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5 ABSTRACT 

ABSTRACT 
Lectin-saccharide interactions are involved in many biological processes 

essential for the survival and proper function of multicellular organisms. C-type 

lectin-like receptors, predominantly expressed by cells of the innate immune 

system, recognize saccharide structures on microbes and also aberrant 

glycosylation pattern of cancer cells. The NKR-P1 receptor family was among 

the first natural killer (NK) receptor families that were identified, however ligands 

for some of members remain still elusive. 

Recently, publications describing N-acetylglucosamine-terminated 

oligosaccharide structures as possible ligands for NKR-P1 receptor have been 

subjects for correction/retractions after investigation of the Ethical Committee of 

the Institute of Microbiology, ASCR, v. v. i. and Charles University in Prague. 

Re-evaluation of glycodendrimer effect, particularly effect of N-acetyl-D-

glucosamine octabranched dendrimer on polyamidoamine scaffold (GN8P), 

revealed mostly indirect role of NK cells on modulation of immune responses. 

Properly folded soluble recombinant rat NKR-P1A and mouse NKR-P1C lack 

binding activity to neoglycoproteins modified with GlcNAc-terminated structures. 

Moreover, new possible target cell populations (NKT cells and macrophages) 

for saccharide binding were identified. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  
 

6 ABSTRACT 

ABSTRAKT 
Lektin-sacharidové interakce jsou zapojeny do mnoha biologických procesů, 

které jsou nezbytné pro přežití a správnou funkci mnohobuněčných organismů. 
Receptory podobné lektinům C-typu, které se nacházejí převážně na povrchu 

buněk vrozeného imunitního systému, rozpoznávají sacharidové struktury na 

mikrobech a také glykosylační vzorec na nádorových buňkách. Rodina 

receptorů NKR-P1 byla mezi prvními identifikovanými rodinami receptorů 

NK (natural killer-„přirozený zabíječ“) buněk, nicméně ligandy pro některé členy 

zůstávají stále neznámé.  

V nedávné době byly po prošetření Etickou komisí Mikrobiologického ústavu 

AVČR v. v. i. a Univerzity Karlovy v Praze některé publikace popisující oligo-

sacharidové struktury zakončené N-acetylglukosaminem jako možné ligandy 

pro NKR-P1 receptor doporučeny ke korekci/retrahování. 

Přezkoumání účinku glykodendrimerů, zejména vliv osmivětevných 

dendrimerů s N-acetyl-D-glukosaminem na polyamidoaminové kostře (GN8P), 

ukázalo většinou nepřímou roli NK buněk na modulaci imunitní odpovědi. 

Správně složené rozpustné rekombinantní potkaní NKR-P1A a myší NKR-P1C 

receptory nevážou neoglykoproteiny modifikované GlcNAc strukturami. Kromě 

toho byly pro vazbu sacharidů  zjištěny nové cílové populace buněk (NKT buňky 

a makrofágy). 
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ABBREVIATIONS 
α-GalCer  α-galactosylceramide 

ADCC antibody-dependent cellular cytotoxicity 

APCs antigen-presenting cells 

BSA  bovine serum albumin 

CD  cluster of differentiation 

CEA carcinoembryonic antigen 

CLRs  C-type lectin receptors 

Clr protein  C-type lectin-related protein 

CRD  carbohydrate recognition domain 

CSCs cancer stem cells 

CTL  cytotoxic T cell 

CTLD  C-type lectin-like domains 

DC-SIGN  DC-specific ICAM-3 grabbing non-integrin 

DCs  dendritic cells 

EGFR  epidermal growth factor receptor 

ER  endoplasmatic reticulum 

FITC  fluorescein isothiocyanate 

FSC/SSC  forward scatter/side scatter 
Fuc  fucose 
Gal  galactose 

GalNAc  N-acetylgalactosamine 
GlcNAc  N-acetylglucosamine 

GM-CSF  granulocyte/macrophage colony-stimulating factor 

GN4C  N-acetyl-D-glucosamine-coated calix[4]arene dendrimer 

GN4P   N-acetyl-D-glucosamine-coated tetrabranched 

polyamidoamine dendrimer 

GN4P-A  N-acetyl-D-glucosamine-coated tetrabranched 

polyamidoamine dendrimer fluorescently labeled with 

ATTO 565 

GN4P-HN2  N-acetyl-D-glucosamine-coated tetrabranched 

polyamidoamine dendrimer with free NH2 group 
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GN8P  N-acetyl-D-glucosamine-coated octabranched 

polyamidoamine dendrimer 
GnT-III  N-acetylglucosaminyltransferases III 
GnT-V  N-acetylglucosaminyltransferases IV 
GzmB  granzyme B 

HA  haemagglutinin 
HLA human leukocyte antigen 
IFN-γ  interferon-γ 

Ig  immunoglobulin 
Ig-SF  immunoglobulin-like receptor family 

IL  interleukin 
ILCs  innate lymphoid cells 

iNOS  inducible nitric oxide synthase 

i.p.  intraperitoneally 

ITAM  immunoreceptor tyrosine-based activation motif 
ITIM  immunoreceptor tyrosine-based inhibitory motif 

KIRs  killer cell immunoglobulin-like receptors 

KLH  keyhole limpet hemocyanin 

Klrb1  killer cell lectin-like receptor subfamily B, member 1 

LAIRs  leukocyte-associated immunoglobulin-like receptors 

LeA, X, Y  LewisA,X,Y 
LILRs (LIRs)  leukocyte immunoglobulin-like receptors 

ILT immunoglobulin-like transcript 
LLT1  lectin-like transcript 1 
LNs  lymph nodes 
LRC  leukocyte receptor complex 

Man  mannose 

MAPK  mitogen-activated protein kinase 
MGAT3   β-1,4-mannosyl-glycoprotein 4-β-N-acetyl-

glucosaminyltransferase 
MGAT5  α-1,6-mannosylglycoprotein 6-β-N-acetyl-

glucosaminyltransferase  

MGL  macrophage galactose-type lectin 

MHC  major histocompatibility complex 
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MIC  MHC class-I-chain-related protein 

MIP-1  macrophage Inflammatory Proteins 

MR  mannose receptor 

NF-κB  nuclear factor kappa-B 
NKC  NK cell gene complex 

NKG2  natural killer group 2 
NKR-P1 natural killer cell receptor protein 1 
NK cells  natural killer cells 
NKT cells  natural killer T cells 

NLRs  NOD-like receptors 

Ocil  inhibitory lectin 

PAMAM dendrimer  polyamidoamine dendrimer 

PAMPs pathogen-associated molecular patterns 

PBMC  peripheral blood mononuclear cell 

Prf  perforin  
PRRs  pattern recognition receptors 

PSA  prostate-specific antigen 
RAG  recombination activating gene 

RLRs  RIG-like receptors 
rmAbs  recombinant monoclonal antibodies 

Siglec  sialic acid binding immunoglobulin-like lectin 

SMCs  spleen mononuclear cells 
TAAs  tumor associated antigens 

TACAs tumor-associated carbohydrate antigens 
TGF-β  transforming growth factor-β 

Th T helper 

TLRs  Toll-like receptors 

TNF-α  tumor necrosis factor-α 

TRAIL  TNF-related apoptosis-inducing ligand 

Tregs  regulatory T cells 
 
 



 

  
 

INTRODUCTION 10 

1 INTRODUCTION 

1.1 Saccharides in cell biology 
Saccharides together with nucleic acids, proteins and lipids represent basic 

components of cellular chemistry. They constitute the most abundant organic 

molecules in nature forming plant cell walls, simultaneously are involved in 

signal transduction in extremely low concentrations. Saccharides in living 

organisms are noted for a complex heterogeneity, which results from their 

chemical characteristics, namely the ability of saccharide residues (different 

types and number) to covalently bind together at different positions with or 

without branching1,2. The cellular glycome in some aspects exceed with its 

complexity the genome and proteome. Remarkably, despite that structure of 

saccharide (oligomers/polymers) are not encoded by the genome, they perform 

a large array of specific functions3,4. Saccharide structures are usually bound to 

different molecules such as nucleotides and modulate their functions 

(e.g. glycosylations of proteins). 

1.1.1 Posttranslational modifications 
Saccharides are covalently added to proteins to make glycoproteins in the 

rough endoplasmatic reticulum (ER). Maturation of the glycosylation patterns is 

a complex process localized in ER and Golgi apparatus, reflecting relevant 

enzymatic machinery of the particular cell type. It is estimated that over 50% of 

all cellular proteins are glycosylated5. Glycosylation is one of the major post-

translational modifications of membrane-bound or secreted glycoproteins and 

could be found intracellularly in the organelles of secretory and endocytic 

pathways containing luminal space topologically identical to the extracellular 

space. Approximately 80% of proteins on cell surface and 5% of lipids are 

glycosylated6. In contrast, very few cytosolic proteins are glycosylated and 

therefore glycosylation patterns localized in the cytosol could be recognized by 

the specific receptors as foreign substances/organisms and consequently 

mostly autophagy is initiated as an effector mechanism7. 
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According to the saccharide linkage site these types of protein glycosylations 

are distinguished: N-linked, O-linked and glycosylphosphatidylinositol (GPI-) 

anchored one. N-linked glycosylation proceed in endoplasmatic reticulum (ER), 

where oligosaccharides are transferred to the side chain of protein with 

NH2 group of an asparagines. Transfer reaction is catalyzed by an enzymatic 

complex bound in membrane, an oligosaccharyl transferase. N-linked 

oligosaccharides are larger and more complex than O-linked oligosaccharides. 

90% of all glycoproteins contain N-linked oligosaccharides. O-linked 

oligosaccharides are less frequent. Linkage of oligosaccharides to the hydroxyl 

group on the side chain of a serine, threonine or hydroxylysine amino acid 

occurs in Golgi apparatus8,9. 

1.1.2 Roles of saccharides 
Significant part of genome (1-2%) is involved in saccharide metabolism and 

modifications. Saccharides play a large array of functions in cell-cell adhesion, 

interactions, intra- and inter-cellular trafficking, signalling, protein folding, 

protection etc.  

They serve as energy source (monosaccharide glucose) and storage 

(polysaccharide glycogen in animals, starch in plants). The polysaccharide 

cellulose is structural component of plant cell walls and chitin is structural 

components of fungi cell walls and of exoskeletons in arthropods and insects. 

Importantly, specific set of saccharides is localized in the structure of such 

essential molecules like nucleic acids (DNA and RNA), adenosine triphosphate 

(ATP), cyclic adenosine monophosphate (cAMP), nicotinamide adenine 

dinucleotide (NAD+), nicotinamide adenine dinucleotide phosphate (NADP+), 

and coenzyme A. 

Saccharides also contribute to proper immune responses. For example 

oligosaccharides sialyl-LewisX on cell surface of leukocytes interact with 

selectins on the plasmatic membrane of endothelial cells lining blood vessels. 

These interactions cause circulating leukocytes to stick to the endothelial cells 

and initiate leukocytes migration into the site of inflammation and infection.  
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Glycoconjugates such as glycoproteins, glycopeptides, peptidoglycans, 

glycolipids, glycosides and lipopolysaccharides are located in plasma 

membrane and play important role in cell-cell interactions4,10,11.  

Furthermore, protein glycosylation play important role in many diseases. 

Aberrant glycosylation on the cell surface is one of the markers in oncogenic 

processes and is recognized by cells of the immune system6. 

In addition, the oligosaccharides attached to glycoproteins are necessary for 

properly folding of proteins in ER and stability of secreted glycoproteins. 

Chaperones in ER, calnexin and calreticulin, are lectins binding to the 

saccharide residue (a single terminal glucose) of incompletely folded 

glycoproteins and prevent them to become exported from ER to Golgi 

apparatus12. 

Moreover, the mannose-6-phospate of an N-linked oligosaccharides serves 

as a unique marker/address of proteins for translocation to lysosomes13. 

The possibility of saccharide structures to be specifically recognized by the 

various organisms is a considerable mechanism of self/nonself recognition14. 

1.1.3 Artificial saccharide structures 
Regarding involvement of natural saccharides in many cellular processes a big 

effort has been spent on mimicking these saccharides. Saccharides bind 

generally weakly to their receptors, therefore saccharide-based dendrimers 

have been synthetized to circumvent this task through multivalency15. 

Saccharides (like other multivalently binding molecules) possess higher affinity 

to receptors after aggregation and clustering16.  

Dendritic polymers (or dendrimers) are defined as regularly branched 

macromolecules, for the first time designed and synthetized over thirty years 

ago17. The term dendrimer originate from a Greek word “dendron” meaning 

“tree/branch” and “meros” meaning “part”. They are produced in a layer-by-layer 

diction (in “generation”) around a core unit with precise architecture (Figure 1). 

Dendrimers have 3 parts-core, layer (generation) attached to the core and 

exterior part-surface groups (terminal functionality)18.  

 

http://en.wikipedia.org/wiki/Glycoproteins�
http://en.wikipedia.org/wiki/Glycopeptides�
http://en.wikipedia.org/wiki/Peptidoglycans�
http://en.wikipedia.org/wiki/Glycolipids�
http://en.wikipedia.org/wiki/Glycosides�
http://en.wikipedia.org/wiki/Lipopolysaccharides�
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Figure 1 General structure of dendrimers. Structure of dendrimers is precisely 
organized into layers, with central part (core), interior branching (representing 
various dendrimer generations) and terminal structures (surface groups)18. 

They serve as carriers for small molecules or drugs (anti-cancer, anti-viral, 

anti-bacterial). Dendrimer suitable for medical application should possess 3 

main characteristics: 

• nanoscale container properties (i.e., encapsulation of a drug),  

• nano-scaffolding properties (i.e., surface adsorption or attachment 

of a drug),  

• biocompatibility19-21.  

A large number of dendrimeric structures have been described, including 

polyamidoamine (PAMAM), poly (propylene)imine (PPI) and poly L-lysine, 

which are commonly used22. PAMAM dendrimers are the first dendrimers 

synthesized, characterised and commercially produced. Due to their 

advantageous properties, size and shape control, placement of functional 

groups, they are broadly used in many biological applications. Moreover, 

another outstanding future is their mimicry of globular proteins23. Therefore, 

PAMAM dendrimers are also commercially used as replacement of globular 

proteins24. In addition, they are non-immunogenic and non-toxic, especially with 

carboxylic and hydroxylic group surface modifications25. Dendrimers with 

positively charged surface groups (PAMAM dendrimers with amino surface) are 

directed to destabilize cell membrane and cause lysis of the cells. Despite that, 

PAMAM dendrimers possess in many experimental setups promising 

biocompatibility. Problematic cationic charge of PAMAM dendrimers, which can 
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cause higher cytotoxicity, can be diminished by simple surface modification 

enhancing the biocompatibility of these dendrimers. 

Size of the PAMAM dendrimers depends on generation (1-10) and it varies 

from 1,1 to 12,4 nm26. Higher generations of PAMAM dendrimers show higher 

cytotoxicity compared to the lower ones. The degree of substitution as well as 

the type of amine functionality is important, with primary amines being more 

toxic than secondary or tertiary ones27,28.  

Glycodendrimers are dendrimers with carbohydrate(s) incorporated into their 

structure. Glycodendrimer nomenclature is based on saccharide position: 

carbohydrate-center, carbohydrate-based and carbohydrate-coated 

dendrimers29. Dendrimer carbohydrate surface modification improves their 

biocompatibility (neutralization of cationic surface charge, immunogenicity, 

reduction of their cytotoxicity and improvement of their application as drug 

delivery system  for treatment of cancer or in diagnostics)29,30. Moreover, 

various dendrimer structures can serve as a tool to study interactions with 

appropriate cell surface receptors followed by the signal transduction events 

(Figure 2)22. 

 

 

Figure 2 Interactions of dendrimers with receptors on the cell surface. 
Dendrimers can bind to one specific receptor and/or simultaneously to several 
receptors and initiate receptor clustering22. 

N-acetylglucosamine (GlcNAc) is a monosaccharide derivative of glucose 

with various biological functions. It represents the monomeric unit of the 

polysaccharide chitin. Moreover, it serves as a basic component of 

peptidoglycan, hyaluronic acid and keratin sulphate on the cell surface31. 

Furthermore, GlcNAc molecule performs significant role in cell adhesions, 
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interactions within the extracellular matrix and could be recognized by 

antibodies. For example GlcNAc is basic component of H antigen in ABO blood 

group system32. In addition, GlcNAc is a part of selectin ligands (sialyl LewisX 

and sialyl LewisA), which are important structures for adhesion, but also for 

metastatic processes33,34. 

GN8P used in our studies is N-acetyl-D-glucosamine-coated octabranched 

polyamidoamine dendrimer, first generation (Figure 3)35. Considering in vivo 

application, they posses non-natural glycosidic linkages important for resistance 

to the action of hydrolases36,37. 

 

 

Figure 3 GN8P, octavalent N-acetyl-D-glucosamine-coated polyamidoamine 
dendrimer (adapted from Křenek et al.)38. 

To determine binding activity of GN8P to different cell population we used 

fluorescently labelled GN4P-NH2 (GN4P-A). Contrary to GN8P, GN4P-NH2 

allows direct linkage of fluorescent dye39.  

Besides PAMAM glycodendrimer we used also glycoconjugate with 

calixarene scaffold for better steric interaction control between attached 

saccharide structures and potential receptor(s). 

Calixarenes are the phenol-formaldehyde cyclic oligomers and they serve as 

another powerful tool, how to approximate molecular structure to natural 

conditions and to achieve multivalency of ligands. Moreover, calixarenes 

possess well defined conformational properties and in their hydrophobic cavities 

in some cases they are able to trap smaller molecules, ions or to encapsulate a 

drug40. Calixarene-based treatment strategies are promising candidates in 

biomedicine research. They possess better physicochemical characteristic, 
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including better water solubility, lower cytotoxicity in organisms and furthermore 

better drug activity41. 

GN4C used in our study is glycodendrimer with 4 GlcNAc units on 

calix[4]arene skelet (Figure 4), its preparation was described by Krenek et al.38. 

 

Figure 4 GN4C, tetravalent N-acetyl-D-glucosamine-coated calix[4]arene 
dendrimer (adapted from Křenek et al38 

1.2 Lectins  
Lectins are ubiquitously expressed protein family found in various 

microorganisms, plants, fungi and animals42. Term “lectin” was proposed in 

1954 by William C. Boyd and comes from the Latin word “legere”, which means 

“to select”43. They were discovered as proteins with hemagglutinating activity, 

later specified as proteins with the ability to bind carbohydrates44,45. According 

to lectin specificity to monosaccharides or oligosaccharides they are divided 

into: 

• GalNAc specific, 

• Gal-specific,  

• Man and/or Glc-specific, 

• GlcNAc, and/or Galβ1→4GlcNAcβ1→linked-specific, 

• L-Fuc-specific, 

• Sialic acid-specific42. 

Lectins play crucial role in many biological processes and some lectins may 

perform more than one function46. The main function, where lectins are 

involved, is self/nonself recognition. Lectins serve as defence molecules in both 

invertebrates and vertebrates. They recognize exogenous ligands and directly 

eliminate them. They can be soluble (collectins, ficolins) or membrane-bound 
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(macrophage-mannose binding receptor)47,48. Moreover, lectins are involved in 

activation of complement system (lectin pathway)49.  

Lectins are also involved in cellular target tissue recognition and trafficking. 

They promote extravasation of leukocytes through endothelial cells to side of 

inflammation11. 

Several other adhesion receptors possess lectin activity, such as 

CD11b/CD18, CD22, CD4450-52. 

Lectins are engaged also in protein folding as chaperones, abundant 

examples are calreticulin and calnexin localized in ER12. 

In addition, lectins participate in immune regulation and are involved in 

autoimmune processes. The main conception of cytokine signalling is through 

protein-protein binding. However, some cytokines (IL-1, IL-2, IL-6 and TNF-α) 

possess lectin activity53,54. Some lectins have been identified as autoantigens55. 

1.2.1 Lectin structural motifs 
In 1988 Drickamer reviewed primary structure of animal lectins and defined first 

lectin families. Most of the lectins are since then subdivided into two structural 

families: 

• the C-type lectins, 

• the S-type lectins. 

Table 1 Comparison of C-type and S-type lectins56: 

Property C-type lectins S-type lectins 

Ca2+ requirement yes no 

State of cystein disulfides free thiols 

Solubility variable buffer soluble 

Location extracellular Intra- and extra-cellular 

Carbohydrate specificity various Mostly β-galactosides 

 

C-type lectins have Ca2+ (C-type) dependent carbohydrate-binding activity57, 

which is mediated by the carbohydrate recognition domain (CRD)58, with 

compact globular structure59. Most C-type lectins are multivalent, they possess 

more than one CRD60. Because not all proteins containing CRD can bind 



 

  
 

INTRODUCTION 18 

carbohydrate or Ca2+ more general term C-type lectin-like domains (CTLDs) 

was introduced61,62. The primary ligands for the CTLDs are carbohydrates and 

the binding is Ca2+ dependent63, but they can also bind proteins64 and lipids65.  

Generally two categories of C-type lectin specificity exist:  

a) mannose (Man) specific, that recognize mannose and fucose terminated 

glycans, (macrophage mannose receptor-MR, DC-SIGN or Langerin)66-68,  

b) galactose (Gal) specific, that recognize galactose and 

N-acetylgalactosamine terminated glycans (macrophage galactose-type 

lectin-MGL)62,69,70. 

Most of the C-type lectins are membrane-associated receptors, merely the 

collectins are soluble molecules71. 

1.2.2 Lectin families 
There are well defined 8 groups of lectins with different localization.  

The intracellular lectins are subdivided to: calnexin family, M-type, L-type and 

P-type. They are situated in secretory compartments of the cells and function in 

the trafficking pathway.  

The extracellular lectins: C-type, R-type, siglecs and galectins are secreted 

into extracellular matrix or are localized in plasma membrane. They perform a 

variety of functions in cell adhesion, cell signalling, pathogen recognition etc.  

Recently, few others minor groups have been discovered like F-box lectins, 

ficolins, chitinase-like lectins, F-type lectins and intelectins, which dispose of 

similar roles already described in known lectins. 

Table 2 Lectin families72 and adapted from The Genomics Resource for Animal 
Lectins, www.imperial.ac.uk/research/animallectins/   

Lectin 
family 

Typical 
saccharide 

ligands 

Subcellular 
location Examples of functions 

Calnexin Glc1Man9 ER Protein sorting in the 
endoplasmic reticulum 

M-type 
lectins Man8 ER 

ER-associated 
degradation of 
glycoproteins 

L-type 
lectins Various ER, Golgi 

apparatus 
Protein sorting in the 

endoplasmic reticulum 

http://www.imperial.ac.uk/research/animallectins/ctld/classes/CNX1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/M-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/L-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/P-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/C-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/R-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/I-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/Galectin1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/U-type1.htm�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/Ficolin1.htm�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/Chitin1.htm�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/Fucolectin1.htm�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/Intelectin1.htm�
http://www.imperial.ac.uk/research/animallectins/�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/cnx1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/M-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/M-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/L-type1.html�
http://www.imperial.ac.uk/research/animallectins/ctld/classes/L-type1.html�
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P-type 
lectins 

Man 6-phosphate, 
others 

Secretory 
pathway 

Protein sorting post-
Golgi, glycoprotein 

trafficking, ER-
associated degradation 

of glycoproteins, 
enzyme targeting 

Pentraxins Phosphocholine, 
galactosides Extracellular Accute immunological 

responses 

C-type 
lectins Various Cell membrane, 

extracellular 

Cell adhesion 
(selectins), glycoprotein 

clearance, innate 
immunity (collectins) 

Galectins β-Galactosides 
Cytoplasm, 

nucleus, 
extracellular 

Glycan crosslinking in 
the extracellular matrix 

I-type 
lectins 

(siglecs) 
Sialic acid Cell membrane Cell adhesion 

R-type 
lectins Various Golgi apparatus, 

Cell membrane 

Enzyme targeting, 
glycoprotein hormone 

turnover 
F-box 
lectins GlcNAc2 Cytoplasm Degradation of 

misfolded glycoproteins 

Ficolins GlcNAc, GalNAc Cell membrane, 
extracellular Innate immunity 

Chitinase-
like lectins 

Chito-
oligosaccharides Extracellular Collagen metabolism 

F-type 
lectins 

Fuc-terminating 
oligosaccharides Extracellular Innate immunity 

Intelectins 
Gal, 

galactofuranose, 
pentoses 

Extracellular/cell 
membrane 

Innate immunity, 
fertilization and 
embryogenesis 

 

1.3 Saccharide-protein interactions in 
immune system 

Cross-linking of multivalent lectins to saccharides on the cell surface often leads 

to aggregation of glycoproteins and glycolipids and consequent regulation of 

important biological processes.  
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In contrast to protein-protein interactions saccharide-protein interactions are 

in some aspects different. Saccharide-protein interactions are not dependent on 

expression of ligands or receptors only, but more importantly on the gene 

expression of glycosyltransferases73. Furthermore, saccharide ligands can be 

added to different proteins and lectins usually bear several copies of saccharide 

ligands74,75.  

However, binding of saccharide to lectin is similarly specific as antigen-

antibody or substrate-enzyme interactions76, binding of lectin to single 

saccharide ligand has usually low affinity. This effect is circumvented by 

multivalency-“glycoside cluster” effect of saccharide-lectin interactions77. Multi-

branched oligosaccharides bind to lectins with higher affinity compared to their 

linear counterparts78,79 and the affinity of lectins increases with the number of 

saccharide epitopes71.  

There are 2 possibilities in lectin-sacharide interactions (Figure 5): 

• Type I complexes are linear polymers comprises of bivalent lectins 

and bivalent ligands; 

• Type II complexes are cross-linked complexes, which consist of 

either lectin or ligands with valency >280. 

 

 

Figure 5 Lectin–saccharide lattices. Type I complexes represent linear polymer 
(lectin and saccharide are bivalent), type II complexes constitute cross-linked 
complexes (either lectin or saccharide possess valency >2)80.   

Mechanisms associated with the enhanced affinities of lectin-saccharide 

binding depends on the particular structures and their interactions81. These 

interactions encompass 3 possibilities: face-to-face linkage of lectin to 

saccharide (Figure 6A), interaction between lectin and saccharide occur in 

opposite site, other than epitopes (Figure 6B globular, Figure 6C linear)82. 
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Figure 6 Schematic design of 3 possible lectin-saccharide interactions. 
(A) a lectin (green) binds to a trivalent saccharide (blue) in face-to-face manner;  
(B) a nonavalent glycoprotein (orange/black/pink) binds 2 lectin molecules (green);  
(C) a linear glycoprotein (black/red) binds to two lectin molecules (green)82.  

Protein-saccharide interactions occur in many physiological and as well as 

pathological immune responses (Figure 7). As mentioned above, saccharides 

play important roles in self/nonself recognitions. Some viruses, bacteria and 

their toxins are attached to the cell surface via glycoproteins, which is first step 

for iniciation of infection83. Anti-carbohydrate antibodies play significant role in 

transplantation (ABO blood groups, xenotransplantations)84,85. In addition, 

changes in glycosylation pattern are characteristic for malignant transformation 

(altered-self)8. 
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Figure 7 Lectin-saccharide interactions in innate immunity. Lectin-saccharide 
interactions play important role in various field of immune responses, particularly in 
inflammation, pattern recognition processes, recognition of self-altered cells and in 
tolerance86.  

1.3.1 Saccharide-protein interactions in pattern 
recognition 

1.3.1.1 Pathogens 

Pattern recognition receptors (PRRs) expressed on the surface of innate 

immune cells (DCs, macrophages, neutrophils) recognize pathogen-associated 

molecular patterns (PAMPs), including lipids, carbohydrates, and proteins 

present on many microorganisms (but not on mammalian cells) and 

endogenous ligands14. This heterogenous group of PRRs comprises Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), RIG-like receptors (RLRs), 

C-type lectin receptors (CLRs), scavenger receptors, N-formyl met-leu-phe 

receptors. Recently new term as sugar complex PAMPs (SCPs) was specified 

for antigens comprising saccharides87. Many pathogens utilize saccharide 

structure on the cell surface for adhesion and infection initiation88,89. CLRs are 
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able to internalize these antigens likewise scavenger receptors90. For lectin-

saccharide binding is considerable saccharide density and the numbers of 

saccharide epitopes (Figure  8)71.  

  

 

Figure 8 Importance of saccharide epitope density in modulation of 
biological functions via lectin interactions. Lectin-saccharide interactions in 
case of low saccharide epitope density are weak and do not results in triggering 
signal transduction and biological functions. Otherwise, interactions occurred in 
optimum conditions result in strong associations leading to biological responses71. 

 
 

Figure 9 Lectin concentration dependence in pathogen recognition. (A) low 
concentration of lectins leads to little pathogen binding, (B) high concentration of 
lectins results in stronger pathogen binding71. 
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For pathogen recognition and subsequent triggering of signalling pathway is 

important not only saccharide concentration, but also the concentration of the 

lectin itself (Figure 9)72,91. Molecular mechanisms crucial for lectin-saccharide 

recognition are still poorly understood. In recent literature are described 

important roles of epitope density, number of N- and O-glycans for binding, 

cross-linking and following effector processes71. As pathogens contain multiple 

PAMPs, accordingly multiple PRRs are engaged together or sequentially. 

Immune response involve signals from multitude PRRs as well as other innate 

receptors92. 

Cells of the innate immune system recognize pathogens via lectin receptors 

and this recognition plays crucial role in initiating of immune responses such as 

signalling, antigen processing and presentation, cytokine production, activation 

and differentiation93-95. It triggers signalling pathway with subsequent activation 

of transcription factor NF-κB and cytokine production, leading to induction of 

adaptive immunity and T cell polarization. Because of the presence of different 

PAMPs on microbes, different PRRs are involved in recognition and therefore 

different signalling pathways are triggered. On the surface of DCs are localized 

variety of C-type lectins that recognize different saccharide structures on the 

pathogens, such as mannose, fucose or glucans. Mannose structures are 

typical for viruses, fungi, mycobacteria, fucosylated structures are specific for 

some bacteria and helmints, and glucans are typical for mycobacteria and 

fungi96,97.  

C-type lectin family consist of more than 1000 members92,98, which are 

divided according to number of CRD and their cellular localization into: type-I 

transmemrane (mannose receptor family), type-II transmebrane 

(asialoglycoprotein-receptor family) and soluble CLRs99. Type-I transmembrane 

CLRs contain multiple CRD while type-II transmembrane CLRs contain single 

CRD100. Classification postulated by Zelensky distinguished 17 different groups 

of vertebrate CTLD-containing proteins according to structural and functional 

features of the CTLDs57. 

Immature DCs express on the cell surface a large variety CLRs, but mature 

DCs do not. Upon DC maturation expression of CLRs is downregulated. This 

fact is connected with function of immature DCs (capture, internalization, 

processing and presentation of antigens). As receptors for antigen uptake serve 
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mannose receptor (MR), DEC-205, DC-SIGN, macrophage galactose-type 

C-type lectin (MGL), Langerin, Dectin-1 and Mincle101-105. 

After antigen recognition by CLRs, DCs can differentiate into two 

phenotypes-inflammatory or anti-inflammatory106. Decision, whether immune 

response is activatory or inhibitory depends on the balance between TLRs and 

CLRs, which recognize pathogens. Recognition of pathogens only via CLRs 

activate regulatory DCs and is follow by suppression of immune responses by 

activation of regulatory T cells (Tregs). After contribution of TLRs, response can 

switch to an immune activating one107.  

1.3.1.2 Cancer 

Oncogenesis is a multi-step process including variety of genetic and epigenetic 

changes leading to general characteristic of cancer. Hanahan and Weinberg 

summarized 7 hallmarks for cancer development: sustaining proliferative 

signalling, evading growth suppressor, activating invasion and metastasis, 

enabling replicative immortality, inducing angiogenesis and resisting cell death 

and inflammation108. 

Tumor is a complex tissue composed not just from cancer cells but also from 

heterogeneous specialized cell types, which interact together to form tumor 

microenvironment. Tumor itself contains regions with different ability to 

proliferate, differentiate, with various degrees of vascularisation, inflammation 

and invasion. Recently, cancer stem cells (CSCs) were defined. CSCs possess 

the ability to seed new tumors after inoculation into mice and for sustainable 

long term cancer survival109,110. 

Aberrant glycosylation on glycoproteins, glycolipids, and glycosaminoglycans 

is one of the markers of onco-transformation, metastasis and angiogenesis 

(Figure 10)111-113. It results from altered activities of glycosyltransferases and 

glycosidases, which prefer certain saccharide residues in cancer cells. Changes 

in glycosylation pattern are often consequence of over-expression of truncated 

forms of saccharides, unusually terminal saccharide structure leading in 

increase of glycolipid sialylation2,114,115. 
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Figure 10 Aberrant saccharide structures on the surface of cancer cells. 
Altered glycosylation is one of the markers of malignant processes. Tumor-
associated carbohydrate antigens (TACAs) are shown8. 

N-acetylglucosaminyltransferases III (GnT-III) and V (GnT-V), encoded by 

MGAT3 or MGAT5, respectively, play important role in cancer progression and 

metastasis. GnT-V expression is mediated by transcription factor ets-1, member 

of ets family, which regulates several other enzymes involved in cell 

invasion116,117. Increased activity of GnT-V correlates with malignant processes 

with metastatic potential and is connected with abnormal expression of 

extensively branched N-linked β1,6-GlcNAc oligosaccharides at the Man α1-6 

side of the trimannosyl core of N-glycans118,119. Contrary to GnT-V, GnT-III 

catalyzes the addition of GlcNAc structures via β1-4 linkage  to mannosyl core 

of N-glycans120. Competition between GnT-III and GnT-V leads to suppression 

of cancer development and progression. After GnT-III action other 

N-acetylglucosaminyltransferases, including GnT-V, are no longer able to act, 

because saccharide chain cannot serve as substrate for their action121-123. 

Glycosylation of E-cadherin, important adhesion molecule, by GnT-III leads to 

prevention of disseminating of tumor cells into other places in organism111. 

Moreover, GnT-III inhibits signalling pathway triggered by epidermal growth 

factor receptor (EGFR)124. Action of GnT-V is opposite, it inhibits function of 

E-cadherin/β-catenin complex125,126 and it promotes signalling of epidermal 

growth factor127. 

At addition, cells in tumor microenvironment produce inflammatory stimuli, 

which can affect glycosylation pattern of cancer and stromal cells128. 
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Over 50% of cancers express tumor-associated carbohydrate antigens 

(TACAs)- important component of tumor associated antigens (TAAs).  

2 major group of TACA are distinguished: 

• glycolipids such as gangliosides GM2, GD2, GD3, fucosyl GM1, 

NeuGcGM3, polysialic acid (PSA), the blood group Lewis related LewisY 

(LeY), LeX (also known as stage-specific embryonic antigen-1; SSEA-1), 

sialyl LeA, sialyl LeX, and glycosphingolipids Globo H, stage-specific 

embryonic antigen-3 (SSEA-3); 

• glycoproteins such as mucin-related epitopes Tn (GalNAcα-O-Ser/Thr), 

TF (Thomsen-Friedenreich, Galβ1→3GalNAcα -O-Ser/Thr) and Sialyl Tn 

(STn) (NeuAcα2→6GalNAcα-O-Ser/Thr). 

Many of these antigens are expressed in fetus and are known as oncofetal 

antigens129,130. 

CLRs play important role in induction of immunity and antitumor 

responses131-133. DCs recognize aberrant glycosylation structures on TAA such 

as carcinoembryonic antigen (CEA) and the epithelial mucin (MUC1) through 

CLRs (for example DC-SIGN and MGL)134. 

In some cases was reported, that tumors evolve avoiding mechanism 

circumventing lectin-glycan interactions preventing anti-tumor specific immune 

responses135. Aberrant glycosylation is also one of the mechanisms, how tumor 

cells escape from immune-modulating killing. Altered glycan elongation cause 

charge change on the cell surface of target cells, inhibiting formation of 

immunological synapse and impairs NK receptor interaction with tumor 

cells136-138. 

1.3.1.3 Transplantation 

Saccharides perform considerable role in transplantations139.  

First evidence about their importance came from ABO blood-group-

incompatible allotransplantations. Defining  blood groups  A, B, AB, and 0 in 

particular individual is based on A, B and H antigen oligosaccharide structures 

distribution on the surface of red blood cells32. 

Considering shortage of human donor organs, research of possible 

xenotransplantations using animal material – namely derived from pigs, 
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increase in importance. General issue behind success (together with the danger 

of endogenous retroviral mobile element transmission to human) are anti 

α-galactosyl antibodies specific to epitopes, which are abundantly expressed on 

the cell surface of pig vascular endothelial cells, contrary to human, apes and 

Old World monkeys140-142. 

In both cases, ABO allotransplantations and xenotransplantations, may 

cause the antibody-mediated rejection. Molecular mechanism for these 

rejections is based on naturally preformed antibodies in the serum of the 

recipient143. Antibodies comprise 1% of all circulating immunoglobulins144,145. To 

circumvent this immunological barrier, various methods have been developed, 

among others, α-1,3GT knockout pigs that lack α-gal epitopes were generated 

and reactive antibodies were removed using an α-gal immunoadsorption 

column or soluble α-gal antagonist139. 

Emerging issue in the human medicine is a regenerative medicine, where 

saccharides may play important role in tissue engineering. Saccharide polymers 

could serve as supporting materials for cell growth and differentiation due to 

their biocompatibility in animal bodies and possibility to form them into complex 

3D structures146-149. 

1.4 NK cells 
Natural killer (NK) cell linage was identified in middle of 70th150,151. NK cells 

comprise a lineage of innate lymphocytes performing functions without previous 

antigen stimulation. They recognise virus-infected or cancer-transformed cells 

and eliminate them152. Lytic functions and facilitation of antigen presentation to 

antigen presenting cells (APC) are performed through 2 main mechanisms: 

granule release (granzyme and perforine)153,154 and/or through direct contact 

with target cells mediated through dead-receptors (FasL and TRAIL)155. 

NK cells besides others cytokines predominantly synthesise IFN-γ, but they 

also play important role in modulation of adaptive immune responses156. 

In recent years several attempts to re-evaluate definitions of innate and 

adaptive immunity and to establish new nomenclature describing innate 

lymphoid cells (ILCs) were performed157. According to new definition 3 groups 

of ILCs were proposed and NK cells belong to group 1 ILCs (Figure 11)158. 
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Figure 11 Comparison of T helper (Th) lymphocytes and innate lymphoid 
cells (ILCs). According to signature cytokine secretion pattern Th lymphocytes and 
ILCs can be divided to various cell populations with related immune functions. 
Transcription factors driving the differentiation of the various ILC and Th cell 
subsets are marked at arrows. AHR, aryl hydrocarbon receptor; E4BP4, E4 
promoter-binding protein 4; GATA3, GATA-binding protein 3; IH2, innate helper 2; 
LTi, lymphoid tissue-inducer; NHC, natural helper cell; NK, natural killer; ROR, 
retinoic acid receptor-related orphan receptor157 

 

In contrast to T and B lymphocytes, NK cells express limited repertoire 

of germ-line encoded receptors on the cell surface. They are incapable of 

rearrangement variable-joining gene segments, because of the lack of RAG 

protein expression. Text book knowledge about NK cells postulates their role in 

innate responses only. Strikingly, there is evidence of NK cell-mediated RAG-

independent adaptive immunity159-162. 

It is generally accepted that NK cells development occur exclusively in bone 

marrow163,164. In contradiction several recent studies show that NK cells also 

develop in other tissues such as the thymus165-167, the secondary lymphoid 

tissue168, and that the intestinal epithelial layer also contains NK 

precursors169,170. Mature NK cells mostly circulate in peripheral blood, but also 

occur in other organs like thymus, spleen, lymph nodes, tonsils, liver, lungs, 



 

  
 

INTRODUCTION 30 

intestine and uterine decidua. NK cells comprise only a minor subset of 

lymphoid-resident lymphocytes, 1–2% bone marrow, 0.1% thymus, 2–4% 

spleen, 0.3–0.5% LNs, 4–8% liver, 8.5% blood and 5–12% lung167,171,172. 

Mouse peripheral blood mature NK cell can be subdivided into CD27high and 

CD27low phenotypically distinct subpopulations (Figure 12), similar situation is in 

human with CD56 expression. CD27high NK cells synthesise high levels of 

cytokines, are effective killers after activation and interact more efficiently with 

DCs. On the other side, CD27low NK cells express higher amount of inhibitory 

receptors that could be reason for their lower predisposition for cytotoxicity and 

lower synthesis of cytokines173. There are some differences in distribution of 

NK cell subpopulations in spleen and lymph nodes (LNs). The LNs is almost 

exclusively represented by CD27high subpopulation of NK cells. In contrast, both 

subpopulations, CD27high and CD27low, are present in mouse spleen. NK cells 

expressing CD27low preferentially reside among non-lymphoid tissue (lung, 

liver)173,174.  

 

 
 

Figure 12 Mouse NK cell subsets. Mouse NK cells are subdivided in terms of 
CD27 expression to two subpopulations, CD27high (CD27hi) and CD27low (CD27lo) 
NK cells. NK cell subsets are characterised by different surface receptor 
expression and different cytotoxic capability and cytokine expression174.  

 
NK cells located in gut in lamina propria are CD27high, express low levels of 

CD122, CD11b and can be either NK1.1low or NK1.1high. They are characterised 

by almost undetectable cytotoxicity and very low production of IFN-γ, on the 

other side they can be distinguished by IL-22 cytokine production, IL-7Rα, c-Kit, 
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a number of tumor necrosis factor (TNF) ligands, and the transcription factor 

RORγt175,176.  

Lung NK cells represent different subtype of NK cell with higher ability of 

cytotoxicity compared to blood and spleen NK cells177. They are regulated by 

different mechanisms178 and play important functions in defence against 

infections and malignancy. 

NK cells encompass almost 10% of total hepatic lymphocytes in mouse179. 

They are defined by ability to lyse cell lines otherwise NK-insensitive180 and 

have been described with higher activity compare to splenic NK cells177,181.  

Thymic NK cells represent also a unique population that express the IL-7 

receptor alpha chain (CD127), but low level of CD11b and is characterized by 

reduced variety of receptors compared to spleen NK cell167,182. 

Another unique NK cell population with inhibitory (immunosuppressive) 

phenotype is localized at the mother/foetus interface183. 

NK cells are endowed with variety of receptors encoded by genes that do not 

undergo recombination or sequence diversification. Activation of NK cells is 

determined by balance between activating and inhibitory receptors on the cell 

surface184-186. Inhibitory receptors recognize self MHC class I molecules on the 

surface of normal cells to distinguish them from infected or transformed cells 

and protect them (from destroying by killing machinery/processes). It was 

established by Karre and colleagues and called “missing self” hypothesis in 

1986187. The „missing self“ theory was confirmed several years later when MHC 

class I binding inhibitory receptors were identified and cloned188-190. Later on, 

theory was broaden to alternative mechanism describing how to inhibit NK cell 

activation recognizing non-MHC class I ligands191.  Important fact is, that for 

activation of NK cell is required more than just absence of inhibitory signals, 

target cells must also express ligands recognised by activating NK cell 

receptors (Figure 13).  
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Figure 13 NK cell recognition of target cells. (A) NK cells recognize MHC class I 
molecules on the surface of healthy cells via inhibitory receptors. Signals from 
activating receptors are over-balanced by inhibitory receptors leading to NK cell 
tolerance of healthy cells. (B) Tumor cells lacking expression of MHC class I 
molecules are lysed by activated NK cells-“missing self” hypothesis. (C) Up-
regulation of stress-related ligands on the surface of cancer cells leads also to 
activation of NK cells and destroying of target cells-“stress-induced self” activation 
of NK cells192. 

1.4.1 NK cells functions 
NK cells play an essential role in defence against pathogens but also in the 

homeostasis maintenance193.  

NK cell-mediated killing is important mechanism at the beginning of viral 

infections, before adaptive immunity is triggered and effective194. Mast cells and 

NKT cells are potent producers of IL-4, which is important for initiating of IL-5 

and IL-13 production by NK cells, activating Th2 response and contributing to 

generation of antibodies to extracellular pathogens195,196. Moreover, NK cells 

support also elimination of intracellular parasites, mostly via IFN-γ production197. 

A 

B 
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NK cell recognize cancer cells through up-regulation of ligands for activating 

NK cell receptors and/or loss of MHC-I on tumor cells198,199. 

The main cytokine produced by NK cell is IFN-γ, a cytokine with pleiotropic 

effect, responsible for macrophage activation, performing important role in 

antiviral and antibacterial response, enhancing antigen presentation, and 

regulating balance between Th1/Th2 response156.  

NK cell can directly interact with APC. Crosstalk between NK cells and DCs 

was described in 1999200. Cytokines produced by DCs activate NK cells and NK 

cells reciprocally regulate maturation of DCs201,202. DCs interaction with NK cells 

promotes IFN-γ synthesis by NK cells, followed by DC maturation and priming 

to Th1 immune response203,204. Production of IFN-γ by NK cells inhibits 

production of IL-17 and protects from inflammation and infection205,206.  

Generally speaking, NK cells participate in control of inflammation, killing 

APCs and activated T cells207, they protect organisms against 

autoimmunity208,209. 

NK cells perform regulatory role by expressing TGF-β210,211 and IL-10212,213. 

TGF-β and IL-10 inhibit DC maturation and proinflammatory cytokines214,215. 

Producing TGF-β, NK cells are important in Treg and Th17 lymphocytes 

development216. 

NK cells synthesize and produce variety of chemokines, including 

macrophage inflammatory protein-1α (MIP-1α or CCL3), MIP-1β (CCL4), CCL5 

(RANTES), CXCL8 (IL-8) and other cytokines such as TNF-α, IL-3, 

granulocyte/macrophage colony-stimulating factor (GM-CSF) and granulocyte 

colony-stimulating factor (G-CSF). NK cells also express broad chemokine 

receptor repertoire (CCR1, CCR2, CCR4, CCR5, CCR6, CCR7, CCR9, 

CXCR3, CXCR4, CXCR5, CXCR6, CXCR1, and CX3CR1) responsible for 

responding to chemokine signals. NK cells migrate to sites of inflammation, 

infection and tumor growth217-219.   

1.4.2 NK cell receptors 
NK cells are equipped with sophisticated array of receptors that belong to 

2 structurally distinct families:  
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• C-type lectin-like receptors or C-type lectin domain family (CTLD) 

encoded by NK cell gene complex (NKC). They include NKR-P1 

receptor family, NKG2D, CD94/NKG2A, C, Ly49  receptor family, 

CD69;  

• immunoglobulin-like receptor family (Ig-SF) encoded by genes 

within the leukocyte receptor complex (LRC). They include killer 

cell immunoglobulin-like receptors (KIRs), leukocyte 

immunoglobulin-like receptors (LILRs, also known as LIRs, ILTs), 

and the leukocyte-associated immunoglobulin-like receptors 

(LAIRs)220-222. 

CTLD family receptors belong to group V “NK-cell receptors” of vertebrate 

CTLD-containing proteins. Typically, they are type II transmembrane 

glycoproteins with single extracellular non-Ca2+-binding CTLD, which lost the 

carbohydrate-binding capacity57,223,224. 

Functions of NK cells are regulated by the balance between activating and 

inhibitory receptors. Ligands for activating receptors are either soluble 

(cytokines, chemokines) or membrane associated molecules. Inhibitory 

receptors recognize self MHC class I molecules or non-MHC class I molecules 

on other somatic cells. Consequently, upon infection or malignant 

transformation, expression of protein level of MHC molecules is often down-

regulated, signalling for NK cell activation. Two signalling pathways are 

triggered after ligand-receptor interaction. Activating receptor associate with 

immunoreceptor tyrosine-based activation motif (ITAM) and inhibitory receptors 

contain immunoreceptor tyrosine-based inhibitory motif (ITIM)185,218,225-227.  
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Table 3 NK cell activating receptors64 152,221,228-233 

Receptor Family Species Ligand(s) 

2B4 (CD244) Ig-SF Human/Mouse CD48 

CD16 (FcγRIII) Ig-SF Human/Mouse IgGs (Antibody-coated target cells) 

CD94/NKG2C,E CTLD Human/Mouse HLA-E/Qa-1b 

DNAM-1 

(CD226) 

Ig-SF Human/Mouse Nectin2 (CD112), Necl-5 (CD155)  

KIR2/2DS1-5 Ig-SF Human HLA-C 

KIR2DL4 Ig-SF Human HLA-G 

Ly49D CTLD Mouse H-2Dd 

Ly49H CTLD Mouse MCMV-encoded m157 

NKG2D CTLD Human/Mouse MICA, MICB, ULBP1-4/Rae1, 

H60, MULT1 

NKp30 Ig-SF Human HLA-B-associated transcript 3 

(BAT-3), B7-H6 

NKp44 Ig-SF Human Proliferating Cell Nuclear Antigen 

(PCNA) 

NKp46 Ig-SF Human/Mouse Possibly viral haemagglutinin 

(HA), heparan sulfate 

NKp65 (KLRF2) CTLD Human CLEC2A (KACL) 

NKp80 (KLRF1) CTLD Human CLEC2B (AICL)  

NKR-P1A CTLD Mouse unknown 

NKR-P1C CTLD Mouse unknown 

NKR-P1F CTLD Mouse Clr-g 
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Table 4 NK cell inhibitory receptors64,152,221,228-230 

Receptor Family Species Ligand(s) 

2B4 (CD244) Ig-SF Human/Mouse CD48 

CD94/NKG2A CTLD Human/Mouse HLA-E/Qa-1b 

CEACAM1 Ig-SF Human/Mouse CEACAM1, CEACAM5 

KIR2DL1 Ig-SF Human HLA-C2Lys80 

KIR2DL2/3 Ig-SF Human HLA-C1Asn80 

KIR3DL1 Ig-SF Human HLA-Bw4 

KIR3DL2 Ig-SF Human HLA-A2, -A11 

KLRG1 (MAFA) CTLD Human/Mouse Cadherins 

LAIR1 Ig-SF Human/Mouse Collagen  

LIR-1 (ILT2, 

CD85j) 

Ig-SF Human Various HLA class I molecules 

Ly49A CTLD Mouse H-2Dd, H-2Dk, H-2Dp 

Ly49C CTLD Mouse H-2Kb (and other H-2K, H-2D 

alleles) 

Ly49G2 CTLD Mouse H-2Dd, H-2Ld 

NKR-P1A CTLD Human LLT-1 

NKR-P1B/D CTLD Mouse Clr-b (Ocil) 

SIGLEC 3/7/9 Ig-SF Human Sialic acid 

SIGLEC-E Ig-SF Mouse Sialic acid 

 

NK cells express variety of co-stimulatory molecules CD70, CD80, CD86 and 

CD134L (OX40L) on their surfaces234,235. For expression of these molecules it is 

necessary to activate NK cells first through IL-2, IL-12 and IL-15 and cross-link 

of activation receptors NKG2D and CD16234. In mice were found also NK cells 

expressing MHC class II molecules with putative function236-238.   

1.4.2.1 The NKR-P1 family 

NKR-P1 is a homodimeric type II transmembrane protein, first characterized in 

rat239,240. The NKR-P1 family is conserved between rodents and humans185.  

The rat NKR-P1 family consists of four members: NKR-P1A, B, F and G241. 

In mice, seven members (NKR-P1A-G) of NKR-P1 family have been identified. 
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NKR-P1A, C and F are activating receptors and NKR-P1B, D and G are 

inhibitory receptors of NKR-P1 family, Nkrp1e is a pseudogene242-244. NKR-P1 

is encoded by Nkrp1(Klrb1) genes within NK cell gene complex (NKC) on 

chromosome 4 or 6 in rat or mice, respectively245-247. NKC is noted for 

significant allelic polymorphism between inbred strains (Figure 14)248. 

Historically, NK cells were phenotypically defined using NK1.1 alloantigen249. 

The PK 136 mAb250 recognize NKR-P1C activating receptor (NK1.1) in C57BL/6 

mice and NKR-P1B inhibitory receptor in SJL, FVB/N, and Swiss outbred mice, 

but not in BALB/c, AKR, CBA, C3H, DBA or 129 mice242,251,252. Due to existence 

of allelic polymorphism present in gene Nkrp1b/c, BALB/c mice were 

considered NK1.1-negative. Surprisingly, solely one direct T191S amino acid 

substitution in the distal C-terminal epitope of receptor is responsible for 

different NK1.1 alloreactivity in BALB/c and C57BL/6 mice. Despite of 

NKR-P1B/D receptor alleles divergence (Nkrp1d=Nkrp1bB6), gene products are 

quite similar to one another242,253.  

 

 
 

Figure 14 Nkrp1-Ocil/Clr gene region in C57BL/6 (B6) and BALB/c mice. NKC 
is located in chromosome 6 in mice (depicted with various receptors at the top). 
Immediately below and on the bottom is expanded view from NKC of Nkrp1-
Ocil/Clr gene region in B6 or BALB/c, respectively. BALB/c mice are characterized 
by allelic polymorphism in gene Nkrp1b/c in comparison to C57BL/6 mice. Genes 
are displayed as rectangles and arrows illustrate transcriptional orientation242. 

 

Aust et al. showed that NKR-P1A and NKR-P1F are expressed at low protein 

levels compared to NKR-P1C. This study also refer to variable protein 

expression of NKR-P1D (NKR-P1BB6), only approximately 55% of NK cells 
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express this receptor, contrary to NKR-P1C expression in almost all NK cells. 

Excepting NK cells, NKR-P1C is expressed on subsets of T lymphocytes and 

NKT cells. Strikingly, expression of NKR-P1A, D, F is not detected in NKT cells. 

Activated T lymphocytes express low protein level of NKR-P1A, but no 

significant expression of NKR-P1D and NKR-P1F was detected254. 

NKR-P1C is activating receptor associated with adaptor molecule FcεRIγ 

containing ITAM motif. Cross-linking of receptor with anti-NK1.1 antibody 

induced kinase activity, cytokine production and NK-mediated cytotoxicity255-257. 

On the other hand, cross-linking of activating receptors NKR-P1A and NKR-P1F 

with respective mAbs neither significantly change NK cell-mediated cytotoxicity 

nor enhance IFN-γ synthesis. Inhibitory receptors NKR-P1B and D possess an 

ITIM motif in the cytoplasmic domain, which associate with SHP-1 and after 

cross-linking with ligand trigger inhibitory signals243,251,252,258.  

Ligands for some members of NKR-P1 receptor family have been identified. 

They represent C-type lectin-related (Clr) protein family, alternatively known as 

osteoclast inhibitory lectin (Ocil). It is noticeable that they are encoded by genes 

(CLEC2) intermingled within NKC with genes encoding their receptors. Binding 

pairs include: NKR-P1B(D)/Clr-b, NKR-P1F/Clr-c,d,g, and NKR-P1G/Clr-f,d,g. 

Interestingly, inhibitory receptors NKR-P1B/D recognize an MHC-independent 

ligands. Clr-b is expressed on most hematopoietic cells and several non-

hematopoietic cells. Moreover, it is down-regulated in tumor cells, which 

contributes to higher susceptibility of tumor cells to NK cell-mediated cytotoxicity 

supporting the “missing self” hypothesis243,248,258-260.  

Ligands for NKR-P1A and C remain still elusive, but extrapolating from 

similar protein structure it will probably be also proteins despite the fact that 

they are called lectins258-265. 

Interestingly, in human model exists only one non polymorphic Nkrp1 gene 

encoding inhibitory receptor NKR-P1A (CD161). Ligand for human NKR-P1A is 

LLT1 and LLT1(CLEC2D) gene represents human ortholog of mouse 

Clr gene266-269. LLT1 is expressed on monocytes and B lymphocytes in 

peripheral blood270, but after IL-2 stimulation also on NK cells and 

T lymphocytes266. LLT1 interaction with NKR-P1A inhibits NK cell-mediated 

cytotoxicity and IFN-γ production, whereas enhanced IFN-γ synthesis were 
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observed in T lymphocytes268. Interestingly, LLT1 cross-linking with an antibody 

induced production of IFN-γ by NK cells270. 

1.5 NKT cells 
NKT cells connect innate and adaptive immune responses271,272. They express 

receptors similar to NK cells (NK1.1, DX5, CD69) and T lymphocytes (CD3, 

CD4 and CD5), but without expression of NK-specific receptor NKp46 and 

activating Ly49s receptors. Representing the innate lymphocyte population they 

exert effector functions within hours after activation. NKT cells secrete cytokines 

without prior antigen stimulation. Similar to NK cells, they constitutively express 

IFN-γ mRNA273 and possess cytotoxicity activity mediated by perforin274. On the 

other hand, NKT cells perform similar function responding to antigens as 

T lymphocytes expressing αβ TCR. Distinctly from T lymphocytes, that 

recognise peptide antigens in MHC complex275, NKT cells recognise glycolipid 

antigens and are CD1d (a conserved, nonpolymorphic MHC class I-like 

molecule) restricted276. CD1d is highly conserved in mammals277 and is 

expressed on many cells of hematopoietic origin, including B lymphocytes, DCs, 

macrophages and granulocytes278,279.  

NKT cells influence functions of macrophages, DCs, NK cells, T280 and 

B lymphocytes281. 

Two subpopulations of NKT cells are distinguished based on their T cell 

receptor gene arrangement.  

Type I NKT cells, called invariant NKT (iNKT) cells, express an invariant 

Vα14Jα18 αTCR chain with limited Vβ chain repertoire in mice (Vα24Jα18 

αTCR) parallel with almost exclusive usage of Vβ11 chain in humans. NKT cells 

are activated for example by α-galactosylceramide (α-GalCer)282,283. In mouse, 

4 other phenotypicaly different subpopulations within iNKT cells are 

distinguished: CD4+NK1.1+, CD4+NK1.1-, CD4-NK1.1+ and CD4-NK1.1-284,285 

They are present in bone marrow, blood, thymus, lymph nodes, lung, liver286, 

lamina propria287, and decidua of pregnant mice288. 

Type II NKT cells, variant NKT cells or diverse NKT cells, express a more 

diverse TCR repertoire. Typically, they do not recognize α-GalCer, while 

glycolipid sulfatide activates and marks this subpopulation. Variant NKT cells 
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are less studied, but it is known that they are present in thymus, spleen and the 

liver289.  

iNKT cells develop in the thymus290 from  the common CD4+CD8+ precursor 

of T lymphocytes291,292. iNKT cells arise from double-positive thymocytes293, that 

underwent cells by expressing self lipid antigens in the context of CD1d 

molecules292.  

Via migratory stimuli obtained by chemokine/receptor interactions NKT cells 

migrate to different locations294,295. Mouse iNKT cells represent approximately 

1-2% and 20-30% from total lymphocyte population in the spleen or in the liver, 

respectively296. Moreover, iNKT are localized in bone marrow, gastrointestinal 

tract and skin286,297. Tenfold lower percentage of iNKT cells is present in the 

lymph nodes compare to spleen and they are characterized as NK1.1-

CD103+CCR6+ subpopulation producing IL-17A297. 

NKT cells activation is a result of TCR triggering (antigen specific signal) and 

cytokine signal. NKT cells express high levels of IL12R in steady state, it means 

that they are quickly activated by IL-12 cytokine produced by activated APC and 

produce higher level of IFN-γ298-300. NKT/APC interaction promotes higher 

expression of CD40L on NKT cells, followed by synthesis of IL-12 cytokines by 

APC and acquisition of costimulatory molecules on APC and subsequently 

cytokine production by NKT cells301,302. 

NKT cells possess regulatory and cytotoxic activity. They are effective 

producers of variety of cytokines and directly kill virus-infected or tumor-

transformed cells by FasL303, TRAIL304 and using perforin/granzyme pathway274. 

Regulatory function of NKT cells are conducted by secretion of cytokines and 

chemokines. According to distinct phenotype 3 subsets of iNKT cells are 

distinguished: TH1, TH2, TH17-like iNKT cells (Figure 15)305. 
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Figure 15 iNKT cell subsets. 3 subsets of iNKT cells are distinguished according 
to different cytokine synthesis profile and cell surface receptor expression. 
Transcription factors leading to subset differentiations are illustrated in centre of 
cells. GATA3, GATA-binding protein 3; GM-CSF, granulocyte–macrophage colony-
stimulating factor; IFNγ, interferon-γ; PLZF, promyelocytic leukaemia zinc finger 
protein; RORγt, retinoic acid receptor-related orphan receptor-γt; TCR, T cell 
receptor; TH, T helper305. 

Th1 cytokine IFN-γ activates CD8+ CTL lymphocyte through NKT cells301,306. 

Th2 cytokines IL-4 and IL-13, produced by NKT cells, induce T lymphocyte 

tolerance298. On the opposite side, production of IL-17 cytokines causes mouse 

airway hyper-activity285,307, and mediated collagen-induced arthritis308 and the 

pathogen elimination. 

NKT cells constitute heterogeneous population with distinct cytokine profiles 

and functions. NK1.1+ NKT cells produce IFN-γ and low level of IL-4, IL-10, and 

IL-13 cytokines compare to NK1.1-NKT cells. Among all NKT cell populations, 

NKT cells lacking expression of NK1.1 are exclusive producers of IL-17 

cytokines285,307,309, preferentially NKT cells without CD4 receptor310. 

iNKT cells play two opposite role, protective or harmful, during pathological 

conditions, including microbial infections, allergic and autoimmune diseases and 

cancer192,311-314. 



 

  
 

INTRODUCTION 42 

1.6 Saccharide-protein interactions in 
biomedicine  

Targeting drug delivery system has many advances compare to standard 

treatment: direct targeting of target cells (limiting side effect on healthy tissue), 

increased efficiency of treatment, dosage reduction, increased uptake and 

internalization of medicaments76,315,316. 

Woodley and Naisbett proposed concept of lectin-mediated specific drug 

delivery in 1988317. Two mechanisms of lectin-based drug targeting are 

proposed: direct and reverse lectin targeting (Figure 16)315. Abnormal branched 

saccharide residues on the cell surface of tumor cell can be ideal targeted 

structures for reverse lectin targeting. 

 

 
 

Figure 16 Schematic illustration of lectin-based drug targeting. (A) Direct 
lectin targeting-drug coupled with saccharide structures binds to lectin receptor, (B) 
reverse lectin targeting-lectin with conjugated drug recognize saccharide structures 
on the cell surface of target cells318. 

Some toxic plant lectins such as mistletoe lectin I (ML I), the A-chain of ricin 

are used in development of lectin-monoclonal antibody conjugates, that can 

specifically bind to tumor cells and induce cytotoxic effects115,319,320. 

Monoclonal antibodies targeting tumor-associated glycolipids are strong 

activators of complement pathway and antibody-dependent cellular cytotoxicity 

(ADCC). Moreover, they have also the ability to induce direct cell death in target 

cells321-323. 

The goal of anti-adhesion therapy is to interrupt interaction between 

pathogen and host324,325. It is an attempt to use specific saccharides to block 
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pathogen-specific lectins and avoid pathogen adhesion to host cell surface 

(Figure 17). 

 

 
 

Figure 17 Schematic illustration of anti-adhesion therapy. Microorganisms bind 
to host cells via lectin-saccharide interactions (left) and specific carbohydrate drugs 
can mimic saccharide structures of glycoproteins of host cells, binds to bacterial 
lectin and blocks pathogen-host cell interactions (right)318. 

Oligosaccharides present in human milk bind to many bacterial lectins and 

therefore perform inhibitory role and prevent infections326,327. Besides naturally 

expressed saccharides preventing adhesion, monoclonal antibodies against 

pathogen saccharide structures have been developed328.  

Generally, carbohydrates induce short-lived IgM antibody production with low 

affinity and TACAs are T cell independent type II antigens, they stimulate 

B lymphocytes without the involvement of T lymphocytes. To overcome poor 

immunogenic response of polysaccharides, multi-component vaccines has been 

developed. They consist of carbohydrate antigens, an immunocarrier protein 

and an immunological adjuvant329,330.  
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Table 5 Summary of saccharide antigens as targets for vaccine 
construction129 

Tumor Antigens 

B cell lymphoma GM2, GD2 

Breast GM2, globo H, TF(c), Ley 

Colon GM2, TF(c),STn(c), Ley, Tn, sialyl Lea 

Lung GM2, globo H, Ley 

Melanoma GM2, GD2,GD3L, GD3 

Neuroblastoma GM2, GD2, GD3L, polysialic acid 

Ovary GM2, globo H, TF(c), STn(c), Ley 

Prostate GM2, globo H, Tn(c), TF(c), STn(c), Ley 

Sarcoma GM2, GD2, GD3L, GD3 

Small cell lung cancer GM2, FucGM1, globo H, polysialic acid, sialyl Lea 

Stomach GM2, Ley, Lea, sialyl Lea 

 

Carbohydrate vaccines are used against many infection pathogens including 

Haemophilus influenzae type b, Neisseria meningitides, and Streptococcus 

pneumoniae331. 

Considering CLRs as members of PRRs and their ability to recognize 

saccharide structures on the cell surface of target cells, they are used as targets 

for vaccine design. Targeting mannose receptor or DC-SIGN on DCs can 

induce stronger T lymphocyte responses332,333.  

Only alum-based adjuvants are until now approved for human use. 

Therefore, many efforts have been made to develop new more effective 

adjuvants. Among the promising candidates are carbohydrate-based adjuvants 

for vaccine enhancement. Saccharides possess many advances compared to 

alum, as they are biocompatible, nontoxic and biodegradable334,335. 

So far more than 20 recombinant monoclonal antibodies are used in 

treatment of various deceases. Improvement of antibody-based therapy is 

focused on oligosaccharide alteration on recombinant monoclonal antibodies 

(rmAbs). Selection of particular oligosaccharides on rmAbs could modulate and 

trigger signalling pathway more specific for cell targeting. Several attempts 

in engineering technologies has been used to modulate IgG1 Abs resulting in 
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enhancing NK cell-mediated antibody-dependent cell-mediated cytotoxicity 

(ADCC)336-338. 

Glycosylation play important role in NK cell activation and regulation of their 

effector functions. For example it effects binding of activation receptor 2B4 

(CD244) to its ligands CD48 resulting in 2B4-mediated lysis of CD48-expressing 

tumor target cells339. Likewise 2B4 receptor, natural cytotoxicity receptor 

NKp30, responsible for NK cell mediated cytotoxicity against different target 

cells, is also glycosylated. Its ectodomain is N-linked glycosylated at 3 different 

sites. Alteration in glycosylation may results in alteration in NK cell-mediated 

responses340. Similarly, binding of inhibitory receptors Ly49 to MHC class I 

molecules is affected by glycosylation341. Altered glycosylation on the cell 

surface of cancer cells may results in modulation of surface expression of 

NKD2D ligands considering that the surface expression of MICA/B is dependent 

on N-linked glycosylation342. 

More comprehensive analyses are needed to understand the biological 

functions of lectin-saccharide interactions and to utilized this knowledge in 

designing potential new drugs and medicaments, which will be more specific for 

particular deceases.  

Despite of many efforts, a lot of carbohydrate-based vaccine failed in clinical 

trials and until now there have not been used any carbohydrate-based cancer 

vaccine in clinic343. 
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2 AIMS OF THE THESIS 
The main goal of this thesis is to contribute to re-evaluations of previous 

interpretation and paradigm that NKR-P1 receptor, expressed on NK cells, is 

C-type lectin-like receptor, which binds saccharide structures in Ca2+-dependent 

manner. 

 

Aims of the thesis include: 

• verification of the binding activity of soluble properly folded 

recombinant proteins, rat NKR-P1A and mouse NKR-P1C, to 

neoglycoproteins with various saccharide structures 

• evaluation of the potential effect of GlcNAc-terminated 

oligosaccharides on gene expression of activating and inhibitory 

receptors on NK cells, chemokine receptors, cytokines and NK cell 

effector molecules, 

• attempt to dissect direct/indirect effect of GlcNAc-terminated 

oligosaccharides on NK cells, 

• determination of the possible target cell populations binding 

GlcNAc-terminated oligosaccharides, 

• analysis of the general responses of GlcNAc-terminated 

oligosaccharides in experimental animals (cytokine profile in 

serum). 
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3 DISCUSSION 
Identification of specific ligand(s) for particular receptor is essential for 

elucidation of its role in complex cellular/organismal system. Therefore, big 

effort is directed in many laboratories towards this goal, positive data are 

generally published in high ranked journals. Major caveat in proper 

interpretation of binding data is the definition of the threshold discriminating 

non-specific low affinity binding from the specific one, namely, when work is 

performed on recombinant proteins (which could be missfolded) or in the 

systems, when monomeric, instead of oligomeric (functional in in vivo situation) 

is used. Affinity vs. avidity issue concerning postulation of specific interacting 

partners was generally historically underestimated and recent new techniques 

are of good use to re-evaluate the already published and generally accepted 

data, which sometimes could be overestimated in a sense of specificity and/or 

biological relevance. 

Ligand for rat natural killer receptor protein 1 (NKR-P1) has been recently a 

matter of controversy. Bezouska et al. published almost 20 years ago that 

NKR-P1 is a lectin with Ca2+-dependent monosaccharide binging activity in 

preference order of GalNac>GlcNAc>>Fuc>>Gal>Man344. Moreover, new 

possible ligands for rat NKR-P1 had been further identified. Ligands possessing 

oligosasacharide sequences of the blood group family, the ganglio family and 

glycosaminoglycans has been described. Considering ligand presence on NK-

susceptible tumor cell lines, possible involvement of NK cells in antitumor 

responses was proposed345.  

In addition, study published in 1998 shows high binding affinity of synthetic 

GlcNAc-terminated thiourea-bridged glycoclusters to soluble dimeric 

recombinant rat NKR-P1 and a fact that synthetic GlcNAc8 inhibits binding of 

soluble recombinant rat NKR-P1 to its high affinity ligand, neoglycoprotein 

GlcNAc23BSA346. 

However, monosaccharide-specific binding affinity to recombinant soluble 

CTLD derived from the rat NKR-P1 has been re-evaluated by Kogelberg et al. in 

1999. Binding assay with several neoglycoproteins (fucose20BSA, 

galactose34BSA, glucose51BSA, mannose35BSA, N-acetylglucosamine28BSA; 

the subscripts indicate the numbers of monosaccharides per mol of BSA) to 
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NKR-P1 CTLD was performed. In contrary to previous studies lack of binging 

affinity of any of monosaccharides to soluble recombinant rat NKR-P1 was 

detected347. Later was observed binding of fully sulphated disaccharide 

(sucrose octasulphate) to the recombinant NKR-P1 C-type lectin-like domain 

(CTLD) using NMR spectroscopy348. Interestingly, also other C-type lectin-like 

receptors, including inhibitory receptors Ly49A and C, recognizing MHC I 

molecules, possess the ability to recognize sulphated polysaccharides349. 

Despite of all controversies and contradictions many studies has been 

accumulated using binding paradigm from 1994 in data interpretations. 

Simultaneously other ligands for NKR-P1 had been described350-354. Some of 

resulting publications are in a state of retraction/correction after the Ethical 

Committee of the Institute of Microbiology, ASCR and Charles University in 

Prague  investigated the potential misconduct issues and asked authors/co-

authors of Karel Bezouska's publications to re-evaluate the primary 

experimental data and interpretations. 

Meantime, several protein ligands for some members of NKR-P1 receptor 

family, that possess structural motif responsible for protein-protein interactions, 

had been identified. However, ligands for NKR-P1A and NKR-P1C remain still 

elusive, but taking into account similar protein structure with other members of 

the family we can propose, that probably it will be also proteins despite of their 

lectin terminology258-265.  

Although, direct binding assay of saccharide ligands to mouse NKR-P1C has 

never been published, the concept of rat model was extrapolated to mouse 

model and N-acetyl-D-glucosamine-coated polyamidoamine dendrimer 

(GlcNAc8 also known as GN8P) was postulated as possible ligand for mouse 

activating NKR-P1C receptor35,355-357. 

While investigation of the Ethical Committee was proceeding we performed 

data re-evaluations358. First of all we performed binding assay of soluble 

recombinant rat NKR-P1A and mouse NKR-P1C proteins to several 

neoglycoproteins (N-acetylglucosamine36BSA, N-acetylgalactosamine28BSA, 

D-mannose28BSA, L-fucose36BSA and D-galactose32BSA). Surprisingly, no 

binding effect was detected, neither to rat NKR-P1A nor to mouse NKR-P1C 

recombinant proteins (carefully checked for the proper folding properties). Our 

data were in agreement with results of Kogelberg et al347.  
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After we proved lack of saccharide binding affinity to recombinant NKR-P1 

we performed several other control experiments using an in vivo syngeneic 

tumor model. In our study we used 2 mice strains, C57BL/6 and BALB/c, 

divergent in Nkrp1 gene242. 

We analysed gene expression of Nkrp1 family and IFN-γ and TNF-α 

cytokines after GN8P treatment. Considering any significant changes in gene 

expression of Nkrp1a, b/d, c and cytokines IFN-γ and TNF-α in spleen 

mononuclear cells (SMCs) and possible predominant influence of other cells in 

SMCs, we further estimated gene expression in sorted NK cells (CD3-DX5+). To 

expand our investigation we also analysed several other genes (NKG2D, 

Gzmb1, Prf1, CCR2, CXCR3, and CX3CR1) after two different intervals (2 and 

24 hrs after the last administration of GN8P). Gene expression analysis 

revealed just minor changes in Nkrp1c (elevated mRNA level in healthy 

C57BL/6 mice 2 hrs after final treatment) and no significant changes were 

observed in gene expression of NKG2D, Gzmb1, Prf1, CCR2, and CXCR3. 

Regarding cytokine expression we observed significantly higher mRNA level in 

melanoma-bearing mice. We focused our investigation also on possible 

involvement of GN8P treatment in modulation of the NK cell trafficking. CCR2 

chemokine receptor is important for NK cell recruitment during infection and 

oncogenic processes359 and CXCR3 receptor is involved in NK recruitment into 

lymph nodes360. However, non of these two receptors was altered on mRNA 

level after GN8P treatment. Only gene expression of CX3CR1 has been 

significantly elevated in melanoma-bearing mice 24 hrs after the third dose of 

GN8P. Fractalkine (CX3CL1), ligand for CX3CR1 chemokine receptor, serve as 

migratory signal for NK cells, which are recruited into the tumor and reduced its 

growth361. 

To exclude or confirm direct effect of GN8P on NK cells we incubated sorted 

NK cells (from healthy or tumor bearing mice) with GN8P for 3 hrs in vitro and 

analysed gene expression of Nkrp1, IFN-γ and TNF-α. Longer incubation time 

was impossible because of fundamental difficulties (lack of viability) during in 

vitro mouse NK cells incubation. We observed only significantly higher gene 

expression of IFN-γ indicating possible direct effect of GN8P on NK cells, but 

independent on NKR-P1C receptor. Possible explanation of the IFN-γ response 

in complex saccharide treated cells could be saccharide specific PAMP 
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triggering of endocytosed material connected to recently described autophagic 

processes7. We can offer more accurate explanation, as indirect 

GN8P-mediated influence of NK cell responses, for in vivo conditions. 

According to the binding data we pointed out other possible target cell 

population for GN8P, namely NKT cells and macrophages. We observed 

elevated level of GN4P-A positive NKT cells in C57BL/6 mice compare to 

BALB/c mice, corresponding with cytokine pattern analysed in serum of both 

mice strains. 

In the context of possible indirect effect of GN8P on NK cells we can explain 

or re-evaluate our previous results, including changes in protein receptor 

expression, cytokine profiling in serum or NK cell-mediated cytotoxicity. Higher 

protein level of IFN-γ, TNF-α, IL-2 and IL-4 in serum of healthy mice can be 

result of inflammatory reaction to GN8P, possibly mimicking bacterial structures 

or TACAs antigens on the surface of tumor cells. Increased protein level of 

IFN-γ could probably mediate immunoglobulin class switch to IgG2a, which are 

responsible for antibody-dependent cell-mediated cytotoxicity (ADCC)357. 

To examine more deeply GN8P-mediated effect we performed several other 

experiments, which have not been published yet. Primarily, we started to 

determine binding of GN4P-A to NK, NKT cells, DCs and macrophages using 

fluorescent and confocal microscopy. Because of high cell autofluorescence all 

performed measurements were inaccurate indicating general methodological 

problems without careful characterization of fluorescent properties control cell 

populations. In contrast to our observation Krist et al. demonstrated binding of 

fluorescently labelled PAMAM-GlcNAc4 to NK cells (RNK-16 rat NK cell 

lymphoma and large granulary cells present in PBMC). Accuracy of obtained 

results is a matter of discussion, but not showing correct negative control in 

publication is questionable39. 

To correctly interpret data of GN4P-A binding to macrophages and NKT cells, 

several control experiments should be performed. Designing the follow up 

research line and experimental design we have to solve some serious 

obstacles.  Relevant control for binding experiments would be the fluorescently 

labelled PAMAM to exclude possible nonspecific binding of GN4P. The 

fluorescently labelled PAMAM is difficult to prepare because of the presence of 
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the charged residues and also it is almost impossible to maintain the same 

binding ratio of fluorescent dye as in a case of GN4P labelling. 

There is a possibility to perform an inhibition assay. Preliminary experiment 

was already done, however, incubation of the cells only with GlcNAc or 

N,N′,N′′-triacetylchitotriose did not decrease GN4P-A binding to macrophages 

and NKT cells. Even very high concentrations (10-3M) of GlcNAc and 

N,N′,N′′-triacetylchitotriose were not sufficient to reduce the GN4P-A 

binding (10-5M). Our explanation is based on the fact, that affinity vs. avidity 

issue should be of serious concern - multivalent binding and following cluster 

effect in case of GN4P results potentially in several magnitudes stronger 

binding to the putative receptor77. 

Since we have described macrophages as possible target cell population for 

GN8P, we analysed synthesis of nitric oxide (NO), iNOS gene expression and 

cytokine (IL-4, IL-6, IL-10) gene together with protein expression in peritoneal 

macrophages using C57BL/6 and BALB/c mice. However no significant 

changes have been observed. 

As mentioned above our primary data indicate indirect effect of GN8P as the 

more probable explanation of the NK cell responses. However, in vitro 

incubation (30 sec and 2 min intervals) of sorted NK cells with GN8P triggered 

signalling pathway, involving higher protein expression of PI3K and pERK1/2. 

Other interesting finding is that GN8P incubation with sorted NK cells in vitro 

cause higher gene expression of TLR9. GN8P could possibly serve as 

activator/stimulator of TLR9 gene expression and to improve antibacterial and 

antiviral responses mediated by NK cell362. Similar effect was observed in 

iNKT cells upon TCR activation363.   

Therefore, at least in some experimental setups, direct effects on NK cells 

could be observed, our data does not exclude specific interaction to specific 

receptor(s) – most probably NKR-P1 independent. 

Studies of our group were also focused on glycoconjugate effect on human 

NK cells364. Human NK-92 cancer cell line is used in human NK cell studies with 

concern its malignant non-Hodgkin's lymphoma origin. We investigated 

influence of synthetic glycoconjugate N-acetyl-D-glucosamine-calix[4]arene 

(GN4C) on changes in glycosylation pattern of NK-92 cancer cell line and 
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comparing results with fresh human NK cells (CD3-CD56+). GN4C was 

described as glyconjugate with a novel scaffold bearing saccharide structures38.  

Every cell within multicellular organism is covered with complex array of 

glycans. Alteration of saccharide structures on the cell surface is one of the 

important markers of malignant transformation111-113,365. Glycosyltransferases 

are one of the key enzymes responsible for saccharide alteration on the cell 

surface and they are involved in cancer progression and metastasis116,117. 

Therefore, we analyzed gene expression of MGAT3 and MGAT5 in NK-92 

and fresh NK cells. Surprisingly, we observed decreased gene expression of 

both genes encoded glycosyltransferases after incubation with GN4C in NK-92 

and fresh NK cells. Moreover, GN4C incubation increased gene expression of 

NKG2D in NK-92 and also in fresh NK cells and contrary down-regulated 

expression of Nkrp1a in fresh NK cells (NK-92 do not express Nkrp1a mRNA 

transcript). These results correlate with increased cytotoxicity of NK-92 and 

fresh NK cells to target tumor cells (colon carcinoma HT-29 and chronic 

myeloma leukemia K562).  

Considering connection between aberrant glycosylation and cancer 

progression we wondered if pretreatment of cancer cell lines (HT-29 or K562) 

with GN4C could modulate their responsiveness to NK cell-mediated 

cytotoxicity. Pre-incubation with GN4C of target cancer cell lines increased 

susceptibility to fresh NK cell-mediated cytotoxicity. The same experiment with 

NK-92 cells revealed similar effect on HT-29 target cells, but effect in K562 was 

opposite. 

Engagement of 2 signaling pathways involving PI3K/ERK MAPK kinase and 

PLC-γ/JNK MAPK kinase in signaling transduction triggered after NKG2D 

activation is important in NK cell polarization, granule release and NKG2D-

mediated cellular cytotoxicity366,367. After GN4C incubation we detected higher 

protein level of PI3K and pERK1/2 but not PLC-γ and pJNK1/2. 

Downstream of signaling pathway after GN4C incubation leads to higher 

synthesis of IL-2, IFN-γ and TNF-α in and NK-92 cell line. In fresh NK cells we 

observed only elevated protein level of IL-2. Th2 cytokines (IL-4, IL-6 and IL-10) 

were unchanged in both cells.  

In spite of these results, which suggest GN4C involvement in NK cell 

activation, we observed down-modulation of c-Myc, EGFR1, and Ki67 gene 
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expression, which are involved in regulation of cell proliferation. Fresh NK cells 

also down-modulated gene expression of c-Myc (they do not express EGFR1 

and Ki67 mRNA transcript). We can assume that 2 subunits of GN4C (GlcNAc 

units and calixarene core) triggered different signaling pathways. Saccharide 

structure could be responsible for enhancement of NK cell-mediated cytotoxicity 

independent on the NKR-P1A receptor and calixarene scaffold could be 

involved in down-modulation of proliferation markers. Calixarene-based protein 

surface topomimetics show promising anticancer properties, they inhibit 

angiogenesis during tumor development368.  
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4 CONCLUSION 
Recent re-evaluation of the NKR-P1 ligands has opened a Pandora box with 

discrepancies, which accumulated during two decades of research.  

My intention was to clarify small fraction of already published experimental 

data generally interpreted using “direct effect of GlcNAc-terminated structures 

on NK cell” paradigm, particularly describing glycodendrimers as ligands for 

NKR-P1 receptor.  

I performed variety control experiments proving already well documented fact 

that neoglycoconjugates do not bind to properly folded recombinant proteins-

e.g. rat NKR-P1A and mouse NKR-P1C. Moreover, glycodendrimers, 

repeatedly used as specific NK cell activators, does not specifically bind to the 

NKR-P1 positive NK cells. I found two new cell populations responsible for 

direct in vivo effect of glycodendrimers (NKT cells and macrophages).  

General conclusion of my work is that at least some already published data 

should be reinterpreted being aware of a strong indication that glycodendrimer-

mediated effects on NK cells could be indirect. In the context of complex 

oligosaccharide binding, new players on the stage, NKT cells and 

macrophages, should be carefully characterized.  
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Summary of paper I 

In this study glycoconjugate with four terminal N-acetyl-β-D-glucosamine 

moieties on calixarene scaffold (GN4C) was used as possible modulator of cell 

glycosylation in NK cells.  

NK-92 cell line and NK cells isolated from peripheral blood mononuclear cells 

(PBMCs) were incubated with GN4C and gene expression of MGAT3 and 

MGAT5, c-Myc, EGFR1 and gene for NK cell receptors (NKG2D and Nkrp1a) 

were estimated. Moreover, NK cell-mediated cytotoxicity was performed to 

evaluate GN4C effect on NK cells. At addition, cytokine synthesis and protein 

phosphorylation were analysed.  

It was observed down-modulation of MGAT3 and MGAT5 gene expression 

after GN4C incubation in NK-92 cell line and also in fresh NK cells. Higher gene 

expression of NKG2D and decreased gene level of Nkrp1a were in correlation 

with increased NK cell-mediated cytotoxicity to target cell lines. Signalling 

pathway triggered by GN4C involve PI3K and ERK1/2 but not PLC-γ and 

JNK1/2. GN4C incubation cause up-regulation of synthesis of IL-2, IFN-γ and 

TNF-α cytokines in NK-92 cell line, but only elevate protein level of IL-2 in fresh 

NK cells. On the other hand, incubation with GN4C decreased gene expression 

of c-Myc, Ki67, EGFR1 in NK-92 cells. Fresh NK cells also down-modulated 

gene expression of c-Myc (they do not expressed Ki67 and EGFR1). 

In conclusion, glycoconjugate GN4C modulates glycosylation pattern in NK-

92 cell line and fresh NK cells. Moreover, increased gene expression of 

activating receptor (NKG2D) and decreased gene expression of inhibitory 

receptor (Nkrp1a) is in agreement with observed higher NK cell-mediated 

cytotoxicity.  
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Summary of paper II 

In this work an in vivo effect of two glycoconjugates, GN4C and GN8P, was 

studied in melanoma-bearing mice. 

C57BL/6 mice were injected with B16F10 melanoma cell lines and treated 

with glycoconjugates either alone or in combination with non-specific 

immunostimulator keyhole limpet hemocyanin (KLH). Analysis of 

glycoconjugate effect on tumor growth was performed, moreover, changes in 

NK cell-mediated cytotoxicity were estimated. 

Treatment with glycoconjugates alone or in combination with KLH decreased 

tumor growth and increased survival time of experimental animals. Particularly 

GN4C, GN4C+KLH and KLH alone were more effective in prolongation of 

survival time of melanoma-bearing mice in comparison to controls. GN4C was 

more effective in comparison to GN8P glycoconjugate and KLH did not work in 

synergism with glycoconjugates. Elevated level of NK cell-mediated cytotoxicity 

was observed in melanoma-bearing mice treated with GN4C+KLH, KLH, GN8P 

and GN8P+KLH comparing to control animals. GN4C alone did not modulate 

cytotoxic response of NK cells. 

Major conclusion of the publication is, that glycoconjugate treatment 

decreased tumor growth in melanoma-bearing mice and prolonged survival time 

of experimental animals. GN4C was more effective than GN8P.  
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PAPER III 
Hulikova K, Svoboda J, Benson V, Grobarova V, Fiserova A. 

N-acetyl-D-glucosamine-coated polyamidoamine dendrimer promotes 
tumor-specific B cell responses via natural killer cell activation. 

Int Immunopharmacol., 11(8):955-61, 2011 

IF 2,417 

My contribution to the publication:

 

 experimental part (cultivation of cancer cell 

lines, animal inoculation with melanoma cell line, animal treatment with GN8P, 

spleen mononuclear cell isolation, western blot), data analysis and 

interpretation. 
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Summary of paper III 

In this study possible effect of glycoconjugate GN8P on tumor-specific B cell 

responses via activation of NK cells was evaluated. 

Melanoma-bearing mice were treated with GN8P and subsequently serum 

anti-B16F10 melanoma IgG levels, IgG2a mRNA expression, antibody 

dependent cell-mediated cytotoxicity (ADCC) and counts of plasma as well as 

antigen presenting B cells were estimated. Furthermore, levels of cytokines 

(IFN-γ and IL-4), involved in regulation of immunoglobulin class switch, was 

determined. 

The GN8P treatment increased significantly IgG levels, followed by increased 

ADCC reaction and up-regulated synthesis of IFN-γ by NK cells. Additionally, 

GN8P administration elevated count of antigen presenting B lymphocytes 

(B220+/CD80+, B220+/CD86+ and B220+/CD80+CD86+) and plasma cells 

(B220+/CD138+ or B220-/CD138+) in the spleen. 

This data may predict possible involvement of NK cell activation (production 

of IFN-γ) in regulation of immunoglobulin class switch and eventual induction of 

tumor-specific antibody formation. 
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PAPER IV 
Grobarova V, Benson V, Rozbesky D, Novak P, Cerny J. 

Re-evaluation of the involvement of NK cells and C-type lectin-like NK 
receptors in modulation of immune responses by multivalent GlcNAc-
terminated oligosaccharides. 

Immunol Lett., 156: 110-7, 2013 

IF 2,337 

My contribution to the publication:

 

 experimental part (cultivation of cancer cell 

lines, animal inoculation with cancer cell lines, animal injection with GN8P, 

spleen mononuclear cell isolation, magnetic depletion of B lymphocytes 

(CD19+), neoglycoconjugate binding assay, RT-qPCR, cytofluorometric 

analysis), data analysis and interpretation, manuscript writing. 
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Summary of paper IV 
This work is based on re-evaluation of NK cell involvement, with focus on 

NKR-P1C receptor, in recognition of GlcNAc-terminated oligosaccharide 

structures (GN8P) and modulation of immune responses. Recently, ligand for 

activating receptor NKR-P1C has become a controversial issue. After 

investigation of the Ethical Committee of the Institute of Microbiology, ASCR 

and Charles University in Prague some publication are in state of 

correction/retraction.  

First of all binding of soluble recombinant rat NKR-P1A and mouse NKR-P1C 

to neoglycoconjugates was analysed. Secondly was studied effect of the GN8P 

treatment on gene expression of Nkrp1a, b/d, c and cytokine IFN-γ and TNF-α 

in SMCs. Two mice strains were used which are divergent in Nkrp1 gene, 

BALB/c and C57BL/6 mice (both healthy and tumor-bearing). Further, more 

deeper gene expression analysis (Nkrp1c, NKG2D, IFN-γ, TNF-α, GzmB, Prf1, 

CCR2, CXCR3, CX3CR1) was performed using sorted NK cells (CD3-DX5+) 

from spleen healthy and melanoma-bearing C57BL/6 mice. To determine direct 

effect of GN8P on gene expression of Nkrp1c, IFN-γ and TNF-α sorted NK cells 

were in vitro incubated with glycoconjugate. Moreover, new possible GN8P-

targeted cell populations were identified. Additionally, cytokine profile in serum 

was determined. 

Re-evaluation revealed lack of binding activity of both soluble properly folded 

recombinant protein, rat NKR-P1A and mouse NKR-P1C, to 

neoglycoconjugates. The GN8P treatment only modestly or in most cases not at 

all elevated expression of Nkrp1 genes. Higher gene expression of cytokines 

(IFN-γ and TNF-α) was detected in melanoma-bearing mice. To dissect direct or 

indirect GN8P effect, only up-regulation of IFN-γ in melanoma-bearing mice 

after GN8P in vitro incubation was observed. The GN8P administration caused 

higher gene expression of CX3CR1 in melanoma-bearing mice. GlcNAc 

terminated oligosaccharide structures did not bind to NK cells, surprisingly, new 

possible target cell populations were examined, NKT cells and macrophages, 

which correlate with cytokine profile in serum. 

In conclusion, GN8P modulate immune responses more or less 

independently on NKR-P1C receptor expressed on NK cells. 
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