti-tumor 
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responses than autologous ones, a so-called graft-versus-tumor effect (GVT)65. Due 
to the benefit of GVT, allogeneic hematopoietic transplants are now generally used 
for patients with high risk disease (i.e. AML with bad prognostic factors) or in late 
disease stages when other treatment options have proven to be no longer 
successful66. The GVT effect is mainly mediated by NK cells and T cells. Donor NK cells 
are more easily triggered to kill those tumor cells on which they sense the absence 
of the HLA class I. Meanwhile, donor T cells react to non-donor antigens presented 
within HLA class I and mediate GVT when those antigens are presented on tumor 
cells. However, when non-donor antigens are expressed on the patient’s healthy 
cells, donor T cells attack those healthy cells, too, which is known as T cell-mediated 
graft-versus-host disease (GVHD) and imposes a limitation of allogeneic 
transplants65. Non-donor antigens include the major histocompatibility antigens 
(HLA) and/or minor histocompatibility antigens, which are peptides derived from 
common proteins that differ slightly between donor and recipient due to genetic 
polymorphism outside of the HLA region67. To limit the risk of GVHD, allogeneic 
transplants can be derived from identical donors i.e., donors fully matched for both 
HLA haplotypes (maternal and paternal haplotype), which can be family members or 
matched-unrelated donors that were selected from the world donor bank. However, 
fully HLA-matched transplants are not available for everyone and particularly 
difficult to find for less common HLA genotypes and in increasingly small families68. 
To address the lack of fully matched donors, allogeneic HSCT protocols with different 
donor stem cell sources have been explored including haploidentical (half-matched) 
donors and stem cells derived from cord blood, which greatly enhanced the choices 
of donors. In the case of haploidentical donors, only one of the two HLA haplotypes 
is matched (either maternal or paternal haplotype) and the other is mismatched. 
Haploidentical HSCT come with the risk of the HLA mismatch leading to graft 
rejection and/or severe GVHD and to lower this risk, immunosuppressive therapy is 
given, making patients vulnerable for infections. But nowadays, haploidentical HSCT 
became a viable option due to T cell depletion from the graft and additional 
improved immunosuppressive therapy after transplantation, which better balances 
GVHD versus anti-tumor- and anti-pathogen immunity65,69. Haploidentical HSCT is 
now considered a reasonable choice with clinical results that are comparable to the 
use of matched-unrelated donors and that are possibly better than those achieved 
with cord-blood stem cells70. 
 
KIR-ligand mismatch principle 
In the setting of haploidentical HSCT, it was demonstrated that NK cells are 
important mediators of GVT. Ruggeri et al. found that AML patients, who had 
received a haploidentical HSCT, had lower relapse rates when HLA differences 
between patient and donor were present that resulted in a ‘missing-self’ scenario of 
the donor NK cells62,63. Even more, AML cells in a xenograft mouse model where 
solely eliminated by those donor NK cells for which the ‘missing-self’ scenario 
occurred62. Other studies confirmed the findings by Ruggeri et al.71-73. Importantly, 
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NK cells did not cause GVHD in this setting, which is a great advantage of NK cells 
over T cells62.  
This concept is now known as “KIR-ligand mismatch” and describes donor NK cells 
with licensed inhibitory KIRs (due to expression of the cognate HLA ligand on donor 
cells) for which one or more HLA ligands are absent in the patient74. Consequently, 
these KIR-ligand mismatched NK cells do not encounter their cognate HLA ligand on 
patient cells and can respond more potently to target cells due to the lack of 
inhibitory signaling by the HLA ligand (NK cell alloreactivity) (Figure 3). Selection of 
KIR-ligand mismatched donor NK cells is possible for individuals that miss at least 
one of the three HLA allele groups C1, C2, Bw4, which is the case for circa 70% of the 
population75. Figure 3 shows an example of an NK cell with 1 inhibitory KIR. Because 
KIRs are acquired in a stochastic manner, NK cells without KIR, with one KIR or with 
a combination of two or more inhibitory KIRs can exist in every individual58. This 
means that only a subpopulation of NK cells from one individual will be fully 
mismatched as indicated in Figure 3B, while other subpopulations might express one 
KIR that is HLA-matched and another that is HLA-mismatch. In the latter situation, 
the net balance of all integrated signals will determine the magnitude of the 
response. The receptor-ligand mismatch principle is not possible for NKG2A and its 
ligand HLA-E as HLA-E has only very limited polymorphism and all HLA-E molecules 
are recognized by the same NKG2A receptor54.   
 

 
Figure 3: KIR-ligand mismatch concept between healthy donor NK cells and patient cells. A) The donor 
NK cell encounters a tumor cell that expresses the cognate HLA ligand for the NK cell’s KIR (KIR-ligand 
match). When the tumor cell expresses activating ligands as well, the net balance of activating and 
inhibitory signals received by the NK cells will determine the NK cell response. B) The donor NK cell 
encounters a tumor cell, which does not express the cognate HLA ligand for the NK cell’s KIR due to a 
genetic mismatch between donor and patient (KIR-ligand mismatch). This principle is similar to the 
‘missing-self’ situation, where endogenous NK cells encounter tumor cells that downregulated HLA class 
I. Consequently, the NK cell depicted in B is responding more potently to the tumor cell than the NK cell 
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depicted in A (magnitude of NK cell responses is indicated by the + symbol). C) When donor NK cells 
encounter the patient’s healthy cells, alloreactive NK cells generally do not attack the patient’s healthy 
tissue due to the absence of NK cell activating signals on healthy cells. The figure was created using 
BioRender.com. 
 
 
Different platforms for NK cell-based therapy  
The above-introduced concept describes one possible platform for NK cell therapy 
in the setting of HSCT, in which autologous NK cells or NK cells from an (haplo-
)identical donor can mediate anti-tumor effects. Because of the clinical evidence for 
their anti-tumor potential, NK cells have also been tested for adoptive cell therapy, 
which emerged as another attractive platform for NK cell-based therapies, either in 
combination with or without HSCT. Adoptive NK cell transfer can be performed with 
autologous or with allogeneic NK cells (Figure 4). Multiple studies demonstrated that 
the infusion of adoptive NK cells was safe in both the autologous and allogeneic 
setting for hematological malignancies as well as for solid tumors (reviewed in76,77). 
However, infusion of autologous NK cells failed to induce potent anti-tumor effects 
in several studies and more promising results were obtained with allogeneic NK cells, 
especially against AML, after both HSCT and infusions of allogeneic NK cells by 
themselves (reviewed in 77). For example, one of the first clinical studies outside the 
HSCT setting found that administration of haploidentical NK cells was well-tolerated 
and achieved remission in 5 of 19 poor-risk AML patients78.  
 

 
Figure 4. General concept for adoptive NK cell transfer. NK cells can either be derived from a healthy 
donor (allogeneic setting) or from the patient itself (autologous setting). Most frequently, NK cells are 
isolated from peripheral blood. Newer NK cell sources include NK cell isolation from cord blood and 
generation of NK cells from induced pluripotent stem cells (iPSC). Following NK cell derivation, the NK cells 
can be cultured in vitro to expand and to activate the NK cells. In vitro culture provides ample 
opportunities for NK cell modification to generate more potent NK cell products. Finally, the NK cells are 
infused into the patient.  
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To further improve clinical responses, especially against solid tumors, the 
development of NK cell-directed therapies focusses on several aspects including the 
optimal NK cell administration (NK cell source, dose, pre-conditioning) and 
enhancing the NK cell killing potential and persistence in vivo. Regarding the NK cell 
source, NK cells from peripheral blood are most commonly used in the clinical studies 
published so far, but other NK cell sources include umbilical cord blood, stem cells 
(embryonic or induced pluripotent stem cells) or NK cell lines76. Independently of the 
NK cell source, high doses of NK cells are used in most clinical trials. Although there 
is no consensus yet on the number of NK cells that should be infused, doses between 
5x106 - 1x108 NK cells/kg body weight are used in most clinical trials79. Such numbers 
cannot be reached by isolation from peripheral blood and require NK cell expansion.   
 
Several protocols have been developed for NK cell expansion using different 
approaches, for example performing the expansion in the presence of cytokines 
and/or feeder cells such as autologous PBMCs or irradiated K562 tumor cells80,81. A 
K562 feeder cell-based expansion method with membrane-bound IL-21 can for 
instance lead to an expansion of almost 50,000-fold more NK cells and 
methodologies are rapidly advancing to achieve higher yields82. While the optimal 
expansion protocol still needs to be determined, methodologies are rapidly 
advancing to achieve higher yields and allow sufficient numbers to perform several 
rounds of NK cell infusions, which could represent a strategy to counteract the 
relatively short in vivo persistence of NK cells80. The ex vivo expansion of NK cells 
additionally provides opportunities to increase the NK cell killing potential and 
persistence, for example by addition of cytokines or manipulating NK cells (Figure 4). 
Genetic manipulations of NK cells by transducing them with CAR receptors may 
improve NK cell anti-tumor efficacy and NK cell persistence79. Currently, over 100 
clinical and preclinical studies are ongoing with CAR-NK cells derived from NK cell 
lines or primary cells83. Modifications of NK cells could further be utilized to improve 
recruitment of infused NK cells to the tumor e.g., by generating NK cells with specific 
chemokine receptors that are important in the targeted tumor type84. Especially for 
solid tumors, the recruitment of infused NK cells to the tumor site is another crucial 
factor that needs to be addressed because NK cell infiltration in solid tumors is 
generally low85.  
Overall, various platforms and strategies are explored to boost the anti-tumor 
efficacy of NK cells including ex vivo expansion, NK cell activation and manipulation. 
More research is needed to identify the most promising combinations of strategies 
that will generate optimal NK cells with sustained anti-tumor activity after infusion 
into patients.  
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Tumor cells hiding in suppressive tumor microenvironments - a challenge for 
effective NK cell therapy  
Tumor cells are fitted with numerous features to ensure tumor growth and survival. 
These features are recognized as the hallmarks of cancer with one of them being 
‘evading immune destruction’86. To evade immune cells, tumors can for example 
alter their ligand expression e.g., by downregulating HLA class I to escape T cell 
recognition as described before. To also escape NK cells, tumor cells acquire 
additional mechanisms of resistance, for example to keep expression of inhibitory 
ligands for NK cells or specifically cleave off the activating NKG2D ligands 
MICA/MICB, which can subsequently occur as soluble forms87,88. 
Importantly, tumor cells do not exist in isolation, but are embedded in the tumor 
microenvironment (TME). The TME is comprised of many different cellular and non-
cellular components, including extracellular matrix, stromal cells such as cancer-
associated fibroblasts, angiogenic vascular cells and immune cells89. Together, the 
TME components form a complex network, of which the tumor takes advantage to 
support its survival and progression89. Even more, tumor cells can recruit and instruct 
other cells, including immune cells, to establish a tumor-supporting and 
immunosuppressive TME89. Within the TME, functional NK cells, CD8+ T cells and 
CD4+ T helper cells type 1 (Th1) can generally cooperate with dendritic cells and 
proinflammatory macrophages to perform anti-tumor immune responses, whereas 
CD4+ Foxp3+ regulatory T cells (Treg) and heterogenous populations of myeloid-
derived cells, including tumor-associated macrophages (TAM), can support the 
tumor and impair anti-tumor immune responses, directly or indirectly by creating a 
immunosuppressive TME90.   
In the TME, anti-tumor effector cells, including NK cells, are often found to be 
dysfunctional. Tumor-infiltrating NK cells have been described to acquire an altered 
phenotype compared to blood NK cells, characterized by low expression of several 
activating receptors such as NKp46, DNAM1, NKG2D, and CD16, in both blood 
cancers91-93 and solid cancers94-97. Additionally, high levels of the inhibitory receptor 
NKG2A or the inhibitory checkpoints TIGIT and TIM-3 were found on NK cells in 
tumors 93,98,99. Such changes in NK cell phenotype can impair their anti-tumor 
effector functions, resulting in lower cytotoxic capacity and IFN-γ secretion, and have 
been associated with disease progression or poor response to therapy93-95. The 
altered phenotype and effector function of NK cells could be mediated by the tumor 
cells or tumor-associated immune cells in the TME, such as TAMs, as both tumor and 
other immune cells can interact with NK cells directly and indirectly through 
secretion of numerous factors that can compromise NK cell effector functions.  
The TME can further influence NK cells indirectly through accumulation of 
immunosuppressive factors in the TME, which can be produced by other TME cells. 
Among these factors are TGF-β, IL-10, nitric oxide, arginine, as well as prostaglandin 
E2 (PGE2)29. Additionally, soluble MICA/MICB molecules, secreted by tumor cells, 
can act as suppressing rather than activating signals as binding of soluble MICA/MICB 
to the activating receptor NKG2D induces downregulation of the receptor100. 
Moreover, hypoxia is present in most tumors as the result of increased oxygen 
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consumption by the tumor cells paired with insufficient oxygen delivery by a 
dysfunctional vasculature101. We and others have previously shown that hypoxia 
affects NK cells and inhibits their anti-tumor cytotoxicity102,103.  
The cellular metabolism in the TME is another relevant factor that can affect NK cells 
negatively. Tumor cells undergo metabolic reprograming from oxidative 
phosphorylation towards enhanced aerobic glycolysis (also known as the Warburg 
effect), which supports them to thrive in a hypoxic TME104,105. The high rates of 
glycolysis in tumor cells limit the availability of nutrients like glucose in the TME and 
create metabolic competition between tumor and immune cells106. As for other 
immune cells, glucose is also a key fuel for NK cells107,108. Additionally, the TME can 
also contain high levels of lactate, a by-product of aerobic glycolysis, which can 
inhibit NK cell anti-tumor functions109.   
The numerous factors in the TME form a complex network and jointly create the 
immunosuppressive environment that can influence the potential of 
immunotherapies110. To create effective NK cell-based therapies, it is crucial to first, 
understand how the complex TME network affects the developed NK cell products 
and second, to find strategies that can overcome TME-mediated NK cell suppression.  
 
NK cell-based therapy approaches for multiple myeloma (MM) 
The use of alloreactive NK cells represent a promising therapy approach for MM. In 
a clinical study, infusion of KIR-ligand mismatched NK cells, followed by autologous 
HSCT, resulted in complete remission in around 50% of MM patients111. However, 
the anti-tumor functions of NK cells are often impaired in advanced MM, at least in 
part due to the immunosuppressive bone marrow. Already early on, the bone 
marrow of MM patients is infiltrated by highly heterogeneous cell populations, 
including pro-tumor immune cells, that foster MM tumor growth and largely inhibit 
anti-tumor immune responses including NK cells8,112. Such functional impairment of 
NK cells needs to be prevented to unfold the full anti-tumor potential of NK cells and 
to create effective NK cell-mediated immunotherapies. Previously, our group 
showed that cytotoxic impairment of NK cells through hypoxia could be restored by 
activating the NK cells with high doses of IL-2102. In a follow-up study, lactate and 
PGE2 were included next to hypoxia to better mimic the TME in MM and both factors 
were found to reduce NK cell cytotoxicity despite IL-2 activation113. This study 
underlines the importance of mimicking the in vivo situation as closely as possible 
when testing NK cell products. Due to the complexity of the TME, cytokine-activated 
NK cells likely need to be combined with other strategies such as monoclonal 
antibodies or immunomodulatory drugs to further potentiate the anti-tumor effects. 
In our above-described study, addition of the ADCC-mediating antibody 
Daratumumab could at least partially reverse overcome the resistance induced by 
TME factors and restore NK cell responses113. The monoclonal antibody 
Daratumumab targets CD38+ myeloma cells and NK cell-mediated ADCC is 
recognized as one mechanism involved in the clinical success of this drug114. 
Additionally, our group demonstrated the functional relevance of KIR-ligand 
mismatching for potentiating NK cell anti-myeloma responses in combination with 
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Daratumumab113. However, as described above, the TME is characterized by 
numerous factors that might impose challenges to NK cells and further studies are 
therefore necessary get a better picture of how NK cell-based therapies might be 
affected by the complex TME and which combinational therapy will be most 
beneficial.  
 
NK cell-based therapy approaches for breast cancer  
Although NK cells are frequently found in low numbers in solid tumors, NK cell 
infiltration and activity have been associated with response to therapy in several 
recent studies31,115-117. For the subset of breast cancer patients with HER2+ disease, 
tumor-infiltrating NK cells correlated with enhanced response to the HER2+-targeting 
antibody Trastuzumab, which supports the hypothesis that NK cells play an 
important role in mediating ADCC when Trastuzumab is given116. However, the 
phenotype of circulating and tumor-infiltrating NK cells in breast cancer was 
characterized by low levels of many activating receptors (NKp30, NKG2D, DNAM1, 
CD16) and the described phenotype coincided with decreased NK cell 
cytotoxicity97,118. Such dysfunctional NK cells in breast cancer might be a 
consequence of the immunosuppressive TME97,119. Especially in breast cancer, the 
TME is highly heterogeneous in cellular- and spatial composition. In the past, breast 
cancer was considered immunologically ‘cold’ with low immune cell infiltration and 
mutational burden, but more recent profiling studies demonstrate that the breast 
cancer TME is highly heterogeneous and dynamic120. As the importance of the TME 
is increasingly recognized, better characterization of the TME, its composition and 
potential impact on NK cells will be necessary in order to develop new treatments. 
NK cell-based therapies in the setting of HSCT or adoptive cell transfer could 
represent strategies to increase NK cell numbers and their effectiveness for breast 
cancer. That the concept of allogeneic HSCT is also a feasible approach for breast 
cancer and could induce a GVT effect, has been shown by our group and by others 
in mouse models as well as in a clinical study with metastatic breast cancer121-123. In 
a follow-up study, our group demonstrated that murine NK cells from a 
haploidentical, alloreactive donor are mediators of the anti-tumor effects as they 
cured mice from 4T1 breast cancer, whereas NK cells from a syngeneic donor could 
not achieve such responses124. Our findings are in line with the results of alloreactive 
NK cells in AML patients63 and underline that, also against murine breast cancer, the 
GVT effect is facilitated by a KIR-HLA ligand mismatch (Ly49-MHC ligand mismatch in 
mice) between donor NK cells and tumor cells. Furthermore, administration of 
alloreactive NK cells alone could cure mice and were as effective as NK cells in 
combination with a bone marrow transplant, suggesting that it is worthwhile to test 
the use of alloreactive NK cell therapy in breast cancer patients124. One phase II 
clinical trial with allogeneic NK cells has been published, where 4 of 6 patients had 
stable disease 6 weeks after infusion and very poor in vivo persistence of NK cells125. 
That the TME directly affects adoptively transferred NK cells was apparent in another 
mouse study, where adoptive NK cells that reached the tumor site had an altered 
phenotype e.g., lower expression of the activating receptor NKp46, than NK cells that 
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migrated to the spleen126. The described studies support the notion that the TME is 
limiting the success of adoptively transferred NK cells and that NK cell effector 
functions and persistence need to be boosted. More research is required to 
understand in more detail which challenges the produced NK cells have to face in 
the breast cancer TME and to subsequently identify the best combination of 
strategies to push NK cell-based therapies towards success for breast cancer.  
  
 
Outline of the thesis  
Our research group aims to develop effective NK cell-based therapy by using NK cells 
derived from healthy donors. In order to optimize human NK cells in such a way that 
they remain functional in a suppressive TME, we need to understand in more detail 
which challenges NK cells encounter in the TME and how these challenges can be 
overcome. In this thesis, we describe strategies to potentiate the effector functions 
of cytokine-activated donor-derived NK cells against two cancer types, multiple 
myeloma and breast cancer, by using clinically-relevant models that represent TME 
characteristics. The chapters 2-4 follow up on our group’s previous work focusing on 
how to enhance NK cells against tumor cells, while the chapters 5-8 address 
additional TME factors that might need to be considered to augment NK cell efficacy.  
 
In chapter 2, we provide a literature overview of studies addressing the interaction 
between HLA class I and KIR or NKG2A receptors and the principle that interfering 
with HLA-mediated NK cell inhibition e.g., with KIR-ligand mismatching or with 
blocking antibodies, can enhance NK cell responses against multiple myeloma. In 
chapter 3, we investigated the interaction between NKG2A and HLA-E and the 
functional consequences for cytokine-activated donor NK cells. To represent the 
TME in MM, co-cultures of activated NK cells and MM target cells contained TME 
factors. We analyzed NKG2A+ and NKG2A- NK cell subsets and their responses against 
HLA-E- and HLA-E+ MM target cells in combination with an ADCC-triggering antibody. 
In chapter 4, we investigated whether the combination of two strategies, namely 
reducing NK cell inhibition through HLA class I and enhancing activation through 
ADCC, are also applicable for breast cancer. We tested the ADCC-mediating antibody 
Trastuzumab combined with KIR-ligand mismatching to enhance NK cell effector 
functions. As models we used breast cancer cell lines, cultured under hypoxia to 
represent the TME, as well as human primary breast cancer cells, which have been 
exposed to the TME in the patient.  
 
Having studied a concept of how NK cell responses can be augmented against tumor 
cells, we further explored several TME characteristics that could contribute to 
limiting NK cell anti-tumor responses in an immunosuppressive TME. In particular for 
solid tumors, understanding the spatial distribution of NK cells in relation to tumor 
cells and other tumor-infiltrating leukocytes will be essential to improve clinical 
responses of NK cell-based immunotherapy approaches. In chapter 5, we therefore 
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profiled endogenous tumor-infiltrating NK cells in two human breast cancer cohorts 
to gain insights into NK cell density, phenotype and cellular distribution.  
Since glucose is an important fuel for NK cells and the nutrient availability known to 
be reduced in many cancer types, but not yet studied for MM, we assessed the 
glucose concentration in the bone marrow of MM patients in chapter 6. 
Subsequently, we investigated whether the glucose concentrations, as found in MM 
bone marrow, affected the anti-tumor responses of activated donor-derived NK cells 
(chapter 6). 
In chapter 7, we studied the interactions between donor NK cells and macrophages 
(TAM and M1 macrophages), as a proxy for tumor accessory cells, and assessed 
whether NK cell effector functions could be enhanced by an ADCC-triggering 
antibody directed against TAM, with the idea being that this approach could 
contribute to reshaping the TME towards a more immunostimulatory environment 
through NK cell activation and associated secretion of proinflammatory cytokines.   
In addition to TME cells and metabolic factors, many soluble factors in the TME affect 
NK cell activity. In chapter 8, we studied alternative splicing of HLA-C and whether 
allele polymorphism influenced the occurrence of alternatively spliced HLA-C 
products, which might influence HLA-C expression levels and thus NK cell responses 
since HLA-C molecules are major inhibitory ligands for NK cells.  
In chapter 9, the findings of the individual chapters are discussed and the 
implications of our findings for NK cell-based immunotherapies are described 
together with a future perspective for combined therapy approaches.  
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Abstract 
Natural killer (NK) cells are attractive candidates for allogeneic cell-based 
immunotherapy due to their potent antitumor effector function and good safety 
profile. NK cells express killer immunoglobulin-like receptors (KIRs) and the NKG2A 
receptor important for NK cells education as well as providing inhibitory signals upon 
encountering HLA-expressing target cells. Multiple myeloma (MM) is an example of 
a tumor expressing relatively high levels of HLA molecules. In this review, we discuss 
the functional relevance of inhibitory KIRs and NKG2A for NK cells anti-MM response 
and strategies to lower these inhibitory signaling to enhance clinical efficacy of 
allogeneic NK cells in MM. 
 
 
Introduction 
Over the past years, NK cells became popular candidates for immunotherapy against 
cancer due to their unique combination of a potent anti-tumor effector function and 
a very good safety profile (1). 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 vs. host pathology. In the allogeneic setting, this latter feature 
is a great benefit over strategies using conventional 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 vs. 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 Ljunggren and Karre (2). 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 (3). 
 
NK cells can sense self vs. missing-self via receptors belonging to the killer 
immunoglobulin-like receptor (KIR) family and NKG2A. In this review, we will provide 
an overview of the functional relevance of 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 (MM), a hematological malignancy 
characterized by the expansion of malignant plasma cells in the bone marrow. To 
date, MM remains incurable despite the greatly improved clinical perspective due to 
novel immunomodulatory agents like lenalidomide and pomalidomide and highly 
promising antibodies like daratumumab (anti-CD38) and 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. 
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Killer Immunoglobulin-Like Receptors (KIRs) Biology 
The KIR family consists of activating- and inhibitory receptors. Activating family 
members are characterized by a short cytoplasmic ITAM activating signaling domain 
and are 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 human leukocyte antigen (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 (4–6). KIR3DL1, binding HLA-B alleles 
bearing a Bw4 motif as well as HLA-A*23/*24/*32 (7, 8). KIR3DL2 has been shown to 
interact with HLA-A*3/*11 (9) and HLA-F (10). The activating KIR2DS1 and KIR2DS2 
have been shown to bind with C2 and C1 alleles, respectively, and KIR2DS4 interacts 
with subsets of HLA-C alleles and with HLA-A*11 (11, 12). The ligands for the other 
KIRs remain elusive so far. 
 
The genes encoding the KIRs are located in the KIR gene cluster in the leukocyte 
receptor region on chromosome 19, and so far, 27 different KIR haplotypes have 
been described (http://www.imgt.org/). KIR2DL4, KIR3DL2, KIR3DL3, and KIR3DP1 
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 express only KIR2DS4 as 
activating KIR and eight other KIRs (KIR2DL1, KIR2DL3, KIR2DL4, KIR3DL1, KIR3DL2, 
KIR3DL3, KIR2DP1, and KIR3DP1), the B haplotypes express 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) and in most populations B/x haplotypes 
are more common than A/A. 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 182 
MM patients revealed that the genotypic presence of KIR3DS1, most pronounced in 
Bw4 missing patients, was associated with reduced progression free survival after 
autologous SCT (15). Nonetheless, further extensive studies on the influence of the 
KIR genetic repertoire on development and progression of MM are missing. 
 
Further variation in KIR repertoires between individuals results from the relatively 
polymorphic nature of the KIR genes 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 intra-individual 
diversity 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 cell surface expression 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 
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of a single KIR occurs more frequently (30% and 35%, respectively). Functionally 
immature NK cells, lacking all KIRs, represent about 20% (18). 
 
NKG2A Receptor Biology 
NK cells of healthy individuals frequently express NKG2A (20–80%) (19, 20). NKG2A 
expression occurs more frequently on KIR-negative NK cells and decreases as NK cells 
acquire KIRs (18). 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 (21). NKG2A engages HLA-E, a non-classical HLA class I 
molecule 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) (21). 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 while HLA-E*01:03 has a Glycine (22). This amino acid 
difference results in a higher peptide binding affinity and consequently a higher 
surface expression for HLA-E*01:03. NKG2A binds to both HLA allotypes and so far, 
no obvious functional differences between the two HLA-E alleles have been 
described (23, 24). While the KIRs are highly polymorphic, NKG2A is well conserved 
with only a few known polymorphism (13, 25, 26). 
 
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 (27). 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 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 NK cell subsets expressing no inhibitory receptor 
or a receptor for which the HLA ligand is not endogenously expressed are 
hyporesponsive (28). On the other hand, NK cells expressing inhibitory receptors that 
can engage HLA become more responsive (29). Those so-called educated NK cells 
have been shown to hold higher density granules (30). Moreover, they are more 
potent cytokine producers and killers than non-educated NK cells (31). From 
previous studies it known that the more inhibitory receptors an NK cell expresses, 
the more potent its effector function (32, 33). 
 
HLA Class I and HLA-E Expression in Multiple Myeloma 
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 
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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 (34). By doing so, these tumor 
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 (35). 
Consequently, a reduced expression of HLA class I can be expected to 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 developed 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, as seen in TAP deficient LCL 721.221 cells (36). 
Alternatively, peptides from stress proteins like Hsp60 have been shown stabilize 
HLA-E on the cell membrane (37). 
 
In MM, we observed that MM cell lines frequently express only low levels of HLA-E 
in vitro while HLA-E expression was much higher upon in vivo growth of the cells in 
the bone marrow of immunodeficient mice (38). Moreover, primary MM cells 
obtained from patients expressed relatively high levels of HLA class I as well as HLA-
E (38). 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 (39). 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 (40). 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 in an 
allogeneic transplantation setting, the use of clinically available monoclonal 
antibodies to block KIR (e.g., lirilumumab) or NKG2A (e.g., monalizumab) (41, 42), or 
by agents such as the proteasome inhibitors lactacystin, bortezomib and carfilzomib 
that have been shown to reduce HLA class I expression in MM (43–45). 
 
Creating Missing-Self for Multiple Myeloma by KIR-Ligand Mismatching in the Allo-
SCT Setting 
The potential of exploiting missing-self recognition to enhance the antitumor 
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 (haplo-SCT) 
in patients with acute myeloid leukemia (AML) (46, 47). In the haplo-SCT setting, 
patient and donor are matched based on one of the HLA haplotypes meaning that 
half of the HLA genes is mismatched between patient and donor. This enables 
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incompatibility between inhibitory 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 educated by the donor HLA background (48, 49), 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). 
 

 
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. 
 
Only very limited data on the potential benefit of KIR-ligand mismatching in allo-SCT 
in MM is available. Nevertheless, Kröger et al. showed that in HLA-C mismatched 
unrelated donor allo-SCT, patients receiving a KIR-ligand mismatched graft had 
longer progression free survival than patients receiving a matched graft (50). In 
general, 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 
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KIRs and it can take up to 3 months till a fully mature KIR repertoire is present (51). 
As NKG2A could inhibit the anti-MM response of these reconstituting NK cells (38), 
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. 
 
For a long time, feasibility of haplo-SCT was limited by 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 αβ-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 (52). To be eligible for KIR-ligand 
mismatched transplantation, patients should genotypically lack expression of at least 
one of the inhibitory KIR ligands, meaning that they should miss either HLA-C1, -C2, 
or –Bw4 or a combination thereof. Nonetheless, ~1/3 of the population express all 
three ligands (53). This was also observed in a large clinical study on leukemia and 
myelodysplastic syndrome (54), where around 34–36 % of the patients expressed all 
three ligands and the rest of the patients (64–66 %) lacked at least one ligand. 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 (55). 
 
Creating Missing-Self for NK Cell Adoptive Transfer in Multiple Myeloma 
Various research groups have shown that NK cells played a major role in the 
elimination of tumor cells in the allogenic setting. Nonetheless, previous studies 
have also shown that NK-cell numbers and effector to target ratios are important for 
tumor cell clearance (56, 57). To enable infusion of high numbers of NK cells, large 
scale ex vivo expansion of NK cells for adoptive NK cell-based therapy is currently 
heavily investigated (58, 59). To date, several groups have infused NK cells into MM 
patients as a form of adoptive immunotherapy. Szmania et al. infused up to 1 × 108 
(per kilogram) ex vivo expanded NK cells derived from MM patients or haploidentical 
family donors into 8 high-risk relapsed MM patients (60). These 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 the NK cell infusion did not affect the 
disease progression, in one patient it resulted in a partial response and in another 
patient in a delayed disease progression. In another study, umbilical cord blood-
derived NK cells were infused into 12 high-risk relapsed MM patients (61). In this 
study, four different doses of NK cells were administered each to three patients; 5 × 
106, 1 × 107, 5 × 107, and 1 × 108 demonstrating a good safety profile a partial 
response in 10 patients as their best response. In the 21st month of follow up, four 
patients progressed or relapsed. 
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Given the relatively high expression of HLA-class I on the MM cell surface (38, 39, 
62), selection of KIR-ligand mismatched NK cell donors could be an approach to 
enhance clinical anti-MM 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 from NK cells that are reconstituting after 
allo-SCT. 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) NK cells, KIR-ligand mismatched NK cells 
were better effector cells than KIR-ligand matched NK cells against various MM cell 
lines (38). This was also the case in the presence of immunosuppressive factors, like 
hypoxia, PGE2 and lactate, that are frequently found in tumor microenvironment 
(63). 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 (63). 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 ex vivo expanded clinical 
NK cell products harbor very high percentages of NKG2A+ NK cells, we also evaluated 
the relevance of 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 (64). Enhanced levels of HLA-E on the MM cells, by using an 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 (64). 
Together these data emphasize the complexity of the NK cell antitumor response. 
Furthermore, they suggest that creating missing self by KIR-ligand mismatching for 
highly activated NK cells could help to potentiate clinical efficiency while creating 
missing-self based on interfering with NKG2A may only be beneficial for tumors 
expressing high levels of HLA-E. 
 
Creating Missing-Self with Monoclonal Anti-KIR or Anti-NKG2A Antibodies 
The use of currently clinically available antibodies that block KIR or NKG2A is an 
alternative interesting option to create missing-self 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 is mediating strong inhibitory 
effects (e.g., for tumors with very high levels of HLA-E or for unactivated NK cells). 
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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 (65). In other in vitro studies, the addition of 
IPH2101, a clinical anti-KIR antibody, increased NK cell cytotoxicity against HLA-C 
positive acute myeloid leukemia and lymphoma cells (66, 67). In spite of the in vitro 
successes, the clinical efficacy of the antibody 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 despite an observed improvement in in vitro cytotoxicity 
against a MM cell line (41). A phase II trial with IPH2101 in patients with smoldering 
MM, was prematurely terminated due to lack of therapeutic benefit (68). 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 (69). 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. These studies suggest that blocking KIR by 
anti-KIR antibodies could 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, a better understanding of how to use the blocking 
antibody in vivo is essential. 
 
One way to improve clinical responses of IPH2101 may be by combinational 
therapies 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 (70). Moreover, 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 (71). 
 
Blocking NKG2A is another option to reduce inhibitory NK cell signaling aiming to 
improve the effector function of either endogenous NK cells or of donor NK cell in 
allo-SCT or adoptive transfer settings. 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 (42). 
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 (72). However, thus far completed clinical trials 
testing safety and efficacy of monalizumab in MM patients are not available. 
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Future Perspective 
To further enhance the NK-cell antitumor response, novel combination strategies are 
currently being explored and also there it may be relevant to evaluate the additive 
value of interfering with inhibitory signaling via HLA. Examples of such strategies are 
combinations with antibodies (monoclonal, bi- or tri-specific) targeting tumor-
associated or –specific antigens to trigger ADCC. Also, genetic modification of NK 
cells during ex vivo NK cell expansion is frequently explored as a novel way to 
improve NK function for instance by creating NK cells expressing chimeric-antigen 
receptors (CAR) to potently trigger NK cell activation. Another interesting option is 
the combination of haplo-SCT and infusion of a high number of highly activated NK 
cells from the same donor. This combination would bypass the drawbacks of slow 
reconstitution of mature NK cells (up to 2–6 months) in haplo SCT (73, 74, 75) and 
lack of persistence for ex vivo expanded NK cells as they are short lived and not 
clonally expand upon activation (76). The combination setting would have the best 
of both worlds. First, the adoptively transferred NK cells could be manipulated during 
ex vivo expansion and they can mediate their potent antitumor effects in the first 
lymphopenic period after haplo-SCT while they simultaneously contribute to 
protection from viral infections. Second, the NK cells that reconstitute from the 
donor stem cells will provide persistence of donor NK cells. Third, the process of 
donor selection for both procedures needs to only be done once. The use of haplo-
SCT in Europe is increasing since 2005 (77). Our group recently finished a phase I 
study performing haplo-SCT in MM, now continued as a phase II study 
(NL49476.000.14), which can serve as platform for haplo-SCT and NK-infusion 
combination therapy in MM. At MD Anderson such a combination study has already 
been in patients with AML showing feasibility and better disease-free survival and 
less infections (78). 
 
Studies with sufficient power to demonstrate a potential clinical relevance of 
creating missing-self are currently lacking in MM. Moreover, since the benefit of 
interfering with inhibitory HLA-induced signaling seems to depend on the exact 
transplantation protocol, 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 for NK cells receiving very strong activating signal via a CAR or via potent 
bi- or even tri- specific antibodies and in the haplo-SCT NK infusion combination 
setting as well. The potential shown in especially in vitro, studies and the relatively 
high expression of classical HLA class I molecules as well as non-classical HLA-E on 
MM cells make it worthwhile to further explore the potential benefit of reducing 
inhibitory signaling via HLA by genetic mismatching or blocking antibodies. 
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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 (HLAC1+ C2+ Bw4+) and activated overnight with 1,000 U/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 cell-mediated cytotoxicity, 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). Our group aims to develop NK cell-based 
immunotherapy for multiple myeloma (MM), 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 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 antibody-dependent cell-mediated 
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cytotoxicity (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. 
 
 

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 lines 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 lines were purchased from 
American Type Culture Collection (ATCC, USA). UM-9 and RPMI8226/s-luc cell lines 
were gifts from Dr. A. Martens, Vrije Universiteit Medisch Centrum, The Netherlands. 
RPMI8226/s and JJN-3 cell lines 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 37°C in humidified air containing 5% CO2 with 21% 
O2 (Sanyo MCO-20AIC, Sanyo Electric Co., Japan). 
 
Primary MM Cells 
Primary MM 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’s instruction (Miltenyi Biotech). The purified 
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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 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, 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 
Natural killer 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 1,000 IU/ml 
recombinant human IL-2 (Proleukin, Novartis) in RPMI-1640 medium (Gibco) 
supplemented with 10% FCS (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-well 
plate at a concentration of 2 × 106 cells/ml per well and incubated overnight at 37°C 
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 50 mM sodium l-lactate (Sigma) or 100 ng/ml prostaglandin E2 
(Sigma) or medium (Figure 1; 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 
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(clone: REA110, Miltenyi Biotec) (Figure 5D) for 1 h in 37°C 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; Figure S7 in Supplementary Material) 
for 30 min in 37°C 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 min 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 h of co-culture, 
monensin (BD) 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 (clone: SK7, BD), anti-
CD56-PeCy7 (clone: B159, BD), 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. 
 
Induction of HLA-E Expression Using HLA Leader Peptides 
U266 cells were incubated with 500 µM of HLA-A1 (VMAPRTLLL), HLA-B7 
(VMAPRTVLL), or a non HLA-E binding control peptide (RGPGRAFVTI) (Biosynthesis 
Inc.) overnight at 37°C, 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: 3D12 HLA-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. 
 
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 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, and *** 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).  
 

 
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). 
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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 (Figures 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 4 h 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 NKG2A on IL-
2-activated NK cell degranulation in response to three MM 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 nonclassical 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 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 
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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+, and 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 one patient and more 
activated in one 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. 
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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) 
 
 
Daratumumab Triggers 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 
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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- to 19-fold at 21% O2 and 2.0- to 44.5-
fold at 0.6% O2. For RPMI8226/s, the median fold enhancement ranged from 1.9- to 
11.4-fold at 21% O2 and 3.5- 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). 
 

 
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. 
 
 



Chapter 3 
 
 

59 
 

Natural killer 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 cells were incubated without (Figure 5A) or with 
daratumumab (Figures 5B–D) for 4 h 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 one 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-h degranulation assay using IL-2-activated NK cells from three 
healthy donors against U266, a MM 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-A1 peptide, or HLA-B7 leader peptide. The HLA-A1 or B7 
peptides 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 sixfold 
(HLA-A1 peptide) and eightfold (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. 
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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 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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Discussion 
We envision that the ideal NK cell product for cancer treatment would be a large 
number of highly activated NK 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 this 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 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 
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heterogeneous population of NK cells. The percentages of NKG2A+ KIR− NK cells 
among our donors varied between 11.6 and 51.8% of total NK cell populations (Table 
S1 in Supplementary Material) 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 (1,000 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. 
 
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. TMEF, 
such as hypoxia, lactate, prostaglandin E2, and others have been shown to dampen 
NK cell anti-tumor responses through several mechanisms summarized in Ref. (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 
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the NK cells, possibly because the 4 h 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 TMEF 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 
TMEF. 
 
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. 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 blockade of NKG2A with 
monalizumab would be beneficial. 
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Supplementary Materials 

 

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).  

 
 

 
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. 
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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 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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Simple Summary 
Natural killer (NK) cells are potent killers of tumor cells. Many tumors, in-cluding 
breast cancers, develop mechanisms to suppress anti-tumor immune responses, 
requiring the development of strategies to overcome suppression. Here, we tested 
a combination therapy that aims to (1) enhance NK cell activation and (2) reduce NK 
cell inhibition mediated by sup-pressive factors in tumors or in the tumor 
microenvironment. We cultured cell lines under hy-poxia to mimic the tumor 
microenvironment or used patient-derived breast cancer cells that were primed by 
the patient’s tumor environment. Our results demonstrated that cytokine-activated 
NK cells remained active under hypoxia and that tumor-targeting antibodies 
enhanced the NK cell anti-breast cancer response. Moreover, we observed that NK 
cell suppression by inhibitory ligands on the tumor cells can be reduced by the 
selection of NK cell donors with NK receptors that are incompatible with these 
ligands. Collectively, we present two powerful strategies to enhance the NK cell 
responses against breast cancer. 
 
Abstract 
Natural killer (NK)-cell-based immunotherapies are an attractive treatment option 
for cancer. We previously showed that alloreactive mouse NK cells cured mice of 4T1 
breast cancer. However, the tumor microenvironment can inhibit immune 
responses, and these suppressive factors must be overcome to unfold the NK cells’ 
full anti-tumor potential. Here, we investigated the combination of antibody-
dependent cellular cytotoxicity (ADDC) and the selection of KIR-HLA-ligand 
mismatched NK cells to enhance NK cell anti-breast cancer responses in clini-cally 
relevant settings. Donor-derived and IL-2-activated NK cells were co-cultured with 
pa-tient-derived breast cancer cells or cell lines MCF7 or SKBR3 together with the 
anti-HER2 antibody trastuzumab. NK cells mediated anti-breast cancer cytotoxicity 
under normoxic and hypoxic conditions. Under both conditions, trastuzumab 
vigorously enhanced NK cell degranulation (CD107a) against HER2-overexpressing 
SKBR3 cells, but we observed a discrepancy between highly degranulating NK cells 
and a rather modest increase in cytotoxicity of SKBR3. Against patient-derived breast 
cancer cells, the anti-tumor efficacy was rather limited, and HLA class I expression 
seemed to contribute to inhibited NK cell functionality. KIR-ligand-mismatched NK 
cells degranulated stronger compared to the matched NK cells, further highlighting 
the role of HLA. In summary, trastuzumab and KIR-ligand-mismatched NK cells could 
be two strategies to potently enhance NK cell responses to breast cancer. 
 
Keywords: alloreactive donor NK cells; HLA class I; antibody-dependent cellular 
cytotoxicity; breast cancer; tumor microenvironment 
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Introduction 
Breast cancer is the most common cancer in women worldwide and remains a 
leading cause of death [1]. While newer therapies have improved survival rates over 
the past years, they still fail to cure metastatic disease. The effectiveness of standard 
therapies such as surgery, systemic therapy, and radiotherapy can be limited 
because tumor cells frequently develop resistance to therapy and subsequently 
progress [2]. Over the last years, immunotherapies, including monoclonal antibodies 
and cellular therapies, have emerged as promising treatment options. Trastuzumab 
(Herceptin) is a clinically approved antibody that targets human epidermal growth 
factor receptor 2 (HER2), a receptor that is overexpressed in 15–20% of breast cancer 
patients [3]. Next to direct anti-tumor effects, the mechanisms of trastuzumab 
include antibody-dependent cellular cytotoxicity (ADCC), which is mediated by CD16-
expressing immune cells such as natural killer (NK) cells [4]. 
As NK cells are a crucial part of the first line of defense against tumors, they have 
gained increasing interest for cell-based immunotherapies, and ex vivo modifications 
can help to increase their effector functions in vivo in suppressive tumor 
microenvironments (TME) [5]. NK cells selectively kill tumor cells and, unlike T cells, 
do not require prior sensitization. They get activated when an excess of activation 
signals, such as stress signals, is received over inhibitory signals. The major inhibitory 
signals are mediated through human leukocyte antigens (HLA), which are expressed 
on all nucleated cells and bind to inhibitory killer-immunoglobulin-like receptors 
(KIRs) and NKG2A on NK cells. HLA ligands can be downregulated on tumor cells to 
escape T cells, but thereby tumor cells could become more susceptible to NK cells 
(missing-self hypothesis) [6]. HLA class I molecules are also critical for NK cell 
education, a process that is also known as NK cell licensing, and that requires the 
interaction between HLA ligands and the corresponding KIR or NKG2A receptors on 
the NK cell [7]. The more inhibitory receptors that find their ligand are expressed by 
NK cells, the higher the NK cell responsiveness against target cells, indicating that 
these receptors play a dual role in regulating NK cell effector functions by licensing 
NK cells on the one hand and inhibiting effector functions of previously licensed NK 
cells on the other hand [7]. 
In solid tumors, tumor-infiltrating NK cells are generally sparse, and they have been 
described as less cytotoxic than in healthy individuals [8]. To increase effectiveness, 
adoptive transfer of NK cells is tested. For this purpose, NK cells are either derived 
from the patient (autologous setting) or from healthy donors (allogeneic setting). 
Our group is focusing on developing effective donor-derived NK cell therapy for 
cancer. We have previously shown that murine NK cells from an HLA-haploidentical, 
alloreactive donor can cure mice of 4T1 breast cancer, while NK cells from a 
syngeneic donor failed to do so [9]. The concept of alloreactive NK cell donors, 
leading to an improved outcome compared to non-alloreactive donors, has 
previously been demonstrated in patients with acute myeloid leukemia that received 
haploidentical stem cell transplants [10]. NK cell alloreactive donors expressed 
licensed KIRs for which the corresponding HLA-ligands were missing in the recipient, 
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similar to endogenous NK cells encountering tumor cells that downregulated HLA; 
these NK cells are also termed KIR-HLA ligand mismatched NK cells [11]. Alloreactive 
NK cells do not attack the recipient tissues, as activating ligands are absent on 
healthy cells [11]. 
Despite much progress with improving their anti-tumor responses, adoptive NK cells 
are not always effective yet. Tumors themselves can escape immune responses and 
develop resistance to therapy. In addition, the TME plays a crucial role in suppressing 
anti-tumor responses because it is frequently an environment with 
immunosuppressive factors, such as hypoxia, that can mediate inhibitory effects on 
immune cells including NK cells [12–14]. Hypoxic areas with a pO2 of 2.5 mm Hg (0.3% 
O2) or lower were detected in solid malignancies including breast cancer [15]. In 
another study, hypoxia, identified by HIF1α expression, was measured in about 40% 
of breast cancers and associated with poor survival [16]. Suppressive TME factors 
such as hypoxia must be overcome to unleash the break in NK cells and unfold their 
full anti-tumor potential. Such strategies include both potent activation of NK cells 
and minimizing NK cell inhibition. In a previous study, we observed that hypoxia 
reduced cytotoxicity and degranulation of unactivated NK cells and demonstrated 
that the oxygen levels during the kill assay were the most critical influencers of the 
response [12]. Importantly, we demonstrated that activation of the NK cells with IL-
2 could almost completely restore the NK cell responses, illustrating that IL-2 is a 
potent activator of NK cells and that NK cells can mediate anti-tumor responses in a 
hypoxic environment when sufficiently activated [12]. Another strategy to better 
activate NK cells is the use of monoclonal antibodies that trigger ADCC via the CD16 
NK cell receptor that binds to Fc-fragments of IgG antibodies. We and others showed 
that NK cells can mediate ADCC in a hypoxic environment against hematological 
tumors [17,18]. Trastuzumab may be a clinically applicable manner to enhance donor 
NK cell responses against breast cancer. In addition, HLA-mediated NK cell inhibition 
can be reduced by blocking the interactions of inhibitory receptors and their 
corresponding HLA ligands through blocking antibodies (e.g., anti-NKG2A antibody 
Monalizumab or anti-KIR antibody Lirilumab) or by selecting genetically different NK 
cell donors with a KIR–HLA mismatch [11,19]. 
In this study, we investigated whether the combination of ADDC-triggering and the 
selection of KIR–ligand mismatched NK cells can enhance the NK cell anti-tumor 
response to human breast cancer in clinically relevant settings. To address our 
research question, we used the anti-HER2 antibody trastuzumab and determined the 
cytotoxic potential of IL-2-activated, donor-derived NK cells in breast cancer models 
in the presence of hypoxia, an immunosuppressive factor frequently present in solid 
tumors. In addition, we evaluated the degranulation potency of KIR–ligand 
mismatched NK cells in this setting. 
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Materials and Methods 
Cell Culture and Animals 
The breast cancer cell line MCF7, purchased from ATCC, was cultured in an EMEM 
medium (ATCC, Manassas, VA, USA) supplemented with 10 µg/mL insulin, 10% fetal 
calf serum (FCS), 100 U/mL penicillin, and 100 µg/mL streptomycin (1% Pen/Strep, 
Thermo Fisher Scientific, Waltham, MA, USA). The breast cancer cell line SKBR3, 
purchased from DSMZ, was cultured in McCoy’s 5A medium (Gibco), supplemented 
with 20% FCS and 1% Pen/Strep. The HLA class I-negative cell line K562, purchased 
from ATCC, was used as a control cell line and cultured in IMDM medium (Gibco), 
supplemented with 10% FCS and 1% Pen/Strep. The cells were cultured at 37°C in an 
incubator containing 21% O2 and 5% CO2. For hypoxia exposure, the cells were 
cultured at 37 °C in a hypoxic chamber containing 0.2% O2 and 5% CO2 (InvivO2 1000, 
Ruskinn Technology Ltd., Bridgend, UK). NOD SCID gamma (NSG) mice were injected 
with 1 × 106 MCF7 cells subcutaneously into the flank. The local animal ethical 
committee had approved the experiments. Primary tumors were harvested and 
dissociated into single-cell suspension using the Tumor Dissociation Kit human 
(Miltenyi Biotec, Bergisch Gladbach, Germany) together with gentleMACS 
Dissociator (Miltenyi). Dissociated tumor cells were frozen until assays were 
performed. 
 
NK Cell Culture 
NK cells were isolated from healthy anonymous buffy coats (Sanquin blood bank, 
Maastricht, The Netherlands). The use of buffy coats does not need ethical approval 
in the Netherlands under the Dutch Code for Proper Secondary Use of Human Tissue. 
NK cell donors with an HLA C1+ C2+ Bw4+ genotype and expression of KIR2DL1, 
KIR2DL2/3, and KIR3DL1 receptors were used to obtain NK cells licensed for all three 
KIRs. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation using Lymphoprep (Axis-Shield, Dundee, Scotland). From the PBMCs, 
NK cells were obtained by negative selection, utilizing an NK cell isolation kit and the 
MACS separation column system (Miltenyi Biotec) according to the manufacturer’s 
protocol. The NK cells were subsequently activated with 1000 U/mL IL-2 (Proleukin, 
Novartis, Basel, Switzerland) and cultured overnight in RPMI-1640 medium (Gibco), 
supplemented with 10% FCS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 
°C in an incubator containing 21% O2 and 5% CO2. For some of the primary breast 
cancer cells, expanded NK cells were used as effector cells. NK cells were expanded 
from CD3-depleted PBMCs in SGCM medium supplemented with 10% FCS, 1% 
Pen/Strep, and 1000 U/mL IL-2. After 17 days of expansion, NK cells were frozen and, 
prior to the experiment, thawed and recovered overnight in the presence of IL-2. 
 
Cytotoxicity Assay 
The cytotoxic potential of NK cells against breast cancer cell lines was determined in 
flow-cytometry based assays. The target cells SKBR3, MCF7, and K562 were either 
labeled with CellTrackerTM CM-DiI Dye or with CellTrackerTM Deep Red Dye (both 
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Thermo Fisher Scientific) and were incubated at 37 °C either with 21% O2 or with 
0.2% O2. After 16 h incubation, the target cells were harvested and counted and 2 × 
104 cells were plated per well in a 96-well plate. The target cells were pre-incubated 
with 1 µg/mL trastuzumab (Roche, Basel, Switzerland) or with a culture medium, as 
a control, for 30 min. The hypoxia-exposed cells were kept at 0.2% O2 for all steps. 
IL-2-activated NK cells were harvested and washed before they were co-cultured 
with the target cells in a 1:1 or a 5:1 Effector:Target (E:T) ratio at 37 °C either with 
21% O2 or with 0.2% O2. After 4 h of co-culture, plates were put on ice to stop the 
reaction. The cells were washed with PBS (Sigma-Aldrich, Munich, Germany) and 
stained for dead cells with Live/Dead® Fixable Aqua Dead Cell Stain Kit (Thermo 
Fisher Scientific) for 30 min on ice. The assay was analyzed by flow cytometry. 
Specific cytotoxicity was calculated as follows: (% dead tumor cells—% spontaneous 
tumor cell death)/(100%—% spontaneous tumor cell death)×100. Spontaneous 
tumor cell death in the presence of trastuzumab was used to calculate specific 
cytotoxicity in the conditions with trastuzumab. 
 
CD107a Degranulation Assay 
The target cell lines SKBR3, MCF7, and K562 were incubated for 16 h at 37 °C either 
with 21% O2 or with 0.2% O2 and subsequently harvested for the CD107a 
degranulation assay. In each well, 105 target cells were plated and pre-incubated 
with 1 µg/mL trastuzumab (Roche) or, as a control, with a culture medium for 30 
min. IL-2-activated NK cells were harvested, washed, and subsequently co-cultured 
with the target cells in a 1:1 E:T ratio at 37 °C either with 21% O2 or with 0.2% O2. To 
each well, 5 µl of CD107a-Horizon V450 antibody (Miltenyi) was added. After 1 h of 
co-culture, Monensin (BD Biosciences, San Jose, CA, USA) was added to prevent 
reinternalization of CD107a, and after another 3 h of co-culture, the plates were put 
on ice to stop the reaction. The cells were washed with PBS and first stained with 
Live/Dead® Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) for 30 min on 
ice before surface staining with the following antibodies was performed for 30 min 
on ice: anti-CD3-APC-Vio770 (BW264/56), anti-CD56-PerCP-Vio700 (REA196), anti-
KIR2DL1-APC (143211), anti-KIR2DL2/3-PE (DX27), anti-KIR3DL1-FITC (DX9), and anti-
NKG2A-PE-Vio770 (REA110). The assay was analyzed by flow cytometry. 
 
KIR-Ligand Mismatched and Matched NK Cells 
The HLA class I genotype of SKBR3 and MCF7 was determined by Luminex-SSO. The 
genotype for SKBR3 cells was HLA C1+ C2− Bw4−, and the genotype for MCF7 cells was 
HLA C1− C2+ Bw4+. Flow cytometry was performed to determine the phenotypic 
expression of HLA-C and Bw4 as described below. The matched and mismatched NK 
cell populations were identified based on the genotypic expression of HLA C1, HLA 
C2, and HLA Bw4, as well as the phenotypic expression of Bw4. For SKBR3, KIR-ligand-
matched NK cells were KIR2DL2/3+ NK cells, and KIR-ligand-mismatched NK cells 
were KIR2DL1+, KIR3DL1+, and KIR2DL1+ KIR3DL1+ double-positive NK cells. For MCF7, 
KIR-ligand-matched NK cells were KIR2DL1+ NK cells, and KIR-ligand-mismatched NK 
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cells were KIR2DL2/3+, KIR3DL1+, as well as KIR2DL2/3+ KIR3DL1+ double-positive NK 
cells. 
 
Generation of F(ab’)2 Fragment 
The Pierce F(ab’)2 Preparation Kit (Thermo Fisher Scientific) was used according to 
the manufacturer’s protocol to generate an F(ab’)2 fragment of the trastuzumab 
antibody. The following secondary antibody was used to stain for the F(ab’)2 
fragment or trastuzumab: Alexa Fluor 647 AffiniPure F(ab’)2 Fragment Goat Anti-
Human IgG, F(ab’)2 fragment specific (Jackson ImmunoResearch, Cambridgeshire, 
UK). 
 
Primary Human Breast Cancer Cells 
Primary human breast cancer tissue was obtained from the Maastricht Pathology 
Tissue Collection. Collection, storage, and use of tissue and patient data were 
performed in agreement with the “Code for Proper Secondary Use of Human Tissue 
in the Netherlands” and have been approved by the local ethics committee. The 
tissue was immediately stored in MACS Tissue Storage Solution (Miltenyi) until 
processing. To dissociate single cells, the Tumor Dissociation Kit human (Miltenyi) 
was used together with a gentleMACS Dissociator (Miltenyi) according to the 
manufacturer’s instructions. Subsequently, the cell suspension was enriched for 
tumor cells by negative selection using the Tumor Cell Isolation Kit, human 
(Miltenyi). Tumor cells were identified by PanCytokeratin-AF488 (C11, 
ThermoFisher) and the purity of tumor cells was at least 70% PanCK+ cells, with one 
exception of 44% PanCK+ cells. For cytotoxicity and CD107a assays, either freshly 
isolated or IL-2-expanded NK cells were used, and co-cultures were performed for a 
duration of 16 h. 
 
Flow Cytometry 
To determine HER2 and HLA surface expression, SKBR3 and MCF7 cells were stained 
with Live/Dead® Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) for 30 min 
on ice, followed by staining with HER2-APC (Neu24.7, BD), HLA-C-PE (DT9, BD), HLA-
Bw4-PEVio770 (REA274, Miltenyi), HLA-E-PE (3D12, Thermo Fisher Scientific), HLA-
ABC-APC (G46-2.6, BD), or HLA-ABC-PE (REA230, Miltenyi), or matched isotype 
controls for 30 min on ice. All analysis by flow cytometry was performed with BD 
FACS Canto II. Data were analyzed with FlowJo v10.6.1 64-bit software, (TreeStar, 
Ashland, OR, USA). 
 
Statistics 
The statistical analysis was performed with GraphPad Prism 8.4.3 software 
(Graphpad Software, San Diego, CA, USA) using paired, non-parametric t-tests 
(Wilcoxon matched-pairs signed-rank test). 
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Results 
 

IL-2 Activated NK Cells Mediate Anti-Breast Cancer Responses under Hypoxia and 
Maintain the Potential to Mediate Trastuzumab-Induced ADCC 
Since hypoxia can have inhibitory effects on NK cells and is frequently observed in 
breast cancer [14,15], we investigated the influence of hypoxia on NK cell anti-tumor 
responses either in the presence or absence of trastuzumab, an ADCC triggering 
therapeutic antibody. We used the HER2-non-amplified cell line MCF7 and the HER2-
amplified cell line SKBR3 in NK cell functional assays together with trastuzumab. 
First, the influence of hypoxia on HER2 surface expression was detected by flow 
cytometry. Both cell lines expressed HER2 but the expression level of MCF7 was 
around 8-fold lower than of SKBR3, confirming their gene amplification status and 
hypoxia (0.2% O2) did not influence HER2 expression of both cell lines (Figure 1A,B). 

 
Figure 1. NK cell efficacy against non-amplified and HER2 amplified cell lines with or without trastuzumab 
under normoxia (21% O2) and hypoxia (0.2% O2). (A,B) HER2 surface expression levels were determined 
by flow cytometry on non-amplified MCF7 cells (A) and HER2-amplified SKBR3 cells (B). (C–F) For both 
degranulation (CD107a) and cytotoxicity assays, IL-2-activated NK cells were co-cultured with the target 
cells MCF7 or SKBR3 for 4 h either with 21% O2 or 0.2% O2 and analyzed by flow cytometry. CD107a assays 
were performed in 1:1 E:T ratios and % of CD107a+ NK cells are shown per donor against MCF7 (C) or 
SKBR3 (D) with the bar height indicating the mean. Cytotoxicity assays were done in 1:1 or 5:1 E:T ratios 
and dead target cells are shown as % of specific cytotoxicity for MCF7 (E) and SKBR3 (F). The donors from 
Figure 2 are included in the conditions with 21% O2 of (F). Each dot represents the average of duplicates 
from one NK cell donor. * p < 0.05, ** p < 0.01, ns = not significant. 
 
To determine the influence of hypoxia on NK cell degranulation, either or not in the 
presence of trastuzumab, CD107a assays were performed. The cell lines were 
cultured either under normoxia or hypoxia for 16 h before IL-2-activated NK cells 
were added for a 4 h co-culture period. To confirm that the NK cells from all donors 
were highly activated and functional, K562 cells were included as control target cells 
against which NK cells from all donors could strongly degranulate and mediate 
cytotoxicity (Figure S1). With MCF7 as target cells under normoxic conditions, the 
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percentage of degranulating NK cells ranged from 20% to 56% without trastuzumab 
and from 26% to 72% with trastuzumab. The average degranulation increased from 
37% without to 52% with trastuzumab (Figure 1C). Exposure of tumor cells to 
hypoxia did not reduce the degranulation of NK cells against MCF7 or the NK cell 
potentiating effect of trastuzumab (Figure 1C). Against the HER2-amplified SKBR3 
cells, an average of 20% of NK cells degranulated under normoxia, and the addition 
of trastuzumab highly increased the percentage of degranulating NK cells to 80%, 
demonstrating vigorous degranulation in all donors (Figure 1D). Compared to 
normoxia, NK cell degranulation against SKBR3 was around 10% lower under hypoxic 
conditions, but this did not reach statistical significance, illustrating that 
degranulation levels of activated NK cells were not severely impaired by low oxygen 
(Figure 1D). 
To assess the actual cytotoxic potential of NK cells in the presence of hypoxia and 
the ADCC-response mediated by trastuzumab, we performed 4 h cytotoxicity assays 
with IL-2-activated NK cells in different E:T ratios. Under normoxia, 25% of MCF7 cells 
were killed by NK cells in a 1:1 E:T ratio. As expected, the level of natural cytotoxicity 
was dependent on the E:T ratio and increased to an average of 52% in a 5:1 E:T ratio 
(Figure 1E). In line with NK cell degranulation, the cytotoxic capacity of MCF7 was 
not reduced by exposure to hypoxia (Figure 1E). With trastuzumab, cytotoxicity 
against the non-amplified MCF7 cells was increased in some donors, while it was 
decreased in other donors compared to natural cytotoxicity. Overall, trastuzumab 
did not enhance the average NK cell-mediated cytotoxicity against MCF7 under 
normoxic or hypoxic conditions (Figure 1E). The HER2-amplified SKBR3 cell line was 
more resistant to NK cell cytotoxicity. Under normoxic conditions, natural 
cytotoxicity ranged from 0–30% with an average of 11%, which was increased to 36% 
with a 5:1 E:T ratio (Figure 1F). The addition of trastuzumab increased the 
cytotoxicity in 9 out of 11 donors under normoxia and 5 out of 6 donors under 
hypoxia in both 1:1 and 5:1 E:T ratios. Although an ADCC effect by trastuzumab was 
observed, it was surprisingly small compared to the large increase in NK cell 
degranulation by trastuzumab. Increasing the concentration of trastuzumab up to 32 
µg/mL did not further enhance the binding of the antibody to SKBR3 target cells 
(Figure S2A) or the ADCC response (Figure S2C). Compared to normoxia, NK-cell-
mediated cytotoxicity was slightly reduced under hypoxic conditions, independent 
of trastuzumab and most evident in the 5:1 E:T ratio (36% under normoxia reduced 
to 25% under hypoxia) (Figure 1F). 
We observed a large discrepancy between the level of trastuzumab-induced NK cell 
degranulation and the level of trastuzumab-induced killing of HER2-positive target 
cells. Because of this observation and because tumors can develop resistance to the 
direct cytotoxic effects of trastuzumab [18], we investigated whether the binding of 
trastuzumab to SKBR3 had induced resistance of SKBR3 cells to the cytotoxic 
machinery of NK cells. To do this, the cytotoxicity assays were performed with an 
F(ab)2 fragment of trastuzumab, which can bind to HER2, but, due to the absence of 
an Fc-part, does not engage CD16 on the NK cell and therefore lacks the ADCC 
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potentiating effects. We observed that binding of the F(ab)2 fragment to SKBR3 did 
not affect the killing of SKBR3 cells by NK cells (Figure 2A) or the level of NK cell 
degranulation (Figure 2B) as compared to the control condition without F(ab)2. This 
illustrates that the binding of trastuzumab to the HER2 antigen did not result in 
tumor cell resistance to NK cells. To test if the relatively low levels of ADCC were 
caused by trastuzumab-mediated inhibition of NK cell cytotoxicity, cytotoxicity 
assays were performed with HER2-overexpressing SKBR3 cells and HER2-negative 
K562 cells combined as target cells in one well (Figure 2C, gating strategy in Figure 
S3). This revealed that NK cells killed K562 equally well when K562 cells were 
cocultured with SKBR3 cells, either with trastuzumab or not (Figure 2C). 
 

 
Figure 2. NK cell efficacy against the target cells SKBR3 in the presence of an F(ab)2 fragment of 
trastuzumab. SKBR3 and K562 target cells were labeled with different dyes and co-cultured with IL-2-
activated NK cells in a 1:1 E:T ratio with trastuzumab or with a F(ab)2 fragment of trastuzumab for 4 h with 
21% O2. Flow cytometry was used to analyze specific cytotoxicity of tumor cells (A,C) and, in separate 
assays, degranulation of NK cells (B). (C) Target cells K562 and SKBR3 were combined in one well with or 
without trastuzumab and analyzed for specific cytotoxicity of K562 and SKBR3. The schematic setup is 
depicted on the right, and the full gating strategy is shown in Figure S3. Each dot represents one NK cell 
donor, and the average of duplicates is shown per donor with the bars indicating the mean. Data from 
three donors of (A) are also used in Figure 1F. * p < 0.05, ns = not significant. 
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Taken together, these results imply that IL-2-activated NK cells remained cytotoxic 
against the tested breast cancer cell lines under hypoxia. Moreover, despite the 
relatively small increase in killing of target cells, trastuzumab could potentiate the 
NK cell anti-tumor response by strongly enhancing NK cell degranulation under 
normoxic and hypoxic conditions, especially against HER2 overexpressing target 
cells. 
 
NK Cell Anti-Tumor Efficacy against Primary Breast Cancer Cells Is Tumor Dependent 
and May Be Related to Tumor Cell Expression of HLA Class I 
In addition to hypoxia, the TME consists of many other factors that can directly or 
indirectly suppress the NK cell anti-tumor response. To study NK cell efficacy against 
primary breast tumors derived from and potentially influenced by the clinically 
relevant TME in the patient, we set up a model utilizing human primary breast cancer 
cells that were isolated from patients. Leftover breast cancer material was included 
independently of the breast cancer subtype, but all samples were HER2-negative 
(non-amplified). Patients with HER2+ breast cancer are usually treated with 
neoadjuvant therapy with very good response, and therefore we could not obtain 
sufficient remaining material from HER2+ tumors to perform the assays. Where cell 
numbers allowed, trastuzumab was included to test if the level of HER2 expression 
on HER2 non-amplified breast cancer is sufficient to enhance NK cell activation. The 
patient-derived tumor tissues were dissociated into single-cell suspensions and 
subsequently enriched for tumor cells to specifically study the interaction of donor 
NK cells with tumor cells. Degranulation assays (CD107a) or cytotoxicity assays with 
the primary tumor cells as targets were performed by co-culturing these breast 
cancer cells with IL-2-activated NK cells as effector cells for 16 h. With an average of 
10%, the overall NK cell degranulation against primary human breast cancer cells was 
rather low, and trastuzumab did not strongly increase NK cell degranulation against 
these HER2 non-amplified targets (Figure 3A). These data corresponded to our cell 
line data, indicating that HER2 expression as detected on non-amplified cells is not 
sufficient to trigger a strong increase in NK cell degranulation. 
 
 



Chapter 4 

86 
 

 
Figure 3. NK cell degranulation and cytotoxic potential against HER2 non-amplified primary breast cancer. 
(A,B) Patient-derived breast cancer cells were dissociated to single cells and incubated with or without 
trastuzumab for 30 min and subsequently co-cultured with IL-2-activated NK cells in 1:1 or 5:1 E:T ratios 
for 16 h at 21% O2 and analyzed by flow cytometry. (A) Degranulating NK cells are shown as percentage 
CD107a+ NK cells, and each symbol (black and blue) represents one tumor sample; the blue symbols 
correspond to the colors of the histograms in (D). (B) Dead tumor cells are shown as specific cytotoxicity. 
The bar graphs indicate the mean, while each dot represents an individual breast cancer specimen. The 
red and blue symbols correspond to the histograms in (D). (C) K562 cells were included as a control in 
CD107a and cytotoxicity assays to show that NK cells were potent killers. (D) Histograms show HLA class I 
staining of breast cancer cells (red for samples with kill, blue for samples with low kill), and grey 
histograms show isotype controls. Tumors 3 and 4 (red symbols) were not available for CD107a assays in 
A. Median fluorescent intensity is depicted for each staining. ns = not significant. 
 
When analyzing the cytotoxic capacity of NK cells against the breast cancer cells, we 
observed a large variation between samples ranging from 0% to 60% specific 
cytotoxicity with 1:1 Effector:Target (E:T) ratios and from 0% to 80% in 5:1 E:T ratios 
(Figure 3B). In line with its effect on NK cell degranulation, trastuzumab did not 
mediate a clear ADCC effect (Figure 3B). K562 cells were included as a control to 
ensure that all NK cells were potent killers and, as expected, NK cells from all donors 
degranulated strongly and killed K562 cells (Figure 3C). Because HLA class I is an 
important inhibitory ligand for NK cells and its expression is frequently 
downregulated in breast cancer, either partially or completely [19], we stained for 
HLA class I expression on five tumors where we retrieved sufficient single cells to test 
the contribution of HLA class I to NK cell susceptibility. Two of those tumors were 
killed by NK cells (red histograms, corresponding to red symbols) and three were 
resistant to NK cell-mediated killing, resulting in low to no kill (blue histograms, 
corresponding to blue symbols) (Figure 3B). The tumors susceptible to NK cell-
mediated killing (red symbols) expressed HLA class I at a very low level or not at all. 
Due to the low yield of tumor cells, we could not perform CD107a assays with the 
samples depicted in red symbols. The tumors resistant to NK cells (blue symbols) 
expressed HLA class I (Figure 3D). Our data illustrate that primary breast cancer cells 
can be relatively resistant to NK cells. Although the relative contribution of other 
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factors, including both activating and inhibitory ligands, needs to be addressed in 
more detail, our data also suggest that HLA class I expression is associated with NK 
cell resistance. 
 
KIR ligand Mismatched NK Cells Degranulated More Vigorously Than Their HLA-
Matched Counterparts, While Trastuzumab Activated All NK Cell Subsets 
To further investigate the functional relevance of HLA class I as an inhibitor for NK 
cell anti-breast cancer responses under hypoxic conditions and in combination with 
trastuzumab, we investigated the degranulation level of NK cells that encounter their 
HLA class I ligand (KIR-ligand-matched) versus NK cells that do not encounter their 
ligand (KIR-ligand-mismatched). Such mismatch situations can occur either when 
endogenous NK cells encounter tumor cells that downregulated HLA or in the 
situation where patients receive donor NK cells that were selected based on the 
presence of a KIR-ligand mismatch to further potentiate NK cell anti-tumor 
responses. To enable analysis of the KIR-ligand-matching status, breast cancer cell 
lines were geno- and phenotyped for HLA class I. The genotype of MCF7 cells was 
determined as HLA C1−, C2+, and Bw4+ and the genotype of SKBR3 as HLA C1+, C2−, 
and Bw4−. HLA-C expression was confirmed by surface staining in both cell lines 
(Figure 4A,B). Despite the Bw4+ genotype on MCF7, the Bw4 molecule was not 
clearly expressed on the cell surface (Figure 4A). The phenotypic expression of HLA-
C and Bw4 was not altered by exposure to hypoxia in either of the two cell lines 
(Figure 4A,B). To determine the KIR-ligand-matched and mismatched NK cell 
subsets, NKG2A− NK cells that were single positive for either KIR2DL1, KIR2DL2/3, or 
KIR3DL1 were selected during analysis. Subsequently, the cell populations were 
grouped as the matched NK cell subset when the ligand was present on the target 
cells or as the mismatched NK cell subset when the corresponding HLA ligand was 
absent. 
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Figure 4. NK cell degranulation of KIR-ligand-matched and KIR-ligand-mismatched NK cells in response to 
breast cancer cells under normoxia or hypoxia with or without trastuzumab. (A,B) MCF7 and SKBR3 cells 
were exposed to 21% O2 or 0.2% O2 for 16 h and stained for HLA surface expression by flow cytometry. 
Histograms from normoxic conditions are indicated in green, with hypoxic conditions in blue. (C,D) 
Degranulation assays were performed by co-culturing NK wells either with MCF7 or SKBR3 target cells 
with or without trastuzumab for 4 h at 21% O2 or 0.2% O2. Based on the KIR expression of NK cells and 
HLA expression of target cells, KIR-ligand-matched (M) and -mismatched (MM) NK cell subsets were 
analyzed and the percentage of degranulating NK cells is shown per subset as % CD107a+ NK cells. Each 
dot represents the average of duplicates from one NK cell donor. * p < 0.05, ** p < 0.01, ns = not 
significant. 
 
The KIR-ligand-matched NK cell subset for MCF7 was KIR2DL1+, while the KIR-ligand-
mismatched NK cells for MCF7 were KIR2DL2/3+, KIR3DL1+, or KIR2DL2/3+ KIR3DL1+ 
double-positive cells. We included KIR3DL1 in the mismatched subset because of the 
very low Bw4 expression on MCF7. KIR-ligand-mismatched NK cells of all donors 
degranulated stronger against MCF7 cells than their KIR-ligand-matched 
counterparts (degranulation of seven out of eight donors under normoxia and five 
out of six donors under hypoxia increased at least 5%, Figure 4B). In the presence of 
trastuzumab, when total NK cell degranulation was slightly enhanced, the 
mismatched NK cell subset degranulated stronger than the matched NK cell subset 
in both normoxic and hypoxic conditions (Figure 4B, Figure S4A). With SKBR3 as 
target cells, the KIR-ligand-matched NK cell subset expressed KIR2DL2/3 and the KIR-
ligand-mismatched subset expressed KIR2DL1, KIR3DL1, or a combination thereof. 
Compared to the matched population, NK cell degranulation of the KIR-ligand-
mismatched population was enhanced more than 5% in seven out of seven donors 
under normoxia and five out of six donors under hypoxia (Figure 4D, Figure S4B). 
Trastuzumab by itself induced vigorous degranulation against SKBR3 in all NK cell 
subsets under normoxia and under hypoxia (Figure 4D). Due to the high 
degranulation, a potential additional effect of KIR-ligand mismatching with 



Chapter 4 
 
 

89 
 

trastuzumab was not detected (Figure 4D). NK cell degranulation of each subset 
against the HLA-deficient line K562 was analyzed to control for intrinsic difference 
between the subsets. A minor increase in degranulation from matched to 
mismatched NK cell subsets was observed against K562 cells; however, the increase 
was less consistent and much lower than the increase observed with MCF7 and 
SKBR3 as target cells (Figure S5). Altogether, these results demonstrated that KIR-
ligand-mismatched NK cells degranulated more potently than their matched 
counterparts, indicating that HLA class I is a relevant inhibitory factor in normoxic as 
well as in hypoxic conditions, while trastuzumab alone resulted in strong NK cell 
degranulation of all subsets against HER2-amplified targets. 
HLA expression levels are dynamically regulated by context-specific factors such as 
interferons [20] or 3D cell growth [21]. We therefore used a mouse model with MCF7 
cells growing in immunodeficient mice to better mimic the three-dimensional 
growth of breast cancer in a TME. From these in vivo grown MCF7 tumors, single-cell 
suspensions were obtained and HLA class I expression levels and their impact on NK 
cell degranulation were evaluated in ex vivo CD107a assays. HLA-C expression levels 
on in vivo grown MCF7 cells were higher compared to MCF7 cultured in vitro (seven-
fold expression vs. three-fold expression compared to isotype control in MCF7 ex 
vivo (Figure 5A) vs. in vitro (Figure 4A)), which underlines the importance of the 
environmental context. The KIR-HLA-ligand-matched KIR2DL1+ single-positive NK cell 
subset did not degranulate against those mouse-derived tumor cells, while the 
mismatched KIR2DL2/3+ and KIR3DL1+ single-positive populations degranulated 
(Figure 5B). Despite the Bw4-positive genotype, Bw4 expression remained negative 
on MCF7 ex vivo (Figure 5A). Consistent with this Bw4-negative phenotype, the 
corresponding KIR3DL1 receptor degranulated stronger than the matched KIR2DL1 
against MCF7 ex vivo (Figure 5B). Overall, the ex vivo data confirm our in vitro results 
that stronger degranulation was observed in the KIR-ligand-mismatched NK cell 
subsets. 
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Figure 5. NK cell degranulation of KIR-ligand-matched and -mismatched NK cells in response to MCF7 
grown in vivo. MCF7 tumors that were grown in mice were harvested and dissociated into single-cell 
suspension before performing HLA staining with n = 5 tumors (A) or 4 h CD107a assays with n = 6 tumors 
(B). Within the CD107a assay, degranulation is shown for each receptor (left and middle graph) and also 
as KIR-ligand-matched (M, 2DL1) vs. -mismatched (MM, 2DL2/3 and 3DL1) NK cell subsets as % CD107a+ 
NK cells. Each dot represents a tumor isolated from one mouse and the average of duplicates is depicted. 
* p < 0.05. 
 
 
NK Cell Subsets Expressing NKG2A Degranulate More Potently against HLA-E 
Negative Tumors Than NK Cell Subsets without NKG2A 
NKG2A has, similar to KIR, a dual role in regulating NK cell functions; on the one hand 
by licensing NK cells, whereby NK cells can become more effective, and on the other 
hand by mediating inhibitory signals upon binding its ligand HLA-E. Both breast 
cancer cell lines used in this study did not express HLA-E (Figure 6A). We compared 
the anti-tumor response of NKG2A+ vs. NKG2A− NK cell subsets in the CD107a assays 
to test whether licensing by NKG2A can have a positive effect on NK cell 
degranulation against HLA-E negative breast cancer targets. 
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Figure 6. NK cell degranulation of the NKG2A+ subsets in comparison to the NKG2A− subsets is slightly 
enhanced. (A) HLA-E expression of MCF7 and SKBR3 was determined by flow cytometry. (B,C) For 
degranulation assays, NK cells were co-cultured either with MCF7 or SKBR3 targets cells with or without 
trastuzumab for 4 h at 21%O2 or 0.2% O2. By flow cytometry analysis, NK cells were grouped in NKG2A− 
and NKG2A+ subsets (indicated by − and + below graphs) and further divided into KIR-ligand-matched and 
-mismatched subsets based on their KIR expression. For each subset, NK cell degranulation (CD107a in %) 
is depicted in response to MCF7 (B) or SKBR3 (C). Each dot represents one NK cell donor and the average 
of duplicates. * p < 0.05, ns = not significant. 
 
With MCF7 as target cells, NK cell degranulation was higher in the NKG2A+ subsets 
compared to the NKG2A− subsets in all analyzed subsets without trastuzumab 
(matched and mismatched under normoxia and hypoxia), while degranulation in the 
presence of trastuzumab was comparable between NKG2A+ and NKG2A− subsets 
(Figure 6B). In response to SKBR3, we also observed an increase in degranulation in 
the NKG2A+ NK cell population compared to the NKG2A− population for all conditions 
without trastuzumab (Figure 6C). Since NK cell degranulation against SKBR3 was 
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already so vigorously augmented by trastuzumab, a potential further increase due 
to NKG2A could not be detected (Figure 6C). Spontaneous NK cell degranulation 
without target cells was below 10% in all conditions (Figure S6). Overall, the NKG2A+ 
NK cell subsets responded slightly stronger than the NKG2A− NK cells to the HLA-E 
negative cell lines MCF7 and SKBR3. 
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Discussion 
With the aim to develop effective NK-cell-based therapies against breast cancer, we 
investigated the combination of the monoclonal antibody trastuzumab and KIR-
ligand-mismatched donor NK cells to improve the responses against breast cancer in 
an immunosuppressive environment. We found that KIR-ligand-mismatched NK cell 
subsets degranulated stronger against breast cancer than their matched subsets and 
that trastuzumab activated all NK subsets when HER2 was overexpressed. 
Importantly, our observations were consistent in a hypoxic environment, 
emphasizing that the combination of reducing the activation threshold for NK 
activation by the selection of KIR-ligand-mismatched donors and maximizing NK cell 
activation with an ADCC-inducing antibody can potentiate the NK cell anti-breast 
cancer response. 
In our experiments with cell lines, we used hypoxia to mimic one of the important 
factors in the TME. Severe hypoxia has namely been observed in the core of tumors 
from breast cancer patients and has been associated with metastasis formation and 
thereby with severity of disease [15]. Moreover, we and others showed that hypoxia 
can reduce effector functions of unactivated NK cells [20] and that NK cell activation 
with high-dose IL-2 could restore NK cell cytotoxicity against multiple myeloma [12]. 
Here, we report that the IL-2-activated NK cell also remained functional against 
breast cancer. 
For SKBR3, we observed a small reduction in NK cell killing potential under hypoxia. 
This reduction could suggest an adaption to hypoxia in the SKBR3 target cells 
contributing to resistance to NK cells, e.g., by a reduction in activating ligands or 
enhanced expression of inhibitory ligands. Resistance could be acquired by the NK 
cells, e.g., via altered receptor expression, which would result in less efficient NK cell 
activation. In our previous study on hypoxia, we observed a minor decrease in 
expression of CD16 and NKG2D but not in any of the other common NK cell receptors 
[12]. Moreover, on multiple myeloma cell lines, we did not see a change in the 
expression of stress-induced activating ligands MICA/B and ULBP1/2 [12]. In the 
present study, we observed that expression of HLA class I was not altered by hypoxia 
and that IL-2-activated NK cells were potently degranulating under hypoxia. We 
therefore anticipate that NK cells were activated under hypoxia in this breast cancer 
setting and that resistance would mainly occur inside SKBR3 target cells. Baginska et 
al. also demonstrated that hypoxia-induced resistance was not caused by defective 
recognition of targets cells but by autophagy, leading to the breakdown of NK cells’ 
cytotoxic granules in hypoxic breast cancer cells [14]. To develop future strategies to 
improve the response in hypoxic tumors, it could be interesting to combine NK-cell-
based strategies as proposed in this study with autophagy-reducing strategies such 
as chloroquine. 
Although hypoxia is an important TME factor, our reductionist approach with cell 
lines did not take the full complexity of the TME into account, which may lead to an 
underestimation of the impact that hypoxia may have in combination with other 
TME factors. Our model with primary breast cancer samples showed considerable 
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variability in sensitivity to NK cells between the different patients, illustrating the 
potential importance of other TME factors. The exposure of the primary breast 
cancer cells to the TME in patients is therefore an important advantage of our model, 
as it enabled us to assess the effects of TME-induced resistance mechanisms to NK 
cells more comprehensively. Examples of such cell TME resistance mechanisms are 
changes in the level of autophagy or expression levels of activating or inhibitory 
ligands on the tumor cells. However, a limitation of the model could be the relatively 
harsh digestion procedure, which could affect tumor cell viability as well as surface 
expression of activating ligands MICA and MICB [21], leading to underestimation of 
the contribution of these ligands. Moreover, it does not predict the direct effects 
that soluble TME factors and other tumor-associated cells can have on NK cells, 
which illustrates the necessity to develop more complex in vitro or in vivo models 
mimicking the multifactorial TME in patients to further evaluate the impact of the 
TME on NK cell efficiency. 
In our study, trastuzumab enhanced NK cell degranulation much more vigorously 
against HER2-amplified targets compared to non-amplified targets in vitro, and it did 
not enhance NK cell functions against non-amplified primary breast cancer cells, 
suggesting that the HER2 expression level is important for the potential of the ADCC 
response. Our observations are in agreement with previous studies reporting that 
the effect of monoclonal antibodies such as daratumumab and trastuzumab is 
specific to target cells expressing high levels of antigen [17,22,23]. HER2 expression 
can be modulated through receptor internalization [24]. Recently, a study elegantly 
showed that HER2 internalization could be prevented by endocytosis inhibitors, 
resulting in an improved ADCC response [25]. In our study, HER2 could be detected 
after 4 h incubation with trastuzumab, and NK cells were potently degranulating in 
response to HER2 amplified cells, indicating that HER2 endocytosis cannot be the 
only factor limiting the ADCC response we observed. 
We report a large discrepancy between a potent increase in NK cell degranulation 
against HER2-amplified target cells but a less pronounced effect on the actual killing 
of the target cells induced by trastuzumab. We have not previously noticed such a 
large discrepancy between degranulation and cytotoxicity. When using the same 
experimental setup with multiple myeloma cells as targets, we observed an ADCC 
effect with the anti-CD38 antibody daratumumab that was more similar to the 
degranulation effect [17]. Although further studies are required to unravel the 
mechanisms behind this observation, the strong degranulation with trastuzumab 
could indicate a very potent cytokine release by the NK cells. A profound release of 
cytokines, such as IFN-γ and TNF-α, by NK cells can boost the overall anti-tumor 
response by stimulating antigen presentation, Th1 polarization, and CD8 effector 
functions [26]. Studies evaluating the relation between cytokine production and 
degranulation (CD107a) on a single-cell level demonstrated that NK cells either 
produce cytokines, express CD107a, or do both upon activation with target cells [27]. 
Cytokine production has also been shown to occur in an HLA-dependent manner, as 
KIR-ligand-mismatched NK cells had higher intracellular IFN-γ  levels than KIR-ligand-
matched cells upon activation with L721.221 target cells [28]. The trastuzumab-
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induced degranulation of NK cells described in our study suggests that the 
combination of trastuzumab and IL-2-activated KIR-ligand-mismatched NK cells may 
also trigger a stronger production of cytokines, which could contribute to improved 
adaptive anti-tumor immunity. 
In our study, we confirmed the functional relevance of HLA class I as an important 
inhibitory immune checkpoint for NK cell effector functions in breast cancer. As for 
many cancers, HLA class I expression can be partially or completely downregulated 
in breast cancer [29–31]. In our study, we mimicked the absence of HLA class I by 
using KIR-ligand-mismatched NK cells. In the presence of trastuzumab, KIR-ligand-
mismatched NK cells remained the stronger degranulating subset against low HER2-
expressing MCF7 cells, and when HER2 expression was high as in SKBR3, trastuzumab 
led to vigorous degranulation in all subsets, suggesting that the inhibitory ligand HLA 
class I matters less for the NK cell responses when trastuzumab is present. Muntasell 
et al. investigated predictive biomarkers for the response to trastuzumab treatment 
and found that patient stratification based on high HLA class I expression together 
with infiltrating NK cells improved prediction of better responses [32]. These data 
are in line with our results showing that NK cells can be effective against HLA class I+ 
tumors in combination with trastuzumab. Muntasell’s study also supports that both 
NK cells and T cells are major contributors to the anti-breast cancer response of 
HER2+ patients.  
Our results emphasize that selection of NK cell donors based on their KIR expression 
and HLA genotype can be an effective way to reduce inhibition in a setting with 
adoptive transfer of donor NK cells, which could be particularly useful for HER2-
negative patients. However, since HER2 expression can be heterogeneously 
expressed within one tumor or be downregulated in response to trastuzumab 
treatment [33], KIR-ligand-mismatched NK cells may also be advantageous for HER2-
positive patients treated with trastuzumab. Selection of KIR-ligand-mismatched 
donors is possible for patients that lack at least one of the three HLA epitope groups 
binding to inhibitory KIRs, which is the case for circa 70% of the population [34]. 
Although the here-evaluated KIR-ligand-mismatched subsets comprise a rather small 
percentage of total NK cells, KIR-ligand mismatching helps to reduce inhibition in 
these subsets, which can nonetheless be beneficial in a TME where many factors can 
limit NK cell anti-tumor responses. Our analysis indicated that the NKG2A+ KIR-
ligand-mismatched NK cells performed as well as or slightly better than their NKG2A− 
counterpart against HLA-E negative target cells. This observation implies that the 
NKG2A+ KIR-ligand-mismatched subsets can also be considered fully mismatched 
against HLA-E negative targets, which can significantly enlarge the mismatched NK 
cell population since NKG2A is expressed on 20–80% of NK cells. In breast cancer 
patients, HLA-E expression was detected in 20–50% of samples [30,35]. High HLA-E 
expression can, however, inhibit NK cell responses [36]. We did not have breast 
cancer cells available that expressed HLA-E. However, in a previous study with the 
same experimental setup, we showed that high HLA-E levels in multiple myeloma 
cells inhibited NK cells, while low HLA-E levels were not sufficient to do so [36]. The 
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inhibitory potential of HLA-E has been established in multiple tumor models [37]. 
Therefore, it seems likely that high HLA-E expression will also limit NK cell anti-
breast-cancer responses, and in those cases, blocking antibodies such as the anti-
NKG2A antibody monalizumab might need to be considered. It would be relevant to 
further evaluate the additive effect of this approach on primary breast cancer with 
high levels of HLA-E. 
Based on our results, we envision that alloreactive donors should be selected for NK 
cell-based therapies against HLA class I+ breast cancer. Multiple clinical trials showed 
that infusion of alloreactive NK cells is well tolerated when combined with 
lymphodepleting chemotherapy to suppress the host’s immune response. It needs 
to be assessed whether KIR-ligand mismatching can further enhance trastuzumab-
induced NK cell degranulation in a setup that better represents the complex TME 
where many factors can limit NK cell anti-tumor responses. Genetic manipulation of 
NK cells could be a second strategy to limit inhibitory signaling via HLA, which could 
be done by CRISPR/CAS9-mediated knock-out of inhibitory receptors such as NKG2A 
and KIR. Another attractive strategy could be temporarily reducing expression levels 
of the inhibitory receptors via silencing RNAs. Given the critical role of NKG2A and 
KIR in NK cell licensing, transient reduction of receptor expression may be especially 
relevant when full receptor knock-outs negatively influence NK cell potency. 
 
 
Conclusions 
In this study, we showed that IL-2-activated NK cells can mediate anti-breast cancer 
responses under hypoxic conditions. Our data also illustrated the relevance of HLA 
class I as an inhibitory immune-checkpoint for NK cells in breast cancer, prompting 
follow-up studies to enhance NK cell responses by the combination of ADCC-
triggering antibodies and strategies to interfere with the interaction between HLA 
class I and KIR/NKG2A. Here, we demonstrated two strategies, ADCC-triggering by 
the anti-HER2 antibody trastuzumab and selection of KIR-ligand-mismatched NK cell 
donors, to induce strong NK cell degranulation. Other strategies to interfere with 
HLA class I inhibition could include monoclonal antibodies that block inhibitory 
receptors on NK cells, such as monalizumab, or genetically modified NK cells to 
reduce expression of inhibitory NK cell receptors, as this would reduce the threshold 
for NK cell activation and may contribute to the development of curative 
immunotherapeutic strategies for breast cancer patients. 
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Supplementary Materials  

 
Figure S1. Anti-tumor efficacy of NK cell donors against the control target cell line K562. The HLA class 
I-negative cell line K562 was included as control target cells to test the NK cell killing potential of each 
donor. The degranulation (CD107a) and cytotoxicity assays were performed in the same way as described 
in Figure 1: IL-2 activated NK cells were co-cultured with the target cell line K562 for 4 h either with 21% 
O2 or 0.2% O2. Assays were measured by flow cytometry. (A) CD107a assays were performed in 1:1 E:T 
ratios and % of CD107a+ NK cells are shown per donor. (B) Cytotoxicity assays were done in 1:1 or 5:1 E:T 
ratios and dead target cells are shown as % of specific cytotoxicity. Each dot represents the average of 
duplicates from one NK cell donor and the bar height indicates the mean. * p < 0.05, ns = not significant. 

 

 

 

Figure S2. Titration of Trastuzumab antibody with target cell line SKBR3. SKBR3 cells were incubated 
with 0–32 μg/mL Trastuzumab for 30 min before either medium or IL-2 activated NK cells in a 1:1 E:T ratio 
were added for 4 h at 21% O2. Analysis was performed by flow cytometry. (A) Binding of Trastuzumab to 
SKBR3 was detected by indirect staining with anti-IgG1 secondary antibody. (B) The spontaneous cell 
death of SKBR3 is reported as percentage of dead tumor cells. (C) Specific cytotoxicity of SKBR3 is shown. 
Each symbol represents one donor and the average of duplicates is depicted per donor. 
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Figure S4. NK cell degranulation depicted per KIR receptor in response to MCF7 and SKBR3. 
Degranulation assays were performed by co-culturing NK wells either with MCF7 or SKBR3 target cells 
with or without Trastuzumab for 4 h at 21% O2 or 0.2% O2. NK cells that expressed one of the KIR receptors 
2DL1, 2DL2/3, 3DL1 were selected by gating and the degranulation (% CD107a) is presented for each 
subset in response to MCF7 (A) or SKBR3 (B). Each dot represents the average of duplicates from one NK 
cell donor. * p < 0.05, ** p < 0.01, ns = not significant. 
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Figure S5. NK cell degranulation of NKG2A- KIR-ligand matched and mismatched NK cells depicted in 
response to K562 and depicted as fold-change compared to matched NK cells. (A, C) The degranulation 
potential of the same KIR-ligand matched (M) and -mismatched (MM) NK cell subsets that were 
determined in response to MCF7 and SKBR3 in Figure 4 were analyzed for the HLA-negative control cell 
line K562. The fold-change in degranulation of the mismatched subset compared to the matched subset 
was calculated for MCF7 and K562 control (B) and SKBR3 and K562 control (D) where a value of 1 indicates 
no change. Each dot represents the average of duplicates from one NK cell donor. * p < 0.05, ns = not 
significant. 
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Figure S6. NKG2A and KIR subset analysis of spontaneous degranulation in NK cells without target cells. 
NK cells were cultured with or without Trastuzumab for 4 h at 21% O2 or 0.2% O2. By flow cytometry 
analysis, NK cells were grouped in NKG2A− subsets (above) and NKG2A+ subsets (below) and the 
spontaneous degranulation of NK cells is presented as % CD107a+ cells for the three inhibitory KIRs 
2DL2/3, 2DL1 and 3DL1. Each dot represents one NK cell donor. 
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Abstract 
Infusion of ex vivo expanded and cytokine-activated natural killer (NK) cells is a 
promising alternative way to treat multiple myeloma (MM). However, the tumor 
microenvironment (TME) may suppress their function. While reduced glucose 
availability is a TME hallmark of many solid tumors, glucose levels within the TME of 
hematological malignancies residing in the bone marrow (BM) remain unknown. 
Here, we measured glucose levels in the BM of MM patients and tested the effect of 
different glucose levels on NK cells. BM glucose levels were measured using a 
biochemical analyzer. Compared to the normal range of blood glucose, BM glucose 
levels were lower in 6 of 9 patients (479-1231 mg/L; mean=731.8 mg/L). The effect 
of different glucose levels on NK cell cytotoxicity was tested in 4-hour cytotoxicity 
assays with tumor cells. 500 mg/L glucose (representing low range of MM BM) during 
the 4-hour cytotoxicity assay did not negatively affect cytotoxicity of activated NK 
cells, while higher glucose concentrations (4000 mg/L) diminished NK cell 
cytotoxicity. Since clinical application of NK cell therapy might require ex vivo 
expansion, expanded NK cells were exposed to a range of glucose concentrations 
from 500-4000 mg/L for a longer period (4 days). This did not reduce cytotoxicity or 
IFN-γ secretion nor affected their phenotypic profile. In summary, low glucose 
concentrations, as found in BM of MM patients, by itself did not compromise the 
anti-tumor potential of IL-2 activated NK cells in vitro. Although follow up studies in 
models with a more complex TME would be relevant, our data suggest that highly 
activated NK cells could be used to target tumors with a reduced glucose 
environment. 
 
Keywords: NK cells, multiple myeloma, immunotherapy, tumor microenvironment, 
glucose. 
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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 clinical potential and good 
safety profile of NK cells. 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 anti-tumor responses in patients without significant toxicity [1-
3]. Mostly, ex vivo expanded and cytokine-activated NK cells are used to create 
highly cytotoxic NK cells. Nonetheless, despite these initially hopeful clinical 
outcomes, the therapeutic efficacy of NK cell-based immunotherapy could 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, the microenvironment of tumor cells could 
be unfavorable and even suppressive for NK cells allowing tumor cells to escape the 
NK-cell antitumor response. To be able to survive in the tumor microenvironment 
(TME), NK cells require cytokines such as IL-2 or IL-15 that can be produced by several 
cell types present in the TME, but the available amount might not be enough [5] [6]. 
The presence of other cytokines such as transforming growth factor-beta (TGF-ß) 
and IL-10 in the TME may play a role in the suppression of IL-2 production [7]. NK cell 
antitumor capacity can be hindered by TME factors 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]. 
Additionally, the metabolic microenvironment of tumor cells could 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 requirements better than oxidative 
phosphorylation (OxPhos) [14]. Due to high rates of glycolysis, the glucose supply in 
the tumor microenvironment can be limited. In solid tumors, glucose availability is 
inversely correlated with the distance from the capillaries to the tumor and glucose 
levels as low as 20 mg/L have been reported for colon cancer with great intratumoral 
variability [16, 17]. 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 [18]. 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 [19]. In mice, it has been 
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demonstrated that this metabolic competition hindered T-cell metabolism resulting 
in a defective IFN-ɣ production which is crucial for antitumor response [20, 21]. 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 [22-24]. In humans, NK cells upregulated both glycolysis and OxPhos upon 
cytokine stimulation with IL-2 or IL-12/15 [25]. Additionally, CD56bright NK cells were 
found to be metabolically more active than CD56dim NK cells [25]. The same group 
also showed that elevated levels of OxPhos were essential for NK cell effector 
cytotoxicity and IFN-ɣ production.  
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. We envision to inject a high number of 
highly activated NK cells to patients with MM. Glucose levels in the MM 
microenvironment remain unknown but may be important in controlling the anti-
MM response of NK cells as NK cells use glucose as primary source of energy [26]. 
We, therefore, aimed to explore the possible consequences of MM metabolic 
microenvironment on the antitumor potential of activated and expanded NK cells. 
First, we investigated the glucose levels present in the microenvironment of patients 
having active MM to define the relevant in vitro experimental conditions. Second, 
based on these results, we performed 4-hour cytotoxicity assays in vitro to study the 
effect of short-term exposure to different glucose concentrations on NK cell 
cytotoxicity against tumor cells. Third, we studied the influence of longer exposure 
to the different glucose concentrations on expanded NK cells to evaluate whether 
NK cell effector functions could be optimized by adapting glucose levels during 
expansion. The results from this current study give us a better understanding 
whether in vivo glucose concentrations 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  
Glucose measurement 
Leftover fresh BM samples were obtained from MM patients with active disease. The 
use of leftover material from clinical procedures did not require ethical approval in 
the Netherlands under the Dutch Code for Proper Secondary Use of Human Tissue. 
None of the patients objected to the use of leftover material. When feasible, samples 
were measured directly as a whole BM harvest. Otherwise, samples were 
centrifuged with speed 1170 g for 15 minutes at 4° Celsius, followed by harvesting 
of the “plasma” fraction which was stored in -20° Celsius before the glucose 
measurement was performed using YSI biochemical analyzer (Salm en Kipp, BV). 
Freezing the samples had minor influence on the glucose concentration, similar to 
variation between duplicates. Samples were measured in duplicate and the average 
per sample was reported.  
 
Cell lines and culture media 
The K562 cell line, purchased from ATCC, was cultured in IMDM (Gibco) and 
supplemented with 10% fetal calf serum (FCS) (Greiner Bio-One International, 
GmbH), 100 U/mL penicillin (Gibco), and 100 µg/mL streptomycin (Gibco) (1% 
Pen/Strep). The RPMI-8226 cell line, purchased from DSMZ, was cultured in standard 
RPMI-1640 medium. Standard RPMI-1640 medium refers to RPMI-1640 medium 
containing 2000 mg/L glucose (Cat. 11554516, ThermoFisher) and was 
supplemented with 10% FCS and 1% Pen/Strep for all cultures. Glucose-free RPMI-
1640 medium (Cat. 11560406, ThermoFisher) was supplemented with D-(+)-Glucose 
(Sigma) as indicated in the individual figures and with 10% FCS and 1% Pen/Strep. All 
cell culture experiments were performed at 37° C in an incubator with 5% CO2 and 
21% O2 (Sanyo MCO-20AIC, Sanyo Electric Co, Japan).  
 
NK cell culture and NK cell expansion  
NK cells were isolated from anonymous buffy coats (Sanquin blood bank, 
Maastricht). The use of buffy coats does not need ethical approval in the Netherlands 
under the Dutch Code for Proper Secondary Use of Human Tissue. Peripheral blood 
mononuclear cells were isolated from the buffy coats by density centrifugation using 
Lymphoprep (Axis-Shield). Subsequently, NK cells were isolated using the NK cell 
isolation kit according to the manufacturer’s protocol (Miltenyi Biotec, GmbH). For 
experiments in Figure 2, NK cells were activated overnight with 1000 U/mL 
recombinant human IL-2 (Proleukin, Novartis) either in standard RPMI-1640 medium 
containing 2000 mg/L glucose (Gibco, Figure 2A) or in glucose-free RPMI-1640 
medium (Gibco) supplemented with the glucose concentration indicated in the 
figure 2B (named ‘culture condition’). For experiments in Figure 3-4, NK cells were 
expanded from CD3-depleted PBMCs in the presence of 1000 U/mL IL-2 in 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). The cells were expanded 
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with IL-2 for 16-22 days during which the NK cells expanded 10- to 20-fold. After 
expansion, the NK cells were subsequently cultured for 4 days in glucose-free RPMI-
1640 medium supplemented with the glucose concentration indicated in the figure 
and with 1000 U/mL IL-2 (culture condition), followed by cytotoxicity assays and 
ELISA assays. 
 
Labeling of tumor cells lines for cytotoxicity assays 
One day prior to the cytotoxicity assay, 2 x 106 cells/ml K562 cells or RPMI-8226 cells 
were labeled with 3 µl Vybrant CM-DiI Cell-Labeling solution (Thermo Fisher) in PBS 
according to the manufacturer’s instruction. After adding CM-DiI to the cell 
suspension, cells were incubated for 5 minutes at 37°C followed by 15 minutes at 4° 
C in the fridge. After the last incubation, cells were washed 2 times with PBS and 
centrifuged (280g for 8 minutes at room temperature). K562 or RPMI-8226 cells were 
then resuspended in IMDM or standard RPMI-1640 medium, respectively, 
supplemented with 10% FCS and 1% Penicillin/Streptomycin and incubated 
overnight at 37°C.  
 
Cytotoxicity assay 
On the day of the assay, the DiI-labeled tumor cells were harvested and 2x104 cells 
per well were plated in a 96-wells plate for the cytotoxicity assay. NK cells were 
harvested, washed and co-cultured with the tumor cells in 1:1 Effector:Target (E:T) 
ratio for 4 hours in the presence of different glucose concentrations (named ‘killing 
condition’) as indicated in the figures. See section 4.6 for subsequent Live/Dead 
staining. Specific cytotoxicity was calculated as follows: (% dead tumor cells - % 
spontaneous tumor cell death)/(100% - % spontaneous tumor cell death) x100.  
 
Staining and flow cytometry 
After a 4-hour cytotoxicity assay, cells were washed with PBS (Gibco) and stained for 
dead cells using Live/Dead® Fixable Aqua Dead Cell Stain Kit (Molecular Probes™) 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. For NK cell phenotyping, 
expanded NK cells were harvested after culturing in either 500, 2000, or 4000 mg/L 
glucose for 4 days. Subsequently, NK cells were washed in PBS and first stained for 
dead cells using Live/Dead® Fixable Aqua Dead Cell Stain Kit (Molecular Probes™) for 
30 minutes on ice in the dark, and subsequently stained for the following surface 
markers for 30 minutes on ice and in the dark: CD3-APC-Vio770, -VioBlue or -PerCP-
Vio700; CD56-PE-Vio770 or -APC-Vio770; KIR2DL2/3-PE; KIR3DL1-PerCP; NKG2A-
APC; KIR2DL1-FITC; NKp30-PE-Vio770; NKp44-VioBright; NKp46-PE; NKG2D-APC; 
PD1-VioBright; DNAM1-PE; CD96-PE-Vio770; NKG2C-APC; LAG3-VioBlue; TIM3-APC; 
TIGIT-PE. FMO controls were stained for Live/Dead, CD3 and CD56. All antibodies 
were purchased from Miltenyi Biotech. All flow cytometric analyses were performed 
with BD FACS Canto II. Data were analyzed with FlowJo 10.1r5 64-bit software.  
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ELISA assay 
Supernatants of the cytotoxicity assays were collected and analyzed for IFN-ɣ levels 
using the PeliKine compactTM ELISA kit (Sanquin). The samples were thawed at room 
temperature and diluted 1:2 before use. ELISA assays were performed according to 
the manufacturer’s instructions.  
 
Statistical analysis 
All statistical analysis was performed with GraphPad Prism 8.3 (GraphPad Software 
Inc, San Diego, CA, USA) using non-parametric paired t-test (Wilcoxon matched pairs 
test) for figure 2A or 2-way ANOVA when comparing multiple groups. * indicates a 
p-value of <0.05, ** indicates a p-value of <0.01. 
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Results 
Glucose concentrations in the BM of MM patients are on average lower than normal 
blood glucose levels   
To get an indication of glucose levels in the bone marrow (BM), glucose levels were 
measured in BM samples from MM patients. The glucose concentration in the BM of 
MM patients ranged between 479 to 1231 mg/L (mean = 731.8 mg/L, SD = 247.6). 
Compared to normal glucose levels in peripheral blood, which are < 1100 mg/L (<6.1 
mmol/L) fasting or <1400 mg/L (<7.8 mmol/L) random [27], 6 of 9 MM patients had 
lower glucose levels with the lowest concentration reported here being twice as low 
as normal blood glucose levels (Figure 1).  

 
Figure 1. Glucose concentration in the BM of MM patients. BM samples from newly diagnosed MM 
patients 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 subjects. 
 
 
Relatively low glucose concentrations present during killing do not affect NK cell 
killing capacity while high glucose reduced killing efficacy 
Glucose has been described to be an important fuel for NK cells. Therefore, we tested 
the effect of the glucose levels as observed in BM of MM patients, the glucose levels 
in normal blood, and the glucose levels used in culture media on the cytotoxic 
capacity of NK cells derived from healthy donors. We activated NK cells overnight 
with 1000 U/mL IL-2 in standard RPMI-1640 medium containing 2000 mg/L glucose 
and then used the NK cells in a 4-hour cytotoxicity assay against K562 cells at 500, 
1000, 2000, or 4000 mg/L glucose. In the presence of 1000 mg/L, which is 
representative for the glucose concentration in blood, NK cells killed 19% of K562 
cells on average. The presence of 500 mg/L glucose (representing the low range of 
MM BM) during the cytotoxicity assay did not negatively affect the killing capacity of 
IL-2 activated NK cells as compared to conditions with 1000 mg/L, representing blood 
glucose, or 2000 mg/L, which is present in standard culture media (Figure 2A). Higher 
glucose concentration of 4000 mg/L, as used in high glucose culture media, reduced 
the cytotoxicity of NK cells to 5.5 % on average as compared to 500 mg/L, 1000 mg/L 
and 2000 mg/L glucose (p= 0.06) (Figure 2A).  
 



Chapter 6 
 
 

149 
 

 
Figure 2. Short-term exposure to lower glucose concentrations does not reduce NK cell cytotoxicity while 
higher glucose levels reduce NK cell cytotoxicity. (A) NK cells were overnight activated with IL-2 in standard 
RPMI-1640 medium with 2000 mg/L glucose, followed by a 4h cytotoxicity assay with K562 cells at 1:1 E:T 
ratio in different glucose concentrations (killing condition). (B) NK cells were cultured in different glucose 
concentrations overnight (culture condition) in presence of IL-2, followed by a 4h cytotoxicity assay with 
K562 cells at 1:1 E:T ratio in different glucose concentrations (killing condition). Tumor cells killed by NK 
cells are denoted as percentage specific cytotoxicity. Bars show the average of n=5 donors in 3 
independent experiments. Each dot represents the average of a technical duplicate. *p < 0.05. ns, not 
significant. 
 
Because NK cells could be exposed for a longer period to the BM glucose levels while 
traveling through the BM, we investigated whether overnight exposure to different 
glucose concentrations affected NK cell cytotoxicity. The exposure to 500 mg/L up to 
4000 mg/L glucose during overnight incubation (named ‘culture condition’) did not 
result in a lower cytotoxicity against K562 cells regardless of the glucose 
concentrations present during the killing process (named ‘killing condition’) (Figure 
2B). After observing a reduction in NK cell-mediated killing with 4000 mg/L glucose 
in figure 2A, we included an even higher glucose concentration of 8000 mg/L for 
overnight culture. In the presence of this extremely high glucose, NK cell cytotoxicity 
was reduced to less than 5% in all killing conditions (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 500 mg/L glucose, 
representative for the rather low glucose concentration in BM of MM patients, 
during the process of killing or during overnight incubation did not reduce the NK 
cell tumor-killing capacity in our in vitro setting. Quite the opposite, the presence of 
higher levels glucose concentration during killing or overnight activation (4000 and 
8000 mg/L) diminished NK cell cytotoxic capacity.  
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Expanded NK cells exposed to relatively low glucose levels remain effective against 
tumor cells  
Clinical application of NK cells might require ex vivo NK cell expansion to reach the 
large numbers of NK cells needed for NK cell infusions. As this expansion may also 
metabolically change the cells, we investigated how the killing capacity of expanded 
NK cells was affected by short-term exposure (4 hours, killing condition) or long-term 
exposure (4 days, culture condition) to glucose levels ranging between 500 mg/L and 
4000 mg/L.  
With 2000 mg/L glucose present during the cytotoxicity assay, expanded NK cells 
killed on average 49.5% K562 cells. RPMI-8226 cells, a MM cell line, were more 
resistant to NK cell-mediated killing than K562 cells and 26.6% RPMI-8226 cells were 
killed on average at 2000 mg/L glucose. Compared to this condition with 2000 mg/L 
glucose, the average cytotoxic potential of expanded NK cells against K562 and 
RPMI-8226 cells was not altered when NK cells were exposed to 500 mg/L or 4000 
mg/L glucose during the killing process (Figure 3A-B). This result indicated that short 
exposure to varying glucose concentration did not influence the cytotoxic potential 
of expanded NK cells and differed from the freshly isolated NK cells that seemed to 
have reduced cytotoxicity with 4000 mg/L glucose during killing (Figure 2).  
Next, we examined the effect of a four-day exposure to the different glucose 
concentrations on NK cell cytotoxicity. Compared to the culture condition of 2000 
mg/L glucose, the average cytotoxicity of both K562 and RPMI-8226 was around 10% 
lower when NK cells were cultured in 500 mg/L glucose, however this did not reach 
significance. The average cytotoxicity of NK cells cultured in 4000 mg/L was not 
different from the culture condition with 2000 mg/L (Figure 3A-B). The NK cell 
viability remained the same in all conditions when NK cells were cultured in 500, 
2000, or 4000 mg/L for 4 days (Supplementary figure S2A). Despite some donor 
variation, expanded NK cells of all donors maintained their cytotoxic capacity largely 
independent of the glucose concentration present during 4-day culture. 
Besides production of cytotoxic granules, NK cells are known for their secretion of 
inflammatory cytokines such as IFN-ɣ and TNFα. NK cell-derived IFN-ɣ has multiple 
functions including support of antigen presentation and induction of a Th1 response, 
which is important for polarizing an adaptive immune response against tumor cells 
[28]. To investigate if the secretion of IFN-ɣ was influenced by the different glucose 
levels, the supernatants of NK- and tumor cell co-cultures were analyzed for IFN-ɣ 
secretion by ELISA. Cultured in the normal culture condition with 2000 mg/L glucose, 
expanded NK cells secreted on average 329 pg/mL IFN-ɣ with K562 cells as target 
cells and 23 pg/mL with RPMI-8226 as target cells, showing that K562 induced a 
much more potent IFN-ɣ response in NK cells than RPMI-8226 cells (Figure 3C-D). 
Without target cells, expanded NK cells did not secrete IFN-ɣ (Supplementary figure 
S2B). The average level of IFN-ɣ production was comparable for all the tested glucose 
levels during the short-term co-culture with tumor cells. 
Compared to the 4-day culture condition with 2000 mg/L glucose, the average IFN-ɣ 
secretion remained constant when the expanded NK cells were exposed to 500 mg/L 
or 4000 mg/L for 4 days. This was found for both target cell lines K562 and RPMI-
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8226. These data showed that a potent IFN-ɣ response, comparable to the amount 
secreted with 2000 mg/L glucose, was still observed independent of the glucose 
concentration during short- or long-term culture.  
 

 
Figure 3. Short-term and long-term exposure to low or high glucose levels do not reduce effector functions 
of expanded NK cells. NK cells were expanded with 2000 mg/L glucose and subsequently cultured in 
different glucose concentrations for 4 days (culture condition) followed by a 4h cytotoxicity assay (killing 
condition) with K562 cells or RPMI8226 cells at 1:1 E:T ratio in different glucose concentrations. Tumor 
cells killed by NK cells are denoted as percentage specific cytotoxicity (A, B). After the co-culture with 
tumor cells, supernatants were collected and analyzed for secretion levels of IFN-γ by ELISA (C, D). Bars 
show the average of n=5-6 donors in individual experiments. For none of the conditions a p-value <0.05 
was observed. 
 
During ex vivo expansion, NK cells frequently alter their phenotype resulting in high 
NKG2A expression and low expression of killer-cell immunoglobulin-like receptors 
(KIRs). To test if the NK cell phenotype changed by culturing in low or high glucose 
during the 4-day culture period, NK cells were stained for several surface markers. 
The gating strategy is shown in Figure S3. The activating receptors NKp30, NKp46, 
DNAM1 and NKG2C are constitutively expressed on NK cells with NKG2C being 
expressed on a subset of NK cells. NKp44 and CD96 expression are induced upon 
activation [29]. After expansion of NK cells in the presence of IL-2, the NK cells had a 
highly activated phenotype and expressed all seven activating receptors (Figure 4A-
B). With 86%, the majority of expanded NK cells was NKG2A positive and on average 
10-18% of the NK cells expressed one or multiple KIR receptors (Figure 4C-D). 
Moreover, extensive cytokine activation of NK cells can lead to expression of 
exhaustion markers. The NK cells expressed TIM3 and TIGIT but only low levels of 
PD1 and LAG3 after expansion with IL-2 (Figure 4E-F). Expression of all investigated 
surface molecules was irrespective of the glucose concentrations present during 
culture, resulting in NK cells with a rather activating phenotypic profile.  
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In summary, the effector functions and the phenotypic profile of expanded NK cells 
were not influenced by variation in glucose levels during the killing process or during 
culture. Follow up studies that take multiple other TME factors and nutrient state 
into account, could be useful to further determine the impact of glucose on NK cells. 
 
 

 
Figure 4. Phenotype profile of expanded NK cells is not altered by long-term exposure to low or high 
glucose levels. NK cells were expanded with 2000 mg/L glucose and subsequently cultured in different 
glucose concentrations for 4 days (culture condition). NK cells were stained with antibodies against 
activating receptors (A, B), inhibitory receptors (C, D) and exhaustion markers (E, F) and analyzed by flow 
cytometry. Bar graphs (A, C, E) depict the average expression of n=2 donors for NKG2C, TIM3, TIGIT and 
n=5 donors for all other markers, error bars indicate SD. FMO values were subtracted from MFI expression 
values. Representative histograms (B, F) or dot plots (D) of one donor are shown with the FMO of one of 
the three glucose concentrations as FMOs overlapped tightly (Supplementary Figure S3). 
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Discussion 
To date, not much is known about glucose concentrations in the BM. As glucose is 
the primary fuel for NK cells, we aimed to gain more insight on the effect of glucose 
levels in the TME of MM on overnight cytokine-activated or ex vivo expanded NK 
cells and their antitumor response. First, we showed that glucose concentrations in 
the BM of MM patients with active disease were, in most cases, lower than normal 
blood glucose levels. Since we included only 9 patients in our study, our observation 
should be confirmed in a larger cohort. With this new insight on glucose 
concentrations in BM, we tested the effect of different glucose levels on freshly 
isolated- or expanded NK cells in vitro. As lowest glucose concentration we chose 
500 mg/L since this represents the lower limit of BM glucose concentrations in MM 
patients. We observed that short-term exposure to 500 mg/L glucose did not have a 
detrimental effect on the killing capacity of overnight-activated NK cells. This may be 
because glucose was not completely depleted. 500 mg/L glucose is half of the normal 
concentration found in blood, where NK cells are known to be potent killers. 
Moreover, the majority of NK cells in the assays were CD56dim NK cells. Both human 
NK cell subsets are functionally different and have been shown to possess different 
metabolic requirements as well: CD56bright NK cells, which are the main cytokine 
producers have been shown to have a higher rate of glucose uptake and they appear 
to be metabolically more active than CD56dim NK cells upon cytokine stimulation [25]. 
Therefore, CD56bright peripheral blood NK cells may be more likely to suffer more 
from the restricted glucose in the environment than the CD56dim subset. In addition, 
during activation, NK cells are able to perform metabolic reprogramming and 
upregulate both glycolysis and OxPhos [30]. 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 availability to become 
activated, NK cells might be the better tumor cell killers in the area where low 
glucose concentrations are located. Moreover, to fully conclude whether this would 
also be true for solid tumors, the glucose levels should be reduced even further as 
glucose levels in solid tumors can be much lower than 500 mg/L [17]. In addition, it 
would be interesting to further evaluate whether our findings are also true in a 
situation where not only glucose is reduced, but also other nutrients are limited.  
Interestingly, high glucose concentrations of 4000 mg/L and even more obvious with 
8000 mg/L glucose did result in a reduction of NK cell cytotoxicity in our study. This 
observation was highly unlikely due to high molarity since we did not observe the 
effect with mannitol. Our finding was in line with a previous study on unactivated 
human NK cells showing that short-term exposure of NK cells to 8000 mg/L glucose 
led to inhibition of NK cell cytotoxicity, probably due to an increase in intracellular 
calcium ion concentration to such high levels that it inhibited cytotoxic efficiency [31, 
32].  
Many clinical protocols, aiming at NK cell infusion as a mean for cancer 
immunotherapy, will require infusion of extremely high numbers of NK cells, which 
necessitates ex vivo NK cell expansion. We therefore anticipated that this expansion 



Chapter 6 

154 
 

period could provide an opportunity to either prime NK cells for the metabolic 
conditions in the tumor or enhance their function or persistence by interfering with 
their metabolic programming. For these experiments, we again chose 500 mg/L 
glucose as low, 2000 mg/L as normal, and 4000 mg/L as high glucose concentration, 
representing the in vivo BM concentrations in MM patients, glucose concentrations 
in standard-, and in high glucose culture media, respectively. Our data with IL-2 
expanded NK cells implied that a period of acclimatization to a higher glucose 
concentration did not result in an altered NK cell cytotoxic capacity. Additionally, a 
period of acclimatization to a lower glucose level for 4 days after expansion did not 
reduce NK cell-mediated killing. For murine tumor-infiltrating T cells, it has been 
shown that inhibition of glycolysis during the ex vivo expansion could prime T cells 
towards enhanced persistence and overall anti-tumor response upon transfer into 
tumor-bearing immunodeficient mice [33]. In human NK cells expanded with 
membrane-bound IL-21 K562 feeder cells, highly functional licensed NK cells used 
both glycolysis and OxPhos and had a greater glycolytic capacity than less functional, 
unlicensed NK cells that relied on OxPhos alone [34]. Inhibition of NK cell cytotoxicity 
in highly functional NK cells was only observed after vigorous glucose deprivation 
and the use of metabolic inhibitors overnight [34]. This provides the functional NK 
cells with a greater flexibility to generate energy and indicates that the cytotoxic 
functions can be independent of the available glucose levels. We also found that the 
IFN-ɣ response of the expanded NK cells during a 4h cytotoxicity assay was largely 
unaffected by the glucose concentrations that we tested. IFN-ɣ production in murine 
NK cells was affected by inhibition of glycolysis when activation was receptor-
mediated, but was not sensitive to glycolysis inhibition when activation occurred 
through cytokine signaling of IL-12 and IL-18, suggesting that the metabolic demand 
for IFN-ɣ is stimulus-dependent [23]. Similar to murine NK cells, human cytokine-
activated NK cells continued to produce IFN-ɣ when exposed to short-term glucose 
deprivation of 4 hours [35] or long-term low glucose levels (as low as 0.01 mM) for 
two days [36]. However, CD56bright NK cells showed a defective IFN-ɣ production 
when the glycolysis rate was limited for a period of 18 hours [25] underlining the 
difference between CD56dim and CD56bright NK cells.   
In our study, we observed a rather small reduction in glucose availability in the BM 
of MM patients as compared to normal peripheral blood values but we did not 
determine availability of other nutrients in the MM patients. In our in vitro assays, 
we reduced the amount of glucose, while other nutrients could contribute to NK cell 
efficacy as well. Glucose has been described as the key metabolic fuel for NK cells 
(summarized in [37]), but further research would be required to determine if a small 
reduction in glucose availability might have more impact in combination with other 
nutrient deficiencies, such as glutamine, or other TME factors that may suppress NK 
cell effector function or alter NK cell metabolism. While NK cells do not use 
glutamine as fuel for OxPhos, glutamine deficiency can impair NK cell functions due 
to the loss of the transcription factor cMYC [26]. Alternatively, the combination with 
TGF-β, frequently present in the MM TME [38], may enhance the effect of limited 
glucose as TGF-β has been shown to reduce the NK cells level of OxPhos and 
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glycolysis [39]. Hypoxia is another TME factor that can limit NK cell functions. We 
have previously shown that IL-2 activated NK cells retain their cytotoxic capacity 
when exposed to hypoxia [9]. However, a shift towards glycolysis is expected when 
oxygen is low and it is therefore important to study the effects of varying glucose 
concentrations on activated NK cells in models resembling a complex TME including 
factors like hypoxia and altered levels of nutrients other than glucose.   
Even though we show that activated and expanded NK cells can cope with a low 
glucose environment, combination therapy should be considered to achieve better 
NK cell efficacy in MM patients. We have previously described several strategies how 
the NK cell potency could be enhanced e.g. by the combination with monoclonal 
antibodies such as Daratumumab [40]. Other options could include targeting of the 
TME to create a less NK cell suppressive TME. In MM, inhibitors of mechanistic target 
of rapamycin (mTOR) are tested to target the metabolism of MM cells and its TME 
cells that overexpress mTOR [41, 42]. Dual inhibitors targeting mTORC1/mTORC2 
could potentially be an interesting drug to slow tumor cell growth in combination 
with NK cell transfer to kill tumor cells. However, mTOR inhibitors can also suppress 
immune cells [22, 43] and combination therapy approaches should be tested in 
carefully designed studies as timing of the drugs and NK cell infusion may be very 
important. Alternatively, it would be relevant to explore in further studies whether 
manipulating NK cell metabolism during ex vivo expansion could be used to 
potentiate NK cell effector function in the MM TME. In conclusion, our current 
findings showed that exposure to a relatively low glucose concentration, as found in 
the BM of MM patients, for either short-term or long-term culture did not have a 
detrimental effect on the NK cell cytotoxic capacity against tumor cells in our in vitro 
setup. Our data suggests that IL-2 activated and expanded NK cells could be well 
suited to function in a tumor environment where glucose availability is limited. 
Although this is positive news for NK-cell based immunotherapy, future studies are 
needed to investigate if these observations also hold true for the in vivo situation in 
patients with MM or other cancers.  
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Supplementary Material 
 

 
Supplementary Figure S1. High osmolarity is not the cause of a reduced cytotoxic 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 different glucose concentrations or high concentration of Mannitol 
equivalent to 8000 mg/L glucose. The following day, NK cells were co-cultured with K562 cells in 1:1 E:T 
ratio in a 4-hour cytotoxicity assay in different glucose concentrations as indicated. Dead cells were 
stained with Live/Dead Marker. Percentage of tumor cells killed by NK cells are denoted as percentage 
specific cytotoxicity. n = 2 donors in independent experiments. 
 

 
Supplementary Figure S2. Effect of short- or long-term exposure to low or high glucose on NK cells. NK 
cells were expanded with 2000 mg/L glucose and subsequently cultured in different glucose 
concentrations for 4 days (culture condition). (A) NK cell viability was assessed by staining with a 
Live/Dead marker and analysis with flow cytometry. (B) IFN-γ secretion of expanded NK cells without 
presence of target cells, assessed by ELISA. Bars show average of n=5-6 donors in individual experiments.  
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Supplementary Figure S3: Analysis of the phenotypic profile of expanded NK cells. (A) Gating strategy 
was as follows: Debris was gated out and single living cells were selected before gating on CD3- CD56+ NK 
cells, followed by gating on the inhibitory receptors NKG2A, KIR2DL1, KIR2DL2/3, KIR3DL1 that present as 
subpopulations of NK cells (see Figure 4D) and activating receptors and exhaustion markers are presented 
as histograms (see Figure 4B and 4F). (B) Histograms of FMO controls for all glucose culture conditions 
(500 mg/L, 2000 mg/L, 4000 mg/L) are shown of a representative donor.  
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Abstract  
Multiple myeloma (MM) is an incurable disease, characterized by malignant plasma 
cells in the bone marrow. MM growth is largely dependent on the tumor 
microenvironment (TME), consisting of complex cellular networks and secreted 
factors that shape a tumor-permissive environment. Within the TME, tumor-
associated cells (TAC) comprise heterogeneous cell populations that collectively 
support immunosuppression. Reshaping the TME towards an immunostimulatory 
environment may enhance effectiveness of immunotherapies. Here, we investigated 
interactions between donor-derived natural killer (NK) cells and TAC, like tumor-
associated macrophages (TAM) and M1 macrophages, and assessed whether anti-
tumor effector functions of NK cells could be enhanced by an ADCC-triggering 
antibody targeting macrophages. Monocytes were polarized in vitro towards either 
M1 or TAM before co-culture with high-dose IL-2 activated NK cells. NK cell 
responses were assessed by measuring degranulation (CD107a) and IFN-γ 
production. We found that NK cells degranulated and produced IFN-γ upon 
interaction with both macrophage types. NK cell responses against PD-L1+ M1 
macrophages could be further enhanced by Avelumab, an anti-PD-L1- and ADCC-
inducing antibody. Additionally, NK cell responses were influenced by HLA class I, 
shown by stronger degranulation in NK cell subsets for which the corresponding HLA 
ligand was absent on the macrophage target cells (KIR-ligand mismatch) compared 
to degranulation in the presence of the HLA ligand (KIR-ligand match). Our results 
suggest that NK cells could, next to killing tumor cells, get activated upon interaction 
with TAC, like M1 macrophages and TAMs, and that NK cells combined with PD-L1 
blocking antibodies with ADCC potential could, through IFN-γ secretion, promote a 
more immune-favorable TME. 
 
Keywords: NK cells, ADCC, tumor-associated cells, tumor microenvironment  
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Introduction 
Multiple myeloma (MM) is an incurable hematological cancer, characterized by the 
accumulation of malignant plasma cells in the bone marrow (BM). Although 
therapeutic agents such as immunomodulatory drugs and monoclonal antibodies 
have substantially prolonged survival, tumor cells frequently develop resistance to 
therapy due to mutations and support from the tumor microenvironment (TME) (1).  
MM cells are dependent on the BM microenvironment to grow uncontrollably. 
Interaction with BM stromal cells and osteoclasts can for example support MM 
proliferation and survival through direct cell-cell contacts and soluble factors such as 
IL-6 (2). Moreover, the TME of MM patients is characterized by changes in the 
cellular composition compared to normal BM, already early on during disease 
development (3). BM-infiltrating cells represent highly heterogeneous cell 
populations and together they largely contribute to suppression of anti-tumor 
immune responses through various mechanisms such as secretion of suppressive 
cytokines, nitric oxide, reactive oxygen species, indoleamine-2,3-dioxygenase (IDO) 
and prostaglandin E2 (PGE2), as well as lactate produced by MM cells (4, 5). 
Moreover, immature myeloid cells, which are often described as myeloid-derived 
suppressor cells, as well as regulatory T cells and tumor-associated macrophages 
(TAM) are recruited to the TME or acquire suppressive phenotypes in the TME (2). 
While they are often immunosuppressive, TAM are highly plastic cells that can, 
depending on the stimuli from the environment, acquire a large spectrum of 
activation states and functions. The simplistic classification of M1 and M2 
macrophages with pro-tumor and anti-tumor functionality, respectively, represents 
the two extremes of the activation states that are typically used in in-vitro cultures 
(6). In the MM microenvironment, TAM are abundantly present and cytokines like 
IL-4, IL-10, and TGF-β promote their polarization towards a tumor-supporting 
phenotype (7-9). This can shape TAM to secrete proinflammatory cytokines, which 
in turn further support MM progression (10, 11). Additionally, TAM in MM are often 
described as M2-like and are for example a major source of the anti-inflammatory 
cytokine IL-10 (7, 10). Macrophage polarization is thus multifaceted to support both 
tumor proliferation and an immunosuppressive milieu (2).   
The immunosuppressive TME in MM can result in defective T cell- and NK cell-
mediated tumor killing (12-14). Hence, new therapy approaches aim to restore the 
dysfunctional antitumor responses e.g. by blocking immune checkpoint (IC) 
molecules such as TIGIT or the PD-1/PD-L1 pathway and by adoptive transfer of 
modified T cells or NK cells (15). IC are upregulated by inflammatory cytokines to 
prevent overactivation of the immune system, as well as by aberrant signalling 
pathways in tumor cells, including MM, to facilitate immune escape (16). Although 
advances have been made, IC immunotherapies do not always achieve durable 
responses and, next to restoring antitumor functions of exhausted immune cells, 
reprograming of the TME towards a proinflammatory, immunostimulatory TME may 
be crucial for sustained effectiveness of immunotherapies (17).  
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We and others focus on developing effective donor-derived NK cell-based therapy, 
which is considered a promising approach to restore impaired NK cell functionality 
in MM (18). NK cells can rapidly and effectively kill tumor cells. To recognize their 
targets, NK cells express an array of activating and inhibitory receptors and attack 
when the activating signals outweigh the inhibitory ones (19). Activating receptors 
for example bind to ligands upregulated in response to stress, while the major 
inhibitory receptors on NK cells are Killer-Immunoglobulin-like Receptors (KIRs) and 
NKG2A that bind to HLA class I molecules, which are expressed on all healthy cells. 
Next to natural cytotoxicity, the NK cells killing capacity can be enhanced through 
antibodies that induce antibody-dependent cellular cytotoxicity (ADCC) through 
binding to CD16 on NK cells and CD16 is one of the most potent activating receptors 
on NK cells (20). Additionally, NK cells can provide anti-tumor effects by promoting 
T helper type 1 (Th1) immune responses through secretion of proinflammatory 
cytokines including high amounts of IFN-γ (21). However, tumor cells have developed 
mechanisms to escape from NK cells, which can result in dysfunctional NK cell 
response in the MM environment. Therefore, different strategies have been 
exploited to create NK cells that remain functional in a suppressive TME. For tumor 
types like MM that are largely HLA class I+, donor NK cells can be used that possess 
KIRs for which the corresponding HLA ligands in the tumor are absent, resulting in a 
lower activation threshold and stronger NK cell anti-tumor cytotoxicity (22, 23). 
ADCC is another way to induce robust NK cell effector functions. We have previously 
shown that ADCC-triggering by the clinically-approved anti-CD38 antibody 
Daratumumab combined with KIR-ligand mismatched NK cells helped to amplify the 
NK cell responses against MM tumor cell lines (22).  
 
So far, NK cell therapies have been mainly assessed for their direct anti-tumor effects 
i.e., killing tumor cells. In this study, we hypothesized that NK cells can further 
contribute to anti-tumor immunity through IFN-γ secretion by responding to 
myeloid-derived tumor associated cells (TAC) and that such NK cell responses can be 
amplified by ADCC-triggering antibodies binding to TAC. We tested the response of 
IL-2 activated donor-derived NK cells in combination with the anti-PD-L1 blocking 
antibody Avelumab, known to also trigger ADCC, on two types of in vitro 
macrophages that were either polarized towards a TAM-like phenotype or polarized 
towards a proinflammatory M1 phenotype. Moreover, we assessed the contribution 
of the inhibitory ligands HLA class I on TAM on NK cell functionality.   
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Materials and methods 
Cell isolations and cell culture  
Monocytes and NK cells were derived from buffy coats of healthy donors. The use of 
buffy coats does not require ethical approval in the Netherlands under the Dutch 
Code for Proper Secondary Use of Human Tissue. PBMCs were isolated by density 
gradient centrifugation with Lymphoprep (Axis Shield). Subsequently, monocytes 
were positively selected by CD14 MicroBeads (Miltenyi Biotec) and NK cells were 
isolated by negative selection using the NK cell isolation kit (Miltenyi Biotec) 
according to the manufacturer’s protocol. NK cells were cultured overnight at a 
density of 1.5x106 cells/mL in RPMI1640 medium with Glutamax (Gibco), 
supplemented with 10% FCS and 1% P/S, plus 1000 U/mL recombinant human IL-2 
(Proleukin, Novartis). If using fresh NK cells was not feasible, NK cells were frozen 
until further use and, prior to experiments, thawed and activated the same away as 
fresh NK cells. For the cytotoxicity assay, expanded NK cells were included: NK cells 
were expanded from CD3-depleted PBMCs in SGCM medium supplemented with 
10% FCS, 1% Pen/Strep, and 1000 U/mL IL-2. After 17 days of expansion, NK cells 
were frozen and, prior to the experiment, thawed and recovered overnight in the 
presence of IL-2. The multiple myeloma cell line L363 was used to polarize TAM. L363 
was purchased from DSMZ Germany and cultured in RPMI1640 medium with 
Glutamax (Gibco) and supplemented with 15% fetal calf serum (FCS, TICO Europe) 
and 1% penicillin/streptomycin (P/S, Gibco). The cells were cultured in an incubator 
with conditions of 37⁰C, 21% O2 and 5% CO2. 
 
Monocyte polarization towards macrophages 
CD14+ monocytes were plated in serum-free X-VIVOTM 15 medium (Lonza) with 
either 100 ng/mL recombinant human macrophage colony-stimulating factor (M-
CSF, Immunotools) or 100 ng/mL recombinant human granulocyte-macrophage 
colony-stimulating factor (GM-CSF, Miltenyi Biotec) to differentiate the monocytes 
towards TAM or M1, respectively. On day 4, half-medium change was performed. 
On day 7, the cells were polarized towards TAM or M1 for 48h as follows: To obtain 
TAM, 100 ng/mL M-CSF, 50 mM lactate (Sigma-Aldrich), 200 ng/mL prostaglandin E2 
(PGE2; Sigma-Aldrich) were added together with either L363 cells in a 1:30 
L363:monocytes ratio or with L363 supernatant. To obtain M1 macrophages, 100 
ng/mL GM-CSF, 20 ng/mL recombinant human IFN-γ (rhIFN-γ, R&D Systems) and 10 
ng/mL LPS (Sigma-Aldrich) were added to the medium. 
To some conditions, supernatant from IL-2 activated NK cells or rhIFN-γ (R&D 
Systems) were added to the polarized macrophages for 24h, referred to as NK 
supernatant. Additionally, 5 µg/mL LEAF purified anti-human CD119/IFN-γ R alpha 
chain, mouse IgG1 κ blocking antibody (clone GIR-208) or 5 μg/mL LEAF purified 
mouse IgG1 κ isotype control (MGI-45/ MOPC-21, both Biolegend) were added 30 
min prior to adding the NK supernatant. 
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Macrophage harvesting and flow cytometric analysis of macrophages  
First, supernatant was removed and stored for CBA analysis, then wells were 
carefully washed with PBS and 10mM EDTA/PBS was added for 5 min at 37C. Cells 
were subsequently gently harvested using a cell lifter. For the FACS staining, 
macrophages were blocked with the FcR blocking reagent, human (Miltenyi) prior to 
surface staining for CD80 APC-H7 (L307.4, BD), CD86 FITC (FM95, Miltenyi), HLA-ABC 
PE (REA230, Miltenyi), HLA-DR APC (AC122, Miltenyi), CD163 PerCPCy5.5 (GHI/61, 
BD), CD206 APC (19.2, BD), CD209 PerCPCy5.5 (DCN46, BD), and PD-L1 PE-Cy7 
(REA1197, Biolegend) for 30 min in the dark and on ice. Directly before measuring 
the sample on the flow cytometer, 30 ng DAPI (Sigma-Aldrich) was added. To control 
for background staining, cells stained only with 30 ng DAPI were used. All flow 
cytometric analyses were performed with BD Canto II and data were analyzed with 
FlowJo 10.1r5 64-bit software.  
 
Cytokine profile via Cytometric Bead Assay (CBA) 
The stored supernatant was thawed prior to the assay and 50 μl of the supernatant 
per condition was prepared according to the protocol of the BD CBA Flex Set kit to 
measure the concentrations of IFN-γ, IL1-β, IL-6, IL-10, VEGF and TNFα (BD 
Biosciences).  
 
Cytotoxicity assay with L363 target cells  
First, polarized macrophages were washed and co-cultured with IL-2 activated NK 
cells for 2 days. The NK cells were harvested by collecting the supernatant of the co-
culture, while the macrophages adhered to the plates. Then, the macrophage-
primed NK cells were co-cultured with the target cells L363, which were previously 
labeled with CellTrackerTM CM-DiI Dye (Invitrogen) according to the manufacturer’s 
protocol. The co-culture was performed in 96-well plates with 2x104 NK-cells and 
2x104 tumor cells per well (1:1 Effector:Target cell (E:T) ratio) for 4 hours. After co-
culture, the cells were stained with Live/Dead® Fixable Aqua Dead Cell Stain Kit 
(Invitrogen) for 30 minutes on ice and then fixed in PBS with 1% paraformaldehyde. 
The samples were measured on a BD CANTO II. Specific cytotoxicity was calculated 
as follows:  % specific cytotoxicity=((% dead cells-average % spontaneous 
death))/((100%-average % spontaneous death))*100 % 
 
CD107a degranulation assay, intracellular staining and IncuCyte analysis 
Polarized macrophages were harvested and re-seeded in 96 well plates. 
Macrophages were incubated with 2 ug/mL Avelumab (MedChemExpress) or 
medium for 30 min before IL-2 activated NK cells were added in a 1:1 E:T ratio for 4-
hour co-culture. For the CD107a assays, CD107a-Horizon V450 antibody (H4A3, 
Miltenyi Biotec) was added immediately. After the first hour of co-culture, Monensin 
(BD Biosciences) was added and after another 3 hours, the plates were put on ice to 
stop the assay. The cells were washed with PBS and first stained with Live/Dead® 
Fixable Aqua Dead Cell Stain Kit (Molecular Probes™) for 30 min on ice before surface 
staining with the following antibodies was performed for 30 min on ice: anti-CD3-
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APC-Vio770 (BW264/56), anti-CD56-PerCP-Vio700 (REA196), anti-KIR2DL1-APC 
(REA284), anti-KIR2DL2/3-PE (DX27), anti-KIR3DL1-FITC (DX9), and anti-NKG2A-PE-
Vio770 (REA110). For IFN-γ staining, NK cells were subsequently treated with the 
Cytofix/Cytoperm™ Fixation/Permeabilization Kit from BD according to the 
manufacturer’s protocol and stained with anti-IFN-γ (B27) for 30 min on ice. The 
assays were analyzed by flow cytometry with a BD CANTO II. For the image analysis 
using the Incucyte® S3 Live-Cell Analysis System, macrophages were labeled with 
CellTrackerTM CM-DiI Dye (ThermoFisher) and then co-cultured with NK cells as 
described above. Caspase-3/7 dye for apoptosis (Sartorius) was added according to 
the manufacturer’s procedure to detect cell death.  
 
Determination of KIR-ligand matched and mismatched NK cell subsets 
The HLA class I genotype of the monocyte donors was determined by Luminex-SSO 
according to manufacturer’s protocol. Donors with an HLA-C1+ HLA-C2+ HLA-Bw4+ 
genotype were selected as NK cells donors for the assay to ensure that the analyzed 
KIRs are licensed. See table 1 for determination of KIR-ligand matched and -
mismatched NK cell subsets.  
 
Statistical analysis 
All statistical analysis were performed with GraphPad Prism 9.2.0 (GraphPad 
Software Inc, San Diego, CA, USA) using non-parametric paired t-tests (Wilcoxon 
matched pairs tests). * 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 
IL-2 activated NK cells degranulate and produce IFN-γ in response to in vitro 
polarized TAM and M1 
To study NK cells responses against myeloid-derived TAC, we generated two types 
of macrophages, TAM and M1. TAM were generated by stimulating monocytes with 
M-CSF, PGE2, Lactate as well as the MM cell line L363 to enable interaction of TAM 
with MM cells, as is expected to occur in the TME. Because the presence of L363 cells 
after harvesting could influence NK cell responses, we also generated TAM with the 
same cocktail of M-CSF, PGE2 and lactate and with L363 supernatant (TAM-S) instead 
of L363 cells. Additionally, we polarized macrophages towards the opposing end with 
GM-CSF, rhIFN-γ, and LPS to generate proinflammatory M1. Upon polarization, M1 
displayed the typical long-stretched morphology, while TAM appeared spindle-like 
shaped and less stretched (Suppl. Fig. S1A). Since macrophages are highly versatile 
in their phenotype, we assessed the phenotypic profile of the macrophages that we 
generated by staining for cell surface markers and measuring cytokines in the 
supernatant of polarized macrophages. While we observed differences between 
donors regarding the levels of expression of the different markers, all M1 expressed 
the co-stimulatory molecules CD80 and CD86 as well as high levels of the HLA class 
II molecule HLA-DR (Fig. 1A-B). Additionally, we assessed three receptors involved in 
host defense, of which CD206 and CD209 were expressed at low levels and CD163 
was not expressed on M1 (Fig 1A-B). The proinflammatory cytokines IL-1β, TNF-α, IL-
6 and IFN-γ were produced by M1 as well as the vascular endothelial growth factor 
(VEGF) and IL-10 (Fig. 1C). Compared to M1, TAM expressed lower levels of the co-
stimulatory molecule CD80, while HLA-DR was also present on TAM and the 
scavenger receptors CD206 and CD163 as well as the CD209 receptor were expressed 
at low levels (Fig. 1A-B). All assessed cytokines were measured in the TAM 
supernatant at low levels with secretion of VEGF being the highest of the measured 
cytokines (Fig. 1C). TAM-S displayed a comparable morphology and phenotype as 
TAM polarized with L363 cells (Suppl. Fig. S1A and S2).  
To test whether NK cell effector mechanisms could be triggered or influenced by the 
interaction with macrophages, IL-2 activated donor NK cells were co-cultured with 
M1 or TAM and NK cell degranulation (CD107a) was assessed. After 4 hours of co-
culture, spontaneous degranulation of NK cells was below 5%, while up to 30% of NK 
cells degranulated in response to both M1 and TAM (mean of 11% against M1, 15% 
against TAM, Fig. 2A). Up to 20% of NK cell degranulation against TAM-S confirmed 
that NK cells responded to the macrophages (Suppl. Fig. S3A). To further study the 
effect of macrophages on the effector functions of NK cells, we determined IFN-γ 
levels in the supernatants after 24h co-cultures of macrophages and NK cells. This 
revealed an average of 180 pg/mL and 40 pg/mL IFN-γ in the co-cultures with M1 
and with TAM, respectively (Fig. 2B). Moreover, there was no obvious difference in 
the IFN-γ production in co-cultures with TAM or TAM-S (Suppl Fig 3B). In 
supernatants from conditions with NK cells alone, TAM alone or M1 alone, IFN-γ was 
not produced, indicating that the IFN-γ secretion required the interaction between 
macrophages and NK cells (Suppl Fig S3C). While both macrophages and activated 
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NK cells could produce IFN-γ, intracellular staining for IFN-γ upon co-culture of 
macrophages and NK cells further confirmed that NK cells are producing IFN-γ in the 
co-cultures with macrophages (Fig. 2C and Suppl Fig 3D-E). Despite NK cells 
responding to M1 and TAM, both types of macrophages did not seem to be killed by 
NK cells (Suppl Fig S3F).     
Because TAM have been shown to inhibit cytotoxic effector functions of NK cells 
which would compromise the NK cell anti-tumor responses (24, 25), we also 
determined whether co-cultures with macrophages reduced the tumor killing 
capacity of activated NK cells in our setup. For this, M1 and TAM were co-cultured 
with IL-2 activated donor NK cells for 24 hours. Afterwards, NK cells were harvested 
and co-cultured with the multiple myeloma cell line L363 in a 4-hour cytotoxicity 
assay. Without priming of macrophages, NK cells killed between 27% and 53% of 
L363 cells and this response was not strongly reduced when NK cells were primed by 
TAM or M1 (Fig. 2D). This illustrated that highly activated NK cells can be triggered 
to degranulate and produce IFN-γ by both macrophages types while leaving their 
direct cytotoxic anti-tumor potential remained intact. 
 
NK cell degranulation and IFN-γ production in response to PD-L1+ M1 macrophage 
targets can be promoted with the ADCC-triggering antibody Avelumab 
Since the production of IFN-γ could contribute to the overall anti-tumor effect of NK 
cells, we investigated whether the response could be enhanced by using clinically 
applicable ADCC-mediating antibodies that engage CD16, which is a powerful 
activating receptor on NK cells (20). We observed that both M1 and TAM expressed 
PD-L1 and that M1 expressed PD-L1 at higher levels, most likely due to the 
polarization with rhIFN-γ (Fig. 3A). Because we detected PD-L1 expression on the 
macrophages, we used the anti-PD-L1 antibody Avelumab to enhance the NK cell 
response against macrophages. Importantly, Avelumab has been used in clinical 
studies and can, next to blocking interaction of PD-L1 and its ligand PD-1, also 
mediate ADCC (26). To test NK cell degranulation against the macrophages with 
Avelumab, M1 or TAM were co-cultured for 4h with NK cells in the presence of the 
anti-PD-L1 antibody Avelumab. IL-2 activated NK cells did not express PD-1 (Suppl. 
Fig. 4A).  
In the absence of macrophages, 0-4% of NK cells spontaneously degranulated 
without Avelumab and 1-14% of NK cells degranulated in presence of Avelumab 
(mean fold increase 4.5, Fig. 3B). Against M1, NK cells degranulation ranged from 2% 
to 12% without Avelumab (Fig. 3B). However, when Avelumab was added, 
degranulation against M1 was increased to 14 – 39% CD107a+ NK cells (mean fold 
increase 6.2, Fig. 3B). Against TAM, NK cell degranulation ranged from 3 – 26% and 
the addition of Avelumab resulted in a small increase in NK cell degranulation in 254 
10 of 16 donors (mean fold increase 1.3, Fig. 3B). A comparable increase with 
Avelumab was also observed against TAM-S (Suppl Fig S4C). 
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To further assess the NK cell effector response, IFN-γ production was measured in 
the supernatant of 24h NK cell – macrophage co-cultures. Avelumab itself did not 
enhance IFN-γ levels in cultures with only NK cells or only macrophages (Fig. 3C, 
Suppl. figure S4B). In line with the avelumab-induced degranulation, more IFN-γ 
release was observed when Avelumab was added to M1 compared to conditions 
without Avelumab (Fig. 3C). Such a clear Avelumab-induced increase was not 
observed with TAM nor with TAM-S as target cells (Fig. 3C, Suppl Fig S4D).  
Together, our results showed enhanced NK cell degranulation and IFN-γ production 
by Avelumab against M1 target cells with high PD-L1 expression and to some extent 
against TAM with lower PD-L1 expression.  
 
PD-L1 expression on macrophages was upregulated by NK cells in an IFN-γ 
dependent manner but did not further enhance the Avelumab-induced NK cell 
responses against TAM   
We and others previously showed that the magnitude of ADCC triggered by an ADCC-
inducing antibody is related to the level of expression of the cognate antigen (22, 
27). Since IFN-γ, produced by activated immune cells, has been shown to enhance 
PD-L1 expression (28), we assessed whether cytokines produced by activated NK 
cells could enhance PD-L1 expression on macrophages and whether this could 
improve the effect of Avelumab on TAM. To study this, macrophages were exposed 
to NK supernatant derived from NK cells that were activated with a high dose of IL-2 
for 24h. No obvious changes in morphology were observed after treatment with NK 
supernatant (Suppl Fig S1B). PD-L1 expression was already high on M1 and was only 
slightly enhanced by addition of NK supernatant (1.3-fold on average), while PD-L1 
expression on TAM was highly upregulated after incubation with NK supernatant 
(10-fold on average, Fig. 3D). The upregulation of PD-L1 on TAM was largely blocked 
by addition of an IFN-γ-receptor-blocking antibody, but not by an isotype control, 
demonstrating that the PD-L1 upregulation was largely mediated through IFN-γ (Fig. 
3D). These results showed that highly activated NK cells produce IFN-γ in sufficient 
amounts to increase expression of the inhibitory checkpoint PD-L1 on macrophages.  
Additionally, we included conditions with two concentrations of rhIFN-γ to test if the 
PD-L1 expression on TAM could be enhanced further. Preincubation with both 5 
ng/mL and 20 ng/mL rhIFN-γ enhanced PD-L1 expression to comparable levels as NK 
supernatant, which might suggest that the maximal expression under our in vitro 
culture conditions was reached (Fig. 3E).  
Next, we tested whether the 10-fold increase in PD-L1 on TAM after incubation with 
NK supernatant or rhIFN-γ coincided with stronger Avelumab-induced NK cell 
responses. This was not the case; the fold-increase in degranulation with Avelumab 
(compared to control without Avelumab) was less than 2-fold for TAM with NK 
supernatant and for TAM with rhIFN-γ (Fig. 3F), which was comparable to the fold-
increase for TAM in medium (Fig. 3B). Similarly, Avelumab-induced IFN-γ release was 
not further enhanced by the higher expression of PD-L1 on TAM preincubated with 
either NK supernatant or rhIFN-γ (Fig. 3G). Against TAM-S, we observed the same 
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responses as against TAM, supporting that the described responses are at least in 
part directed against the macrophages rather than against L363 (Suppl Fig. S4E-G).  
Overall, our results indicate that increased PD-L1 expression on TAM after exposure 
to NK supernatant or rhIFN-γ did not further amplify the effect of Avelumab on NK 
cell responses against TAM.  
 
NK cell subgroups that do not encounter their HLA class I ligand degranulated 
stronger against macrophage target cells than NK cells that can interact with HLA 
class I  
Since HLA class I is one of the most important inhibitors of NK cells, we studied 
whether HLA class I on macrophages is functionally relevant for NK cells. In our setup, 
both M1 and TAM expressed HLA class I (Fig. 4A). To investigate the relevance of HLA 
class I expression on macrophages, we analyzed the degranulation of NK cell subsets 
that encountered their cognate HLA ligand on macrophages (KIR-HLA ligand matched 
NK cells) and NK cell subsets not encountering their ligand (KIR-HLA ligand-
mismatched NK cells) in CD107a assays. Table 1 provides an overview of the KIR-
ligand matched and -mismatched NK cell populations.  
Against M1 as target cells, the NK cell mismatched subgroup degranulated more 
vigorously than the matched subgroup in 16 of the 18 tested NK cell-target cell 
combinations (Fig. 4B). Against TAM, the difference in degranulation was less 
pronounced with some NK cell donors, but overall, the mismatched NK cell subsets 
degranulated more upon co-culture with TAM than the matched NK cells (12 of the 
18 tested NK cell – target cell combinations) and this was also the case when TAM-S 
were used as target cells (Fig. 4B). The enhanced degranulation in the mismatched 
populations compared to the matched populations confirms that the HLA class I at 
least partly controls the magnitude of the NK cell response against macrophages.  
HLA class I is known to be upregulated in response to IFN-γ (29). To further study the 
functional relevance of HLA on the Avelumab-induced NK cell responses, we 
determined expression levels of all HLA class I on TAM upon incubation with NK 
supernatant. As expected, total HLA-class I as well as all the HLA molecules most 
relevant for NK cells (i.e., HLA-C, Bw4, and HLA-E) were upregulated on TAM after 
incubation with NK supernatant (Fig. 4C). HLA expression levels could potentially 
counteract or limit the ADCC-response of NK cells with Avelumab. To test this, we 
selected three NK cell subsets either exclusively expressing NKG2A, KIR-ligand-
matched, or KIR-ligand-mismatched inhibitory receptors. To confirm that the NK cell 
responses were directed against the macrophages, both TAM and TAM-S were 
analyzed. The enhanced expression of HLA class I in response to NK supernatant did 
not result in an obvious difference in degranulation patterns between the three NK 
cell subsets (Fig. 4D-E). If enhanced HLA expression was limiting the Avelumab-
induced response, it would be expected that the KIR-ligand mismatched subset 
shows a stronger Avelumab effect than the other two subsets because the KIR-ligand 
mismatched subsets lack interaction with their inhibitory HLA-C ligands. However, 
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this was not the case and the increase in degranulation in combination with 
Avelumab was comparable for the subsets (Fig. 4D-E).  
Our data therefore demonstrated that HLA class I is an inhibitor of NK cell responses 
against both M1 and TAM and that HLA expression at least partly mediates the 
magnitude of NK cell responses. Moreover, it suggests that enhanced HLA levels 
upon incubation with NK supernatant on TAM are not contributing to the absence of 
the Avelumab effect against TAM. 
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Discussion 
Creating a proinflammatory and immunostimulatory TME may be crucial for long-
lasting effects of immunotherapies. In this study, we observed that IL-2 activated 
donor-derived NK cells degranulated and produced IFN-γ upon interaction with 
macrophages in our in vitro setup. The extent of NK cell reactivity against 
macrophages was, at least partly, controlled by HLA class I and could be further 
enhanced in combination with the ADCC-inducing antibody Avelumab against PD-L1-
high M1 target cells, but not against PD-L1+ TAM. Importantly, we showed that the 
killing capacity of high-dose IL-2 activated NK cells remained comparable between 
macrophage-primed and unprimed NK cells. In previous studies, using a murine 
model or TAM derived from gastric cancer patients, NK cell responses such as 
degranulation and IFN-γ were shown to be impaired (24, 30). Our data provide 
evidence for the hypothesis that, even under suppressive conditions, activated NK 
cells can contribute to the overall anti-tumor immunity, on the one hand by direct 
cytotoxicity against tumor cells and on the other hand through production of IFN-γ 
which can enhance antigen presentation through HLA class I upregulation and 
stimulate Th1 and CD8+ T cell responses (21, 31). This information is very valuable 
for strategies aiming to use adoptive transfer of donor NK cells that have been 
expanded and activated ex vivo.  
 
Although NK cell-derived IFN-γ may promote type I immunity, IFN-γ is also known to 
upregulate multiple factors including inhibitory molecules and might thus have 
opposing effects on immune cells including NK cells (32). Moreover, IFN-γ can 
enhance expression of the immune checkpoint molecules PD-L1 on both tumor cells 
and other TME cells, hence, providing inhibition to tumor infiltrating T cells with an 
exhausted PD-1+ phenotype (33). To prevent this type of immune suppression, 
several clinically-approved antibodies are available to block the interaction between 
PD-1 and its ligand PD-L1. Of these antibodies, Avelumab is the only one that can 
also mediate ADCC by engaging with the FcγRIIIa CD16 and thereby a strong NK cell 
responses against tumor cells (26). In the present study, we showed that Avelumab-
induced NK cell responses could also be directed against macrophages, most 
prominently against PD-L1-high M1. This demonstrates that the combination of NK 
cells and Avelumab may be also very relevant for tumors that lack expression of PD-
L1 on tumor cells but that do contain PD-L1+ TAC in their TME.  
 
In our study, both TAM and M1 expressed PD-L1 while Avelumab boosted 
degranulation and IFN-γ production of NK cells in response to M1 but not in response 
to TAM (Fig. 3). This may have to with the higher degranulation level against TAM in 
the absence of Avelumab, or with the slightly lower expression levels of the PD-L1 
antigen on TAM vs M1. In previous studies the relation between antigen expression 
levels and ADCC strength has been shown, for example responses to PD-L1 blockade 
have been positively correlated with PD-L1 expression and a higher PD-L1 expression 
was found in breast cancer patients with complete response, compared to patients 
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without complete response (34); breast cancer cell lines with high PD-L1 expression 
were more sensitive to Avelumab-mediated ADCC (27); and higher antigen 
expression and clustering on the cell surface have been correlated with stronger 
ADCC responses of Daratumumab (targeting CD38), Rituximab (targeting CD20), or 
Trastuzumab (targeting HER2) (22, 35-37).  
 
We observed further upregulation of PD-L1 expression by NK-derived IFN-γ which 
was in line with a previous study showing that adoptively transferred expanded NK 
cells induced IFN-γ-mediated PD-L1 upregulation on tumor cells in xenograft models 
of lung cancer (38, 39). In our study, the increased PD-L1 expression on TAM upon 
incubation with rIFN-γ or NK cell supernatant did not translate in an increase in ADCC 
strength in the presence of Avelumab. In line with our data, a previous study 
evaluated PDL1 expression on a broad panel of cell lines and showed that IFN-γ 
increased PDL1 expression in all tested tumor cell lines. However, increased 
sensitivity to Avelumab-induced ADCC was observed only in some cell lines. Although 
no explanation for this effect was given, these data suggest that other factors may 
be influencing the overall result of Avelumab (26). In our study, the lack of Avelumab 
effect could not fully be explained by an increase in expression of inhibitory HLA 
molecules upon incubation with rhIFN-γ or NK cell supernatant. As the level of 
expression matters, one explanation may be that the PD-L1 level on TAM was still 
not high enough to trigger potent activation of NK cells via Avelumab. In addition, 
IFN-γ could lead to the enhanced expression of additional factors or molecules that 
have been shown to affect NK cell activation positively e.g., the adhesion molecules 
ICAM, or negatively, e.g. IDO (31, 40). In a future study, it would therefore be 
interesting to generate a comprehensive overview of the differences in non-HLA 
ligands for NK cells expressed by M1 vs TAM and how they are influenced by IFN-γ 
or other factors secreted by activated NK cells as this may help to explain the 
differences between M1 and TAM that we observed. 
 
The receptor PD-1 is frequently expressed on exhausted T cells but in NK cells its role 
and functional relevance is still debated (41, 42). While PD-1+ NK cells have been 
found in MM patients (43), several studies showed that cytokine-activated NK cells 
express no or only low levels of PD-1 (27, 41, 44). In the situation where immune 
cells do express PD-1, Avelumab could thus have a dual effect: 1) block the inhibitory 
effects of PD-1/PD-L1 interactions, which will release PD-1+ T- or NK cells from 
inhibition, 2) mediate ADCC in NK cells against tumor or TME-associated PD-L1 
expressing cells, and 3) activate NK cells by engagement of CD16 via the Fc domains 
of the free floating Avelumab antibody, potentially improving anti-tumor activity in 
a manner that is not depending on formation of a lytic junction and cytotoxicity. In 
our current set up, we observed some effect of Avelumab on NK cell degranulation 
in the absence of target cells. As we did not observe PD-1 expression on NK cells in 
our study, it is unlikely that the Avelumab effect was mediated through the 
mechanism of blocking the PD-1/PD-L1 axis, although we cannot fully exclude it. 
Moreover, the combination of effects may be highly relevant when other ADCC-
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inducing antibodies are used that are directed against ligands of more abundantly 
expressed inhibitory receptors on NK cells. 
 
In the current study we observed that KIR-ligand mismatched NK cell subsets, for 
which the HLA ligand on macrophages was absent, degranulated stronger than the 
corresponding KIR-ligand matched NK cell subsets, illustrating that HLA class I 
inhibited NK cell effector function. These results were in line with our previous 
findings with MM tumor cells, where we showed that selection of KIR-ligand 
mismatched donors represents a strategy to lower the NK cell activation threshold 
(22). The importance of HLA on macrophages has been highlighted in another study, 
where NK cells isolated from ovarian cancer patients could kill TAM that expressed 
low levels of HLA class I but not macrophages that expressed high levels of HLA class 
I (45). In another study, activated NK cells have been shown to attack macrophages 
differentiated towards M0 and M2, while M1 macrophages were resistant to NK cells 
due to their higher expression of HLA class I (46). In our study, M1 seemed to express 
higher levels of HLA class I than TAM. In agreement with this, the level of NK cell 
degranulation induced by M1 was slightly lower than the level of degranulation in 
response to TAM.  Interestingly, IFN-γ production by NK cells seemed to be higher in 
the conditions with M1 than with TAM. This may be due to the difference in 
experimental set up and kinetics of both assays as degranulation was measured after 
4h of co-culture and IFN-γ after 24h. It has been shown previously that NK cell 
degranulation and IFN-γ production do not always go in parallel (47). Since NK cell 
activation is determined by the net balance of a broad array of receptors, ligands 
other than HLA class I or soluble factors could be complementary regulators of the 
NK cell responses, and M1 and TAM may differ in the expression of such non-HLA 
regulators. 
 
One of the limitations of our study is the fact that we were not able to 
comprehensively quantify cell death of macrophages in our flow cytometry-based 
cytotoxicity assays because macrophages did not detach by pipetting and more 
harsh isolation procedures resulted in a high level of spontaneous macrophages 
death and unreliable analysis of NK-cell mediated killing of macrophages. However, 
by evaluation of images, we observed that the macrophages in all conditions were 
still attached to the wells and did not undergo apoptosis, suggesting that both types 
of macrophages were not killed by the degranulating NK cells. Similar to 
lymphocytes, monocyte-derived cells can be equipped with protection mechanisms 
against misdirected granzyme B such as granzyme B antagonists, which could be one 
explanation for the absence of macrophage killing be observe despite the NK cell 
degranulation (48). In addition, we determined the response of NK cells against 
macrophages as proxy for tumor accessory cells in general. We used macrophages 
as target cells because they are abundantly present and are generally considered a 
central mediator of tumor progression and poor prognosis in MM (49, 50). In the 
TME, TAM can acquire profiles characterized by both proinflammatory and anti-
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inflammatory cytokines including IL-6 and IL-10 (11). To mimic the interaction of TAM 
with MM cells, as it likely occurs in the TME, TAM in our study were generated with 
L363 cells or their supernatant. Tumor cell line-derived supernatant together with a 
cytokine-cocktail has been used previously to generate TAM in vitro (51). A specific 
marker to identify TAM is not yet known due to high plasticity of TAM depending on 
received signals and heterogeneity in TME in MM. Commonly used TAM or M2-like 
markers include CD163 and CD206, also in MM (50, 52). These markers are 
upregulated in response to stimulation with IL-10 and IL-4, which were not included 
in our cytokine cocktail and could thus be a reason why we observed rather low 
expression of these molecules on TAM in our study (53). As expected, pro-
inflammatory cytokines were expressed by M1 as was the anti-inflammatory 
cytokine IL-10, which could be a response to the LPS stimulation (54). Compared to 
the other cytokines produced by TAM, we found high VEGF production, a factor 
known to be secreted by TAM in the MM BM and a main player of angiogenesis (52).    
 
To include two ends of the macrophage spectrum, we generated M1 and TAM and 
the different NK cell responses suggest that the type of macrophage matters. In the 
TME of MM, the heterogeneity of TAM is however much more complex since they 
are exposed to the aberrant cytokine and signalling pathways of the TME (3). 
Therefore, our study should be followed up in more complex models that better 
mimic the complex network in the TME of MM as well as the 3D tumor growth, for 
instance with in vivo models or tumor organoids that reflect TAM plasticity (55, 56). 
In such models, it could also be assessed whether the NK cell degranulation against 
M1 and TAM is continuous and could eventually lead to NK cell exhaustion. 
Moreover, it would be also very interesting to determine the response of NK cells 
against other cells residing in the MM TME, e.g. stromal cells, that can be PD-L1 
positive and that may promote the cytokine-mediated antitumor effects of NK cells 
in combination with Avelumab. 
 
Collectively, our data support the idea that, even in a immune-suppressive TME such 
as MM BM, highly activated NK cells could be triggered by TAC and could thereby 
serve as adjuvants of immune responses through the production of pro-
inflammatory cytokines, such as IFN-γ. This would be an important addition to their 
direct anti-tumor function i.e., killing tumor cells, and may contribute to improved 
long-lasting adaptive anti-tumor immunity. 
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Table and Figures 
 
Table 1. KIR-ligand matched and -mismatched NK cell subsets per macrophage donor.  

 
Macrophage donors were genotyped for HLA class I and classified as positive or negative for the HLA C1, 
C2 or Bw4 epitope groups. NK cells were derived from different donors, of which HLA class I genotype was 
determined to ensure that KIRs were licensed. NKG2A- NK cell subsets were grouped into KIR-ligand-
matched (M) or -mismatched (MM) subsets based on the HLA typing of the macrophage targets, e.g., for 
macrophage donor 1, 4, 5, the KIR2DL2/3 single-positive NK cell subset was considered matched, while 
KIR2DL1 single-positive, KIR3DL1 single-positive, and KIR2DL1+ KIR3DL1+ double-positive NK cell 
populations were considered mismatched.  
 
 

 
Figure 1. Phenotype of the macrophages polarized towards M1 and TAM. Monocyte-derived 
macrophages were polarized towards M1 or TAM phenotype. A) After harvesting, the cells were stained 
for expression levels of the indicated markers and measured by flow cytometry. Representative 
histograms are shown. Grey histograms depict FMO and green (M1) or blue (TAM) histograms depict 
staining with an antibody that is specific for the indicated marker. B) Quantification of A. Expression on 
all donors depicted as normalized MFI (MFI of marker/MFI of FMO). Each dot represents one donor in 
monoplo and bars indicate the mean of all donors (n=6-10). C) Cytokine production was assessed in the 
supernatant of polarized M1 and TAM by CBA (n=2 in duplo for all cytokines, additional n=8 in monoplo 
for 4 cytokines). The values were corrected for the concentrations measured in the medium used for 
polarization. Bars indicate means + SD. TAM = tumor-associated macrophages, MFI = median fluorescence 
intensity, FMO = Fluorescence-minus-one (unstained living cells).   

Macrophage donor 1, 4, 5 C1+ C2- Bw4- 
NK cell donors KIR2DL2/3 = M KIR2DL1 = MM KIR3DL1 = MM 

Macrophage donor 2 C1- C2+ Bw4+ 
NK cell donors KIR2DL2/3 = MM KIR2DL1 = M KIR3DL1 = M 

Macrophage donor 3 C1+ C2+ Bw4- 
NK cell donors KIR2DL2/3 = M KIR2DL1 = M KIR3DL1 = MM 

 



Chapter 7 

182 
 

 

Figure 2. Cytokine-activated NK cells are triggered by in vitro-polarized macrophages. Monocyte-derived 
macrophages were polarized towards M1 or TAM phenotype and subsequently co-cultured with IL-2 
activated NK cells. A) Macrophages (8 donors) and NK cells (12 donors) in different combinations were 
co-cultured for 4h, resulting in 29-32 unique macrophage-NK cell donor combinations depicted by the 
dots. NK cell degranulation (CD107a) against the macrophages as target cells was measured by flow 
cytometry in monoplo. B) IFN-γ production in the supernatant upon 24h co-culture of macrophages (4 
donors) and NK cells (8 donors) was assessed by CBA in duplo. Dots show unique macrophage-NK cell 
donor combinations. C) IFN-γ production by NK cells was determined by intracellular staining in the same 
setup as in B. Representative plots are shown and quantification is shown in Suppl. Fig. S3E. D) 
Macrophages and NK cells were co-cultured for 24h. The macrophage-primed NK cells were harvested 
and co-cultured with L363 target cells for 4h in a 1:1 E:T ratio in duplo (cytotoxicity assay). Symbols 
represent the different NK cell donors. The percentage of dead L363 tumor cells is depicted as % specific 
cytotoxicity. In all graphs, bars represent means. Wilcoxon matched pairs tests were performed to 
determine statistical significance. Some of the donors in (A,B) are also used for Figure 3 and 4.  
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Figure 3. NK cell responses to PD-L1+ macrophage target cells can be promoted by Avelumab. A) PD-L1 
expression on M1 and TAM of a representative donor with the PD-L1 expression in green (M1), blue (TAM) 
and grey (FMO, unstained living cells). B-C) Macrophages and activated NK cells were co-cultured for 4h 
(B) or 24h (C). Macrophages (4 donors) were co-cultured with NK cells (8 donors) in different macrophage-
NK cell donor combinations, resulting in up to 16 unique combinations (depicted as dots). The lines 
connect paired data points from the same donor with and without Avelumab. NK cell degranulation 
(CD107a) was measured by flow cytometry in monoplo (B). IFN-γ levels were measured in the 
supernatants of the co-cultures by CBA in duplo (C). D) PD-L1 expression on M1 and TAMs after 24h co-
incubation with NK cell sup alone or in combination with IFN-γ receptor-blocking antibody or isotype 
control. Representative histograms are shown (orange = with NK cell sup) and quantification of PD-L1 
expression is shown as normalized MFI (MFI of PD-L1-stained cells/MFI of FMO). Each dot represents one 
macrophage donor (n=8-10 donors). E-G) TAM (2 donors) were co-incubated with either NK sup or rhIFN-
γ for 24h. Subsequently, PD-L1 expression was assessed (E) and TAMs were co-cultured with NK cells (5 
donors) for 4h (F) or 24h (G) and NK cell degranulation (CD107a, monoplo) and IFN-γ secretion (duplo) 
were assessed as described above. The data points without Avelumab are also included in figure 2. Fold 
increase with Avelumab compared to without Avelumab is depicted. Wilcoxon matched pairs tests were 
performed to determine statistical significance. NK sup = NK cell supernatant. rhIFN-γ = recombinant 
human IFN-γ. 
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Figure 4. NK cell degranulation against macrophage targets was more pronounced in the KIR-ligand 
mismatched NK cell subset than in the matched NK cell subset. A) HLA-expression on M1 and TAM 
macrophages. B-E) NK cell subpopulations were analyzed from the degranulation assay: CD56+ CD3- NK 
cells were further divided in NK cell subgroups that were KIR-HLA ligand-matched (M) or –mismatched 
(MM). Degranulation of both subgroups is shown. C) HLA expression on TAM in control medium or after 
24h incubation with NK sup. Living macrophages served as FMO. D-E) NKG2A+ KIR-, NKG2A- KIR-matched, 
NKG2A- KIR-mismatched NK cell subsets were selected and their degranulation potential against TAM (D) 
or TAM-S (E) in medium vs. NK sup was compared with or without Avelumab (3 NK cell donors, 1 
macrophage donor). Wilcoxon matched pairs tests were performed to determine statistical significance. 
NK sup = NK cell supernatant, FMO= Fluorescent-minus-one. 
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Supplementary Figures  
 

 
 
Supplementary figure S1. Morphology of macrophages polarized towards M1 or TAM. A-C) 
Macrophages were polarized towards M1, TAM or TAM-S and incubated in medium (A), NK sup (B) or 
rhIFN-γ (C) for 24h. Conditions were performed in duplo. Images were taken with a IncuCyte ® S3 Live-Cell 
Analysis System before harvesting the cells. NK sup = NK cell supernatant, rhIFN-γ = recombinant human 
interferon-γ, TAM = TAMs generated with L363 cells, TAM-S = TAMs generated with L363 supernatant.  
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Supplementary figure S2. Phenotype of TAM polarized with L363 cells or with L363 supernatant. TAM-
S were generated from 2 donors in monoplo and stained for the indicated cell surface markers and 
measured by flow cytometry. Grey histograms depict FMO and colored histograms depict staining with 
an antibody that was specific for the indicated marker. Histograms for TAM-S and TAM were generated 
from the same donor. TAM = TAMs generated with L363 cells, TAM-S = TAMs generated with L363 
supernatant. FMO= Fluorescence-minus-one (unstained living cells).  
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Supplementary figure S3. NK cell responses against the universal positive control cell line K562 and 
against TAM polarized with L363 supernatant. A) NK cell degranulation (CD107a) against the universal 
positive control cell line K562 or against TAMs that were polarized with L363 supernatant (TAM-S) in a 1:1 
Effector:Target cell ratio. As comparison, corresponding data from TAM polarized with L363 cells, from 
Fig. 2A, is depicted. One dot = one NK cells donor, performed in monoplo. B) IFN-γ production was 
assessed in the supernatant of NK cells that were cocultured for 24h with K562 or with TAM-S. IFN-γ was 
measured by CBA on a flow cytometer. One dot = one NK cells donor, performed in duplo. C) IFN-γ 
production as described in (B) in conditions with M1 alone, TAM alone or NK cells alone. D) Gating strategy 
to identify IFN-γ-producing NK cells by intracellular staining. E) Quantification of IFN-γ production by NK 
cells (5 donors total) against macrophages (2 donors) detected by intracellular staining. F) M1 and TAM 
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were labeled with CM-DiI (red fluorescence), seeded and co-cultured with NK cells (unlabeled) in the same 
conditions as for CD107a experiments. Caspase-Glo 3/7 (green fluorescent) was added to all conditions. 
Images were taken with a IncuCyte® S3 Live-Cell Analysis System at the indicated timepoints. Wilcoxon 
matched pairs tests were performed to determine statistical significance in (A) and (B). 
 
 
 
 

 

 
Supplementary figure S4. NK cell responses in combination with Avelumab. (A) PD-1 expression on IL-2 
activated NK cells, derived from 3 donors. (B) IFN-γ levels detected in the cultures with macrophages only, 
measured in duplo. (C-G) NK cell responses against TAM-S: (B, F) NK cell degranulation (CD107a) against 
TAM-S after 4h co-culture, performed in monoplo. (C, G) IFN-γ production after 24h co-cultures measured 
by CBA in duplo. E) PD-L1 expression on TAM-S after culture in medium alone or after NK sup (in monoplo), 
with FMO depicted in grey. In all graph with lines, the lines connect paired data points of one macrophage-
NK donor combination with and without Avelumab. Bars depict means of all donors.  
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Abstract 
The human leukocyte antigen (HLA) genes are amongst the most polymorphic in the 
human genome. Alternative splicing could add an extra layer of complexity, but has 
not been studied extensively. Here, we applied an RNA based approach to study the 
influence of allele polymorphism on alternative splicing of HLA-C in peripheral blood. 
RNA was isolated from these peripheral cells, converted into cDNA and amplified 
specifically for twelve common HLA-C allele groups. Through subsequent sequencing 
of HLA-C, we observed alternative splicing variants of HLA-C*04 and *16 that 
resulted in exon 5 skipping and were co-expressed with the mature transcript. 
Investigation of intron 4 sequences of HLA-C*04 and *16 compared to other HLA-C 
alleles demonstrated no effect on predicted splice sites and branch point. To further 
investigate if the unique polymorphic positions in exon 5 of HLA-C*04 or *16 may 
facilitate alternative splicing by acting on splicing regulatory elements (SRE), in-silico 
splicing analysis was performed. While the HLA-C*04 specific SNP in exon 5 had no 
effect on predicted exonic SRE, the HLA-C*16 specific exon 5 SNP did alter exonic 
SRE. Our findings provide experimental and theoretical support for the concept that 
polymorphisms within the HLA-C alleles influence the alternative splicing of HLA-C.  
 
 
Keywords: 
HLA-C, alternative splicing, exon skipping, splicing regulatory elements 
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Introduction  
HLA-C belongs to the classical HLA class I molecules and its cell-surface expression is 
generally about 10-fold lower than expression of HLA-A and HLA-B molecules1. 
Despite its relatively low expression, HLA-C surface expression is critical for 
immunological reactions, for example in the setting of kidney- or stem cell 
transplantation where an HLA-C mismatch between patient and donor is associated 
with acute rejection and graft-versus-host disease, respectively2-5.  
The genes encoding classical HLA class I molecules including HLA-C are notoriously 
polymorphic and single nucleotide polymorphism (SNP) in the HLA-C genes have 
been shown to impact HLA-C expression levels: For example, polymorphisms in the 
transcription factor binding sites have been associated with differences in HLA-C 
promoter activity and cell type- or tissue specific expression6. In addition, a SNP 
located 35kB upstream of the HLA-C gene (-35C/T) has been associated with high 
HLA-C mRNA and cell-surface expression levels7. In a follow up study, evidence was 
acquired showing that this -35 SNP, presumably, marks a functional 3’UTR 
insertion/deletion variant influencing HLA-C expression levels through its effects on 
binding of microRNA-1488.  
Alternative splicing may be another mechanism leading to differences in HLA cell 
surface expression as it may impact protein expression both quantitatively and 
qualitatively. During alternative splicing of precursor mRNA (pre-mRNA), several 
alternative mRNA isoforms can be formed and the resulting proteins can be 
expressed at different levels on the cell surface or appear as soluble proteins9. 
Alternative splicing can take place in parallel to mature splicing and the alternative 
variants can be co-expressed with the normal variant10. The splicing process is 
catalysed by small nuclear ribonucleoproteins (snRNPs), which together form the 
spliceosome, and splicing is initiated when snRNPs attach to the four regions of the 
pre-mRNA involved in the splicing process: the 3’ splice site, the branch point, the 5’ 
splice site and the polypyrimidine tract11. Splicing activity can further be regulated 
by SREs. These SREs are found in both intron and exon regions and are classified as 
splicing enhancers or splicing silencers. Splicing enhancer elements are recognized 
by specific splicing activators that enhance exon inclusion, while splicing silencer 
elements are recognized by specific repressors that inhibit exon inclusion11. 
Nucleotide variation in these cis elements may result in alternative splicing such as 
exon skipping, intron retention, alternative 5’ splice sites, alternative 3’ splice sites 
and mutually exclusive exons12.  
Alternative splicing has been estimated to occur in more than 90% of the human 
genes13. For HLA genes, the number of alternative transcripts is probably strongly 
underestimated because the genes have been primarily studied by analysis of 
genomic DNA and not by mRNA analysis. So far, alternative splicing of HLA is best 
known for the non-classical HLA-G molecule. Seven variants of HLA-G have been 
identified (HLA-G1 to -G7), of which only HLA-G1 has the typical beta-2 microglobulin 
associated cell membrane appearance. HLA-G5 is the soluble counterpart of HLA-G1 
as a result of a stop codon leading to exclusion of exon 5 encoding the 
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transmembrane region10,14,15. Both HLA-G1 and -G5 are functional proteins that can 
exert inhibitory functions on T and NK cells16.  
For classical HLA class I molecules, a limited number of alternatively spliced variants 
has been observed. Two studies identified soluble HLA-A and HLA-B molecules in 
human plasma and cell line supernatant, which was suspected to occur due to 
alternative splicing of exon 517,18. Other studies also reported alternative splicing in 
HLA-A and -B, one of them showing that a common alternative splice site is 
contained in all alleles of HLA-A*11, resulting in co-expression of a mature and 
alternative transcript19. This alternative transcript is the result of a unique 
polymorphism in intron 5 and encodes a protein with 6 additional amino acids in the 
cytoplasmic tail19. The HLA-B*44:02:01:02S allele has been described as a soluble 
form of B44 due to a substitution of a single basepair (A>G) at the end of intron 4 
that led to skipping of the complete exon 520.  
Also for HLA-C alternative splicing has been observed: Already in 1989, Cianetti et al 
observed in two different clones from a cDNA library from a SV40 transformed 
human fibroblast line (GM637) two alternative ways of splicing, since both clones 
had identical HLA-C sequences (later identified as HLA-C*16:01:01:01), but one clone 
was devoid of exon 521. Moreover, Vilches et al have described the occurrence of 
HLA-C*12 and *15 variants lacking exon 5 in HLA-C specific clones prepared from 
cDNA of B-LCL from two individuals from a cohort of Spanish gypsies22. Yang et al 
identified an HLA-C*02 variant lacking exon 5 in RPMI1788 cells secreting soluble 
HLA molecules in their culture supernatants23. They used a targeted approach to 
specifically amplify the alternative splice product  since the quantities of alternatively 
spliced products may be much lower than that of the mature mRNA variants which 
may lead to poor amplification in the PCR reaction of the rare variant23. More 
recently by using an RNA-based sequencing approach, we identified an alternative 
transcript that includes 18 additional nucleotides from intron 5 for the HLA-C*03 
allele group which may result from a SNP unique to HLA-C*03 at position 2499 within 
intron 5, that may cause an alternative branch point site and thus an alternative 
transcript10. In addition, a NK cell-specific promoter in the HLA-C gene has been 
identified, which resulted in many alternatively spliced HLA-C mRNAs in NK cells but 
not in other cells24. The alternative transcripts had varying ability to be translated 
into proteins and allele-specific differences in the 5’ untranslated region could 
further modulate expression levels of HLA-C in NK cells, which were functionally 
relevant for regulating NK cell activity24,25.  
In the present study, we used a full-length sequencing approach to study possible 
additional alternative splice variants of HLA-C in peripheral blood cells covering all 
the common allele groups, except for HLA-C*17 and *18. By using this methodology, 
we observed an alternatively spliced variant of HLA-C lacking exon 5 in samples with 
HLA-C*04 or *16, that was co-expressed with the normal mature variant. We 
followed up on this observation by an in-silico analysis to study the impact of the 
SNPs distinguishing HLA-C*04 or *16 from the other HLA-C alleles on the strength of 
the intronic and exonic SREs.   
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Materials and Methods  
RNA panel  
A panel of RNA samples with known HLA-C high resolution typing was used for 
alternative splicing analysis. The panel covered twelve of the fourteen HLA-C allele 
groups with one to six samples per allele group (Table 1). Samples with HLA-C*17 
and *18 alleles were not available and therefore not included in the panel.  
 
Table 1: RNA panel covering the twelve common HLA-C allele groups. 
 

cDNA was amplified from RNA samples with HLA-C allele-specific primers to investigate alternative 
splicing of exon 5 in all allele groups.  

 
cDNA synthesis and PCR amplification 
RNA was purified and isolated from peripheral blood samples with the RNeasy mini 
kit (Qiagen, Hilden, Germany), followed by a Dnase treatment (Thermo Fisher 
Scientific, Waltham, USA). cDNA was synthesized from 8 µl RNA using the Superscript 
III first-strand synthesis system for reverse transcriptase (RT)-PCR according to the 
manufacturer’s protocol (Thermo Fisher Scientific). Amplification of cDNA was 
performed using gene-specific primers for HLA-C or allele-group specific primers for 
each HLA-C allele group (Table 2). For PCR reactions, 3 µl of cDNA were used in a 
total volume of 30 µl. The PCR reaction mix consisted of 16.6 mM ammonium 
sulphate (Merck, Darmstadt, Germany), 0.1 µg/µl cresol red (Sigma-Aldrich, St. Louis, 
USA), 0.2 mM of each dNTP (GE Healthcare, Diegem, Belgium), 1.4 U Expand High 
Fidelity Enzyme Mix (Roche, Basel, Switzerland), 5 % Glycerol (Alfa-Aesar, Karlsruhe, 

HLA-C 
allele group Allele 

Number of 
samples 

Alternative splicing of 
exon 5 

*01 01:02:01 1 No 
*02 02:02:02 3 No 

*03 03:03:01 3 No 
03:04:01 1 No 

*04 04:01:01 6 Yes (6 of 6) 
*05 05:01:01 5 No 
*06 06:02:01 2 No 

*07 
07:01:01 6 No 
07:02:01 5 No 
07:04:01 1 No 

*08 08:01:01 3 No 
08:02:01 1 No 

*12 12:03:01 3 No 
*14 14:02:01 2 No 
*15 15:02:01 4 No 
*16 16:01:01 3 Yes (3 of 3) 
*17  not available 0 unknown 
*18 not available 0 unknown 
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Germany), 1.5 mM MgCl2 (Thermo Fisher Scientific), 67 mM Tris-HCl with pH 8.8, 
0.01 % Tween 20 (both from Merck, Darmstadt, Germany), and 15 pmol of each 
primer (Sigma-Adrich, St. Louis, USA).  
The initial denaturation step was performed at 94°C for 2 min, followed by 10 cycles 
of 15 sec at 94°C, 30 sec at 63°C, 4 min at 68°C; 10 cycles of 15 sec at 94°C, 30 sec at 
60°C, 6 min at 68°C; 10 cycles of 15 sec at 94°C, 30 sec at 60°C, 10 min at 68°C, and 
the final elongation step was performed for 7 min at 68°C. After the PCR products 
were checked by electrophoresis on a 1.5 % agarose gel, the amplicons were purified 
using ExoSAP-IT according to the manufacturer’s protocol (Affymetrix, Santa Clara, 
USA). 
 
Table 2: Overview of primers used for allele-specific amplification (A), gene-specific amplification (B) 
and primers used for sequencing of allele-specific products (C). 

Allele 
group 

Direc-
tion 

Primer sequence (5'-3') Loca-
tion 

Position 
cDNA 

Position 
gDNA 

(A)      
01 FW GGGTCTCACACCCTCCAGT Exon 3 I2-361 719-737 
02 FW AGCACGAGGGGCTGCCG Exon 4 857-873 1820-1836 
03 FW AGGACCAAACTCAGGACACT Exon 4 737-756 1700-1719 
04 FW CTCCGCGGGTATAACCAGTT Exon 3 400-419 776-795 
05/06/08 FW AGCACGAGGGGCTGCCA Exon 4 857-873 1820-1836 
07 FW GCAGAGATACACGTGCCATA Exon 4 834-853 1797-1816 
12 FW CGTGAGGCGGAGCAGTG Exon 3 523-539 900-915 
14 FW GGGTCTCACACCCTCCAGT Exon 4 I2-361 719-737 
15 FW CGCCTCCTCCGCGGGC Exon 3 394-409 770-785 
16 FW CGTGCGGCGGAGCAGCA Exon 3 523-539 900-915 
all REV CACAGGCAGCTGTCTCAGG 3'UTR 1097-1115 2891-2909 
(B)      
all FW GAGCTTGTGGAGACCAGG Exon 4 757-774 1720-1737 
all REV GCATCTCAGTCCCACACAG 3'UTR 1111-1128 2905-2923 
(C)      
15 FW CGCCTCCTCCGCGGGC Exon 3 394-409 770-785 
01/04/14 FW GACGGCAAGGATTACA Exon 3 427-442 803-818 
12/16 FW CGTGCGGCGGAGCAGCA Exon 3 523-539 900-915 
03 FW AGGACCAAACTCAGGACACT Exon 4 737-756 1700-1719 
07 FW GCAGAGATACACGTGCCATA Exon 4 834-853 1797-1816 
05/06/08 FW AGCACGAGGGGCTGCCA Exon 4 857-873 1820-1836 
02 FW AGCACGAGGGGCTGCCG Exon 4 857-873 1820-1836 
all REV AGAGCAGCTCCCTCCTTTTC Exon 6 1019-1038 2543-2561 
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Low melting point agarose gel 
The PCR products were separated on a 0.6% low melting point agarose gel (Thermo 
Fisher Scientific) at 50V for 6.5 hours. The PCR fragments were purified from the low 
melting gel using the MinElute gel extraction kit (Qiagen) and were used for 
sequencing.  
 
RNA-based Sanger sequencing 
Samples, either PCR products or gel extracted PCR fragments, were sequenced with 
forward and reverse primers as described in Table 2 using the ABI BigDye Terminator 
Chemistry (Thermo Fisher Scientific). The sequencing reaction contained 1 µl purified 
amplification product, 0.5 µl sequencing primer (5 pmol, Sigma-Aldrich), 1 µl of 
BigDye Terminator v1.1 mix, 1.5 µl 5x BigDye Terminator sequencing buffer and 6 µl 
water. Cycle sequencing was performed as follows: 1 minute at 96°C; followed by 25 
cycles of 10 seconds at 96°C, 5 seconds at 50°C and 4 minutes at 60°C. Sequencing 
reactions were purified by Sephadex G-50 Fine (GE Healthcare Life Sciences, Little 
Chalfont, UK) and analysed on the ABI3730 DNA analyzer (Applied Biosystems, Foster 
City, USA). DNASTAR Lasergene software was used for sequence analysis (DNASTAR 
Lasergene 12 Core Suite, Madison, USA). 
 
In-silico splicing analysis  
The online available Human Splicing Finder (HSF) tool was used (HSF pro system, 
https://www.genomnis.com/, version 2.23.626) for splicing analysis. This tool 
combines multiple algorithms to identify and predict sequence effects on splicing 
motifs, including splice sites and branch point sites. In this study, the HSF and the 
MaxEnt prediction algorithm was used to calculate the branch point and splice site 
strength of the different HLA-C alleles.  
 
Additional to the HSF tool, the  EX-SKIP tool (http://ex-skip.img.cas.cz/27) was used 
to predict exon skipping of HLA-C alleles by comparing ESE/ESS motif differences. EX-
SKIP analyses exon sequences using integrated algorithms to identify the number of 
8-mer ESEs and ESSs (PESE/PESS28), ESS decamers (FAS-ESS29), exon- and intron-
identity elements (EIE/IIE30), RESCUE-ESE hexamers (RESCUE-ESE31) and 
neighbourhood inference (NI-ESE/NI-ESS32). The ESS/ESE ratio is determined based 
on the total ESE and ESS count; a higher ratio is predicted to increase chance to skip 
an exon. 
  

https://www.genomnis.com/
http://ex-skip.img.cas.cz/
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Results 
Alternative splicing of exon 5 in HLA-C alleles  
To investigate alternative splicing in HLA-C, mRNA was transcribed into cDNA which 
was subsequently amplified using HLA-C gene-specific primers. By sequencing the 
amplified product covering exon 4 until 3’UTR, we observed an alternatively spliced 
variant of HLA-C in some samples and this alternative transcript lacked exon 5. For 
example, a sample with an HLA-C*07:02:01 and *08:01:01 typing did not express the 
alternatively spliced variant and the sequences matched the expected sequences of 
HLA-C*07:02:01 and *08:01:01 (Figure 1A). In contrast, a sample with an HLA-
C*07:01:01 and *16:01:01 typing expresses both the mature and the alternative 
transcript, revealed by the presence of two PCR products of 716 bp and 596 bp 
(Figure 1B) and the overlapping peaks in the sequences after exon 4, with one peak 
representing the exon 5 sequence and the other peak the exon 6 sequence (Figure 
1A). By using allele-specific amplification primers we determined in which of the two 
alleles exon 5 skipping was detected. In the sequence of HLA-C*07:01:01 no 
alternative transcript was observed, but in the sequence of HLA-C*16:01:01 both the 
mature and the alternative transcript were present, represented by the double 
peaks after exon 4 (Figure 1C).  
 

 

Figure 1: Identification of alternative HLA-C transcript missing exon 5. Two cDNA samples either with 
the HLA-C*07:02:01 and *08:01:01 alleles or HLA-C*07:01:01 and *16:01:01 was amplified with HLA-C 
gene- and allele-specific primers. A) Gene-specific sequence results of both samples. B) Electrophoresis 
result of gene-specific PCR product of both samples. C) Allele-specific sequence results of a sample with 
HLA-C*07:01:01 and *16:01:01.   
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Evidence for the role of HLA polymorphism in alternative splicing of HLA-C 
To examine whether alternative splicing differs between HLA-C allele groups, we 
used the samples from our RNA panel, which covered twelve of the fourteen HLA-C 
allele groups (Table 1). cDNA from each sample was amplified with HLA-C allele-
specific primers to detect alternative splicing in both alleles individually. We 
observed the alternatively spliced variant by gel electrophoresis and/or sequencing 
in all samples with HLA-C*04 and *16 alleles, but not in any of the other HLA-C allele 
groups (Table 1). In all samples where the alternative variant was present, it was co-
expressed with the mature full-length transcript (data not shown). 

 
To confirm that exon 5 was skipped in the alternative variants, the amplified 
products of HLA-C*04:01:01 and *16:01:01 were run on a low melting gel to separate 
the alternatively spliced product from the mature product. The alternative product 
was isolated from the gel and sequenced. For both HLA-C*04:01:01 and *16:01:01, 
the sequencing results of the alternative transcript showed a single sequence, in 
which exon 4 was directly followed by the exon 6 sequence (Figure 2). These results 
confirmed that the alternative product was the result of exon 5 skipping. The reading 
frame was maintained in the alternative transcript since exon 5 is 120 nucleotides 
long.  
 

 
Figure 2: Exon 5 skipping in HLA-C*04 and HLA-C*16. The alternatively spliced products of C*04:01:01:01 
and *16:01:01:01 were separated from the mature product by using a low melting gel. The isolated 
alternative products were sequenced and the resulting nucleotide sequences are shown. 
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In-silico analysis of the effect of intronic HLA-C variation on the branch point and 
splice site strength  
Splicing specificity is mainly determined by the 5’ splice site (donor), the branch point 
and 3’ splice site (acceptor) sequences in the intron regions10. SNPs in the splice sites 
downstream and upstream exon 5 could potentially affect the splicing process by 
alteration of the complementary U1 snRNA binding sequence at the 5’ splice site or 
the complementary U2AF1 snRNA binding sequence at the 3’ splice site. SNPs 
introducing potentially new branch point sequences or branch point breaks might 
affect splicing via the attachment of splicing factor 1. We therefore hypothesized 
that intronic differences between HLA-C*04 or *16 and the other HLA-C allele groups 
may influence the branch point strength and/or the 5’- or 3’splice sites resulting in 
differences in exon 5 splicing specificity or efficacy.  
To test this hypothesis on an in-silico basis we used the human splicing finder (HSF), 
an online tool from genomnis (https://www.genomnis.com/,26). First, we compared 
the branch point strengths within the intron 4 region of all HLA-C reference alleles. 
The tool predicted multiple branch point motifs in the intron 4 sequence of the 
different HLA-C alleles, but the branch point with the highest score was identical for 
all alleles (Table 3), indicating that exon 5 skipping in HLA-C*04 and *16 alleles is 
probably not the result of branch point differences.  
Secondly, the variation in and strength of the splice sites downstream and upstream 
of exon 5 were compared for all the different HLA-C reference alleles using both the 
HSF algorithm as well as the MaxEnt algorithm. These regions were analyzed since 
exon 5 skipping could occur in case of acceptor- or donor splice site loss or when the 
acceptor splice site of exon 6 is preferred over the acceptor splice site of exon 5. For 
the acceptor splice site of exon 5, two (HSF) or three (MaxEnt) different splice site 
motifs were calculated (Table 3). Both algorithms predicted a different splice site for 
HLA-C*05 and *08 compared to the other HLA-C alleles and the MaxEnt algorithm 
additionally predicted a different splice site for HLA-C*07. Importantly, HLA-C*04 
and *16 had splice sites that were comparable to the alleles that did not show exon 
5 skipping in our assays (i.e. HLA-C*01, -*02, -*03, -*06, -*12, -*14, -*15). The splice 
site motif for the donor splice site of exon 5 and the acceptor splice site of exon 6 
were identical for all HLA-C allele groups (Table 3). Based on this in-silico analysis, 
the calculated splice strength of HLA-C*04 and *16 was comparable to the other 
HLA-C alleles, in which no alternative splicing was detected. Therefore, these results 
do not support the hypothesis that variation in the splice site sequences is 
responsible for the observed exon 5 skipping in HLA-C*04 and *16 alleles. 
 
 
 
 
  

https://www.genomnis.com/
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Table 3: Analysis of intronic branch points and splice site motifs in HLA-C. 
Branch point 
analysis 

HLA-C allele group Strongest branch point motif  Strength 

Intron 4 All HLA-C groups CCCTCAC 99.76 

HSF HLA-C allele group  Splice site motif Strength 

Acceptor splice site 
exon 5 

*01, *02, *03, *04, 
*06, *07, *12, *14, 
*15, *16, *17, *18 

CTCCTTTCCCAGAG 87.86 

*05, *08  CTCCTTTCCCAGGG 89.77 
Donor splice site  
exon 5 All HLA-C groups CAGGTAGGG 90.21 

Acceptor splice site 
exon 6 All HLA-C groups TTCTTCCCACAGGT 92.21 

 
 
MaxEnt 

 
HLA-C allele group  

 
Splice site motif 

 
Strength 

Acceptor splice site 
exon 5 

*01, *02, *03, *04, 
*06, *12, *14, *15, 
*16, *17, *18 

ACCTTCCCCTCCTTTCCCAGAGC 11.26 

*05, *08 ACCTTCCCCTCCTTTCCCAGGGC 11.91 
*07 ACCTTCTCCTCCTTTCCCAGAGC 10.77 

Donor splice site  
exon 5 All HLA-C groups CAGGTAGGG 9.46 

Acceptor splice site 
exon 6 All HLA-C groups AGGGCATTTTCTTCCCACAGGTG 9.73 

 

The Human Splicing Finder (HSF) tool from Genomnis was used to analyze branch point- and splice site 
motifs. For the branch point analysis of intron 4, the branch point with the highest score is depicted. To 
assess splice sites of exon 5 and 6, the HSF tool used the HSF and the MaxEnt algorithm to determine the 
splice site motifs and strength of the different HLA-C reference alleles: HLA-C*01:02:01:01, *02:02:02:01, 
*03:02:01, *04:01:01:01, *05:01:01:01, *06:02:01:01, *07:01:01:01, *08:01:01:01, *12:02:02:01, 
*14:02:01:01, *15:02:01:01, *16:01:01:01, *17:01:01:02 and *18:01:01:01. 
 
  



Chapter 8 

200 
 

  

Fi
gu

re
 3

: H
LA

-C
 p

ol
ym

or
ph

is
m

 a
na

ly
si

s.
 T

he
 co

ns
en

su
s H

LA
-C

 se
qu

en
ce

 o
f t

he
 sp

lic
e 

sit
e 

an
d 

br
an

ch
 si

te
 re

gi
on

s s
ur

ro
un

di
ng

 e
xo

n 
5 

ar
e 

sh
ow

n 
on

 to
p.

 
Th

e 
HL

A-
C 

se
qu

en
ce

 v
ar

ia
tio

n 
w

ith
in

 th
e 

ex
on

 5
 re

gi
on

 is
 s

ho
w

n 
fo

r e
ac

h 
HL

A-
C 

al
le

le
 g

ro
up

 a
nd

 si
ng

le
 n

uc
le

ot
id

e 
di

ffe
re

nc
es

 in
 C

*0
4,

 C
*1

6 
an

d 
C*

18
 

ar
e 

hi
gh

lig
ht

ed
.  



Chapter 8 
 
 

201 
 

In-silico analysis of the effect of exonic HLA-C variation on splicing regulatory 
elements 
SREs are short stretches (4-18 nucleotides) of DNA that act as cis-regulating elements 
by recruiting regulatory proteins that interact with components of the splicing 
machinery and enhance or suppress splicing1. SNPs in SRE may influence binding of 
those regulatory proteins consequently leading to alternative splicing. Four types of 
SRE exist: 1) exonic splicing enhancers (ESEs), 2) exonic splicing silencers (ESSs), 3) 
intronic splicing enhancers (ISE) and 4) intronic splicing silencers (ISS).  
To provide a theoretical basis for the potential influence of exon SNPs in HLA-C*04 
or *16 alleles on exon 5 skipping, we compared the polymorphic content of exon 5 
of the different HLA-C alleles and studied the effect of exonic HLA-C polymorphism 
on ESE and ESS motifs in-silico. Unfortunately, it was not possible to test the effect 
on intronic motifs, since there are no reliable algorithms available to perform this in-
silico analysis. The IPD-IMGT/HLA database (V3.44.0) describes 741 different HLA-
C*04 alleles, of which 475 have a known sequence for exon 52. With the exception 
of HLA-C*04:03, *04:06 and *04:82, all common and well-documented HLA-C*04 
allele sequences have identical exon 5 sequences with an HLA-C*04 specific non-
synonymous nucleotide substitution (G2063A) that results in an amino acid change 
from Valine to Methionine (Figure 3)3. For the HLA-C*16 allele group, the IPD-
IMGT/HLA database describes 273 different alleles, of which 156 have a known 
sequence for exon 5. All the common and well-documented HLA-C*16 allele 
sequences are identical in this region and display an HLA-C*16 specific synonymous 
nucleotide substitution in exon 5 (G2077T, Figure 3).  
 
To test whether these exonic polymorphisms could alter sequence motifs of ESE/ESS 
and affect exon 5 skipping, the prediction tool EX-SKIP was used. The tool determines 
the total number of ESE and ESS motifs using the PESE/PESS-4, FAS-ESS-5, EIE/IIE-6, 
RESCUE-ESE-7 and the neighborhood inference (NI)8 algorithms. Based on the 
calculated ESS/ESE ratio it predicts which of two exon sequences has a higher chance 
of exon skipping. To determine the effect of the HLA-C*04 and *16 specific 
substitutions, we compared the ESS/ESE prediction results of the exon 5 sequences 
of HLA-C*04:01:01:01 and *16:01:01:01 to the exon 5 sequences of *01:02:01:01 
and *02:02:02:01 respectively, because in this region the sequences are identical, 
except for substitutions G2063A and G2077T. EX-SKIP predicted that C*04 has 1 ESS 
and 5 ESE’s less than C*01 changing the ESS/ESE ratio from 0.58 to 0.60 (3%) (Table 
4). Although the tool predicted a higher change of exon skipping for HLA-C*04, the 
effect of G2063A on ESS/ESE ratio is minimal. For HLA-C*16, EX-SKIP predicted 10 
ESS and 1 ESE more than C*02 and the ESS/ESE ratio changed from 0.56 to 0.66 (18%) 
(Table 4). By comparing the ESS/ESE ratio of all the HLA-C reference alleles, we 
observed that the HLA-C alleles for which we did not find exon 5 skipping had lower 
ESS/ESE ratios than HLA-C*16. Interestingly, the ratio for HLA-C*18 was identical to 
*16, but this HLA-C allele was not included in our sequencing panel and therefore 
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we could not relate this ratio to the actual presence of the alternatively spliced 
variant.  
Overall, exon analysis by EX-SKIP predicted ESE and ESS motif changes in HLA-C*04 
and *16 alleles. But, since the effect was only very small for HLA-C*04, we assume 
that only for *16 these changes may contribute to altered splicing processes and 
eventually result in the exon 5 skipping we observed. 
 
 
Table 4: EX-SKIP analysis of the exon 5 sequence of HLA-C alleles.  

 
The exon 5 sequences of HLA-C*01:02:01:01, *02:02:02:01, *03:02:01, *04:01:01:01, *05:01:01:01, 
*06:02:01:01, *07:01:01:01, *08:01:01:01, *12:02:02:01, *14:02:01:01, *15:02:01:01, *16:01:01:01, 
*17:01:01:02 and *18:01:01:01 alleles were entered into the online EX-SKIP tool and the ESE/ESS results 
of the different algorithms are shown: 8-mer putative ESSs and ESEs (PESS/PESE), fluorescence-activated 
screen for ESS (FAS-ESS hex2, FAS-ESS hex3), intron- and exon-identity elements (IIE/EIE), Relative 
Enhancer and Silencer Classification by Unanimous Enrichment ESEs (RESCUE-ESE), neighborhood 
interference ESS and ESEs (NI-ESS/NI-ESE). 
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Discussion  
HLA class I genes are highly polymorphic, but only a limited number of alternatively 
spliced transcripts has been identified9. In this study, sequencing of mRNA revealed 
an alternatively spliced transcript missing exon 5 in HLA-C*04 and *16 alleles. 
Alternative splicing of exon 5 has been show before in cell lines10-12. The strength of 
our study is that we studied alternative exon splicing in peripheral blood samples 
covering the most common HLA-C allele groups that were processed and analyzed 
with the same methodology. Hence, our data suggest that in peripheral blood 
samples splicing of exon 5 occurs more frequently in HLA-C*04 and *16 alleles than 
in the other allele groups. Variability in the nucleotide sequence can affect exon and 
intron recognition during the splicing process by altering the splice sites, branch 
point or SREs and this may eventually result in the formation of an alternatively 
spliced transcript. We therefore assessed how the specific nucleotide variability in 
HLA-C*04 and *16 alleles affected the splice sites, branch point and SREs by using an 
in-silico approach with several existing prediction algorithms13,14. This suggested that 
HLA-C*04 and *16 specific nucleotide variants in intron 4 did not affect splice site 
and branch site sequences. Furthermore, the specific SNP in exon 5 observed in HLA-
C*04 compared to other HLA-C allele groups did not seem to have an effect on exonic 
SRE, while the HLA-C*16 specific SNP in exon 5 did alter exonic SRE. Although the 
results of these in-silico analysis are only predictive, they may provide a theoretical 
basis for the alternative splicing observed for the HLA-C*16:01:01 allele. For the 
alternative splicing of HLA-C*04:01:01 it is not clear why this occurs, although a role 
for intronic SREs could not be excluded based on our data. 
 
Splice sites have been extensively characterized and in-silico tools like HSF are able 
to reliably predict alterations in splice site strength15,16. SREs are less well understood 
and are more difficult to predict by using in-silico approaches. The best way to 
accurately predict the effect of nucleotide variability on SREs and alternative splicing 
is the use of a combination of algorithms. In this study, we used the EX-SKIP tool to 
predict SRE alterations, since several of the available prediction algorithms have 
been combined in this tool. Multiple studies have evaluated EX-SKIP and showed 
promising results with a sensitivity of around 75%17,18. Although no tool can ensure 
100% accuracy and experimental validation is necessary to draw a clinically relevant 
conclusion, these tools are very useful and commonly used to predict and 
understand the mechanisms of alternative splicing. 
 
In our study, we investigated, on an in-silico basis, whether SNPs in the introns of the 
different HLA-C allele groups influenced branch point or splice site sequences and 
we observed no major differences between the groups. Intronic SNPs could, at least 
in theory, also influence intronic silencing and enhancer motifs by creating novel 
regulatory elements that in case of intron splicing silencers might promote exon 
skipping14. Although studies have identified more than 100 potential intronic splicing 
regulatory elements (ISREs) in other genes, the ISREs are less well understood19,20 
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and good prediction algorithms for ISREs are limited. Hence, we have not included 
the intron regions in our in-silico analysis of intronic regulatory elements and more 
research on the identification of ISREs is required to predict the effect of intronic 
variants on exon skipping.  
 
When using the EX-SKIP tool to study the impact of exon 5 SNPs on alternative 
splicing of HLA-C, EX-SKIP predicted the same ESE/ESS ratio for HLA-C*16 and *18 
alleles (Table 4), which suggests that exon 5 skipping might also occur in the 
reference allele HLA-C*18:01. Unfortunately, we were not able to test this because 
the HLA-C*18 genotype is rarely present in the Caucasian population (0.03%,21) and 
therefore a sample with HLA-C*18 could not be included in our test panel. In 
comparison, HLA-C*04 and *16 alleles are found in the Caucasian population with a 
frequency of 10.6% and 3.4%, respectively, and were thus present in our RNA panel. 
Next to HLA-C*18:01, *18:02 is the only other well-documented HLA-C allele with 
known exon 5 sequence in the IPD-IMGT/HLA database. In the exon 5 region, the 
sequence of HLA-C*18:02 differs from *18:01 by one nucleotide (T2040C) and is 
identical to the exon 5 sequence of HLA-C*01, with an EX-SKIP ESS/ESE ratio of 0.58 
(Table 4). This observation suggests that exon 5 skipping might occur more 
frequently in HLA-C*18:01 than in *18:02 alleles. The C2040T substitution in HLA-
C*18:01 is also present in the HLA-C*07 alleles (Figure 3), but in HLA-C*07 alleles it 
is not predicted to have an impact on exon 5 skipping since additional variation in 
exon 5 of HLA-C*07 seems to result in more enhancing and less suppressing 
elements, as is shown by the EX-SKIP analysis with an ESS/ESE ratio of 0.52 for HLA-
C*07 (Table 4).   
 
We found that the complete exon 5 region was spliced out in the alternative 
transcript of HLA-C*04 and *16 alleles. It remains to be determined whether the 
alternative transcripts of HLA-C*04 and *16 are translated into a mature and 
functional protein. However, because the reading frame was maintained, no 
premature stop codon was created, and therefore it is expected that the alternative 
transcripts can be fully translated into a protein. To analyze the protein expression, 
cells lacking HLA class I expression could be transfected with constructs encoding the 
mature and alternative sequence of HLA-C*04 and *16 and subsequently be 
analyzed for HLA-C protein expression for instance with western blot or flow 
cytometry.   
 
Here, we studied alternative splicing of HLA-C in peripheral blood samples and we 
demonstrated that allele polymorphism in HLA-C*04 and *16 alleles correlate with 
occurrence of exon 5 skipping. We did not observe alternative splicing in the other 
allele groups in peripheral blood cells in a standardized setting measuring all HLA-C 
groups in the same experimental conditions. Also, our in-silico models support the 
hypothesis that polymorphism in the HLA-C alleles has an influence on alternative 
splicing leading to exon 5 skipping. Since the process of alternative splicing can be 
influenced by cell intrinsic and cell extrinsic factors, it could be relevant to assess 
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whether these allele-related differences in exon 5 skipping we observed in 
peripheral blood cells are also relevant under other conditions. This could be 
especially interesting because two studies described transcripts lacking exon 5 for 
HLA-C*02, *12:02 and *15:02 in transformed B-cell lines10,12, whereas a third study 
showed exon 5 skipping of HLA-C*16 in transformed B cell lines11. Since 
transformation of cells or other environmental conditions could influence HLA 
expression levels and alternative splicing processes it would be interesting to 
structurally study the impact of polymorphisms in these settings as well22.  
 
Our study provides new perspectives for the analysis of alternative splicing products, 
not restricted to exon 5 skipping in HLA-C, for instance by using RNAseq data sets to 
ultimately understand their occurrence and functional role. Additionally, it will be 
interesting to further examine if the alternative variants occur in a tissue-specific or 
cell type-specific manner. One research group discovered alternative splicing of HLA-
C specifically in NK cells23. Interestingly, alternative splicing occurred in the promotor 
region of HLA-C, resulting in different promoters and differential HLA-C expression 
on NK cells23,24. The differential expression of HLA-C on NK cells themselves regulated 
NK cell functions and the authors suggest that NK cell-intrinsic regulation of HLA-C 
evolved to fine-tune NK cell responses.  
 
In summary, we reported alternative splicing of HLA-C in peripheral blood cells, 
which resulted in a transcript without the exon 5 region. The alternative transcript 
was only detected in HLA-C*04 and *16 alleles. In-silico splicing analysis predicted 
that nucleotide variability in HLA-C*16 alleles altered exonic SREs. Hence, our 
collective data support the concept that specific SNPs in the HLA-C genes can 
influence the process of alternative exon 5 splicing.  
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General discussion 
NK cell-based immunotherapies represent a promising approach to improve cancer 
therapies. However, the efficacy of NK cell-based treatment approaches for MM and 
breast cancer is currently limited because NK cell anti-tumor responses are restricted 
by several resistance mechanisms in the immunosuppressive TME, resulting in tumor 
escape from NK cells. In order to develop effective anti-tumor killers, it is essential 
to better understand how NK cells are impacted by the tumor and by the TME to 
subsequently design therapy approaches that can overcome NK cell inhibition and 
create potent anti-tumor responses.  
 

 
Figure 1. Optimizing NK cells for cancer immunotherapy. (A) In this thesis, we investigated how anti-
tumor responses of IL-2 activated donor NK cells were impacted by classical HLA class I (chapter 3-4, 7), 
and by HLA-E (chapter 3), in conditions representing the TME, namely hypoxia (chapter 3-4) or reduced 
glucose levels (chapter 6). It will further be interesting to determine whether alternatively spliced HLA-C 
variants (chapter 8) would influence NK cell responses. Additionally, we profiled tumor-infiltrating NK cells 
in human breast cancer specimens and described low NK cell abundance (chapter 5), which highlights a 
remaining issue of increasing NK cell infiltration, survival and/or persistence in breast cancer. (B) 
Strategies developed in this thesis to boost the NK cell anti-tumor potential by enhancing their direct 
tumor-killing functions. Inhibitory signaling through classical HLA class I could be prevented by selecting 
KIR-HLA ligand mismatched donors. Inhibition through HLA-E could be prevented using blocking 
antibodies, but this might only be needed when HLA-E levels are highly expressed (chapter 3). Promoting 
the proinflammatory cytokine secretion of NK cells might be a complementary strategy to stimulate anti-
tumor immunity, for instance by directing NK cells towards TME cells such as TAM (chapter 7). The figure 
was created using BioRender.com and (B) is adapted from chapter 4. TAM = tumor-associated 
macrophages.  
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This thesis explores which mechanisms and TME factors could limit NK cell responses 
and describes strategies to enhance NK cell effector functions with the aim to 
optimize NK cells in such a way that they achieve and retain their anti-tumor potency 
in an immunosuppressive TME (Figure 1). We investigated effector functions of 
healthy donor-derived NK cells against multiple myeloma and breast cancer cells in 
models that include clinically-relevant TME characteristics. Despite being two very 
different diseases, multiple myeloma and breast cancer have in common that the 
TME represents an immunosuppressive environment in which it is challenging for NK 
cells to exert their anti-tumor functions1,2. Previously, we have demonstrated that 
stimulation with the cytokine IL-2 can enhance NK cell activating signals and result 
in enhanced tumor killing also under hypoxic conditions3. In this thesis, we therefore 
mostly used donor-derived NK cells that were activated with high-dose IL-2 and 
assessed which challenges IL-2 activated NK cells encounter in the TME. Moreover, 
hypoxia has been included in many chapters of this thesis because hypoxia is present 
in both the bone marrow of multiple myeloma patients and in more than 50% of 
solid tumors, including breast cancer, we know from previous research that hypoxia 
is an important TME characteristic that can diminish unactivated NK cell functions3-

6. In this thesis, hypoxia did not largely affect the outcome of the strategies explored 
with IL-2 activated NK cells and is therefore not separately discussed.   
 
9.1 Magnitude of NK cell responses are tuned by HLA class I expression 
To enhance NK cell effector functions, we need to understand to which extent the 
anti-tumor responses of cytokine-activated NK cells are controlled by inhibitory 
signaling. Inhibitory signals for NK cells are predominantly mediated through the 
inhibitory KIR and NKG2A receptors that bind to the classical HLA class I molecules 
HLA-ABC and to HLA-E, respectively. To permit attack of damaged cells but prevent 
autoreactivity, KIR and NKG2A are also involved in the functional development of NK 
cells by licensing those KIR+ and/or NKG2A+ NK cells, for which the cognate HLA 
ligand is present in the same individual7,8. NK cell licensing is a complex and dynamic 
process resulting in more potent NK cells after licensing, demonstrated by stronger 
anti-tumor responses of licensed NK cells compared to unlicensed NK cells9,10. Most 
studies have investigated licensing in resting NK cells and the functional relevance of 
the licensing status for highly activated NK cells remains relatively unexplored. When 
we studied the receptor co-expression of NKG2A and KIR and their functional 
consequences for cytokine-activated NK cells against normoxic or hypoxic target 
cells in multiple myeloma, we found that activated NKG2A+ NK cells degranulated 
stronger than NKG2A- NK cells against HLA-E- or HLA-Elow target cells in all conditions 
(chapter 3). These findings indicate that the NKG2A+ NK cells are better licensed than 
their NKG2A- counterparts, irrespective of the NK cells’ KIR expression. That NKG2A 
and KIR can act synergistically during NK cell licensing has been shown in a mouse 
model where combined deletion of the NKG2A and KIR genes affected NK cell 
function more severely than deletion of one of the two11. We observed that NKG2A+ 
NK cells performed not as good as their NKG2A- counterparts, when high levels of 
HLA-E on target cells were induced by peptides, suggesting that high HLA-E 
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expression is necessary to mediate inhibition through NKG2A and outweigh the 
beneficial licensing effect of NKG2A (chapter 3). 
Our results of chapter 3 might be particularly relevant for expanded NK cells, where 
the majority of cells express NKG2A. While the repertoire of immature and mature 
NK cell subsets is maintained during expansion, the relatively immature NKG2A+ 
CD56bright NK cells were shown to expand the most in response to cytokines and 
therefore represent the dominant NK cell subset at the end of expansion12,13. Our 
study supports that NKG2A expression is not always detrimental for NK cells and it 
highlights the relevance of determining HLA-E expression levels on the target cells to 
predict responses of NKG2A+ expanded NK cells.  
 
Importantly, high levels of HLA-E on multiple myeloma cells inhibited activated 
NKG2A+ NK cells in chapter 3. We and others described heterogeneous levels of HLA-
E on both patient-derived primary cells and cell lines in multiple myeloma, in 
combination with high HLA-ABC expression (chapter 3,14,15). In a previous publication 
and in chapter 2, we described the functional consequences for NK cells, namely that 
HLA class I expression on multiple myeloma limited the efficacy of IL-2 activated NK 
cells14,16. The relevance of HLA class I as an inhibitory checkpoint for NK cells is 
further supported by a study showing that HLA class I-deficient melanoma cells were 
highly sensitive to NK cell cytotoxicity17. For multiple myeloma, it has been reported 
that higher HLA class I expression positively correlated with later disease stages, 
which could indicate that myeloma cells are especially resistant to NK cells during 
advanced multiple myeloma15.  
In line with our findings in multiple myeloma, we demonstrated that classical HLA 
class I (HLA-ABC) was an important inhibitory checkpoint on breast cancer, shown by 
lower NK cell degranulation against breast cancer cell lines in the presence of HLA 
class I compared to its absence (chapter 4). When using patient-derived breast 
cancer cells, activated NK cells did not kill the three HLA class I-positive tumors and 
killed the two HLA class I-negative tumors. Although resistance could be mediated 
by other inhibitory ligands or by the lack of activating ligands18, these results suggest 
that HLA class I can be a critical inhibitory checkpoint on primary breast cancer cells 
as well (chapter 4). Classical HLA class I and HLA-E expression is maintained in about 
half of the breast cancer cases but with high intra- and inter-heterogeneity19,20. In 
line with those studies, we observed high heterogeneity in HLA class I expression by 
multiplex immunohistochemistry in both breast cancer cohorts of chapter 5, where 
we found HLA class I-positive tissue areas next to HLA class I-negative ones, 
suggesting that HLA class I loss occurs locally. Importantly, HLA-E expression in 
otherwise HLA class I-negative breast cancers has previously been shown to 
correlate with worse clinical outcome compared to tumors lacking both HLA-E and 
HLA class I21. In this scenario, tumor cells could probably escape both T cells through 
HLA class I downregulation and NK cells through sufficient expression of HLA-E to 
inhibit NK cells. While most healthy tissues usually express low levels of HLA-E, high 
HLA-E expression is also frequently observed in other cancer types than breast 
cancer (up to 90% of gynecologic tumors, up to 50% of melanoma, lung and 
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gastrointestinal cancers22), suggesting that HLA-E could be a mechanism to evade 
NKG2A+ NK cells and NKG2A+ CD8+ T cells23.   
These aspects illustrate that both classical HLA class I and HLA-E on target cells, 
especially at high levels of expression, are important inhibitory checkpoints for 
cytokine-activated NK cells. Interfering with such inhibitory signaling could be a 
promising strategy to create more potent NK cells against HLA class I+ positive 
targets.  
 
9.1.1 Reducing NK cell inhibition by interfering with HLA class I augments NK cell 
responses 
Since NK cell activation is determined by the sum of all activating and inhibitory 
signals an NK cell receives, reducing the inhibitory signals can represent a strategy to 
lower the NK cell activation threshold. One strategy, we previously published, 
involves selection of KIR-ligand mismatched donors, meaning donors with licensed 
KIRs for which the cognate HLA ligand is absent on the target cells (creating ‘missing-
self’ based on genetic differences)14,16. There we showed that, for NK cells activated 
with high dose IL-2, KIR-ligand mismatched NK cells had a superior anti-myeloma 
capacity compared to their KIR-ligand mismatched counterparts, also in the presence 
of TME factors16. In this thesis, we extended the principle of selecting NK cell donors 
with a KIR-ligand mismatch to breast cancer, where it also proved to be beneficial at 
21% O2 as well as at hypoxic levels with 0.2% O2 (chapter 4). Because KIR are acquired 
in a stochastic manner, every individual has NK cells without KIR, with one or with 
multiple KIRs24. This means that only a fraction of all obtained donor NK cells is KIR-
ligand mismatched, while other NK cells are KIR-matched or KIRneg. Although the NK 
cell subset with only mismatched KIRs can be small, we anticipate that every 
reduction of inhibition can be favorable, especially in a suppressive TME where many 
factors can contribute to NK cell inhibition. Moreover, the NKG2A+ KIR-mismatched 
NK cells can be counted as KIR-ligand mismatched cells when the target cells lack 
HLA-E or express very low levels of HLA-E. This is illustrated by the fact that NKG2A+ 
KIR-ligand mismatched NK cells performed as well as those without NKG2A 
expression against HLA-E negative breast cancer cells and K562 cells (chapter 3 & 4). 
Together, our studies demonstrated that selection of NK cell donors with KIR-ligand 
mismatches can be beneficial as it enhanced NK cell responses. 
Blocking the KIR-HLA interaction with blocking antibodies could be an alternative 
strategy, when the selection of KIR-ligand mismatched NK cell donors is not possible. 
This concerns around 30% of the population that express HLA ligands for all three 
main KIRs (KIR2DL1, KIR2DL2/3, KIR3DL1)25. However, as discussed in chapter 2, 
using the KIR blocking antibodies IPH2101 and IPH2102 for multiple myeloma didn’t 
result in clinical efficacy; it turned out that blocking KIR resulted in hypofunctional 
NK cells26. Targeting NKG2A, either by gene knockout or antibodies, to block the 
receptors’ interaction with HLA-E seems to be more successful, potentially due to 
the frequent expression of HLA-E on tumor cells and NKG2A on both NK cells as well 
as tumor-infiltrating CD8+ T cells22. The NKG2A-blocking antibody Monalizumab 
showed strong efficacy in initial results of clinical trials, especially when combined 
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with checkpoint blockade e.g., targeting the PD-1/PD-L1 axis, to activate CD8+ T 
cells22.  
Interfering with NK cell inhibition could be extended beyond KIR and NKG2A to 
blocking other inhibitory checkpoints expressed on NK cells such as TIM-3, TIGIT, PD-
1 or LAG-3, but the expression levels and more importantly the functional 
consequences of blocking these receptors on NK cells are insufficiently explored so 
far27,28. For example, TIGIT blocking antibodies are tested in clinical trials, but the 
effects of TIGIT as a negative regulator of cytotoxic lymphocytes have mostly been 
evaluated on T cells so far. On tumor-infiltrating NK cells, opposing results of TIGIT 
expression levels have been reported with low and high TIGIT expression on NK cells 
in melanoma and in colon cancer, respectively29,30, which might indicate a dynamic 
expression of the molecules. In one study, TIGIT+ NK cells were described to be highly 
functional29. On the contrary, blocking TIGIT was demonstrated to enhance NK cell 
functionality in ovarian cancer.31 Overall, blocking these immune checkpoint 
molecules on NK cells requires more in-depth exploration to better understand the 
consequences for NK cells and the interplay between NK cells and T cells in response 
to checkpoint blockade.   
 
9.2 Boosting NK cell responses by providing additional NK cell activation 
Next to lowering inhibition, promoting NK cell activation is another principle to 
enhance NK cell potency. Activation by an ADCC-triggering antibody through the 
CD16A (FcγRIIIA) receptor is considered a potent way to enhance NK cell responses32. 
Because NK cells are the main effector cells of ADCC in humans, NK cells contribute 
significantly to the clinical success of those monoclonal antibodies that are able to 
induce ADCC33. Antibody-based therapies have started a new exiting era in cancer 
treatment and are nowadays widely used for a variety of solid and hematological 
cancer types since monoclonal antibodies can be directed against any antigen, for 
instance tumor-antigens34. Besides ADCC, mechanisms of action can, depending on 
the antibody, include direct effects on tumor cells such as induction of apoptosis or 
signaling inhibition, as well as other immune-mediated mechanisms such as 
antibody-dependent cellular phagocytosis and complement-dependent 
cytotoxicity35.  
Since CD16 is considered one of the most potent activating receptors for NK cells, 
we tested whether enhancing NK cell activation through ADCC-triggering antibodies 
can create more potent NK cells when combined with KIR-ligand mismatched NK 
cells to lower NK cell inhibition. In this thesis, we tested the clinically-approved 
ADCC-triggering antibody Trastuzumab that targets HER2+ breast cancer (chapter 4). 
We found that IL-2 activated NK cells degranulated very strongly against the HER2+ 
cell line SKBR3 when combined with Trastuzumab. The strong degranulation was 
observed in all NK cell subsets, also in the presence of HLA class I, and it was so high 
(70 to above 90%) that a potential further increase by KIR-ligand mismatching might 
have not been detected due to a technical limitation (chapter 4). However, in 
multiple myeloma, we observed that addition of the CD38-targeting ADCC-inducing 
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antibody Daratumumab further enhanced responses of the KIR-ligand mismatched 
NK cell subsets, illustrating that combination of the two strategies looks promising16.  
The ADCC response we observed seemed to depend on the expression level of HER2 
as we saw an increase in NK cell degranulation and cytotoxicity against HER2high 
SKBR3 cells, but not against HER2low MCF7 cells. The growth factor receptor HER2 is 
expressed on normal epithelial and mesenchymal cells at low levels, but it is 
amplified on certain tumors including 15-20% of breast cancer patients36. Our results 
are in agreement with previously published articles showing that tumors with high 
HER2 expression were more susceptible to ADCC, as were tumor cells with high CD38 
expression more susceptible to ADCC through Daratumumab16,37,38. To increase 
antigen expression levels at the cell surface and boost the ADCC effect, one study 
suggested temporary inhibition of endocytosis, which lead to stronger ADCC 
responses39. Other strategies to further enhance the ADCC response include 
increasing the antibody affinity to its target or to the NK cell. The latter can for 
instance be achieved by defucosylation of the antibody i.e., the removal of the sugar 
fucose, to effectively mediate ADCC at low antigen density, which has shown 
promising results in vitro but not yet in vivo40-42. For safety, however, it could also be 
an advantage that high levels of the target antigen are required for potent ADCC 
effects to spare healthy cells with low levels of antigens from NK cell attacks. This is 
supported by a recent study with HER2-targeting CAR-NK cells that were highly 
cytotoxic against HER2+ tumor cells, but did not kill non-malignant HER2low epithelial 
cells43. The NK cells selectivity for high antigen levels could present an advantage 
over CAR-T cells, which also lysed non-malignant cells with low antigen levels43. In 
chapter 7, we also observed that the ADCC response of the anti-PDL1 antibody 
Avelumab was dependent on high PDL1 levels, which could potentially be an 
advantage when it would spare healthy PDL1+ immune cells from ADCC attacks. 
Another challenge of ADCC-mediating antibodies could be antigens that are also 
strongly expressed on normal cells such as CD38, which is commonly expressed on 
multiple myeloma but also on NK cells at high levels. Consequently, with 
Daratumumab, CD38+ NK cells can be killed by other NK cells, referred to as NK cell 
fratricide (chapter 3,44). To prevent such off-target toxicity, CD38 knock-out NK cells 
could be engineered to treat CD38+ hematological malignancies45. Whether high 
antigen expression is desired, should thus be carefully assessed.  
To maximize the efficacy of antibody-based therapies for NK cells, novel constructs 
are in development such as bispecific and tri-specific antibodies, in some studies also 
called bispecific and tri-specific killer engagers (BiKEs and TriKEs). Instead of 
monoclonal antibodies that are directed against one target, bi- or tri-specific 
antibodies are small molecule constructs that can engage two or three different 
types of epitopes27. Due to the success of ADCC, many bi- and tri-specific antibodies 
constructs contain one anti-CD16 component with high affinity, while the other one 
or two domains can be directed against tumor antigens46. In preclinical studies, 
bispecific antibodies achieved promising results for hematological malignancies as 
well as for solid tumors and are currently tested in clinical trials47,48. Newer 
generations of tri-specific antibodies incorporate a cytokine to additionally enhance 
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survival and proliferation of NK cells, for example a tri-specific antibody with anti-
CD16, anti-CD33 as tumor target, and IL-15 was engineered and mediated higher 
cytotoxicity and robust NK cell expansion in preclinical AML models compared to 
bispecific antibodies without cytokines27. One concern of this approach is that 
continuous stimulation with IL-15 might lead to NK cell exhaustion49. Another 
research group developed NK cell engagers that target one tumor antigen and two 
activating receptors, NKp46 and CD16, because the latter can be lost on tumor-
infiltrating NK cells, which can diminish the efficacy of constructs only targeting CD16 
on NK cells50. In chapter 5, in which we profiled endogenous NK cells in situ in breast 
cancer cohorts, we indeed also observed NK cells with low CD16 expression in some 
specimens, suggesting that enhancing NK cells through CD16 alone might not be very 
effective for these particular patients. Co-engagement of NKp46 and CD16 resulted 
in stronger NK cell activation than engaging both receptors individually and first 
promising results were obtained in vitro and in mice50. For both multiple myeloma 
and breast cancer, results from ongoing clinical trials are awaited to see whether the 
results with bispecific or tri-specific antibodies will be as promising as the ones from 
preclinical models51,52.   
An alternative strategy to augment NK cells includes the design of NK cells genetically 
engineered with chimeric antigen receptors (CAR-NK cells). Similar to monoclonal 
antibodies, CARs can be directed against the antigen of interest and current designs 
are most often directed against HER2 in solid tumors and against the CD19 antigen 
in hematological cancers (for B cell malignancies) 53. Most studies with CAR-NK cells 
are still in very early phases of clinical trials and it will be interesting to see whether 
CAR engineering is sufficient to overcome immunosuppression54.  
 
9.3 NK cells must overcome multiple tumor resistance mechanisms to exert their 
anti-tumor effects 
In the first paragraphs, I have discussed that the anti-tumor potency of IL-2 activated 
NK cells can be further enhanced by selecting KIR-ligand mismatched NK cell donors 
to reduce inhibition on the one hand, and by combining the mismatched NK cells 
with ADCC-triggering antibodies to boost activation on the other hand. In addition 
to designing powerful NK cells, it is crucial that NK cells are fully functional within the 
immunosuppressive TME and overcome tumor resistance. Multiple resistance 
mechanisms can occur in tumor cells that can be of tumor-intrinsic nature and/or 
mediated by the immunosuppressive TME. The TME is much more complex than 
solely the presence of hypoxic regions and is further characterized by low pH, high 
lactate, prostaglandins, suppressive cytokines and others48. In the following 
paragraphs, I describe how some of these TME factors could affect NK cell efficacy 
and how NK cell efficacy might be restored. And while I discuss one resistance 
mechanism at a time, it is more likely that NK cells encounter a combination of 
mechanisms and hence require a combination of strategies to counteract resistance 
and remain effective in the TME.  
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9.3.1 Tumor-intrinsic resistance mechanisms 
Besides avoiding NK cell recognition, tumor cells can develop other cell-intrinsic 
resistance mechanisms to avoid being killed by NK cells. When studying the effect of 
Trastuzumab in breast cancer, we observed a relatively small ADCC effect in HER2high 
SKBR3 cells; the cytotoxicity was only slightly increased compared to conditions 
without Trastuzumab (chapter 4). This was striking in comparison to the strong 
increase in NK cell degranulation by Trastuzumab, showing that the NK cells were 
activated but that degranulation did not proportionally correlate with tumor cell 
lysis. We did not detect such big discrepancy between high NK cell degranulation and 
moderate cytotoxicity in our previous studies 3,16. The NK cells we used seemed fully 
functional because they potently degranulated, and they lysed SKBR3 cells, only with 
a smaller ADCC effect than expected based on the potent degranulation. Therefore, 
it seems more likely that the tumor cells were partially resistant to the NK cell 
attacks. Since NK cells can kill target cells through cytotoxic granules and/or death 
receptors (FasL or TRAIL), we question whether ADCC may be mainly mediated 
through one of the two cytotoxic pathways, either granules or death receptors, and 
whether SKBR3 cells are resistant to that pathway. Granule-mediated killing is the 
faster and generally the more dominant killing mechanism that can occur within 
minutes to hours, while killing through death receptors is the slower process of the 
two55. IL-2 activation of NK cells has been demonstrated to upregulate FasL 
expression on NK cells and to enhance both cytotoxic mechanisms by increased 
frequency of NK cell-cancer cell interactions55,56. Another recent study described that 
the killing events of NK cells were first almost exclusively mediated through granules, 
and while granule content decreased, Fas ligand expression increased and a switch 
to death receptor-mediated cytotoxicity was observed to mediate the final kill of an 
NK cell57. This switch in killing mechanism was noted for NK cells with and without 
IL-2 activation57. Regarding the killing mechanism during ADCC, one study described 
that ADCC could be enhanced by the immunomodulatory drug Lenalidomide in 
rituximab-treated lymphoma or leukemia cell lines, and that the effect was mainly 
mediated through granzyme B because NK cell-mediated ADCC was totally 
prevented by a granzyme B inhibitor and partially prevented by blocking Fas ligand 
expression58. Together, these studies could suggest that granule-mediated killing is 
the dominant pathway during NK cell-mediated ADCC. Whether SKBR3 cells are 
resistant to granule-mediated killing, remains to be studied. Such cell-intrinsic 
resistance to cytotoxic granules could be mediated by inactivation of the cytotoxic 
granules. Many tumors express molecules to degrade either perforins e.g., through 
Cathepsin B, or granzymes e.g., through the serpin proteinase inhibitor B9 (Serpin 
B9) that inhibits granzyme B59. Serpin B9 is commonly expressed in lymphocytes to 
protect them from their own active granzyme B and tumor cells seem to have 
hijacked this mechanism60. The occurrence of Serpin B9 in healthy cells as well as in 
tumor cells could, however, complicate therapeutic approaches to target such 
resistance.  
Tumor cells can further counteract the effects of cytotoxic granules by upregulation 
of anti-apoptotic proteins. In multiple myeloma for instance, evading apoptosis is a 
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well-known mechanism of drug resistance and characterized by upregulation of the 
anti-apoptotic Bcl-2 molecules and/or the inhibitors of apoptosis (IAP) proteins such 
as survivin61. These anti-apoptotic proteins can either be induced cell-intrinsic or by 
the TME e.g., through soluble factors like IL-6 or VEGF produced by BM stromal 
cells61. To reverse apoptotic resistance, anti-apoptotic inhibitors could be used. 
Interestingly, small-molecule inhibitors to block anti-apoptotic proteins such as 
survivin (e.g. YM155 or FL118), also revealed synergetic effects with NK cells as the 
inhibitor improved Daratumumab-mediated ADCC responses in multiple 
myeloma62,63.  
Under hypoxia, another resistance mechanism can come into play, namely 
autophagy, which can degrade granzyme B molecules. Autophagy is a process, in 
which the cell self-digests components to recycle them or to prevent accumulation 
of waste products, and which can be induced in response to cellular stress, including 
hypoxia64. When we observed that the NK cell-mediated lysis of MCF7 breast cancer 
cells was reduced under hypoxic conditions, compared to MCF7 lysis with a normal 
oxygen concentration (chapter 4), autophagy could have potentially mediated the 
reduction in killing. One article described that hypoxic MCF7 breast cancer cells 
activated autophagy, which lead to granzyme B degradation and protected the 
tumor cells from killing by resting NK cells65. In the same study, it was demonstrated 
that the granzyme B levels in target cells could be restored by the autophagy 
inhibitor chloroquine65. However, autophagy is a highly regulated and multistep 
lysosomal degradation pathway and can, depending on the context, have both pro- 
and anti-tumor tumor effects which complicates therapy approaches and requires a 
more detailed understanding of its effects in the TME66.   
Modulations at the immunological synapse could be another way how tumor cells 
can interfere with NK cell-mediated killing. The immunological synapse describes the 
area of contact between NK cells (or T cells) and tumor cells, which is required to 
enable directed release of cytotoxic granules towards target cells. The formation of 
an immunological synapse is a finely regulated process that involves specific 
receptor-ligand interactions and spatiotemporal rearrangements of the NK cells 
cytoskeleton67. Compared to immune cells, in which rearrangements of the actin 
cytoskeleton are quite well studied, remodeling of the cytoskeleton in tumor cells 
only gained attention quite recently as another possible immune escape 
mechanism68. Interestingly, subpopulations of breast cancer and chronic 
lymphocytic leukemia cells rapidly clustered actin filaments near the immunological 
synapse, which acted as a protective shield and correlated with NK cell resistance 
and lower granzyme B levels inside tumor cells69,70. Since we observed in chapter 4 
that some SKBR3 breast cancer cells were quite resistant to NK cells in combination 
with Trastuzumab, it would be interesting to determine whether such actin 
accumulation near the immunological synapse also occurs in a subpopulation of 
SKBR3 and whether SKBR3 cells with such an “actin shield” are protected against NK 
cell-mediated ADCC. If so, it might be desirable to block cytoskeletal remodeling in 
breast cancer cells. Drugs to target the actin cytoskeleton must specifically target 
cancer cells to circumvent the extreme toxicity that is seen with general targeting of 
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the actin cytoskeleton; such tumor-specific drugs are in the experimental stage only 
and could be a future possibility for combination with potent NK cells if they prove 
to be clinically applicable71. 
 
9.3.2 Soluble mediators in the TME can hinder NK cells 
Many cell surface receptors or ligands can additionally occur as soluble forms. 
Soluble (s) HLA-E molecules are one example of HLA molecules that can affect NK 
cell functions in its soluble form. sHLA-E have been found in sera of melanoma and 
neuroblastoma patients at significantly higher levels than in healthy controls, as well 
as in supernatant of a variety of cancer cell lines including breast cancer72,73. The 
generation of sHLA-E is presumably mediated by the cleavage of HLA-E from the cell 
membrane by proteases ADAM10 and ADAM1723. That sHLA-E molecules had 
immunomodulatory effects was demonstrated by the fact that sHLA-E led to 
decreased NK cell-mediated lysis of target cells74. As we demonstrated in chapter 4 
that low HLA-E expression on the tumor cell surface did not negatively affect 
activated NK cells, it would be interesting to determine whether sHLA-E effects on 
NK cells are also depending on expression levels. For the classical molecules HLA-
ABC, limited studies have described the occurrence of soluble forms and additional 
research is needed to study whether these also have immunomodulatory features75. 
The most frequently studied soluble HLA molecule is HLA-G. Similar to HLA-E, sHLA-
G molecules can be generated by proteolytic shedding of the membrane-bound HLA-
G form76. Additionally, seven HLA-G isoforms, identified as G1-G7, can be generated 
through alternative splicing from the normal HLA-G variant76. Three of the seven 
HLA-G variants (G5-G7) lack the transmembrane region and subsequently occur as a 
soluble protein77. HLA-G5 has moreover been detected in its secreted form in cell 
supernatants and body fluids and has been shown to have similar 
immunomodulatory functions as it’s membrane-bound counterpart G1, namely 
inhibiting NK cells and T cells78,79. Such effects of sHLA-G might be particularly 
relevant for tumors residing in hypoxic TMEs because HLA-G transcription was 
demonstrated to be induced in HLA-G-negative tumor cells in response to hypoxic 
stress80.   
In chapter 8, we studied alternative splicing in HLA-C and we reported HLA-C 
transcripts without exon 5 (encoding the transmembrane region of HLA) in 
peripheral blood cells. The occurrence of HLA-C transcripts we detected precisely 
lacked the exon 5 region and thus resemble the occurrence of the soluble HLA-G 
variant HLA-G5. It needs to be determined if the described HLA-C transcripts will be 
translated to functional proteins. If this is the case, the alternative HLA-C isoforms 
might be secreted as soluble forms, similar to sHLA-G5. Theoretically, sHLA-C could 
be released by tumor cells to escape T cells, and still mediate inhibition of NK cells 
through its soluble form. It would be interesting to further investigate if sHLA-C 
represents an escape mechanism by tumor cells, similar to sHLA-E and sHLA-G. 
Moreover, we found the HLA-C transcripts without exon 5 specifically in the two 
allele groups HLA-C*04 and *16, suggesting that genetic polymorphisms contribute 
to the occurrence of alternative splice variants in HLA-C (chapter 8). This finding adds 
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another layer of complexity to the diversity of HLA-C and indicates that HLA-C 
expression levels can be further modulated by genetic diversity. Since all HLA-C 
alleles serve as ligands for NK cells, different HLA-C expression levels could 
potentially have functional consequences for NK cells.  
Other soluble molecules that can diminish NK cell effector functions are the MHC 
class I chain-related proteins A and B, MICA and MICB, which are frequently 
upregulated on tumor cells and serve as activating ligands for NK cells via NKG2D. 
Proteolytic shedding of MICA and MICB from the membrane is, however, recognized 
as an escape strategy of tumor cells as it results in reduced surface expression of 
these activating ligands, which can prevent tumor cell recognition through 
NKG2D81,82. Additionally, soluble forms of MICA and MICB can bind to NKG2D on NK 
cells, where they induce downregulation of the activating receptor NKG2D83. To 
counteract such effects and sustain cell surface expression of MICA and MICB, 
therapeutic antibodies have been developed that are directed against the site that 
is responsible for the shedding, and this novel strategy to prevent shedding of MICA 
and MICB has demonstrated efficacy in multiple preclinical tumor models84.  
Tumor cells can further evade immune cells through an excess of 
immunosuppressive cytokines present in the TME. Promoting NK cell dysfunction or 
inhibition in the TME through such cytokines including TGF-β, IL1-β, and IL-10, can 
prevent NK cells from recruiting other immune cells that are crucial for mediating a 
proper anti-tumor response85. TGF-β is one example for a key factor that suppresses 
NK cells in multiple ways. Direct effects of TGF-β on NK cells include downregulating 
the activating receptors NKp30 and NKG2D on NK cells, the NKG2D ligand MICA on 
tumor cells and reducing NK cell effector functions such as cytotoxicity and IFN-γ 
production48. Blocking suppressive cytokine signaling such as TGF-β might reverse 
the unfavorable cytokine milieu in the TME and thus represents an attractive option 
to restore NK cell efficacy in the TME. Small-molecule inhibitors or blocking 
antibodies targeting the TGF-β receptor are in development, as are therapeutic bi-
specific antibodies that include a TGF-β-receptor-blocking domain27,86. In AML and in 
colon cancer models, it has for example been demonstrated that a TGF-β receptor 
inhibitor at least partially restored the TGF-β-mediated impairment of in vitro-
expanded NK cells87.  
Overall, on the basis of a few examples, this section demonstrates that soluble 
mediators in the TME should be considered when designing NK cell-based 
immunotherapies.  
 
9.3.3 Unfavorable nutrient availability in the TME might not be harmful for potently 
activated NK cells such as expanded NK cells 
Tumor cells undergo metabolic reprograming from oxidative phosphorylation 
towards high rates of aerobic glycolysis (Warburg metabolism) to fulfill the energy 
needs required for tumor growth and its progression in the TME88. As a consequence 
of high glucose consumption by tumor cells, the TME is characterized by poor 
availability of glucose and by an excess of metabolic waste products89. Because 
immune cells also heavily rely on glucose as metabolic fuel, low glucose levels can 
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impair immune cell metabolism, including T cells, which was associated with cancer 
progression90,91. Moreover, there is convincing data that disturbed NK cell 
metabolism can hamper NK cell effector functions92. In a murine lung cancer model 
for example, the glycolytic capacity of NK cells and NK cell function inversely 
correlated with tumor progression93. Furthermore, the TME of ovarian cancer ascites 
was shown to significantly impair metabolic pathways (glycolysis and oxidative 
phosphorylation) in NK cells in an ex vivo model94. In several solid tumor types, 
extremely low glucose levels reaching 20 mg/L were reported with great variability 
between patients95. In the bone marrow of multiple myeloma patients, we measured 
glucose levels ranging from 479-1231 mg/L in nine patients, of which glucose values 
in six patients were lower than the normal range of blood glucose (820 – 1100 mg/L 
fasting blood glucose levels and up to 1400 mg/L postprandial) (chapter 6). Since 
glucose is considered a primary fuel for NK cells, we subsequently investigated how 
reduced glucose concentrations of 500 mg/L glucose, representing the lower end of 
levels measured in multiple myeloma bone marrow, affected IL-2 activated NK cell 
responses (chapter 6). Cytokines, such as IL-2, IL-12 and IL-15, have been described 
to strongly upregulate the metabolic pathways of both glycolysis and oxidative 
phosphorylation96. In our hands, reduced glucose concentrations of 500 mg/L 
glucose did neither negatively affect the cytotoxic potential of overnight activated 
NK cells, nor the potential of ex vivo expanded NK cells, which were exposed to the 
low glucose concentration for 4 days before the cytotoxicity assay was performed 
(chapter 6). Our finding of activated NK cells not being inhibited by low glucose were 
in line with a recent study describing that IL-21 feeder-cell-expanded NK cells were 
not impaired by nutrient deprivation in an ovarian cancer model94. In the referenced 
study by Poznanski et al., the expanded NK cells showed metabolic changes that 
were similar to those of tumor cells and showed sustained anti-tumor effector 
functions in a TME-tumor model with ascites fluid derived from ovarian cancer 
patients. Even more, the expanded NK cells had a stronger tumor killing potential 
than peripheral blood NK cells because they were not limited to utilizing glucose as 
fuel, but were equipped with a high flexibility as to which substrate to use (e.g. 
glucose, glutamine, fatty acids)94. Metabolic flexibility had before been reported in 
licensed NK cells, in which high capacity of both oxidative phosphorylation and 
glycolysis was observed, compared to unlicensed NK cells that primarily depended 
on OxPhos97. Cytotoxicity of the licensed NK cells was only decreased when both 
metabolic pathways were blocked97.  
Although further proof in vivo is required, the discovery of metabolic substrate 
flexibility in expanded NK cells provides promising news for adoptive transfer of NK 
cells and could be a promising strategy for improved NK cell efficacy. Moreover, the 
metabolic flexibility in NK cells could potentially be an advantage over T cell-based 
therapies, for which the nutrient availability in the TME seems to be a barrier that 
severely impaired CD8 T cell functions89,91.   
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9.3.4 NK cell recruitment to the tumor is essential for potent anti-tumor effects 
Improving NK cell recruitment to the tumor is especially relevant for solid tumors 
where NK cells are usually scarce. Although variable between specimens, we 
quantified low NK cell density compared to CD3+ and CD11b+ immune cell densities 
in all specimens when profiling NK cells in two independent breast cancer cohorts 
(chapter 5). Our finding supports that especially T cells are predominantly present in 
tumor areas, while NK cells might be restricted in entering the tumor.  
Given that NK cells in solid tumors have been associated with improved patient 
survival98-101, higher NK cell infiltration is expected to lead to better anti-tumor 
immune responses and should be promoted. Another aspect to consider for NK cell 
recruitment are the cytokine and chemokine axes in tumor tissues because they 
might favor infiltration of certain NK cell subsets: While the mature CD56dim NK cells 
are predominant in peripheral blood, CD56bright NK cells were the dominant NK cell 
subset in the TME of many solid tumors including breast cancer102,103. CD56dim and 
CD56bright NK cell subsets are characterized by different chemokine receptor profiles, 
and tumors have been described to preferentially express ligands for chemokines 
that stimulate migration of CD56bright NK cells to the tumor104. However, it has also 
been reported that NK cell infiltration can be low despite high expression of NK cell-
attracting chemokines in tumors104. The latter could suggest that NK cells do not stay 
or survive in the TME or that other factors prevent NK cell infiltration into solid 
tumors.  
To improve homing to the tumor, NK cells could be genetically modified to express 
chemokine receptors that are known to be important in specific cancer types. An 
example is the CXCR2 receptor because its ligands can be secreted by solid tumors 
to promote angiogenesis and metastasis; and CXCR2 is expressed on CD56dim NK cells 
in blood, but rapidly lost during in vitro expansion105. Genetically engineered CXCR2+ 
NK cells were able to migrate along the tumor-derived chemokine gradient and 
mediated better tumor lysis in vitro105. Another strategy to enhance NK cell homing 
to tumors could be through stimulation of chemokine ligands at the tumor site, for 
example did local administration of IFN-γ stimulate production of CXCL10, which 
attracted CXCR3+ ex vivo expanded NK cells in a melanoma model106. 
Besides the chemokine axes, immune cell infiltration into solid tumor can be 
restricted by physical barriers, such as stroma and abnormal vasculature. Blood 
vessels in tumors frequently appear disorganized and heavily branched, which can 
lead to irregular blood flow and hinder infiltration of immune cells from the blood 
stream107. Growing evidence shows that continuous angiogenic stimulation can 
additionally lead to decreased expression of adhesion molecules on the 
endothelium107. Since adhesion molecules, like integrins and selectins, are used by 
leukocytes to adhere and subsequently reach the tumor parenchyma, the 
downregulation of endothelial adhesion molecules can further hamper immune cell 
infiltration and subsequent anti-tumor responses107. That physical barriers might 
also affect NK cells is suggested because tumor-infiltrating NK cells are 
predominantly reported in the stromal areas of the tumor103,108. To target tumor 
angiogenesis, angiogenic inhibitors, most commonly targeting VEGF or VEGF 
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receptors, are widely used as cancer treatments to counteract tumor growth, but 
with limited clinical success so far, e.g. due to drug resistance109. One recent study 
demonstrated a novel strategy to target angiogenesis, namely a vaccination 
approach directed against tumor endothelium, which resulted in effective and safe 
inhibition of angiogenesis in preclinical models110. It would be interesting to study 
how targeting tumor endothelium could be combined with NK cell-based 
immunotherapies.  
 
 
9.4 NK cells do more than killing: NK cell-based therapy to orchestrate adaptive 
immune responses 
Although the NK cells’ ability to kill tumors is often highlighted, the NK cell subsets 
and their phenotypes and functions are much more diverse as reviewed in 111,112. 
Next to their cytotoxic capacity, the NK cells’ potential to secrete large amounts of 
proinflammatory cytokines, such as IFN-γ and TNF-α, can be highly relevant for the 
anti-tumor immune responses, as they can promote adaptive immune responses113. 
It is well established that the bi-directional crosstalk between NK cells and DCs can 
result in profound adaptive immune responses in cancer: NK cells have an important 
role in inducing DC maturation and subsequent T cell priming by mature DCs, while 
DCs can in turn further stimulate NK cell activation, proliferation and effector 
functions114. Additionally, a recent study described that NK cells, through the release 
of chemokines, also support DC recruitment into the TME, which positively 
correlated with overall patient survival115. Similarly, NK cell infiltration and functional 
DC populations were important for responses to anti-PD1 immune checkpoint 
blockade in melanoma patients116.  
Proinflammatory cytokines produced by NK cells could furthermore contribute to 
reshaping the generally very immunosuppressive TME towards a more 
proinflammatory and immune stimulatory TME, which is considered to be crucial to 
achieve sustained effectiveness of immunotherapies117. In chapter 7, we described 
that donor-derived IL-2 activated NK cells were triggered by tumor-associated cells, 
such as TAM, to degranulate and to produce IFN-γ. Through the IFN-γ production, 
NK cells could be able to contribute to a more proinflammatory TME. NK cell-derived 
IFN-γ could for example polarize TAM towards pro-inflammatory macrophages that 
are associated with increased phagocytosis and antigen presentation118. As 
described above in section 9.4.3, IFN-γ has been shown to also enhance recruitment 
of expanded NK cells to melanoma through the CXCL10-CXCR3 axis106. IFN-γ can 
further regulate immune responses through many different effects and mechanisms, 
depending on the timing and spatial distribution of the cytokine119. IFN-γ drives for 
instance upregulation of HLA class I expression on tumor cells, that provides 
inhibition to NK cells, but can present tumor antigens, which in turn can be 
recognized by tumor-specific CD8+ T cells and initiate CD8+ T cell mediated killing120. 
And although IFN-γ mainly mediates anti-tumor immunity, it can also lead to 
upregulation of immunosuppressive molecules such as PD-L1, which can inhibit PD-
1+ immune cells including PD-1+ CD8+ T cells and thereby contribute to tumor evasion 
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from immune responses121. In the event of IFN-γ-mediated PD-L1 upregulation, 
immune checkpoint blockade of the PD-1/PD-L1 pathway might be used to 
counteract the immunosuppression. In chapter 7, we observed that macrophages 
also upregulated PD-L1 in response to NK cell-derived IFN-γ. Subsequently, we 
studied whether we could take advantage of the high PD-L1 expression on 
macrophages by combining NK cells with the anti-PD-L1 antibody Avelumab. Of all 
clinically-approved PD-1/PD-L1-targeting antibodies, Avelumab is the only one that 
can mediate ADCC122. We found that the NK cell responses against PD-L1high 
macrophages was further enhanced by Avelumab. These results suggest that NK cells 
could get activated in response to tumor-associated cells in the TME, especially in 
combination with Avelumab, and that NK cells could promote a more 
immunostimulatory TME through IFN-γ secretion, as an additional function to killing 
tumor cells. In line with our findings, two other studies observed PD-L1 upregulation 
on lung cancer cells after administration of ex vivo expanded NK cells, which 
sensitized the originally PD-L1neg tumors to PD1-blockade therapy123,124. These 
studies and ours in chapter 7 present an additional strategy how NK cell-derived IFN-
γ could be used for improved immunotherapy responses.  
Through secretion of proinflammatory cytokines, NK cell immunotherapies could 
thus serve as “adjuvants” for subsequent adaptive anti-tumor immune responses.   
 
9.5 Successful NK cell-based therapy approaches will require combination therapy  
Nowadays, we understand that NK cells are much more complex in their phenotype 
and their functions than initially thought when NK cells were identified as tumor 
killers. Their complexity makes it a lot more challenging than anticipated to develop 
NK cell therapies, but it also creates many opportunities when it comes to the 
selection of NK cell sources and to manipulating NK cells to create superior effector 
cells. During this discussion, I have presented several of the challenges that come 
with NK cell-based therapies and potential strategies how to counteract the 
challenge. For successful NK cell-based therapies, it will likely require a combination 
of multiple strategies because NK cells must be able to do the following: 1. infiltrate 
tumor areas, 2. recognize the tumor cells, 3. exert their tumor killing in a suppressive 
TME, for which NK cells should be sufficiently boosted and, 4. secrete 
proinflammatory cytokines, which will be desirable to orchestrate a proper adaptive 
immune response against the tumor85. The first step of NK cell recruitment to tumors 
remains a problem to solve for solid tumors including breast cancer. To enhance step 
2-4 for solid tumors, we might instead be able to adapt strategies that have already 
been exploited for hematological malignancies, which have taught the research 
community a lot about NK cell biology, and for example the combinational strategy 
of KIR-HLA ligand mismatch and ADCC-triggering antibodies promoted NK cell 
efficacy for both MM and breast cancer in our hands.  
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9.5.1 Combining the power of NK cells and CD8+ T cells for immunotherapies 
One possible combination that should not be neglected are NK cells and CD8+ T cells. 
Both NK cells and CD8+ T cells kill tumor cells via the same cytotoxic mechanisms, 
namely via granules or death receptors, but the way they recognize target cells is 
fundamentally different with CD8+ T cells requiring neoantigen presentation by HLA 
class I, and with NK cells responding to an array of activating signals expressed by 
malignant cells, while being inhibited by HLA class I. These differences in tumor cell 
recognition could potentially guide whether NK cells or T cells should be used for 
immunotherapy.  Moreover, it would be interesting to explore the potential additive 
values of combining NK cells to strategies using other immune cells such as gamma-
delta T cells or NKT cells125,126.  
In this thesis, we extensively discussed the relevance of HLA class I expression for NK 
cell inhibition. Together with studies describing that NK cell-sensitive tumors are HLA 
class I-negative17, this could suggest that NK cell-based therapies could be primarily 
relevant for HLA class I-negative tumors, for which CD8+ T cell-based 
immunotherapies are not suitable. In a study that used several genomic screening 
approaches, a transcriptional signature of NK cell-sensitive tumors was identified 
and correlated with resistance to immune checkpoint inhibitors127, suggesting an 
opportunity for NK cell-based therapies for tumors that developed resistance to 
immune checkpoint therapy. Such resistance to checkpoint inhibitors was associated 
with defects in the IFN-γ- and antigen-presentation pathway e.g., loss of HLA class 
I128. Loss of HLA class I in tumor cells can be mediated by various underlying 
mechanisms and is either irreversible if the HLA class I gene is defect, or reversible if 
the HLA class I molecule is solely downregulated, for example due to alterations in 
the antigen-processing machinery129. The latter reversible loss of HLA class I 
expression can be upregulated by Th1-type cytokines like IFN-γ. Given that expanded 
NK cells may be highly effective in the suppressive TME94, NK cells could thus 
potentially kill the HLA class I-negative tumors and, through IFN-γ, mediate HLA class 
I upregulation, if the HLA expression is reversible. For CD8+ T cells to join fight against 
the cancer cells, immune checkpoint blockade might need to be considered to 
unleash the cytotoxic CD8+ T cells if they are held in check by immune checkpoints 
such as the PD-1/PD-L1 axis. That NK cell-derived IFN-γ lead to upregulated MHC 
class I on tumor cells and enabled tumor recognition and killing by CD8+ T cells has 
been shown in a B16 melanoma mouse model130.  
However, NK cells can also have a role in HLA class I-positive tumors. One study, in 
which predictive biomarkers for response to Trastuzumab were investigated in 
breast cancer, described that high HLA class I expression together with NK cell 
infiltration were predictors for better Trastuzumab responses100. The results of this 
study are in agreement with our observations in chapter 4, where Trastuzumab 
induced very strong degranulation in all NK cells, suggesting that NK cells, when 
sufficiently activated, can also mediate responses against HLA class I+ tumors either 
by killing tumor cells and/or by promoting adaptive immunity through cytokine 
secretion. Moreover, the study by Muntasell et al. supports that both Trastuzumab-
activated NK cells and CD8+ T cells are important for mediating anti-breast cancer 
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responses100. Therefore, rather than deciding for either NK cells or T cells, the 
strength of both cell types should be kept in mind. 
 
9.5.2 Combination of strategies to augment NK cells 
Which combinational strategies should be combined to achieve potent NK cells in an 
immunosuppressive TME, still needs to be further investigated and likely depends 
on the tumor. When adoptive NK cell therapy is anticipated, the ideal NK cell donor 
and NK cell source should be selected in the beginning. NK cells can be derived from 
peripheral blood, umbilical cord blood, stem cells or NK cell lines131. In this thesis, we 
presented that those donors with a KIR-ligand mismatch can be beneficial over 
donors without. Irrespective of the source, large number of NK cells are thought to 
be required to achieve an anti-tumor effect in vivo and while the optimal number 
still needs to be determined, protocols used in clinical trials use up to 1x108 NK 
cells/kg body weight132. To reach these numbers from donors (allogeneic NK cells) or 
from the patient (autologous NK cells), expansion protocols have been developed to 
perform large scale expansions of NK cells in the presence of cytokines, which can 
simultaneously enhance the potency of NK cells47. Subsequently, expanded NK cells 
can be administered alone or combined with a HSCT as discussed in chapter 2. The 
heterogeneity of strategies tested in clinical trials (various expansion protocols, 
infusion rounds, NK cell manipulations) complicates the comparison of clinical trials. 
But one example of recent success is demonstrated by adoptive transfer of feeder 
cell-expanded NK cells achieving good clinical responses without adverse effects in 
hematological malignancies133,134.  
 
Expanded NK cells likely need to be further combined with one or several approaches 
that prevent NK cell dysfunction in the TME. Which approach this should be, will 
depend on the TME characteristics of the particular tumor type. To decide which 
combination therapy should be applied for which tumor, we require more extensive 
sets of biomarkers to better predict therapy responses. Moreover, to improved 
understand the challenges NK cells will encounter, profiling of the tumor and its TME 
can be beneficial to know which factors or NK cell subsets should be targeted. 
Extensive profiling of tumor and immune cells was made possible by single-cell RNA-
sequencing, and could be combined with multiplexed imaging methods and/or 
spatial transcriptomics to assess the spatial distribution of cells in the TME135-137. To 
improve prediction of combinational therapy approaches, it will be beneficial to test 
the approaches in different sets of tumor models that closely mimic the TME as well 
as the 3D structure of tumors e.g., patient-derived tumor organoids138. Together, the 
increasing number of available methodologies and various therapy approaches, 
including the ones investigated in this thesis, should provide the necessary tools to 
bring NK cell-based therapies to the next level. 
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Impact paragraph 
Cancer is a leading cause of death worldwide. Although improvements have been 
made including earlier diagnosis and better treatment, cancer remains a high burden 
for society. One in four men and one in five women were diagnosed with cancer in 
2018 and about 60% of cancer patients die from the disease [1]. Therefore, it is highly 
desirable to design therapies that will lead to higher cure rates of cancer. 
Immunotherapies are considered one of the major breakthroughs in the treatment 
of cancer and present promising approaches for cancers that are currently incurable 
[2]. Immunotherapies comprise various strategies that harness and strengthen the 
power of immune cells to better recognize and destroy tumor cells. But even within 
one patient, tumor cells can be highly heterogeneous cell populations and some 
tumor cells evade the destruction by immune cells and continue to grow. Tumor 
growth is further supported by the tissue surrounding the tumor, the TME. 
Therefore, one challenge of immunotherapies is to stimulate the immune cells 
sufficiently to detect and eliminate all tumor cells without off-target toxicity. NK cells 
are the immune cell type that we focused on in this thesis. In our research group, NK 
cell-based cancer immunotherapies have been studied for more than a decade and, 
continuing on our research groups’ experiences, we assessed in this thesis how 
donor-derived NK cells can be further optimized to improve their anti-tumor 
responses against two cancer types, multiple myeloma and breast cancer.  
 
Scientific impact 
To enhance the anti-tumor efficacy of cytokine-activated NK cells, we described the 
following main principles in this thesis:  
1. Selection of NK cell donors with a KIR-HLA ligand mismatch to prevent 

inhibitory signaling of NK cells through HLA class I  
2. Combine KIR-HLA ligand mismatched NK cells with monoclonal antibodies 

that target tumor cells and that trigger ADCC in NK cells to potentiate NK 
cell activation  

3. Increase NK cell activation and IFN-γ production through ADCC-triggering 
antibodies that are directed against tumor-supporting cells in the TME, such 
as macrophages 

 
Importantly, the anti-tumor efficacy of highly activated NK cells was not diminished 
either by hypoxia or by low glucose levels, both of which are factors known to occur 
in the TME. As the TME is highly complex and contains multiple mechanisms that can 
reduce NK cell efficacy, it is desirable for future research to include more complex 
models that reflect the patient situation as closely as possible.  
For solid tumors, we additionally need to acquire more knowledge about the spatial 
distribution of NK cells because increasing evidence supports that the complexity 
and diversity of the TME influences immunotherapy responses. As a first step 
towards NK cell distribution in breast cancer, we quantified and profiled NK cells in 
situ in breast cancer cohorts and found low infiltration of endogenous NK cells in 
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comparison to other immune cell subsets, suggesting that NK cell-based therapies 
need to include strategies that enhance NK cell infiltration into tumors.  
During the years of my PhD studies, I have presented and discussed the scientific 
results on several national and internal conferences. Moreover, the scientific 
findings of this thesis are published in peer-reviewed and open-access journals and 
are thus available to the scientific community. The research presented in this thesis 
was supported by local donations through the Kankeronderzoeksfonds Limburg 
(Cancer Research Foundation Limburg), illustrating which positive impact local 
donations are having on advancing cancer research. And partly based on the findings 
in this thesis, a research grant of about 1.5 million Euros was recently obtained from 
Health~Holland and KWF, allowing new PhD students to further explore the 
development of effective NK cell treatment in breast cancer. For this goal, our 
institute will closely collaborate with the University of Utrecht to combine 
knowledge and work towards the goal of higher cure rates for breast cancer.  
 
Target group 
The scientific studies were performed with the goal to improve therapy approaches 
for cancer patients. While the results presented in this thesis were specifically tested 
for multiple myeloma and breast cancer, the findings could be relevant for a broader 
spectrum of cancer types and patients: NK cell-based therapies have potential for 
blood cancers other than multiple myeloma, in which their effectiveness has been 
demonstrated in preclinical and clinical studies, and recently, advances with NK cell-
based approaches have also been made for solid tumors [3,4]. In this thesis, we for 
example demonstrated that the principle of combining KIR-HLA ligand mismatched 
donor NK cells with monoclonal antibodies could be extended from MM to breast 
cancer. Since it resulted in more potent NK cells in both MM and BC, the concept 
may be beneficial for patients with other tumor types that retain HLA class I 
expression. 
However, we also observed differences in the level of NK cell responses, which might 
depend on the NK cell donor or the tumor cell or most likely a combination thereof. 
To select the optimal immunotherapy approach for each patient, better patient 
stratification will be required and can be supported by extensive profiling of both 
tumor and the TME. Good patient stratification will ensure that patients only receive 
treatments they respond to and consequently, money will not be wasted on 
ineffective treatments and, importantly, the quality of life for cancer patients will 
improve as they do not need to suffer from unnecessary treatments that often come 
with severe side effects.  
 
Innovation 
NK cells are most commonly derived from peripheral blood, either from the patient 
or from a healthy donor and the infusion of donor-derived NK cells has been 
demonstrated to be safe in several clinical trials. Moreover, donor NK cells might be 
advantageous as demonstrated by the enhanced NK cell activity of KIR-ligand 
mismatched NK cells in this thesis. Independent of the source, NK cells need to be 
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expanded to reach the high number used in clinical trials (up to 1x108 NK cells/kg 
bodyweight). Producing the required numbers of NK cells for clinical trials needs to 
be performed in laboratories that fulfill the guidelines of good manufacturing 
practices. The fact that donor-derived NK cells are safe provides the opportunity for 
the generation of an “off-the-shelf” NK cell product, derived from large scale 
expansions of one donor. Such “off-the-shelf” NK cell products are considered much 
more cost effective than isolating NK cells from the patient itself and therefore 
represent a major advantage over T cell-based therapies, where donor-derived 
therapies are much more challenging due to GVHD mediated by donor T cells.  
The results of this thesis might be relevant for guiding the design of clinical trials e.g., 
the selection of the best NK cell product for the patient, and can additionally be 
relevant for biotechnology companies that focus on the development, production, 
and medical application of NK cell products. The expansion process of NK cells 
provides a wide range of opportunities to improve the final NK cell product, for 
instance through cytokine stimulation, small interfering RNAs, or genetic 
modifications of NK cells. Based on the results of this thesis, it seems relevant to 
ensure sufficient IFN-γ production, sufficient expression of activating receptors 
including CD16 expression, and to interfere with inhibitory signaling. Moreover, the 
expansion process can provide possibilities to promote NK cell migration to solid 
tumors, which seems to be required based on the results of this thesis. In our 
research group, Prof. Dr. Gerard Bos and Dr. Wilfred Germeraad have founded 
CiMaas, a spin-off company from Maastricht University, with the goal to achieve 
better cure for cancer patients. One of the clinical product lines at CiMaas is the 
generation of donor-derived NK cells for cellular therapy. Protocols are available at 
CiMaas to produce NK cell products in accordance with the applicable Good 
Manufacturing Practices and to expand up to 1010 NK cells. To translate the novel 
therapy approaches into clinical practice, CiMaas closely collaborates with 
Maastricht University and the Maastricht University Medical Center to start clinical 
trials. Such collaborative networks of researchers and clinicians in university, 
hospital, and biotechnological companies are very valuable to support the 
translation of new therapeutic approaches into clinical practice.  
Overall, with various approaches being in development and clinical trials showing 
promising results, immunotherapies are on the way to becoming more prominent 
therapeutic approaches in the future. Our research results provided small building 
blocks to create effective NK cell-based immunotherapies and we envision that our 
findings can eventually contribute to improved cancer immunotherapies. 
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Summary 

Natural killer (NK) cells are part of the first line immune defense against malignant 
tumor cells and can readily kill damaged cells. NK cells can distinguish damaged cells 
from healthy cells through an extensive array of activating and inhibitory receptors 
and they react to target cells when the net balance of all integrated signals is shifted 
towards more activation than inhibition. This way, NK cell responses are regulated 
to allow killing of damaged cells without overactivity against healthy cells. An 
important group of inhibitory receptors are Human Leukocyte Antigen (HLA) class I 
molecules, whereas one of the most potent activating receptors is CD16A (FcγRIIIA). 
The latter can induce strong NK cell activation and subsequent tumor killing by 
binding to IgG antibodies and mediating antibody-dependent cellular cytotoxicity 
(ADCC).  

As NK cells are potent tumor killers without major off-target toxicity against healthy 
cells, NK cell-based immunotherapies are considered a promising approach to 
improve cancer treatments. Clinical studies demonstrated that NK cell infusions, 
derived either from the patient or from a healthy donor, are well tolerated by the 
patients and can achieve promising anti-tumor results. Despite being equipped with 
powerful cytotoxic mechanisms, the NK cells’ anti-tumor functions are, however, 
often inhibited by the tumor or the tumor microenvironments (TME). 
Immunosuppressive TME impose a challenge for many ongoing treatment 
approaches, including but not limited to immunotherapies, and the NK cell 
dysfunction inside tumor areas remains a challenge to be solved. In our research 
group, we focus on developing effective NK cell-based therapies by using NK cells 
derived from healthy donors and by utilizing two cancer types as models, namely the 
hematological malignancy multiple myeloma (MM) and breast cancer.   

This thesis describes several strategies how to potentiate the NK cell responses 
against multiple myeloma and breast cancer cells with the aim to develop NK cells 
that retain their anti-tumor effector functions in an immunosuppressive TME. In 
chapter 2, we summarized the functional relevance of the inhibitory receptors KIR 
and NKG2A for NK cells in multiple myeloma, a tumor type that largely expresses the 
HLA class I molecules HLA-ABC and HLA-E, which are the corresponding ligands to 
the KIR and NKG2A receptors, respectively. Moreover, we described strategies that 
could interfere with inhibitory NK cell signals to improve the NK cell efficacy against 
multiple myeloma (chapter 2). In the following chapters, we tested the relevance of 
interfering with HLA-mediated NK cell inhibition in multiple myeloma and breast 
cancer to lower the NK cell activation threshold.  

In most of the following experimental chapters, we isolated NK cells from peripheral 
blood of healthy donors and activated them with a high dose of the cytokine IL-2. 
After overnight activation with IL-2, NK cells were co-cultured with tumor cells to 
assess the NK cell anti-tumor functions, namely NK cell activation status 



Appendices - Summary 

240 
 

(degranulation by CD107a), cytokine secretion (IFN-γ), and tumor killing efficacy 
(cytotoxicity assays). Following up on previous research by our group about the role 
of KIR receptors on NK cells to target multiple myeloma cells, we investigated in 
chapter 3 to which extent the NKG2A receptor influenced the anti-tumor responses 
of cytokine-activated NK cells against multiple myeloma. Next to NK cell inhibition, 
KIR and NKG2A receptors are also involved in NK cell licensing, a maturation process 
that results in more potent NK cells. Therefore, KIR and NKG2A play a dual role in NK 
cell responses; first by creating more potent NK cells through licensing, and second 
by inhibiting NK cell responses when the cognate ligand HLA class I is expressed. In 
chapter 3, we found that expression of NKG2A inhibited NK cell degranulation of 
NKG2A+ NK cells only against HLA-Ehigh target cells, but it did not impair NK cell 
responses against target cells that expressed low levels of HLA-E. NKG2A expression 
even slightly enhanced NK cell activity against HLA-Elow target cells. The ADCC-
mediating antibody Daratumumab enhanced NK cell degranulation of all NK cell 
subsets. These findings imply that NKG2A expression can have a beneficial effect on 
NK cells, presumably due to licensing, and that interfering with NKG2A, to create less 
inhibition, can be important for targeting HLA-Ehigh tumors, but might not be 
necessary when HLA-E expression is low or absent. 

In chapter 4, patient-derived primary breast cancer cells were found to be relative 
resistant to NK cells, which seemed to be at least partially driven by HLA class I 
inhibition. Moreover, we presented that reducing HLA class I inhibition through 
selection of NK cell donors with a genetic mismatch between KIR on NK cells and HLA 
on tumor cells (KIR-HLA ligand mismatched NK cells) strongly enhanced NK cell 
degranulation. Additionally, all NK cells were more potent effector cells when 
combined with the antibody Trastuzumab. Trastuzumab is a clinically-approved anti-
HER2 antibody that is known to mediate ADCC, which can provide very potent NK 
cell activation. Importantly, the combination of KIR-HLA ligand mismatched NK cell 
donors and ADCC-inducing antibody Trastuzumab remained effective in a hypoxic 
environment, which is frequently observed in breast cancer.  

To achieve successful NK cell-based therapies, the complex and often 
immunosuppressive TME must be considered. Particularly for solid tumors, NK cell 
infiltration into tumor tissues is a crucial first step. In chapter 5, we assessed NK cell 
density, phenotype, and cellular distribution in two breast cancer cohorts by a 
multiplexed imaging technique to gain more in-depth knowledge about NK cells in 
situ. We reported that NK cells were the least abundant cell type of all evaluated 
leukocyte subsets and appeared not highly cytotoxic based on low granzyme B 
expression, supporting that NK cell infiltration must be improved (chapter 5).   

Another factor to examine in the TME are low levels of nutrients including glucose, 
which can occur as a consequence of tumor growth. Since glucose is an important 
fuel for NK cells, we measured the glucose concentration in the bone marrow of 
multiple myeloma patients in chapter 6. Compared to the average glucose levels in 
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blood, glucose levels in the bone marrow of most patients were reduced. Our study 
further demonstrated that such reduced glucose concentrations (500 mg/L) did not 
impair the anti-tumor responses neither of cytokine-activated NK cells nor of 
expanded NK cells (chapter 6), suggesting that activated NK cells can withstand a low 
glucose TME.  

Within the TME, tumor-associated cells such as immunosuppressive myeloid cells 
have been reported in literature to limit the anti-tumor potential of NK cells. To study 
the interaction between activated donor NK cells and tumor-associated cells, we 
generated two in vitro-polarized macrophage cell types, M1 and tumor-associated 
macrophages (TAM), and co-cultured these with NK cells (chapter 7). We found that 
NK cells responded to these macrophage target cells, measured by degranulation 
and IFN-γ secretion. With the aim to boost NK cells against the immunosuppressive 
TME, we tested whether an ADCC-triggering antibody could promote NK cell 
responses against the M1 and TAM macrophages and we found that NK cells 
degranulated stronger and produced more IFN-γ in combination with Avelumab 
directed against PD-L1high macrophages. By secreting pro-inflammatory cytokines 
such as IFN-γ in response to tumor-associated cells, NK cells may serve as adjuvants 
by triggering anti-tumor responses in other immune cell types. This effect would be 
an important additional function next to killing tumor directly.  

To escape immune responses, tumor cells can alter their ligand expression for 
example by shedding NK cell activating ligands or by altering HLA class I expression. 
In chapter 8, we described a role for genetic polymorphism in the occurrence of 
alternatively spliced RNA variants of HLA-C. If translated to a functional protein, the 
HLA-C variants might occur as soluble forms as they precisely lacked the 
transmembrane region, encoded by exon 5. Since all HLA-C molecules are recognized 
by NK cell receptors, it will be interesting to further determine whether the observed 
role of polymorphism results in altered HLA-C expression levels and thus influences 
NK cell responses, like it has previously been described for HLA-E and HLA-G.   

In chapter 9, the findings of this thesis are discussed in the context of current 
challenges and advancements for NK cell-based cancer therapies. In summary, the 
strategies presented in this thesis provide small buildings blocks towards developing 
effective NK cell-based immunotherapies that retain their potency in an 
immunosuppressive TME. 
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Samenvatting 

Natural killer cellen (NK-cellen) maken deel uit van het aangeboren immuunsysteem, 
dat de eerste verdedigingslinie vormt. NK-cellen circuleren in ons bloed en kunnen 
beschadigde cellen, bijvoorbeeld kwaadaardige kankercellen of virus geïnfecteerde 
cellen, binnen korte tijd doden. Het snelle doden van cellen is mogelijk omdat NK-
cellen gewapend zijn met een "license to kill", dit betekend dat zij zijn geladen met 
toxische moleculen die worden uitgestoten zodra NK-cellen op beschadigde cellen 
stuiten. Om beschadigde van gezonde cellen te kunnen onderscheiden, beschikken 
NK-cellen over een uitgebreid assortiment van activerende en remmende 
receptoren (kleine antennes op het celoppervlak). Remmende signalen worden door 
alle gezonde cellen verzonden om NK-cellen af te remmen, terwijl activerende 
signalen vooral door beschadigde cellen worden verzonden. NK-cellen vallen cellen 
aan wanneer zij van de cel meer activerende dan remmende signalen ontvangen. Op 
deze manier wordt de reactie van de NK-cellen gereguleerd, zodat beschadigde 
cellen kunnen worden gedood zonder overactiviteit ten opzichte van gezonde cellen. 
Tot de remmende receptoren behoren de klasse I HLA-moleculen, terwijl CD16A 
(FcγRIIIA) een van de sterkste activerende receptoren is. CD16A-receptoren kunnen 
binden aan IgG-antilichamen, die op hun beurt tumorcellen binden. Deze binding van 
antilichamen aan NK-cellen kan een sterke activering van NK-cellen teweegbrengen 
en de celdood van de tumorcel initiëren. Dit mechanisme van cel doding wordt ADCC 
genoemd.  
 
Op NK-cellen gebaseerde immunotherapieën worden beschouwd als een 
veelbelovende aanpak om kankertherapieën te verbeteren, omdat NK-cellen zijn 
uitgerust met krachtige mechanismen om specifiek kankercellen te doden zonder 
gezonde cellen te beschadigen. Klinische proeven hebben aangetoond dat infusies 
van NK-cellen goed door patiënten wordt verdragen en veelbelovende resultaten 
kunnen opleveren in de strijd tegen kanker. De voor de infusie gebruikte NK-cellen 
kunnen afkomstig zijn van de patiënt of worden gedoneerd door een gezonde 
persoon. Hoewel NK-cellen zijn uitgerust met krachtige verdedigingsmechanismen, 
zijn ze niet altijd succesvol in het bestrijden van kanker. Tumorcellen kunnen 
bijvoorbeeld ontsnappen aan de aanval van NK-cellen en de tumoromgeving (TME) 
kan NK-cellen ook afremmen. TME's die het immuunsysteem remmen, vormen een 
grote uitdaging voor veel van de huidige therapeutische benaderingen. Het 
algemene doel van op NK-cellen gebaseerde kankertherapieën is de remmende 
signalen van de tumor en de tumoromgeving te stoppen en de activiteit van de NK-
cellen te verhogen, zodat de NK-cellen de kankercellen beter kunnen bestrijden. Om 
deze doelstellingen te bevorderen, ontwikkelen wij in onze onderzoeksgroep 
verschillende strategieën. Wij gebruiken NK-cellen afkomstig van gezonde donoren 
en richten ons op twee soorten kanker: multipel myeloom, een vorm van 
bloedkanker die het beenmerg aantast, en borstkanker.  
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In dit proefschrift beschrijven we verschillende strategieën om NK-cellen te 
stimuleren tegen multipel myeloom en borstkanker, met als doel therapieën te 
ontwikkelen waarbij NK-cellen functioneel blijven ondanks uitdagingen in de TME. In 
hoofdstuk 2 hebben wij het belang van de remmende receptoren KIR en NKG2A voor 
NK-cellen in multipel myeloom samengevat. Multipel myeloom is een tumortype 
met veel HLA-klasse I moleculen, die remmende signalen afgeven aan de receptoren 
KIR en NKG2A. Bovendien hebben wij in hoofdstuk 2 strategieën beschreven die de 
overdracht van remmende signalen naar NK-cellen kunnen onderbreken om de 
werkzaamheid van NK-cellen tegen multipel myeloom te verbeteren.  
In de meeste van de volgende hoofdstukken hebben wij NK-cellen geïsoleerd uit het 
bloed van gezonde donoren en deze NK-cellen geactiveerd met de cytokine IL-2. Na 
activering met IL-2 werden de NK-cellen samengevoegd met tumorcellen om de anti-
tumorfuncties van de NK-cellen in de verschillende testscenario's te onderzoeken. 
De volgende tests werden uitgevoerd: activeringsstatus van NK-cellen (degranulatie 
door CD107a), cytokinesecretie (IFN-γ) en tumordodende werkzaamheid 
(cytotoxiciteitstests). In aansluiting op eerder onderzoek van onze groep naar de rol 
van KIR-receptoren op NK-cellen, hebben wij in hoofdstuk 3 onderzocht in hoeverre 
de remmende receptor NKG2A de anti-tumorfuncties van geactiveerde NK-cellen 
beïnvloedt. Naast NK-cel remming zijn ook KIR- en NKG2A-receptoren betrokken bij 
NK-cel licentiëring. Dit is een rijpingsproces dat NK-cellen moeten ondergaan om hun 
"license to kill" te verkrijgen. Daarom spelen de KIR- en NKG2A-receptoren een 
dubbele rol in NK-cellen: ten eerste door de vorming van sterkere NK-cellen via 
licenties, en ten tweede door de remming van NK-cel reacties wanneer klasse I HLA-
moleculen aanwezig zijn en de passende remmende signalen naar de 
overeenkomstige KIR-receptoren sturen. NKG2A-receptoren ontvangen signalen van 
HLA-E. In hoofdstuk 3 vonden wij dat de receptor NKG2A de activering van NKG2A-
positieve NK-cellen alleen remde wanneer grote hoeveelheden HLA-E aanwezig 
waren op de doelcellen, maar niet wanneer kleine hoeveelheden HLA-E aanwezig 
waren. Expressie van NKG2A verhoogde de NK-cel activiteit tegen cellen met weinig 
HLA-E juist licht. Het ADCC-inducerende antilichaam Daratumumab verhoogde de 
activering van alle NK-cellen. Deze resultaten suggereren dat expressie van NKG2A 
een positief effect kan hebben op NK-cellen wanneer er weinig HLA-E op tumorcellen 
aanwezig is, vermoedelijk door licentiëring. Mogelijk leidt het bokkeren van NKG2A 
dus niet tot een sterkere NK-cel respons en is een blokkade niet nodig is wanneer 
HLA-E-expressie laag of afwezig is. 
 
In hoofdstuk 4 hebben wij geconstateerd dat primaire borstkankercellen van 
patiënten relatief resistent zijn tegen NK-cellen, hetgeen ten minste gedeeltelijk te 
wijten lijkt te zijn aan remmende signalering door HLA-klasse I moleculen. Bovendien 
konden wij aantonen dat de activering van NK-cellen sterk werd bevorderd wanneer 
NK-cellen werden geselecteerd uit specifieke donoren die door genetische 
verschillen tussen mensen niet in staat zijn de remmende signalen van de tumor-
HLA-moleculen te ontvangen. Bovendien waren alle NK-cellen effectiever wanneer 
zij werden gecombineerd met het antilichaam Trastuzumab. Trastuzumab is een 
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klinisch goedgekeurd anti-HER2-antilichaam waarvan bekend is dat het ADCC 
induceert, hetgeen kan leiden tot zeer sterke NK-cel activering. Belangrijk is dat de 
combinatie van NK-cel donoren met genetische verschillen in hun KIR-HLA-
repertoire en het ADCC-inducerende antilichaam Trastuzumab ook effectief bleef in 
een omgeving met weinig zuurstof, hetgeen vaak voorkomt bij borstkanker. 
 
Om succesvolle op NK-cellen gebaseerde therapieën te ontwikkelen, moet rekening 
worden gehouden met de complexe TME, aangezien deze vaak een remmend effect 
heeft op immuun cellen. Vooral bij solide tumoren is de infiltratie van NK-cellen in 
het tumorweefsel een cruciale eerste stap. In hoofdstuk 5 hebben wij de NK-cel 
dichtheid, het fenotype en de distributie van NK-cellen in twee groepen patiënten 
met borstkanker onderzocht en vastgesteld dat NK-cellen het minst aanwezig waren 
in de tumor in vergelijking met alle andere onderzochte immuun cellen en dat zij 
weinig toxische moleculen bevatten. Dit suggereert dat de infiltratie en functie van 
NK-cellen bij borstkankerpatiënten verder moet worden versterkt. 
 
Een ander omgevingsfactor die veel voorkomt in tumoren zijn lage concentraties van 
voedingsstoffen, waaronder glucose, die kunnen optreden als gevolg van 
tumorgroei. Aangezien glucose een belangrijke brandstof voor NK-cellen is, hebben 
wij in hoofdstuk 6 de glucoseconcentratie in het beenmerg van multipel 
myeloompatiënten gemeten. Vergeleken met het gemiddelde glucosegehalte in het 
bloed, was het glucosegehalte in het beenmerg van de meeste patiënten verlaagd. 
Onze studie toonde ook aan dat dergelijke verlaagde glucoseconcentraties (500 
mg/L) geen invloed hadden op de antitumorrespons van geactiveerde NK-cellen of 
geëxpandeerde NK-cellen (hoofdstuk 6). Deze resultaten wijzen erop dat 
geactiveerde NK-cellen kunnen functioneren in een tumoromgeving met een laag 
glucosegehalte.  
 
Het is bekend dat bepaalde immuun cellen in de TME het potentieel van NK-cellen 
beperken. Om de interactie tussen geactiveerde NK-cellen en tumorgeassocieerde 
immuun cellen te onderzoeken, hebben wij twee in vitro gepolariseerde 
macrofaagceltypen gegenereerd, namelijk ontstekingsmacrofagen (M1) en 
tumorgeassocieerde macrofagen (TAM), en deze samen met NK-cellen gekweekt 
(hoofdstuk 7). Wij vonden dat NK-cellen reageerden op deze macrofagen (gebaseerd 
op NK-cel activering en IFN-γ uitscheiding). Om NK-cellen te stimuleren tegen de 
immuun remmende TME, testten wij of een ADCC-activerend antilichaam de NK-cel 
respons tegen de M1- en TAM-macrofagen kon bevorderen, en wij vonden dat NK-
cellen meer geactiveerd waren en meer IFN-γ produceerden wanneer zij 
gecombineerd werden met het antilichaam Avelumab. Avelumab richt zich tegen het 
molecuul PD-L1, dat in ons geval tot expressie komt op macrofagen. Door pro-
inflammatoire cytokinen zoals IFN-γ af te scheiden in reactie op tumorgeassocieerde 
cellen, kunnen NK-cellen dienen als versterkers van immuunreacties, omdat zij via 
IFN-γ anti-tumorreacties in andere immuun cellen kunnen uitlokken. Dit effect zou 
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een belangrijke aanvullende functie van NK-cellen zijn naast het rechtstreeks doden 
van tumorcellen.  
 
Om immuunreacties te omzeilen, kunnen tumorcellen hun signalering wijzigen, 
bijvoorbeeld door niet langer signalen uit te zenden die NK-cellen activeren of door 
de expressie van HLA-klasse I te wijzigen. In hoofdstuk 8 hebben wij het HLA-
molecuul HLA-C nader bestudeerd en beschreven dat genetische polymorfismen 
(varianten van genen) een rol spelen bij het ontstaan van alternatieve RNA-varianten 
van HLA-C. Bij vertaling in een functioneel eiwit zouden de HLA-C-varianten als 
oplosbare vormen kunnen voorkomen, omdat zij het transmembraangebied missen. 
Aangezien alle HLA-C-moleculen door NK-cel receptoren worden herkend, zal het 
interessant zijn verder te onderzoeken of de waargenomen rol van het polymorfisme 
leidt tot gewijzigde niveaus van HLA-C op het celoppervlak en zo de NK-cel reacties 
beïnvloedt, zoals eerder is beschreven voor HLA-E en HLA-G.   
 
In hoofdstuk 9 worden de resultaten van dit werk besproken in de context van de 
huidige uitdagingen en vorderingen bij de ontwikkeling van op NK-cellen gebaseerde 
kankertherapieën. Samengevat hebben wij in dit proefschrift verschillende 
strategieën gepresenteerd die kleine bouwstenen vormen voor de ontwikkeling van 
effectieve, op NK-cellen gebaseerde immunotherapieën die hun werkzaamheid 
behouden in een immuun-remmend TME. 
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Zusammenfassung 

Natürliche Killerzellen (NK-Zellen) sind Teil der angeborenen Immunabwehr, welches 
die erste Verteidigungslinie bildet. NK-Zellen zirkulieren in unserem Blut und können 
geschädigte Zellen, z. B. Krebszellen oder virusinfizierte Zellen, innerhalb kürzester 
Zeit abtöten. Die schnelle Zelltötung ist möglich, da NK-Zellen gewappnet sind mit 
einer „Lizenz zum Töten“, d.h. sie sind mit toxischen Molekülen beladen, welche 
ausgestoßen werden, sobald NK-Zellen auf geschädigte Zellen treffen. Um 
geschädigte von gesunden Zellen unterscheiden zu können, besitzen NK-Zellen ein 
umfangreiches Sortiment an aktivierenden und hemmenden Rezeptoren (kleine 
Antennen auf der Zell-Oberfläche). Hemmende Signale werden von allen gesunden 
Zellen gesendet, um die NK-Zellen zu bremsen, während aktivierende Signale vor 
allem von geschädigten Zellen gesendet werden. NK-Zellen greifen die Zielzellen an, 
wenn sie mehr aktivierende als hemmende Signale von der Zielzelle erhalten. Auf 
diese Weise wird die Reaktion der NK-Zellen so reguliert, dass geschädigte Zellen 
abgetötet werden können, ohne dass es zu einer Überaktivität gegenüber gesunden 
Zellen kommt. Zu den hemmenden Rezeptoren gehören u.a. die HLA-Moleküle der 
Klasse I, während CD16A (FcγRIIIA) einer der stärksten aktivierenden Rezeptoren ist. 
CD16A Rezeptoren können an IgG-Antikörper binden, die wiederum Tumorzellen 
binden. Durch diese Bindung von Antikörpern an NK-Zellen kann eine starke 
Aktivierung der NK-Zellen ausgelöst und der Zelltod der Tumorzelle initiiert werden. 
Dieser Mechanismus der Zelltötung wird ADCC genannt.  

NK-Zell-basierte Immuntherapien gelten als vielversprechender Ansatz zur 
Verbesserung von Krebstherapien, weil NK-Zellen mit leistungsstarken 
Mechanismen ausgestattet sind um Tumorzellen gezielt zu töten ohne dabei 
gesunde Zellen zu beschädigen. Klinische Studien haben gezeigt, dass NK-Zell-
Infusionen von Patienten gut vertragen werden und vielversprechende Ergebnisse in 
der Krebsbekämpfung erzielen können. Die für die Infusion genutzten NK-Zellen 
können entweder vom Patienten selbst stammen oder von einem gesunden 
Menschen gespendet werden. Obwohl die NK-Zellen mit leistungsstarken 
Mechanismen ausgestattet sind, sind sie nicht immer erfolgreich in der 
Krebsbekämpfung. So können z.B. Tumorzellen dem Angriff von NK-Zellen 
entkommen und auch die Tumormikroumgebung (TME) kann die NK-Zellen 
lahmlegen. TME, die das Immunsystem hemmen, stellen eine große 
Herausforderung für viele aktuelle Therapieansätze dar. Das allgemeine Ziel der NK-
Zell-basierten Krebstherapien ist es, die hemmenden Signale des Tumors und der 
Tumorumgebung zu stoppen und die Aktivität der NK-Zellen zu erhöhen, sodass NK-
Zellen die Krebszellen besser bekämpfen können. Um diese Ziele zu voranzubringen, 
entwickeln wir in unserer Forschungsgruppe verschiedene Strategien. Dabei 
verwenden wir NK-Zellen, die von gesunden Spendern stammen, und wir 
konzentrieren uns auf zwei Krebsarten: Multiples Myelom, eine Form von Blutkrebs, 
die das Knochenmark befällt, und Brustkrebs.  
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In dieser Arbeit werden verschiedene Strategien zur Verstärkung der NK-Zellen 
gegen die Krebsarten Multiples Myelom und Brustkrebs beschrieben, mit dem Ziel 
Therapieansätze zu entwickeln, bei denen die NK-Zellen trotz aller 
Herausforderungen in der Tumorumgebung funktionsfähig bleiben. In Kapitel 2 
haben wir die Bedeutung der hemmenden Rezeptoren KIR und NKG2A für NK-Zellen 
beim Multiplen Myelom zusammengefasst. Multiples Myelom ist ein Tumortyp, der 
in hohem Maße die Moleküle HLA Klasse I aufweist, welche hemmende Signale zu 
den Rezeptoren KIR und NKG2A senden. Darüber hinaus haben wir in Kapitel 2 
Strategien beschrieben, die die Weitergabe von hemmenden Signalen an NK-Zellen 
unterbrechen können, um die Wirksamkeit der NK-Zellen gegen das Multiple 
Myelom zu verbessern.  
In den meisten der folgenden Kapitel haben wir NK-Zellen aus dem Blut gesunder 
Spender isoliert und diese NK-Zellen mit dem Botenstoff IL-2 aktiviert. Nach der 
Aktivierung mit IL-2 über Nacht wurden die NK-Zellen mit Tumorzellen 
zusammengebracht, um die Anti-Tumor-Funktionen der NK-Zellen in den 
verschiedenen Test-Szenarios zu untersuchen. Die folgenden Tests wurden 
durchgeführt: Aktivierungsstatus der NK-Zellen (Degranulation durch CD107a), die 
Zytokin-Sekretion (IFN-γ) und die Wirksamkeit der Tumorabtötung (Zytotoxizitäts-
Tests). Anknüpfend an frühere Forschungsarbeiten unserer Gruppe über die Rolle 
von KIR-Rezeptoren auf NK-Zellen untersuchten wir in Kapitel 3, inwieweit der 
hemmende Rezeptor NKG2A die Anti-Tumor-Funktionen von aktivierten NK-Zellen 
beeinflusst. Neben der NK-Zell-Hemmung sind KIR- und NKG2A-Rezeptoren auch an 
der NK-Zell-Lizenzierung beteiligt. Dies ist ein Reifungsprozess, den NK-Zellen 
durchlaufen müssen, um ihre „Lizenz zum Töten“ zu erhalten. Daher spielen die 
Rezeptoren KIR und NKG2A eine doppelte Rolle bei NK-Zellen: erstens durch die 
Bildung stärkeren NK-Zellen durch Lizenzierung und zweitens durch die Hemmung 
von NK-Zellantworten, wenn HLA-Moleküle der Klasse I vorhanden sind und diese 
die entsprechenden hemmenden Signale an die passenden KIR-Rezeptoren senden. 
NKG2A-Rezeptoren empfangen Signale von HLA-E. In Kapitel 3 fanden wir heraus, 
dass der Rezeptor NKG2A die NK-Zell-Aktivierung von NKG2A-positiven NK-Zellen 
nur hemmte, wenn große Mengen an HLA-E auf den Zielzellen vorhanden waren, 
aber nicht, wenn geringe Mengen an HLA-E vorhanden waren. Die Expression von 
NKG2A verstärkte die NK-Zellaktivität gegen Zellen mit wenig HLA-E sogar leicht. Der 
ADCC-vermittelnde Antikörper Daratumumab erhöhte die NK-Zell-Aktivierung aller 
NK-Zellen. Diese Ergebnisse deuten darauf hin, dass die Expression von NKG2A eine 
positive Wirkung auf NK-Zellen haben kann, wenn wenig HLA-E auf den Tumorzellen 
vorhanden ist, vermutlich aufgrund von Lizenzierung. Außerdem zeigen die 
Ergebnisse, dass eine Blockade von NKG2A möglicherweise nicht zu einer stärkeren 
NK-Zell Reaktion führen würde und deswegen nicht notwendig ist, wenn die HLA-E 
Expression gering oder nicht vorhanden ist. 

In Kapitel 4 haben wir festgestellt, dass primäre Brustkrebszellen, die von Patienten 
stammen, relativ resistent sind gegen NK-Zellen, was zumindest teilweise auf die 
hemmenden Signale der Moleküle HLA-Klasse I zurückzuführen zu sein scheint. 
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Darüber hinaus konnten wir zeigen, dass die NK-Zell Aktivierung stark verbessert 
wurde, wenn NK-Zellen von bestimmten Spendern ausgewählt wurden, die durch die 
genetischen Unterschiede zwischen Menschen die hemmenden Signale von den 
HLA-Molekülen des Tumors nicht empfangen können. Darüber hinaus waren alle NK-
Zellen effektiver, wenn sie mit dem Antikörper Trastuzumab kombiniert wurden. 
Trastuzumab ist ein klinisch zugelassener Anti-HER2-Antikörper, von dem bekannt 
ist, dass er ADCC vermittelt, was zu einer sehr starken NK-Zellaktivierung führen 
kann. Wichtig ist, dass die Kombination von NK-Zellspendern mit genetischen 
Unterschieden in ihrem KIR-HLA Repertoire, und dem ADCC-induzierenden 
Antikörper Trastuzumab auch wirksam blieb in einer Umgebung mit niedrigem 
Sauerstoffgehalt, wie sie bei Brustkrebs häufig zu beobachten ist.  

Um erfolgreiche NK-Zell-basierte Therapien zu entwickeln, muss die komplexe 
Tumormikroumgebung berücksichtigt werden, da diese häufig eine hemmende 
Wirkung auf Immunzellen hat. Insbesondere bei soliden Tumoren ist das Eindringen 
von NK-Zellen in das Tumorgewebe ein entscheidender erster Schritt. In Kapitel 5 
untersuchten wir die NK-Zelldichte, den Phänotyp und die Verteilung von NK-Zellen 
in zwei Patientengruppen mit Brustkrebs und wir fanden, dass NK-Zellen am 
wenigsten häufig vorkamen im Vergleich zu allen untersuchten Immunzell-Gruppen 
und dass sie mit wenig toxischen Molekülen beladen waren. Dies deutet darauf hin, 
dass das Eindringen und die Funktion von NK-Zellen in Brustkrebs-Patienten weiter 
verstärkt werden müssen.  

Ein weiterer Faktor, der in Tumoren häufig vorkommt, ist eine niedrige 
Konzentration von verschiedenen Nährstoffen, z.B. Glukose, welche als Folge des 
Tumorwachstums auftreten können. Da Glukose ein wichtiger Brennstoff für NK-
Zellen ist, haben wir in Kapitel 6 die Glukosekonzentration im Knochenmark von 
Patienten mit Multiplem Myelom gemessen. Im Vergleich zu dem durchschnittlichen 
Glukosespiegel im Blut waren die Glukosespiegel im Knochenmark der meisten 
Patienten reduziert. Unsere Studie zeigte außerdem, dass solche reduzierten 
Glukosekonzentrationen (500 mg/L) weder die Anti-Tumor-Antwort von aktivierten 
NK-Zellen noch von expandierten NK-Zellen beeinträchtigten (Kapitel 6). Diese 
Ergebnisse deuten darauf hin, dass aktivierte NK-Zellen in einer Tumorumgebung mit 
niedriger Glukose funktionieren können.  

Es ist bekannt, dass bestimmte Immunzellen innerhalb der Tumormikroumgebung 
das Anti-Tumor-Potenzial von NK-Zellen einschränken. Um die Interaktion zwischen 
aktivierten NK-Zellen und tumor-assoziierten Immunzellen zu untersuchen, 
erzeugten wir zwei in vitro-polarisierte Makrophagen-Zelltypen, nämlich M1 und 
tumorassoziierte Makrophagen (TAM), und kultivierten diese zusammen mit NK-
Zellen (Kapitel 7). Wir fanden heraus, dass NK-Zellen auf diese Makrophagen-
Zielzellen reagierten (gemessen durch NK-Zell-Aktivierung und IFN-γ-Sekretion). Mit 
dem Ziel, die NK-Zellen gegen das immun-hemmende TME zu stärken, testeten wir, 
ob ein ADCC-auslösender Antikörper die Reaktionen der NK-Zellen gegen die M1- 
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und TAM-Makrophagen fördern könnte, und wir stellten fest, dass die NK-Zellen in 
Kombination mit dem Antikörper Avelumab stärker aktiviert waren und mehr IFN-γ 
produzierten. Avelumab ist gegen das Molekül PD-L1 gerichtet, was in unserem Fall 
auf den Makrophagen exprimiert ist. Indem NK-Zellen als Reaktion auf tumor-
assoziierte Zellen proinflammatorische Zytokine wie IFN-γ absondern, können NK-
Zellen als Verstärker von Immunreaktionen dienen, weil sie durch IFN-γ anti-Tumor-
Reaktionen in anderen Immunzellen auslösen können. Dieser Effekt wäre eine 
wichtige zusätzliche Funktion von NK-Zellen neben der direkten Abtötung von 
Tumorzellen.  

Um Immunreaktionen zu entgehen, können Tumorzellen ihre Signalgebung 
verändern, indem sie beispielsweise Signale, die NK-Zellen aktivieren, nicht mehr 
versenden oder indem sie die HLA-Klasse-I-Expression verändern. In Kapitel 8 haben 
wir das HLA-Molekül HLA-C genauer studiert und beschrieben, dass genetische 
Polymorphismen (Varianten von Genen) für das Vorkommen von alternativen RNA-
Varianten von HLA-C eine Rolle spielen. Wenn sie in ein funktionelles Protein 
übersetzt werden, könnten die HLA-C-Varianten als lösliche Formen auftreten, weil 
diesen Varianten die Transmembranregion fehlt, welche von Exon 5 kodiert wird. Da 
alle HLA-C-Moleküle von NK-Zellrezeptoren erkannt werden, ist es interessant, 
weiter zu untersuchen, ob die beobachtete Rolle des Polymorphismus zu 
veränderten Niveaus von HLA-C auf der Zelloberfläche führt und somit die NK-
Zellreaktionen beeinflusst, wie es zuvor bereits für HLA-E und HLA-G beschrieben 
wurde.   

In Kapitel 9 werden die Ergebnisse dieser Arbeit im Zusammenhang mit den 
aktuellen Herausforderungen und Fortschritten in der Entwicklung von NK-Zell-
basierten Krebstherapien diskutiert. Zusammenfassend haben wir in dieser Arbeit 
verschiedene Strategien vorgestellt, die kleine Bausteine für die Entwicklung 
wirksamer NK-Zell-basierter Immuntherapien darstellen und die ihre Wirksamkeit in 
einer immun-hemmenden TME beibehalten.  
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Abbreviation list 
 

ADCC Antibody-dependent cellular cytotoxicity 
AML Acute myeloid leukemia 
BM Bone marrow 
CAIX Carbonic anhydrase IX 
CAR Chimeric antigen receptors 
ESE Exonic splicing enhancers 
ESS Exonic splicing silencers 
FasL Fas ligand 
FCS Fetal calf serum 
FcγRIIIA Fc gamma receptor IIIA 
FISH Fluorescent in situ hybridization 
GM-CSF Granulocyte-macrophage colony stimulating factor 
GVHD Graft-versus-host disease 
GVT Graft-versus-tumor 
Haplo SCT Haploidentical stem cell transplantation 
HER2 Human epithelial growth factor receptor 
HLA Human Leukocyte Antigen 
HSCT Hematopoietic stem cell transplantations 
IC Immune checkpoint 
IFN-γ Interferon-γ 
IgG Immunoglobulin G 
IL Interleukin  
ILC Innate lymphoid cells 
ISE Intronic splicing enhancers 
ISRE Intronic splicing regulatory elements 
ISS Intronic splicing silencers 
KIR Killer Immunoglobulin-like receptors 
mAb monoclonal antibodies 
M-CSF Macrophage colony-stimulating factor 
MGUS Monoclonal gammopathy of undetermined significance 
MHC Major histocompatibility complex 
mIHC multiplex immunohistochemistry 
MM Multiple myeloma  
mTOR mechanistic target of rapamycin 
NI Neighborhood inference 
NK cells Natural killer cells  
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OxPhos Oxidative phosphorylation 
PanCK PanCytokeratin 
PBMC Peripheral blood mononuclear cell 
PD-1 Programmed Death-1 
PD-L1 Programmed Death-Ligand 1 
PGE2 Prostaglandin E2 
rhIFN-γ recombinant human IFN-γ 
SNP Single nucleoid polymorphism 
snRNPs Small nuclear ribonucleoproteins 
SRE splicing regulatory elements 
TAC Tumor-associated cells 
TAM Tumor-associated macrophages 
TCR T cell receptor 
TGF-β Transforming growth factor beta 
Th1 T helper cells type 1 
TIGIT T cell immunoglobulin and ITIM domain 
TIM-3 T cell immunoglobulin and mucin domain containing molecule 3 
TME Tumor microenvironment 
TNF-α Tumor necrosis factor-α 
TRAIL TNF-related apoptosis-inducing ligand 
Treg Regulatory T cells 
VEGF Vascular endothelial growth factor 
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