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ABSTRACT 
 

Natural killer cells (NK cells for short) are lymphocytes of the non-specific (innate) 

immune system. They excel in the ability to recognise and eliminate infected or cancerous 

cells rapidly. Although their role in immune surveillance of malignant transformation was 

confirmed years ago, ongoing research shows that this process is far from simple. NKp30 

is one of the central activating receptors of NK cells with a potential for use in targeted 

immunotherapy. The oligomerisation of the extracellular ligand-recognition domain of 

NKp30 in solution depends on the presence of a C-terminal stalk region. However, the 

structure and role in signal transduction of these oligomers are still unclear. Moreover, 

the interaction of NKp30 with ligands is influenced by the presence of N-linked 

glycosylation. In this work, we investigated whether and how the oligomerisation of 

NKp30 depends on its glycosylation. Our results show that NKp30 forms oligomers, 

regardless of whether glycosylation is complex or uniform (acquired by expression in the 

HEK293S GnTI- cell line). In contrast, NKp30 was found to form only monomers when 

enzymatically deglycosylated. Furthermore, we characterised the interaction with the 

ligand B7-H6, again concerning oligomerisation and glycosylation. We solved the crystal 

structure of its complex with glycosylated NKp30, through which we revealed 

glycosylation-induced dimerisation of NKp30. This work provides new insight into the 

structural basis of NKp30 oligomerisation and complements our knowledge of how the 

glycosylation and the presence of the stalk region affect affinity for ligands.  

Unravelling of the actual mechanisms underlying NK cell activation, inhibition, and 

maturation, including the context of cooperation with other lymphocytes, remains a 

significant challenge. However, understanding these processes is a fundamental 

prerequisite for rational intervention in NK cell surveillance and its modulation by 

immunotherapeutics to eliminate tumours when our immunity fails. 
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ABSTRAKT 
 

Přirozeně zabíječské buňky (zkráceně NK buňky) jsou lymfocyty nespecifického 

imunitního systému, které vynikají schopností rychle rozpoznat a eliminovat infikované, 

či nádorové buňky. Přestože jejich schopnost imunitního dohledu nad maligní 

transformací byla potvrzena již před lety, aktuální výzkum stále ukazuje, že tento proces 

je velice komplikovaný. NKp30 je jedním z hlavních aktivačních receptorů NK buněk 

s potenciálem k využití v cílené imunoterapii. Ektodoména NKp30 v roztoku 

oligomerizuje, tento jev ovšem závisí na přítomnosti C-koncového „stalk“ regionu. 

Struktura oligomerů NKp30 a jejich role v přenosu signálu je zatím nejasná. Interakce 

NKp30 s ligandy je navíc ovlivněna přítomností N-vázané glykosylace. V rámci této 

práce jsme zjišťovali, zda a jak oligomerizace NKp30 závisí na jeho glykosylaci. Naše 

výsledky ukazují, že NKp30 tvoří oligomery, ať už je na něm glykosylace přirozená, či 

jednoduchá (získaná expresí v linii HEK293S GnTI-). Oproti tomu bylo zjištěno, že 

NKp30 tvoří pouze monomery, je-li enzymaticky deglykosylováno. Dále jsme 

charakterizovali interakci s ligandem B7-H6, opět s ohledem na oligomerizaci a 

glykosylaci a vyřešili krystalovou strukturu jeho komplexu s glykosylovaným NKp30, 

díky které jsme odhalili glykosylací indukovanou dimerizaci NKp30. Tato práce přináší 

nový pohled na strukturní základ oligomerizace NKp30 a doplňuje naše znalosti o tom, 

jak glykosylace a přítomnost stalk regionu ovlivňuje afinitu vůči ligandům.  

Rozkrývání skutečných mechanismů, které stojí za aktivací, inhibicí a maturací NK 

buněk, a to i v kontextu kooperace s dalšími lymfocyty, je stále velkou výzvou. 

Pochopení těchto dějů je ovšem nezbytným předpokladem pro racionální zásah do NK-

buněčného dohledu a pro jeho modulaci imunoterapeutiky s cílem eliminovat nádory ve 

chvílích, kdy vlastní imunita selhává. 
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ABBREVIATIONS 
AA      Amino acid 

ADAM    A disintegrin and metalloproteinase 

ADCC     Antibody-dependent cellular cytotoxicity 

aFGF      Acidic fibroblast growth factor 

AUC     Analytical ultracentrifugation 

B7-H1     B7 family homolog 1 protein (also PD1-L) 

B7-H3     B7 family homolog 3 protein 

B7-H6     B7 family homolog 6 protein 

BAG6      Bcl2-associated athanogene 6 

BAT3     Human leukocyte antigen - B associated transcript 3 

CAR-T     Chimeric antigen receptor T cell 

CCR7     C-C chemokine receptor type 7 

CD152 Cluster of differentiation 152 (cytotoxic T-

lymphocyte associated protein 4, CTLA4) 

CD16 Cluster of differentiation 16 (also FcγRIII) 

CD161     Cluster of differentiation 161 (also KLRB1) 

CD244  Cluster of differentiation 244 (also Natural Killer 

Receptor 2B4) 

CD28      Cluster of differentiation 28  

CD3     Cluster of differentiation 3 

CD335     Cluster of differentiation 335 (also NKp46) 

CD336     Cluster of differentiation 336 (also NKp44) 

CD337     Cluster of differentiation 337 (also NKp30) 

CD3ζ T-cell surface glycoprotein CD3 zeta chain also 

known as T-cell receptor T3 zeta chain or CD247 

(Cluster of Differentiation 247) 

CD4     Cluster of differentiation 4 

CD56 Cluster of differentiation 56 (Neural cell adhesion 

molecule) 

CD56bright    Natural killer cell with high expression of CD65 

CD56dim    Natural killer cell with low expression of CD65 



9 
 

 

CD57     Cluster of differentiation 57 

CD8      Cluster of differentiation 8 

CD94     Cluster of differentiation 94 (also KLRD1) 

Clec2      C-type lectin receptor cluster 2 

Clr     C-type lectin related protein 

Clr-11     C-type lectin related protein 11 

Clr-b     C-type lectin related protein b 

CMV     Cytomegalovirus 

CTL     C-type lectin 

CTLA-4    Cytotoxic T-lymphocyte-associated protein 4 

CTLD     C-type lectin-like domain 

CTLR     C-type lectin-like receptor 

DCs     Dendritic cells 

DNA      Deoxyribonucleic acid 

ELISA     Enzyme-linked immunosorbent assay 

ER     Endoplasmic reticulum 

Fab      Fragment antigen-binding     

FcγRIIIA  Low-affinity immunoglobulin gamma Fc region 

receptor III-A, also CD16 

FcεRI-γ     High-affinity IgE receptor 

GA     Golgi apparatus 

GAG     Group-specific antigen 

GlcNAc    N-Acetylglucosamine 

GlcNAc2Man5  Oligosaccharide consisting of one glucose residue, 

two N-acetylglucosamines and five mannoses. 

HA      Influenza hemagglutinin 

HEK293T     Human embryonic kidney cell line 293 T 

HEK293S GnTI- Human embryonic kidney cell line 293 S with 

inactive N-acetylglucosaminyltransferase I 

HisTag     Polyhistidine affinity tag 

HLA-E    Human leukocyte antigen, alpha chain E 

Ig     Immunoglobulin 
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IgC     Immunoglobulin-like domain, C-type 

IgG      Immunoglobulin G 

Ig-like     Immunoglobulin-like domain 

IgV      Immunoglobulin-like domain, V-type 

IL-12     Interleukin 12 

IL-15     Interleukin 15 

IL-18     Interleukin 18 

IL-2     Interleukin 2 

ILC1     Innate lymphoid cell, group 1 

IMAC     Immobilised metal affinity chromatography 

INF-γ      Interferon gamma 

ITAM     Immunoreceptor tyrosine-based activation motif 

ITC     Isothermal titration calorimetry 

ITIM     Immunoreceptor tyrosine-based inhibitory motif 

KD      Dissociation constant 

KIR     Killer immunoglobulin-like receptor 

KLRB1     Killer cell lectin-like receptor family B member 1 

LAT      Linker for activation of T cells 

LBD      Ligand-binding domain 

LIR     Leukocyte immunoglobulin-like receptors 

LLT1      Lectin-like transcript 1 

lPEI     Linear polyethyleneimine 

MALS     Multi Angle Light Scattering 

Man     Mannose 

MHC     Major histocompatibility complex 

MICA      MHC class I polypeptide-related sequence A 

MICB      MHC class I polypeptide-related sequence B 

MLL5      Mixed lineage leukaemia gene 5 

NCR     Natural cytotoxicity receptor 

NK      Natural killer (cell) 

NKp30     Natural killer protein 30 

NKp44     Natural killer protein 44 
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NKp46     Natural killer protein 46 

NKR-P1    Natural killer receptor protein 1 

NKT      Natural killer T cell 

NTAL      Non-T cell activation linker 

PCNA     Proliferating cell nuclear antigen 

PD-1      Programmed cell death protein 1 

PD1-L     Programmed cell death protein 1 ligand 

PDB      Protein databank 

PI3K     Phosphoinositide 3-kinase 

PLCγ1/2    Phosphoinositide-specific phospholipase C 1/2 

SAXS      Small-angle X-ray scattering 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis 

SEC     Size-exclusion chromatography 

SH-2     Src Homology 2 domain 

SH-3      Src Homology 3 domain  

SHP     SH domain containing protein tyrosine phosphatase 

SPR     Surface plasmon resonance 

Src      Sarcoma proto-oncogene tyrosine-protein kinase 

Syk      Spleen tyrosine kinase 

T-BET     T-box protein expressed in T cells  

TEV Tobacco etch virus 

TGF-β     Transforming growth factor β 

TH1     T helper type 1 cells  

TH17      T helper type 17 cells 

TH2      T helper type 2 cells 

TNF     Tumour necrosis factor 

TRAIL     TNF-related apoptosis-inducing ligand 

T-reg      Regulatory T cell 

UCOE     Ubiquitous chromatin opening element 

VPA      Valproic acid 

ZAP70     Zeta-chain-associated protein kinase 70 
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1. INTRODUCTION 
1.1 NATURAL KILLER CELLS 

Last year marked the forty-fifth anniversary of discovering large granular 

lymphocytes, commonly known by the pseudonym "natural killers", or NK cells for short. 

Their discovery, particularly the first description of their ability to eliminate tumour cells, 

was described in three publications between 1974-1975 [1-3]. Initially, it was found that 

the observed cytotoxicity to allogeneic tumours is not of T- or B-cell nature. This effect 

could be observed because NK cells do not need prior antigen sensitisation for their 

function and, thanks to a very rapid response to malignantly transformed cells [3, 4], 

virus-infected cells [5, 6] and parasites [7], they are an essential part of the innate immune 

system. 

NK cells are large granular lymphocytes derived from the common lymphoid 

progenitor [8]. With approx. two-week blood circulation life span, they are estimated to 

constitute 5 to 15 % of circulating mononuclear cells [9].  NK cells lack T- and B-cell 

receptors, and their human phenotype can be characterised as CD3-CD16+/-

CD56+CD161+/- [5]. In their most classic definition, human NK cells can be divided into 

two main subgroups according to the intensity of CD56 surface expression. While NK 

cells with low CD56 expression (CD56dim) predominate in peripheral blood, NK cells 

found in tissues show much higher CD56 expression (CD56bright). The "bright" subset 

expresses the NKG2A receptor, whereas killer immunoglobulin-like receptors (KIRs) are 

not represented. CD56bright also show lower cytolytic activity, secrete cytokines (mainly 

IFN-γ and TNF-α) and are considered non-mature. CD56bright proliferate strongly under 

IL2 and IL15 signalling. On the other hand, CD56dim have higher cytolytic activity, the 

ability to rapidly secrete cytokines, and are considered mature. They express NKG2A 

and/or KIRs on their surface. Interestingly, based on the expression of surface markers, 

CD56dim can be divided according to differentiation stages. Those are characterised by 

cytolytic activity that is higher correlated with lower proliferative capacity for more 

mature cells and vice versa for less mature cells [10, 11]. Completely matured NK cells 

are KIR+ CD57+ CD16bright and may express the HLA-E specific activating receptor 

NKG2C. These cells are subject to expansion during cytomegalovirus (CMV) infections 

and exhibit adaptive features and characteristics typical to immune memory cells [12-16]. 
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Because expression of CD56 has not been observed on murine NK cells [17, 18], it 

was suggested that the presence of NKp46, together with the ability to produce IFN-γ, 

could be a universal common feature of NK cells across the species [17, 19, 20]. Besides 

that, a recently discovered subset of T-bet-dependent innate cells, the group 1 innate 

lymphoid cells (ILC1), shares many features with conventional NK cells. However, 

despite their similarities, ILC1 differ in several important aspects, such as localisation, 

transcriptional regulation, and phenotype, suggesting that they have different origins and 

functions [21, 22].   

Despite the efforts to correlate the function and fate of NK cell populations with their 

phenotype (which would be convenient), there are several exceptions and discrepancies 

in the classical system. For example, while NK cells, defined as CD56dimCD16+, are 

usually thought to be cytotoxic, in fact, CD56bright NK cells have the greatest cytotoxic 

potential. Again, contrary to convention, it turns out that regulatory NK cells, generally 

defined as CD56brightCD16-, can be CD16 positive.  Thus, it is clear that when defining 

NK cell subtypes and their functions, one cannot rely on the phenotype (Figure 1) but 

must also consider other properties such as responsiveness and metabolic activity [23]. 

 

 

 

 

Figure 1: Phenotype does not 
necessarily imply the NK cell function. 
For many years, phenotype has been 
used for the classification of NK cell 
subsets. Despite the efforts to correlate 
phenotype with the function and fate of 
NK cell populations, there are several 
exceptions and discrepancies in the 
classical system and the expression of 
many receptors overlaps. In red receptors 
associated with cytotoxic NK cells, in 
green receptors associated with 
regulatory NK cells, while blue receptors 
are usually associated with memory NK 
cells. Modified from [23].

 

 

 

NK 
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1.2 NK CELL RECOGNITION AND FUNCTION 
The mechanism by which NK cells distinguish healthy cells from those which need to 

be eliminated has not been known for years. Until around 1990, a "missing-self " concept 

[24] was proposed (Figure 2, page 16). This hypothesis was based on an experiment with 

a mouse model in which NK cells were able to eliminate tumour cells that lacked major 

histocompatibility complex-class I (MHC-I), whereas lymphoma cells on which MHC-I 

expression was preserved were resistant to NK cell-mediated killing [25].  This finding 

indicated that there are inhibitory receptors present on NK cells to confer self-resistance. 

And indeed, inhibitory receptors belonging mainly to the Ly49 family were found on 

murine NK cells [26, 27]. In humans, other inhibitory receptors belonging to the killer-

cell immunoglobulin-like receptors (KIR) family [28, 29], as well as leukocyte 

immunoglobulin-like receptors (LIR) [30], have been found. A representative of 

inhibitory receptors that is common for both humans and rodents is the heterodimeric 

CD94/NKG2A(B) complex [31, 32]. 

Considering the current understanding that the diversity of inhibitory receptors 

includes a set of more than ten receptors for each organism that do not necessarily belong 

to the same protein family, and furthermore that each receptor is often specific for 

different MHC-I polymorphisms, it is important to note that each NK cell typically 

expresses only 3 – 5 species of these receptors [33-36]. Therefore, it becomes clear that 

mere inhibition via MHC-I is not sufficient to control NK cell function, alluding, for 

example, to the fact that targets without (erythrocytes) or with low expression (neurons) 

of MHC-I molecules do not interfere with NK cells [37]. In addition to receptors 

corresponding to MHC-I ligands, NK cells also express stimulatory receptors that 

promote NK cell activity. These are specific for many other target cell surface ligands 

(induced by stress or DNA damage, for viral ligands and some constitutively expressed 

ligands). In this "induced-self" recognition, the outcome of the NK cell-target cell 

encounter is not dependent only on inhibitory signals. For NK cells to lyse target cells or 

produce cytokines, they must be triggered by stimulatory receptors, similarly to T-cells 

[38]. The combination of both theories mentioned above is usually referred to as "altered-

self" recognition. Considering the importance of the activating receptors and their ligands, 

they will be discussed further in a separate chapter. 
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Figure 2: Possible outcomes of NK cell-target cell interaction. When the inhibitory 
and activating signals are balanced (above), the cell is – usually correctly – considered 
healthy and spared from NK cell-mediated killing. However, if MHC-I expression has 
been reduced, for example, due to malignant transformation or virus infection, the signals 
transmitted by the target cell lead to NK cell activation and subsequent cytotoxicity by 
the "missing-self" mechanism (left). A similar outcome occurs when malignancy, stress, 
or infection increases the expression of activating ligands and inhibitory signals are 
overcome. This condition, called "induced-self", leads again to NK cell activation (right) 
[38]. 
 

The mechanism by which activated NK cells directly eliminate target cells involves 

the excretion of cytotoxic granules containing perforin, granzymes and Fas ligand [39-

41]. In addition, NK cells express the CD16 receptor (FcγRIIIA), through which they 

recognise IgG opsonised targets [42-44], mediating antibody-dependent cellular 

cytotoxicity (ADCC). In addition to innate immune surveillance, NK cells can support 

and regulate immunity through interactions with dendritic cells (DCs), macrophages, and 

T lymphocytes. NK cells meet dendritic cells in secondary lymphoid organs and 

peripheral tissues, where they interact in two ways. Firstly, NK cells can influence 

homeostasis by eliminating immature DCs via a pathway dependent on the TNF-related 
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apoptosis-inducing ligand (TRAIL) [45]. The second outcome of NK cell interaction with 

dendritic cells is the promotion of maturation by the action of INF- γ and TNF [43]. These 

cytokines also induce differentiation of helper T cells into Th1 and Th2 cells. As a result, 

due to the production of IL-2, IL-12, IL-15 and IL-18 by phagocytosing dendritic cells 

and macrophages, NK cells proliferate, secrete more cytokines (Figure 3) and have a 

reduced threshold for triggering cytotoxicity, resulting in a higher cytolytic potential [46-

48]. 

 
Figure 3: Regulation of immune responses by NK cells. NK cells, primed by several 
interleukins, can promote maturation and activation of other lymphocytes (red arrows). 
However, at the same time, they can eliminate unmatured DCs, hyperreactive 
macrophages and CD4+ T lymphocytes (blue arrows). Such functions are tightly regulated 
by the balance between signals received by activating and inhibitory receptors present on 
NK cells [43]. Modified from [43]. 
 

Furthermore, it has been discovered that NK cells have the ability to maintain 

relatively long-term cellular memory after infection-induced clonal expansion. Upon 

reinfection, these memory-like NK cells represent a reservoir for rapid secondary 

responses [49, 50]. In this context, NK cells overcome the established notion of "non-

adaptive immunity" and represent a highly versatile actor at the interface of adaptive and 

innate immunity [51]. 
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1.3 MECHANISMS OF TUMOUR ESCAPE FROM NK CELL IMMUNOSURVEILLANCE 
Although NK cells often mediate significant anti-tumour response, many proposed 

therapies fail in the natural environment despite promising in vitro results. This failure is 

because the suppressive microenvironment of solid tumours attenuates the efficacy of NK 

cells. In addition to hypoxia, which is very common in tumours and lowers NK cell 

activity, local immunosuppression results from the interaction with many soluble factors 

(e.g., TGF-β, macrophage migration inhibitory factor [52, 53]). These factors may be 

produced both by the tumour itself and by the lymphocytes that have been "attracted" by 

the tumour (including M2 macrophages, myeloid-derived suppressor cells, T-reg and 

stromal cells) [54]. Ultimately, the final effect on NK cells is the down-regulation of 

activating receptors. NK cells that could normally eliminate activating ligand-expressing 

tumours (e.g., B7-H6 [55]) are "disarmed" and unable to recognise the target [16]. 

Another critical element of tumour escape is the expression of inhibitory checkpoints PD-

1 on NK and T cells and corresponding ligands PD1-L on tumour cells, whose 

engagement results, again, into inhibition [16, 56, 57]. Another way in which tumours 

escape immune surveillance is through shedding (proteolytic cleavage) and the 

internalisation of activating receptors. Specific ligands for activating receptors, namely 

for NKG2D (ligands MICA and MICB [58]) and NKp30 (ligands B7-H6 [59] and BAG6 

[60]), are released by tumour cells through the action of specific proteases called ADAMs 

(a disintegrin and metalloprotease [61]) or are secreted on the surface of exosomes. The 

consequence of shedding is reducing the amount of activating ligands on the tumour 

surface and decreasing NK cell responsiveness. In the context of therapeutic intervention, 

the use of antibodies that would prevent shedding by direct interaction with the activating 

ligand appears to be a promising approach (inhibition of proteases is not feasible due to 

their abundance). For example, therapy with a specific antibody against the α domain of 

MICA/B has shown promising results in this regard, resulting in increased levels of this 

activating ligand on the target cell surface and, thanks to the NKG2D receptor, to an 

overall increased NK cell responsiveness [62, 63]. 

The whole process of escaping immune surveillance is called immunoediting. In 

principle, it can be described in three phases: elimination, equilibrium, and escape. During 

the elimination phase (i.e., the immunosurveillance phase), all the newly formed tumour 

cells are destroyed by the immune system. If the immune system fails to capture all the 
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malignantly transformed cells, an equilibrium is established where transformed cells 

carrying mutations that make tumour cells more resistant to killing begin to arise under 

the selective pressure given by immunocytes. Therefore, at the beginning of the second 

phase, in equilibrium, the immune system modulates the tumour population and selects 

for the clones with lower immunogenicity. The consequence may then be a transition of 

the tumour cell population into the escape phase when the immune system is 

overwhelmed by the rapid growth of the aggressive tumour. Unfortunately, most tumours 

do not manifest until the escape phase [64, 65]. 

 

1.4 NK CELL RECEPTORS 
As already mentioned, NK cells express a wide range of receptors on their surface that 

determine the outcome of the encounter with the target cell. This outcome can be either 

activation or inhibition of the NK cell. In principle, NK cell receptors can be divided into 

activating and inhibitory groups. In the perspective of protection against pathogens and 

thus activation of the NK cell, we can say that inhibitory receptors scan the surface of the 

target for MHC-I deficiency, whereas activating receptors look for specific ligands that 

should not be present on a healthy somatic cell. 

After binding the appropriate ligand, the external signal is passed towards the cell 

through the immunoreceptor tyrosine-based activation motif (ITAM) or the 

immunoreceptor tyrosine-based inhibitory motif (ITIM). These motifs may be present 

directly within the receptor's sequence or carried by the adaptor protein (e.g., DAP10 

associating with two-domain KIRs, or CD3ζ associating with CD16 and natural 

cytotoxicity receptors, NCRs [66, 67]). Engagement of ITAM or ITIM motifs triggers the 

respective signalling cascades (Figure 4, page 20) and determines whether the NK cell is 

activated or inhibited. Upon binding of activation ligands, the ITAM motif is 

phosphorylated, resulting in the involvement of Syk family kinases, leading to the 

activation of cytolytic processes. In contrast, engagement of inhibitory receptors leads to 

phosphorylation of the ITIM motif, which is mediated by the same Src kinase responsible 

for ITAM phosphorylation. Phosphorylation of the ITIM motif activates the tyrosine 

phosphatases SHP1 or SHP2. These subsequently terminate signals emanating from 

ITAM associated activation receptors by their phosphatase activity, thereby deactivating 

the NK cell [68-70]. 
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Figure 4: NK cell signalling through ITAM and ITIM motifs. (a) After the interaction 
of the activating receptor with the activating ligand, intracellular ITAM motifs are 
phosphorylated by Src family enzymes. This activates the phosphorylases Syk and 
ZAP70, which further phosphorylate the PI3K complex and activate VAV-1/2/3, PLCγ1 
and PLCγ2. This subsequently induces cytoskeletal reorganisation and an increase in Ca2+ 
levels. This signalling cascade results in a cytotoxic and cytolytic response in 
degranulation and production of cytokines and chemokines. (b) When inhibitory 
receptors (KIRs) bearing the ITIM motif are also paired with the corresponding inhibitory 
ligands, Src kinase-mediated phosphorylation of ITIM follows. This leads to the 
engagement of SHP1/2 kinases, which terminates ITAM-based activation signalling, 
thereby deactivating NK cells. The outcome of the engagement of these two pathways is 
directly proportional to the number of receptors involved. If target cells express more 
activating than inhibitory ligands, the activation signal will predominate and thus 
determine the initiation of the NK cell cytotoxic response [70-75]. 

 

Certain NK receptors are found in multiple isoforms on NK cells. Sometimes, the 

isoform exists as a simple point mutation variant, but there may be an entire domain 

missing in some cases. Such changes can have a significant impact on the resulting 

function of the protein. Let us take KIR receptors as an example; they can be expressed 

with a long or short cytoplasmic tail (L and S isoform). Accordingly, they may have either 

an inhibitory (L) or activating (S) function [76]. 

 

In addition to the functional classification into inhibitory and activating receptors, it is 

advantageous to focus on structural similarities. From this perspective, NK receptors can 

be divided into two distinct families: C-type lectin-like receptors (CTLR) and 
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immunoglobulin-like receptors (Ig-like). The first mentioned family structurally includes 

integral type II membrane proteins. The N-terminal domain mediating signalling is 

located in the cytosol, followed by a single passage through the cytoplasmic membrane, 

from which the C-terminal C-type lectin-like domain extends. The most well-

characterised proteins in this family are NKR-P1, Clr, Ly49, CD94 and NKG2 receptors 

[77, 78]. The second mentioned family is comprised of Ig-like receptors. These are 

integral type I membrane proteins. The extracellular part is formed by two or three Ig 

domains (depending on the receptor) which usually recognise MHC-I molecules [79]. 

Here, the best-described proteins are killer-cell immunoglobulin-like receptors (KIRs), 

leukocyte immunoglobulin-like receptors (LIRs) and natural cytotoxicity receptors 

(NCRs) [16]. Although the two groups of receptors are very different in terms of 

extracellular domain structure, it should be noted that they both signal in the same way, 

i.e., through ITAM and ITIM motifs, and thus both structural groups contain activating 

and inhibitory receptors. 

 

1.5 C-TYPE LECTIN-LIKE RECEPTORS 
Inhibitory Ly-49 or CD94/NKG2A heterodimers, belonging to the lectin-like C-type 

receptor family, recognise MHC I on the surface of healthy cells and effectively prevent 

their unwanted elimination. However, during pathological conditions, the expression of 

their ligands is often lost. That leads to the predominance of activating signals for NK 

cells and thus the activation of natural cytotoxicity by the "missing-self" mechanism [25]. 

In addition, these receptors also exhibit "induced-self" recognition, where ligands that are 

present in limited amounts (or none) on normal cells appear on the surface of the tumour, 

infected or stressed cells. Such ligands are then recognised by activating receptors. For 

example, MHC class I-like proteins MICA and MICB are recognised by the C-type lectin-

like receptor NKG2D [80, 81]. 

Next to Ly-49 and CD94/NKG2A, the NKR-P1 (CD161) family is a second large 

family of receptors that can act on NK cells in activating and inhibitory ways. NKR-P1 

receptors were first discovered on rat NK cells [82], and subsequent research has revealed 

their expression on NKT and CD8+ T cells [83]. This family is encoded by distinct but 

closely related genes of the NK gene complex. Given the degree of conservation of the 

genes encoding NKR-P1 (the NK gene complex referred to as Klrb1) that occur in birds, 
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rodents and other mammals, including humans, it seems clear that C-type lectin-like 

receptors play an important role in innate immunity across species [81, 84]. 

A typical C-type lectin-like domain (CTLD) exhibits a compact globular double-loop 

structure with antiparallel β-sheets and two α-helices (α1 and α2). Four disulphide bridges 

stabilise this structure. A random-coil region of the long loop exits the core of this main 

domain and enters back at almost the exact location (Figure 5). This extended loop is 

involved in calcium-dependent carbohydrate-binding and domain swapping dimerisation 

in lectins [85-89]. C-type lectin-like receptors in NK cells contain a single CTL domain, 

which is usually glycosylated and forms disulphide homodimers (except for the 

CD94/NKG2 heterodimer pair already mentioned). However, these receptors do not 

contain sequences required for carbohydrate-binding except for Dectin-1, which binds 

certain fungal β-glucans [90]. 

 

 
 
Figure 5: A typical C-type lectin-like domain. A typical CTLD represented as a cartoon 
of the DC-SIGN receptor (PDB 1K9I). The long loop responsible for Ca2+ dependent 
carbohydrate-binding is shown in blue. The core of the protein containing two β-sheets 
and two α-helices is represented in brown. Conserved cysteines forming disulphide 
bridges (orange) are numbered from N-terminus (cystine bridge specific for long-form 
CTLDs numbered C0-C0′) [91]. 
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The fact that Clr-b expressing cells are partially protected from lysis by NK cells and 

that it is the murine NKR-P1B receptor that recognises Clr-b was a landmark in 

understanding the function of NKR-P1 receptors. Indeed, Clr-b is a member of the C-type 

lectin-related family encoded by the Clec2 genes, which are intertwined with the Klrb/f 

genes. Their linkage also means that the "self" ligand is always inherited together with its 

receptor [83, 92]. At the same time, lectin-like receptors have been shown to interact with 

other proteins in the same family rather than with carbohydrates, whose function at these 

receptors remains unknown [81].  

The human NKR-P1 (CD161, klrb1 gene) was identified in 1994 and remained the 

only described human NKR-P1 receptor to date [93]. However, the human NK receptors 

NKp65 [94] and NKp80 [95] show similarities to NKR-P1 and could therefore be 

considered activating counterparts to human NKR-P1 [78, 96]. Human NKR-P1 is also 

expressed on NKT cells [97] and T cell subpopulations [98, 99]. It has also been found 

on some Tc17 cells [100], which are involved in autoimmune diseases such as multiple 

sclerosis [101], rheumatoid arthritis [102] and Crohn's disease [103]. It is currently 

considered a marker of all Th17 cells [104]. NKR-P1 could also play a role in 

extravasation into immunologically privileged tissues [104-108]. NKR-P1 functions as 

an inhibitory receptor on NK cells [93, 109, 110] and as a co-stimulatory receptor on 

NKT and T cells [109, 111], where it promotes IFNγ secretion. The inhibitory function 

of human NKR-P1 is undesirably exploited by glioblastomas [112] and B-cell non-

Hodgkin's lymphomas [113], which overexpress the physiological ligand of NKR-P1 

known as lectin-like transcript 1 (LLT1, clec2d gene) [109, 110, 114, 115] and thus 

escape the immune response [116]. Notably, LLT1 is also a type II transmembrane 

receptor belonging to the C-type lectin-like (CTL) superfamily. As an inhibiting ligand 

of human NKR-P1, it is expressed mainly on activated lymphocytes (NK cells, T cells, B 

cells) and antigen-presenting cells, i.e., macrophages and dendritic cells [111, 115]. 

 

1.6 IG-LIKE RECEPTORS 
In terms of structure, the classical Ig-like domain consists of 7 – 10 β-strands that form 

two antiparallel β-sheets with typical connectivity called Greek key β-barrel. Due to the 

high variability of the loops connecting the β-structures and the variability in the number 

of domains, Ig-like proteins can significantly vary in size [117]. 
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In humans and primates, the missing Ly49 family of CTLR receptors is replaced by 

functionally similar but structurally distinct killer immunoglobulin-like receptors (KIRs). 

The similarity between the two groups lies in the fact that they recognise MHC-I and 

signal through DAP12-ITAM and ITIM motifs and participate in the so-called licensing 

of NK cells. As among Ly49, both activating and inhibitory receptors are present within 

KIRs. KIR repertoire on NK cells varies strongly within a single individual with respect 

to allelic variants and gene expression levels [118]. 

A less dominant group of Ig-like receptors are leukocyte immunoglobulin-like 

receptors (LIR). These receptors also bind MHC class I glycoproteins that inhibit NK 

cells but with significantly lower affinity than KIRs [118]. The exception, in this case, is 

the LIR-1 receptor, which binds UL18, a human cytomegalovirus class I MHC homolog, 

in the nM scale and, in contrast to its usual NK cell inhibitory function, activates [119]. 

The last mentioned and quite unnumbered group is the natural cytotoxicity receptors 

(NCRs). This group includes the activating receptors NKp30, NKp44 and NKp46 and is 

discussed in the following chapters. 

 

1.6.1 NATURAL CYTOTOXICITY RECEPTORS 

Natural cytotoxicity receptors (NCRs) represent an important component of the NK 

cell activation repertoire. This group includes three structurally distinct Ig-like receptors, 

which have been named NKp46 (NCR1; CD335) [19, 120, 121] NKp44 (NCR2; CD336 

[122]) and NKp30 (NCR3; CD337[123]) according to their electrophoretic mobility in 

SDS-PAGE. These receptors are encoded in the germline and are involved in triggering 

NK cell cytotoxicity against malignant or infected cells. NKp46 and NKp30 are expressed 

essentially on all resting human NK cells, being up-regulated on activated NK cells and 

down-regulated on "adaptive" NK cells found in CMV+ individuals [15, 124].  

All NCRs are type I transmembrane proteins that contain one (NKp30, NKp44) or two 

(NKp46) Ig-like domains, pass through the membrane by a single α-helix and terminate 

by a short C-terminal chain. The transmembrane helix contains a single positively 

charged amino acid that mediates association with the membrane regions of the activating 

adaptor proteins CD3ζ, FcεRI-γ or DAP12 (Figure 6, page 25) [124]. 
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Figure 6: Schematic diagram of the NCRs on the membrane surface. The diagram 
illustrates the possible arrangement of the domains of human NCRs, NKp30, NKp44 and 
NKp46. All NCRs are type I membrane proteins, with one (NKp30 and NKp44) or two 
(NKp46) Ig-like extracellular domains linked to the transmembrane α-helix via a short 
"stalk region". NKp44 contains one ITIM inhibitory motif on the cytoplasmic chain, but 
this may not be functional (illustrated as a white rectangle). For signalling, NCRs 
associate with adaptor proteins (DAP12, CD3ζ) due to opposite amino acid charges in the 
corresponding transmembrane segments (contact AA are indicated in the membrane 
segment by a single-letter code). NKp30 is shown as a crystal structure without a bound 
ligand (PDB 3NOI) and in complex with its ligand B7-H6 (PDB 3PV6). NKp44 and 
NKp46 are also shown as X-ray crystal structures (PDB 1HKF and 1P6F). The sialic acid 
moieties within the stalk domain of NKp44 are directly involved in ligand binding 
(indicated by arrow). In addition, the large groove within the Ig-like domain of NKp44 
and the hinge region between the two Ig-like domains of NKp46 are proposed binding 
sites for yet unidentified protein ligands (indicated by arrows). NCR engagement triggers 
ITAM phosphorylation mediated by Src family kinases, leading to the recruitment and 
activation of ZAP70 and Syk kinases. These kinases phosphorylate transmembrane 
adaptors such as LAT and NTAL, leading to the recruitment and activation of 
phospholipase C (PLC)γ-1/2, VAV-2/3 and phosphoinositide 3-kinase (PI3K), ultimately 
leading to degranulation and cytokine secretion via Ca2+ flux and cytoskeleton 
reorganisation, as discussed in Chapter 1.3 [71]. 
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Ligands for the extracellular domains of NCR are very diverse. One group comprises 

viral ligands, e.g., influenza virus HA activating through NKp46 and NKp44, but 

inhibiting NKp30, and cytomegalovirus protein pp65 [125, 126], which also counteracts 

activation through NKp30. Another group of NCR ligands are intracellular proteins (e.g., 

BAT3/BAG6, MLL5, and PCNA) that appear on the surface in response to stress or 

because of malignant transformation. For example, BAG6, which is found in the nucleus 

under physiological conditions, can move to the plasma membrane when exposed to heat 

shock.  It can also be secreted on exosomes' surfaces in some tumours [60, 127, 128]. 

Similarly, the MLL5 protein is expressed in the nucleus, but one isoform, located on the 

cytoplasmic membrane, is a ligand for NKp44 [129] Finally, PCNA, a protein involved 

in replication, DNA repair, and cell cycle control, is found on the surface of some tumour 

cells or on secreted exosomes, where it functions as a ligand for NKp44 [130]. 

Extracellular ligands of NKp44 and NKp46 include complement factor P, which binds 

to NKp46, suggesting a cross-communication between two different mechanisms of 

response to infection (complement and NK cell cytotoxicity) [131], and a recently 

identified extracellular ligand of NKp44 is Nidogen-1 [132], whose interaction induces a 

reduction in cytokine secretion by NK cells [124]. 

Considering NKp30, the following chapter focuses in more depth on its structure, 

properties, and ligands. 

 

1.7 HUMAN RECEPTOR NKP30 AND ITS LIGANDS 
The activating receptor NKp30 of the NCR family was discovered in 1999 [123]. Since 

then, its expression on NK cells has been confirmed in humans and other mammals [123, 

133-137]. Interestingly, in mice, the gene for NKp30 occurs only as a pseudogene that is 

terminated prematurely by two stop codons in the canonical sequence. The only known 

exception to date is M. caroli [138]. Another difference from human NKp30 can be found 

in chimpanzees, where NKp30 expression is induced by NK cell activation, analogous to 

the human NKp44 [134, 139]. 

Structurally, NKp30 is similar to the CD28 protein family. The extracellular part 

consists of a single Ig domain responsible for ligand binding, followed by a 15-amino-

acid-long "stalk" region facing the membrane. Previously overlooked, this short domain 

is essential for signalling, ligand binding, and oligomerisation of NKp30 [67, 140]. The 
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cytosolic tail itself does not contain the ITAM motif [123]. Interaction with adaptor 

proteins is mediated by a transmembrane segment and an arginine located at the interface 

between the membrane and the extracellular space [67]. It is also important to note that 

NKp30 has three occupied N-glycosylation sites on Asn42, Asn68 and Asn121. 

Human NKp30 is expressed in six splice variants, designated a – f, thanks to the 

alternative splicing of exon 2 (extracellular region) and exon 4 [70]. For isoforms a – c, 

the extracellular Ig domain adopts a V-type Ig structure consisting of complete 

ectodomain sequences, where the most abundant isoform a represents the canonical 

NKp30 sequence. The remaining three isoforms d – f lack amino acids 66 – 99 in the 

sequence, and the extracellular region forms a type-C Ig-domain. The effect of the 

different structures of the isoforms has so far been observed for variants a – c. When 

correlating NKp30 splicing variants with prognosis in gastrointestinal sarcoma, it was 

found that isoforms a and b stimulate the immune system, whereas isoform c exerts 

immunosuppressive effects [141]. 

Although most CD28 protein family members have the B7 family proteins [142] as 

their natural ligands, the first ligands discovered for NKp30 were heparin and heparan 

sulphate. However, these only interact with glycosylated NKp30 [143, 144]. 

Nevertheless, the interaction of NKp30 with viral ligands usually inhibits the NK cell 

response. This is indeed true for pp65 protein released from human cytomegalovirus 

[126] as well as hemagglutinin of ectromelia and vaccine virus [145]. The mechanism of 

this inhibition has been described for pp65, which causes dissociation of the pre-

assembled NKp30-CD3ζ complex. Although the binding site for pp65 does not sterically 

hinder the binding of the activating ligands, the activation pathway is already disrupted 

[126, 143]. 

Later, three cellular ligands of NKp30 were identified. As expected from the similarity 

within the CD28 family, a protein of the B7 family, namely B7 homologue 6 (B7-H6), 

was reported to bind NKp30. This protein is constitutively expressed on the surface of 

some cancer cells [146]. Another cellular ligand for NKp30 is the soluble fragment of the 

tumour antigen BCL2-associated athanogene 6 (BAG-6).  This protein is found under 

physiological conditions in the nucleus, where it plays a role in response to DNA damage, 

regulation of gene expression, protein quality control and immunoregulation. As a result 

of stress or malignant transformation, it can be located on the cell surface to be recognised 
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through NKp30 [147]. BAG-6 also exists on the surface of exosomes [147], where, 

according to recent findings, B7-H6 is rarely present [60]. Furthermore, they can be found 

in soluble forms produced by proteolytic cleavage from the membrane surface. As 

previously mentioned, this so-called shedding prevents NK cell activation [59, 147]. The 

most recently discovered ligand of NKp30 is galectin 3. This protein, belonging to the 

lectin family, is expressed by some tumours and markedly inhibits NK cell cytotoxicity 

[148]. 

Since discovering the clinical potential lying in the activation of NK cell cytotoxicity 

by forming the B7-H6:NKp30 complex, considerable research efforts have been made to 

define the specificity of B7-H6 expression in cancer cell lines [55, 142, 149]. B7-H6 is 

also a type I transmembrane protein [146]. Its extracellular part consists of two Ig-like 

(IgV and IgC) domains, followed by a single α-helix permeating the cytoplasmic 

membrane. The protein terminates by a cytoplasmic C-terminal sequence homologous to 

group-specific antigen (GAG) proteins that carries various signalling motifs, including 

ITIM-, SH-2- and SH-3 binding motifs [142, 146].  The signalling output is not yet known 

[142]; however, the role of B7-H6 in non-Hodgkin lymphoma involves cell proliferation, 

migration and invasion [150]. The structurally closest homologues of B7-H6 are B7-H1 

(better known as programmed death-ligand 1 or PD-L1) and B7-H3 [146]. B7-H6 is also 

heavily glycosylated with six occupied N-glycosylation sites out of the six predicted. 

B7-H6 also has potential as a tumour marker, given that it has not yet been detected 

on healthy unstressed cells, whereas it is expressed on some cancer cell lines [142, 146]. 

In addition to its expression on cancer cells, mechanisms leading to B7-H6 expression in 

untransformed cells have also been investigated. In vivo, B7-H6 can be induced on the 

surface of CD14+ CD16+ proinflammatory monocytes and neutrophils by stimulation 

with Toll-like receptor ligands or proinflammatory cytokines (interleukin-1β and TNF-

α). At the same time, the expression of soluble and exosomal B7-H6 was confirmed under 

the same conditions. B7-H6 was also detected in the serum of patients with Gram-

negative sepsis. These findings suggest that B7-H6 is involved in both tumour-associated 

immune processes and response to infection [151]. 

Although the structure of NKp30 has already been solved both alone [152] and in 

complex with B7-H6 [149], both structures overlook glycosylation for the proteins used 

for crystallisation were expressed in bacteria that generally lack this posttranslational 
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modification. At the same time, a structure of NKp30 with its stalk domain included is 

not yet known. As it was shown later, it is both glycosylation and the stalk domain that 

affect the affinity for ligands [140]. N-glycosylation has been shown essential for B7-H6 

binding and signal transduction but does not affect the interaction with BAG6 [153]. The 

presence of the stalk domain of NKp30 influences its oligomerisation, at least for its 

extracellular part in the solution [153]. It is also worth noting that a dimer can be observed 

in the crystal structure of NKp30 alone [152] but is not present in the only previously 

known structure of the NKp30:B7-H6 complex [149]. Regarding the oligomerisation of 

NKp30, it is worth noting that the oligomeric fraction's presence correlates positively with 

the affinity for B7-H6 when measured by SPR. However, such increased measured 

affinity may be due to an avidity contribution caused by oligomerisation of the NKp30 

ectodomain [153]. Similarly, different affinities were found for glycosylation mutants 

generated by targeted mutagenesis of asparagine to glutamine. Glycosylation at Asn42 

and Asn68 significantly affects ligand binding, whereas glycosylation on Asn121 does 

not appear to have any critical role [140].   

The following brief review of previously published affinities measured for NKp30 and 

B7-H6 shows differences in affinity depending on the expression system and the NKp30 

construct used. The affinity of the complex ranged from 2.5 to 3.5 μM when both binding 

partners were expressed in E. coli [152]. In contrast, higher affinities of up to 1 μM were 

provided by measurements when B7-H6 was expressed in the insect cell line Sf9 [149].  

Even higher KD in the range of 80 to 320 nM was provided by measurements where the 

NKp30 receptor was expressed in the human cell line HEK293T as an Fc IgG-fusion 

construct (NKp30-Ig). Moreover, in this measurement, the increased affinity correlated 

positively with the length of the stalk domain of the construct used [140]. The highest 

affinity was shown by ELISA measurements, for which NKp30 was produced in the 

HEK293 line and B7-H6 in the Sf9 line. These resulted in an affinity range between 1 – 

2 nM, again depending on the oligomeric state of NKp30 [153]. 

 

1.8 GLYCOSYLATION OF IMMUNE RECEPTORS IN CANCER 
Glycosylation, a post-translational modification of proteins by a carbohydrate moiety, 

is the most common type of post-translational modification, occurring in more than 50 % 

of human proteins [154]. Glycosylation is involved in a wide range of biological 
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processes. It is important for protein folding; it influences protein stability and solubility 

and is ultimately involved in protein interactions [155, 156]. According to the type of 

carbohydrate-protein linkage, N- and O-linked glycosylation is distinguished. 

N-glycosylation represents the covalent attachment of N-acetylglucosamine (GlcNAc) to 

the nitrogen atom on the asparagine (Asn) side chain mediated by N-glycosidic linkage. 

In parallel, O-linked glycosylation occurs on the oxygen side groups of serine (Ser) or 

threonine (Thr). 

The process of protein N-glycosylation occurs in the endoplasmic reticulum (ER) and 

Golgi apparatus (GA) and can be described in four steps. The first one is the formation of 

dolichol phosphate, which contains 14 carbohydrate units (Glc3-Man9-GlcNAc2). This 

precursor is located in the ER lumen and serves as the oligosaccharide donor for the 

following steps. Secondly, the oligosaccharyltransferase complex catalyses the transfer 

of this whole oligosaccharide precursor unit to asparagine residues located in the peptide 

sequence (Asn-X-Ser/Thr) on the nascent polypeptide translocated into the ER lumen 

[157, 158]. In the third stage, the processing of the glycoprotein occurs in the ER. After 

conjugation of the 14-monosaccharide-unit precursor to substrates, further trimming 

mediated by various glycosidases occurs. This process also leads to quality control to 

ensure the correct fold of the newly synthesised glycoprotein. [159, 160]. The maturation 

of glycans, and thus the fourth step of glycosylation, occurs in the Golgi apparatus [155, 

161]. It is the step responsible for forming a vast repertoire of glycan structures, including 

high-mannose, hybrid and complex N-glycans. Hence, at each glycosylation site, a 

number of diverse glycan structures can be formed, leading to a large heterogeneity of 

the so-called glycoforms of a given protein [162]. 

The glycocalyx, as the coat surrounding cells composed of glycosylated proteins and 

proteoglycans is called, is located on the exterior of the plasma membrane and plays a 

vital role in the recognition and interaction processes between cells. It mediates adhesion, 

intercellular interactions, signalling, and, eventually, interactions in response to 

pathogens [163-165]. Alterations in glycosylation are associated with many pathological 

conditions such as immunodeficiency, cancer, and innate immune disorders [163, 166-

168]. Several causes and mechanisms that can lead to changes in N- and O-glycans' 

structure have already been described. These typically include altered gene expression of 

enzymes involved in glycosylation or changes in the localisation of these enzymes in the 
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Golgi apparatus, or even reduced substrate availability. Towards malignant 

transformation, glycosylation aberrations may lead to altered intercellular adhesion, 

activation of oncogenic signalling pathways and subsequent induction of pro-metastatic 

phenotypes. Indeed, metastatic cells must overcome adhesion to leave the original solid 

tumour and migrate to other tissues [163, 165, 169].  

Cadherins, a family of cell adhesion molecules [170-172], are specific examples where 

altered glycosylation affects tumorigenesis. Similarly, glycosylation alteration on 

integrins [163, 170] influences tumour cell invasiveness. In addition, specific alterations 

in glycan structures have already been identified at receptor tyrosine kinases that are often 

responsible for oncogenic activation [165, 173-175]. 

Typical changes in glycan structure in cancer cells include alterations in N-glycan 

branching, glycan truncation (also applicable to O-linked carbohydrates), increased 

sialylation and fucosylation, or alteration of glycosaminoglycans [163, 176]. Such 

modifications are then responsible for modulated interactions with the corresponding 

binding partners, for instance, with selectins, that mediate cell adhesion between 

leukocytes and vascular endothelial cells during inflammation. A similar process is used 

by metastatic tumour cells [164, 177]. The other major category consists of proteins that 

bind primarily carbohydrates, especially galectins, regulating various processes, 

including immune surveillance [178, 179]. On the other hand, alterations in glycosylation 

can infer different stages of tumour progression and thus serve as biomarkers for the 

diagnosis and prognosis of patients (Figure 7, page 32) [165, 180]. 

In addition to these general processes, information on the effect of glycosylation in 

particular cases has been increasing in recent years. The diverse functions of N-linked 

glycosylation at the NKp30 receptor have already been discussed in previous chapters. 

However, it should be mentioned that NKp30 is not the only representative of 

glycosylated NK cell (and optionally T cell) receptors. The functional glycosylation has 

been found both on activating receptors and on their ligands (e.g., TCR [181, 182], CD28 

[183], CD244 [184], B7-H6 [185], MICA [186]) and on their inhibitory counterparts (e.g.,  

PD-1/PD-L1 [187], CTLA-4/CD152 [173]), as well as on cytokines and chemokines (e.g., 

TGF-β [188-190], CCR7 [191]) [162]. 
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Figure 7: Selected functions of glycoconjugates in cancer metastasis. 
Glycoconjugates are hallmarks of cancer that promote metastasis. Receptor tyrosine 
kinases are activated by alternative receptor glycosylation, gangliosides, and galectin 
expression, leading to increased migration, invasion, and proliferation of cancer cells. 
Interactions between cells and matrix are modulated by glycosylation, as exemplified by 
the branched N-glycans of cadherins and integrins that result in the migratory phenotypes 
of cancer cells. Glycosylated growth factors and chemokines determine cell signalling 
processes. Glycan-binding proteins such as siglecs and galectins regulate the immune 
response allowing immune tolerance. Sialyl Lewis glycan epitopes are ligands for 
selectins and contribute to interactions between tumour cells and the endothelium, 
facilitating extravasation and metastasis. These glycoconjugates can be detected in 
patients' sera and thus used as diagnostic and predictive biomarkers [165]. 
 

In conclusion, understanding glycan structures and their functions or alterations on 

specific glycoproteins is essential for diagnostic and prognostic purposes and as a source 

of new targets for therapeutic applications. Immunotherapeutic approaches such as 

antibodies or glycan-directed CAR-T cells have great potential in cancer therapy. 

Research in this field is also moving towards applications of inhibitors of glycosylation-

related enzymes or blocking specific glycan-recognition molecules. Knowledge of the 

tumour glycome and unravelling the effects of glycosylation on tumour progression or 

immune surveillance provides a relatively new ground for novel strategies in cancer 

treatment and diagnosis [165]. 
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2. AIMS OF THE THESIS 
 

• To optimise transfection in suspension-adapted HEK293T and 

HEK293S GnTI- cell lines for the production of NKp30_Stalk, LBD, B7-H6 

and BAG6 in various glycosylation forms. 

 

• To characterise receptor-ligand binding by ITC and SPR and to compare results 

for affinity and avidity. 

 

• To characterise glycosylation and its influence on the oligomeric state of 

NKp30. 

 

• To characterise the oligomeric state of NKp30 in solution by SEC-MALS and 

AUC. 

 

• To observe an influence of B7-H6 binding to NKp30 oligomers. 

 

• To test the influence of B7-H6 glycosylation on its binding affinity with 

NKp30.  

 

• To crystallise and solve a structure of homogeneously glycosylated 

NKp30_LBD in complex with B7-H6. 

 

• To propose possible position on cell surface and arrangement of NKp30 units 

in oligomers. 
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3. METHODS 
All methods that were used in this thesis are listed in the attached publications. For 

this reason, only a list of methods follows, a detailed description of which can be found 

in the relevant publications. 

 

• Gene cloning and vector design 

• Cell culture 

• Transfections 

• Flow cytometry 

• Protein expression and purification 

• Electrophoresis and Western blot analysis. 

• Protein labelling 

• Differential scanning fluorimetry 

• Size-exclusion chromatography with multi-angle light scattering 

• Mass spectrometry 

• Analytical ultracentrifugation 

• Isothermal titration calorimetry 

• Surface plasmon resonance 

• Small-angle X-ray scattering 

• Fourier-transform infrared spectroscopy 

• Deglycosylation 

• Dynamic light scattering 

• Protein crystallisation and X-ray crystallography 
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4. RESULTS AND DISCUSSION 
To obtain sufficient amounts of soluble NKp30 receptor ectodomain and its ligand 

B7-H6, which were the focus of this work, we used an optimised recombinant protein 

expression procedure in the human cell line HEK293. Optimisation of recombinant 

protein production system is described in the first two (chronologically) attached 

publications. 

Our standard procedures of cultivating HEK293S GnTI- and HEK293T lines, 

adaptation to suspension growth and the method of high-density transfection with linear 

polyethyleneimine are described by Bláha et al. in a publication from 2015 [115]. In the 

first co-authored publication attached [116], we describe the methodology for expressing 

the human NK cell receptor NKR-P1. Following unsuccessful experiments based on 

expression in E. coli, which resulted in precipitation of NKR-P1 into inclusion bodies and 

failed refolding [192], we optimised the procedure for its preparation using the 

pOPINGTTneo expression vector setting up a stably transfected HEK293S GnTI- cell 

line. In the next co-authored [81] publication, we further optimised the expression 

methodology in the HEK293 line on reporter proteins and tested different ratios of lPEI 

to DNA and use valproate (VPA) to increase yields. Consequently, the optimised 

procedure is applied to the expression of rat NKR-P1B and Clr-11. 

Recombinant protein production in the HEK293T cell line provides proteins with wild-

type mammalian complex post-translational modifications, which can be considered a 

significant advantage in functional studies. Indisputably advantageous modification is 

glycosylation, which helps with protein folding and solubility during recombinant 

expression. Despite this, non-uniform mammalian complex glycosylation can be a bit 

problematic in protein crystallography. Indeed, the attached oligosaccharides vary in the 

number of sialic acid and fucose residues, and at some glycosylation sites, the 

oligosaccharides may be absent, making the sample too heterogeneous. In order to get a 

more homogeneous sample, several approaches can be used to tackle this inherent 

variability. Firstly, several endoglycosidases such as endoglycosidase-H or -F are 

available for deglycosylation. However, these enzymes typically cannot cleave off the 

wild-type complex N-glycans very well for the fucose linked to the core GlcNAc residue 

and can be disadvantageous in introducing an additional purification step to remove them 

from the sample. Another approach is the use of kifunensin, an α-mannosidase inhibitor, 
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during protein expression. Kifunensin prevents cleavage of the mannose structure and 

thus the subsequent synthesis of complex oligosaccharides [193]. A rather elegant 

solution is direct intervention in the cellular glycosylation cascade by knocking out the 

relevant enzyme (N-acetylglucosaminyltransferase I), as in the HEK293S GnTI- line 

(Figure 8). Such cell lines then provide uniform GlcNAc2Man5 N-glycans. This type of 

glycosylation can also be readily cleaved by endoglycosidases. A drawback of such cell 

lines is generally the lower yield of recombinant proteins. 

 

 
Figure 8: Glycosylation cascade in the HEK293 line. The glycosylation cascade in the 
HEK293S GnTI- line is interrupted by the inactivation of N-acetylglucosaminyl-
transferase I (GnTI, in red square), thus providing a uniform oligomannose 
N-glycosylation of the GlcNAc2Man5 type [194]. 
 

Successful production of human NKR-P1 was previously published using the HEK293 

line, but the authors do not report the yield [192], which may not have been high given 

that the protein has been used only for immobilisation on SPR chip. To verify the 

published procedure, we performed transient production of the same NKR-P1 construct 

(G90-S225) in both HEK293T and HEK293S GnTI- suspension-adapted cell lines. 

However, the yield was only about 0.1 mg of purified human NKR-P1 per litre of cell 

culture. For comparison, the typical yield from the expression of LLT1 (the structural 

homologue and also the ligand of NKR-P1) is about 3 mg per litre of culture using the 
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same methodology. We repeatedly tried to express the NKR-P1 G90-S225 construct 

(lacking the stalk domain) because we aimed to crystallise its ectodomain. To date, all 

well-resolved CTL domain protein structures do not contain a stalk region [114, 195-

197]. Therefore, in addition to the construct optimisation trying to express different 

lengths of the N-terminal stalk domain (in E. coli, the insect Sf9 cell line, and the HEK293 

cell line), we attempted to establish a stably transfected HEK293S GnTI- line. For this 

purpose, we cloned the original construct (G90-S225) into the pOPINGTTneo vector 

(obtained from the Oxford Protein Production Facility, University of Oxford, UK), which 

can be used for stable transfection of mammalian cell lines under the selective pressure 

of Geneticin G418 antibiotics. The selected HEK293S GnTI- cell line was allowed to 

grow and produce NKR-P1 for ten days. The yield after affinity chromatography (IMAC) 

and gel filtration was increased to 2.5 mg per litre of cell culture. NKR-P1 obtained by 

this method was subsequently successfully crystallised in both glycosylated and 

deglycosylated states, as well as in complex with its cognate ligand LLT1. 

Similarly, the optimised procedures were used to produce several constructs of NKp30 

and B7-H6. For transient transfections of both the HEK293T and HEK293S GnTI- cell 

lines, the procedure involved high-density transfection with linear polyethyleneimine 

(lPEI) in 40 ml of cell suspension in EX-CELL293 medium using a DNA:lPEI ratio of 

1:3 (1 µg per 106 cells). Following consultation with Dr. David Hacker (manager of 

Protein Expression Core Facility, EPFL, Switzerland), we also reduced the incubation 

time with DNA and lPEI in high density from 4 hours to 90 minutes. As a result, the 

viability of the culture after dilution to production concentration (2 × 106 cells/ml) in a 

400 ml volume increased while maintaining the transfection efficiency. In addition, we 

currently use cotransfection by a production plasmid in combination with plasmids 

carrying genes for anti-apoptotic factors aFGF and p27, which increase yields by up to 

50 % more (unpublished data). After dilution to the final volume, valproate (VPA) is 

added to the cell suspension to a final concentration of 2 mM. Production was typically 

carried out for six days. Both NKp30 and B7-H6 were secreted into the medium and 

purified by IMAC using a histidine tag present at the proteins' C-termini. The standard 

yield from transient expression was approximately 40 mg of NKp30_LBD, 30 mg of 

NKp30_Stalk, and 50 mg of B7-H6 per litre of HEK293T cell suspension. Yields from 

the HEK293S GnTI- line were generally lower, approximately half. 
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Given the previous success with increasing yields by establishing a stable line, we used 

the piggyBac system [198]. Optimisation of piggyBac system is described in several 

theses from our laboratory [199, 200]. It is a system that uses cotransfection with a 

transiently expressed transposase enzyme that actively inserts an expression cassette from 

another plasmid into the genome of the transfected cell. Subsequent selection on 

corresponding antibiotics results in a polyclonal stably transfected cell line pool. In this 

case, production from stable cell lines allowed for increased yields up to 60 mg per litre 

of cell suspension for both NKp30_LBD and B7-H6 in the HEK293T line (HEK293S 

GnTI- with an approximately half-yield). Compared to the original plasmid [198], a 

UCOE segment [201] was inserted into the expression cassette by Dr. Jan Bláha to protect 

the transfected cell line from gene silencing over time. The advantage of stable lines, 

besides the increase in yield, is the inducibility of expression by the addition of 

doxycycline. This provides a tuneable expression rate, introducing another possibility for 

optimising the system, especially for proteins with problematic folding. Furthermore, the 

stable line can be maintained at -80 °C, and it does not require the time-consuming step 

of isolating milligram quantities of plasmid DNA (as necessary for large-scale transient 

transfection), making piggyBac stable cell line generation a very convenient tool. 

In the third attached publication, we investigated the effect of glycosylation on the 

interaction of the NKp30 receptor with the B7-H6 ligand. We inserted the gene coding 

extracellular domains of NKp30 and B7-H6 into mammalian expression vectors with a 

C-terminal histidine tag to address these features. Expression in the HEK293 line 

provided either natural glycosylation (HEK293T) or uniform glycosylation (HEK293S 

GnTI-). Uniformly glycosylated proteins were enzymatically deglycosylated by 

endoglycosidase F1 for further experiments (leaving a single GlcNAc unit at each 

glycosylation site), thus obtaining both binding partners in three different glycosylation 

states. The presence of the predicted glycan type was further verified by mass 

spectrometry. The extracellular domain of NKp30 was prepared in two different lengths 

to investigate the effect of the stalk domain presence on the binding properties and 

oligomerisation (NKp30_LBD, NKp30_Stalk). Importantly, the three glycosylation sites 

Asn42, Asn68 and Asn121 are retained on both NKp30 constructs. 

The extracellular part of B7-H6 (Asp25-Leu245) consisting of two Ig-like domains 

was chosen as the B7-H6 construct. Each of these domains contains one disulphide 
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bridge. The C-terminal Ig domain contains an odd cysteine (Cys212, Figure 9). Initially, 

we attempted to express a shorter B7-H6 construct consisting of an N-terminal domain 

(Asp25 – Val140). However, the shorter construct could not be expressed. The 

extracellular part of B7-H6 is stable only when expressed as a whole. The first attempts 

to express the whole extracellular domain of B7-H6 were made with a sequence with the 

odd cysteine 212 preserved. SDS-PAGE analysis and subsequent analytical 

ultracentrifugation confirmed the presence of a covalent dimer; therefore, we proceeded 

to mutate the odd cysteine to serine. The B7-H6 (C212S) construct no longer forms a 

covalent dimer, and, in addition, the introduction of this mutation increased the 

expression yield up to tenfold. Only the B7-H6 (C212S) construct was used for all further 

experimental work. 

 

 
Figure 9: Expression constructs NKp30 and B7-H6. All constructs contain a short 
segment of three amino acids (ITG) at the N-terminus that remains after cleavage of the 
secretion signal. An uncleaved affinity tag (His-tag) is present at the C-terminus and is 
preceded by amino acids GT (remaining from the restriction endonuclease cleavage site). 
Lines mark cysteines forming disulphide bridges, and bars mark glycosylation sites on 
the corresponding asparagine. The C212S odd cysteine mutation in B7-H6 is shown in 
red [185]. 
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In addition to the successful expression of B7-H6, we attempted to prepare another 

natural ligand of NKp30, BAG6. Unfortunately, despite many optimisations, including 

preparing a library of constructs, various expression systems (Sf9, E. coli) and generation 

of stably transfected HEK293T lines, we could not prepare soluble BAG6.  

The oligomerisation of the extracellular domain of NKp30, which is the focus of this 

work, has been published previously [153]. For characterisation, the authors used NKp30 

expressed in the insect line Sf9, which provides simple paucimannose N-glycans. 

Similarly, two constructs were chosen for expression, one of which contained the stalk 

domain; however, both constructs still carried a conserved TEV protease cleavage site at 

the C-terminus upstream of the decahistidine tag, linked to the Ig-like domain of 

NKp30_LBD itself or the stalk domain of NKp30_Stalk. The authors observed 

oligomerisation for NKp30_Stalk, consistent with our observations, and to a lesser extent 

for NKp30_LBD, while our NKp30_LBD construct does not oligomerise. However, 

AUC analysis of our NKp30_LBD at high concentration shows a small peak that would 

correspond to the dimeric form and thus confirms some tendency to self-association. To 

verify the presence of oligomers, we performed sedimentation analysis (AUC) and size-

exclusion chromatography with multi-angle light scattering detection (SEC-MALS). Our 

results show that the NKp30_LBD construct lacking the stalk region is purely monomeric 

(at lower concentrations), whereas the NKp30_Stalk construct is present in both 

monomeric and oligomeric forms, significantly present in all our analyses. To conclude, 

it can be stated that the presence of the stalk domain is a necessary condition for the 

oligomerisation of NKp30. 

Another previous study showed that when glycosylation is present on NKp30, both 

binding affinity towards B7-H6 and cellular signalling increase [140]. We were able to 

show that glycosylation is also essential for the oligomerisation of NKp30. While NKp30 

produced in the HEK293 line (both S and T) oligomerises extensively, the oligomeric 

fraction disappears completely after enzymatic deglycosylation (Figure 10, page 41). We 

verified this effect by both AUC and SEC-MALS. It is noteworthy that, based on the 

calculated molecular masses of NKp30, the oligomeric fraction appears to contain two 

dominant oligomer species of eight and sixteen units. In conclusion, both the stalk domain 

and the glycosylation of NKp30 are necessary for its homooligomerisation. 
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Figure 10: Glycosylation is necessary for NKp30 oligomerisation. (a) SEC-MALS 
analysis of NKp30_Stalk and NKp30_LBD, confirming that the stalk region is required 
for oligomerisation. (b) SEC-MALS analysis of recombinantly expressed NKp30_Stalk 
with wild-type glycosylation (black), uniform, simple glycans (blue), both showing non-
covalent oligomers and deglycosylated sample, which does not form oligomers (red). (c) 
Normalised continuous size distributions of sedimenting species for glycosylated and 
deglycosylated NKp30_Stalk oligomers and their monomeric fractions. The main peak 
corresponds to the NKp30_Stalk monomer, whereas a broad distribution of oligomeric 
species is present in glycosylated NKp30_Stalk samples [185]. 

 

Measurements of NKp30 affinity towards B7-H6 performed by Hermann et al. [153] 

showed that the NKp30_Stalk construct has a very low KD (on the nanomolar scale) when 

the affinity is measured by surface plasmon resonance (SPR) or enzyme-linked 

immunosorbent assay (ELISA). Since both methods are based on surface interaction, 

there may be an apparent increase in affinity by the avidity contribution of the oligomers 

[153]. Similarly, in our study, the NKp30_Stalk affinity for B7-H6 was higher (especially 

of the oligomeric fraction) than for NKp30_LBD, measured by SPR with B7-H6 

immobilised on the sensor. To test the hypothesis that this is an avidity contribution, we 

used isothermal titration calorimetry (ITC), a method that can measure affinity in 

a b 

c 
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solution. Using this approach, we found that NKp30_Stalk and NKp30_LBD show 

similar thermodynamic parameters and affinity for soluble B7-H6; however, the 

oligomers exhibit significantly lower binding stoichiometry, suggesting that not all the 

binding sites in the oligomer are available for interaction with B7-H6. This effect is also 

profound in AUC measurement, where sedimentation coefficient and calculated 

molecular weight of oligomeric form bound to B7-H6 do not correspond with the 

expected value.  

The original goal of this project was to understand the formation of NKp30 oligomers. 

Considering the interim results, we expanded this goal to include understanding the role 

of glycosylation in oligomer formation and interaction with B7-H6. The proposed 

methods included structural mass spectrometry (crosslinking and hydrogen/deuterium 

exchange) or cryo-electron microscopy and protein crystallography; only the latter 

yielded results. We were able to crystallise the homogeneously glycosylated 

NKp30_LBD:B7-H6 complex and solve its structure. This structure, deposited under 

PDB code 6YJP, is in principle similar to the previously published structures of 

NKp30_LBD alone (PDB 3NOI [152]) and the complex with B7-H6 (PDB 3PV6, [149]); 

however, the previous structures entirely omit glycosylation because the used proteins 

were produced in bacteria. Despite many efforts and hundreds of crystallisation 

conditions deployed, we have so far failed to crystallise the NKp30_Stalk construct. Even 

so, our structure provides new insight into a possible mechanism of NKp30 

oligomerisation and possible arrangement on the cell surface. 

The NKp30_LBD dimer with bound B7-H6 is present in our structure. Especially 

noteworthy is the symmetric arrangement of the Asn42 glycosylation site near the 

C-terminal region of the opposite NKp30_LBD unit. Given that it is the presence of the 

C-terminal stalk domain that is necessary for NKp30 oligomerisation, this arrangement 

strengthens our hypothesis that glycosylation influences oligomer formation. For better 

visualisation, we overlaid the glycosylated NKp30_LBD dimer from our structure with 

the PDB 3NOI structure, where the same type of dimer is observed, but with a non-

glycosylated protein (Figure 11, page 43). It is clear that Asn42, when non-glycosylated, 

interacts with adjacent side chains between the dimer units. However, such an 

arrangement is unlikely because of the occupancy of this glycosylation site by an 

oligosaccharide. In our structure, the position of the second NKp30_LBD unit is shifted 
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by 9 – 15 Å, bringing Asn42 closer to the C-terminus of the second unit, therefore to the 

position of the stalk region. It is also worth noting that the PISA score [202], which 

indicates the relevance of the interaction interface, is 1.0 for our structure, while it is 0.18 

for the 3NOI structure. 

 

 
Figure 11: Glycosylation-induced NKp30 dimerisation positions the glycan at Asn42 
residue near the C-terminal stalk region. The NKp30_LBD dimers observed in the 
present crystal structure PDB 6YJP and the PDB 3NOI [152] were aligned using 
molecules on one side of the dimer only (grey colour). On the left – N-glycosylation site 
at Asn42 of LBD_B, highlighted as spheres, is near the C-terminus of LBD_A 
(highlighted in red), whereas Asn42 residue in LBD_3NOI is buried within the dimer 
interface, interacting with Glu26 and Arg28 (all highlighted as spheres). On the right – 
side view of the dimer interface showing the difference in the arrangement of the two 
dimers [185]. 
 

It is also conceivable that the stalk domains emanating from the sides of the dimer 

could be given enough flexibility to interact with the stalk domain of the next NKp30 unit 

and thus enable organisation into higher-order structures. To get a better sense, we 

performed small-angle X-ray scattering coupled with size exclusion chromatography 

(SEC-SAXS) measurements for the monomeric and oligomeric fractions of NKp30 even 

in complex with B7-H6. Given the lack of additional data to model the arrangement of 

NKp30 units in the fitted SAXS envelopes, we can only conclude that the shape of these 

envelopes is elongated rather than spherical. In principle, this asymmetry is consistent 

with the predictions based on the crystal structure and with our sedimentation analysis of 

the oligomers suggesting asymmetric elongated or flattened particles. 
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Our structure of the complex is also interesting in the context of publications by Xu et 

al. [203, 204], who investigated the structure of the Fab of inhibitory antibody 17B1.3 in 

complex with the B7-H6 ectodomain. Although the antibody attaches to a site remote 

from the B7-H6 interaction interface with NKp30 and does not block this interaction, the 

experiments in the reporter line show inhibition of signalling through NKp30. Authors 

speculate that the inhibition may be due to steric hindrance not directly between the 

ligand-receptor pair but between the close contacts at the NK cell-target cell interface. 

Our structure then shows a possible arrangement of such a narrow contact, which could 

be amplified at the surface of interacting cells by oligomerisation of NKp30 (Figure 12). 

 

 

 
Figure 12: Model of the possible position of the NKp30_LBD:B7-H6 dimeric 
complex, as observed in the crystal structure (PDB 6YJP), within the NK cell 
immune synapse. B7-H6 has a very short stalk sequence of several amino acids only, 
whereas NKp30 has the 15-amino-acid-long stalk region at its C-terminus (red lines). The 
stalk is long enough to confer flexibility to the NKp30 ligand-binding domain. Such an 
arrangement would bring the membranes of both cells into very close contact, and such 
an effect could be further potentiated by NKp30 oligomerisation. Local deformation of 
the NK cell plasma membrane caused by the conformational change of the stalk region 
induced by ligand binding might trigger signal transduction through the CD3ζ chains 
associated with the NKp30 transmembrane domain thanks to the interaction of CD3ζ 
Asp36 residue with NKp30 Arg143 residue occurring at plasma membrane which is 
required for NKp30 signalling [67, 185]. 
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Confirmation of the hypothetical arrangement of NKp30 upon interaction with B7-H6, 

as well as the oligomeric arrangement on the membrane of living cells, will be the subject 

of further investigation. Given the length of the stalk domain, we are aware that it is 

unlikely that significantly larger complexes are formed on the membrane, yet this effect 

could contribute to signalling in a similar way to the apparent increase of affinity using 

surface methods. Therefore, future immunotherapeutic strategies and agents designed to 

target or activate the NKp30:B7-H6 system should allow sufficient flexibility with 

respect to B7-H6 to ensure proper orientation and interaction with NKp30. 
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5. SUMMARY 

• Suspension adapted HEK293T and HEK293S GnTI- cell lines were optimised 

to produce NKp30_Stalk, LBD, B7H6_C212S in various glycosylation forms. 

• Receptor:ligand binding has been re-evaluated by ITC and SPR and compared 

to the results published in earlier research reports concerning affinity and 

avidity. The higher apparent affinity of oligomers measured with surface 

methods (SPR, ELISA) is caused by the avidity effect and is similar to 

monomeric protein when measured in the solution (ITC). 

• The influence of glycosylation on the oligomeric state of NKp30 has been 

described. Glycosylation is an essential condition for NKp30 oligomerisation 

because its oligomers are disrupted upon enzymatic deglycosylation. 

• SEC-MALS and AUC have been used to characterise the oligomeric state of 

NKp30_Stalk in solution. Possible stoichiometry of 8 or 16 units per oligomer 

has been proposed. 

• An influence of B7-H6 binding to NKp30 oligomers has been observed, 

concluding that B7-H6 binding does not disrupt the oligomerisation of 

NKp30_Stalk. 

• An influence of glycosylation of B7-H6 on its binding affinity with NKp30 has 

been measured by SPR. It was shown that B7-H6 glycosylation does not affect 

its binding properties towards NKp30. 

• Homogeneously glycosylated NKp30_LBD in complex with enzymatically 

deglycosylated B7-H6 has been crystallised, and the structure has been solved 

at 3.1 Å resolution. A possible position on the cell surface and possible 

arrangement of NKp30 units in oligomers have been proposed. 
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