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ABSTRAKT 

Přirozeně zabíječské buňky, také NK buňky (z angl. natural killer cells, NK cells) jsou 

skupinou lymfocytů s přirozenou schopností zabíjet infikované, poškozené nebo maligně 

transformované buňky. Jelikož jsou tyto lymfocyty součástí přirozené imunity, jsou 

cytotoxické mechanismy aktivovány po rozpoznání specifických buněčných znaků, avšak 

bez předchozího kontaktu s antigenem. Toto rozpoznání je důležité pro NK buněčnou 

funkci při udržování homeostázy a imunitního dohledu. NK buňky cílí přímo na maligně 

transformované buňky, účastní se však také komplexní imunitní odpovědi, a to produkcí 

cytokinů nebo komunikací s ostatními imunitními buňkami. 

Na rakovinu můžeme nahlížet jako na prolomení imunitních bariér, kdy maligní 

buňky uniknou imunitě a zaplaví okolní tkáň, přičemž si kolem sebe vytváří 

mikroprostředí podporující růst nádoru. Tento proces může být zvrácen imunoterapií, 

tedy zásahem do formování imunitní odpovědi, což může vest k obnovení imunitního 

rozpoznávání. NK buňky jsou v imunoterapii důležitými efektorovými buňkami, mohou 

být použity pro adoptivní transfer, geneticky modifikovány pomocí chimerních 

antigenních receptorů nebo aktivovány příslušnými protilátkami. NK buněčné receptory, 

zodpovědné za rozpoznání cílových buněk a aktivaci cytotoxických mechanismů, jsou 

také jedním z cílů imunoterapie. Není však možné navrhovat imunoaktivní terapeutika 

cílící NK buněčné receptory bez přesné znalosti způsobu interakce receptorů a jejich 

ligandů.    

Tato práce popisuje expresi rozpustných forem NK buněčných receptorů a jejich 

ligandů pro strukturní studie, s cílem poskytnout detailní biofyzikální charakterizaci NK 

buněčných imunokomplexů. Dále popisuje klastrování receptoru NKR-P1 přímo na 

buněčném povrchu, a to pomocí superrozlišovací mikroskopie. Vliv reorganizace 

receptoru na buněčnou signalizaci byl ověřen v cytotoxickém pokusu. Na závěr byl 

připraven aktivační ligand NK buněk B7-H6 s coiled coil motivem pro uchycení na 

polymerní nosič společně s fragmentem protilátky cílícím nádorové buňky. Biologická 

aktivita připraveného ligandu byla ověřena in vitro, může tak být součástí chimerních 

protein-polymerních částic pro cílenou aktivaci NK buněk.  
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ABSTRACT 

Natural killer cells (NK cells) are a family of lymphocytes with a natural ability to 

kill infected, harmed, or malignantly transformed cells. As these cells are part of the 

innate immunity, the cytotoxic mechanisms are activated upon recognizing specific 

patterns without prior antigen sensitization. This recognition is crucial for NK cell 

function in the maintenance of homeostasis and immunosurveillance. NK cells not only 

act directly towards malignant cells but also participate in the complex immune response 

by producing cytokines or crosstalk with other immune cells. 

Cancer may be seen as a break of all immune defenses when malignant cells escape 

the immunity and invade surrounding tissues creating a microenvironment supporting 

tumor progression. This process may be reverted by interventions into immune response 

shaping with immunotherapy, which may lead to restoration of immune recognition. NK 

cells are also effector cells important for immunotherapy, may be used for adoptive 

transfer, genetically modified with chimeric antigen receptors, or triggered with 

appropriate antibodies. NK cell receptors, responsible for target recognition and 

activation of cytotoxic machinery, may also be targeted in immunotherapy. However, this 

kind of immunoactive therapeutics may be designed only with the deep knowledge of NK 

cell receptor:ligand interaction. 

This work describes the expression of soluble forms on NK cell receptors and their 

ligands and structural studies, providing detailed biophysical characteristics of NK cell 

immunocomplexes. Moreover, clustering of NKR-P1 receptor was described directly on 

the cell surface with superresolution microscopy, and the effect of receptor reorganization 

on signalization was verified by cytotoxic assay. Finally, NK cell-activating ligand 

B7-H6 was expressed with the coiled coil sequence enabling its attachment on the 

polymeric carrier, together with tumor-targeting scFv. The biological activity of this 

ligand was verified in vitro, which suggests the utilization of these chimeric protein-

polymer particles for targeted NK cell activation. 
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13 Introduction 

1 INTRODUCTION 

1.1 NATURAL KILLER CELL BIOLOGY 

Balancing between innate and adaptive immunity, natural killer cells (NK cells) are an 

armed force of our body. In the 1970s, several research groups reported spontaneous 

cytotoxicity of a distinct lymphocyte subset towards tumor cells [1–5]. These cells were 

neither B nor T lymphocytes and showed the ability to kill tumor cells without prior 

antigen sensitization, which was termed "natural" cellular cytotoxicity. The responsible 

effector cells were defined as natural killer cells [6]. NK cells were further studied and 

later described as separate lymphocyte lineage.  

NK cell development can be divided into several stages, resulting in tissue-resident or 

NK cells circulating in peripheral blood (Figure 1, p. 14). NK cell precursors (NKPs) 

differentiate from hematopoietic stem cells (HSCs) or early lymphoid progenitor (ELPs) 

in the bone marrow and thymus. Their further development is not limited only to these 

sites but also to other tissues (also lymph nodes, spleen, and liver) [7]. NKPs develop into 

immature NK cells and later mature, educated, and competent NK cells, which means that 

NK cells acquired effector functions and also self-tolerance. Mature NK cells could 

remain in a resting state; activation of lytic competence is primed by the exposure to 

interferon gamma (INFγ), interleukin 2, or 15 (IL-2, or IL-15) [8].   

Individual development stages are characterized by the expression of surface 

molecules [9,10]. Mature NK cell is characterized by the expression of CD56, CD94 and 

CD161 (more precisely CD34-/CD117+/-/CD94+/HLA-DR-/CD10-/CD122+/CD94+/ 

NKp44low /NKG2D+/CD161+). Based on the expression of CD56, we can distinguish two 

main NK cell subsets: CD56dim (CD56dim/CD16pos, 90% of circulating NK cells) cells 

with cytotoxic activity and CD56bright (CD56bright/CD16neg) cells producing high amounts 

of cytokines and having regulatory function  [11].  

NK cells are close relatives of innate lymphoid cells (ILCs), sometimes listed as an 

independent group within ILCs [12]. ILCs are lymphocytes without surface molecules 

specific to other immune cell types. The primary role of ILCs is regulation of the immune 

response by secretion of cytokines; they are non-cytotoxic. In contrast, NK cells are 

primarily cytotoxic cells but have a secretory function (CD56bright). NK cells and ILCs 

share common ancestors during cell development. 
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Figure 1: NK cell development. Bone marrow, thymus, lymph nodes, spleen, and liver are the primary 

sites for NK cell development. Several maturation stages could be distinguished – NK cell precursor 

(NKPs), immature NK cell, and mature NK cell. NKPs differentiate from hematopoietic stem cells (HSCs) 

or early lymphoid precursors (ELPs) [7]. 

1.1.1 FUNCTIONS OF NK CELLS 

NK cells play several essential roles in our immunity. The most evident (hence their 

name) is the cytotoxicity towards stressed or transformed cells [13]. This cytotoxicity is 

independent of previous specific immunization (MHC-independent). On the other hand, 

NK cells must learn how to distinguish harmed cells from the healthy ones and ensure 

self-tolerance [14]. The killing is performed by inducing apoptosis in the target cell (by 

releasing cytotoxic granules containing perforin and granzyme, or by engaging death 

receptors by their ligands on NK cell surface) [15]. 

NK cells are part of a complex immune response; they communicate with other 

immune cells directly (e.g., killing immature dendritic cells or hyperactive macrophages) 

or by secretion of cytokines. Thus, they have the regulatory function, too [13,14]. NK 

cells produce both pro-inflammatory and immunosuppressive cytokines, such as IFNγ, 

tumor necrosis factor–α (TNF-α), IL-2 or IL-10, and various chemokines [16]. The 

overview of NK cell functions is represented in Figure 2, p. 15. 

Recent studies revealed that NK cells also have an immunological memory [17,18]. 

Despite lacking the mechanism of RAG recombinase–dependent clonal antigen receptors, 
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being traditionally considered responsible for immunological memory (the case of B and 

T cells), NK cells are capable of fast and enhanced immune response upon rechallenge 

[19]. There are two types of NK cell immunological memory. The first is based on the 

interaction with antigens, resulting in a kind of antigen-specific memory; the second is 

non-antigen-specific, as NK cells can recognize known inflammatory cytokine milieus.  

 

 

Figure 2: Representation of NK cell functions. NK cells have effector functions (lysis of harmed cells, 

blue arrows, but also tolerance of healthy cells) and regulatory function (secretion of cytokines, cross-talk 

with other immune cells) [13]. 

1.2 HUMAN NK CELL RECOGNITION  

How do the NK cells recognize healthy cells from diseased ones? NK cells surfaces 

are decorated by the number of receptors both activating and inhibiting the cytotoxicity 

and having other physiological functions (receptors for cytokines or molecules of cellular 

adhesion) [13]. Activating and inhibitory receptors engage a broad range of health and 

cellular disease markers, resulting in two modes of recognition, termed as "missing-self" 

and "induced-self" [20]. This concept is represented in Figure 3, p. 16. 

Major histocompatibility complex class I (MHC I) molecules are expressed on normal 

cells under physiological conditions and are considered as markers of good health and 
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determine the "self" phenotype; these molecules are ligands for inhibitory NK cell 

receptors [21]. The "missing-self" recognition results in the killing of the cells where 

inhibitory markers are missing [22,23]. On the other hand, "induced-self" recognition is 

based on the interaction with NK cell cytotoxicity activating ligands, typically expressed 

only under stress conditions [24]. NK cells learn to recognize self-MHC I molecules in 

the licensing process. Only licensed cells get inhibited by MHC I and become competent 

NK cells [25]. 

 

Figure 3: Examples of "missing-self" and "induced-self" NK cell recognition. Normal healthy cells 

(middle) present a balanced mixture of activating and inhibitory receptors on their surface, which results in 

self-tolerance. This equilibrium could be disrupted by the absence of inhibitory signals ("missing-self", left) 

or the presence of activating signals ("induced-self", right), both resulting in NK cell activation and cellular 

killing [26]. 

 

NK cell activation can also be mediated by antibodies (antibody-dependent cellular 

cytotoxicity, ADCC), as most circulating NK cells possess the CD16 receptor recognizing 

the Fc (fragment crystallizable) portion of an antibody [27]. NK cells eliminate cells 

opsonized with antibodies, demonstrating the complex cooperation of individual cell 

types within the immune system. 
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1.2.1 NK CELL RECEPTOR STRUCTURAL FAMILIES 

NK cell receptors may be qualified into two groups based on the structure of the 

extracellular domain. These are C-type lectin-like receptors (CTLRs) and 

immunoglobulin-like receptors. Both groups consist of inhibitory as well as activating 

receptors [28]. The genes encoding receptor sequences are organized in two main clusters; 

in natural killer complex (CTLRs, chromosome 12p13.1) and leucocyte receptor complex 

(immunoglobulin molecules, chromosome 19q13.4). 

 CTLRs contain ligand binding C-type lectin-like domain (CTLD), whose structure is 

characterized by a double-loop, stabilized by highly conserved disulfide bonds (C1-C4 a 

C2-C3, with extra bond C0-C0' within the long receptor variant) [29]. C-type lectins 

primarily bind carbohydrate ligands in the presence of Ca2+ ions, but NK cell CTLRs also 

interact with protein ligands, independently from Ca2+ binding. The members of this 

structural group may be found in the NKG2 family (natural killer group 2; e.g., NKG2A, 

NKG2D, CD94) or in the NKR-P1 family (natural killer receptor protein 1; NKRP1, 

NKp80, NKp65) [30]. 

Receptors from the second structural group belong to the immunoglobulin 

(super)family and contain one or more immunoglobulin-like (Ig-like) domains. The 

immunoglobulin fold consists of 4 β-sheets in antiparallel orientation stabilized by the 

disulfide bond and connected via loops and other β-sheets [31]. NK cell receptors with 

the immunoglobulin-like structure are members of the KIRs family (killer cell 

immunoglobulin-like receptors) [32] and the NCRs family (natural cytotoxicity 

receptors) [33]. 

Most of the results and selected publications presented in this thesis focus on receptors 

NKp30 (natural killer protein 30) and NKR-P1 (natural killer receptor protein 1). For this 

reason, these receptors will be closely presented also in the introduction part. 

1.2.2 RECEPTOR NKP30 

Receptor NKp30 (alternative names are CD337 or natural cytotoxicity receptor 3, 

NCR3) was first described in 1999 [34]. Together with NKp44 and NKp46, it belongs to 

the NCRs family of immunoglobulin-like receptors [35]. Structurally, NKp30 is part of 

the CD28 family of surface molecules (together with programmed cell death receptor 1, 

PD-1, or cytotoxic T lymphocyte antigen 4, CTLA-4) [36]. It is a type I transmembrane 
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protein with N-terminal immunoglobulin domain, stalk region, transmembrane helix, and 

C-terminal cytoplasmic domain. After ligand binding, charged arginine in position 143 is 

translocated deeply into the plasma membrane and mediates interaction with the CD3ζ 

chain enabling signals transduction [37]. 

Several cellular ligands expressed on the surface of tumor cells have been identified 

so far – B7-H6 [38], BAG-6 [39], and galectin-3 [40]. Membrane-bound BAG-6 and 

B7-H6 activate NK cell cytotoxicity, but their soluble forms as well as galectin-3 block 

it. Other ligands are viral or parasite antigens, pointing out the role of NK cells in 

infectious diseases [41]. 

The binding of NKp30 correlates with its glycosylation and oligomeric status [42,43]. 

In our recent publication (Publication no. 3, p. 85), we confirmed the importance of 

N-glycosylation for oligomer formation, as deglycosylation of NKp30 leads to their 

complete dissociation [44]. Moreover, the crystal structure of the NKp30:B7-H6 complex 

(PDB 6YJP) reveals the importance of one glycosylation site, at asparagine 42, in NKp30 

dimerization. These data were measured using soluble forms of NKp30 in solution but 

reveal the question about the biological relevance of the NKp30 oligomerization on the 

cell surface, as the avidity effect may increase signal strength. 

1.2.3 RECEPTOR NKR-P1 

The expression of NKR-P1 (alternatively CD161, gene klrb1) is not limited only to 

the surface of NK cells but also to some populations of T cells [45,46]. This receptor was 

initially found also on both CD4+ and CD8+ TCRαβ+ T cells [45], later on γδ T cells [47], 

natural killer T cells (NKT) [48], Th17 cells [49], and on Mucosal Associated Invariant 

T cells (MAIT) [50]. NKR-P1 is an inhibitory receptor, the only member with such 

function within the human NKR-P1 family [51]. Its ligand, lectin-like transcript 1 (LLT1, 

gene clec2d), genetically encoded in the proximity of NKR-P1 within the natural killer 

complex, is expressed on activated dendritic cells and B cells [52–54]. Suppression of 

immune response through the interaction of LLT1 with NKR-P1 is the tumor escape 

strategy of glioblastoma cells [55]. This interaction is also involved in some autoimmune 

disorders, such as lupus, rheumatoid arthritis, and multiple sclerosis [56–58].  

The crystal structure of the NKR-P1:LLT1 complex (PDB 5MGT, Publication no. 4, 

p. 110) revealed an exciting organization into chain-like structures [59]. These structures 

enable receptor clustering on the cell surface, which was further studied by direct 
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stochastical optical reconstruction microscopy (dSTORM) and subsequent analysis of 

superresolution images. This organization may be a strategy to assure signal transduction 

despite the low affinity of this receptor:ligand interaction and deserves further 

investigation.   

1.3 NK CELL IMMUNOLOGICAL SYNAPSE 

As mentioned previously, activation of NK cells is driven by the overbalance of 

activating signals. However, tight cellular contact, involving the subsequent 

reorganization of many molecules, is needed to create functional immune synapse (IS) at 

the interface of NK and target cell [60]. This process is highly organized, initiated by the 

approximation and cell recognition, promoted by the engagement of adhesive molecules 

and accumulation of receptors in supramolecular activation clusters (SMAC), resulting in 

cell polarization and exocytosis of lytic granules [61]. An adhesive leukocyte function-

associated molecule 1 (LFA-1, CD11a) recognizes the intercellular adhesion molecule 1 

(ICAM-1, CD54) on target cells and initiates synapse formation as an early signal [62]. 

Next, reorganization of the cytoskeleton is needed to promote cellular spreading, 

strengthening the cellular contact [63]. A rearranged filament network also serves for the 

trafficking of vesicles containing perforin and granzymes towards the IS, as they must be 

secreted in direct proximity of the target cell membrane. Activating and inhibitory IS is 

described in Figure 4, p. 20. 

Inhibitory KIRs accumulate at the cell membrane and induce HLA-C (human 

leucocyte antigen, group of MHC I) clustering on the target cell [64,65]. The 

accumulation is independent of cytoskeleton support, LFA-1 engagement, or 

signalization by the ITIM (immunoreceptor tyrosine-based inhibitory motif). Moreover, 

stimulation with KIRs (KIR2DL2 in this study [66] results in the suppression of activating 

receptor microclusters, the subsequent collapse of the peripheral actin network, and 

finally, the complete retraction of NK cell from the target cell, which is considered 

healthy, based on HLA-C identification. Massive KIRs engagement is essential for NK 

cell-mediated maintenance of self-tolerance. NK cells deficient in KIR expression are not 

hyperresponsive, but they fail in licensing, which results in their hyperresponsiveness 

[25]. NK cell function is tightly regulated by inhibitory regulation favoring. 
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SMAC – activating IS SMIC – inhibitory IS 

 
 

 

 

Figure 4: Immunological synapse in NK cells engages formation of the supramolecular activation 

clusters (SMAC) or is disrupted by supramolecular inhibitory cluster (SMIC) formation. SMAC 

(left) is required for the successful formation of the lytic synapse; it is driven by activating signals when 

excluding KIR receptors from the synapse. F-actin polymerizes and accumulates at the contact site, NK 

cell is polarized. SMIC (left) is characterized by the presence of KIR clusters recognizing MHC I on the 

target cell. As a result of this interaction, MHC I accumulate within the synapse, strengthening the 

inhibitory signal, F-actin does not accumulate on the periphery of the NK cell, and the cell does not 

polarize [67]. 

 

To answer the question, which are the minimal requirements for NK cell activation, 

experiments with primary resting human NK cells and insect cells expressing activating 

ligands, as model cells substituting target cells, were performed, combining signals for 

polarization and degranulation [68]. Activating receptors NKG2D, DNAM-1, 2B4, CD2 

can induce inside-out signaling needed for LFA-1 mediated adhesion, but only CD16 can 

induce degranulation on its own [69]. Only collective engagement of activating and co-

activating receptors (as well as signaling molecules, cytoskeleton, and other players) 

results in a successful NK cell lytic strike.  

1.3.1 SUPERRESOLUTION MICROSCOPY AS A METHOD FOR REVEALING 

NK RECEPTOR ORGANIZATION ON THE CELL SURFACE  

The IS is widely studied using fluorescent microscopy methods, but only the 

development of superresolution methods, overcoming limitations imposed by the 

diffraction limit, led to the research boom in this field [70]. Both technical progress in 

building microscopes with better resolution, and methodological progress in preparing 

artificial membrane mimicking cell surface, are essential for further understanding IS 

behavior. Monoclonal antibodies (mAbs) immobilized on the surface of the coverslips 



 

 

 

21 Introduction 

are traditionally used to assure activating conditions when imaging NK cell IS [71]. In 

this approach, interacting molecules lack lateral mobility, and the rearrangement of the 

receptors and ligands is not entirely free, as it would be on the cellular interface. The 

alternative approach is a preparation of supported lipid bilayers (SLBs) as cell membrane 

mimicries maintaining fluidity, which can be easily functionalized with any cell-type-

specific constituents to create tumor cell, antigen-presenting cell (APC), or any other cell 

type [72]. SLBs are used with 2D methods enhancing contrast by using total internal 

reflection (TIR) in combination with single-molecule localization microscopy (SMLM) 

[73] or stimulated emission depletion (STED) microscopy [74]. 

T cells, more precisely the nanoscale organization of TCR, are the most detailly 

studied immune cells by the methods of superresolution microscopy, but these data are 

both methodologically and biologically relevant also for the research of NK cells. It was 

found that TCRs reorganize upon engagement and activation by a peptide containing 

MHC; this finding is based on the different distribution of TCRs on the surface of naïve 

or activated T cells [75,76]. Although quantitative single-molecule microscopy (qSMM) 

revealed that antigen recognition is driven by monomeric TCRs [77], which are randomly 

distributed on the surface of naïve T cells [78], the global clustering occurs only upon 

activation and is reported for TCRs as well as its associating molecules  [79–84]. 

Receptor clustering on NK cell surface was reported for KIRs and observed with 

standard confocal microscopy [64,85]. Later, KIRs clustering was also studied by 

localization microscopy methods in superresolution (particularly ground state depletion, 

GSD) [86]. This study revealed that activating KIR2DS1 receptors form clusters two-fold 

larger than inhibitory receptor KIR2DL1. The size of nanoclusters depends on the amino 

acids in the transmembrane part and influences the signaling. Further experiments 

focused on inhibitory KIRs found that the inhibitory receptors encoded by different genes 

also differ in their nanometer arrangement [87]. Moreover, the nanoscale organization is 

related to the abundance of the receptors (more abundant receptors form smaller clusters 

and vice versa), and the differences were also found in the downstream signalization. 

There is also evidence that activation of NK cells leads to changes in the nanoscale 

organization of inhibitory KIRs, as activation of NK cells via NKG2D results in 

reorganization of KIR2DL1 [88]. 
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Not only KIRs are studied. Receptor NKp46 (NCR family) is also involved in the 

formation of IS [89]. It forms microcluster structures within the interaction interface and 

controls cytoskeletal rearrangement, resulting in polarization and NK cell degranulation. 

The methods of SMLM may lead to overcounting of the labeled molecules and thus to 

incorrect data interpretation [90]. Based on the published data, it is difficult to tell if the 

nanoclusters are pre-existing on the surface of the cells or if clusters are only observed 

because of overcounting. Nevertheless, it was shown that the organization of the receptors 

(TCRs, KIRs) on the cell surface rearranges upon ligand binding. However, the IS 

formation is still an undiscovered process deserving our attention because functional 

immune synapses (both activating and inhibitory) are necessary for maintaining good 

health and homeostasis. 

1.4 NK CELLS AS A TOOL OF CANCER IMMUNOTHERAPY 

1.4.1 CANCER IMMUNOSURVEILLANCE 

The hypothesis of "cancer immunosurveillance" was proposed in the 1950s by Sir 

Macfarlane Burnet and Lewis Thomas [91]. One by one, they presented the theory about 

the inevitable transformation of somatic cells towards malignant cells, which are 

recognized as immunogenic and eliminated from the body by immune cells. However, it 

took roughly another 50 years to prove this hypothesis, and we are trying to understand 

this process until these days.  

As the immune system tries to identify the malignancies in our body, it sometimes fails 

because of the low immunogenicity of some tumor cells and thus suppresses the immune 

response permitting tumor growth [92]. The dual role of the immune system, the host-

protective, and the tumor-promoting, is termed "cancer immunoediting", which is 

represented in Figure 5, p. 23. The mutual interaction between the immune system (not 

only cells, but humoral components are involved as well) and transformed cells may result 

in tumor elimination (immunosurveillance was successful), tumor escape (anti-tumor 

immune response failed), or may stay in the equilibrium (cancer cells are tolerated, not 

entirely eliminated, but further outgrowth is prevented) [93]. The equilibrium stage may 

be an outcome of immunoediting, when cancer cells are functionally dormant for the rest 

of their lives, without surrounding tissues' evasion [94]. The equilibrium phase explains 

a long period of latency for some tumors. On the other hand, tumor cells are under 
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constant pressure, which may result in the selection of clones with lower immunogenicity 

and thus tumor escape. 

 

 

Figure 5: Cancer immunoediting. Based on the immunogenicity of transformed cells, the immune system 

could successfully eliminate the tumor (highly immunogenic cells), or tumor cells escape the 

immunosurveillance mechanisms (poorly immunogenic and immunoevasive cells). In a particular case, the 

immune system may be in equilibrium with cancer cells when cancer is temporarily tolerated and the editing 

process continues  [95]. 

 

Tumor cells develop ingenious strategies for escaping immunity. There are three main 

tumor escape strategies – the loss of antigenicity, the loss of immunogenicity, and the 

creation of immune-suppressive tumor microenvironment (TME) [96]. Loss of 

antigenicity is represented by the selection of tumor cells deficient in molecules of 

immune recognition (downregulation of MHC I [97], alterations in antigen processing 
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machinery of MHC II [98], suppression of activating ligands [99]). Such cells are getting 

undetectable by the immune system. The loss of immunogenicity is represented by the 

upregulation of immune inhibitory molecules (such as PD-L1 [100] or HLA-G antigens 

[101]), leading in consequence to the silencing of the immune response. TME is a specific 

niche created by the cancer cells when evading healthy tissue. It is constantly shaped by 

cancer cell activity, contains molecules that inhibit mechanisms of anti-tumor immunity 

(immunosuppressive environment), and promotes tumor growth [102]. 

Cancer immunotherapy is a strategy to recruit endogenous anti-tumor mechanisms to 

restore the activity of immune cells against malignant cells [103]. Several approaches 

have been developed so far, including classical boosting of adaptive mechanisms with 

anti-cancer vaccines [104], adoptive cell transfer (ACT, administration of ex vivo re-

educated immune cells) [105] and modulation of immune response by delivering artificial 

activating signals or by blocking inhibitory signals (e.g., by mAbs) [106–108]. Some 

viruses have an oncolytic function and thus could be modified for use in immunotherapy 

[109]. 

1.4.2 NATURAL KILLER CELL ROLE IN ONCOGENESIS  

NK cells were described as lymphocytes with direct cytotoxic function towards tumor 

cells [6]. Although other NK cell functions were further discovered, their ability to 

eliminate malignant cells without prior antigen sensitization remains crucial in tumor 

immunosurveillance. Over the years, many studies have shown that NK cells are 

responsible for tumor rejection in experimental animal models [110]. Triggering of this 

immunity is driven by "missing-self" recognition mode, as the expression of MHC I is 

usually altered (mainly suppressed) on the surface of cancer cells [111]. KIRs inhibitory 

receptors are responsible for the discrimination of modified cells [112]. These receptors 

dampen cytotoxic responses towards healthy cells, but inhibition is absent in the case of 

cancer cells. Thus, these cells are attacked by NK cells. Apart from missing inhibition, 

NK cell cytotoxicity is also triggered directly by NK cell-activating receptors identifying 

specific cellular ligands expressed on tumor cells [36,113]. 

NK cells are tumor-infiltrating lymphocytes. Their presence in solid tumors is 

associated with a better prognosis [114]. However, it may be difficult for NK cells to 

reach some tumors, as these are surrounded by physical barriers and thus keeping specific 

physiological milieu, characterized by hypoxia, and affected by secretion of immune-
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modulating molecules, such as transforming growth factor beta (TGF-β), IL-4, 

indoleamine 2,3‑dioxygenase (IDO) or prostaglandin E2 (PGE2), suppressing NK cell 

function [115]. Tumor cells may also modify their MHC I repertoire (upregulation of 

inhibitory signals) to escape the recognition or express molecules preventing 

immunological synapse formation. Another possible strategy of tumor escape is the 

shedding of NK cell activating ligands, such as B7-H6 and MICA [116–118]. 

1.4.3 NK CELL-BASED IMMUNOTHERAPEUTICS 

Although NK cells are tumor-killing effector lymphocytes, some tumor cells succeed 

in escaping. However, there are ways to restore NK cell activity and therapeutically 

modulate their natural function. The approaches of NK cell immunotherapy are 

schematically represented in Figure 6. All strategies are based on patterns of NK cell 

recognition or implement principles of NK cell activation or inhibition. NK cell-based 

immunotherapy is not just a concept, but there are already many therapeutics in different 

stages of clinical trials and also companies focusing mainly on NK cell harnessing, such 

as Innate Pharma or Affimed [119,120]. 

 

Figure 6: Therapeutical approaches based on NK cell anti-tumor potential. a) Restoring NK cell 

function by blocking inhibitory signals, b) introducing mismatch between donors KIRs and recipient 

MHC I, c) transducing NK cells with engineered CARs, d) bridging the cellular interaction with bispecific 

linkers [121]. 
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One mostly classical therapeutical approach is using NK cells as "living drugs" [112]. 

These therapies use the adoptive transfer of NK cells, similar to the adoptive transfer of 

T cells, resulting in the administration of NK cells with enhanced anti-tumor properties. 

There are two types of transfer, autologous (in vitro proliferation and activation of 

patient's cells) or allogenic (transfer of blood cells from allogeneic donors, haploidentical 

or MHC-matched) [122]. In autologous transfer, the patient's blood cells are isolated, 

depleted from T cells, and the enriched NK cell portion is expanded and activated ex vivo 

(using IL-2 alone or combined with IL-12, IL-15, or IL-18, K562 feeder cells are also 

used to provide co-stimulatory signals). Activated NK cells are then administrated back 

into the patient's peripheral blood [123–125]. Ex vivo manipulations are similar for 

allogeneic NK cells, but this approach beneficiates from the mismatch between donor 

KIRs and recipient HLA antigens, promoting immune reaction [126].   

Besides re-administration of phenotypically modified NK cells, there is a possibility 

of treatment with genetically modified NK cells. NK cells can be transfected with 

chimeric antigen receptors (CARs) similarly to T cells. It is believed that CAR-NK cells 

could overcome low persistency, low efficacy, and low tumor infiltration of NK cells. 

Moreover, CAR-NK cells could also be prepared from NK cell lines (e.g., NK92) and 

thus be used when needed [127]. The CAR constructs consist of extracellular domain 

recognizing tumor antigen (single-chain fragment variable, scFv antibody fragment), 

flexible hinge, a transmembrane region, and signaling domain (combination of co-

stimulatory sequences and CD3ζ) [128]. CAR-NK-based therapy was reported successful 

for some types of lymphoid malignancies when CARs targeted CD19 surface antigen 

[129,130]. 

To assure self-tolerance, immune response activation is tightly regulated by robust 

inhibitory mechanisms, so-called immune checkpoint. However, malignant cells may 

upregulate the expression of checkpoint inhibitory receptor ligands and thus silence the 

immune response [131]. NK cells share common checkpoint receptors with other 

lymphocytes (PD-1, CTLA4, TIGIT, NKG2A/CD94, TIM-3, Lag-3, some KIR inhibitory 

receptors) [132,133]. A common approach to silence these receptors is the administration 

of mAbs, neutralizing these receptors or their ligands (or both) and preventing their 

interaction. The advantage is targeting NK cells and cytotoxic T-cells at the same time as 

well as blocking further inhibitory immune cell cross-talk. 
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Examples of mAbs targeting immune checkpoint are anti-PD-1 pembrolizumab [134], 

anti-PD-L1 avelumab [135], anti-NKG2A monalizumab [136], or lirilumab blocking the 

interaction of KIR2DL1/L2/L3 with its ligands [137]. The use of mAb to block inhibitory 

signals is not limited only to checkpoint receptors. Antibodies may also be used to 

neutralize immune-suppressive modulators within TME, such as anti-TGF-β 

fresolimumab [138].  

Of course, NK cells may be triggered not only by blocking the inhibition but also 

directly by stimulation of activating pathways. Such activating pathway starts with the 

recruitment of receptor binding Fc region of antibodies (FcγR or CD16) [139]. Thus, NK 

cells can recognize cells decorated with antibodies. Approved monoclonal antibodies 

targeting classical tumor antigens HER2 (trastuzumab), EGFR (cetuximab), CD20 

(rituximab), and others also provoke ADCC and thus stimulate NK cells [140].  

Another approach to target specific NK cell ligands on the surface of cancer cells is 

the fusion of the Fc-domain with the extracellular part of NK cell receptors. The receptor 

part assures specificity, and the Fc part activates NK cells (or other CD16+ cytotoxic 

cells). NKp30-Fc protein inhibited tumor growth in mice, resulting in complete tumor 

removal in 50 % of cases [141]. Another construct, NKp80-Fc, was successfully used to 

treat acute myeloid leukemia [142]. 

Fc fragment is a universal activating ligand for CD16. However, CD16 can also be 

targeted and activated by specific anti-CD16 antibodies [143]. Moreover, the tools of 

recombinant expression enable the combination of two or more scFv in one molecule, 

resulting in bispecific or polyspecific, respectively, synthetic antibodies. Fragment of 

anti-CD16 antibody is, in fusion with antibody fragment targeting tumor-associated 

antigens, part of bispecific killer engager (BiKE). Such tumor antigen is the CD33, a 

marker of myeloid-derived suppressor cells promoting the progress of myelodysplastic 

syndrome towards acute leukemia [144]. These molecules are bispecific, genetically 

engineered on the antibody platform. The activity of BiKE was improved by the insertion 

of a third targeting moiety and the generation of a tri-specific killer engager (TriKE). 

Such moiety might be another scFv or IL-15, which results in cytokine boosting of NK 

cell activity at the right time and place [145,146]. Construction of a tetraspecific engager 

(TetraKE), a fusion protein consisting of anti-CD16 scFv, IL-15, anti-EpCAM scFv, and 

anti-CD133 scFv, is also possible and induce NK degranulation in vitro [147]. To 
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conclude, synthetic molecules built from fragments of monoclonal antibodies designed to 

activate NK cell immune functions in cancer are generally termed natural killer cell 

engagers (NKCEs). This group currently shows promising results in preclinical or even 

subsequent clinical trials [148]. 

Combining monoclonal antibody fragments into polyspecific molecules is not the only 

way to reestablish and boost NK cell immune recognition. Fusion proteins containing 

soluble NK cell receptor ligands to trigger NK cells or NK cell receptor ectodomain to 

recognize tumor cells are also an emerging group of promising therapeutics, such in the 

case of molecules based on NKG2D and NKG2DL [149]. For example, NKG2D in fusion 

with Fc fragment, anti-CD16 scFv, or anti-CD3 scFv enhance the cytotoxic activity of 

CD16+ cells or the number of effector T cells, respectively [150]. MICA activating ligand 

in fusion with CD24 targeting antibody mediates anti-tumor efficacy towards hepatoma 

carcinoma cells, both in vitro and in vivo [151]. Engaging NKG2D or NKp30 with 

proteins ULBP:7D8 or B7-H6:7D8 (where 7D8 is an scFv targeting CD20) also resulted 

in higher NK cell cytotoxicity, which was synergistically augmented when combined with 

antiCD20 mAb rituximab or antiCD38 mAb daratumumab [152]. Artificial coating of 

lymphoma cells with B7-H6 results in increased NK cell cytotoxicity [153]. In the 

targeted therapy for HER2+ breast cancer, fusion proteins B7-H6:HER2-scFv (activating 

NKp30), AICL:HER2-scFv (NKp80), and PVR:HER2-scFv (DNAM-1) enhanced NK 

cell cytotoxicity [154]. This strategy was recently improved using an affinity matured 

version of the B7-H6 ligand, firmly binding NKp30, which replaced one arm of anti-

EGFR mAb cetuximab [155]. 

The approach to enhance NK cell-mediated cytotoxicity is complex and comprises a 

variety of fusion proteins that combine different functional segments (e.g., soluble NK 

cell receptors to target cancer cells selectively, soluble NK cell-activating ligands, scFv 

fragments of mAb, Fc portion of mAbs, cytokines). These proteins are usually bivalent, 

but polyvalent molecules are also a strategy. Polymeric carriers might be used to broaden 

the repertoire of NK cell enhancers as a versatile tool for assembling polyvalent particles 

using specific anchors. Part of mAbs may be replaced with smaller fragments; for 

example, nanobodies (Nbs, VHHs) derived from camelid antibodies, consisting only of 

the heavy-chain variable domain of IgG2 and IgG3, with the size of about 14 kDa [156]. 

Thus the range of potentially beneficial molecules might be even broader. 
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2 AIMS OF THIS THESIS 

 

• Cloning and expression of NK cell-activating ligands 

 

• Binding studies and characterization of the interaction of expressed ligands with 

NK cell receptors 

 

• Developing a strategy to combine NK cell-activating ligands with the moieties 

targeting tumor antigens and verification of binding on the target cell lines 

 

• Optimization of rapid in vitro assays to test the biological activity of expressed 

recombinant proteins 

 

• Optimization of cellular cytotoxicity assays to evaluate the capacity of 

recombinant proteins to influence NK cell-mediated cell lysis 

 

• Structural studies of NK cell receptor organization on the cell surface using 

superresolution microscopy  
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3 METHODS 

The methods used in this work are listed below. The detailed description of 

experimental procedures with all technical parameters is always part of the relevant 

publication. 

 

• Cell culture 

o Cultivation and maintenance of suspension and adherent mammalian cell 

lines (HEK293, HeLa, HT-29, C33, SKBR3, BT-474, K562, Ramos, 

NK-92MI) 

o Transfection and its optimization 

o Isolation of PBMC and primary NK cells 

• Protein expression and purification 

o Vector design and gene cloning 

o Chromatography techniques (affinity chromatography, size-exclusion 

chromatography) 

o Electrophoresis and western blot analysis 

• Protein characterization 

o Analytical ultracentrifugation (AUC) 

o Mass spectrometry (MS) 

o Differential scanning fluorimetry (DSF, nanoDSF)  

o Dynamic light scattering (DLS) 

• Characterization of protein-protein interactions 

o Isothermal titration calorimetry (ITC) 

o Surface plasmon resonance (SPR) 

o Microscale thermophoresis (MST) 

• Structural techniques 

o Protein crystallization 

o Small-angle X-ray scattering (SAXS) 

• Fluorescent techniques 

o Protein labeling 

o Flow cytometry (FACS) 

o Fluorescent microscopy (wide-field fluorescent microscopy, 

superresolution microscopy techniques – dSTORM)  
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4 RESULTS AND DISCUSSION 

4.1 EXPRESSION OF SOLUBLE LIGANDS AND NK CELL 

RECEPTOR ECTODOMAINS 

4.1.1 HEK293 EXPRESSION SYSTEM AND ITS OPTIMIZATION 

In order to study the structure of NK cell receptors and their ligands, they must first be 

expressed. Protein quality requirements are high, but there is also a question of cost-

effectiveness and feasibility. Moreover, such manipulations as crystallization or affinity 

measurements of low KD complexes require high sample amounts (roughly milligrams of 

protein). Although the E. coli expression system is still often used, it has severe 

limitations for expressing immune receptors [157]. In the case of immune recognition, a 

native glycosylation pattern is essential [158]. 

For this reason, we used human embryonic kidney cells 293 (HEK293) for protein 

expression. These cells are a very versatile system, also having the potential to express 

therapeutical proteins [159]. Moreover, some NK cell receptors or ligands are simply not 

expressible in E. coli or form inclusion bodies and must be in vitro refolded [160]. 

Despite the glycosylation relevance for the recognition within immune receptors, 

complex branched glycans may be problematic for structural studies, for example, 

crystallization. Thus, we used two different variants of HEK293 cells, HEK293T 

(expressing the SV40 large T antigen; proteins possess wild-type, complex mammalian 

glycosylation and were used mainly for biological studies) and HEK293S GnTI- 

(N-acetyl-glucosaminyltransferase I-deficient cell line; produced proteins have uniform 

glycosylation with GlcNAc2Man5 pattern, this glycosylation may be cleaved with EndoH 

or EndoF1 endoglycosidases, proteins are suitable for structural studies) [161,162].  

HEK293 cells are initially adherent cells, which is not practical when working with 

large cell numbers and scaling up the protein expression. To overcome this technical 

issue, cells were adapted for cultivation in suspension in our group (Publication no. 2, 

p. 68) [163,164]. Cells were transferred into serum-free commercial medium 

EX-CELL293 (Sigma, St. Louis, MT, USA) supplemented with an additional 4 mM 

L-glutamine. Cells were placed in squared-shape glass flasks with gas permeable caps on 

an orbital shaker (135 rpm, 37 °C, and 5 % CO2) to keep the suspension equally mixed. 
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Linear polyethyleneimine (lPEI 25 kDa; Polysciences, Warrington, PA, USA) was 

chosen as the transfection reagent, based on the cost/efficiency ratio. We optimized the 

transfection conditions, resulting in the use of 1 µg of the DNA per 106 cells, the ratio 

between the DNA and transfection reagent lPEI was 1:4 for HEK293T (but this ratio may 

vary between the cell lines and is always subject to optimization in case of new lPEI 

batch). We used the high-density protocol and added the DNA and lPEI directly to the 

cell suspension (20×106 cells/ml in EX-CELL293, without pre-incubation of DNA:lPEI 

complexes), cells were diluted to a final density of 2×106 cells/ml after 2 hours. Protein 

expression yield was further enhanced by adding 2 mM valproic acid as a histone 

deacetylase inhibitor and thus the cell cycle blocker [164]. Cell-culture supernatant was 

harvested 5-7 days post-transfection. The described protocol results from long-term 

optimization and is valid for my first-author publication, the most recent one among the 

selected publications (Publication no. 5, p. 149) [165]. 

The protein expression yield can be enhanced by prolonging the survival of transfected 

cells [166], which may be achieved by inhibition of apoptosis [167], modulation of the 

cell cycle (keeping the cell in the most productive G1 phase) [168] or introduction of 

growth factors [169]. This strategy was proven in the thesis of Edita Poláchová [170]. 

First, vector encoding for the protein interest, based on the pTT5 backbone (vector with 

the cytomegalovirus promotor [171]), was modified by the insertion of an extra WPRE 

sequence (woodchuck post-transcriptional regulatory element sequence [172]) and named 

pTW5 vector. After that, a DNA mixture was optimized to finally contain 88 % of the 

pTW5 plasmid encoding gene of interest, 10 % of pTW5_aFGF (vector with acidic 

fibroblast growth factor), and 2 % of pTW5_p27 (vector with an inhibitor of cyclin-

dependent kinase), which led to the highest protein yields in HEK293S GnTI- cell line. 

As mentioned above, when using a simple transient expression, the yields of expressed 

protein may be highly enhanced by further interventions into cell well-being. 

Unfortunately, even this enhancement may not be sufficient for the expression of some 

specific proteins, such in the case of the ectodomain of human NKR-P1 (Publication no. 

1, p. 59). The protein construct was systematically optimized but without successful 

expression; only the switch from transiently to a stably transfected pool of cells led to 

reasonable expression yields [173]. NKR-P1 construct (G90-S225) was subcloned into 

the pOPINTTGneo vector (obtained from the Oxford Protein Production Facility, 
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University of Oxford, UK [174]) containing neomycin resistance as a selection marker 

and thus enabling generation of stably transfected mammalian cells. These constitutively 

expressing pools produced enough protein (2.5 mg per liter of cell culture) for structural 

studies (SEC, AUC, crystallization). 

Another strategy used to generate stably transfected cells and express NK cell 

receptors was the transposon-based system piggyBac (PB). This system uses PB 

transposase (PBase) to actively insert DNA fragments into the chromosomal DNA of the 

mammalian cell [175,176]. Moreover, the expression is regulated by the tetracycline 

response element (TRE) promoter and thus silenced by the reverse tetracycline 

transactivator (rtTA). The transactivator is carried by the helper plasmid co-transfected 

with the plasmid bearing the gene of interest and also incorporated by the PBase. Protein 

expression is then induced by adding doxycycline only when cell culture reaches 

appropriate viability and cell density. PiggyBac system was used for the production of 

NKp80 (human activating receptor from NKR-P1 family [177]) and Clrb (ligand of 

mouse NKR-P1B [178]). 

4.1.2 CONSTRUCT OPTIMIZATION RESPECTING STRUCTURAL 

PATTERNS 

Proper protein folding is necessary for correct protein function. For this reason, 

structural patterns, as functional domains, must be respected when designing the 

expression construct. There is a conserved disulfide motif within CTLD, which must be 

followed. For example, as in the case of LLT1, there is one “missing” cysteine at a 

conserved site in the wild-type sequence. Mutation of amino acid at this position, histidine 

176 to cysteine, led to the expression of a stable protein (Figure 7a, p. 34) [162]. In the 

case of B7-H6, there is one disulfide bond in each Ig domain plus one odd cysteine residue 

(C212) in the membrane-proximal region. This cysteine forms unwanted covalent 

dimerization between two B7-H6 molecules. The mutation of cysteine 212 to serine 

highly enhanced the expression yields (Figure 7b, p. 34) [44]. 
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a) 

 

b) 

 

Figure 7: Design of stable protein constructs with respect to disulfide motif. a) Expression of three 

variants of LLT1, only mutation H176C, re-constituting disulfide bonds within CTLD stabilizes the 

protein, b) mutation of odd cysteine in the stalk domain of B7-H6 enhances the expression yield. 

 

Some NK cell receptors from the NKR-P1 family or their ligands may form covalent 

dimers on the cell surface (e.g., human NKR-P1, LLT1, NKp80, KACL), usually by the 

interaction of odd cysteine present in the membrane-proximal domain (so-called stalk 

domain). The functional role of these dimers is not clearly revealed in humans but was 

studied in rodents. Although the published results are not directly comparable because of 

the different methodology or protein constructs, they suggest complex regulation of 

receptor function (ligand recognition, signalization). Murine NKR-P1 receptor variants 

c1, c2, and f1 form predominantly dimers or even higher oligomeric structures on the 

surface of lymphoid cells, but on the contrary, NKR-P1a is mainly present in the 

monomeric form [179]. Also, the dimerization is not exclusively driven by the presence 

of unpaired cysteine but is more likely regulated by the precise positioning of the cysteine 

residue. Murine NKR-P1b monomers and dimers are formed irrespective of the stalk 

domain, but only monomeric receptors interact with its ligands [180]. On the other hand, 

the crystal structure of NKR-P1b:Clr-b (PDB 6E7D) complex revealed head-to-head 

interaction between receptor and ligand homodimers. Moreover, there is a cross-linking 

of neighboring molecules by NKR-P1b non-classical homodimer [181]. Only the dimeric 

form of NKR-P1b transduced signals into the cell, suggesting an avidity-based 

mechanism of NKR-P1b receptor function. 

To contribute to the study of rodent NKR-P1:Clr interaction, we produced functional 

dimeric constructs of CTLD ectodomains in the HEK293 system (Publication no. 2, p. 68) 
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[163]. This system beneficiates from the nature of the Fc fragment of human IgG, which 

forms covalently linked dimers and thus assures dimerization of the attached construct 

(Figure 8). Expressed proteins were secreted into the cell culture medium as soluble (no 

need for the refolding from inclusion bodies after E. coli expression) and carried 

mammalian glycosylation patterns. Furthermore, the protease-cleavable Fc fragment 

leaves the intact receptor ectodomain resulting in a stable covalent dimer, non-covalent 

dimer, or mixture of dimers and monomers, which may be separated using size exclusion 

chromatography. 

 

 

 

Figure 8: Schematical representation of the receptor NKR-P1b and Crl-11 construct design. Three 

vectors were designed – pHLsec (only secreted CTLD with histidine tag), pHLsec FcHis (secreted CTLD, 

cleavage site for 3C protease followed by Fc fragment and histidine tag), and pYD5 (secretion leader 

followed directly by Fc fragment, TEV protease cleavage site and CTLD on the C-terminus). 

 

Although covalent dimers might be relevant for cellular signalization and thus the 

expression of such receptor constructs is also relevant, receptor NKp30 forms dimers and 

higher oligomers in the solution, without any covalent bond (Publication no. 3, p. 85) 

[44]. The formation of higher oligomeric species depends on receptor structural patterns, 

precisely on the presence of the membrane-proximal region – the stalk domain, and 

glycosylation (Figure 9abc, p. 36). Two receptor variants were compared, NKp30 with 

stalk domain (NKp30_Stalk) and NKp30 consisting of ligand-binding domain only 

(NKp30_LBD). Besides, NKp30 variants and glycovariants have different binding 

properties, the KD of NKp30:B7-H6 interaction varies (Figure 9d, p. 36). The KD also 

differs according to the method of measurement. We can see different results when 

measured by SPR (a method based on surface immobilization of one interaction partner) 

or ITC (a method measuring the thermodynamic interaction parameters directly in 

solution), which suggests the influence of the avidity effect. Nevertheless, the direct 

quantification of NKp30 oligomers on the cell surface or their trafficking during 

interaction with its ligands and NK cell activation remains undiscovered. 
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a) b) 

  

c) d) 

 

 

Figure 9: Oligomeric state of NKp30 variants and B7-H6 binding affinities. a) MALS data comparison 

of NKp30_Stalk and NKp30_LBD oligomeric state, b) MALS data for NKp30_Stalk glycovariants with 

wild-type glycosylation (T), uniform glycosylation (S), and deglycosylated, c) sedimentation coefficient 

distribution of particles analyzed by AUC comparing abundancy of higher species within an oligomeric or 

monomeric fraction of NKp30_Stalk protein, d) comparison of KD values of NKp30:B7-H6 interaction 

measured by SPR and ITC [44]. 

4.1.3 EXPRESSION OF SOLUBLE PROTEINS FOR NK CELL 

ENGAGEMENT 

Expression of soluble, stable, and pure proteins, especially NK cell-activating ligands, 

is a prerequisite for using such proteins as part of immunoactive therapeutics and the 

generation of so-called NK cell engagers (NKCE) [147]. As described previously (1.4.3 

NK Cell-Based Immunotherapeutics, p. 25), there are many strategies for generating these 

molecules. However, altogether, they usually combine targeting moiety (for tumor 

recognition) and NK cell-activating moiety (ligand for triggering receptor) in one 

molecule. This strategy is not versatile, as it requires new cloning for every change of the 

construct, and the number of moieties is limited by the final protein size (and thus limited 

expression efficiency).  
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For this reason, we used HPMA-based polymer with coiled coil anchors as a carrier 

for NKp30 activating ligand B7-H6 and scFv targeting tumor marker carbonic 

anhydrase IX (CAIX). Both cargoes were modified with a complementary coiled coil 

sequence (CC). My first-author publication describes the expression of modified 

B7-H6CC (Publication no. 5, p. 149) [165]. The sequence of B7-H6 (C212S) was 

modified with four (VAALKEK) coiled coil peptide repeats. We also prepared a B7-H6 

variant with mutations in the N-terminal domain (S60Y, F82W, L129Y), which were 

described to enhance receptor binding [154]. B7-H6 variants were expressed in the 

HEK293T cell line to maintain a natural glycosylation pattern. The quality control of 

expressed proteins is shown in Figure 10. 

 

a) b) 

  

Figure 10: Expression of B7-H6 coiled coil variants. a) Comparison of size-exclusion chromatography 

elution profiles, b) SDS PAGE electrophoresis of expressed proteins.  

 

Although the expression of both B7-H6CC and CAIX scFvCC was successful, the 

coiled coil motif is generally problematic for protein modification because it is highly 

charged. Moreover, the interaction of coiled coil complementary motifs is non-covalent, 

which may lead to complete dissociation of protein-polymer particles in low 

concentrations, typical for immunotherapeutic administration. This problem may be 

overcome using different anchors with specific transpeptidases, forming a covalent bond 

between the carrier and the decorating proteins. For example, transpeptidase sortase (Srt) 

from S. aureus recognizes short C-terminal amino acid sequence -LPXTG- (where X is 

any amino acid, glycine cannot be the very last amino acid) of the first partner and 

connects it with polyglycine at N-terminus of the second partner, resulting in covalent 

peptide bond between the two [182]. Currently, under optimization in our group, this 
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strategy may be used to generate fusion proteins, decorate polymeric carriers with 

immunoactive moieties, or label proteins.  

 Nanobodies (Nb) are an emerging group of targeting molecules as an alternative to 

scFv, thanks to their small size and easy expression. Successful expression of nanobodies 

in fusion with NK cell-activating ligands was described in the thesis of Denis Cmunt 

[183]. Fusion proteins consisting of Nb targeting receptor HER2, CD20, or aFGFR 

connected with activating ligands MICA or B7-H6 via (GS4)4 linker were prepared. Both 

orientations of protein were tested, Nb at N-terminus and ligand at C-terminus and vice 

versa, to find the best variant respecting structural patterns of the recognition. As an 

important part of the immunoligand characterization, binding to the NK cell receptor and 

the target cell line expressing tumor antigen was verified (only for immunoligand 

consisting of anti-HER2 Nb and MICA ligand in the thesis of Denis Cmunt). Fusion 

proteins are also a strategy to express immunoactive molecules that trigger NK cell 

cytotoxicity, which is currently being studied in our group. 

4.2 TESTING OF B7-H6 COILED COIL BIOLOGICAL ACTIVITY 

IN VITRO 

To prove that B7-H6CC protein is suitable for NK cell activation and coiled coil motif 

does not interfere with the protein function, we measured the binding affinity with NKp30 

receptor and protein capacity to induce NK cell degranulation. Finally, we also tested 

binding to the polymeric carrier and the surface of target cell lines. The detailed 

methodology and all results are described in my first-author publication (Publication no. 

5, p. 149) [165]. 

Two B7-H6 variants were considered in this study, the wild-type (with C212S 

mutation, for simplicity referred to as B7-H6) and its high-affinity version (S60Y, F82W, 

L129Y, C212S; haB7-H6). Both proteins were expressed with or without the coiled coil 

sequence. Affinity towards NKp30_LBD construct was measured by ITC when the 

injections of NKp30_LBD titrated B7-H6 in the cell. The thermodynamic parameters of 

the interaction with B7-H6 are summarized in Table 1, p. 39. The KD = 668 nM for 

NKp30_LBD:B7-H6 interaction is in good accordance with our previously published data 

[44], and thus accurate value for further comparison. 
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Table 1: Thermodynamic parameters of NKp30_LBD:(ha)B7-H6(CC) interaction. 

  KD ΔH ΔS N 

NKp30_LBD 

B7-H6 668 nM -11.5 kcal/mol -10.4 cal/mol/K 0.88 

B7-H6CC 787 nM -11.2 kcal/mol -9.6 cal/mol/K 0.74 

haB7-H6 115 nM -12.7 kcal/mol -10.8 cal/mol/K 0.91 

haB7-H6CC 259 nM -11.8 kcal/mol -9.5 cal/mol/K 0.65 

 

The coiled coil (CC) sequence does not interfere with NKp30 binding (KD = 668 nM 

for B7-H6 interaction vs. KD = 787 nM for B7-H6CC and KD = 115 nM for haB7-H6 

interaction vs. KD = 259 nM for haB7-H6CC, respectively), although minor differences 

in the parameters are evident, notably, the interaction stoichiometry is lower in case of 

the CC variants. This may be due to the homodimerization of the CC motif, as the 

molecules of (ha)B7-H6CC are not freely diffusing independent monomers but form 

dimers. The KD of haB7-H6(CC) is increased compared to wild-type, but the difference 

is much lower than previously reported (KD = 9.06 nM, 45-fold improvement compared 

to wild-type variant in this study [154]). This difference may be caused by the different 

methodology (BLI measurement in the study), different NKp30 construct used (construct 

with truncated stalk domain), or most likely by the differences in haB7-H6 construct (one 

arm of mAb cetuximab was replaced by the N-terminal domain of haB7-H6, whole fusion 

construct was used for the affinity measurements). 

Next, the binding of the B7-H6CC to the polymeric carrier (PolCC) was verified by 

sedimentation velocity analysis in an analytical centrifuge. Coiled coil (VAALKEK)4 

motif forms weak homodimers, as measured previously for scFv with the same anchor 

[184]. However, heterodimers are preferably formed in a mixture with complementary 

coiled coil sequence (VAALEKE)4. This behavior was verified for B7-H6CC as well, as 

B7-H6CC homodimer was completely absent when mixed with PolCC in equimolar ratio. 

When titrating the PolCC with a higher molar excess of B7-H6CC, shift to higher 

stoichiometries was observable (binding 1:2, 1:3, and 1:4). Moreover, B7-H6CC bound 

to polymer is still accessible for interaction with NKp30. 

The capacity of B7-H6CC and haB7-H6CC to induce NK cell degranulation was also 

confirmed. The surface of the Ni-NTA coated well-plate was decorated with NK cell 

ligands using histidine tag, creating a very simple artificial activating milieu. Primary NK 

cells were stimulated overnight with a high dose of IL-2 and then incubated for 4 hours 

on the decorated surface. NK cell activation was detected by flow cytometry as cells 
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expressing CD107a, a marker of degranulation. Based on the percentage of CD107a+ 

cells, we concluded that expressed B7-H6, B7-H6CC, and haB7-H6CC activate NK cells. 

B7-H6CC bound to the PolCC also activates NK cells. Thus, NKp30 recognition is 

neither disrupted by the coiled coil motif nor by PolCC binding (as indicated previously 

by the affinity measurements and analytical ultracentrifugation). The high-affinity variant 

of B7-H6CC exhibited slightly higher activating potential than the wild-type. 

Finally, we investigated the binding of polymer:protein complexes to the cell line 

expressing CAIX. Targeting molecule M75 derived scFvCC was labeled with 

AlexaFluor488, B7-H6CC was labeled with AlexaFluor647, and proteins were mixed 

with PolCC in 1:2:2 molar ratio (PolCC:B7-H6CC:scFvCC). These complexes were 

incubated with HT-29 cells. Cells were analyzed by fluorescent cytometry, and the result 

is shown in Figure 11. To study the binding directly, both two-color particles (both 

B7-H6CC and scFvCC fluorescently labeled) and single-color particles were prepared 

(both CC proteins were used, but only one with the label). As a control, we tested that 

B7-H6CC does not bind to the HT-29. Only the chimeric PolCC:protein particles 

containing both B7-H6CC and scFvCC emit a signal in the channel corresponding to the 

B7-H6CC label. This means that particles containing PolCC and B7-H6CC together with 

scFvCC were formed and targeted the surface of CAIX+ cells. 

 

Figure 11: Binding of polymer:protein particles to the cell surface. HT-29 cells were decorated with 

particles always consisting of PolCC, B7-H6CC, and scFvCC; protein molecules were not fluorescently 

labeled (in red), only scFvCC was labeled (in light blue), only B7-H6CC was labeled (in green), both 

scFvCC and B7-H6CC were labeled using different dyes (in dark blue). 
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Taking together all these data about B7-H6CC, this modified NK cell-activating ligand 

can be a potent part of immunoactive particles based on pHPMA copolymers. The 

interaction of coiled coil complementary sequences is a versatile tool to decorate PolCC 

with various proteins, thus creating polyvalent species. However, best stoichiometry, 

stability of polymeric particles in low concentrations, and procedure of creating particles 

with uniform composition must be further investigated before cellular cytotoxicity assays 

with primary NK cells.  

4.3 RECEPTOR ORGANIZATION ON THE CELL SURFACE 

Interaction of NKR-P1 receptor with its ligand LLT1 was detailly studied in our group, 

mainly by Jan Bláha, Ph.D. First, LLT1 was expressed, and its crystal structure was 

solved [162,185]. Next, the NKR-P1 receptor was expressed using stable transfection of 

HEK293 GnTI- cells [173]. Finally, we solved the structure of NKR-P1:LLT1 

immunocomplex (PDB 5MGT), Publication no. 4, p. 110 [59]. This structure revealed 

interesting symmetry, facilitating the formation of chain-like structures on the cell 

surface. Two distinct interaction interfaces were identified, the primary mode, 

corresponding well with the structure of homologous NKp65:KACL complex (PDB 4IOP 

[187]), and the secondary mode, enabling interaction of two neighboring molecules. 

Because this interaction is quite unique, we decided to test the biological relevance of 

NKR-P1 clustering on the cell surface with superresolution fluorescent microscopy and 

explore this interaction's role in cell signaling in the cytotoxicity assay. 

To test our hypotheses, we expressed the LLT1 variant with disturbed secondary 

interaction interface (LLT1SIM, secondary interface mutant). We designed an experiment 

where the NKR-P1 receptor on the cell surface (transfected HEK293S GnTI-) interacts 

with soluble ligand LLT1 or LLT1SIM, and the organization of the receptor on the cell 

surface was studied with dSTORM [188]. Cells were fixed and labeled with an anti-

NKR-P1 primary antibody with the AlexaFluor647 label. This label has unique optical 

blinking properties, as, under specific buffer conditions, the probability of the transition 

from the excited state to the ground state and emitting fluorescence is low, and most of 

the fluorophore is in the off state. For this reason, only a small portion of molecules is 

blinking at each imaging cycle, enabling its precise localization. At the end of the data 
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acquisition, localization maps were processed and evaluated by Voronoi tessellation in 

the ClusterViSu program [189]. 

The surface organization of the NKR-P1 receptor was studied under different 

conditions: without the ligand or after ligand binding (LLT1 or LLT1SIM). Results 

summarizing the NKR-P1 surface distribution are presented in Figure 12, p. 43. The 

average area of non-bound NKR-P1 clusters does not significantly differ from the clusters 

of NKR-P1 treated with soluble LLT1SIM, the same for the average cluster diameter. 

Contrarily, cluster area and cluster diameter differ when comparing NKR-P1 bound to 

LLT1 with two other conditions. As a control, the total density of events remained the 

same for all three conditions. Based on these results, respecting the methodology used, 

we cannot directly measure cluster size and thus estimate how many NKR-P1 molecules 

form these clusters (as label size and label density also play the role). However, if we 

directly compare NKR-P1 cluster parameters, when it interacts with LLT1 enabling both 

interaction modes or with LLT1SIM providing the primary binding mode only, we can 

conclude that NKR-P1 receptor forms higher structures induced by ligand binding. 

Soluble LLT1 affects the surface distribution of NKR-P1. 

Finally, we tested how does the NKR-P1 clustering influence the signalization and 

thus inhibition of cellular cytotoxicity. In the direct cytotoxicity assay, primary NK cells 

were mixed with the target cells K562, easily susceptible to the NK cell-mediated lysis. 

Similarly, as in the dSTORM experiment, interacting cells were treated with LLT1, with 

LLT1SIM, or remained untreated, two concentrations of soluble ligand were used, and 

results were evaluated by flow cytometry as a percentage of living K562 cells after four 

hours of incubation (Figure 13, p. 44). Soluble LLT1 interferes with the natural 

cytotoxicity, resulting in higher survival of K562 cells, but the capacity of LLT1SIM to 

induce the same inhibitory effect is limited. LLT1 lacking the secondary interaction 

mode, contributing to the receptor clustering, cannot inhibit the cellular cytotoxicity. The 

NKR-P1 clustering affects signalization. 
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a) 

 

b) c) d) 

   

 

Figure 12: Superresolution microscopy reveals changes in the surface distribution of NKR-P1 upon 

binding of LLT1. a) Representative images of NKR-P1 clusters under three distinct conditions (without 

ligand, with LLT1, or with LLT1SIM), in brightfield (BF), after superresolution image reconstruction 

(dSTORM), scale bars represent 5 µm; red boxes in dSTORM images (10 µm2) were zoomed in and 

processed, resulting in cluster heatmap, and finally, in a binary map, scale bars represent 1 µm. b) Selected 

parameters of NKR-P1 clusters: average cluster area, average cluster diameter, and total density of events 

(horizontal bar corresponds to the mean value, box corresponds to the interquartile range, and error bars 

represent SD) [59]. 
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Figure 13: The effect of NKR-P1 clustering on signalization. The killing of K562 cells by primary NK 

cells is represented as a percentage of living cells. Cells were treated with LLT1, LLT1SIM (in 50 µM and 

250 µM concentration), or untreated. LLT1 blocks NK cell cytotoxicity, but this effect is not observable 

for LLT1SIM [59]. 

 

Taken together, both superresolution microscopy and cytotoxicity assay results show 

the biological relevance of NKR-P1 clusters, which were initially observed in the crystal 

structure. Superresolution microscopy revealed the reorganization of NKR-P1 molecules 

upon ligand binding. Moreover, only LLT1 enabling such reorganization blocks the NK 

cell cytotoxicity in the killing assay. Signalization is affected by the cluster formation, 

most likely because of the avidity effect, which helps to overcome the low affinity of this 

interaction. This approach combining structural data, affinity measurements, and 

biological data (direct observations on the cell surface, activation assay) leads to 

conclusive results and reveals the biological relevance of NKR-P1 receptor 

oligomerization. 
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5 SUMMARY 

• HEK293 expression system was shown to be suitable for expressing soluble NK 

cell receptors and their ligands, notably for NKR-P1, LLT1, NKp80, NKp30, 

B7-H6, rat receptors from the NKR-P1 family and its ligands. 

 

• NKp30 activating ligand B7-H6 with coiled coil sequence and its variants were 

expressed in HEK293T cells. 

 

• The interaction of B7-H6 variants to the soluble NKp30 receptor ectodomain was 

measured with isothermal titration calorimetry. 

 

• pHPMA copolymer was decorated with both targeting moiety (scFv) and 

activating moiety (B7-H6) using coiled coil interaction, the binding of chimeric 

polymer-protein complexes to the surface of tumor cells confirmed by flow 

cytometry. 

 

• The capacity of B7-H6 constructs to induce NK cell degranulation was tested in 

a simple in vitro assay, where functionalizes well-surface substitutes target cells; 

this assay may also be used for other activating NK cell ligands as control of the 

biological activity of expressed proteins. 

 

• The organization of the NKR-P1 receptor on the cell surface was studied by the 

dSTORM technique, revealing ligand-induced receptor oligomerization. 

 

• Direct NK cell cytotoxicity assay confirmed the importance of NKR-P1 clusters 

in the signalization; this assay was optimized and may also be modified for further 

studies of NK cell activation. 
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