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Introduction 
 
NK cells 
 

Natural killer (NK) cells are a subset of leucocytes, which is capable of direct target cell 
lysis without the need of previous activation. Despite the fact that NK cells are primarily known 
to serve as the first line of defense against virus–infected (reviewed in (1)) and malignant 
transformed cells (reviewed in (2)), they are also known to be able to recruit non–specific 
lineages of cells (neutrophils, macrophages), activate dendritic cells (DCs) (3), prime adaptive 
lymphocytes (T and B cells) (4, 5) and secrete cytokines (6). Malhotra et al. further review the 
NK cell cross–talk with other cell populations as an important mechanism for therapeutic 
implications, like during viral infections, autoimmunity or tumor therapy (5). It was also 
reported, that NK cells stimulated with recombinant IL–2, poly (I:C), Trypanosoma cruzi 
infection or certain tumor cell lines are able to up–regulate IgG2a levels (7-9) produced by B 
cells. Aside from viral infection and malignant transformation, NK cells were also reported to 
play important roles in autoimmunity (10, 11), pregnancy (12), transplantation immunology (13) 
and microbial infection clearance (14). Such a wide spectrum of processes in which NK cells are 
involved implies even wider range of effector functions NK cells are able to perform and specific 
subpopulations into which they can differentiate. 

 
NK cell subpopulations 
 
 In humans, there are two major NK cell subpopulations present in the peripheral blood, 
based on the presence and the expression level of two specific surface markers – CD56 and 
CD16. Low CD56 expressing NK cells, termed CD56dim (CD16+) have high cytotoxic capability 
and are prevalent in peripheral blood, while the high–density CD56 (CD56bright – comprising 
approximately 1% of peripheral blood lymphocytes (CD16-)) have only marginal cytotoxic 
activity, and produce high amounts of IFNγ and TNFα (reviewed in (15)). In addition, these two 
subpopulations differ in the expression of over 400 other gene transcripts (16). 
 Murine NK cells lack the expression of CD56 or other ortholog, but based on the 
expression of CD27, it is believed to distinguish the cytokine producer (CD27+) and cytotoxic 
NK cell subpopulations in mice (17, 18) as well, despite this division is not as clear–cut as in 
humans. Murine NK cells express CD49b, which could also be used to define NK cell 
populations in mice (15), and more recently a more suitable marker, NKp46, was described (19). 
The prototype murine NK cell marker NK1.1, which was frequently used in the past to define 
NK cells, is not even detectable on many murine strains due to the distinct allele expression in 
these strains (20). Nevertheless, only two distinct NK cell populations are not enough to describe 
all the various effector functions exerted by NK cells. Thus the wide array of responses to outer 
stimuli must be established by the numerous NK cell receptors signaling pathways. 
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NK cell receptors 
 
 Unlike T or B cells, NK cells do not express clonally distributed receptor for antigen (6, 
21). Instead, they are believed to act upon weighing the balance of many different inputs before 
they decide whether to kill a target (22, 23). To understand this moment of decision, one must 
realize that there are many different receptors on the surface of NK cells – some deliver 
activating and others inhibiting signals, while some may deliver both, depending on the 
circumstances and on the activation state of the cell (24). Inhibitory receptors are usually 
determined by the presence of immunoreceptor tyrosine–based inhibition motif (ITIM) sequence 
in their cytoplasmic tail, which recruits protein tyrosine phosphatase SHP–1 (25). It was 
proposed by Ljunggren and Kärre that the expression of self MHC molecules protects healthy 
cells from NK cell lysis and its absence or aberrant expression promotes the NK cell–mediated 
cytotoxicity (26). Thus malignant or virus–infected cells, which try to evade the T–cell 
recognition via MHC are attacked by NK cells (27). This would imply, that there has to be an 
"on" signal, whenever NK cells interact with a potential target (28). Activating receptors lack the 
ITIM sequence and rather associate via charged residue in the cytoplasmic tail with adaptor 
proteins (23). These proteins contain activation motifs (ITAMs) and are able to recruit protein 
tyrosine kinases and subsequently activate transcription (24). 
 

Activating NK cell receptors 
 
 Activating NK cell receptors have no means of transducing the outer signal into the cell 
and instead associate with adaptor proteins. The family of transmembrane adaptor proteins that 
contains ITAMs includes CD3γ, CD3δ, CD3ε, ζ, Igα, Igβ, FcεRIγ and DAP12 (29). They are all 
characterized by a small extracellular region, an aspartic acid (D) in the transmembrane segment 
and a cytoplasmic domain that contains one or more ITAMs. The acidic amino acid in the 
transmembrane region is required for association of these proteins with their ligand–binding 
receptor subunit, which typically has a basic amino acid (arginine or lysine) in its transmembrane 
region. When these receptor complexes engage their ligands, the tyrosines in the ITAM are 
phosphorylated–often by Src family kinases–which, in turn, results in recruitment through SH2–
domain binding and activation of the Syk or ZAP–70 cytoplasmic tyrosine kinases (23). These 
events represent the immediate and proximal signals that ultimately result in cellular activation. 
 NK cells express three of the ITAM–bearing transmembrane adaptor proteins: ζ, FcεRIγ 
and DAP12. In NK cells, ζ and FcεRIγ are present as either disulfide–bonded homodimers or 
heterodimers (30), whereas DAP12 is exclusively a disulfide–bonded homodimer (31). On NK 
cells, FcεRIγ and ζ associate with CD16, the low affinity Fc receptor for IgG which is 
responsible for antibody–dependent cellular cytotoxicity (ADCC) (23). Cross–linking CD16 on 
NK cells results in: the association of the receptor complex with the p56lck tyrosine kinase; 
tyrosine phosphorylation of FcεRIγ and ζ; the activation of Syk and ZAP–70 (both of which are 
expressed by NK cells); the induction of phospholipase C1γ tyrosine phosphorylation; and the 
activation of phosphatidylinositol–3 kinase (PI3K), mitogen–activated protein kinase (MAPK), 
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p21ras, nuclear factor Atp (NFATp) and NFATc (reviewed in (32)). Signaling via CD16 causes 
degranulation and cytokine production (33) but may also lead to apoptosis in NK cells (34). NK 
cells in FcεRIγ–deficient mice do not mediate ADCC (35) and these mice were unable to reject 
melanoma cells in the presence of antibodies that provided anti–tumor protection in wild–type 
mice (36). In mice, CD16 associates with FcεRIγ but not ζ, whereas in humans FcεRIγ and ζ are 
both able to pair with CD16 (23). Although immune receptors that signal through ITAM are the 
best characterized, there are alternative pathways also implicated in NK cell and T cell 
stimulation, which include the activation of PI3K. Previous studies have indicated that a Ras-
independent, PI3K pathway may be critically involved in NK cell−mediated cytotoxicity (37). 
This raises the question of which NK cell receptors are linked to PI3K activation. A strong 
candidate is the DAP10 transmembrane adaptor protein, which is associated with the NKG2D 
receptor (38). Like the ITAM–containing adaptors, DAP10 has a small extracellular region, a 
transmembrane domain that contains an acidic amino acid and a cytoplasmic domain that is 
responsible for signal transduction. Instead of an ITAM, DAP10 contains the sequence YINM, 
which fits the consensus motif for binding the p85 subunit of PI3K (23). Ligation of the 
NKG2D–DAP10 receptor complex on NK cells triggers cell–mediated cytotoxicity (39) and can 
augment cytokine production initiated by signaling via the DAP12–associated receptors (31). 
Other adaptor molecules and receptors associating with these proteins are listed in Table 1. 
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Table 1: NK cell activation receptors and ligands 
Gene Known as Species Structure Signaling Ligand  

Klra4  Ly49D  Mouse  C-lectin 
homodimer  DAP12   H2-Dd 

Klra8  Ly49H  Mouse  C-lectin 
homodimer  DAP12   MCMV m157  

Klra16  Ly49P  Mouse  C-lectin 
homodimer  DAP12   MCMV?  

Klrb1c  
NKR-P1C, 
NK1.1  

Mouse  C-lectin 
homodimer   FcεRIγ  ?  

Klrb1f  NKR-P1F  Mouse  C-lectin 
homodimer  FcεRIγ?   Clr–g  

Pilrb1  PILRβ Mouse  Ig monomer  DAP12   CD99  
CD244  2B4  Mouse, Human  Ig monomer  ITSM, SAP   CD48  
KLRD1-
KLRC2  

CD94-NKG2C 
(CD159c)  

Mouse, Human  C-lectin 
homodimer   DAP12   

Mouse Qa1b, 
human HLA-E 

KLRK1  
NKG2D, 
CD314  

Mouse, Human C-lectin 
homodimer   

Mouse DAP10 
or DAP12, 
human DAP10   

Mouse Rae-1, 
H60, MULT1 
human MICA, 
MICB, ULBP1-4 

KLRF1  
NKp80, 
CLEC5C  

Human  C-lectin 
homodimer   ?   AICL  

KIR2DS1  CD158h  Human  Ig monomer  DAP12   
HLA-C 
N77/K80  

KIR2DS2  CD158j  Human  Ig monomer  DAP12   
HLA-C1 
family 

KIR2DS4  CD158i  Human  Ig monomer  DAP12   HLA-Cw4  
KIR3DS1  CD158e2  Human  Ig monomer  DAP12   HLA-Bw4 
KIR2DL4  CD158d  Human  Ig monomer  FcεRIγ  HLA-G  
NCR1  NKp46, CD335  Mouse, Human  Ig monomer  FcεRIγ, CD3ζ  heparan sulfate 

NCR2  NKp44, CD336  Human  Ig monomer  DAP12   
PCNA - 
Proliferating Cell 
Nuclear Antigen

NCR3  
NKp30, 1C7, 
CD337  

Human  Ig monomer  FcεRIγ, CD3ζ  B7-H6 

FCGR3  CD16  Mouse, Human  Ig monomer  
Mouse FcεRIγ, 
human FcεRIγ or 
CD3ζ  

IgG  

CD226  
DNAM-1, 
TLisa1  

Mouse, Human  Ig monomer  Protein kinase C   
CD112, 
CD155  

SLAMF7  
CRACC, 
CD319  

Human  Ig monomer  ITSM, EAT2   CRACC  

SLAMF6  NTB-A  Human  Ig monomer  
ITSM, SAP, 
EAT2   

NTB-A  
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Inhibitory NK cell receptors 
 
 Two types of inhibitory processes regulate cellular activation by ITAM–coupled 
receptors. The first of these is mediated by members of the C–terminal Src kinase (Csk) family, 
which phosphorylate the tyrosine residue at the C–terminus of Src family kinases (SFKs), 
thereby enabling an intramolecular association that suppresses SFK activity (40). The second 
mechanism is mediated by immunoreceptor tyrosine–based inhibitory motif (ITIM)–containing 
inhibitory receptors (41). The inhibition requires phosphorylation of ITIM tyrosine residues, 
which enables recruitment and activation of SH2 domain–containing inositol and tyrosine 
phosphatases that, upon binding, interfere with signaling by ITAM–coupled receptors. However, 
the precise phosphorylation events for which SFKs are required are not known (42).  
 Despite the structural differences between the human KIR, human CD94/NKG2A, and 
mouse Ly49 receptors, all NK cell inhibitory receptors appear to use a common strategy to 
inhibit effector activation. The unifying characteristic is the presence of ITIM sequences in the 
cytoplasmic domain of these receptors that upon tyrosine phosphorylation are able to recruit 
SHP–1, and possibly SHP–2, to mediate the inhibitory function (reviewed in (43)). The precise 
sequence of biochemical events may involve Src family kinases, phosphorylating the C–terminal 
ITIM, thereby enabling phosphorylation of the N–terminal ITIM, which was described recently 
in the case of platelet endothelial cell adhesion molecule 1 (PECAM–1) (41). KIR, Ly49, and 
CD94/NKG2A receptors regulate not only cytotoxicity but can also inhibit cytokine production 
by T and NK cells (44). 
 NK cell stimulation induced by exposure to NK–sensitive target cells or by ADCC via 
CD16 results in the immediate activation of tyrosine kinases, PLC–γ induced generation of 
phosphoinositides, and increases in intracellular Ca2+ levels (45). If KIR are engaged either by 
their natural class I ligands on the potential target cells or by agonistic anti–KIR mAb, the 
tyrosine residues in the ITIM (I/VxYxxL/V) are phosphorylated, possibly by src family kinases, 
and SHP–1 is recruited to the receptor complex (reviewed in (45, 46)). In NK cell–mediated 
cytotoxicity against EBV–transformed B lymphoblastoid cell lines, Valiante et al. (47) have 
shown that recognition of an appropriate HLA allotype on the target cells prevents the generation 
of inositol 1,4,5–trisphosphate and intracellular Ca2+ elevations. However, KIR ligation did not 
affect phosphorylation of PLC1–γ or PLC2–γ but apparently inhibited activation by preventing 
the association of an adapter protein, pp36, with PLC–γ or Grb2. In this experimental system, 
pp36 might be the critical substrate for activated SHP–1 that is recruited by the phosphorylated 
ITIM in the KIR cytoplasmic domain. By contrast, when NK cells are stimulated via CD16 to 
trigger ADCC, activation of KIR or the CD94/NKG2A receptor inhibits phosphorylation of 
PLC–γ, ζ chain, and the protein tyrosine kinase ZAP70 (48). Nonetheless, the critical event in all 
of these pathways is the recruitment and enzymatic activity of the tyrosine phosphatase, SHP–1. 
NK cells transfected with enzymatically inactive SHP–1 mutant are unable to transmit negative 
signals via KIR (49). Similarly, SHP–1 mutant mice demonstrate defects in Ly49A receptor 
signaling, although inhibitory function is not completely absent, suggesting a potential role for 
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other phosphatases, possibly SHP–2 (50). SHIP, a polyphosphate inositol 5–phosphatase 
implicated in the inhibitory function of FcγRIIB (51), does not appear to participate in KIR–
induced negative signaling (52). Receptors containing ITIM sequence are listed in Table 2. 
 

Table 2: NK cell inhibitory receptors and ligands 
Gene Known as Species Structure Signaling Ligand  
 Klra1    Ly49a    Mouse    C-lectin homodimer   1 ITIM    H2-Dd , -Dk 

 Klra3    Ly49c    Mouse    C-lectin homodimer   1 ITIM   
 H2-Kb , -Kd , -Dd, 
-Dk 

 Klra5    Ly49e    Mouse    C-lectin homodimer   1 ITIM    ?   
 Klra6    Ly49f    Mouse    C-lectin homodimer   1 ITIM    H2d 
 Klra7    Ly49g    Mouse    C-lectin homodimer   1 ITIM    H2-Dd 
 Klra9    Ly49i    Mouse    C-lectin homodimer   1 ITIM    H2-Dk 
 Klrb1a    NKR-P1A    Mouse    C-lectin homodimer   1 ITIM    ?   
 Klrb1b    NKR-P1B    Mouse    C-lectin homodimer   1 ITIM    Ocil (Clrb)   
 Lilrb4    gp49b1    Mouse    Ig monomer    2 ITIM   v
 Pilra    PILRA  Mouse    Ig monomer    1 ITIM    CD99   

 CD244    2B4   
 Mouse, 
human    Ig monomer   

 0 ITIM     
(4 ITSM)   CD48   

 KLRG1    Mafa   
 Mouse, 
human    C-lectin homodimer   1 ITIM   

 E-, N-, R-
cadherin  

 KLRD1-
KLRC1   

 CD94-NKG2A 
(CD159a)   

 Mouse, 
human   

 C-lectin 
heterodimer    1 ITIM   

 Mouse Qa1b , 
Human HLA-E   

 LAIR1   
 LAIR-1, 
CD305   

 Mouse, 
human    Ig monomer    2 ITIM    Collagen   

            

 KLRB1   
 NKR-P1A, 
CD161    Human    C-lectin homodimer   1 ITIM   

 LLT1 (OCIL, 
CLEC2D)   

 LILRB1   
 ILT2, LIR1, 
CD85j    Human    Ig monomer    4 ITIM    HLA class I   

 KIR2DL3    CD158b2    Human    Ig monomer    2 ITIM    HLA-C S77/N80  
 KIR2DL2    CD158b1    Human    Ig monomer    2 ITIM    HLA-C S77/N80  
 KIR2DL1    CD158b    Human    Ig monomer    2 ITIM    HLA-C N77/K80  
 KIR3DL1    CD158e1    Human    Ig monomer    2 ITIM    HLA-Bw4   
 KIR2DL5A 
KIR2DL5b    CD158f    Human    Ig monomer    2 ITIM    ?   

 KIR3DL2    CD158k    Human    Ig homodimer    2 ITIM   
 HLA-A3, HLA-
A11   

 CEACAM1    CD66a    Human    Ig monomer    2 ITIM    CD66   

 SIGLEC7   
 CDw328, 
p75    Human    Ig monomer    1 ITIM   -2,8 disialic acid  
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Target structures recognized by NK cells 
 
 NK cell receptors are able to respond to great numbers of target structures which are 
either directly associated with given pathogen infected or transformed cell, or indirectly by co–
stimulation by cell population recognizing and presenting the pathogen–associated structure. 
Since NK cells are primarily designed to destroy malignant, infected, transformed or stress–
damaged cells, they seldom recognize the exogenous pathogens themselves. While they can be 
directly activated by virus–derived proteins via their NKp (53) or Ly49H receptors (54), it only 
occurs when these proteins are expressed on the surface of the infected cell. As of yet, little 
conclusive evidence was presented to suggest direct NK cell activation by bacteria, or protozoan 
parasites (reviewed in (14)). Despite their inability to recognize such pathogens directly, NK 
cells still play critical role in their clearance. Indirect activation of NK cells by bacteria is well–
documented in numerous bacterial models and generally requires TLR–mediated activation of 
mDCs and monocytes or macrophages to secrete IL–12, IL–18 and type–1 interferons (55). More 
recent studies also pointed to the necessity of direct DC–NK cell contact for activation of 
effector function (56), suggesting DC–mediated antigen presentation and recognition by NK 
cells. 
 

Classical MHC class I glycoproteins 
 
 Primarily, NK cells are well equipped to recognize classical MHC class I molecules on 
the target cell surface and if those are presented in sufficient amount, they attenuate the NK cell 
activation potential. This inhibition of NK cell function can nevertheless be overcome when 
multiple activating receptors are engaged simultaneously (57) or when a sufficiently potent 
activating receptor is stimulated (58). Thus MHC–I inhibitory receptors rather dampen, than 
completely terminate NK cell function, pointing to a more analogue, not binary process of signal 
interpretation (59). While classical MHC–I glycoproteins are the main ligands of inhibitory NK 
cell receptors (lectin–like Ly49 in mice and Ig–like KIRs in humans), several activating isoforms 
of these receptors exist in both species. The most notable are the mouse Ly49D and human 
KIR2DS or KIR3DS molecules, that bind MHC I with much weaker affinity, despite having very 
high sequential homology to their inhibitory counterparts (59). Another KIR molecule with 
activating capabilities is KIR2DL4, which is shared by all haplotypes (59). It is the most distinct 
gene in the KIR family, since it associates with the activating FcεRIγ adaptor protein while 
having a functional ITIM in its cytoplasmic domain (60). Despite the ITIM presence, mAb 
cross–linking of KIR2DL4 induces IFNγ production by resting NK cells and cytotoxicity and 
IFNγ production in IL–2 activated NK cells (61, 62). 
 

Non–classical MHC class I glycoproteins 
 
 Human HLA–E and mouse Qa1b belong to the nonconventional MHC class Ib family and 
are recognized by the lectin–like CD94/NKG2 receptors in both humans and mice (63-65). 
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Unlike in the case of Ly49 and KIR, the CD94/NKG2 receptors do not demonstrate high 
polymorphism, probably due to their ligands little allelic variation (59). Non–classical MHC–I 
receptors also have activating (CD94/NKG2C or NKG2E) (66) and inhibitory (CD94/NKGA) 
isoforms (67) and usually are present in the form of heterodimers, since CD94 alone lacks a 
signal–transducing cytoplasmic domain. The question then is why activating and inhibitory 
receptors both seemingly bind the same ligands. As with KIR and Ly49, the inhibitory 
CD94/NKG2A binds the ligand with higher affinity than the activating CD94/NKG2C and the 
peptides bound to HLA–E or Qa1b can differentially affect their recognition (68). Since HLA–E 
and Qa1b bind most abundantly the leading peptides provided by HLA–A, –B, –C, –G or H–2 
respectively (69), the CD94/NKG2 receptors are, through HLA–E or Qa1b, able to monitor the 
status of classical MHC class I glycoproteins in the target cell. 
 

MHC class I–related ligands 
 
 NKG2D, the lectin–like receptor of NK cells, recognizes cell surface MHC–I–related 
glycoproteins, and is encoded in NKC (NK cell receptor complex) domain. It is a type II 
activating homodimeric receptor highly conserved in mice or in humans (70, 71). Among others, 
it binds the stress–inducible proteins MICA, MICB and ULBP in humans and Rae–1 and H60 in 
mice (reviewed in (59)). Despite very low sequential homology between MIC and ULPB or 
Rae–1 and H60, these ligands all bind with high affinity to NKG2D. They are often appearing on 
the cell surface under stress conditions evoked by cancer transformation or viral infection, but 
there were also reports of CMV and tumor immune–escape strategies, involving these ligands 
retention or shedding (72, 73). Several of these ligands were also reported to be increasingly 
expressed in tumor cells subjected to heat shock or ionizing radiation (74), thus increasing the 
tumor immunogenicity. Heat shock protein 70 (Hsp70) was also reported to be involved in 
increased NKG2D ligand expression (75), pointing to important role of this receptor in heat–
induced cell stress. Although NKG2D–mediated responses are beneficial in immune responses 
against tumors and pathogens, evidence was provided that this system may also be deleterious by 
contributing to autoimmunity. In humans, MICA has been detected on synoviocytes in the joints 
of patients with rheumatoid arthritis, accompanied by the presence of an unusual subset of CD4+ 
T cells that lack CD28 but express NKG2D (76). 
 

Endogenous MHC non–related ligands 
 
 Clr or C–type lectin–like receptor related glycoproteins, are a family of proteins encoded 
by the NK cell receptor complex genes localized between mouse Nkr–p1a and Cd69 (77). Clr–b, 
which is expressed on the surface of virtually all hematopoietic cells (78), is recognized by the 
inhibitory lectin–like receptor NKR–P1D in mice and renders the target cell resistant to NK–cell 
mediated lysis (79). With the exception of Clr–g, which is expressed preferentially on the surface 
of activated NK cells and is recognized by the activating NKR–P1F, no other members of the Clr 
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family as of yet have been linked to their putative NKR–P1 receptors in mice (77). As only one 
Nkr–p1 gene exists in humans, only one mouse Clr ortholog exists: LLT1. It is being transcribed 
by human NK cells and it was confirmed to bind to the single human NKR–P1A (59, 80, 81). 
The ligands of the activating members of the murine NKR–P1 family (e.g. NKR–P1A and C) of 
Clr remain to be identified, since these receptors show a high activation potential (82). 
 

Endogenous adenosine 
 
 Adenosine, produced in high amounts in hypoxic tissue such as in tumor sites, is an 
endogenous modulator of innate immune system and is being recognized by many cell types, 
including NK cells (reviewed in (83)). Adenosine receptors (AR) A1, A2A, A2B and A3, vary in 
the nature of the transmitted signal and the resulting effector reaction. While A2A adenosine 
receptor was reported to inhibit the cytotoxicity of activated NK cells (84) upon its agonist 
binding, A3 increased the synthesis of IL–12 in the tumor microenvironment, stimulating the NK 
cell activity and IFNγ production (85). Activation of the A2AAR also results in inhibition of the 
immune response to tumors via suppression of T regulatory cell function and inhibition of 
natural killer cell cytotoxicity and tumor–specific CD4+/CD8+ activity. Therefore, it is 
suggested that pharmacological inhibition of A2AAR activation by specific antagonists may 
enhance immunotherapeutics in cancer therapy as well as its stimulation by agonists could be 
used in transplantation immunology. Therefore, the inhibitory and stimulatory action of 
adenosine on NK cells depends on its binding to the different types of adenosine receptors and 
specific receptor agonists need to be designed (83). In addition, such compound's effect 
universality needs to be confirmed, since different species may react in different ways to a 
specific receptor agonist. 
 
NK cell–based immunotherapeutic approaches 
 
 NK cells are involved in almost all aspects of immune response – aside from viral 
infection and malignant transformation in autoimmunity (10, 11), pregnancy (12) and 
transplantation immunology (13) not only by their cytotoxic effector function, but also as 
powerful cytokine producers. This makes NK cells excellent candidates for immune modulation 
and vaccine development (86). Among such development belong the recently emerging synthetic 
carbohydrate–based vaccines (87), which use multivalent glycans as mimetics of common 
antigens in a diverse set of pathologies (reviewed in (88)). Aberrant glycosylation with branched 
N–Acetyl–glucosamine (GlcNAc) subunits, among others, was also associated with ongoing 
oncogenesis and metastatic potential (reviewed in (89)). Tumor associated carbohydrate antigens 
(TACAs) are overexpressed on a variety of cancer cell surfaces, which present tempting targets 
for anticancer vaccine development. The local density of antigen rather than the total amount of 
antigen administered was found to be crucial for induction of high Tn antigen (N-acetyl-
galactosamine-serin-threonine)–specific IgG titers (90). Globo H (GH), for instance, is a 
hexasaccharide specifically overexpressed on a variety of cancer cells and therefore, a good 
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candidate for cancer vaccine development (91). Glucosamine oligosaccharides corresponding to 
fragments of the bacterial surface poly–N–Acetyl–glucosamine were also previously synthesized 
to mimic the bacterial antigen (92) as well as other, dendrimeric GlcNAc structures (93). 
Saccharide structures are also emerging to be useful targeting tools to affect only selected tissues 
or cell subpopulations (94), or as anti–pathogenic structures (95). Multivalency plays a major 
role in biological processes and particularly in the relationship between pathogenic 
microorganisms and their host that involves protein–glycan recognition. These interactions occur 
during the first steps of infection, for specific recognition between host and bacteria, but also at 
different stages of the immune response. The search for high–affinity ligands for studying such 
interactions involves the combination of carbohydrate head groups with different scaffolds and 
linkers, generating multivalent glycocompounds with controlled spatial and topology parameters. 
By interfering with pathogen adhesion, such glycocompounds, including glycopolymers, 
glycoclusters, glyconanoparticles and glycodendrimers have the potential to improve or replace 
antibiotic treatments that are now being subverted by resistance. Bacteria present on their 
surfaces natural multivalent glycoconjugates such as lipopolysaccharides and S-layers that can 
also be exploited or targeted in anti–infectious strategies. Multivalent glycoconjugates have also 
been used for stimulating the innate and adaptive immune systems, for example with 
carbohydrate–based vaccines.  
 As the understanding of the molecular mechanisms involved in NK cell activation and 
effector function grows, the expectations concerning NK cell–based immunotherapeutic 
approaches (in vivo modulation of NK cell activity, purification/expansion, adoptive transfer) 
increase (96). As shown earlier, determination of the NK cell numbers in the periphery or in the 
affected tissue is not as reliable a marker for disease progression or immune response, as when 
assessing the NK cell activation and differentiation state markers (97). Thus, the levels of 
expression for different activating and inhibitory receptors from NKR–P1, NKG2, KIR families, 
and others are being determined in order to ascertain the effect of diverse mediators 
(neurotransmitter, purine nucleotides, and hormones) on NK cells function (97).  
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Aims 
 
 The goal of this work was to provide new insights and applications for NK cell–mediated 
immune modulation and on the receptors involved in these processes. Such data can provide the 
basis for more precise and balanced strategies of immune response alteration toward the desired 
effects. In order to provide such tool, it was first needed to study the receptors and their isoforms 
involved in both activation and inhibition of NK cell effector function upon stimulation – which 
are involved in direct cytotoxicity triggering and which tend to polarize the target cells toward 
cytokine production. It was also necessary to study the possible mediators and receptor ligands 
and whether they exert the same effect in different species, since many human immune disorders 
are studied in animal models. Thus, we focused at the following points: 
- Analyze the involvement of NKR-P1 receptor recognition systems in human autoimmune 
disorders and mouse tumor models employing synthetic glycan mimetics.   
- Study the involvement of KIR2DL4 receptor in hormonal ovarian hyperstimulation protocol in 
assisted reproduction and its effect on the implantation rate. 
- Determine the role of adenosine receptors in various species in antitumor immune response. 
- Evaluation of therapeutic implication of local hyperthermia on NK cell effector function in 
cancer models and the establishing of versatile targeting platform using ferritin nanoparticles. 
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Publication 1: CD161 is involved in NK cell cytotoxicity downmodulation in response to 
glycan mimetic and vimentin in human autoimmunity. 
 
Overview 
 
 Innate immunity is likely to play a critical role in the development and regulation of 
autoimmunity. The cell populations and receptors involved in various autoimmune diseases may 
vary significantly and a more general approach should be devised in order to influence the 
involved processes. Rheumatoid arthritis (RA) is a chronic inflammatory disease mediated by the 
activation of T cells, which leads to the activation of macrophages and subsequent production of 
proinflammatory cytokines, resulting in the destruction of cartilage and bone tissue. The related 
production of proteinases, which degrade collagen and proteoglycans, further compromises the 
immune system by the release of carbohydrate and other autoantigens. Alterations in N–glycan 
branching and the presence of endogenous glycan–specific autoantibodies is associated with 
autoimmune disorders (98). Since NK cells are key players in innate immunity which are able to 
influence the components of adaptive cellular response, their activity and involvement in 
autoimmune processes needs to be evaluated. CD161 (human NKR–P1A) is a bifunctional 
lectin–like receptor on the surface of NK cells, which was primarily designated in humans as an 
activating receptor (99), and is now being reported to have inhibitory functions (80).  
  
Aims and methods 
 
 In this study, we investigated the mechanisms of NK cell functional impairment, which 
was described previously in systemic autoimmune diseases (100). We focused on the 
involvement of CD161 in this process, specifically on its response to synthetic saccharide 
mimetic, octavalent N–acetyl–β–D–glucosamine–terminated dendrimer (GN8P) and endogenous 
RA–specific marker, mutated citrullinated vimentin (MCV). Patients with RA, polymyositis 
(PM) and dermatomyositis (DM) were compared to patients with osteoarthritis (OA) and healthy 
donors. 
  
Results and discussion 
 
 Here we confirmed the highly significant impairment of NK–mediated cytotoxicity in 
patients with autoimmune disorders (RA, PM, DM) compared to healthy donors or patients with 
OA. This impairment was accompanied with only slight decrease in the number of cytotoxic 
(CD56dim) NK cell subpopulation. Thus, we tested the NK cell activity after 30–minute 
preincubation with the synthetic GN8P. We found that NK cells were divided into two groups – 
either they were unaffected by the GN8P glycomimetic, or their activity was impaired by the 
preincubation. The GN8P–inhibited group exerted significantly higher expression of CD161 on 
CD56dim NK cells in both HD and RA patient groups. When we assessed the CD161 expression 
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on the mRNA level, RA patients had significantly more CD161–mRNA, which further increased 
after incubation with MCV. 
 We can thus conclude that there is a subset of NK cells (~50%), which react to GN8P 
glycomimetic by impaired cytotoxic effector function and this subpopulation can be identified by 
the elevated amount of CD161 expression. This expression can be further increased by MCV in 
both RA patients and in healthy donors, pointing to a more universal effect of MCV. In addition, 
these results make us believe, that the impaired NK cell cytotoxicity in autoimmune patients is 
caused by ligand binding to CD161, which is in accordance with the findings of Rosen et al. 
(80). 
 The effect of synthetic mediators (GN8P) on NK cell activity may not be the same in 
murine immune models, since rodents express various activating/inhibitory isoforms of NKR–P1 
(A, B, C, D, E and F) when compared to single human Nkr–p1a gene (101). And since human 
NKR–P1A (CD161) was reported to have both inhibitory (102) and stimulatory (103, 104) 
properties it was needed to further confirm, whether the same GN8P–mediated inhibitory effect 
will be observed in mice with various isoforms of NKR–P1. 
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Abstract We investigated the role of natural killer (NK) cells and CD161, their primary C-type-
lectin-like receptor in rheumatoid arthritis (RA). Samples were compared with healthy donors
(HD), dermatomyositic (DM), polymyositic (PM), and osteoarthritic (OA) patients. RA, PM, and DM
NK cell cytotoxicities significantly decreased relative to the HD and OA NK cells (pb0.0001).
These results correlated with an increased expression of NK cell inhibitory receptor CD161, in
active disease RA patients. We demonstrated that NK cells are able to respond to mutated
citrullinated vimentin (MCV), an RA-specific autoantigen, leading to increases in both PAD4
enzyme and CD161 mRNA expression. MGAT5 glycosidase involvement was detected in GlcNAc
metabolism within the synoviocytes of RA patients. Our findings reveal a functional relationship

between CD161 expression and NK cell cytotoxicity as well as reactivity to glycans and MCV, thus
providing new insight into the pathogenesis of RA and confirming the involvement of surface
glycosylation.
© 2010 Elsevier Inc. All rights reserved.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that affects the synovial tissue in multiple joints. Inflamma-
tion in RA and other rheumatoid diseases is mediated by
ed.
activation of T cells, leading to activation of macrophages
and fibroblast-like synoviocytes that subsequently produce
proinflammatory cytokines. Synovial tissue proliferation is
associated with destruction of cartilage and bone; the
closely related production of proteinases (MMPs), which
degrade collagen and proteoglycans, serves to further
antigenically challenge the immune system [1].

Innate immunity is likely to be of critical importance in
the development and regulation of autoimmunity. However,
the cells, receptors, and mediators involved in various
autoimmune conditions are mostly unknown. Natural killer
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(NK) cells are the key players in innate immunity; in addition
to their primary function of killing virally infected or
transformed cells, they also assist in the initiation and
development of adaptive immune responses by producing
cytokines or by direct cell-to-cell interactions. Reduced
numbers or impaired functioning of NK cells could lead to the
persistence of autoreactive T cells. Therefore, it is impor-
tant to identify NK cell activity and related molecular events
in RA patients. NK cell function is tightly regulated by
activating and inhibitory signals that are delivered by a
diverse array of cell surface receptors [2]. One important
inhibitory receptor on human NK cells is CD161 (NKR-P1A),
which belongs to the C-type lectin family that preferentially
binds carbohydrate-bearing structures. In a previous study,
we determined that CD161 binds to an N-acetylglucosamine
(GlcNAc)-containing glycoconjugate [3].One of the described
natural glycoprotein ligands of CD161 is LLT1 (osteoclast
inhibitory lectin or CLEC2D) that is known to inhibit in vitro
osteoclastogenesis [4,5]. LLT1 is present on the surfaces of
dendritic and activated B cells, and plays a role in mediating
direct interactions between these cells and NK cells [6].
Although previous studies have investigated the role of some
CD161 ligands, little is known about the function of the
CD161 receptor and its role in autoimmune diseases.

RA is, at least in part, a deregulated glycosylation disease,
and cells from patients with the disease display changes in
the glycosylation of cartilage and synoviocytes. Changes
appear also in the glycosylation or expression of galectins,
lectins, acute-phase proteins, IgG, and other unidentified
plasma proteins [7–10]. Dense, complex glycan structures
are the most abundant and diverse molecules on cell
surfaces. The glycoprotein pattern is modified by Golgi-
resident glycosyltransferases such as MGAT5, which is
required for the generation of N-glycan complexes. These
enzymes are regulated and expressed in a tissue-specific
manner that enables them to rapidly modify the glycan
profile in response to physiological or pathological changes.
Alterations in protein N-glycan branching, together with the
presence of antibodies that recognize endogenous glycans, is
associated with autoimmune disorders [11–13]. MGAT5-
deficient mice have increased spontaneous kidney
autoimmunity and increased susceptibility to experimental
autoimmune encephalomyelitis [14]. Knowledge of Golgi-
resident enzymes operating in glycan synthesis pathways
could provide further insights into the pathogenesis of
autoimmune diseases [15–17].

Currently, the only specific marker for RA is the presence
of citrullinated proteins, which are produced in inflamed
synovium and function as autoantigens (cit [18,19]). Anti-
citrullinated protein antibodies circulating in the peripheral
blood of RA patients can serve as highly specific markers for
early detection of RA, and can be used to predict disease
outcome [20–24]. Proteins are citrullinated by peptidylargi-
nine deiminase enzymes (PADs). PAD2 and PAD4 are
predominantly expressed in CD14+ macrophages and, to a
lesser extent, in CD56+ cells [25]. Under normal conditions,
PAD enzymes are located intracellularly; however, in
inflamed synovium, they can leak from damaged cells and
become active due to high extracellular Ca2+ levels [26].

Although it is known that NK cell-mediated cytotoxicity is
downmodulated in systemic rheumatoid diseases [27], the
molecular mechanism is not fully understood. Thus, we
investigated the NK cell functional impairment that persists
even after patients have received classical therapies to treat
RA. We focused on the role of NK cells and CD161 in patients
with RA, polymyositis (PM) and dermatomyositis (DM), and
compared it with their roles in patients with osteoarthritis
(OA), and in healthy donors (HD). Specifically, we evaluated
saccharide recognition of the CD161 inhibitory receptor using
synthetic N-acetyl-β-D-glucosamine-terminated glycoconju-
gates, as well as the possible interaction between CD161 and
modified citrullinated vimentin (MCV).

Patients and methods

Patients and healthy donors

The study population comprised 86 patients (5 men and 81
women) followed by the Institute of Rheumatology in
Prague, Czech Republic, and 60 healthy donors (HD, 24
men and 36 women, mean age 46.1±9.2 years) from the
Blood Transfusion Department of Thomayer University
Hospital in Prague. Patients had the following diagnoses:
RA (n=50, mean age 59.3±10.3 years), OA (n=19, mean age
66.7±6.3 years), DM (n=12, mean age 61.4±4.8 years), and
PM (n=5, mean age 60±4.9 years). Patients with DM, or PM
were diagnosed using valid criteria including MRI [28–30].
Patients with RA met the 1987 revised criteria of the
American College of Rheumatology (ACR) [31]. Patients
with OA were diagnosed according to the ACR Subcommittee
on Osteoarthritis [32].

Peripheral blood or synovial fluid from patients and
healthy donors was drawn after we obtained an informed
consent agreement. Therapy involved the use of glucocorti-
coids, immunosuppressives (cyclosporin A, methotrexate,
azathioprine, and leflunomide), TNF antagonists, and non-
steroidal anti-inflammatory drugs. To exclude the influence
of therapy on the immune parameters that we investigated,
four untreated RA patients were also enrolled in the study.

Cell separation and glycoconjugate or vimentin
treatment

Citrated blood samples from patients and healthy donors were
separated by Ficoll-Hypaque 1077 (Sigma-Aldrich, St. Louis,
MO, USA) density centrifugation for 40 min to obtain the
peripheral blood mononuclear cell (PBMC) fraction. Synovial
fluid including synoviocytes was obtained from patients with
RA. Purified human CD56+CD3– NK cells (N98%) were sorted
with a FACS Vantage SE (BD Bioscience, Heidelberg, Germany)
using antibodies CD3-FITC (Dako, Glostrup, Denmark) and
CD56-PE (Immunotech, Marseille, France).

A glycoconjugate–polyamidoamine core with eight ter-
minal N-acetyl-β-D-glucosamine moieties (GN8P) was syn-
thesized and kindly provided by Vladimir Kren (Academy of
Sciences, Prague, Czech Republic). The synthesis and dose-
dependent effects of this glycoconjugate on human PBMCs
were described previously [33,34]. Purified NK cells were
incubated with GN8P (10 nM), RA-specific autoantigen MCV
(Orgentec, Mainz, Germany), and recombinant human
vimentin (VIM, 10 mM; Progen Biotechnik, Heidelberg,
Germany) at 37 °C for 24 h. GN8P and VIM were added to
the cells in solution, and MCV was coated to microtitre
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plates. Cell lysis was performed after incubation directly on
the plates.

Cytotoxicity assay

In vitro NK cell-mediated cytotoxicity was determined using
a standard 51Cr-release assay with PBMCs from patients and
healthy donors in the presence or absence of GN8P. We used
the NK cell-sensitive K562 (CCL-243, ATCC) erythroleukemia
cell line. Effector cells at a concentration of 1.6×105/well
were incubated with 104 target cells (labeled for 60 min with
Na251CrO4), in round-bottomed 96-well microtitre plates
(NUNC) at 37 °C in a humidified atmosphere containing 5%
CO2. NK cell activity was evaluated after 18 h of incubation
and was calculated as described previously [35].

Flow cytometry

The fluorochrome-conjugated antibodies CD3-Pacific Blue
(clone UCHT1), CD56-APC (clone MEM-188), and CD161-FITC
(clone B199.2) were obtained from Dako (Glostrup,
Denmark), Exbio (Prague, Czech Republic), and Serotec
(Raleigh, NC, USA), respectively. Optimal staining concen-
trations were determined by single-stain titration of anti-
bodies prior to experimental use.

PBMCs (5×105 cells/well) were stained with the antibody
mixture for 30 min on ice, washed, and measured with a
Becton Dickinson (Franklin Lakes, NJ, USA) LSRII instrument.
We included single-stain controls for further offline compen-
sation. Measurement and subsequent analysis was performed
using FACSDiva and TreeStar FlowJo 8 software, respectively.

Reverse transcriptase PCR and real-time reverse
transcriptase PCR analyses

Total RNA from purified NK cells and PBMC was isolated with
RNeasy Micro and Mini Kits (Qiagen, Hilden, Germany),
respectively. Five micrograms of RNA were transcribed into
cDNA using the cDNA Archive Kit (Applied Biosystem, Foster
City, CA, USA). Reverse transcriptase PCR (RT-PCR) was
carried out with HotStarTaq DNA Polymerase (Qiagen) and an
iCycler5 (Bio-Rad, Philadelphia, PA, USA). Real-time RT-PCR
was performed with PowerSybr Green Master Mix (Applied
Biosystems) and an iCycler5. PCR product specificity was
checked by melt curve analysis. The sequences of the primers
used to amplify humanβ-2-microglobulin (B2M) andPAD4were
described previously [36,37]. The primers designed by us with
Primer3 Input softwarewere: MGAT5 F, 5′-CTTCTTTCTTCCAG-
CACCTCAAC; MGAT5 R, 5′-AAACACACAGTGCTTATTCTTAGGG;
NKR-P1A F, 5′-TCTTCCTCGGGATGTCTGTC; and NKR-P1A R, 5′-
CCTGCTCTGTTGAATGTCCA. The gene of interest was normal-
ized to the control gene β-2-microglobulin and differences in
geneexpression between the treated cells and the appropriate
control cells were evaluated with Bio-Rad iQ5 2.0 software.

ELISA to detect MCV and CCP antibodies

An anti-MCV ELISA kit (Orgentec, Mainz, Germany) was
employed to detect antibodies against MCV. Antibody amounts
were calculated as pg/ml on the basis of the standard curve.
Antibodies to citrullinated peptides (anti-CCP) were detected
by commercially available ELISA for anti-CCP2 (Immunoscan RA;
Euro-Diagnostica, Malmoe, Sweden). The results are expressed
in U/ml with the cut-off for normal levels at 25 U/ml. Plasma
from patients and healthy donors was diluted 100-fold, and
ELISAs were performed according to the manufacturers'
protocols.

Statistical analysis

Differences in NK cell phenotypes and numbers among patients
grouped by disease were analyzed using the nonparametric
Mann-Whitney test with a confidence interval of 95%. The
significance of NK cell cytotoxicity in the presence or absence
of GN8P was evaluated with the paired one-tailed Student's
t-test. Values of p≤0.05 (*), p≤0.01 (**), and p≤0.001 (***)
were considered to be statistically significant.

Results

Reduced NK cell number and effector function in
patients with autoimmune diseases

To compare the cytolytic function of NK cells in patients with
autoimmune diseases to their function in those with OA and in
HD,we examined PBMCs fromRA, DM, PM, and OA patients, and
from HD using a standard 18-h 51Cr-release assay. There was a
highly significant decrease in NK cell cytotoxicity in both RA
(32.53%±15.64%, pb0.0001) and PM/DM patients (27.81%±
14.07%, pb0.0001), but not in OA patients (45.61%±19.32%,
p=0.365) compared to HD (49.76%±15.82%) (Fig. 1A). Thus, NK
cell function was impaired only in patients suffering from
autoimmune diseases (i.e., RA, PM, and DM).

Because decreased cytotoxicity can be caused by either
impaired NK cell function or a lower number of functional NK
cells, we correlated our functional assay results with FACS
analysis of NK cell percentages. There are two main popula-
tions of NK cells that are distinguished by their level of CD56
expression: CD3–CD56high (NK1 type synthesizing TH1 cyto-
kines and NK2 synthesizing TH2 cytokines) and CD3–CD56low
(killer-type NK cells); we concentrated on the CD3–CD56low
subpopulation. We found a highly significant decrease in the
percentage of killer NK cells in PM/DM patients (4.92%±3.0%,
p=0.0006); however, the NK cell percentage was only slightly
decreased in RA patients (6.58%±4.4%, p=0.003) compared to
HD (8.62%±3.8%) (Fig. 1B). OA patients showed no significant
change in the percentage of NK cells (10.39%±3.4%, p=0.11).
We did not find any significant differences in NK cell activity
impairment when comparing different therapeutic interven-
tions or disease stages.

Differences in reactivity to GN8P

Differences in NK cell distribution between RA and HD did not
sufficiently explain the highly significant decrease of
cytotoxic activity. Therefore, we evaluated the relationship
between the impaired function of NK cells and inhibitory
activity of CD161 receptor triggered by ligand binding. We
used the GN8P glycoconjugate in a 30-min preincubation
with PBMC samples as a prototype ligand of CD161 [3] to



Figure 1 Comparison of NK cell-mediated cytotoxicity and NK
cell distribution in the autoimmune diseases RA, PM, and DM
with OA and HD. (A) Standard 18-h 51Cr-release cytotoxicity
assay was performed with an effector: NK-sensitive K562 target
cell ratio of 16:1. Cytotoxicity was significantly impaired in all of
the samples from patients with autoimmune disease. OA patient
samples had normal cytotoxic activity that was not significantly
different from HD. (B) Percentage of NK cells among lympho-
cytes. The data shown represent the percentage of CD3–CD56low
NK cells in patient samples with the same diseases measured in
the cytotoxicity assay (A). A lower number of killer NK cells
corresponded with lower cytotoxicity. Statistical significance
according to the Mann–Whitney test is indicated by ** (p≤0.01),
*** (p≤0.001). ns, not significant (pN0.05). RA n=50, PM n=5,
DM n=12, OA n=19, HD n=60.

Figure 2 Cytotoxicity, distribution, and phenotype of NK cells
in RA patients and HD grouped according to GN8P sensitivity.
(A) Cytotoxic activity of GN8P-inhibited samples. NK cell activity
measured by 18-h 51Cr-release cytotoxicity assay in the presence
or absence (NTC) of GN8P. 50% of RA patient samples were
inhibited byGN8Ppretreatment, and 50%wereGN8P-nonreactive.
(B) Percentage of CD3-CD56low NK cells. The plot shows the
number of NK cells among lymphocytes divided according GN8P
reactivity in HD and RA patients. C, Percentage of CD161-positive
NK cells (CD3–CD56low CD161+). Significantly higher levels of the
CD161+ NK cell subset in GN8P-inhibited samples from both HD
and RA patients corresponded with impaired cytotoxicity in
the same sample groups. inhib, GN8P-inhibited samples; non-r,
GN8P-nonreactive samples. Statistical significance is indicated by
** (p≤0.01) and *** (p≤0.001).
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investigate how ligand binding affects NK cell functional
activity.

We separated the RA patients and HD into GN8P inhibited
and non-reactive (data not shown) groups on the basis of
differences from control, untreated values. We have taken
5% tolerance, so values under 95% of the untreated controls
were taken as inhibited. We found that PBMCs from 50% of
the RA patients (n=25/50) in vitro responded to GN8P
pretreatment by inhibition of NK cell cytotoxicity (Fig. 2A).
The mean percentage of cytotoxicity in patients PBMCs not
treated with GN8P was 14.44%±8.5%, compared to 12.37%±
7.8% in the GN8P-pretreated PBMCs (pb0.0001). Similarly, in
42% of HD (n=26/56) PBMCs, incubation with GN8P down-
modulated the NK cell activity from 46.96%±16.28% to
38.15%±13.8% (pb0.0001), as evaluated by paired, one-
tailed Student's t-test. However, 50.0% of RA patient PBMCs
and 58% of HD PBMCs did not exhibit any significant reaction
to GN8P. As we expected, based on what is known about the
inhibitory function of the CD161 receptor, the NK cells that



Table 1 Reactivity of RA patient PBMCs to GN8P according
to therapy (A) or disease stage (B).

A

Therapy GN8P
nonreactive

GN8P
inhibited

Total
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reacted to GN8P showed decreased cytotoxic activity. We
found that there was a slightly higher percentage of GN8P-
inhibited samples from RA patients compared to HD (50% vs.
42%, respectively). Thus, we next investigated whether the
GN8P-mediated decrease in cytotoxicity was caused by a
lower number of NK cells, or the inhibitory activity of CD161.
Low CD161
expression

High CD161
expression

No. of
patients

Glucocorticoids 37% 63% 11
Immunosuppresives 34% 66% 9
Glucocorticoids and
immunosuppressives

70% 30% 20

TNF-antagonists 50% 50% 6
No therapy 25% 75% 4

B

Disease stage GN8P
nonreactive

GN8P
inhibited

Total

Low CD161
expression

High CD161
expression

No. of
subjects

I 36% 64% 14
II 44% 56% 9
III 58% 42% 12
IV 60% 40% 10
SF positive 60% 40% 5
Healthy donors 58% 42% 56

Legend: SF=synovial fluid.
Distribution of NK cells according to reactivity to
GN8P

We compared the percentages of NK cells from the two groups
of RA patients and HD that were either GN8P inhibited or
nonreactive. We found that the percentage of killer NK cells
(CD3–CD56low) did not correlate with the difference in
cytotoxicity of HD (8.46%±3.7% and 7.44%±3.6%, in nonreactive
vs. inhibited, respectively), moreover, in the samples from RA
patients, we observed a significant indirect relationship
between NK cell percentages and the cytotoxicity assay
results: 7.75%±2.8% and 10.98%±4.7% in GN8P-nonreactive
and -inhibited samples, respectively (p=0.0003) (Fig. 2B). Once
we had determined that the percentage of NK cells did not have
a direct effect on cytotoxicity as measured by the GN8P assay,
we verified the expression of CD161. The total number of
CD161-expressing lymphocytes, unlike the percentage of NK
cells, correlated indirectly with the cytotoxicity assay results in
both HD (15.18%±7.9% vs. 24.92%±7.5% for GN8P-nonreactive
and -inhibited samples, respectively; p=0.005) and RA patients
(12.95%±4.3% vs. 19.80%±5.8% for GN8P-nonreactive and
-inhibited samples, respectively; p=0.0002). The effect of
GN8P on cytotoxicity was likely mediated by binding to CD161
receptors expressed onCD3–CD56lowNKcells; ligand binding to
CD161 inhibited effector function. Those samples that were
inhibited by GN8P had significantly higher percentages of
CD161-positive NK cells: HD, 15.18%±7.9% and 24.92%±7.5% in
nonreactive and inhibited samples, respectively (p=0.005); RA,
1.94%±1.6% and 4.21%±2.1% in nonreactive and inhibited
samples, respectively (pb0.01) (Fig. 2C).

FACS analysis of CD161-positive lymphocytes showed that
RA samples inhibited by GN8P pretreatment even expressed
higher levels of CD161 (4300 mean fluorescence intensity
[MFI]±304.3 MFI; p=0.003) compared to GN8P-inhibited HD
samples (2,802 MFI±177.9 MFI). CD161 expression in GN8P-
nonreactive HD and RA samples was not significantly
different (3,620 MFI±237.3 MFI and 2,991 MFI±224.2MFI,
respectively). These findings support the hypothesis that
CD161 plays an important role in regulation of NK cell
recognition and effector functions.

When we grouped RA patients (n=50) according to the
therapy that they received (Table 1A), we found that samples
from patients receiving either glucocorticoids or immunosup-
pressives were GN8P inhibited (expressed high levels of
CD161): 63% (n=7/11) and 66% (n=6/9), respectively. In
contrast, 70% (n=14/20) of the samples from RA patients
treated with a combination of glucocorticoids and immuno-
suppressives were GN8P nonreactive (expressed low levels of
CD161). There was no difference in the number of GN8P-
nonreactive and -inhibited samples from untreated and TNF
antagonist-treated patients (50%). Differentiation of samples
from patients according to disease stage revealed that the
majority of patients with stage I and II RA fell into the GN8P-
inhibited group, while a majority of the samples from patients
with stage III and IV RA [31] were nonreactive. All of the
samples from patients with active arthritis and inflamed joints
(synovial fluid-positive) were GN8P nonreactive (Table 1B).
CD161 gene expression in response to GN8P

As NK cells showed major changes in their cytotoxic activity
after treatment with GN8P, we wanted to describe this
phenomenon in a more detailed manner. We thus investi-
gated the changes that occurred intracellularly following
ligand binding by evaluating CD161 – the responsible
receptor – expression in purified NK cells. FACS analysis of
HD NK cells revealed that untreated HD NK cells fell into two
groups: the first group had high numbers of NK cells
expressing CD161 receptor, and the second group had low
numbers of NK cells expressing CD161 receptor (Fig. 3A).

NK cell reactivity to GN8P correlated with the cytotoxic
response of the donor cells. In response to GN8P, subjects
with higher numbers of NK cells (CD56+CD3−) expressing
CD161 protein showed a slight reduction in CD161 mRNA
expression, as measured by RT-PCR. However, the donors
with low numbers of CD161+ NK cells resulted in a slight
increase in CD161 mRNA expression (Fig. 3B).
MGAT5 gene expression in response GN8P

The role of the glycosyltransferase MGAT5, a key glycan
metabolism enzyme, in autoimmune disease was previously



Figure 3 CD161 mRNA expression by purified NK cells incubated with GN8P. (A) Distribution of cell populations (percentage) in
representative HD with a higher percentage of CD3–CD56low NK cells (HD1) and a lower proportion of CD3–CD56low NK (HD2). The
dotplots show CD56/SSC gated on CD161 positive cells. (B) CD161 mRNA expression detected by RT-PCR and normalized to control gene
β-2-microglobulin (B2M). Purified NK cells (CD56+CD3−) were incubated in the presence or absence (NTC) of GN8P. Two different
patterns were identified in response to GN8P: a group (n=6) in which CD161 mRNA expression was inhibited by GN8P (HD1), and a
group (n=7) that did not exhibit GN8P-mediated inhibition (HD2).

Figure 4 MGAT5 mRNA expression in PBMCs and synoviocytes.
MGAT5mRNAexpression in PBMCs fromHD (HD PBMC), RA patients
(RA PBMC), and synoviocytes extracted from the synovial fluid of
RA patients (RA SC). Cells were incubated in the presence or
absence (NTC) of GN8P and gene expression was detected by real-
time RT-PCR represented as the mean±max/min values of 5–7
samples. β-2-microglobulin (B2M) was used for PCR normaliza-
tion. Synoviocytes from RA patients expressed high levels of
MGAT5 mRNA, and incubation with GN8P led to a decrease in
MGAT5 mRNA expression. Statistical significance is indicated by
* (p≤0.05). ns, not significant (pN0.05).
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studied in a mouse model. Demetriou et al. [14] have found
that a deficiency in MGAT5 lowers T-cell activation thresh-
olds by directly enhancing TCR clustering. MGAT-5-deficient
mice showed kidney autoimmunity as well as an increased
susceptibility to experimental autoimmune encephalomyeli-
tis. We have thus wanted to elucidate the role of MGAT5
under the conditions of human RA. To determine if MGAT5
expression differs between PBMCs from RA patients and HD,
or between PBMCs and synoviocytes from RA patients, we
performed real-time RT-PCR. PBMCs from HD expressed
lower levels of MGAT5 mRNA than did PBMCs from RA
patients. Synoviocytes, the adherent cell population within
synovial fluid extracted from the joints of RA patients,
expressed significantly higher levels of MGAT5 than did
PBMCs from RA patients.

Because GlcNAc compounds similar to synthetic GN8P are
involved in modulation of the glycan profile in RA, we
investigated whether GN8P modulated the expression of
MGAT5 mRNA. GN8P significantly downregulated the expres-
sion of MGAT5 mRNA in synoviocytes (p=0.05). However,
GN8P did not affect MGAT5 mRNA expression in either the HD
or the RA patient samples (p=0.35 and p=0.5, respectively)
(Fig. 4A and B).

CD161 and PAD4 gene expression in response to
MCV autoantigen

We next evaluated changes in the CD161 and PAD4 mRNA
expressions of purified NK cells from RA patients or HD in
response to incubation with either the RA-specific autoanti-
gen MCV or non-citrullinated vimentin (VIM, data not shown).
NK cells from HD expressed significantly less CD161 mRNA
than NK cells from RA patients (p=0.0171). Incubation of HD
NK with VIM or MCV led to a significant increase in CD161
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mRNA expression (p=0.0083 and 0.0088, respectively). NK
cells from RA patients did not exhibit a similar increase in
CD161 mRNA expression following incubation with MCV
(p=0.2) (Fig. 5A). Because HD NK cells responded to MCV
or VIM treatment but RA NK cells did not, we next
investigated whether there were differences in the expres-
sion of PAD4, the enzyme responsible for citrullination, in RA
patient and HD NK cells, and whether incubation with MCV or
VIM affected PAD4 expression levels. Equal levels of PAD4
mRNA were expressed in purified NK cells from HD and RA
patients (p=0.41). Incubation of HD NK cells with VIM or MCV
resulted in a significant increase in PAD4 mRNA (p=0.0083
and 0.0025, respectively). This upregulation in PAD4
expression did not occur when NK cells from RA patients
were incubated with MCV (p=0.5) (Fig. 5B).

To determine the level of disease activity in RA patients
that were used in mRNA analysis, we tested for the presence
of anti-MCV and anti-CCP antibodies. As shown in Fig. 5C, all
of the RA samples contained high levels of anti-MCV and anti-
CCP antibodies. HD and OA patients (non-RA) had antibody
levels that were within normal limits (Fig. 5C).
Figure 5 CD161 and PAD4 mRNA expression in NK cells from HD
andRApatients. CD161 (A) and PAD4 (B)mRNAexpression detected
by RT-PCR and normalized to the control gene β-2-microglobulin
(B2M). Purified NK cells were incubated in the presence or absence
of MCV. Nontreated controls (NTC) were cells incubated without
MCV. Statistical significance is indicated by ** (p≤0.01). ns, not
significant (pN0.05). (C) Determination of anti-MCV and anti-CCP
antibodies in plasma samples from RA patients and HD/OA selected
formRNA analyses (A, B). RA, patients with active disease; non-RA,
HD and OA patients. Plasma samples from RA patients had high
levels of anti-MCV and anti-CCP antibodies in contrast to healthy
donors. NK cells from healthy donors, but not RA patients,
responded to incubation with MCV by increased expression of
CD161 and PAD4 mRNA.
Discussion

NK cells participate in preserving immunological tolerance
by providing negative feedback to activated macrophages as
well by influencing other cell types. NK cells can suppress
autoreactive B or T lymphocytes, which may explain the
protective role of NK cells in some autoimmune diseases
[38,39].

We found that NK cell-mediated cytotoxicity was im-
paired in RA and PM/DM patients in contrast to OA patients
and HD. In contrast to PM/DM patients, who exhibited both
decreased cytotoxicity and lower NK cell numbers, the
percentage of killer NK cells in RA patient samples did not
correlate well with decreased cytotoxicity levels. Thus, we
further explored the role of NK cells in patients with RA.

Because a previous study proposed that glycosylation plays
an important role in the pathogenesis of autoimmunity [1], we
focused on expression of the lectin receptor CD161, which
recognizes and binds glycoproteins with GlcNAc moieties [3].
We used GN8P as a prototype ligand to determine how glycan
recognition inhibits NK cell function in RA patients and HD. We
divided the patients into GN8P-inhibited and -nonreactive
groups depending upon how NK cell cytotoxicity responded to
incubation with GN8P. We believe that the inhibitory effect
was caused by ligand binding to CD161, which is in agreement
with the findings of Rosen et al. [4]. This hypothesis was
supported by the results of FACS analysis, which showed a
correlation between increased CD161 expression on NK cells
and decreased cytotoxicity. Upregulation of CD161 mRNA
expression in purified NK cells after ligand induction was
confirmed by RT-PCR (Fig. 3).

The differences between CD161 low and high expressers
according to the disease stage correlate with the seriousness
of the illness that corresponded as well with the therapeutic
protocols (Table 1A, B). Majority of the patients with severe
stages of illness undergo more powerful therapeutic proce-
dures, either combination of glucocorticoids and immuno-
suppressant or TNF antagonist treatment. Further possible
explanation of higher proportion of GN8P nonresponsive NK
cells in patients with the exacerbation of arthritic symptoms
could be their recruitment into the joint microenvironment
and their consequent absence in peripheral blood.
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In the active disease 2/3 of patients fall into the group
GN8P inhibited, CD161 high expressing NK cells that supports
the hypothesis about the importance of CD161 molecule in
the course of RA and the sensitivity of patients to the
inhibitory action of glycans produced on the surface of
synoviocytes [9,10,14].

From the therapeutic point of view the best results were
achieved by the combined treatment with glucocorticoids
and immunosuppressive drugs (70%) followed by TNF
antagonist treatment (50%). The single glucocorticoid or
immunosuppressive therapy was less effective, 37% and 34%,
respectively, as depicted in the Table 1A.

We found that CD161 expression was increased not only on
NK cells, but also on other type of lymphocytes from RA
patients, including T and NKT cells, which, when activated,
could deepen the severity of the disease (data not shown).
Exley et al. [40] showed that CD161 can act as a specific
costimulatory molecule for TCR-mediated proliferation and
cytokine secretion by Vα24invt T cells. Ligation of CD161 in
the absence of TCR stimulation does not result in Vα24invt

T cell activation, and costimulation through CD161 does not
cause polarization of the cytokine secretion pattern.
However, CD161 signaling events remain unclear.

A number of enzymes that synthesize N- and O-linked
oligosaccharides are active in synoviocytes ([41], for review
see [42]). To explore the molecular events underlying
glycosylation pathways in the synovium of RA patients, we
examined the effect of GN8P on expression of the glycosyl-
transferase MGAT5. The synthetic glycoconjugate GN8P can
serve as a substrate for MGAT5, which is responsible for
GlcNAc branching. GlcNAc branching plays a key role in NK
cell recognition in autoimmune conditions [43–45]. We found
that MGAT5 was involved in GlcNAc metabolism in the
synoviocytes of RA patients with active disease, but not in
their PBMCs. Metabolic regulation of GlcNAc branching on
synoviocytes, but not on peripheral blood immune cells, may
indicate genetic predisposition to RA susceptibility. GlcNAc-
terminated glycans may be involved in upregulation of CD161
expression, resulting in downmodulation of NK cell function
in patients with RA. Similarly, GN8P, acting as a substrate for
synoviocytes, may reduce MGAT5 mRNA expression.

A characteristic feature of RA is the reaction of
lymphocytes to the autoantigens MCV and VIM. We tested
the effect of human MCV and recombinant VIM on CD161
expression in NK cells derived from HD and RA patients. Both
MCV and VIM led to a significant increase in CD161 mRNA
levels in NK cells from HD. In RA patients, where MCV and VIM
expression is elevated; we found that NK cells did not exhibit
any further change in CD161 expression levels when
incubated with MCV or VIM in vitro. Thus, the increased
expression of CD161 seen in RA patient NK cells may be due to
continual stimulation by citrullinated VIM or to higher levels
of free VIM from damaged cells.

In this study, we showed, to our knowledge for the first
time, that in addition to macrophages and granulocytes, the
main producers of PAD4 enzyme [25], NK cells are also able
to activate the PAD4 in response to VIM or MCV. Incubation of
HD NK cells with either VIM or MCV led to upregulation of
PAD4 mRNA. This was not observed in NK cells derived from
RA patients, which had already been exposed to the MCV
autoantigen. Thus, we deduce that NK cells may be involved
in the citrullination of vimentin in patients with RA.
Conclusions

We discovered that NK cells of healthy donors recognize the
RA autoantigen MCV. Exposure to MCV may serve as the
triggering mechanism for induction of CD161, as well as
increased expression of the citrullination enzyme PAD4. We
also provide evidence, for the first time to our knowledge,
that high levels of CD161 receptor on NK cells are correlated
with impairment of NK cytotoxic activity in RA patients. We
propose that MCV plays an important role in RA by increasing
expression of CD161, which leads to inhibition of NK cell
activity and, consequently, insufficient downregulation of
autoreactive T cells, thus accelerating disease progression.
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Publication 2: GN8P glycomimetic induces antibody formation via NK1.1 positive cell 
activation in mice. 
 
Overview 
 
 Since the involvement of NKR–P1 was obvious in human autoimmune models in 
reaction to synthetic GN8P mimetic (105), we needed to study its effect in mice. Rodents in 
general and mice in particular have different isoforms of NKR–P1 in their receptor repertoire 
(20). While NKR–P1A, C and F are considered activating, NKR–P1B and D are reported to have 
inhibitory properties (106). The prototype murine NK–cell defining antigen NK1.1 (107) is 
detected by PK136 mAb which reacts exclusively with the product of Nkr–p1c (108), though it 
was reported to react with Swiss.NIH mouse Nkr–p1b transcript (109). NK1.1 is via this mAb 
detected on CE, B6, NZB, C58, Ma/My, ST, SJL, FVB, and Swiss outbred mice, but not on the 
surface of BALB/c, AKR, CBA, C3H, DBA, or 129 mice NK cells (20). It has been shown, that 
BALB/c NK cells (NK1.1–) have otherwise normal Nkr–p1 expression, when compared to 
C57BL/6 (NK1.1+) and that the absent NK1.1 reactivity is explained by allelic divergence – 
specifically a single amino acid substitution (S191T) in the Nkr–p1c gene (20). In humans, we 
observed direct proportion of GN8P–reactivity to the level of NKR–P1 expression. In mice, we 
confirmed previously the beneficial antitumor effect of GN8P administration (110), but the exact 
mechanism of effect and whether NKR–P1 is involved in this process would not be clear, unless 
various mouse strains with different Nkr–p1 genes are compared. Tumor associated carbohydrate 
antigens (TACAs) are overexpressed on a variety of cancer cell surfaces, which present tempting 
targets for anticancer vaccine development. The local density of antigen rather than the total 
amount of antigen administered was found to be crucial for induction of high antigen–specific 
IgG titers (90, 91).  
  
Aims and methods 
 
 Since NK cells are known to mediate IgG production (111), we investigated whether 
GN8P modulates antibody response specific for T–independent and T–dependent (soluble as 
well as corpuscular) antigen in C57BL/6 mice. To prove the involvement of NK and NKT cells 
and particularly NK1.1 receptor in the mechanism of GN8P effect, we determined Ig levels in 
vitro in supernatants of spleen mononuclear cells (SMCs) depleted of CD49b–positive or 
NK1.1–positive subpopulations. Finally, we examined whether GN8P increases antigen–specific 
IgG2a levels in DBA/2 and BALB/c mice, which are considered NK1.1–negative based on 
FACS analysis. 
 
Results and discussion 
 
 The GN8P mimetic significantly elevated the relative number of plasma cells and 
CD80/CD86/MHC–II expressing B cells in C57BL/6 mice, which are the basis of antigen 
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presentation and antibody formation. In addition, we detected significantly higher serum levels 
of IgG2a specific for both T–independent and T–dependent antigen after GN8P administration, 
when compared with the response to the antigen alone. 
 In DBA/2 and BALB/c mice, unlike in C57BL/6, GN8P treatment did not influence 
serum antigen–specific IgG2a levels. Therefore, we suggest that GN8P effect on antibody 
formation in mice might be dependent on the presence of NKR–P1C isoform encoded by Nkr–
p1c(T) gene allelic form present in C57BL/6 strain. We do not expect involvement of NKR–P1A 
and NKR–P1F isoforms (activating receptors) as their genes are present in DBA/2 and BALB/c 
as well as in C57BL/6 mice. As for NKR–P1B and NKR–P1D isoforms, Nkr–p1b gene in 
DBA/2 and BALB/c mice exerted 94.9% homology with Nkr–p1d in C57BL/6 mice. In addition, 
they both have inhibitory function (20) and have a mutual ligand, Clr–b (78). 
 To further solidify the conclusion that NK cells are involved in the GN8P–induced 
antibody formation, IgM levels were measured in response to DNP–LPS antigen (2,4–
dinitrophenylated lipopolysaccharide). SMC, CD49b–negative or NK1.1–negative cells were 
cultured with DNP–LPS in the presence or absence of the glycomimetic for 5 days. While in 
SMC, the IgM level was significantly increased in the presence of the glycomimetic, we 
observed no such change in either CD49b–negative or NK1.1–negative populations. Since most 
CD49b–positive NK cells are also NK1.1–positive, this does not come as a surprise. 
 In conclusion, GN8P has shown a potential to modulate specific antibody formation via 
NK cell stimulation. This stimulation seems to be dependent on the surface expression of NKR–
P1C isoform encoded by C57BL/6 Nkr–p1c(T) gene allele. 
 However, this study is limited by its focus on the administration of synthetic, exogenous 
antigens against which GN8P glycomimetic mounts increased antibody response. The practical 
applications in tumor or immune therapy needed further investigation in the in vivo models. 
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N-Acetyl-D-glucosamine-coated polyamidoamine dendrimer (GlcNAc8) was shown previously to exhibit
binding affinity to the rat recombinant NKR-P1 molecule (known in mice also as NK1.1) and to induce NK
cell-mediated cytotoxicity. In this study, we investigated whether GlcNAc8 modulates antibody formation as
activated NK cells were reported to participate in its regulation. C57BL/6 mice treated with GlcNAc8 and
intact controls were immunized either with sheep red blood cells (SRBCs), 2,4-dinitrophenylated-
lipopolysaccharide (DNP-LPS) or keyhole limpet hemocyanin (KLH) for evaluation of splenic antibody
forming cell counts and serum immunoglobulin (Ig) levels. In vitro Ig formation was determined using
supernatants of spleen mononuclear cells (SMCs) and CD49b or NK1.1-depleted SMC subpopulations. Serum
antigen-specific IgG2a levels were also measured in DBA/2 and BALB/c mice (NK1.1-negative mouse strains
on the basis of flow cytometric analysis) which possess different Nkr-p1c gene form than C57BL/6 ones. A
significant increase in anti-SRBC IgG forming cells, serum levels of anti-KLH as well as anti-DNP IgG and
IgG2a was observed after GlcNAc8 administration in C57BL/6 mice. IgM levels in supernatants of SMCs
stimulated in vitro simultaneously with DNP-LPS and GlcNAc8 were significantly mounted compared with
supernatants of SMCs primed with the antigen alone, but this enhancement was blocked after depletion
of CD49b-positive or NK1.1-positive cells. In DBA/2 and BALB/c mice, GlcNAc8 influenced neither
serum levels of anti-KLH nor anti-DNP IgG2a. These results indicate that GlcNAc8-induced upregulation of
antibody formation is triggered by NK cell stimulation and depends on expressed NKR-P1 isoforms,
particularly NKR-P1C.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Oligosaccharide components of glycoproteins and glycolipids are
involved in molecular interactions essential for intercellular commu-
nication and immune recognition [1–2]. NK and NKT cells express
wide repertoire of carbohydrate-binding surface receptors belonging
to C-type lectin family (e.g. rat NKR-P1 known in mice also as NK1.1)
[3–4].

Carbohydrate sequences based on N-acetyl-D-glucosamine were
shown previously to be capable of binding to the rat recombinant
NKR-P1 molecule and inducing NK cell-mediated cytotoxicity [5–6].
Structural studies of NK cell receptors and their carbohydrate
recognition domains brought results indicating that multiple copies
of saccharide epitopes presented on a suitable scaffold (molecular,
dendritic, polymeric) exerted higher binding affinity to NKR-P1
receptor, which contributed to the synthesis of functionally more
effective NKR-P1 ligands such as glycodendrimers [7–8].

Our initial experiments confirmed that the octavalent glycoden-
drimer displaying simple N-acetyl-D-glucosamine substituents clus-
.

ll rights reserved.
tered on a polyamidoamine core (GlcNAc8) bound strongly to the
recombinant NKR-P1 molecule and activated natural killing of tumor
cell targets in vitro [9–10]. Furthermore, GlcNAc8 delayed appearance
of B16F10 murine melanoma and colorectal carcinoma in rat, reduced
their growth, and prolonged survival time of treated animals [11].

Although NK cells are primarily known to serve as the first line
of defense against malignant transformed and virus-infected cells
(reviewed in Ref. [12]), if activated, theywere also reported to regulate
antibody formation via direct contact with B cells [13–16] and
cytokine secretion [17–20]. It was demonstrated that NK cell
stimulation by recombinant interleukin-2 [21], polyriboinosinic
polyribocytidylic acid (poly (I:C)) [22], certain tumors [23], Trypano-
soma cruzi [24] or Ribi adjuvant [25] led to the shift in the distribution
of antigen-specific immunoglobulin (Ig) isotypes (preferential
increase in IgG2a serum level).

In this study, we investigated whether GlcNAc8 modulates anti-
body response specific for T-independent (2,4-dinitrophenylated
lipopolysaccharide, DNP-LPS) and T-dependent soluble (keyhole
limpet hemocyanin, KLH) as well as corpuscular antigen (sheep red
blood cells, SRBCs) in C57BL/6 mice. To prove the involvement of NK
and NKT cells or particularly NK1.1 receptor in the mechanism of
GlcNAc8 effect, we determined Ig levels in vitro in supernatants of

mailto:fiserova@biomed.cas.cz
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http://www.sciencedirect.com/science/journal/15675769
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spleen mononuclear cells (SMCs) depleted of CD49b-positive or
NK1.1-positive subpopulations. Changes in B, T, NK, and NKT cell
relative numbers in the spleen and the expression of their activation
markers induced by GlcNAc8 were evaluated as well. Finally, we
examined whether GlcNAc8 increases antigen-specific IgG2a levels in
DBA/2 and BALB/c mice which are considered to be NK1.1-negative
on the basis of FACS analysis, whereas PCR genotyping revealed that
they possessed different set of NKR-P1 isoforms than C57BL/6 mice
(varying in Nkr-p1b, Nkr-p1d genes, and Nkr-p1c alleles) [26].

2. Materials and methods

2.1. Stimuli

N-Acetyl-D-glucosamine-coated polyamidoamine dendrimer
(Scheme 1) kindly provided by Prof. T.K. Lindhorst (from Christiana
Albertina University in Kiel, Germany) was synthesized as described
previously [27]. Briefly, the reaction between polyamidoamine
dendrimer of generation 1 bearing eight peripheral amino groups
and 2,3,4,6-tetra-O-acetyl-β-N-acetyl-glucosaminyl isothiocyanate
resulted in O-acetylated isothiourea-bridged glycodendrimer forma-
tion. After deacetylation using MeONa in MeOH and subsequent
purification by gel permeation chromatography, GlcNAc8 was
obtained as a white water-soluble lyophilisate. The structure and
purity of the prepared compound were confirmed by electrospray
ionization mass spectrometry (ESI-MS) and nuclear magnetic reso-
nance (NMR), (Supplementary material). SRBCs were obtained from
Biotest (Prague, the Czech Republic) and washed three times in
phosphate buffered saline (PBS) before use. KLH and poly (I:C) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and DNP-LPS from
Biosearch Technologies (Novato, CA, USA). All substances used in this
study are endotoxin free.
Scheme 1. N-Acetyl-D-glucosamine-coated p
2.2. Experimental animals

Eight-week-old inbred female C57BL/6, DBA/2, and BALB/c mice
were purchased from AnLab (Prague, the Czech Republic). The mice
were housed under natural day/night conditions (22 °C, 55% relative
humidity) and fed on a commercial ST1 diet (Velaz, Prague, the Czech
Republic) ad libitum. All procedures were conducted in accordance
with the European Convention for the Care and Use of Laboratory
Animals as approved by the Czech Animal Care and Use Committee.

2.3. Isolation of spleen mononuclear cells (SMCs)

Spleens were squeezed through a nylon mesh and separated on
Ficoll-Hypaque (Sigma-Aldrich) density gradient (1.086). SMCs were
washed tree times in H-MEMd (Sebac, Aidenbach, Germany) and used
immediately for assays.

2.4. Flow cytometric analysis (FACS)

Cell suspensions prepared from spleens of individual mice (as de-
scribed above) were resuspended in PBS with 0.02% cold water
fish skin gelatin (Sigma-Aldrich) and 0.01% sodium azide (Sigma-
Aldrich). The phenotype of cells was determined using the following
monoclonal antibodies (mAbs) against surfacemarkers of B cells: anti-
CD45R/B220-Alexa405 (RA3-6B2), anti-CD19-APC-Cy5.5 (6D5), anti-
IgM-FITC, plasma cells: anti-CD138-biotin (281-2), T cells: anti-CD3-
PECy5 (17A2), anti-CD8a-Alexa405, anti-CD4-biotin (H129.19), NK
andNKTcells: anti-CD49b-FITC (DX5), anti-NK1.1-PECy7 (PK136). The
expression of activation antigens on B cells was evaluated bymeans of
anti-CD80-biotin (1G10), anti-CD86-APC (RMMP-2), anti-I-A/I-E-PE
(anti-MHC class II molecules, 2G9), and anti-IgG-PE mAbs. Four to
six color staining was performed according to the manufacturer's
olyamidoamine dendrimer (GlcNAc8).



Table 1
Distribution of T and B cells in the spleen. Significant changes were not observed
comparing GlcNAc8 treated mice with controls (PBS group).

PBS (%) GlcNAc8 (%) p value

T cells CD3+ 42.07±3.37 40.88±2.11 0.5519
Helper T cells CD4+/CD8−

(out of CD3+ cells)
54.47±1.69 56.96±1.56 0.0592

Cytotoxic T cells CD8+/CD4−
(out of CD3+ cells)

33.22±1.12 31.96±1.33 0.1581

B cells CD45R/B220+ 51.47±1.36 55.32±1.86 0.0772
CD19+ 51.54±1.65 56.22±1.75 0.0562

The data represent average±standard deviation of values from three performed
experiments.
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standard protocol. All mAbs were purchased either from Pharmingen
(San Diego, CA, USA) or Caltag (San Francisco, CA, USA). Cell surface
markers labeledwith biotinylatedmAbs in the first stepwere detected
with streptavidine-APC-Cy7 (Pharmingen). Sampleswere analyzed by
FACS LSRII (Becton–Dickinson, Franklin Lakes, NJ, USA). The evaluation
of measured data was performed using FlowJo version 6.1.1 software
(Tree Star, Ashland, OR, USA). The percentage of positive cells was
calculated from propidium iodide (Becton–Dickinson) negative cell
population (live cells).

2.5. Plaque forming cell (PFC) assay

Five days before the end of experiment, mice (five per group) were
immunized i.p. with 5% SRBCs in 0.5 ml PBS. The first dose of GlcNAc8
(0.075mg/kg) or PBS (in control animals) was administered on the day
Fig. 1. Distribution of NK and NKT cells in the spleen (C) and their NK1.1 expression (D). Li
gated on the basis of Forward and Side Scatter (FSC/SSC) (B) were at first analyzed for CD3 e
and CD8 expression. NK cells were defined as CD49b-positive cells out of CD3−/CD4−/CD8
CD8− cell subpopulation (C). The percentage of NK1.1-positive NK cells was significantly dec
data represent average±standard deviation of values from three performed experiments.
of immunization. The total treatment comprised twodoses (onday1and
4). The absolute number of antibody forming cells in the spleen was
evaluated by modified Jerne's plaque assay [28]. Briefly, isolated SMCs
(2.5×106 cells/ml) in RPMI-1640 medium (Sebac) were added to the
mixture (42 °C) composed of melted agarose (Fluka Chemie AG, Buchs,
Switzerland), 5% HSA (Sigma-Aldrich), and 5% SRBC suspension and
then pipetted onto Petri dishes, which were subsequently incubated at
37 °C for 2 h. Hemolytic plaques were counted after incubation (37 °C,
30 min) with 1:9 diluted guinea pig complement (Sigma-Aldrich). To
assess the number of IgG forming cells, anti-mouse IgG serum (Sigma-
Aldrich) was added to Petri dishes prior to guinea pig complement. The
results are expressed as thenumberof PFCsper spleen (108 splenocytes).

2.6. Immunoglobulin ELISA

2.6.1. Ex vivo experiments
Mice (five per group) were immunized i.p. with KLH (5 mg/kg) or

DNP-LPS (2.5 mg/kg). Three doses of GlcNAc8 (0.075 mg/kg) were
administered every three days starting on the day of immunization.
Control animals were treated with PBS in the same intervals. Poly (I:C)
treated mice were injected i.p. on day 1 (5.5 mg/kg). Animals were
bled 8 days after antigen injection. Sera were collected and stored at
−20 °C until levels of anti-KLH or anti-DNP specific antibodies were
measured by ELISA. Briefly, flat-bottom, 96-well microtiter plates
were coated with either KLH or DNP-BSA at the concentration of
10 µg/ml in 0.1 M NaHCO3 (100 µl/well) and incubated overnight
at 4 °C. Then plates were blocked with 5% BSA-PBS (22 °C, 2 h).
Subsequently, three dilutions of each serum sample were added to the
ve (propidium iodide (PI) negative) cells (A) with lymphocyte/monocyte morphology
xpression. CD3-negative or CD3-positive subpopulations were further analyzed for CD4
− cell subpopulation, whereas NKT cells as CD49b-positive cells out of CD3+/CD4+/
reased (⁎⁎ p≤0.01) comparing GlcNAc8 treated mice with controls (PBS group) (D). The



Fig. 2. Proportion of antigen presenting B cells in the spleen. Live (propidium iodide
negative) cells with lymphocyte/monocyte morphology gated on the basis of Forward
and Side Scatter (FSC/SSC) were at first analyzed for I-A/I-E expression (MHC class II
molecules). Then the percentage of B cells (CD45R/B220+) out of I-A/I-E-positive cells
was determined. This B cell subpopulation was further analyzed for expression
of costimulatory molecules CD80 and CD86. Increase in counts of I-A/I-E+/CD80+ and
I-A/I-E+/CD80+/CD86+ antigen-presenting B cells was statistically significant
(p≤0.01) comparing GlcNAc8 treated mice with controls (PBS group). The data
represent average±standard deviation of values from three performed experiments.

Fig. 3. Distribution of plasma cells in the spleen. Live (propidium iodide negative) cells
with monocyte/granulocyte morphology gated on the basis of Forward and Side Scatter
(FSC/SSC) (A) were analyzed for CD45R/B220 and CD138 expression. The significant
changes in counts of CD45R/B220+/CD138+ and CD45R/B220−/CD138+ plasma
cells (B) are marked by asterisk ⁎ p≤0.05. The data represent average±standard
deviation of values from three performed experiments.
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plate in duplicate (100 µl/well). After overnight incubation (4 °C) and
extensive washing, Igs were detected with horseradish peroxidase-
conjugated goat anti-mouse IgM, IgG or IgG2a (Jackson Immunor-
esearch Laboratories, West Grove, PA, USA). Plates were developed
using TMB substrate (Kirkegaard and Perry Laboratories, Gaithers-
burg, MD, USA) and read at OD 450 nm by an automated ELISA reader
(Rainbow Thermo, Tecan Spectra, Salzburg, Austria). Nonimmunized
mice were bled to obtain control serum.

2.6.2. In vitro experiments
SMCs from intact C57BL/6 mice (prepared as describe above) were

collected and depleted of CD49b-positive or NK1.1-positive cell
subpopulations by FACS Vantage SE (Becton–Dickinson) using anti-
CD49b-FITC or anti-NK1.1-PECy7 mAb. SMCs, CD49b-negative, and
NK1.1-negative cells were cultured in triplicate with DNP-LPS (1 µg/
ml) in the presence or absence of 10 nM GlcNAc8 in RPMI-1640
medium supplementedwith 2mML-glutamine, gentamycin,10% heat-
inactivated fetal calf serum and essential amminoacids (Gibco, Grand
Island, NY, USA). Supernatants were harvested after a 5 day-long
incubation at 37 °C in a humidified atmosphere containing 5% CO2 (CO2

incubator, Jouan, St. Herblain, France). IgM levels were determined by
ELISA (as described above).

2.7. PCR genotyping

Genomic DNA for genotyping was obtained frommice tails. Typical
3mmofmice tailswere incubatedwith lysis buffer containing 100mM
Tris–HCl, 5 mM EDTA, 0.5% SDS, 200 mM NaCl, 40 µg ProteinaseK per
tail (Qiagen, Hilden, Germany) in 55 °C for 4 h. Homogenous samples
were boiled in 95 °C for 10min, diluted bywater and used as a template
for PCR. Amplification was carried out with 0.5 U of HotStarTaq® DNA
polymerase (Qiagen), 400 nM primers, and an iCycler5 (Bio-Rad,
Hercules, CA, USA). Gene forβ-actinwas used as a load control. Primers
for amplification were following β-actin F: 5'agagggaaatcgtgcgtgac 3',
β-actin R: 5' acggccaggtcatcactattg 3', Nkr-p1a F: acaagtaggggctgtgatgg
3', Nkr-p1a R: 5'ctgaaaaccctgctgaaagc 3', Nkr-p1b and d F: agggagcag-
gaagagaggac 3', Nkr-p1b R: agtcttgtgggcactctaaa 3', Nkr-p1d R: agtc-
ttgtgggcactctagc 3', Nkr-p1f F: tctgaaatctggctgtgctg 3', and Nkr-p1f
R: tgggacttttgggttctttg 3'. Two alleles of Nkr-p1c (allele (A) in BALB/c
and (T) in C57BL/6 mice) were distinguished by allele-specific PCR
using common reverse primer: 5'tgctttcagagtccatgtgc 3', forward
primer for Nkr-p1c(A): 5' gaaaatggcagctgtgcca 3', and forward primer
forNkr-p1c(T): 5'gaaaatggcagctgtgcct 3'. Primers were designed in our
laboratory using Primer3 Input software.
2.8. Statistical analysis

Statistical significance of differences between two groups was
calculated by Student's t-test and between more groups by one-way
analysis of variance (ANOVA). p values≤0.05 were considered as
significant (⁎ p≤0.05, ⁎⁎ p≤0.01).

3. Results

3.1. Effect of GlcNAc8 on distribution and activation state of
SMC subpopulations

The expression of specific and activation markers on SMC sub-
populations was evaluated using FACS analysis to reveal the effect of
GlcNAc8 on their proportion and activation state. We did not observe
significant changes in the relative number of B cells (CD45R/B220+,
CD19+), cytotoxic (CD3+/CD8+/CD4−) and helper (CD3+/CD4+/
CD8−) T cells (Table 1), NK cells (CD3−/CD4−/CD8−/CD49b+),
and NKT cells (CD3+/CD4+/CD8−/CD49b+) (Fig. 1C) comparing
GlcNAc8 treated mice with controls (PBS group). The expression of
NK1.1 receptor (Fig. 1D) on NK and NKT cells was decreased by
GlcNAc8 (pb0.01 and pN0.05). Results depicted in Fig. 2 demon-
strate that GlcNAc8 elevated the counts of I-A/I-E+/CD86+, I-A/I-E+/
CD80+, and I-A/I-E+/CD86+/80+ B cells by 41% (pN0.05), 58%



Fig. 4. Effect of GlcNAc8 on the absolute number of antibody forming cells in the spleen.
Micewere immunized with SRBC on day 1 and treatedwith two doses of GlcNAc8 or PBS
(controls). PFC assay was performed on day 6. Results are expressed as the number of
antibody forming cells (PFC)×103/spleen (108 cells). The data represent the average±
standard deviation of values from three independent experiments. Significant changes
relative to controls (PBS group) are marked by asterisk (⁎ p≤0.05, ⁎⁎ p≤0.01).
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(pb0.01), and 53% (pb0.01), respectively. Furthermore, GlcNAc8 treated
mice showed nonsignificant 14% and 24% increase in the occurrence of
IgM+/IgG+ and I-A/I-E+ B cells, respectively, when compared with
controls (data not shown). Plasma cells (CD45R/B220+/CD138+ and
CD45R/B220−/CD138+) enhanced their counts after GlcNAc8 admin-
istration by 37% (pb0.05) and 34% (pb0.05), respectively (Fig. 3B).

3.2. Effect of GlcNAc8 on the absolute number of splenic antibody
forming cells

We investigated whether GlcNAc8 influences anti-SRBC antibody
response by means of PFC assay, which enables to determine the
absolute number of IgM and IgG forming cells in the spleen. We found
Fig. 5. Antigen-specific IgM and IgG levels in the serum.Mice were primedwith KLH or DNP–L
after immunization. Anti-KLH IgM (A) and IgG (C) or anti-DNP IgM (B) and IgG (D) levels we
lines). Figure shows an illustrative example of three consecutive experiments with similar res
(five per group). The level of significance for immunized mice treated with GlcNAc8 (KLH+Gl
are indicated as follows ⁎ p≤0.05, ⁎⁎ p≤0.01.
a significant increase in anti-SRBC IgG (pb0.01) as well as IgM
(pb0.05) forming cell counts in spleens of GlcNAc8 treated mice,
when compared with immunized controls (SRBC group), (Fig. 4).

3.3. Serum Ig levels in C57BL/6 mice treated with GlcNAc8

To find out whether GlcNAc8 modulates serum levels of antigen-
specific Igs, we determined IgM, IgG and IgG2a response by isotype-
specific ELISA after immunization of C57BL/6 mice with either
KLH (T-dependent antigen) or DNP-LPS (T-independent antigen) in
the presence or absence of GlcNAc8. We chose tomeasure IgG2a levels
because the formation of this antibody isotype was reported to be
mostly regulated by activated NK cells. We did not observe significant
changes in either anti-KLH (Fig. 5A) nor anti-DNP (Fig. 5B) IgM levels
between GlcNAc8 treated mice and controls primed with the antigen
alone. However, anti-KLH (Fig. 5C) as well as anti-DNP (Fig. 5D) IgG
formation was significantly increased after GlcNAc8 administration.
Both anti-DNP and anti-KLH IgG2a levels in GlcNAc8 treated mice
were significantly enhanced compared with immunized controls and
almost reach IgG2a levels in poly (I:C) treated mice (Fig. 6).

3.4. Effect of GlcNAc8 on in vitro antibody formation

The effect of GlcNAc8 on in vitro antibody formation was deter-
mined by ELISA in supernatants of SMCs after a 5 day-long incubation
with DNP-LPS in the presence or absence of GlcNAc8. We observed
significant increase (pb0.05) in anti-DNP IgM levels measured in
supernatants of SMCs which were incubated simultaneously with
DNP-LPS and GlcNAc8 compared with controls cultured with DNP-LPS
alone. In order to evaluate the involvement of NK and NKT cells or
particularly NK1.1 receptor in GlcNAc8 induced in vitro IgM formation,
we repeated the experiment after depletion of CD49b-positive or
NK1.1-positive SMC subpopulations, which blocked the enhancement
PS and treated with 3 doses of GlcNAc8 (on day 1, 4, 7) or PBS. Serawere collected 8 days
re measured by ELISA. Nonimmunized mice were bled to obtain control serum (dashed
ults. The data represent the average±standard deviation of values from individual mice
cNAc8 and DNP–LPS+GlcNAc8 group) vs immunized controls (KLH and DNP–LPS group)



Fig. 6. Serum levels of antigen-specific IgG2a in C57BL/6 mice. Animals were
immunized with KLH or DNP–LPS and treated with either poly (I:C), GlcNAc8 or PBS.
ELISA for antigen-specific IgG2a was performed 8 days later. Nonimmunized mice were
bled to obtain control serum. Figure shows data for 1:10 serum dilution which are
representative of three independent experiments with similar results. The statistical
analysis was performed by ANOVA and Student's t-test for comparison between
immunized mice treated with GlcNAc8 or poly (I:C) and immunized controls (KLH and
DNP–LPS group). The significant changes are marked by asterisk ⁎ p≤0.05, ⁎⁎ p≤0.01.

Table 2
The relationship between distribution of Nkr-p1 gene family members and NK1.1
expression in C57BL/6, DBA/2, and BALB/c mice.

Mouse strain NKI.1 expression by
FACS (PK136 mAb)

Nkr-pl gene family members

a b c(A) c(T) d f

C57BL/6 High + − − + + +
BALB/c Negative + + + − − +
DBA/2 Negative + + + − − +

Presence and absence of Nkr-p1 genes for individual NKR-P1 isoforms are indicated
with + or −, respectively.
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of anti-DNP IgM levels (Fig. 7). IgG levels were not detectable in
supernatants of SMCs after a 5 day-long incubation.

3.5. Nkr-p1 gene family distribution and NK1.1 expression in C57BL/6,
DBA/2, and BALB/c mice

Distribution of Nkr-p1 gene family (encoding individual NKR-P1
isoforms) and NK1.1 expression in mice used in the experiments were
verified by PCR genotyping and FACS analysis, respectively. Nkr-p1a
and Nkr-p1f genes were identified in all mouse strains. Nkr-p1bwas of
BALB/c and DBA/2, whereas Nkr-p1d of C57BL/6 origin. Nkr-p1c was
present in two distinct gene forms indicated as allele A (Nkr-p1c(A)) in
BALB/c as well as DBA/2 and as allele T (Nkr-p1c(T)) in C57BL/6 mice
(Table 2). FACS analysis showed that DBA/2 and BALB/c mice were
NK1.1-negative (Fig. 8) as they did not express the product of Nkr-p1c
(T) gene form which is recognized by anti-NK1.1 (PK136) mAb.

3.6. Serum IgG2a levels in DBA/2 and BALB/c mice treated with GlcNAc8

To assess whether GlcNAc8 increases serum antigen-specific IgG2a
levels in NK1.1-negative mouse strains (on the basis of FACS analysis),
Fig. 7. IgM formation in vitro. Isolated SMCs, CD49b-negative or NK1.1-negative cells
were cultured with DNP–LPS in the presence or absence of GlcNAc8 for 5 days.
Subsequently, anti-DNP IgM levels in supernatants were measured by ELISA. The data
are presented as percentage changes in IgM levels (OD 450 nm) comparing
supernatants of cells cultured simultaneously with DNP–LPS and GlcNAc8 with those
stimulated with DNP–LPS alone (stated as 100%, dashed line). Figure shows an
illustrative example of three performed experiments with similar results. Significant
difference (pN0.05) was observed only in case of SMCs (undepleted cells).
we immunized DBA/2 and BALB/c mice possessing different Nkr-p1c
gene form than C57BL/6 ones. In DBA/2 and BALB/c mice, unlike in
C57BL/6 ones, neither anti-DNP nor anti-KLH IgG2a levels were
influenced by GlcNAc8 treatment (Fig. 9A, B).

4. Discussion

It is generally accepted that Ig isotypes and their subclasses
contribute to protection against viral and bacterial infection or tumor
spreading. Namely, increased IgG2a levels significantly augment
antibody-dependent cellular cytotoxicity mediated by NK cells both
in vivo and in vitro [29].

In this study, we demonstrated that GlcNAc8 administration in
C57BL/6 mice (NK1.1-positive strain on the basis of FACS analysis)
significantly mounted serum levels of IgG2a specific for both T-
independent (DNP-LPS) and T-dependent (KLH) antigen (Fig. 6),when
compared with controls primed with the antigen alone. As GlcNAc8
activates NK cells [10–11], this finding is in agreement with previous
reports showing that resting NK cells fail to modulate antibody
response, but if activated (e.g. by poly (I:C)), they preferentially
upregulate IgG2a formation [21–25]. In addition, serum levels of
IgG2a in mice treated with GlcNAc8 and poly (I:C) were comparable
(Fig. 6).

Furthermore, a significant enhancement in serum anti-KLH
(Fig. 5C) as well as anti-DNP (Fig. 5D) IgG levels and in the absolute
number of anti-SRBC IgG forming cells (Fig. 4) was observed after
GlcNAc8 injections. Similarly, it was documented that oral adminis-
tration of simple D-glucosamine in mice resulted in a significant raise
in serum anti-SRBC Ig levels [30]. On the other hand, Reynolds et al.
reported that activated NK cells suppressed antibody response to
SRBC, probably by interferon-γ secretion [31]. However, on the day
when PFC assay was performed (day 6), we did not detect significantly
higher levels of this cytokine in supernatants of SMCs isolated from
mice treated with GlcNAc8 alone or in combination with SRBC than in
those from intact controls (data not shown).

Significant increase in the relative number of plasma cells revealed
by FACS analysis (Fig. 3B) confirmed the modulatory effect of GlcNAc8
on antibody formation. Furthermore, GlcNAc8 elevated counts of B
cells expressing CD80, CD86, and I-A/I-E molecules (MHC class II),
(Fig. 2), which are important for the antigen presentation.

Studies in both murine and human systems showed that activated
NK cells did not significantly influence serum IgM levels after
immunization with both T-independent and T-dependent antigens
[32], which correlates with our results. However, in vitro IgM for-
mation can be induced by activated NK cells [22, 33], although further
differentiation by switching to downstream isotypes was not reported
[33]. We found out that IgM levels in supernatants of SMCs stimulated
in vitro simultaneously with DNP-LPS and GlcNAc8 were significantly
mounted comparing with those primed with the antigen alone, but
this enhancement was blocked after depletion of CD49b-positive or
NK1.1-positive cell subpopulations (Fig. 7). Anti-DNP IgG levels were
not detectable in supernatants of SMCs after a 5 day-long incubation.
These observations show that in C57BL/6 mice NK and NKT cells
(CD49b-positive cells with high expression of NK1.1 receptor) play a



Fig. 8. NK1.1 expression in C57BL/6 (A), DBA/2 (B), and BALB/c (C) mice evaluated by FACS analysis. Live (propidium iodide negative) cells with lymphocyte/monocyte morphology
gated on the basis of Forward and Side Scatter were analyzed for NK1.1 expression (cell labeling with PK136 mAb). Figure shows an illustrative example of performed experiments.
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crucial role in modulation of antibody formation by GlcNAc8 exerting
binding affinity to the recombinant rat NKR-P1 molecule (NK1.1 in
mice) [9]. Using FACS analysis, we observed that although GlcNAc8
Fig. 9. Serum levels of antigen-specific IgG2a in DBA/2 (A) and BALB/c (B) mice.
Animals were immunized with KLH or DNP–LPS and treated with GlcNAc8 or PBS. ELISA
for antigen-specific IgG2a was performed 8 days later. Nonimmunized mice were bled
to obtain control serum. Figure shows data for 1:10 serum dilution which are
representative of three independent experiments with similar results. The statistical
analysis was performed by Student's t-test for comparison between immunized mice
treated with GlcNAc8 and immunized controls (KLH and DNP–LPS group).
did not influence the relative number of NK and NKT cells in the
spleen (Fig. 1C), it induced a decrease in their NK1.1 expression
(statistically significant only in NK cells), (Fig. 1D). This might indicate
that GlcNAc8 is uptaken by NK and NKT cells in a complex with NK1.1
receptor.

NK1.1 is referred to as an antigen defining NK cells in C57BL/6
mice, where it is encoded by several members of Nkr-p1 gene family
(Nkr-p1a, c, d, and f), [reviewed in Ref. [34]]. On the other hand, DBA/2
and BALB/c mouse strains with Nkr-p1a, b, c, and f genes are NK1.1-
negative on the basis of FACS analysis (Fig. 8) as anti-NK1.1 mAb
(PK136) recognizes NKR-P1C of C57BL/6 and NKR-P1B of SJL and Sw
mice [35–36]. We demonstrated by PCR genotyping that DBA/2 and
BALB/c mice possessed Nkr-p1c(A) gene form, whereas C57BL/6 mice
had Nkr-p1c(T) (Table 2),which is in agreement with results obtained
earlier by Carlyle et al. [26]. In DBA/2 and BALB/c mice, unlike in
C57BL/6 ones, GlcNAc8 treatment did not influence serum antigen-
specific IgG2a levels (Fig. 9A, B). Therefore, we suggest that GlcNAc8
effect on antibody formation in mice might be dependent on the
presence of NKR-P1C isoform encoded by Nkr-p1c(T) gene form.
We do not expect involvement of NKR-P1A and NKR-P1F isoforms
(activating receptors) as their genes are present in DBA/2 and BALB/c
as well as in C57BL/6 mice. As for NKR-P1B and NKR-P1D isoforms,
Nkr-p1b gene in DBA/2 and BALB/c mice exerted 94.9% homology
with Nkr-p1d in C57BL/6 mice. In addition, they both have inhibitory
function [26].

In conclusion, GlcNAc8 has a potential to modulate antibody for-
mation via NK cell stimulation. This is probably dependent on
expression of NKR-P1C isoform encoded by Nkr-p1(T) gene form.
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Publication 3: GN8P glycomimetic induces tumor–specific antibody response and ADCC 
via NK cells in tumor–bearing mice. 
 
Overview 
 
 We demonstrated previously that repeated GN8P administrations to C57BL/6 mice 
significantly elevated the number of anti–SRBC (anti–sheep red blood cell) antibody forming 
cells, serum IgG, and particularly IgG2a, levels specific for both T–independent (2,4–
dinitrophenylated lipopolysaccharide, DNP–LPS) and T–dependent (keyhole limpet 
hemocyanin, KLH) antigen, when compared with controls primed with the antigen alone. 
Furthermore, depleting CD49b–positive or NK1.1–positive cells from spleen mononuclear cell 
(SMC) population, we proved that GN8P–induced upregulation of in vitro antibody formation 
was dependent on the presence of NK1.1 expressing NK, eventually NKT cells (112). Many 
such studies however deal with artificial and simulated conditions and rely on the administration 
of synthetic exogenous antigens into otherwise healthy immune system. While instrumental in 
describing the undergoing mechanisms, the practical applications remain elusive, unless proven 
in immune–compromised conditions, such as tumor–growth or autoimmunity. In order to prove 
the usefulness of the GN8P glycomimetic administrations we had to confirm its beneficial effect 
in tumor–bearing mice. 
 
Aims and methods 
 
 To evaluate possible GN8P–mediated anti–tumor immune response, several different 
parameters needed to be investigated. For this purpose, we determined serum anti–B16F10 
melanoma IgG levels, IgG2a mRNA expression, and antibody dependent cell–mediated 
cytotoxicity (ADCC) in tumor–bearing C57BL/6 mice. Changes in counts of basic lymphocyte 
populations in the spleen evoked by GN8P were followed, with focus on B cells and their 
differentiation stages as well. Finally, we estimated the synthesis of interferon–gamma (IFNγ) 
and IL–4, cytokines involved in the regulation of immunoglobulin class switch (111, 113), to 
reveal the mechanism of NK–mediated glycomimetic effects. 
 
Results and discussion 
 
 GN8P administration to tumor–bearing animals did not significantly change the 
percentual distribution of basic immune cell populations as T helper, T cytotoxic, B cells or NK 
cells. However, there was a significant increase in CD80/CD86/MHC–II expressing B cell 
population levels, as well as increased counts of CD138 positive plasma cells, which was 
previously observed in healthy animals (112). 
 Serum tumor–specific IgG levels were naturally significantly higher in melanoma–
bearing mice when compared to healthy animals, but this increase was further augmented by 
GN8P administration. This increase was represented not only by the number of IgG positive 
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B16F10 melanoma cells, but also by the level of coverage by the IgG on these cells. To 
determine, whether these IgG antibodies had any impact on tumor clearance, we performed the 
antibody–dependent cell cytotoxicity assay, using B16F10 melanomas as targets – preincubated 
with sera of GN8P or PBS treated melanoma–bearing mice. Significant increase in cytotoxicity 
was achieved with sera of GN8P–treated animals. IgG2a antibodies were reported previously to 
represent the most efficient IgG subclass in mediating ADCC reaction (8) and when tested here, 
their mRNA expression levels were increased several–fold after the glycomimetic 
administration, indicating this subclass to be the major one of the IgG detected before. 
 Since IgG2a–oriented class switch does not usually occur in B cells by itself, but under 
the effect of IFN–γ or IL–4 (8, 113), we investigated the fate of these two cytokines as well. 
Both exerted significant increases in expression on the mRNA level and IFNγ was almost 
exclusively produced by NK cells after GN8P administration, which points to a positive 
feedback loop established by NK cells. Natural killers, upon interaction with GN8P, increased 
the production of IFNγ, thus induced the IgG2a class switch in B cells and their differentiation 
into plasma cells and then used the provided tumor–specific IgG2a for enhanced tumor clearing 
via ADCC, releasing more tumor–associated antigenic material in the process. 
 In conclusion, GN8P–activated NK cells potentiate tumor–specific IgG formation, 
triggering ADCC reaction as well as antigen presentation by B cells. These results illustrate the 
importance of carbohydrate recognition in NK cell–mediated regulation of adaptive immunity, 
with benefit for anticancer immune responses. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



International Immunopharmacology 11 (2011) 955–961

Contents lists available at ScienceDirect

International Immunopharmacology

j ourna l homepage: www.e lsev ie r.com/ locate / in t imp
N-Acetyl-D-glucosamine-coated polyamidoamine dendrimer promotes
tumor-specific B cell responses via natural killer cell activation

Katarina Hulikova, Jan Svoboda, Veronika Benson, Valeria Grobarova, Anna Fiserova ⁎
Laboratory of Natural Cell Immunity, Department of Immunology and Gnotobiology, Institute of Microbiology, Academy of Sciences of the Czech Republic, v.v.i.,
Videnska 1083, 142 20 Prague 4, Czech Republic
⁎ Corresponding author. Tel.: +420 296 442 107.
E-mail address: fiserova@biomed.cas.cz (A. Fiserova

1567-5769/$ – see front matter © 2011 Elsevier B.V. Al
doi:10.1016/j.intimp.2011.02.009
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 August 2010
Received in revised form 31 January 2011
Accepted 8 February 2011
Available online 22 February 2011

Keywords:
GN8P
B16F10 melanoma
Antibody formation
NK cells
ADCC reaction
IFN-γ
N-Acetyl-D-glucosamine-coated polyamidoamine dendrimer (GN8P), exerting high binding affinity to rodent
recombinant NKR-P1A and NKR-P1C activating proteins, was shown previously to delay the development of
rat colorectal carcinoma as well as mouse B16F10 melanoma, and to potentiate antigen-specific antibody
formation in healthy C57BL/6 mice via NK cell stimulation. In this study, we investigated whether GN8P also
modulates tumor-specific B cell responses. 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 evaluated in tumor-bearing C57BL/6 mice treated with GN8P and in respective controls. To reveal
themechanism of GN8P effects, the synthesis of interferon-gamma (IFN-γ) and interleukin-4 (IL-4), cytokines
involved in regulation of immunoglobulin class switch, was determined. The GN8P treatment significantly
elevated IgG, and particularly IgG2a, response against B16F10 melanoma, which led to augmented ADCC
reaction. The significant increase in production of IFN-γ, which is known to support IgG2a secretion, was
observed solely in NK1.1 expressing cell populations, predominantly in NK cells. Moreover, GN8P raised the
number of plasma cells, and promoted antigen presenting capacity of I-A/I-E-positive B lymphocytes by up-
regulation of their CD80 and CD86 co-stimulatory molecule expression. These results indicate that GN8P-
induced enhancement of tumor-specific antibody formation is triggered by NK cell activation, and contributes
to complexity of anticancer immune response involving lectin–saccharide interaction.
).
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1. Introduction

The C-type lectin receptors, predominantly expressed by cells of
the innate immunity e.g. natural killer cells (NK cells), are involved in
recognition of pathogen associated and/or endogenous carbohydrate
structures, including aberrant glycosylation patterns of cancer cells
[1–3]. The NK cell receptor protein 1 (NKR-P1) is present in rodents in
several isoforms that are encoded by genes located within the natural
killer gene complex [4]. While the physiological ligands for NKR-P1B/
D, and F were identified as products of the osteoclast inhibitory lectin/
C-type lectin related (Ocil/Clr) gene family, which is interspersed
among the Nkr-p1 genes themselves, those for NKR-P1A and C remain
still unknown [5,6].

The synthetic octavalent glycoconjugate with terminal N-acetyl-β-
D-glucosamine substituents clustered on the polyamidoamine scaffold
(GN8P) exerted high binding affinity to activating rat recombinant
NKR-P1A [7] and C57BL/6 mouse NKR-P1C (NK1.1) proteins
(Bezouska, unpublished experiments), representing orthologous
molecules [8]. The GN8P promoted natural killing of tumor targets
in vitro, delayed incidence of colorectal carcinoma in rats as well as
reduced the tumor growth and prolonged survival time in B16F10
melanoma-bearing C57BL/6 mice [9–11].

Although NK cells are primarily known to participate in surveillance
against virus-infected and malignant transformed cells (reviewed in
Ref. [12]) if activated they were also reported to regulate antibody
response via cytokine secretion and/or direct intercellular contact with
B lymphocytes [13–21]. Namely, NK cell stimulation by recombinant
interleukin-2 [13], polyriboinosinic polyribocytidylic acid (poly (I:C))
[16], certain tumors [17] or Trypanosoma cruzi infection [19] led to the
shift in the distribution of antigen-specific immunoglobulin (Ig)
isotypes with preferential increase of IgG2a secretion.

We demonstrated previously that repeatedGN8P administrations to
C57BL/6 mice significantly elevated the number of anti-SRBC (anti-
sheep red blood cell) antibody forming cells, serum IgG, and particularly
IgG2a, levels specific for both T-independent (2,4-dinitrophenylated
lipopolysaccharide, DNP-LPS) and T-dependent (keyhole limpet hemo-
cyanin, KLH) antigen, when compared with controls primed with the
antigenalone. Furthermore, depletingCD49b-positiveorNK1.1-positive
cells from spleen mononuclear cell (SMC) subpopulation, we proved
that GN8P-induced up-regulation of in vitro antibody formation was
dependenton thepresenceofNK1.1 expressingNK, eventuallyNKTcells
[22].

http://dx.doi.org/10.1016/j.intimp.2011.02.009
mailto:fiserova@biomed.cas.cz
http://dx.doi.org/10.1016/j.intimp.2011.02.009
http://www.sciencedirect.com/science/journal/15675769
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In this study, we investigated whether GN8P is also able to
modulate tumor-specific antibody response. For this purpose, we
determined serum anti-B16F10 melanoma IgG levels, IgG2a mRNA
expression, and antibody dependent cell-mediated cytotoxicity
(ADCC) in tumor-bearing C57BL/6 mice. Changes in counts of basic
lymphocyte populations in the spleen evoked by GN8P, with focus on
B cells and their differentiation stages were evaluated as well. Finally,
we estimated the synthesis of interferon-gamma (IFN-γ) and IL-4,
cytokines involved in regulation of immunoglobulin class switch
[16,17,23], to reveal the mechanism of GN8P effects.

2. Materials and methods

2.1. Glycodendrimer (GN8P)

N-Acetyl-D-glucosamine-coated polyamidoamine dendrimer (GN8P)
kindly provided by Prof. T.K. Lindhorst (Christiana Albertina University in
Kiel, Germany) and Prof. V. Kren (Institute of Microbiology, Academy of
Sciences of the Czech Republic, Prague, Czech Republic) was synthesized
as described previously [24]. Briefly, the reaction between polyamidoa-
mine dendrimer of generation 1, bearing eight peripheral amino groups,
and 2,3,4,6-tetra-O-acetyl-β-N-acetyl-glucosaminyl isothiocyanate
resulted in O-acetylated isothiourea-bridged glycodendrimer formation.
After deacetylation, using sodium methoxide in methanol, and subse-
quent purification by gel permeation chromatography, GN8P was
obtained as a white water-soluble lyophilisate. The structure and purity
of the prepared compound were confirmed by electrospray ionization
mass spectrometry and nuclear magnetic resonance. Furthermore, GN8P
waspurifiedona reversedphase columntoassure that it is endotoxin/LPS
free [22].

2.2. Experimental animals

Eight-week-old inbred female C57BL/6 mice (AnLab, Prague, Czech
Republic) were housed under natural day/night conditions (22 °C, 55%
relative humidity), and fed on a commercial ST1 diet (Velaz, Prague,
CzechRepublic)ad libitum.All procedureswere conducted in accordance
with the European Convention for the Care and Use of Laboratory
Animals as approved by the Czech Animal Care and Use Committee.

2.3. Tumor cells

Established B16F10 cell line (mouse melanoma), purchased from
American Type Culture Collection (via Teddington, UK), was cultivated
in RPMI-1640 medium (Sigma-Aldrich, St. Luis, MO, USA) supplemen-
ted with 2 mM L-glutamine, 1 mM sodium pyruvate, 0.05 mM 2-
sulfanylethanol (2-mercaptoethanol), antibiotics (0.05 mg/ml genta-
mycin, 25 mg/ml amphotericin B), and 10% heat-inactivated fetal calf
serum (Gibco, Grand Island, NY, USA) in humidified atmosphere
containing 5% CO2 (CO2 incubator; Jouan, St. Herblain, France).

2.4. Design of experiments

The mice (5 per group) were injected subcutaneously with 106

B16F10 cells/mouse in 0.1 ml phosphate buffered saline (PBS) into the
lower back on day 0. Three doses of GN8P or PBS (controls) were
administrated intraperitoneally every 3 days startingonday 11after the
tumor inoculation. The animals were bled 24 h after the last treatment
(day 18). The GN8P concentration used in this study (0.15 mg/kg of
mouse)was chosen on the basis of our previous experimentswith doses
7.5–0.0075 mg/kg [11].

2.5. Isolation of spleen mononuclear cells (SMCs)

Spleens were harvested, squeezed through a nylon mesh, and
separated on Ficoll-Hypaque (Sigma-Aldrich) density gradient (1.086)
to obtain SMCs, which were washed three times in H-MEMd medium
(Sebac, Aidenbach, Germany) and used immediately for assays.

2.6. Cell surface marker expression

Cell suspensions prepared from spleens of individual mice
(as described above) were re-suspended in PBS with 0.02% cold water
fish skin gelatin (Sigma-Aldrich) and 0.01% sodium azide (Sigma-
Aldrich). The phenotype of cells was determined using the following
monoclonal antibodies (mAbs) against surface markers of B cells: anti-
CD45R/B220-Alexa405 (RA3-6B2); plasma cells: anti-CD138-biotin
(281-2); T cells: anti-CD3-PECy5 (17A2), anti-CD8a-Alexa405 (5H10),
anti-CD4-biotin (H129.19); NK and NKT cells: anti-CD49b-FITC (DX5),
anti-NK1.1-PECy7 (PK136). The expression of activation antigens on
B cells was evaluated bymeans of anti-CD80-biotin (1G10), anti-CD86-
APC (RMMP-2), and anti-I-A/I-E-PE (anti-MHC class II molecules; 2G9)
mAbs. Four to six color staining was performed according to the
manufacturer's standard protocol. Monoclonal antibodies were pur-
chased either from Pharmingen (San Diego, CA, USA) or Caltag (San
Francisco, CA, USA). The cell surface markers labeled with biotinylated
mAbs in the first step were detected with streptavidine-APC-Cy7
(Pharmingen). The samples were analyzed by LSRII cytometer (Becton-
Dickinson, Franklin Lakes, NJ, USA). The evaluation of measured data
wasperformedusing FlowJo software (Tree Star, Ashland, OR, USA). The
percentage of positive cells was calculated from live cell population
(propidium iodide-negative; Becton-Dickinson).

2.7. Tumor cell-specific antibodies

2.7.1. Flow cytometric analysis
B16F10 cells were seeded into round-bottomed 96-well microtiter

plates (2×105cells/well; NUNC, Roskilde, Denmark). Subsequently,
1:10 diluted sera from individual tumor-bearing mice (GN8P or PBS-
treated)were added (100 μl/well, 30 minon ice). The cellswereblocked
with 1:99 diluted goat serum (Sigma-Aldrich), and stained with goat
anti-mouse IgG-PE (Immunotech, Marseille, France). B16F10 cells not
incubated with serum and those incubated with sera from healthy
animals were used as negative controls. The samples were analyzed by
LSRII cytometer. The evaluation of measured data was performed using
FlowJo software. The results were expressed as mean fluorescence
intensity (MFI) of the live cells (Hoechst 33342-negative; Becton-
Dickinson).

2.7.2. Western blot analysis
B16F10 melanoma cells (5×106) were lysed using M-PER Mamma-

lian Protein Extraction Reagent (Pierce, Rockford, IL, USA) according to
the manufacturer's standard protocol. The tumor lysate and marker
(pre-stained SDS-PAGE standards; Bio-Rad, Philadelphia, PA, USA)were
fractionated by SDS-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes as described previously [25]. After
blocking with 5% dry milk (90 min; Bio-Rad), the membranes were
incubated overnight (4 °C) with 1:10 or 1:100 diluted sera from PBS or
GN8P-treated B16F10 melanoma-bearing mice and subsequently with
donkey anti-mouse horseradish peroxidase-conjugated IgG (90 min;
Jackson Immunoresearch Laboratories,WestGrove, PA, USA). After each
step, the membranes were extensively washed with TBS-T (Tris-
buffered saline containing 0.05% Tween 20; Lachema, Brno, Czech
Republic). Immune complexes were visualized by West Pico Chemilu-
miniscent Substrate Kit (Pierce).

2.8. Antibody dependent cell-mediated cytotoxicity

Na251CrO4-labeled B16F10 tumor targets were seeded in pentapli-
cates into round-bottomed 96-well microtiter plates (104 cell/well;
NUNC), and pre-incubated with 1:10, 1:50 or 1:100 diluted sera from
PBS or GN8P-treated B16F10melanoma-bearingmice (37 °C, 30 min).



Table 1
Percentage of helper and cytotoxic T cells, B, NK and NKT cells out of spleen
mononuclear cells. The data represent average±standard deviation of values from four
performed experiments.

PBS (%) GN8P (%) p value

Helper T cells CD3+/CD4+/CD8− 20.64±1.03 21.86±0.54 0.0925
Cytotic T cells CD3+/CD8+/CD4− 12.09±0.69 11.2±0.31 0.0871
B cells CD45R/B220+ 57.02±2.28 59.6±1.85 0.0778
NK cells CD3−/CD4−/CD8−/

CD49b+
3.51±0.18 3.87±0.22 0.1015
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The antibody containing sera were washed out, and then SMCs
isolated from spleens of healthy animals were added as effectors (effector
to target (E:T) ratio=64:1, 32:1, and 16:1). After 18-h incubation at 37 °C
in humidified atmosphere containing 5% CO2, the cell free supernatants
were harvested (25 μl/sample), 0.1 ml of scintillation cocktail (SuperMix;
Wallac, Turku, Finland) was added, and the radioactivity measured
employing scintillation counter Microbeta Trilux (Wallac). The
percentage of cytotoxicity was calculated as described previously
[26].
NKT cells CD3+/CD4+/CD8−/
CD49b+

0.28±0.02 0.31±0.05 0.5490

Table 2
Effect ofGN8PonNK1.1 expressiononNKandNKTcells in the spleen. The results represent
percentage ofNK1.1-positive NK andNKT cells identified as CD3−/CD4−/CD8−/CD49b+
and CD3+/CD4+/CD8−/CD49b+subpopulations, respectively. The data are expressed as
average±standard deviation of values from three performed experiments.

PBS GN8P p value

%NK1.1+NK cells 69.00±5.77 54.50±6.87 0.0503
%NK1.1+NK cells 35.4±5.20 30.4±5.43 0.2200
2.9. Cytokine detection

2.9.1. Serum IFN-γ and IL-4 levels
For evaluation of IFN-γ and IL-4 serum levels, BD™ Cytometric

Bead Array (Mouse Th1/Th2 cytokine kit; BD Bioscience, San Jose, CA,
USA) was used. This assay is based on mixed bead populations with
distinct fluorescence intensities, which are coated with capture
antibodies specific for the individual cytokine. The samples were
prepared according to manufacturer's standard protocol and mea-
sured by LSRII cytometer. The evaluation of data was performed using
FlowJo software. The cytokine concentration in pg/ml was calculated
from calibration curves of standards.
2.9.2. Intracellular IFN-γ levels
For intracellular detection of IFN-γ, isolated SMCs were incubated

with Golgi Stop (0.7 μl/106 cells; Pharmingen) in humidified atmo-
sphere containing 5% CO2 for 6 h. Then, the cells were stained with
anti-CD3-PECy5 and anti-NK1.1-PECy7 mAbs (Pharmingen), permea-
bilized with FACSTM permeabilizing solution (Becton-Dickinson),
labeled with biotinylated anti-IFN-γ mAb and streptavidine-PE
(Pharmingen), and fixed with 1% paraformaldehyde (Lachema). To
evaluate IFN-γ synthesis in helper and cytotoxic T cells, SMCs were
additionally in vitro stimulated with phorbol 12-myristate 10-acetate
(PMA) and ionomycin for 4 h (at the final concentration of 50 ng/ml
and 1 μg/ml, respectively, in the presence of Golgi Stop), and stained
with anti-CD4-APCAlexaFluor780 and anti-CD8-PerCPCy5.5 mAbs.
The samples weremeasured by LSRII cytometer. The data analysis was
performed using FlowJo software.
2.10. Real-time reverse transcription (RT)-PCR

The total RNAwas isolated from SMCs using RNeasyMini Kit (Qiagen,
Hilden, Germany). Five micrograms of RNA were transcribed into cDNA
using cDNA Archive Kit (Applied Biosystem, Foster City, CA, USA). Real-
time RT-PCR was carried out with FastStart SYBR Green Master (Roche,
Mannheim, Germany) and iCycler5 (Bio-Rad). PCR product specificity
was checked by melt curve analysis. Primer sequences used for
amplification were the following IFN-γ Forward (F): 5′ tcaagtggcata-
gatgtggaagaa 3′, IFN-γ Reverse (R): 5′ catgaaaatcctgcagagcca 3′; IL-4 F: 5′
acaggagaagggacgccat 3′, IL-4 R: 5′ tgagctcgtctgtagggcttc 3′; IgG2a F: 5′
tgcaaggtcaacaacagagc 3′; and IgG2a R: 5′ ggtccagtccacagcaattt 3′. Primers
were designed in our laboratory using Primer3 Input software. The gene
of interestwasnormalized to the control gene for 18S rRNA.Differences in
gene expression between individual groups of mice were evaluated with
Bio-Rad iQ5 2.0 software.
Fig. 1. Proportion of antigen presenting B cells in the spleen. Live (propidium iodide-
negative) cells with lymphocyte/monocyte morphology gated on the basis of Forward
and Side Scatter were at first analyzed for I-A/I-E (MHC class II) expression. Then, the
percentage of B cells (CD45R/B220+) out of I-A/I-E-positive cells was determined. This
B cell subpopulation was further analyzed for expression of co-stimulatory molecules
CD80 and CD86. The data are presented as percentage of control (PBS group stated as
100%; dashed line; control values were 14.98±3.16, 6.52±0.79, and 2.02±0.41 for
CD86+, CD80+, and double positive CD80+ CD86+ cells, respectively). Figure shows
an illustrative example of three experiments with similar results. Significant changes
relative to control are marked by asterisk (**p≤0.01, ***p≤0.001).
2.11. Statistical analysis

The statistical significance of differences between two groups was
calculated by Student's t-test and between more groups by one-way
analysis of variance (ANOVA). P values ≤0.05 were considered as
significant (*p≤0.05; **p≤0.01; *** p≤0.001).
3. Results

3.1. Effect of GN8Pondistributionandactivation state of SMC subpopulations

The expression of membrane markers on SMC subpopulations from
B16F10 melanoma-bearing mice was evaluated using flow cytometry to
reveal the effect of GN8P on their proportion and activation state.We did
not observe significant differences in the relative number of basic
lymphocyte subpopulations i.e. B cells (CD45R/B220+), helper (CD3+/
CD4+/CD8−) and cytotoxic (CD3+/CD8+/CD4−) T cells, NKT cells
(CD3+/CD4+/CD8−/CD49b+), and NK cells (CD3−/CD4−/CD8−/
CD49b+) comparing GN8P-treated mice with controls (PBS group)
(Table 1). However, GN8P induced decrease in the percentage of NK1.1
expressing NK cells (Table 2). The phenotype analysis of B lymphocytes
was designed to follow up their differentiation into the plasma and
antigenpresenting cell stage. Results depicted in Fig. 1 demonstrate that
GN8P significantly elevated the counts of I-A/I-E+/CD86+ (pb0.01),
I-A/I-E+/CD80+ (pb0.001), and I-A/I-E+/CD86+/CD80+ (pb0.001)
antigen presenting B cells. Furthermore, animals injected with GN8P



Fig. 2. Distribution of plasma cells in the spleen. Live (propidium iodide-negative) cells
with lymphocyte/monocyte morphology gated on the basis of Forward and Side Scatter
were analyzed for CD45R/B220 and CD138 expression. Significant changes in counts of
CD45R/B220+/CD138+ and CD45R/B220−/CD138+ plasma cells relative to control
(PBS group) are marked by asterisk (*p≤0.05, **p≤0.01). The data are expressed as
average±standard deviation of values from three performed experiments.
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showed significantly higher proportion of plasma cells, identified as
CD45R/B220+/CD138+ (pb0.05) and CD45R/B220−/CD138+
(pb0.01) cell populations, than controls (PBS group), (Fig. 2).

3.2. Serum levels of tumor-specific antibodies in B16F10 melanoma-
bearing mice treated with GN8P

Results showing that GN8Pmounted antigen-specific (anti-KLH and
anti-DNP) IgG, and particularly IgG2a, response in healthy C57BL/6mice
Fig. 3. Flow cytometric analysis of tumor-specific antibody formation. The mice (5 per group) we
collected 24 h after the last treatment. To detect anti-B16F10 IgG levels, B16F10 cells were incuba
methods section. Intact B16F10 cells (not incubatedwith serum) and those incubatedwith sera fro
standard deviation ofmeanfluorescence intensity (MFI) of live B16F10 cells incubatedwith sera fr
are indicated in light color, whereas those incubatedwith sera fromPBS or GN8P-treated B16F10 t
with similar results. The statistical analysis was performed by ANOVA. The significant changes ar
[22] as well as the percentage of antigen presenting B lymphocytes
(Fig. 1) and plasma cells (Fig. 2) in B16F10 melanoma-bearing
counterparts, encouragedus to investigate,whether this glycoconjugate
has also the potential to modulate tumor-specific antibody formation.
For this purpose, serum levels of IgG antibodies, capable of specific
binding to B16F10 cells, were measured in B16F10 melanoma-bearing
mice after three doses of GN8P or PBS using flow cytometry. In sera of
PBS-treated mice, we detected B16F10 melanoma-specific IgG levels
(PBS group vs. healthy control pb0.05), whichwere further elevated by
GN8P administrations (PBS vs. GN8P group pb0.001), (Fig. 3). To
confirm these results and find out whether GN8P promotes antibody
formation specific for one or more B16F10 melanoma antigens, we
analyzed sera from experimental animals for reactivity against proteins
of B16F10 cell lysate by Western blotting. Under our experimental
conditions (West Pico Chemiluminiscent Substrate Kit), testing of 1:10
diluted sera revealed that GN8P increased antibody response against
several B16F10 melanoma proteins (Fig. 4A). At 1:100 serum dilution,
when only the dominant protein of molecular weight≈50 kDa was
visualized, sera from GN8P-treated B16F10 melanoma-bearing mice
were more efficient in its recognition than those from controls (PBS
group) (Fig. 4B).

3.3. Antibody dependent cell-mediated cytotoxicity in B16F10 melanoma-
bearing mice treated with GN8P

To evaluate the clinical consequence of GN8P-induced enhance-
ment in serum levels of B16F10melanoma-specific IgG antibodies, we
determined ADCC reaction performing 18-h 51Cr-release assay. The
re inoculated with B16F10 tumor cells and injected with 3 doses of PBS or GN8P. Sera were
ted with 1:10 diluted sera and anti-mouse PE-conjugated IgG as described in Materials and
mhealthy animalswereused as negative controls. The results are expressed as (A) average±
om individualmice or (B) histograms (B16F10 cells incubatedwith sera fromhealthy control
umor-bearingmice in dark color). Figure shows an illustrative example of three experiments
e marked by asterisk (*p≤0.05, ***p≤0.001).
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image of Fig.�3


Fig. 4. Western blot analysis of tumor-specific antibody formation. The mice (5 per
group) were inoculated with B16F10 tumor cells and injected with 3 doses of PBS or
GN8P. Sera were collected 24 h after the last treatment. To detect anti-B16F10 IgG
levels, nitrocellulose membranes with blotted proteins of B16F10 cell lysate were
incubated with 1:10 (A) or 1:100 (B) diluted sera and anti-mouse horseradish
peroxidase-conjugated IgG as described in Materials and Methods. Kodak films were
developed after 30-min incubation with West Pico Chemiluminiscent Substrate. Figure
shows an illustrative example of five experiments with similar results.

Fig. 5. Antibody-dependent cell mediated cytotoxicity (ADCC reaction). The mice (5 per
group) were inoculated with B16F10 tumor cells and injected with 3 doses of PBS or
GN8P. Sera were collected 24 h after the last treatment. The ADCC reaction was determined
after 18-h incubation of spleen mononuclear cells from healthy mice with B16F10 tumor
targets pre-incubated with sera from PBS or GN8P-treated tumor-bearing animals. The data
are presented as percentage of control (PBS group stated as 100%; average control values
were 14.14±1.92, 11.46±1.52, and 8.3±1.21 for 64:1, 32:1, and 16:1 E:T ratio,
respectively). Figure shows average±standard deviation of values from three performed
experiments. The significant changes relative to control (p≤0.001) were observed at 64:1
and 32:1 E:T ratios at each tested serum dilution (NS=non-significant).

Fig. 6. IgG2a mRNA expression. The mice were inoculated with B16F10 tumor cells,
injected with 3 doses of GN8P or PBS, and bled 24 h after the last treatment. The total
mRNAwas isolated from spleen mononuclear cells of experimental animals. IgG2a mRNA
levels were determined by real-time RT-PCR and normalized to the expression of control
gene for 18S rRNA. Results are expressed as average±standard deviation of pentaplicates.
Figure shows a representative example of three experiments with similar results. The
significant changes are marked by asterisk (**p≤0.01).
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B16F10 melanoma cells pre-incubated with sera from tumor-bearing
animals treated with GN8P or PBS were used as targets, while SMCs
from healthy untreated C57BL/6 mice as effectors. SMCs exerted
significantly higher cytotoxicity (pb0.001) against tumor targets pre-
incubated with 1:10, 1:50 as well as 1:100 diluted sera from GN8P-
treated mice than against those pre-incubated with equally diluted
sera from controls (PBS group) at both 64:1 and 32:1 E:T ratios. The
effect of GN8P on ADCC reaction seems to be dependent on E:T ratio
(no significant differences at 16:1 E:T). The optimal E:T ratio was 32:1
(the highest significant differences), at which the lysis of B16F10 cells
pre-incubated with 1:10, 1:50, and 1:100 diluted sera from B16F10
melanoma-bearing mice injected with GN8P was increased by 58.3%,
61.18%, and 50.83%, respectively, comparing to controls (PBS group)
(Fig. 5).

3.4. Effect of GN8P on IgG2a mRNA expression in B16F10 melanoma-
bearing mice

As IgG2a antibodies were reported to represent the most efficient
IgG subclass in mediating ADCC reaction [27,28], we tested the effect
of GN8P treatment on IgG2a mRNA levels. The GN8P administrations
to B16F10 melanoma-bearing mice significantly augmented IgG2a
mRNA expression (pb0.01; Fig. 6), which indicates that elevated
serum levels of tumor-specific IgG antibodies (Figs. 3 and 4) triggering
ADCC reaction (Fig. 5) were of IgG2a subclass.

3.5. Effect of GN8P on the cytokine synthesis

3.5.1. Serum IFN-γ and IL-4 levels
To assess whether GN8P modulates the secretion of cytokines

involved in regulation of immunoglobulin class switch, we detected
serum levels of IFN-γ and IL-4 (prototype Th1 and Th2-type cytokine,
respectively) using the cytometric bead array. In response to GN8P
treatment, B16F10melanoma-bearingmice showed significant increase
(pb0.05) solely in IFN-γ levels (Fig. 7A).

3.5.2. IFN-γ and IL-4 mRNA expression
To confirm the above described results, we also determined

expressionofmRNA for the tested cytokines. Real-timeRT-PCR revealed
that GN8P increased IFN-γ mRNA levels to a greater extent (pb0.001)
than those for IL-4 (pb0.01), (Fig. 7B). Thus, mounted IgG2a mRNA
expression (Fig. 6) correlated with elevated mRNA levels for IFN-γ,
which is known to support the immunoglobulin class switch to IgG2a
isotype [16,17,23].

3.6. Cell subpopulations producing IFN-γ in response to GN8P treatment

To find out which cell subpopulations are involved in GN8P-
induced enhancement of IFN-γ synthesis in B16F10 melanoma-
bearing C57BL/6 mice, we measured intracellular levels of this
cytokine using flow cytometry. Upon repeated GN8P administrations,
significant increase in the percentage of IFN-γ-positive NK (CD3−/
NK1.1+) as well as NKT (CD3+/NK1.1+) cells was observed (pb0.01
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Fig. 7. IFN-γ and IL-4 synthesis. The mice (5 per group) were inoculated with B16F10
tumor cells, injected with 3 doses of GN8P or PBS, and bled 24 h after the last treatment.
Serum (A) and mRNA (B) levels of IFN-γ and IL-4 were determined using BD™
Cytometric Bead Array (Mouse Th1/Th2 Cytokine Kit) and real-time RT-PCR,
respectively. The total mRNA was isolated from spleen mononuclear cells of
experimental animals. Results are expressed as average±standard deviation of values
from three performed experiments. Significant changes between GN8P-treated mice
and controls (PBS group) are marked by asterisk (*p≤0.05, **p≤0.01, ***p≤0.001).

Fig. 8. Cell subpopulations producing IFN-γ. The mice (5 per group) were inoculated with
B16F10 tumor cells, injected with 3 doses of GN8P or PBS, and bled 24 h after the last
treatment. Spleenmononuclear cells (SMCs) were incubated with Golgi Stop in the absence
(A) or presence (B) of PMA/ionomycin. SMCswith lymphocyte/monocytemorphology gated
on the basis of Forward and Side Scatterwere atfirst analyzed for CD3 andNK1.1 expression.
Then, the percentage of IFN-γ-positive cells out of NK (CD3−/NK1.1+) and NKT (CD3+/
NK1.1+) cells was determined (A). PMA/ionomycin-stimulated SMCs with lymphocyte/
monocyte morphology were at first gated on the basis of CD3 and NK1.1 expression. Then,
the percentage of cytotoxic (CD8+/CD4−) and helper (CD4+/CD8−) T lymphocytes out of
CD3+/NK1.1− cells was determined. Finally, IFN-γ synthesis in these T cell subpopulations
was evaluated (B). The data represent average±standard deviation of values from 3
experiments. Significant changes between GN8P-treated mice and controls (PBS group) are
marked by asterisk (*p≤0.05, **p≤0.01).
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and pb0.05, respectively), whereas counts of IFN-γ producing helper
(CD3+/NK1.1−/CD4+/CD8−) and cytotoxic (CD3+/NK1.1−/CD8+/
CD4−) T cells remained unaffected (Fig. 8B). These results proved that
GN8P potentiated IFN-γ production only in NK1.1-positive cell
subpopulations, predominantly in NK cells.

4. Discussion

It is generally accepted that Igs participate in protection against
viral and bacterial infections. However, their role in the control of
tumor spreading is not single valued. Anticancer vaccines, which are
able to elicit antibody response triggering ADCC reaction and/or
complement-mediated lysis of tumor cells, were successfully tested in
clinical trials [28–31]. On the other hand, there are reports showing
that elevated levels of tumor-specific antibodies paradoxically
correlated with decreased survival of cancer patients. This can be
explained by the fact that antibody functions in general, and in
relation to cancer immunosurveillance depend on Ig isotype/subclass
[28,32].

In this study, we demonstrated that GN8P administrations to
B16F10 melanoma-bearing C57BL/6 mice evoked significant increase
in anti-tumor IgG (Figs. 3 and 4), and particularly IgG2a, formation,
which was confirmed at mRNA level by real-time RT-PCR (Fig. 6).
IgG2a antibodies were identified as the most efficient IgG subclass in
mediating ADCC reaction under both in vitro and in vivo condi-
tions [27,28]. In accordance with this finding, we observed that SMCs
isolated from healthy C57BL/6 mice showed significantly higher
cytotoxic activity against B16F10 tumor targets (64:1 and 32:1 E:T)
pre-incubated with sera from B16F10 melanoma-bearing mice
treated with GN8P than against those pre-incubated with sera from
controls (PBS group) (Fig. 5). Thus, GN8P-induced enhancement of
serum anti-B16F10 melanoma IgG levels (Figs. 3 and 4) resulted in
augmented ADCC reaction (Fig. 5), which might contribute to GN8P
anticancer properties (i.e. reduced melanoma growth and prolonged
survival time of experimental animals) described previously [11].

As GN8P promoted cytokine synthesis (Figs. 7 and 8A) as well as
killing activity of NK cells derived from spleen [9,11] and peripheral
blood [33], our results are in agreement with studies documenting that
resting NK cells fail to modulate antibody response, but if activated (e.g.
by poly (I:C)), they increase IgG2a formation [13,16,17,19]. Moreover,
we reported that GN8P treatment elevated serum anti-KLH as well as
anti-DNP IgG2a levels in healthy C57BL/6 mice [22]. NK cells can
program B cells to switch preferentially to IgG2a isotype via IFN-γ
secretion [16,17]. In our experimental model, GN8P-induced enhance-
ment of IFN-γ production (Fig. 7) in NK cells (Fig. 8A) also represents
one of the possible mechanisms involved in up-regulation of serum
IgG2a levels [22] and IgG2a mRNA expression (Fig. 6).

Cross-linking of NKR-P1C receptor with anti-NK1.1mAbwas shown
to trigger NK cell-mediated cytotoxicity [34] and IFN-γ release [35].
Based on these findings, we assume that GN8P-promoted IFN-γ
synthesis in NK1.1-positive NK cells (Fig. 8A), that was detected neither
in helper nor cytotoxic T cells (NK1.1-negative) (Fig. 8B), provides
another proof of GN8P ability to effectively engage NKR-P1C isoform of
C57BL/6 mice (NKR-P1CB6). Although GN8P did not influence the
relative number of NK cells in the spleen (Table 1), it caused decrease in
their NK1.1 (NKR-P1CB6) surface expression (Table 2). Thismight imply

image of Fig.�7
image of Fig.�8


961K. Hulikova et al. / International Immunopharmacology 11 (2011) 955–961
that GN8P (synthetic NKR-P1CB6 ligand) is up-taken by NK cells in a
complexwith NK1.1 receptor. Similarly, Aust et al., who prepared a new
panel of mAbs specific for individual isoforms of mouse NKR-P1
proteins, demonstrated that NKR-P1 expression on NK cells was
down-regulated upon receptor cross-linking with the relevant mAb or
physiological ligand and used this phenomenom as a functional assay
for evaluation of NKR-P1 receptor–ligand interaction [6].

The modulatory effect of GN8P on B cell responses was proven by
significant raise in the percentage of CD138-positive plasma cells
(Fig. 2) as well as B lymphocytes expressing I-A/I-E (MHC class II),
CD80, and CD86 surface markers, which are important for antigen
presentation (Fig. 1). Similarly, it was reported that B cells cultured
with IL-2-propagated NK cells up-regulated the expression of co-
stimulatory molecule CD86 [20]. Thus, GN8P-activated NK cells are
capable of promoting both of the main B cell functions, immunoglob-
ulin secretion and antigen presentation.

Polarization of the immune system to Th1-type responses is well-
known to be crucial for cancer immunosurveillance (reviewed in Ref.
[32]). It is evident that the synthesis of Th1-type cytokine IFN-γ is
stimulated by GN8P treatment to a greater extent than that of Th2-type
IL-4 (Fig. 7). The secretion of IL-4 can be attributed to NKT cells. Michel
et al. described two functionally distinct subpopulations of invariant
NKT cells on the basis of NK1.1 expression (NK1.1-positive and NK1.1-
negative generating IFN-γ/IL-4 and IL-17, respectively) [36]. Apart from
supporting IgG2a formation (indicated as “Th1-like”), which mediates
lysis of specific antibody-coated tumor targets, IFN-γ increases cancer
cell apoptosis and expression of MHC class I molecules. On the other
hand, it inhibits tumor cell proliferation, angiogenesis, as well as
development and/or immunosuppressive effects of CD4+/CD25+
regulatory T cells [32,37,38]. Therefore, we suggest that prevalence of
IFN-γ synthesis driven by GN8P is of clinical relevance.

In conclusion, GN8P-activated NK cells potentiate tumor-specific
Ig formation triggering ADCC reaction as well as antigen presentation
by B cells. These results illustrate the importance of carbohydrate
recognition in NK cell-mediated regulation of adaptive immunity,
with benefit for anticancer immune responses.
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Publication 4: Human chorionic gonadotropin upregulates KIR2DL4 on NK cell 
subpopulations. 
 
Overview 
 
 The synthetic and exogenous immune modulators as the abovementioned glycomimetic 
may prove economically unavailable, too difficult to synthesize and quite often impossible to 
predict. While volumes of different endogenous immune modulators are known, well–described 
and available, few have been used in such a long period of time, wide array of applications and 
as large a scale of population as hormones. In assisted reproduction techniques (ARTs), which 
partially solve the continuously growing rates of sterility of women (114), hormones are readily 
used for controlled ovarian hyperstimulation (COH) in order to obtain multiple fertilizable 
oocytes. Despite various modifications to the COH protocols have been established, 
gonadotropins have been used now for more than two decades. The most abundant protocol 
nowadays consists of the administration of gonadotropin releasing hormone (GnRH) antagonists 
and subsequent dose of human chorionic gonadotropin (hCG). While the effect on ovaries was 
intensively studied in the past, its exact effect on the immune system was studied rather 
marginally (115). Immune system and particularly NK cells may play a crucial role in embryo 
implantation, since higher levels of peripheral CD56dim NK cells were observed in patients with 
recurrent spontaneous abortions (116) or repeated IVF cycles failure (117). “Immune tolerance” 
to the fetus requires that uterine NK cells do not engage towards a rejection/cytotoxic pathway, 
thus non–classical HLA–G molecule expression is associated with placentation and protection of 
the allogeneic fetus from the maternal immune system (118, 119). HLA-G however cannot 
protect the fetus without its ligands: killer cell immunoglobulin–like receptor KIR2DL4 (120) 
and leukocyte immunoglobulin–like receptors LILRB1 (also known as ILT–2, CD85j), but these 
ligands have to be present on the surface of effector cells in order to induce the "off" signal (28). 
We thus aimed at the NK cell receptors and their fate during controlled ovarian hyperstimulation 
via hCG. 
  
Aims and methods 
 
 While hCG is known to have immunomodulatory properties, we aimed to assess its effect 
on immunological changes, with respect to HLA–G binding receptors and embryo implantation 
success. This study involved 103 subjects, including patients undergoing COH protocols (n=66), 
divided on the basis of the pair’s fertility disorder (FD) causes (female FD – represents immune 
compromised system, n=29; male FD – represents healthy immune system, n=37), and age 
matched healthy women (HD – represents hCG–uninfluenced healthy immune system, n=37). 
The relative distribution of T cell (CD3+/CD4+, CD3+/CD8+) and NK cell (CD56bright/CD16-, 
CD56dim/CD16+) populations was evaluated together with HLA–G ligands KIR2DL4 and 
LILRB1 expression by flow cytometry in the peripheral blood of all subjects, as well as in 
patient follicular fluids. CD161 and NKG2D receptor levels were also observed, but remained 
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unpublished for the prevailing lack of significant changes in their expression. This allowed us to 
sufficiently describe the effect of antagonist COH protocol on the immune system and correlate 
it to the implantation success rate. 
  
Results and discussion 
 
 First, we demonstrated that while age is a known detrimental factor for the outcome of 
ARTs, it has no significant effect on the composition of the immune parameters observed here. 
Next, we compared the healthy donor samples with samples of male and female FD and revealed 
the massive changes in the immune system composition, mediated by the COH protocol. The 
CD4/CD8 ratio (or Th:CTL index) was severely pushed toward cytotoxic T–lymphocyte (CTL) 
preference and furthermore, those CD3/CD8 positive T cells had also significantly decreased 
levels of the inhibitory LILRB1 receptor. While the counts of NK cell populations were 
influenced only in the case of female FD (CD56dim NK cells upregulated), which points to COH–
independent cause, the KIR2DL4 levels were significantly higher in ART patients.  
 These data show that hCG promotes cytotoxic T cell populations with lower inhibition 
potential (lack of inhibitory receptors) and NK–mediated cytokine production, since KIR2DL4 
was described to activate potent cytokine production but only weak cytotoxicity (61, 62, 121). 
LILRB1, as an inhibitory receptor among T cells, causes impaired signaling through TCR and 
decreased IL–2 and IFNγ production (122, 123), further increasing the immune potential for 
IFNγ production. This may have a detrimental effect on embryo implantation, since CD56bright 
NK cells (124) and CD56dim NK cells (125) also produce IFNγ, which in high doses has 
detrimental effect on embryo implantation (126). We have further shown in this study, that 
patients with increased counts of CD8+ T cells or with higher KIR2DL4+ CD56bright NK cell 
levels have notably decreased implantation rates, further confirming the detrimental effect of 
hCG on ART outcome. 
 The CD161 receptor on either subset of NK cells did not exert any significant change 
upon hCG treatment and appears to be unaffected by the COH protocol. NKG2D was only 
slightly downmodulated on CD56dim cells (HD=88.8±7.9; Patients=82.2±15.6; p=0.0036) and 
only in the peripheral blood. 
 Here, follicular fluid T and NK cells, which were described previously in patients with 
idiopathic infertility or endometriosis (127, 128) as key players, revealed no significant 
differences in their relative distribution or in the expression of HLA–G ligands, when successful 
and failed embryotransfer groups were compared. 
 In conclusion, the commonly used COH protocol influences the CD4/CD8 index, 
promoting cytotoxic T cells and increases the expression of KIR2DL4 on NK cells, rendering 
them more prone for cytokine production. 
 These results provide another valuable modulator of the immune response, but as in 
previous cases, remain entirely focused on one NK cell receptor in a specific model situation.  
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Abstract OBJECTIVE: Gonadotropin-releasing hormone (GnRH) antagonist combined with 
the human chorionic gonadotropin hormone (hCG) is commonly used in assisted 
reproduction techniques (ARTs) to induce controlled ovarian hyperstimulation 
(COH) and to synchronize oocyte maturation. While hCG is known to have immu-
nomodulatory properties, we aimed to assess its effect on immunological changes, 
with respect to HLA-G binding receptors and embryo implantation success.
DEsIgn: The study involved 103 subjects, including patients undergoing COH 
protocols (n=66), divided on the basis of the pair’s fertility disorder (FD) causes 
(female FD, n=29; male FD, n=37), and age matched healthy women (n=37). 
The relative distribution of T cell (CD3+/CD4+, CD3+/CD8+) and NK cell 
(CD56bright/CD16–, CD56dim/CD16+) populations was evaluated together with 
HLA-G ligands KIR2DL4 and LILRB1 expression by flow cytometry in the 
peripheral blood of all subjects, as well as in patient follicular fluids.
REsulTs: Both groups of patients exhibited a significant decrease of their CD4/
CD8 index, a down-modulation of LILRB1-positive CD8 T cells, and increased 
KIR2DL4-positive NK cell distribution, when compared to the healthy donors. 
We attribute these changes to the COH protocol, since the only significant change 
between the patient groups was in the number of cytotoxic CD56dim NK cells 
(elevated in the female FD group). Patients with male FD causes, having an above-
average CD4/CD8 index (≥3.17) and below-average KIR2DL4+/CD56bright NK 
cell levels(≤13.3%), exhibited higher embryo implantation rates.
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COnClusIOn: The GnRH antagonist/hCG protocol 
promotes CD3+/CD8+ and KIR2DL4+ NK cell levels, 
more abundant in subjects with lower implantation 
rates, and thus decreases the embryotransfer success in 
otherwise fertile women. 

InTRoDuCTIon

The continuously growing rates of sterility of women of 
reproductive age in almost all developed countries rep-
resents a serious socio-economic problem (Caputo et 
al. 2008). Therefore, the development of new diagnostic 
and predictive tools/parameters, as well as treatment 
options for fertility disorders, is of great importance. 
Assisted reproductive technologies (ARTs) have rep-
resented a major step forward in this field (Bower & 
Hansen 2005). 

The prerequisites of prosperous infertility treatment 
are the availability of multiple fertilizable oocytes of 
high quality (Arslan et al. 2005) and successful subse-
quent embryo implantation. Controlled ovarian hyper-
stimulation (COH) is an essential step to trigger oocyte 
maturation in an appropriate number of follicles to 
increase the rate of success (Arslan et al. 2005). How-
ever, lower implantation rates per embryo then those in 
natural cycles is a major limiting factor of ARTs (~30%, 
CDC 2010 and ESHRE 2009), (Hoozemans et al. 2004). 

Various modifications to the hyperstimulation 
protocols have been established. The combination of 
GnRH agonist pituitary suppression and exogenous 
gonadotropins in ART protocols has resulted in signifi-
cant beneficial effects in the past (Meldrum et al. 1989; 
Muasher 1992), while the subsequent introduction of 
GnRH antagonists protocols have prevented premature 
luteinizing hormone (LH) surges (Albano et al. 1997). 
The antagonist protocol, starting on day 6 or 7 of the 
menstrual cycle (fixed regimen) is now most common 
due to its simplicity, reduced use of gonadotropin 
(Arslan et al. 2005), and its better implantation rates 
(Kolibianakis et al. 2003).

Human chorionic gonadotropin influences many 
immune-cell subpopulations (Giuliani et al. 1998), 
with well described effects on dendritic cells and mac-
rophages (Abu Alshamat et al. 2012; Wan et al. 2008). 
Since an immune response may play a crucial role in 
fertility and implantation, there is a growing interest in 
the examination of local innate and adaptive immunity 
(Chaouat et al. 2007a; Chaouat et al. 2007b).

“Immune tolerance” to the fetus requires that uNK 
cells do not engage towards a rejection/cytotoxic path-
way. Non-classical HLA-G (human leukocyte antigen 
G) molecule expression is associated with placentation 
and protection of the allogeneic fetus from the maternal 
immune system (Hunt & Langat 2009; Hunt et al. 2005). 
Trophoblast mHLA-G (membrane bound HLA-G) and 
sHLA-G (soluble HLA-G) have been shown to provoke 

the deletion of activated T cells, as well as to inhibit NK 
cell mediated cytotoxicity (Apps et al. 2008; Carosella 
2011; Le Bouteiller & Tabiasco 2006). HLA-G is present 
in human embryonic stem cells, human oocytes, and 
pre-implantation embryos throughout different devel-
opmental stages (Carosella 2011; Verloes et al. 2011).

Embryonic, as well as trophoblast HLA-G and inci-
dentally trophoblast HLA-C, cannot exert such a set 
of tolerogenic functions in the absence of the proper 
receptors on maternal cells (Hiby et al. 2010). Among 
HLA-G ligands recently attracting the most interest are 
the killer cell immunoglobulin-like receptor KIR2DL4 
(Middleton & Gonzelez 2010) and leukocyte immuno-
globulin-like receptors LILRB1 (also known as ILT-2, 
CD85j) and LILRB2 (also known as ILT-4, CD85d). 
LILRBs are expressed by T and B lymphocytes, as well 
as by uterine and peripheral NK cells and mononuclear 
phagocytes, and generally act by interfering with acti-
vating signals (Hunt & Langat 2009). KIR2DL4, mainly 
restricted to CD56bright NK cells, exhibits the structural 
characteristics of both activating and inhibitory KIR 
(Faure & Long 2002; Kikuchi-Maki et al. 2003; Rajago-
palan et al. 2001), possessing both a charged transmem-
brane arginine residue and a single cytoplasmic ITIM. 
KIR2DL4 are found on NK cells (Goodridge et al. 2003; 
Lopez-Botet et al. 2000) and also under certain circum-
stances on T cells (Tilburgs et al. 2009). 

The majority of NK cells present in the pre/peri 
implantation decidua, pregnant uterus, and follicular 
fluid have the CD56bright/CD16– phenotype and are 
endowed with immunoregulatory properties, and the 
production of angiogenic factors and cytokines (Bulmer 
et al. 1991; Fainaru et al. 2010; Loke & King 1995). On 
the other hand, peripheral NK cells comprise mainly 
the cytotoxic CD56dim/CD16+ subpopulation (Moffett-
King 2002; Saito et al. 2008; Trowsdale & Moffett 2008). 

To elucidate the effect of the GnRH-antagonist/
hCG COH protocol, we analyzed the response of NK 
and T cell subpopulations and the expression of their 
KIR2DL4 and LILRB1 receptors in patients undergoing 
ART, and compared their values with those of healthy 
donors.

MATeRIALS AnD MeThoDS

Cohort of patients and healthy donors
The analysis comprised 103 subjects. Healthy donors 
(n=37, age=35.5±4.1) and age matched (p≥0.05) women 
undergoing the GnRH-antagonist/hCG COH protocol 
(n=66, age=33.6±0.9), which were further divided into 
two groups on the basis of the cause of the pair’s fertil-
ity disorder (FD) (female FD, n=29; male FD, n=37). 
Diagnosed male FD patients represented healthy, fertile 
women; while the diagnosed female FD group repre-
sented infertile women.

Healthy donor peripheral blood samples were pro-
vided by the Blood Transfusion Service of Thomayer 
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Hospital in Prague, Czech Republic, with informed 
consent of all donors. All patient samples used in this 
study were collected and processed with informed con-
sent of the women undertaking the infertility treatment 
course at the Institute for the Care of Mother and Child 
in Prague, Czech Republic. 

Peripheral blood samples (2–4 ml) were taken on the 
day of oocyte collection; and the total volume of follicu-
lar fluid (FF) varied according to the number of mature 
follicles (5–50 ml). 

Controlled ovarian hyperstimulation protocol
Only women with the gonadotropin releasing hormone 
(GnRH) antagonist/hCG protocol (most common pro-
cess) were enrolled for this study. Briefly, 0.25 mg of 
antagonist was administered at day 7 of the menstrual 
cycle (fixed regimen) and given daily until the day of 
hCG administration (6500 IUs of hCG were given to 
all women subcutaneously 34–36 hr before peripheral 
blood and oocyte collection, in order to coincide with 
oocyte maturation). Precise ultrasound folliculometry 
was performed rather than Estradiol (E2) levels mea-
surement for COH response prediction. 

Isolation of follicular fluid cells (FFC)
Centrifuged (200×g, 4 °C, 10 min) follicular fluids were 
subjected to a 30 sec incubation with 0.15M ACK solu-
tion (ammonium chloride with potassium: Sigma, St. 
Louis, MO, USA) to lyse any potential contaminating 
red blood cells (RBC). Afterwards, the cells were twice 
washed with 10ml of ice-cold PBS (200×g, 4 °C, 10 min) 
and resuspended in 100µl of PBS for further analysis 
(see section Statistical analysis).

Isolation of peripheral blood mononuclear cells (PBMC) 
Blood samples of patients and healthy donors were 
transferred into heparin-supplemented H-MEMd 
media (blood:media=1:3, Institute of Molecular Genet-
ics (IMG), ASCR, Prague, Czech Republic), layered 
by 10ml onto 3ml of Ficoll-Telebrix density gradient 
(1.077; Sigma and Leciva, Prague, Czech Republic) and 
centrifuged (400×g, 22 °C, 45 min). PBMC were col-
lected, washed twice (300×g, 22 °C, 5 min) in H-MEMd 
media (IMG, ASCR), counted, resuspended in PBS, 
and prepared for flow cytometry (see section Flow 
cytometry).

Flow cytometry
PBMC or FFC in PBS were seeded on 96-well microtit-
ter plates by 5×105 cells per well, and stained with 
antibodies according to the standard manufacturer 
protocol. A multifluorescent (9 channels; Supplemen-
tary Figure 1) staining protocol was devised to mini-
mize sample volume requirements. 

All analyzed cells were propidium iodide (PI) nega-
tive (live cells), singlet cells with standard morphology 
(Supplementary Figure 2, B and D), and CD45 positive 
(2D1, Per-CP; leukocyte common antigen) to exclude 

contamination by other cell types (Supplementary 
Figure 2, A and C). CD3 (UCHT1, Pacific Blue), CD4 
(S3.5, APC-Alexa750), and CD8 (3B5, Pacific Orange) 
markers were used for the evaluation of T cells (Sup-
plementary Figure 2, E and F); and CD56 (CMSSB, 
PE-Cy7) and CD16 (LNK16, Alexa700) were used to 
distinguish cytokine producing (CD56bright/CD16–) 
and cytotoxic (CD56dim/CD16+) NK cell populations 
(Supplementary Fig 2, H and I). The HLA-G ligands, 
KIR2DL4 (181703, PE) and LILRB1 (292305, APC), 
were assessed on NK and T cells, respectively (Supple-
mentary Figure 2, G and J). 

Monoclonal antibodies were purchased from either 
Becton-Dickinson (Franklin Lakes, NJ, USA), Life 
Technologies (Carlsbad, CA, USA), eBioscience (San 
Diego, CA, USA), R&D Systems (Minneapolis, MN, 
USA), AbD Serotec (Raleigh, NC, USA), or Exbio Praha 
(Vestec, Czech Republic). PBMCs (5×105  cells/well) 
were stained with the antibody mixture for 30 min on 
ice, washed, and measured on a BD LSR II instrument 
(Becton-Dickinson); and the data analysis was per-
formed using FlowJo 7.6.5 software (Tree Star, Ashland, 
OR, USA). 

Statistical analysis
The values presented in the figures are plotted as means 
with 95% confidence intervals. Due to the wide and 
mostly non-Gaussian distribution of human cytometry 
values (D’Agostino and Pearson omnibus normality 
test not passed), we utilized a Mann-Whitney U-test 
(MWU, nonparametric) instead of the more common 
Student’s T-test to compare the two groups of samples. 
One-way ANOVA (Kruskal-Wallis test, not assuming 
Gaussian distribution) with a Dunn’s post-test (95% 
confidence intervals) was used to establish significant 
differences between three or more groups. Values of 
p≤0.05 (*), p≤0.01 (**), and p≤0.001 (***) were con-
sidered statistically significant as calculated and plotted 
by Prism 5 statistics software (GraphPad Software, La 
Jolla, CA, USA).

ReSuLTS

Patient age influences implantation success rate, but not 
immune cell distribution
Since age is a known detrimental factor for the out-
come of ART, we intended to determine its effect on the 
studied cell populations. We thus divided the patient 
samples according to their age into groups of below and 
above the average value (33.2±3.8 years; Figure 1, A), 
and compared these groups on the basis of implanta-
tion success rate and relative distribution of T and NK 
cells subpopulations in male and female caused FD. 
Increasing age correlates with a measurable decrease in 
implantation success in female FD from 37.5% to 7.7%, 
relative to male FD (Figure 1, B; from 31.3% to 33.3%), 
but does not influence the proportion of the studied cell 
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Suppl. Fig. 1. Spectral overlap compensation matrix of a 9-channel staining protocol. Columns represent single-stain controls of given 
fluorochromes, while rows represent their spectral overlap into all remaining channels after applied arithmetic compensation. There is 
no visible fluorescence overlap in the entire panel.

Fig. 1. Age impact on implantation success rate and immune cell populations. Patient samples were sorted into two groups according to 
their age at the time of ART initiation, into above and below average age (33.2±3.8 years; dashed line) (A). The evaluation of overall 
implantation success rates is taken from the below and above average aged male and female FD diagnosed groups. Each column 
represents the percentage of implantation success taken from all samples in a given group, where the dashed line represents the 
average of all patients (B). T and NK cell subpopulations in peripheral blood are compared on the same basis (C). Values are plotted as 
means with 95% confidence intervals, where Mann-Whitney p values below 0.05 were considered significant: p≤0.05 (*); p≤0.01 (**) and 
p≤0.001 (***).
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Suppl. Fig. 2. FACS data gating strategy. Gating was performed sequentially: first, CD45+ cells were selected for analysis in order to 
discard non-lymphocyte cells (A). Then doublets (B) and dead cells (C) were discarded and standard cell morphology was selected (D). 
CD3+ cells (E) were further divided into CD4/CD8 subpopulations (F) and their LILRB1 expression was analyzed (G). CD3- cells were 
divided according to their CD56/CD16 expression into CD56bright/CD16- (H) and CD56dim/CD16+ (I) NK cell populations - their KIR2DL4 
expression was further analyzed in J.

populations in either PBMC (Figure 1, C) or follicu-
lar fluids (data not shown). Similarly, the LILRB1- and 
KIR2DL4-positive cell levels are not dependent on age 
either in PBMC or FFC (data not shown).

The GnRH antagonist/hCG stimulation protocol severely 
influences the immune cell population proportion in 
PMBC
To distinguish the immunological impacts evoked by 
the GnRH antagonist/hCG ovulation stimulation pro-
tocol from those detected in female infertility, we com-
pared the obtained cytometry data with that of patients 
with male caused FD and of healthy women, in rela-
tion to embryo implantation success (Figure 2). Both 
male and female FD patient groups had significantly 

decreased CD4+ and upregulated CD8+ T cells (a 
lowered CD4/CD8 index), when compared to healthy 
donors (Figure 2, A; HD CD4/CD8 index=5.7±1.1; all 
patients CD4/CD8 index=3.2±0.4; p<0.001). LILRB1 
expressing CD8+ T cell levels are also less abundant in 
both groups of patient PBMC samples (Figure 2, C). 
Cytokine producing CD56bright NK cell levels remain 
unchanged, while cytolytic CD56dim NK cells are 
upregulated significantly only in the female FD group 
(Figure 2, B). The relative distribution of KIR2DL4+ 
NK cell populations is significantly enhanced in both 
male and female FD patients (Figure 2, D). Thus, we 
could add the investigation of this phenotype to the 
COH treatment protocol.
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A low CD4/CD8 index and augmented CD56dim propor-
tion in patient PMBC is accompanied by a decreased 
implantation success rate in male caused FD
The T cell ratio was significantly changed by con-
trolled ovarian hyperstimulation (CD4/CD8 index: 
healthy donor (HD)=5.7±1.1; patient=3.2±0.4; 
p<0.001). To determine whether this change may have 
any detrimental effect on ART outcome, we divided 
the patient samples into two groups according to their 
CD4/CD8 index in PBMC, into the above-average 
(≥3.2) and below-average (≤3.2) ratios depicted in 
Figure 3, A. While the female FD group retains its 
implantation rate at the same level (~24%), male 
FD diagnosed patients have embryotransfer success 
repressed at below-average CD4/CD8 index values 
from 42.9% to 26.1% (Figure 3, B). Concurrently with 

the decreased CD4/CD8 index, CD56dim NK cells are 
augmented in PBMC (Figure 3, C) and lessened in 
their levels in follicular fluid (from 7.5±1.5 to 5.0±1.7; 
p=0.0491) at above-average CD4/CD8 ratios. In addi-
tion, CD56dim NK cells are favored only in the PBMC 
of the female FD group, with a high CD4/CD8 index 
(male FD=2.5±4.3%; female FD=18.7±3.4%; p=0.042). 
This may explain why high CD4/CD8 index bearing 
female FD subjects do not exhibit increased implanta-
tion rates as does the male FD group (Figure 3, B). No 
significant differences were observed in the LILRB1- 
and KIR2DL4-positive T and NK cell levels, respec-
tively; in any of the patient follicular fluid samples 
(data not shown), despite the inherently low CD4/
CD8 index, when compared to PBMC (FFC=2.6±0.4; 
PBMC=3.2±0.4; p=0.001).

Fig. 2. Relative distribution of T and NK cell subpopulations in healthy donors and ART patients. The CD4+ and CD8+ T cell out of CD3+ 
lymphocytes (A) and CD56bright and CD56dim NK cell percentage of all lymphocyte (B) subpopulations and their respective LILRB1 (C) and 
KIR2DL4 (D) HLA-G ligands were compared between healthy donors (HD) and the male and female FD diagnosed patients. Values in C 
and D are a percentage counted from the respective parent population, as described in the figures. The data are plotted as means with 
95% confidence intervals, where Mann-Whitney p values below 0.05 were considered significant: p≤0.05 (*); p≤0.01 (**) and p≤0.001 (***).



107Neuroendocrinology Letters Vol. 34 No. 3 2013 • Article available online: http://node.nel.edu

COH protocol in implantation failure 

High KIR2DL4-positive CD56bright NK cell levels in 
PBMC are accompanied by higher KIR2DL4+/CD56dim 
counts and decreased male FD implantation success rates
Since KIR2DL4-positive CD56bright NK cell levels 
were significantly elevated in the ART patients, we 
divided their samples also on the basis of the preva-
lence of this population into above-average (≥13.3% 
KIR2DL4+) and below-average (≤13.3% KIR2DL4+) 
groups (Figure 4, A). Higher KIR2DL4+ levels on 
CD56bright NK cells were accompanied only by higher 
KIR2DL4 levels on CD56dim NK counterparts (from 
1.3±0.4% to 4.9±2.8%; p≤0.001), and also by severely 

Fig. 3. Distribution of ART patient peripheral blood samples according to their CD4/CD8 index. Patient samples were distributed according 
to their CD4/CD8 T cell ratio and sorted into two groups of either below or above-average (average CD4/CD8 index=3.2±0.4; dashed 
line) values (A). The overall implantation success rates were compared on the basis of this division in the male and female FD diagnosed 
groups. Each column represents the percentage of implantation success, where the dashed line represents the average implantation 
success rate of all subjects, and the columns show the success rate proportion in male and female caused FD (B). The T and NK cells 
subset proportions in PBMC were analyzed relative to the CD4/CD8 index. Values are plotted as means with 95% confidence intervals, 
where Mann-Whitney p values below 0.05 were considered significant: p≤0.05 (*); p≤0.01 (**) and p≤0.001 (***). The significant changes 
in CD4 and CD8 T cell levels cannot be taken into consideration, since their levels were used to divide the patient samples.

Fig. 4. Distribution of samples according to the proportion of KIR2DL4-positive CD56bright NK cells in ART patient peripheral blood. 
Patient samples were distributed according to the levels of KIR2DL4-positive CD56bright NK cells in PBMC and divided into two groups 
with below or above-average values (average = 13.3±5.1) (A). The values represent the percentage of the KIR2DL4-positive subset 
out of the CD56bright/CD16- NK cells. The overall implantation success rates were compared between below and above-average 
KIR2DL4+CD56bright/CD16- NK cells of the male and female FD diagnosed patient groups. The columns represent the percentage of 
implantation success rate taken from male and female FD diagnosed patients, and the dashed line represents the average of all samples 
(B). The T and NK cell subpopulations levels in the peripheral blood were then compared (C). Values are plotted as means with 95% 
confidence intervals, where Mann-Whitney p values below 0.05 were considered significant: p≤0.05 (*); p≤0.01 (**) and p≤0.001 (***).

decreased implantation rates in the male FD group 
(from 37.9% to 12.5%) (Figure 4, B). CD56dim NK 
cell levels are again favored by the female FD group 
with below-average KIR2DL4+CD56bright levels (male 
FD=11.9±2.8%; female FD=16.5±2.3%; p=0.005). This 
may also explain why infertile women with below-
average KIR2DL4+CD56bright NK cells do not increase 
implantation rates (~24%) as in the case of the male FD 
group with below-average KIR2DL4+CD56bright cells 
(Figure 4, B). No significant differences between these 
groups were observed in follicular fluid sample values 
(data not shown).
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DISCuSSIon

Human chorionic gonadotropin is known to influence 
the composition of the immune system in general (Giu-
liani et al. 1998) with well documented effects on mac-
rophages (Abu Alshamat et al. 2012; Wan et al. 2009) 
and dendritic cells (Wan et al. 2008) in particular. Our 
results show its effect on T cells, NK cells, and on their 
HLA-G binding receptors LILRB1 and KIR2DL4.

KIR2DL4 was described to activate cytokine pro-
duction but only weakly activate cytotoxicity (Kiku-
chi-Maki et al. 2003; Miah et al. 2008; Rajagopalan et 
al. 2001). CD56bright NK cells are known to produce 
TNF-α and IFN-γ (Saito et al. 1993); and CD56dim NK 
cells produce IFN-γ (De Maria et al. 2011), which in 
high doses have detrimental effect on embryo implan-
tation (Chaouat et al. 2007a). Thus, the increased 
levels of KIR2DL4 positive CD56bright and CD56dim 
NK cells induced by controlled ovarian hyperstimu-
lation may contribute to ART failure by causing very 
early (immediate) post implantation embryo rejection 
(“occult loss”). Our study documented lower implan-
tation rates in patients with above-average KIR2DL4-
positive CD56bright levels. Moreover, female FD patients 
with increased CD56dim cell proportions, with below-
average KIR2DL4, had comparable implantation rates 
to those of the above-average KIR2DL4 group.

LILRB1, as an inhibitory receptor among T cells, 
causes impaired signaling through TCR and decreased 
IL-2 and IFN-γ production (Brown et al. 2004; Moysey 
et al. 2010). Here, the GnRH-antagonist/hCG stimu-
lation protocol decreased the levels of peripheral 
LILRB1-positive CD8+ T cells despite their increased 
overall levels, promoting cytotoxic T cells with lower 
inhibition potency. As shown in this study, patients 
with a lower CD4/CD8 index in PBMC exhibited lower 
implantation rates. Female FD diagnosed patients with 
an above-average CD4/CD8 index, on the other hand, 
exhibited comparable implantation rates to those of 
the below-average group; which could be caused by 
higher CD56dim NK cell levels, when compared to the 
male FD group. Previously higher levels of periph-
eral CD56dim NK cells were observed in patients with 
recurrent spontaneous abortions (Karami et al. 2012) 
or repeated IVF cycles failure (Sacks et al. 2012). In 
agreement with this published data, the COH protocol 
used in our study increases the levels of CD56dim NK 
cells only in female FD diagnosed patients. In addition, 
higher implantation rates, accompanied by a higher 
CD4/CD8 index or lower KIR2DL4 levels, seen in male 
FD, were not observed in the female FD patients. Thus, 
we can deduce that an increased proportion of CD56dim 
NK cells play the major role in embryotransfer success. 
Nevertheless, the female FD patients who underwent 
ART were further handicapped by the COH process 
itself. In healthy, fertile women (male FD group) cell 
populations associated with decreased implantation 
rates were promoted by the COH. 

Follicular fluid T and NK cells described previously 
revealed no significant differences in their relative dis-
tribution or in the expression of HLA-G ligands, when 
successful and failed embryotransfer groups were com-
pared in patients with idiopathic infertility or endome-
triosis (Lachapelle et al. 1996; Lukassen et al. 2003). The 
results of this study proved that the levels of these par-
ticular populations and their receptors in the follicular 
fluids have little or no prediction value for the actual 
embryotransfer outcome.

ConCLuSIon

We show here that the GnRH-antagonist/hCG COH 
protocol promotes cell subpopulations that are unde-
sirable for the outcome of embryotransfer, and further 
hinder the success rate of implantation for fertile, as 
well as infertile women. We thus propose the review 
and revision of this process, and that it most likely be 
widened to include other COH protocols to identify 
and eliminate their potential detrimental effects on 
embryo implantation. Our study identified a decreased 
CD4/CD8 index and higher populations of CD56dim 
NK cells, together with the dysregulation of HLA-G 
ligands (KIR2DL and LILRB1). Thus, we also deem 
the above-studied cell populations and their receptors 
useful as diagnostic and prediction markers in future 
studies and clinical trials. 
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Publication 5: A2A adenosine receptor agonist impairs NK cell–mediated cytotoxicity across 
species. 
 
Overview 
 
 Adenosine (purine nucleotide) is constitutively present at low concentrations virtually in 
all tissues. It influences many physiological functions (e.g., vasodilatation, lipolysis, etc.) (129), 
and its levels are dramatically increased from nanomolar to micromolar concentrations during 
hypoxic conditions, tissue damage and inflammation. It inhibits inflammatory activity of 
neutrophils, macrophages and lymphocytes, protecting the ischemic tissues from massive 
damage (130). It was also reported, that adenosine receptors (AR) are involved in the inhibition 
of cytotoxic activity and cytokine production by activated NK cells (84, 131). There are some 
studies involving anti–inflammatory effects of adenosine and its ability to protect tissues from 
hypoxia, including developing malignant tumors. Most of these observations were carried out 
either in mice or on cells isolated from human blood but scarce information exists whether this 
effect is universal across species and in immunocompromised subjects. Four types of ARs are 
known: A1, A2A, A2B and A3, which are members of the G–protein coupled receptor (GPCR) 
family, expressed by many cell types (129). A2A AR was chosen for this study, since it is the 
most common AR and is strongly involved in NK cell inhibition (84, 130). 
  
Aims and methods 
 
 In this study, our goal was to provide evidence whether adenosine–mediated inhibition of 
NK cell function is universal among most common mammal species or whether it is specialized 
for humans and rodents. To achieve this goal, we used the synthetic A2AR agonist 5'–(N–
cyclopropyl) carboxamidoadenosine (CPCA) to in vitro influence the cytotoxic activity of 
mononuclear cells isolated from human donors, C57BL/6 mice, Wistar rats, Ladrace–Duroc pigs 
and White Shorthaired goats. Both healthy and tumor bearing subjects were used (except goats) 
to observe any tumor–mediated precoditioning of effector cells (tumor escape strategies include 
adenosine release) and standard 51Cr–release cytotoxicity assay was performed against sepcies–
specific NK–sensitive target cells (K562: human, pig, goat; C6: pig, goat rat; YAC–1: mouse, 
rat; B16F10: mouse) 
  
Results and discussion 
 
 The in vitro addition of A2AAR agonist, 10-micromolar CPCA, down-modulated the NK 
cell cytotoxic activity in both healthy and tumor–compromised subjects of all tested species. In 
several cases, even 100nM concentration was sufficient to exert significant decrease in lytic 
activity. A slight effector cell conditioning was visible in tumor–bearing rats, which exerted 
lower degree of lysis inhibition by CPCA, when compared to healthy counterparts, but overall, 
the effect was comparable. 
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 In conclusion, these data, obtained by an in vitro stimulation of effector cells derived 
from different mammalian species, indicate that CPCA can be considered a universal NK cell 
attenuator. 
 A universal attenuator as CPCA could exert undesirable effects and hormones display a 
high degree of pleiotropy if applied systemically. Two approaches can be applied in order to 
circumvent systemic or pleiotropic effect: either to rely on other than chemical means of immune 
modulation or to use a specific–targeting platform for the delivery of chemical and biological 
compounds. 
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ABSTRACT.  Adenosines, endogenous purine nucleosides, appear in the extracellular space under metabo-
lically stressful conditions associated with ischemia, inflammation, and cell damage. Their activity on innate 
immunity is prevalently inhibitory and can develop both in infectious and neoplastic diseases. During cancer 
development, tumor cells that release high concentrations of adenosines can impair the function of tumor-
infiltrating lymphocytes and assist tumor growth by neo-angiogenesis. We evaluated the influence of A2 ade-
nosine receptor (A2AR) agonist on cytotoxic-cell response comparing human with other mammalian species 
(rodents, pigs, goats), both in healthy and in cancer conditions. The A2AR agonist developed dose-depen-
dent inhibition of the cytotoxic activity of immune effector cells in all studied species. However, variability 
of the response was observed in relation to the species and the target cells that were used. Altogether, our 
data indicate that the A2AR plays a central role in adenosine-mediated inhibition of immune response to 
tumors. 
   

Abbreviations 

A2AR A2 adenosine receptor NK natural killer cells 
AR adenosine receptor PBMC peripheral blood mononuclear cells 
CPCA 5´-(N-cyclopropyl)carboxamidoadenosine SMC spleen mononuclear cells 
FCS fetal calf serum TIL tumor-infiltrating leukocyte 
GPCR G-protein-coupled receptor 

Adenosine (purine nucleotide) is constitutively present at low concentrations virtually in all tissues. 
It influences many physiological functions (e.g., vasodilatation, lipolysis, etc.) (Fredholm et al. 2001), and 
its levels are dramatically increased from nanomolar to micromolar concentrations during hypoxic conditions, 
tissue damage and inflammation (Raskovalova et al. 2005; Lokshin et al. 2006). Adenosine inhibits inflam-
matory activity of neutrophils, macrophages and lymphocytes, protecting the ischemic tissues from massive 
damage (Ohta et al. 2001; Sitkovsky 2003), and distinctly reduces the damage induced by ischemia and 
neutrophil infiltration in many tissues, such as kidneys, lungs, brain, spinal cord and skin (Cronstein 1994; 
Burnstock 1997; Sitkovsky et al. 2004). Adenosine also reduces hypoxia by increasing the blood flow, due 
to its effect on vasodilatation and angiogenesis. In this way, adenosine can play an important role in the pro-
tection of tumor tissue where increased growth and insufficient vascularity induces hypoxic conditions. 
Hypoxic tumor tissue can protect itself by eliciting the same mechanisms applied during organism defense 
against damage from the immune system. In fact, accumulation of extracellular adenosine that binds to spe-
cific AR inhibits the activity of TIL (Ohta et al. 2001, 2006). It has been shown that extracellular adenosine 
inhibits the activation and effector functions of T-lymphocytes and NK cells, including their adhesion to 
tumor cells, cytokine production and cytotoxic activity (Hoskin et al. 2008). 

Extracellular adenosine affects cells via four types of adenosine receptors (A1, A2a, A2b, A3) which 
are members of GPCR and are expressed by many cell types (Fredholm et al. 2001; Klinger et al. 2002). 
The anti-inflammatory role of adenosine is mediated mainly by its interaction with the A2a AR, which is the 
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most common within expressed AR on inflammatory cells and is also strongly involved in suppression of their 
effector functions (Raskovalova et al. 2005; Ohta et al. 2006). 

There are some studies involving anti-inflammatory effects of adenosine and its ability to protect 
tissues from hypoxia, including developing malignant tumors. Most of these observations were carried out 
either in mice or on cells isolated from human blood but scarce information exists about effects of adenosine 
in other mammalian species. In this study, for the first time, we compare the effect of synthetic A2AR ago-
nist 5´-(N-cyclopropyl)carboxamidoadenosine (CPCA) on cytotoxic activity of mononuclear cells isolated from 
rat, pig and goat. 

MATERIAL  AND  METHODS 

Experimental individuals and sample collection. Healthy individuals and animal species. Eight-week-
old inbred male C57Bl/6 mice were bled and spleens were removed. Peripheral blood (from heart) and spleens 
was obtained from 3-month-old Wistar rats put down under diethyl ether anesthesia. Peripheral blood from 
6-month cross-breed (Landrace – Large, White – Duroc) pigs and from White Shorthaired goats was obtained 
by jugular vein puncture. Blood samples were heparinized with 5 IU/mL sodium heparin (Zentiva, Czech 
Republic). Human peripheral blood (citrate–EDTA) samples were collected from healthy donors from the 
Blood Transfusion Service (Prague, Czech Republic).  

Tumor-bearing hosts. Blood samples were collected from patients with non-small-cell lung cancer, 
stage I–IIB, WHO PS 0–1, 56–70 years of age from the Department of Thoracic Surgery at the Lower Sile-
sian Centre in Wrocław, Poland (Bobek et al. 2005). C57Bl/6 mice were injected s.c. with 106 syngeneic 
B16F10 melanoma cells, and Wistar rats were injected s.c. with 107 syngeneic C6 glioma cells. After 1 month 
the animals were sacrificed and spleens were used for experiments. Wistar rats with chemically induced colo-
rectal carcinoma (according to Vannucci et al. 1994) were used for experiments at the time of well develo-
ped adenocarcinoma (6–8 months after induction). Six-month-old miniature MeLiM pigs with spontaneous 
hereditary malignant melanoblastoma (Institute of Animal Physiology and Genetics AS CR, Liběchov, Czech 
Republic) were used as a pig tumor model (Borovanský et al. 2003). Blood or spleen samples were collected 
by the same technique like in control healthy subjects. All animal experiments and procedures were conduc-
ted in accordance with the European Convention for the Care and Use of Laboratory Animals as approved 
by the Czech Animal Care and Use Committee. 

Isolation of peripheral blood mononuclear cells (PBMC) and spleen mononuclear cells (SMC). 
PBMC and SMC were separated on Ficoll–Paque density gradient 1.077 (human, pig and goat) or 1.086 (mice 
and rats) (Sigma-Aldrich, USA) to obtain mononuclear cells, and after 3 washes by H-MEMd (Sigma-Aldrich) 
used for function assay. 

Cell cultures. Established cell lines K562 (CCL-243), YAC-1 (TIB-160), B16-F10 (CRL-6475) and 
C6 (CCL-107) purchased from the American Type Culture Collection (via Teddington, UK) were maintained 
in RPMI-1640 medium (Sigma-Aldrich), supplemented with 2 mmol/L L-glutamine, 1 mmol/L sodium pyruv-
ate, 0.05 mmol/L 2-sulfanylethanol (‘2-mercaptoethanol’), antibiotics (0.05 mg/mL gentamicin, 25 mg/mL 
amphotericin B) and 10 % heat-inactivated FCS (Gibco, USA). Incubation was done in a humidified atmo-
sphere (5 % CO2) in a CO2 incubator (Jouan, France) at 37 C. 

Cytotoxicity assay. The in vitro NK cell-mediated cytotoxicity was estimated using the standard 
51Cr-release assay with SMC or PBMC. Effector SMC or PBMC (3.2 × 105/100 μL per well) were seeded 
in tetraplicates and cultivated in the presence of A2 AR agonist CPCA at a concentration of 10 or 0.1 µmol/L. 
After 18 h, 104 target cells labeled for 90 min with Na2

51CrO4 (YAC-1 – mouse, rat, B16F10 – mouse; C6 – 
rat, pig, goat; K562 – human, pig, goat) were added to the effector cells in round-bottomed 96-well micro-
titer plates (Nunc, Denmark). Evaluation of NK cell activity was performed after a 4-h incubation (humidi-
fied atmosphere containing 5 % CO2) in the presence of target cells at 37 C. The cell-free supernatants were 
harvested (250 L per sample), 0.1 mL of scintillation cocktail (SuperMix; Wallac, Finland) was added, and 
the radioactivity measured employing scintillation counter Microbeta Trilux (Wallac). The percentage of cyto-
toxicity (ctx) was calculated according to the formula ctx [%] = 100 × (experimental cpm – spontaneous 
cpm) ⁄ (maximum cpm – spontaneous cpm) (Fišerová et al. 2002). The newly introduced cytotoxicity assay 
conditions for pigs and goats were established after the evaluation of commonly used NK-sensitive cell lines. 
The K562 and C6 cells were selected as the most sensitive targets to porcine and goat PBMC effector 
function. 

Statistical analysis. Statistical significance of differences between groups was calculated by paired 
Student’s t-test, p < 0.05 being considered as significant. 
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RESULTS 

Inhibition of cytotoxic activity by CPCA in healthy individuals and animal species (Fig. 1). Human, 
pig and goat PBMC showed after an 18-h incubation with 10 μmol/L CPCA significantly reduced cytotoxic 
activities against all used target cell lines; the cytotoxic activity of human PBMC was significantly reduced 
by both CPCA concentrations (10 and 0.1 µmol/L). The reduction in pigs was more pronounced against C6 
target cells. On the other hand, the two CPCA concentrations significantly reduced the cytotoxic activity of 
mononuclear cells isolated from the spleen of mice and rats. While in mice the effect was more evident 
against the YAC-1 target, the cytotoxicity against the syngeneic C6 target in the rat was inhibited intensively 
but independently of the CPCA concentration.  

 

 

Fig. 1.  The effect of CPCA on cytotoxic activity of PBMC and SMC isolated from different experimental 
models. The cytotoxicity after 18 h of indicated effector cell treatment is expressed as a percentage of control 
untreated cells; effector to target cell ratio was for all species 32 : 1; data represent averages ± SD of 4–6 
experiments, * – p  0.05; dark columns – 10 mmol/L, light columns – 0.1 mmol/L; for further details see the 
text. 

 
Inhibition of cytotoxic activity by CPCA in tumor-bearing hosts. The effect of CPCA was evaluated 

on the cytotoxic activity of PBMC from patients suffering lung cancer or minipigs with hereditary melano-
blastoma. The MeLiM minipigs PBMC cytotoxic activity was significantly reduced after CPCA treatments 
when tested against the K562 target. In humans, using the same target, the inhibition was higher at 10 μmol/L 
CPCA (Fig. 2, blood). 

 

 
 

Fig. 2.  The effect of CPCA on cytotoxic activity of PBMC and SMC of tumor-bearing hosts. Cytotoxic acti-
vity of cells after an 18-h incubation with CPCA is expressed as a percentage of controls untreated cells. Data 
are averages ± SD of 4 experiments in which 3–6 individuals were involved, * – p  0.05; dark columns –  
10 mmol/L, light columns – 0.1 mmol/L; LC – patients with non-small cell lung cancer; for further details 
see the text. 

 
Using SMC isolated from syngeneic B16-F10 melanoma-bearing mice, both concentrations of the 

A2AR agonist showed comparable effects on the effector cells. The same was observed in the SMC isolated 
from rat with syngeneic C6 glioma or chemically induced colorectal carcinoma with one exception: When 
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the cytotoxicity was tested in C6 glioma-bearing rat effector cells against the YAC-1 target, the lower dose 
(0.1 μmol/L) of CPCA had no effect while 10 μmol/L induced a 60 % inhibition (Fig. 2, spleen). 

DISCUSSION 

In humans and in mice, adenosine is indicated to be an important component of immune system 
regulation, especially during hypoxic conditions and inflammation and/or infection (Murphree 2005). In nor-
mal organisms, it develops a protective activity against tissue damage by enhancing blood flow and angio-
genesis, and inhibiting individual components of the immune system, mainly via A2AR. Study on piglets 
infected with Salmonella enterica serotype Typhimurium demonstrated reduction of NK cell activation during 
inflammatory response after CPCA treatment (Trebichavský et al. 2003). Human NK cells can be inhibited 
by triggering this receptor which, by adenylyl cyclase stimulation, leads to PKA I activation (Raskovalova et 
al. 2006). The same regulatory activity results in detrimental tumor microenvironment. Study of the effects 
and the threshold of stimulation of the A2AR receptor can assist in better understanding its role both in 
physiological immune inhibition and as a therapeutic target for infection, autoimmunity, ischemia, 
degenerative diseases, and cancer (Haskó et al. 2008; Hoskin et al. 2008). 

Our data, obtained by an in vitro stimulation of effector cells derived from different mammalian spe-
cies, indicate that adenosine can be considered to be a universal immune system attenuator. The synthetic 
A2AR agonist CPCA significantly inhibited the cytotoxic activity of mononuclear cells isolated from either 
peripheral blood or spleens. This effect was present in both healthy and tumor-bearing subjects, and equally 
pronounced in all our experimental models. Higher sensitivity of the lymphoid cells from the spleen in 
comparison with blood could be mediated by different microenvironmental conditions in the organ, cell acti-
vation, and possibly concentration of A2AR on the cell surface. The literature on the argument is very poor, 
and further investigation would be of interest (Priebe et al. 1990; Hoskin et al. 1994). Different microenvi-
ronments and A2AR on the cell surface expression can also explain differences about dose-dependent res-
ponse and sensitivity of the used target, both in and within healthy and cancer conditions. However, inde-
pendently of the complexity of this network, the response remained constantly present throughout the tested 
mammalian species. The results described for the first time in this, rather preliminary, report highlight the 
importance of this regulatory mechanism of cytotoxic cells.  

This work was supported by grants of the Grant Agency of Academy of Sciences of the Czech Republic (KJB500200614, 
IAA60180801) and Institutional Research Concept AV 0Z 50200510. 
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Publication 6: Local hyperthermia induces NK cell–mediated response. 
 
Overview 
 
 Hyperthermia is a process of artificial heating of tissue or the entire organism to 
temperatures above normal ranges. Its advantages lie in the contact–less application (microwave 
generators with adjustable effective aperture and focal localization), well–defined targeting and 
real–time application temperature monitoring. Hyperthermia can be applied either as whole body 
hyperthermia (WBH), which is usually applied in the fever–range of temperatures (39–42°C) 
with beneficial immunoregulatory effects (132) or locally. While higher temperatures (≥42°C) 
have directly cytotoxic and immunogenic effect on malignant tissue (133), they tend to render 
the host immune system ineffective (134). Thus, if properly localized and focused only on the 
affected tissue, local hyperthermia (LHT) can provide tumoricidal temperature in the tumor 
itself, while maintaining febrile temperature range in the surrounding tissue. This could prove 
very beneficial, since such range was reported previously to activate spleen cells (135), NK cells 
(136), cytotoxic T cells and T helper cells (137, 138). 
  
Aims and methods 
 
 In this study, we investigated the effect of LHT on in vivo and in vitro induction of NK 
and CTL–mediated cytotoxicity and on the changes in effector cell subpopulation proportions 
and activation state in LHT–treated B16F10 melanoma–bearing C57BL/6 mice. These mice were 
first inoculated with B16F10 melanoma cells, and after palpable tumors were developed, 
underwent LHT under anesthesia. Furthermore, to distinguish the effect of HT on effector cells 
and tumors, we incubated either effectors or targets in 42°C prior to a standard 51Cr–release 
assay. 
  
Results and discussion 
 
 As for spleen immune cell subpopulations, neither CTL nor NK cells exerted significant 
changes in their occurrence induced by the local hyperthermia in vivo. Their activation state, 
indicated by the presence of the very early activation antigen CD69, was also unaltered. The only 
change observed was in the higher counts of CD69 positive CD11b+ cell population in the tumor 
site – other changes were ascribed to the anesthesia itself. 
 The functional assay pointed to increased effector lytic activity against NK–sensitive 
YAC–1 target cells after in vivo applied LHT. When in vitro HT of 42°C was applied to target 
cells only, healthy mice–derived effectors exerted significantly decreased lytic activity (probably 
due to the tumor cell–mediated release of adenosines). Tumor–compromised effectors exerted a 
slight increase in cytotoxicity against in vitro hyperthermed targets, pointing to an unknown 
melanoma–based preconditioning of the effector cells. Effector cells after in vitro HT exerted 
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slight, but significant decreases of lytic activity, probably due to the temperature reaching the 
limit of beneficial febrile response. 
 In conclusion, in vivo LHT proved to have beneficial effect on NK cell–mediated lytic 
activity, despite NK cell numbers or receptors repertoire remained unchanged. This, together 
with in vitro HT data suggests indirect effect on NK cells and the linking elements identification 
would require further study in more precisely controlled conditions. 
 Despite the simplicity and benefits of hyperthermia, its effects are systemic, despite its 
localized application. Also its application is limited to solid or localized tumors, leaving 
metastatic loci or leukemia outside the tumoricidal temperature range. Most immune–related 
problems and immune–modulating applications require specific targeting to achieve even 
measurable effectiveness. An answer may be in the recent development of nanoparticular 
targeting platforms discussed below, which have the potential to be loaded with heat–generating 
particles (139) and specific targeting molecules and/or mediators, affecting selectively only 
specific cell populations. 
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Summary 

Our study was aimed to characterize the phenotype and 

functional endpoints of local microwave hyperthermia (LHT, 

42 °C) on tumor infiltrating and spleen leukocytes. The 

effectiveness of LHT applied into the tumor of B16F10 

melanoma-bearing C57/BL6 mice was compared with 

anesthetized and non-treated animals. Subpopulations of 

leukocytes were analyzed using the flow cytometry, and the 

cytotoxic activity of splenocytes against syngeneic B16F10 

melanoma and NK-sensitive YAC-1 tumor cell lines was evaluated 

in 51Cr-release assay. Similarly, the in vitro modification of the 

heat treatment was performed using healthy and melanoma-

bearing splenocytes. We found a 40 % increase of activated 

monocytes (CD11b+CD69+) infiltration into the tumor 

microenvironment. In the spleen of experimental animals, the 

numbers of cytotoxic T lymphocytes (CTLs-CD3+CD8+) and NK 

cell (CD49b+NK1.1+) raised by 22 % and 14 %, respectively, 

while the NK1.1+ monocytes decreases by 37 %. This was 

accompanied by an enhancement of cytotoxic effector function 

against B16F10 and YAC-1 targets in both in vivo and in vitro 

conditions. These results demonstrate that LHT induces better 

killing of syngeneic melanoma targets. Furthermore, LHT evokes 

the homing of activated monocytes into the tumor 

microenvironment and increases the counts of NK cells and CTL 

in the spleen. 
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Introduction 
 
 The use of hyperthermia (HT – heating of tissue 
to 41-44 ºC) is one of the promising methods in cancer 
treatment (Van der Zee 2002, Baronzio et al. 2006). 
Although the molecular mechanisms of this process are 
not fully understood yet, possible effects are: 1) direct 
cytotoxicity (Milani and Noessner 2006), 2) inhibition of 
DNA-repair procedures (Kampinga et al. 2004), 3) 
changes in capillary blood flow and microvessels (Emami 
et al. 1980) and 4) immunomodulatory effects 
(Hildebrandt et al. 2002). Relative contributions of the 
above stated effects are still not fully clarified and are 
presumably dependent on tumor type (Ostapenko et al. 
2005). 
 Hyperthermia is being introduced either as 
localized (LHT) or as a whole body hyperthermia (WBH) 
in various temperature ranges. During WBH, the 
elevation of temperature near tumoricidal levels 
(T≥42 ºC) leads to the inhibition of host 
immunocompetence (Huang et al. 1996, Shen et al. 
1994), making such arrangement unsuitable for 
immunological studies. On the other hand, the fever-
range temperatures (39-41 ºC) show an immuno-
regulatory advantage by enhanced secretion of immuno-
globulins (Ostapenko et al. 2005).  
 In case of LHT, even if the heating of tumor 
exceeds 42 ºC, the surrounding healthy tissue usually 
remains at fever-range temperatures (39-41 ºC). This 
selectivity is beneficial, because LHT combines the 
tumoricidal effect of the heating with the fever-induced 
immunostimulation. 
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 Immunomodulatory effect of HT can consist of 
augmenting of antigenicity of tumor cells, followed by 
induction of the immune response. More efficient antigen 
presentation on tumor cells and stimulation of immuno-
competent cells was demonstrated in vitro (Ito et al. 
2001) and in vivo using LHT (Basu and Srivastava 2003) 
or WBH (Atanackovic et al. 2002). The current 
knowledge of the LHT influence on immunological 
changes encompasses the activation of spleen cells 
(Vartak et al. 1996), natural killer (NK) cells 
(Szmigielski et al. 1991), CD8+ (Tc or CTL) cells 
(Ostapenko et al. 2005) and CD4+ (Th) cells (Stawarz et 
al. 1993) at temperatures within the fever-range  
(39-41 ºC). 
 In our study, we investigated the effect of LHT 
on in vivo and in vitro induction of NK and CTL-
mediated cytotoxic activity against B16F10 melanoma 
targets. We evaluated changes in effector cell numbers, 
activation, and killing activity in the spleen and the tumor 
site after in vivo LHT application. To distinguish effects 
on effector and target cells, we examined the LHT impact 
in vitro, with consequent functional studies. We 
demonstrated that the response to LHT is not a single-
step event, but a cascade of actions ranging from tumor 
infiltration, possible augmentation of antigen presentation 
and effector cells proliferation to the activation of 
terminal cytotoxic cell function. 
 
Methods  
 
Experimental animals 
 Eight-week-old inbred male C57/BL6 mice were 
purchased from Charles River (D). The mice were housed 
under natural day/night conditions (22 °C, 55 % 
humidity) and fed a commercial pelleted diet (ST1, 
Velaz, Prague) ad libitum. The ex vivo experiments 
started at least 2 weeks after the arrival of the animals to 
avoid immunological changes caused by transportation 
stress. The mouse melanoma cell line – B16F10 derived 
from C57/BL6 mice (kindly donated by Weizmann 
Institute, Rehovot, Israel) was used in the syngeneic 
tumor model. B16F10 cells (106/mouse in 0.1 ml PBS) 
were inoculated subcutaneously (s.c.) into the lower back 
at day 0. Mice with tumors reaching 1-2 cm in greatest 
dimension were randomly divided into three groups: 1) 
anesthetized mice treated with hyperthermia (HT), 2) 
anesthetized mice (anest), and 3) non-treated controls 
(control). All procedures were conducted in accordance 
with the European Convention for the Care and Use of 

Laboratory Animals as approved by the Czech Animal 
Care and Use Committee. 
 
Hyperthermia 
 Local hyperthermia was performed under 
anesthesia (ketamine: 1.9 mg/mouse and xylazine: 
0.25 mg/mouse weighing 25-30 g, i.p.). A microwave 
generator with working frequency 2450 MHz and power 
10 W was used for tumor heating, in connection with the 
applicator constructed at the Czech Technical University 
(Prague, CZ) based on conventional waveguide, with the 
effective aperture 2x2 cm. The superficial, intra-tumor 
and rectal temperature of mice was monitored during the 
whole period of HT application by the fluoro-optic 
thermometer (LUXTRON, Luxtron Corporation CA). 
Target temperature (42 ºC) in the tumor was reached 
during one minute and was maintained using pulses of 
microwaves for 7 min. Rectal temperature did not surpass 
38 ºC. We performed three consecutive heatings in the 
hyperthermia group at days 10, 14 and 17 after tumor 
cells inoculation. Animals in the anesthesia group were 
anesthetized in the same time intervals as mice in the HT 
group, but without hyperthermia. Twelve hours after the 
third session of hyperthermia all mice were euthanized 
and tumors and spleens were removed for further 
separation. 
 
Isolation of mouse spleen cells (SC) and tumor 
infiltrating leukocytes (TIL) 
 Spleens were dissociated through a nylon mesh, 
repeatedly washed and used immediately for flow 
cytometry (FACS) or in vitro experiments. Tumor 
infiltrating leukocytes (TILs) were prepared from 
individual melanomas minced with scissors, eluted by 
repeated pipetting, and mononuclear cells separated on 
Ficoll-Hypaque density gradient (1.086). Freshly 
separated mononuclear cells were used for further 
phenotype and functional assays. 
 
Cell cultures and in vitro experiments 
 Established cell lines YAC-1 (mouse NK-
sensitive T lymphoma) and B16F10 (mouse melanoma) 
were maintained in RPMI-1640 medium supplemented 
with 2 mM L-glutamine, 1 mM sodium pyruvate, 
0.05 mM 2-mercaptoethanol, antibiotics (0.05 mg/ml 
gentamycin, 25 mg/ml amphotericin B) and 10 % heat-
inactivated fetal calf serum - FCS (Gibco, Grand Island, 
NY, USA).  
 The cytotoxic activity assays of mouse spleen 
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cells were performed in RPMI 1640 medium 
supplemented with L-glutamine, gentamycin and 5 % 
FCS. Incubation was carried out at 37 °C in a humidified 
atmosphere containing 5 % CO2 in a CO2 incubator 
(Jouan, France).  
 For in vitro modification of hyperthermia, 
B16F10 cell line (as target) and splenocytes (as effectors) 
were cultivated at 37 °C or 42 °C, in a humidified 
atmosphere, and 5 % CO2. The effector or target cells 
were transferred into prewarmed cultivation medium for 
the heat treatment and the incubation at 42 °C for 10 min 
followed, once or three times in the same schedule as in 
the in vivo model. The melanoma cells were then 
harvested and used as targets in cytotoxic assays. 
 
Flow cytometry 
 Individual cell suspensions prepared from the 
spleen and tumor were resuspended in PBS with 0.1 % 
gelatin (gelatin from cold water fish skin – Sigma) and 
0.01 % sodium azide. Phenotypes of cells were determined 
using specific surface markers for T lymphocytes – CD3-
PECy5 (17A2), CD4-FITC (H129.19), CD8-PE (53-6.7), 
B-lymphocytes –CD45R/B220-Alexa405 (RA3-6B2), 

monocytes, APCs - CD11b-Pacific Blue (M1/70.15), 
CD11c-FITC (HL3), NK cells – CD49b-FITC (DX5), 
activation antigens NK1.1-PECy7 (PK136), CD69-PECy5 
(H1.2F3) and analysis was performed by FACS LSR II 
(Becton-Dickinson, USA). Five- or six-color staining was 
performed according to the manufacturer’s standard 
protocol. The CD45-PECy7 (30-F11) leukocyte common 
antigen (LCA) staining was applied to distinguish the 
leukocytes from residual melanoma cells in TIL fraction. 
Further, the PI negative (live) CD45 positive (leukocytes, 
Fig. 1A) cells with lymphocyte and monocyte morphology 
were gated (large lymphomonogate, SSC vs FSC, Fig. 1B) 
and analyzed for surface markers expression (Fig. 1C,D). 
Monoclonal antibodies were purchased either from 
Pharmingen (San Diego, CA, USA) or Caltag (San 
Francisco, CA). Evaluation of data was performed using 
FlowJo version 6.1.1 software (Tree Star Inc., Ashland, 
OR, USA). 
 
Cytotoxicity assay 

Cell-mediated cytotoxicity was estimated using 
standard 51Cr-release assay with splenocytes of 
experimental animals as effectors. YAC-1, mouse NK-

 
Fig. 1. Cell surface markers FACS analysis. PI negative (not shown) and CD45 positive cells (A), with lymphocyte/monocyte morphology
(B), were analyzed for expression of surface markers of NK/CTL cells (C) and monocyte/DC subpopulation (D). These subsets were 
further analyzed for CD69 expression (E, F, G), which changed significantly only in case of CD45+/CD49b-CD8-/CD11b+CD11c- cells 
(monocytes) comparing the hyperthermed animals (G) to controls (E) and anesthetized groups (F). Histograms (E, F, G) represent the 
percentage of CD69 positive cells out of the gated parental population (CD45+, CD49b-/CD8-/CD11b+/CD11c-). Figure shows an 
illustrative example of four consecutive experiments with similar results. 
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sensitive, and B16F10 melanoma cell lines were used as 
target cells and were labeled by 60-min incubation with 
Na2

51CrO4 in round-bottomed 96-well microtiter plates 
(NUNC), at 37 °C in a humidified atmosphere containing 
5 % CO2. Evaluation of effector cell lytic activity against 
104 target cells was performed after 4 h of incubation as 
described previously (Fišerová et al. 1997). The cell free 
supernatants were harvested (0.025ml/sample), 0.1ml of 
scintillation cocktail (SuperMix, Wallac, Finland) was 
added, and radioactivity was measured using scintillation 
counter Microbeta Trilux (Wallac, Finland).  
 
Statistical analysis  

Results in groups were analyzed using one-way 
analysis of variance (ANOVA), P≤0.05 values were 
considered significant. 

Results 
  

Our results did not include the clinical 
parameters (tumor growth, survival), since the 
experiments were designed as short-term schedules after 
three courses of LHT treatment dedicated to the changes 
of immune parameters. We performed four consecutive 
experiments with 22 mice in the heat-treated group (HT), 
17 mice in the anesthetized group (anest) and 16 animals 
in the untreated group (control) to evaluate LHT effects 
on the immune response of tumor-bearing animals and 
the distribution of leukocytes in different compartments 
(spleen, tumor). The subpopulation specific and 
activation markers were estimated using polychromatic 
FACS analysis for determination of the LHT effects on 
the immune cells proportion, and activation. Functional 
activities of cytotoxic cells (NK, CTL) were measured by 
standard 51Cr-release assay in both in vivo and in vitro 
arrangements. 

 
LHT-evoked changes in tumor microenvironment  

We have determined the distribution of tumor 
infiltrating leukocytes (TIL) in tumors using FACS. We 
did not find any significant changes between the control, 
anesthetized and the LHT groups in proportion of CTLs, 
NK or APC cells in tumor microenvironment.  

 
Fig. 2. Proportion of activated monocytes (CD11b+/CD69+)
occurrence in TIL fraction. Both control and anesthetized groups
showed 12±1.7 % of CD11b+/CD69+, while HT treated group
had 17±2.6 % of CD11b+/CD69+, showing a 40 % increase.
The percentage was counted from CD45 positive cells in the TIL
fraction and is shown as percentage change relative to control
stated as 100 % (dashed line). 
 
 

 
Fig. 3. Distribution of immune cell subpopulations in the spleen
after local hyperthermia. The values are presented as percentage 
changes in occurrence relative to individual controls. The control
values (stated as 100 %, dashed line) were for CTLs – 55 % 
(CD8+ out of CD3+); for NK cells – 36 % (NK1.1+ out of
CD49b+); for NK1.1 positive monocytes – 17.5 % (NK1.1+ out of
CD11b+). The data represent mean ± S.D. of three performed
experiments (5-7 animals per group). 
 
 

 
Fig. 4. The specific (A) and natural (B) cytotoxic activity of 
splenocytes against syngeneic B16F10 melanoma or NK-sensitive 
YAC-1 target cells in E:T ratio of 32:1 after in vivo applied local 
hyperthermia. Specific cytotoxicity against B16F10 melanomas 
was impaired by the use of anesthetics – this effect was 
countered by a concurrent use of hyperthermia (A). No 
attenuating effect of anesthetics was observed in NK-mediated 
cytotoxicity (B). Significant changes relative to non-treated mice 
are marked by asterisk (* p≤0.05; ** p≤0.01). 
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Further we have investigated the changes of very 
early activation antigen CD69 on different TIL 
subpopulations – NK, CTL, APC, DC (Fig. 1E, 1F, 1G). 
Our results (Fig. 2) demonstrated enhanced expression of 
CD69 only in the monocyte population (CD8-/CD49b-
/CD11b+/CD11c-). The counts of activated monocyte 
(CD11b+/CD69+) in both control and anesthetized mice 
were similar, 12±1.7 %, while the LHT-treated group 
showed a 40 % increase (17±2.6 %) in the TIL fraction. 

 
LHT effect on distribution of immune cells in the spleen  

Our study revealed changes in the occurrence of 
cell subpopulations in secondary lymphoid organ, the 
spleen, after the LHT application. The parameters of 
detected surface markers were similar as for the analysis 
of TILs (Fig. 1) without CD45 staining. Cytotoxic T 
lymphocytes (CD3+/CD8+) increased their counts by 
22 %, natural killer cells (CD49b+/NK1.1+) increased by  
 

Direct effect of heat treatment on melanoma and/or 
effector cells in vitro  

To omit the effect of anesthesia, and to 
distinguish the role of hyperthermia on either tumor or 
lymphoid cell populations, we performed an in vitro 
modification of the experiments. In this procedure, we 
used splenocytes from healthy or B16F10 melanoma-
bearing mice as effectors and B16F10 melanomas from in 
vitro cultures as targets. Hyperthermia was applied to 

B16F10 cells in one or three courses of 10-min 
incubation in 42 °C, 5 % CO2 atmosphere in the same 
time schedule as was done during in vivo treatment 
(3 x HT on days 0, 4, and 7). The non-treated cells were 
kept under the same conditions in 37 °C. Freshly isolated 
spleen cells of either tumor-bearing or healthy animals 
were heated for 10 min at 42 °C (Fig. 5C, 5D) 
immediately before the experiment, while non-treated 
effector cells were kept in 37 °C (Fig.5A,B) in a round-
bottomed 96 well plate. 51Cr-labeled B16F10 target cells 
after HT treatment (none, 1 x HT and 3 x HT as indicated 
in Fig. 5) were washed and seeded onto splenocytes in 
E:T ratio 32:1. The cytotoxicity was measured in a 
standard 4-hour 51Cr-release assay. 
 Heat treatment of effector cells exhibited a 
strong inhibition of cytotoxicity against untreated 
B16F10 targets that was more pronounced in healthy 
animals (down to 26 %, Fig. 5A vs. 5C) than in tumor-
bearing ones (to 41 %, Fig. 5B vs. 5D). Further 
significant suppression was noted in cytotoxic activity of 
healthy splenocytes, when heat-treated melanoma cells 
were used as targets (Fig. 5A). No marked difference was 
seen between the 1 or 3 courses of HT. On the other 
hand, splenocyte cytotoxicity of tumor-bearing animals 
responded to 1 x HT B16F10 melanoma target cells by 
significant increase of cytotoxic effector function, not 
present in 3 x HT (Fig. 5B).  

The presented results demonstrate an inhibitory 

 
 

 
 
Fig. 5. Splenocyte cytotoxicity 
against B16F10 melanoma targets 
after in vitro applied HT to 
effectors and/or target cells. 
Cytotoxicity of splenocytes 
isolated from healthy (A, C) or 
B16F10 melanoma-bearing (B, D) 
mice against pretreated 
syngeneic B16F10 cell line: 
Control - untreated, 1 x HT B16 
or 3 x HT B16 - hyperthermed 
B16F10 cells one or three times, 
respectively (10 min at 42 oC). 
Effector cells were incubated for 
10 min in either 37 °C (A, B) or 
42 °C (C, D). Cytotoxic assay was 
performed in E:T ratio 32:1, data
represent mean ± S.D. of three 
experiments done in 
quintuplicates for each sample. 
Significant changes relative to 
non-treated mice are marked by 
asterisk (*p≤0.05; **p≤0.01). 
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influence of HT on effector cells, which is well known in 
the case of tumoricidal temperature ranges (T≥42 ºC). 
However, the response of effectors to heat-treated 
melanoma cells evoke an opposite cytotoxicity effect in 
healthy (remains suppressed – Fig. 5A, 5C) and tumor-
bearing animals (is stimulated – Fig. 5B, 5D). Moreover, 
the results in Figures 5B and 5D showed preferable use of 
one course of hyperthermia. 
 
Discussion 
 

One of the causes of cancer progression is the 
failure of tumor cells recognition by the immune system. 
In this study we revealed an increased count of activated 
monocytes in B16F10 melanoma microenvironment, 
which is poorly recognized by the immune system. These 
monocytes are potent antigen presenting cells (APCs), 
facilitating more effective identification of tumors by 
other immunocompetent cells. Here we showed an 
increase of cytotoxicity against the melanoma cells 
(Fig. 4), which we also observed in vitro in the case of 
splenocytes, derived from melanoma-bearing animals 
(Fig. 5B). The lack of antigen presentation accounts for 
the decreased cytotoxicity from our in vitro studies, 
where splenocytes from healthy animals were not primed 
for the killing of target cells by the shedded antigens 
(Davies and Lindmo 1990) (Fig. 5A, 5C). The prior 
contact with melanoma cells and subsequent priming of 
the immune system seems to be crucial for effector 
function of cytotoxic cells. 

Ex vivo functional assays using B16F10 cell line 
as target demonstrated an attenuation of cytotoxicity by 
anesthetics, which returned to the control level after LHT 
application (Fig. 4A). On the other hand, the natural 
cytotoxicity against YAC-1 targets was not impaired by 
the use of anesthetics (Fig. 4B). Assuming that the total 
cytotoxicity against B16F10 targets involves both the 
natural and specific components, we have found the 
specific immunity (CTLs) to be predominant in B16F10 

melanoma killing. Thus, the anesthetics affect either the 
specific immunity itself, or the antigen presentation, 
which is required for its proper function. 

According to the literature, HT-induced changes 
involve an increase of tumor immunogenicity via 
induction of hsp70 expression (Clark and Menoret 2001), 
MHC II- (Michalek et al. 1992) and MHC I-mediated 
antigen presentation (Ito et al. 2001). Our results showing 
the tumor infiltrating monocyte activation, increase in 
CTL, and NK cell numbers in the spleen and stimulation 
of specific and natural cytotoxic activity under local 
hyperthermia are a contribution to the data on the 
involved cell subpopulations.  

In conclusion, our study demonstrates significant 
changes in the distribution, phenotype, activation, and 
effector function of immune cell subpopulations in 
tumors and spleens of experimental animals after LHT. 
We suggest that the hyperthermia enhances tumor cell 
antigenicity, thus leading to improved recognition of 
these cells by the infiltrating monocytes. Activated 
monocytes then presumably present antigens to further 
cell subpopulations (Th, CTL), priming them for the 
effector function, as reflected in the increased counts of 
NK cells and CTLs in the spleen and their cytotoxic 
activity. As presented in the in vitro studies, the prior 
contact with tumor cells seems to be crucial for mounting 
this response. There are probably several pathways 
involved in the immunostimulatory effects of 
hyperthermia. The exact mechanisms and involved 
subpopulations require further investigation.  
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Publication 7: MSH–coated ferritin–based nanoplatform is specific, non–toxic and 
modular. 
 
Overview 
 
 Most immune modulators and mediators, whether synthetic or endogenous, have a 
pleiotropic effect and often influence cells that were not intended as primary targets. Even if a 
given agent has an exclusive specificity for certain receptor, it can be eliminated from the system 
before it reaches its target. Thus, development of targeted nanoparticles with selective targeting 
and enhanced retention is gaining wide popularity (140, 141). 
 Despite the large number of techniques available, the attainment of a suitable 
multifunctional platform with desired bioactivity, targeting specificity, stability, desired and 
defined structure and size remains a challenge. Protein–cage structures as of the ferritin family 
are novel and quite promising (142). Since they are DNA encoded, they are well defined, 
physiological, thus desirably bioactive and soluble, stable and have the ideal–range diameter to 
penetrate capillary fenestrations but avoid rapid clearance (143). Its 24–subunit structure (144) 
with distinct interfaces (internal and external both with distinct variety of functional groups) 
allows for multivalent chemical or genetic modifications, enhancing its targeting, imaging or 
therapeutic properties. Thus, genetic link for α–melanocyte–stimulating hormone (MSH) was 
added in our platform to target the particle into solid tumors and polyethylene glycol (PEG) 
molecules were added to mask the particle from its natural receptors to prolong its circulation. 
  
Aims and methods 
 
 This study aims at the in vitro stability, affinity and specificity of melanoma–targeted 
nanoparticles, on their in vivo circulation and organ accumulation in the mouse C57BL/6 
melanoma (B16F10) model. It was our goal to prove these particles stable, specific for the 
melanoma cells and having low accumulation in irrelevant organs with retained circulation. The 
particles were cloned, purified, PEGylated, fluorescently labeled and after structure and stability 
was confirmed, were introduced into in vitro cultures and living animals. 
  
Results and discussion 
 
 The results shown a good stability and availability of the nanoplatform, with unique 
spectral properties, allowing fluorescent imaging (other molecules or magnetic/radioactive 
particles could be used to follow the fate of the particle). We further demonstrated its specificity 
for the targeted B16F10 melanomas both in vitro and in vivo. In addition, the PEG molecule 
masking increased its circulation in the system to several hours, when compared to minutes for 
the unmasked particle. 
 During in vivo imaging, we observed specific binding to melanocytes in the affected skin 
with intact (non–fluorescent) surrounding healthy tissue. Even single infiltrating melanoma–cells 
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were well discerned against the dark background. Increased but comparably lower accumulation 
of nanoparticles was observed in the liver Kupffer cells and in the kidney glomeruli. This 
accumulation was however much lower, than previously reported for unmasked construct with 
different targeting moiety (145). 
 In conclusion, we developed a rationally designed modified human ferritin–based 
multifunctional nanoplatform, with well–defined parameters and modularity in the targeting 
moiety, present on the surface of each of the 24 subunits. Thus, this platform can be equipped 
with specific ligands or monoclonal antibodies and loaded with mediators or heat–generating 
particles (139), achieving specifically targeted immune modulation in almost any system. 
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Background: Nanoparticle-based systems are promising for the development of imaging 

and therapeutic agents. The main advantage of nanoparticles over traditional systems lies in 

the possibility of loading multiple functionalities onto a single molecule, which are useful for 

therapeutic and/or diagnostic purposes. These functionalities include targeting moieties which 

are able to recognize receptors overexpressed by specific cells and tissues. However, targeted 

delivery of nanoparticles requires an accurate system design. We present here a rationally 

designed, genetically engineered, and chemically modified protein-based nanoplatform for 

cell/tissue-specific targeting.

Methods: Our nanoparticle constructs were based on the heavy chain of the human protein 

ferritin (HFt), a highly symmetrical assembly of 24 subunits enclosing a hollow cavity. HFt-based 

nanoparticles were produced using both genetic engineering and chemical functionalization 

methods to impart several functionalities, ie, the α-melanocyte-stimulating hormone peptide 

as a melanoma-targeting moiety, stabilizing and HFt-masking polyethylene glycol molecules, 

rhodamine fluorophores, and magnetic resonance imaging agents. The constructs produced 

were extensively characterized by a number of physicochemical techniques, and assayed for 

selective melanoma-targeting in vitro and in vivo.

Results: Our HFt-based nanoparticle constructs functionalized with the α-melanocyte-

stimulating hormone peptide moiety and polyethylene glycol molecules were specifically taken 

up by melanoma cells but not by other cancer cell types in vitro. Moreover, experiments in 

melanoma-bearing mice indicate that these constructs have an excellent tumor-targeting profile 

and a long circulation time in vivo.

Conclusion: By masking human HFt with polyethylene glycol and targeting it with an 

α-melanocyte-stimulating hormone peptide, we developed an HFt-based melanoma-targeting 

nanoplatform for application in melanoma diagnosis and treatment. These results could be of 

general interest, because the same strategy can be exploited to develop ad hoc nanoplatforms 

for specific delivery towards any cell/tissue type for which a suitable targeting moiety is 

available.

Keywords: multifunctional nanoparticles, ferritin, nanoplatform, cancer-targeting, melanoma

Introduction
Development of multifunctional nanoparticles for nanomedicine applications, such 

as cell/tissue-specific delivery, biomedical imaging and therapy, has recently gained 

wide popularity.1–4 Various types of materials, including synthetic polymers and 

lipids, have been increasingly utilized as platforms for nanoparticle synthesis.1,5 

Despite the large number of bioconjugation techniques available, the attainment of 

multifunctional nanoprobes endowed with desired  bioactivity, targeting specificity, 
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and stability remains a challenge. Approaches using 

protein-cage structures, such as proteins belonging to the 

ferritin family, are novel and very promising.6,7 Apoferritin 

is a highly symmetrical multimeric protein consisting of 

24 subunits that self-assemble into a shell-like molecule 

enclosing a hollow cavity, with external and internal 

diameters of 12 nm and 8 nm, respectively.8,9 Ferritin 

structure and size are precisely controlled at the atomic 

level, because ferritin monomers are gene products. As a 

consequence, ferritin proteins guarantee excellent size and 

shape control in metal nanoparticle synthesis, and several 

materials, such as Fe
3
O

4
, Co

3
O

4
, Mn

3
O

4
, Pt, CoPt, Pd, 

CdS, CdSe, ZnSe, CaCO
3
, Ag, and Au have been produced 

within the internal cavity of ferritin proteins.10–18 The small 

size of ferritins (,20 nm) increases the chances of larger 

nanoparticles passing human body barriers and reaching 

specific targets. Indeed, the dimensions of the nanoparticles, 

which must be small enough to penetrate capillary 

fenestrations and large enough to avoid rapid clearance 

through the kidney (the ideal diameter being lower than 

50–60 nm and greater than 6–8 nm, respectively),19,20 are 

one of the key prerequisites for efficient targeted delivery, 

together with a long-circulating capability of the carrier 

and high specificity of the selector towards the target 

receptor. Additionally, the exceptional stability of the 

ferritin cage structure over a wide range of temperatures 

(up to 80°C–100°C) and pH conditions (3–10) and high 

expression levels as a recombinant protein in efficient 

heterologous systems like Escherichia coli cells (100–

200 mg/L in laboratory scale) allow the apoferritin protein 

to be produced on a large-scale, at high yield (gram or even 

kilogram) and at low cost, which is useful for industrial 

scaleup purposes. Further, human ferritin is a physiological 

protein that has high solubility and stability in water, 

blood, and buffers, as well as low toxicity, all of which are 

desirable features for in vivo applications in humans.21,22 

Several groups have reported that ferritins are effective 

templates for loading either imaging agents for magnetic 

resonance imaging or positron emission tomography 

(PET),21–24 as well as metal-based drugs in their internal 

cavity.25 Finally, ferritin proteins possess distinct interfaces 

(ie, an internal one facing the cavity and an external one 

facing the solvent) endowed with a variety of chemical 

groups, eg, primary amines, carboxylates, and thiols, which 

can be linked either genetically and/or chemically with 

different functionalities for targeted delivery of imaging 

and/or therapeutic agents.22,24 For all these reasons, there 

has been widespread interest in the possibility of using 

ferritin-based nanoplatforms for selective targeting.

In previous reports, the heavy chain of human ferritin 

(HFt) has been genetically conjugated with an arginine-

glycine-aspartate (RGD)-containing tumor targeting peptide, 

which is recognized by a large number of integrin molecules 

expressed by melanoma, glioma, and other tumors, as well 

as by normal cells.24,26 These RGD-containing HFt constructs 

have shown promising selectivity towards melanoma in in vitro 

experiments because compared with unconjugated HFt they 

have a threefold higher ability to bind melanoma cells, but 

show no difference in T lymphocyte binding.26 In spite of 

these encouraging results, only one study has reported on 

the application of HFt-based constructs bearing a targeting 

moiety for a physiological receptor in vivo.24 In this study, the 

localization of an RGD-containing HFt in an animal model 

of glioma was approximately 6% of the injected dosage, 2% 

of which was ascribed to the presence of the RGD targeting 

moiety and 4% to the enhanced permeability and retention 

effect of the tumor tissue. However, massive accumulation of 

the construct was observed in the liver, which appeared to be 

significantly greater than in the tumor.26

The enhanced permeability and retention effect has been 

shown to allow nanoparticles to accumulate at tumor sites 

in concentrations 5–10 times higher than in normal tissue 

within 1–2 days.27 However, this effect is counteracted both 

by fast clearance from plasma (10–60 minutes), which has 

been observed in rats, dogs, and rabbits after intravenous 

injection of liver ferritin, and by the presence of ferritin 

receptors on several cell types, including macrophages,21,28–32 

which determines ferritin removal from the circulation by the 

reticuloendothelial or mononuclear phagocytic systems.

To overcome these limitations and increase the circulation 

time of ferritin, as well as target specificity with respect to 

previously reported HFt constructs, we developed chemically 

and genetically engineered HFt-based nanoparticles aimed 

at specifically targeting melanoma cancer cells and tissues, 

while minimizing nonspecific binding versus other human 

cells (Scheme 1). To achieve these goals, the following 

strategy was adopted. First, HFt nanoparticles were 

genetically linked to α-melanocyte-stimulating hormone 

(α-MSH), which had not been exploited previously as a 

targeting moiety for HFt constructs. The MSH peptide 

binds to melanocortin receptors that are overexpressed by 

melanoma cells and metastases, and expressed to a lower 

extent only by melanocytes. As a consequence, it is expected 

to be significantly more selective than the RGD peptide 
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linked to HFt in previous studies, in that the RGD moiety is 

recognized by a large number of integrin molecules, which 

are expressed by both normal and tumor cells. Additionally, 

polyethylene glycol (PEG) molecules were conjugated with 

the HFt surface, with the aim of masking the protein from its 

physiological receptors. HFt masking by PEGylation, which 

has not been implemented in previous studies of HFt-based 

constructs, is aimed at decreasing uptake of HFt by the 

reticuloendothelial and mononuclear phagocytic systems, 

resulting in an increased blood circulation time.27 Moreover, 

PEGylation is an effective method for preventing putative 

responses by the immune system, which would be elicited if 

the nanoparticles were sensed as foreign agents, in spite of the 

fact that both the HFt protein and MSH peptide components 

are extracellular and of human origin.

To assess the targeting specificity of our HFt-MSH-

PEG constructs, we carried out in vitro experiments using 

both melanoma and control cells, with wild-type HFt and 

HFt-PEG as controls. Additionally, we investigated the 

 specificity and circulation time of the HFt-MSH-PEG 

 constructs in  melanoma-bearing mice, using wild-type HFt 

as a control.

The data reported herein demonstrate that the HFt-

MSH-PEG constructs were specif ically taken up by 

 melanoma cells but not by other tumor cells in vitro, and that 

the ability of HFt-MSH-PEG to bind to, and be internalized 

by melanoma cells is significantly higher than that of HFt-

PEG nanoparticles, which are devoid of the targeting MSH 

moiety, and of wild-type HFt. If the MSH moiety endows 

HFt with melanoma-targeting ability, the presence of PEG 

efficiently shields HFt from its cell receptors, because the 

uptake of both HFt-PEG and HFt-MSH-PEG by colon cancer 

cells is significantly lower than that of wild-type HFt.

In agreement with our in vitro results, studies performed 

using a melanoma animal model in vivo showed that the 

HFt-MSH-PEG nanoparticles accumulated to a large extent 

at the tumor sites whereas accumulation of wild-type HFt 

was negligible, and that this accumulation effect appears 

Melanoma targeting
peptide (MSH)

Linker

Hollow
core

Melanoma cell

Melanoma targeting

Fluorescent ferritin

PEG

Iron
core

- Iron (magnetite)

- PEG-maleimide
- Rhodamine-NHS

Rhodamine

Scheme 1 Top: design of an HFt-based nanoplatform for melanoma targeting. The HFt protein has been genetically functionalized (left) with a melanocyte-stimulating 
hormone peptide joined to the N-terminus of each of the 24 subunits by a linker peptide (only five of the 24 derivatized N-termini are shown, for clarity). Additionally, 
chemical derivatization (right) has been performed to provide the HFt protein with novel functionalities for targeted delivery of imaging and therapeutic agents (polyethylene 
glycol, rhodamine, metal iron). Bottom: analysis of melanoma cells by confocal laser scanning microscopy. The shown confocal image demonstrates binding and uptake of 
HFt-based nanoparticles after in vitro incubation (60 minutes). 
Abbreviation: HFt, human protein ferritin.
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to be specific for the tumor when compared with the other 

tissues analyzed. Further, HFt-MSH-PEG had a higher 

circulation time than wild-type HFt, most likely because of 

the presence of PEG.

Thus, the strategy adopted to develop melanoma-targeting 

HFt-MSH-PEG nanoparticles appears to be suitable for 

the development of targeted imaging agents for magnetic 

resonance imaging, PET, and fluorescence imaging, as well as 

for targeted delivery of therapeutic agents in cancer therapy.

Materials and methods
Cloning, overexpression, and purification 
of HFt-based nanoparticles
The expression vector, pET-17b, containing the HFt-MSH 

gene, was purchased from GeneArt AG (Bavaria, Germany). 

Gene synthesis was performed taking into consideration the 

codon optimization for high level expression in E. coli. E. 

coli BL21 (DE3) cells harboring the recombinant HFt-MSH 

plasmid were grown to OD
600

 3.0 at 30°C in 1 L of ampicillin-

containing liquid Luria-Bertani broth medium (Sigma-Aldrich, 

Milan, Italy). The cells were harvested by centrifugation at 

16,000 rpm for 20 minutes and suspended in 50 mM Tris-HCl, 

0.5 mM dithiothreitol, 1 mM ethylenediamine tetra-acetic 

acid, and 300 mM NaCl at pH 7.5, and disrupted by sonication 

in the presence of 1 mM phenylmethylsulfonyl fluoride. The 

lysate was then centrifuged at 16,000 rpm for 40–45 minutes at 

6°C. The pellet was washed twice with 100 mM N-cyclohexyl-

3-aminopropanesulfonic acid (pH 10.5) and then centrifuged 

at 16,000 rpm for 10 minutes at 6°C to recover the HFt-

MSH protein from the membrane-containing fraction. After 

each centrifugation step, the supernatants were collected 

and combined with each other. The solution obtained was 

dialyzed overnight against Tris 30 mM, 0.6 M NaCl, pH 

7.8 at room temperature. HFt-MSH precipitates under these 

high salt conditions. The pellet was resuspended in Milli-Q 

water (Millipore, Billerica, MA), sterile-filtered, and stored 

at 4°C. Typical yields were 150–200 mg of pure protein per 

liter of culture. Human apo-HFt was provided by MoLiRom 

(Rome, Italy).

Protein stability measurements
The thermal stability of wild-type HFt and HFt-MSH was 

assessed in the temperature range of 30°C–100°C by following 

the circular dichroism signal at 222 nm to monitor the thermal 

unfolding process. A Jasco J-715 spectropolarimeter was 

used. Temperature was varied in steps of 1°C per minute. 

The protein, at 1 mg/mL in Milli-Q water, was kept in 

stoppered 0.1 cm quartz cells.

The ability of HFt-MSH to dissociate and reassociate 

reversibly as a function of pH was also assessed. The protein 

solution was adjusted to pH 2.0 by addition of HCl 0.1 M, and 

the pH was kept constant for about 15 minutes to ensure that 

dissociation of HFt-MSH was complete. The pH value was 

then adjusted to 7.5 by adding NaOH 0.1 M. The resulting 

solution was stirred at room temperature for 1 hour and 

checked for HFt-MSH oligomerization by size exclusion 

chromatography. The size exclusion chromatography 

experiments were performed using a Superose 6 gel filtration 

column connected to a GE Healthcare FPLC system Unicorn 

Akta purifier (GE Healthcare, Milan, Italy) equilibrated with 

phosphate-buffered saline at pH 7.5.

Preparation of PEGylated proteins
HFt and HFt-MSH solutions (2 mg/mL) were incubated with 

1.0 mM of 5 kDa methoxypolyethylene glycol maleimide 

(Sigma-Aldrich), in 20 mM Tris-HCl at pH 7.2 and room 

temperature for about 2 hours under stirring. Subsequently, 

samples were filtered and exchanged 4–5 times with H
2
O

dd
 

using 30 kDa Amicon Ultra-15 centrifugal filter devices 

(Millipore) to remove the excess reagents. The PEGylated 

samples were sterile-filtered and stored at 4°C.

Size exclusion chromatography and dynamic  
light scattering
The size exclusion chromatography experiments were 

performed using a Superose 6 gel f iltration column 

equilibrated with phosphate-buffered saline at pH 7.5. 

Dynamic light scattering experiments were carried out using a 

Zetasizer Nano S (Malvern Instruments, Worcestershire, UK) 

equipped with a 4 mW He-Ne laser (633 nm). Measurements 

were performed at 25°C, with an angle of 173° from 

the incident beam. Peak intensity analyses were used to 

determine the average hydrodynamic diameters (Z-average 

diameter) of the scattering particles. Results are the average 

of at least five measurements. All samples were prepared at 

1 mg/mL in filtered H
2
O

dd
. All traces for the size exclusion 

chromatography and dynamic light scattering experiments 

were analyzed using Origin 8.0 (Originlab Corporation, 

Northampton, MA).

Mass spectrometric analysis and sample preparation
HFt-MSH and HFt-MSH-PEG samples at a concentration 

of 1 mg/mL were used in a native form and digested using 

trypsin enzyme (sequencing grade, Promega, Madison, WI). 

Trypsin digestion was performed overnight at 37°C in 25 mM 

ammonium bicarbonate at a pH of 8.0, with a trypsin:HFt 
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construct molar ratio of 1:50. The digested HFt construct 

was loaded onto the target plate and mixed immediately with 

an equal volume of α-cyanohydroxycinnamic acid in 50% 

acetonitrile and 0.1% trifluoroacetic acid (Sigma-Aldrich). 

The samples were analyzed using a matrix-assisted laser 

desorption/ionization (MALDI) time-of-flight Applied 

Biosystems/MDS Sciex 4800 Plus MALDI TOF/TOF™ 

analyzer (Monza, Italy). The base peak in the MALDI TOF 

mass spectrum (m/z 1056.5) was isolated and fragmented 

in the TOF/TOF mass spectrometer. Analysis of the tandem 

mass spectrum showed product ions (b and y series). Data 

analysis was carried out using the Data Explorer 4.0 software 

(Applied Biosystems).

Fourier transform infrared  
spectroscopic analysis
HFt-MSH and HFt-MSH-PEG samples for Fourier transform 

infrared spectroscopic measurements were used at 3 mg/mL 

in H
2
O

dd
 and layered upon the ZnSe crystal. The protein solu-

tions (250 µL) were layered on the ZnSe plate, dried under a 

nitrogen stream, and placed in an atmosphere saturated with 

water vapor in a glove box for 24 hours in order to obtain a 

fully hydrated sample. Attenuated total reflectance–Fourier 

transform infrared spectroscopic  measurements were car-

ried out on a Magna 760 Nicolet instrument equipped with 

an MCT/A detector (ThermoFisher Scientific Inc, Illkirch 

Cedex, France). ZnSe ARK plates equipped with a thermal 

ARK temperature controller (ThermoFisher Scientific Inc) 

were used as internal reflection elements. A sealed, volatile 

solvent cover was used during the measurements in order 

to maintain constant hydration of the sample. Typically, 

128 scans were acquired at 4 cm–1 resolution, two levels of 

zero filling, and 25°C. For each spectrum, the background 

was acquired on the empty attenuated total reflectance 

plate.

Magnetic HFt preparation  
and transmission electron  
microscopic analysis
Magnetite (or maghemite) was incorporated into the HFt-

MSH using a method described elsewhere.34 Briefly, iron 

incorporation experiments were carried out at 65°C on 

1 mg/mL HFt-MSH samples in 5 mM Hepes–NaOH at a pH 

of 8.5. Solutions of FeSO
4
 dissolved in 0.5 mM HCl were 

used as an iron source. During the course of the experi-

ment, the reaction vessel was kept at 65°C under a positive 

nitrogen pressure, and pH was maintained dynamically at 

8.5 with 100 mM NaOH using an automatic titrator (Titrino; 

Metrohm AG, Herisau, Switzerland). Solutions of FeSO
4
 

15 mM and H
2
O

2
 5 mM were added simultaneously at a 

constant rate (0.5 mL/minute) using two peristaltic pumps. 

The theoretical iron loading factor was 4500 Fe(II)/protein. 

The protein and iron contents in the samples containing the 

magnetic nanoparticles were assessed by means of native 

electrophoresis on 1% agarose gels and inductively-coupled 

plasma atomic emission spectroscopy.

HFt-MSH-enclosed magnetite/maghemite samples, 

in PEGylated or non-PEGylated form (0.1 mg/mL) were 

negatively stained (0.1% of trehalose into 1% ammonium 

molybdate) on glow discharge-activated carbon-coated 

grids.35 Samples were viewed under a Philips CM100 electron 

microscope (Eindhoven, The Netherlands) at 80 kV. Digital 

images were recorded using a MegaView II slow scan camera 

at a primary magnification of 92,000×.

Protein structure analysis and modeling
The atomic structure of HFt was downloaded from the 

 Protein Data Bank (http://www.pdb.org).36 Protein structure 

visualization and modeling of the PEG chains, MSH peptide, 

and Gly/Ser-rich linker were performed using Insight II 

software (Accelrys Inc, San Diego, CA).

Fluorescent labeling of proteins
HFt-PEG and HFt-MSH-PEG solutions (2 mg/mL) were 

incubated with 1 mM of 5(6)-carboxytetramethylrhodamine 

N-succinimidyl ester (λ
ex

 552 nm, λ
em

 575 nm; Thermo 

Scientific, Milan, Italy) in phosphate-buffered saline for 

2 hours at pH 7.5 and room temperature, with stirring in the 

dark. Subsequently, the samples were filtered, dialyzed, and 

exchanged with H
2
O

dd
 and phosphate-buffered saline, using 

30 kDa Amicon Ultra-15 centrifugal filter devices to remove 

excess reagents. The samples were sterile-filtered and stored 

at 4°C in the dark. The number of dye molecules linked per 

protein was determined by absorbance spectroscopy, in 

accordance with the manufacturer’s instructions, applying 

the Beer-Lambert law. Briefly, the measurement was carried 

out using a 0.1 cm path length quartz cuvette at room 

temperature. The concentration of bound dye was calculated 

using the following equation: c(dye) = A
552 nm

/(ε
max

 × d), where 

ε
max

 is 80,000 for rhodamine dye. The protein concentration 

is obtained in the same way from its absorbance value at 

280 nm, using an ε of 25,900 and 18,910 M–1 cm–1 for HFt-

MSH and wild-type HFt, respectively. Because rhodamine 

shows some absorption at 280 nm, the measured absorbance 

A
280

 was corrected for the contribution of this dye (correction 

factor = 0.34).
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Cell culture and confocal microscopy  
on tumor cells in vitro
The murine melanoma B16F10 cell line of C57BL/6 

(H-2b/H-2b) origin (ATCC, Manassas, VA) as well as human 

colorectal carcinoma HT29 cell line (ATCC) were cultivated 

in RPMI-1640 medium (Institute of Molecular Genetics, 

Prague, Czech Republic), supplemented with 0.05 mg/mL 

gentamicin, 2 mM L-glutamine, 1 mM sodium pyruvate, 

0.05 mM 2-mercaptoethanol, and 10% heat-inactivated fetal 

calf serum (Gibco, Grand Island, NY), at 37°C in a 5% CO
2
 

humidified atmosphere.

B16F10 melanoma or HT29 human colorectal carcinoma 

cells in suspension (1 × 106 cells/100 µL) were incubated 

with fluorescent wild-type HFt, HFt-PEG, or HFt-PEG-MSH 

in H-MEMD culture medium. The HFt nanoparticle solu-

tions (100 µL) were added to 100 µL of cell solution. The 

final concentration of HFt nanoparticles was 0.007 mg/mL. 

The controls received only addition of medium without 

HFt  nanoparticles. The cells were incubated at 37°C in 5% 

CO
2
 for 10 and 60 minutes. After incubation, the cells were 

fixed in 3.7% formaldehyde for 30 minutes and then washed 

three times with Dulbecco’s phosphate-buffered saline. 

The cell nuclei were stained using Draq5. The confocal 

microscopy apparatus comprised a confocal laser scanning 

system (1- photon) Olympus FV1000 with an IX 81 inverted 

microscope, a Hamamatsu C9 100/13 EM-CCD digital 

camera, and an imaging analysis program (Flowview 10; 

Olympus, Tokyo, Japan). Confocal microscopy was per-

formed at 20× and 40× original magnification and all images, 

obtained using FluoView FV1000 software (Olympus), were 

background-subtracted and normalized to maximal intensi-

ties of the fluorescent HFt nanoparticles. Uptake of HFt 

nanoparticles by the cells was assessed from the average of 

the percentages of positive cells in three randomly evaluated 

fields per sample at 20× magnification, using four samples 

for each type of treatment and cells.

In vivo administration of HFt 
nanoparticles and confocal evaluation
Male C57BL/6 mice aged 7–8 weeks were purchased from 

AnLab (Prague, Czech Republic) and housed in conventional 

conditions in our experimental animal facility, and adapted 

to the local conditions over 10 days with a standard diet 

and access to water ad libitum before inoculation with the 

melanoma cells. The mice were intradermally/subcutaneously 

inoculated in the lower back with 1 × 106 B16F10 melanoma 

cells per mouse suspended in 0.1 mL of culture medium. Ten 

days after inoculation with the melanoma cells, the animals 

developed bulky tumors at the site of injection (5–7 mm 

diameter). Under general anesthesia, slow intracardiac 

injection of 0.1 mL of the experimental fluorescent wild-type 

HFt or HFt-PEG-MSH (0.5 mg) solution was performed. The 

animals were maintained for one hour under observation for 

possible secondary effects after awakening. The mice were 

sacrificed 24 hours after inoculation. A skin flap including 

the tumor and a liver sample were harvested. A thick 

tumor section, a sample of skin, and a thick liver section 

were mounted on a large coverglass for direct observation 

of rhodamine fluorescence in the tissue by confocal laser 

scanning microscopy (excitation filter 530–550 nm) at 

40× original magnification, as described earlier.

Effect of HFt nanoparticles on immune 
cells in vivo
Healthy mice were sacrificed 24 hours after injection of the 

HFt nanoparticles. Their spleens were collected and gently 

dissociated through a nylon mesh in H-MEMD medium 

to prepare single cell suspensions, and splenocytes were 

not gradient-separated to collect all leukocytes. Complete 

blood samples were pretreated with ACK lysing buffer to 

lyse the erythrocytes before specific staining. Leukocytes 

were characterized by fluorescence-activated cell sorting 

analysis using an antibody against the CD45 common marker. 

CD69 positive cells were evaluated by gating the leukocyte 

population into granulogates, lymphogates, and monogates, 

respectively, on an FSc–SSc plot.

The experiments had the approval of the ethics committee 

at the Institute of Microbiology, according to the Animal 

Protection Act of the Academy of Sciences of the Czech 

Republic and the European Convention for the Care and Use 

of Laboratory Animals.

Plasma stability and circulation time  
of HFt nanoparticles
The stability of the iron-containing wild-type HFt and HFt-

MSH-PEG in mouse plasma was determined by size  exclusion 

chromatography. Samples of the HFt nanoparticles (0.20 mL, 

10 mg/mL) were incubated at 37°C with mouse plasma 

(1.8 mL) and collected as follows. Samples were withdrawn 

at hours 1, 6, 18, 24, and 48, centrifuged at 13,000 rpm for 

30 minutes, and loaded onto a Superose 6 gel filtration col-

umn connected to a GE Healthcare FPLC system Unicorn 

Akta purifier in phosphate-buffered saline at a flow rate of 

0.5 mL/minute. The presence of intact HFt nanoparticles was 

determined by simultaneously following the protein signal 

(absorbance at 280 nm) and the iron cluster (absorbance 
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at 405 nm), and calculating the area of the elution peaks 

typical of HFt 24-mers using Unicorn 5.01 software (GE 

Healthcare).

To evaluate the circulation time of the wild-type HFt 

and HFt-MSH-PEG nanoparticles, 0.1 mL of nanoparticles 

(1.0 mg) was injected into the tail veins of the mice. Blood 

(0.5 mL) was collected from each mouse before injection and 

at 3 minutes and 1, 3, 6, and 24 hours following  injection. 

Plasma was obtained by centrifugation of the fresh blood, 

containing heparin as an anticoagulant, at 13,000 rpm for 

45 minutes. Presence of HFt nanoparticles was quantified by 

Western blotting using both anti-MSH and anti-HFt  antibodies. 

 Polyacrylamide gel electrophoresis was  performed under 

denaturing and reducing conditions. Plasma was diluted 2× in 

sample buffer to prevent precipitation of serum proteins dur-

ing boiling. Diluted samples were then boiled for 5 minutes. 

Thereafter, 12% sodium dodecyl sulfate gels were run at 150 V 

for one hour. Gel electrophoresis proteins were transferred to 

polyvinyl difluoride membranes in transfer buffer (25 mM Tris-

HCl, 192 mM glycine, and 20% methanol, pH 8.3) at 100 mA 

for 45 minutes. Thereafter, membranes were blocked overnight 

at 4°C in 10% blocking reagent ( Boehringer Mannheim, Lud-

wigshafen, Germany). Subsequently, the membranes were 

incubated in 1% gelatin in Tris-buffered saline with a rabbit 

monoclonal antibody, anti-HFt (Abcam, Cambridge, UK) or a 

rabbit polyclonal antibody anti-MSH (Abcam). Both antibod-

ies were diluted 1000×. Primary antibodies were detected with 

horseradish peroxidase-conjugated rabbit antigoat IgG (Sigma-

Aldrich), and signals were visualized using a luminol-based 

chemiluminescent substrate designed for use with peroxidase-

labeled reporter molecules (LumiGlo®, KPL, Gaithersburg, 

MD) and Kodak Scientific Imaging Film (Eastman Kodak 

Company, Rochester, NY).

Results and discussion
Our main aim was to obtain an HFt-based construct that 

was shielded against nonspecific uptake by human cells and 

possessed a satisfactory circulation time in the bloodstream, 

which is a key property for in vivo applications. Derivatization 

using an inert and uncharged material such as PEG appeared 

to be an adequate strategy, both to reduce nonspecific cell 

binding and prolong the circulation time in serum. Based 

on previous reports, we set the size of the PEG molecules 

at 5 kDa.37 Following observation of the three-dimensional 

structure of human HFt, we decided to link PEG molecules 

to the thiol groups of the cysteine residues, given that the 

location of the exposed cysteine thiols on the surface of HFt 

is such that their PEGylation is not expected to interfere 

with subsequent derivatization of the N-terminal region, and 

given that HFt has a relatively small number of cysteine side 

chains on the external surface (two per subunit, ie, 48 for 

the whole assembly), compared with other solvent-exposed 

reactive groups (ie, amines and carboxylates), allowing us 

to have tight control over the number of PEG molecules 

conjugated to the HFt shell. To obtain covalently bound HFt 

construct-PEG complexes, the HFt constructs were reacted 

with functionalized maleimide-PEG 5 kDa.

The PEGylation reaction was performed using both 

wild-type HFt and the HFt construct containing the 

 melanoma-binding peptide sequence, α-MSH, genetically 

linked to the N-terminal region of HFt (HFt-MSH). The 

α-MSH peptide was chosen for a number of reasons. Short 

amino acid polymers (peptides) have a target-binding ability 

comparable with that of larger molecules, such as antibodies. 

Due to their small size, peptides are also ideal for multiple 

modifications of nanoparticle constructs and generation 

of pluripotent nanoparticles.38 Moreover, α-MSH binds to 

melanocortin receptors and, in particular, is a potent agonist 

of the melanocortin type 1 receptor (MCR1, overexpressed 

by many melanoma cells39) and binds to MCR1 with high 

affinity (IC
50

 0.21 nmol/L).40 Importantly, more than 80% 

of human metastatic melanoma samples have been found to 

display MCR1.41 Melanoma metastases are very aggressive, 

with a patient survival time of 3–15 months on average, and 

are the actual cause of mortality in patients with melanoma.42 

Therefore, the development of a system containing a targeting 

peptide able to bind melanoma metastases is of critical 

importance. Gold nanoparticles linked onto an analogous 

synthetic peptide were recently shown to have reasonably 

selective tumor localization compared with the nonspecific 

PEGylated form.43 However, because of the synthetic peptide 

origin, a very long and expensive procedure including peptide 

synthesis and chemical conjugation to the nanoparticles 

was required to obtain the final constructs. In our case, a 

simple cost-effective genetic engineering approach was 

used to link the α-MSH peptide (SYSMEHFRWGKPV) to 

the N-terminus of the HFt subunit, resulting in production 

of an HFt assembly containing 24 peptide copies. This HFt 

nanocage should, in principle, have increased affinity for the 

corresponding receptor compared with a molecule containing 

a single peptide unit (ie, the multivalence effect).

Each α-MSH peptide was spatially separated from 

the HFt subunit N-terminus by an inert and flexible Gly/

Ser-containing sequence linker. The length of the linker was 

designed based on analysis of the crystal structure of human 

HFt (PDB ID: 3AJO) and modeling of PEG molecules of 
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the chosen length to guarantee sufficient exposure of the 

targeting α-MSH peptide on the HFt external surface in the 

presence of PEG.

The yields of purif ied recombinant HFt-MSH and 

wild-type HFt from E. coli cultivation were in the ranges 

of 150–200 mg/L and 80–100 mg/L, respectively. The 

purification procedures used for HFt-MSH were much easier 

and faster with respect to HFt, and allowed us to obtain large 

amounts of pure and fully assembled protein within two 

days. The integrity of the HFt-MSH N-termini after protein 

purification and PEGylation was checked by MALDI mass 

spectrometry, which confirmed that the full-length amino 

acid sequence corresponding to the α-MSH peptide plus 

linker was present at the protein N-termini (Supplementary 

Figure S1). The mass spectra also highlighted the presence of 

PEG molecules linked to the cysteine residues of the protein 

(Supplementary Figure S2). Effective protein PEGylation was 

also monitored by Fourier transform infrared spectroscopy. 

Typical PEG signals relative to the (CH2–O–CH2) moiety 

and to the methylene stretching modes were detected only in 

the PEGylated HFt-MSH-PEG sample (see Supplementary 

Figure S3). In turn, amide bands at 1952 cm–1, typical of 

alpha helical structures, were almost super imposable on the 

native and PEGylated proteins.

After incorporation of magnetite/maghemite, the HFt-

MSH was analyzed by transmission electron microscopy, 

which showed that the HFt-MSH construct retained the 

ability of wild-type HFt to encapsulate magnetic iron and 

adopted the expected spherical cage-like structures with an 

external diameter of 13 ± 2.1 nm, typical of wild-type HFt 

(Supplementary Figure S4). As expected, the shape of the 

PEGylated HFt constructs did not appear to be perfectly 

spherical due to the flexibility of the PEG molecules present 

on the protein surface (Figure 1).

The magnetic properties of the HFt-MSH construct, 

evaluated by zero-field-cooled and field-cooled magnetization 

experiments (data not shown), were very similar to those 

previously reported for magnetite/maghemite nanoparticles 
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Figure 1 (A) Transmission electron microscopic image of magnetite/maghemite-containing HFt-MSH-PEG showing the metallic core (black) surrounded by the HFt shell 
(white). Inset: 2.5× magnified image, the scale bar represents 32 nm. (B) Size-exclusion chromatography and (C) dynamic light scattering profiles of HFt-MSH before (solid 
line) and after (dotted lines) the PEGylation reaction. 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide.
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enclosed in different ferritin cages.37 The HFt-MSH sample 

had a loading factor of 3900 metal atoms per protein 

molecule, as assessed by inductively coupled plasma analysis. 

This number is close to the maximum loading capacity of the 

protein, which is around 4000 atoms, and is relevant in view 

of the potential uses of HFt-based nanoparticles as magnetic 

resonance imaging agents, which require a high enough 

amount of iron atoms to provide a detectable signal.

Size exclusion chromatography and dynamic light 

scattering was performed to estimate the diameter 

and polydispersity of the PEGylated (HFt-PEG and 

HFt-MSH-PEG) samples. All samples were found to be 

quite monodispersed in solution (Figure 1B and C, and 

Supplementary Figure S5). Both experiments indicate that 

non-PEGylated and PEGylated samples have a significant 

difference in size (mean diameters 13.0 and 20.0 nm, 

respectively), implying elevated efficiency of the PEGylation 

reaction.

The aforementioned results indicate that, even after the 

addition of more than 30 amino acids to the N-terminal region 

of each protein subunit, HFt maintained the characteristic 

24-mer cage architecture, the ability to incorporate iron 

derivatives, the ability to undergo pH-induced dissociation 

and reassembly (Supplementary Figure S6), and high thermal 

stability. Indeed, HFt-MSH showed even higher thermal sta-

bility than wild-type HFt in circular dichroism experiments 

(Supplementary Figure S7).

The PEGylated derivatives, HFt-PEG and HFt-MSH-

PEG, were labeled with NHS–rhodamine, an amine-reactive 

fluorescent reagent that absorbs green visible light (552 nm) 

and emits orange-red visible light (575 nm). This permitted 

us to trace the localization of our constructs on the surface 

of and inside the target cells (see below). Rhodamine-labeled 

HFt nanoparticles were purified from free dye by dialysis 

and centrifugal filter devices. The number of dye molecules 

linked per protein was determined to be about 0.9/subunits 

(22.0/protein cage) for both HFt-PEG and HFt-MSH-PEG 

by absorbance spectroscopy (see Materials and methods 

section).

To investigate the targeting efficacy of the HFt-MSH-PEG 

constructs and to verify whether we succeeded in reducing 

their nonspecific binding to cancer cells, we  compared their 

ability to target B16F10 melanoma cells versus a different 

type of cancer cells.

Cells incubated at different times with either 10 nM 

rhodamine-labeled wild-type HFt, HFt-PEG, or HFt-MSH-

PEG were imaged using confocal microscopy. In agreement 

with previous findings,25,36 wild-type human HFt bound both 

melanoma cells and human HT29 colon carcinoma cells, as 

shown by the presence of a number of red particle clusters on 

the cell surface (Supplementary Figures S8 and S9), indicat-

ing that it was recognized nonspecifically by different cell 

types. Conversely, none or very few of these clusters were 

observed in the case of HFt-PEG (Figure 2B), indicating that 

derivatization with PEG molecules effectively shields the HFt 

molecule from its receptors on melanoma cells. Remarkably, 

in the presence of HFt-MSH-PEG, large numbers of clusters 

of small red particles were easily detected on both the surface 

and in the cytoplasm of melanoma cells (Figure 2A) whereas 

none or very few fluorescent clusters were present inside or 

on the surface of HT29 cells (Figure 2C). The relative per-

centages of cancer cells positive to binding/internalization 

of HFt-MSH-PEG or HFt-PEG were evaluated in three ran-

domly evaluated fields per sample at 20× magnification, and 

the average values are reported in Figure 2D. Four samples 

were examined for each type of construct and cells.

These results indicate that the α-MSH targeting moiety 

effectively overcomes PEG masking and allows the HFt-

MSH-PEG constructs to recognize their target melanocor-

tin receptors on melanoma cells specifically and that PEG 

molecules of the chosen length provide the HFt-MSH-PEG 

constructs with an effective shield against recognition by 

other cell types. It is important to point out that the HFt-

MSH-PEG derivatives were also able to be internalized by 

the target melanoma cells, which is a necessary property 

for potential therapeutic application. In contrast, in the lone 

previous report on HFt derivatives bearing an RGD peptide 

as a targeting moiety, evidence of construct internalization 

was not provided.26 Given that internalization is likely to be 

mediated by interaction of the exposed α-MSH ligand with its 

cognate melanocortin receptor, the choice of tumor selector 

appears to be an essential factor to take into account in the 

rational design of nanoparticles for targeted delivery.

Finally, we performed a series of in vivo experiments 

using melanoma-bearing mice. Twenty-four hours after 

intracardiac injection, confocal microscopy performed on 

freshly harvested skin flaps, including tumor tissue, demon-

strated marked accumulation of HFt-MSH-PEG constructs 

inside the melanoma tissue in all the skin layers examined, 

ie, epidermal, dermal, subdermal, and subcutaneous (Figure 3 

and Supplementary Figure S10). Only an occasional weak 

signal from a few cells in the dermal/subcutaneous layers 

was observed, most likely from phagocytes. In contrast, 

wild-type HFt did not accumulate at tumor sites (Figure 3). 

As expected, some accumulation of HFt-MSH-PEG con-

structs was found also in Kupffer cells in the liver, but not 
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in hepatocytes. This result indicates that the HFt-MSH-PEG 

constructs have significantly higher target selectivity with 

respect to the previously reported HFt construct bearing an 

RGD peptide as the targeting moiety, accumulation of which 

was far greater in the liver than in the target glioma tumor.24 

To our knowledge, this is the only HFt-based construct that 

has been previously studied in vivo.

We then investigated the in vitro plasma stability and 

in vivo circulation time of the HFt-based nanoparticles. For 

the plasma stability test, a size exclusion chromatography 

experiment using a GE Healthcare FPLC system Unicorn 

Akta purifier was undertaken to monitor the presence of intact 

nanoparticles after incubation in mouse plasma. The data 

reported in Table S1 demonstrate that both wild-type HFt 

and HFt-MSH-PEG nanoparticles have very high in vitro 

plasma stability, because they undergo very little degradation 

over 48 hours of incubation in mouse plasma (about 92% 

and 98% of intact protein, respectively). Clearance of HFt 

and HFt-MSH-PEG nanoparticles from the blood was inves-

tigated in vivo using Western blot analysis in healthy mice. 

HFt-MSH-PEG nanoparticles showed a significantly higher 

concentration and longer residence time in blood compared 

with wild-type HFt nanoparticles (Figure 4). In particular, 

HFt was absent after one hour, in accordance with previously 

reported data indicating clearance of HFt from the circula-

tion in the 10–60 minutes following injection.28 In contrast, 
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Figure 2 Laser-scanning confocal microscopy of mouse B16F10 melanoma (A and B) and human HT29 colon carcinoma (C) cells after one hour of incubation with  
HFt-MSH-PEG (A and C) or HFt-PEG (B) nanoparticles. Both types of nanoparticles were rhodamine-labeled. Clusters of HFt-based nanoparticles with rhodamine 
fluorescence appear in red. Original magnification 40×. Scale bar corresponds to all images. (D) Cell binding/internalization percentages assessed from the in vitro results. 
Average of positive cells in three randomly evaluated fields per sample at 20× magnification (four samples for each type of treatment and cells). 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide.
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HFt-MSH-PEG showed significantly greater persistence in 

the circulation, being clearly visible for up to 6 hours and still 

detectable at 24 hours. Such differential blood kinetics are 

likely to contribute to the different biodistribution patterns 

observed for wild-type HFt and HFt-MSH-PEG.

In addition, very preliminary in vivo tests were per-

formed to investigate the effect of HFt nanoparticles on 

immune cells. No significant changes in the percentages 

of immune cells present at 23–24 hours after in vivo 

administration of the nanoparticles in the murine model 

were observed. However, we found increased expression 

of the early activation marker, CD69, on all the leukocyte 

populations investigated (see Supplementary Figure S11). 

Activation by both HFt nanoparticles resulted to be gener-

ally higher in the spleen than in the blood, especially in the 

granulogate cells. Interestingly, activation of all groups of 

cells following administration of wild-type HFt was stron-

ger than that induced by HFt-PEG-MSH  nanoparticles. 

Although very preliminary, our results suggest that HFt 

nanoparticles exert some direct functional effects on leu-

kocytes, possibly due to activation of phagocytosis, and 

that PEGylated HFt-MSH-PEG constructs have a weaker 

primary immunological stimulatory effect than wild-type 

HFt, supporting the hypothesis that PEG molecules are an 

effective shield for the HFt protein. However, it is worth 

bearing in mind that while α-MSH is completely con-

served in humans and mice, murine HFt is not identical to 

the human homolog. Therefore, nanoparticles containing 

human HFt are expected to be more immunogenic in the 

mouse than in humans.

The high target selectivity, plasma stability, and a long 

circulation time observed for the HFt-MSH-PEG nano-

particles developed in this experiment indicate that these 

constructs can be exploited to develop HFt derivatives for 

application in the diagnosis and/or treatment of melanoma. 

For example, the HFt-MSH-PEG nanoparticles could be 

further engineered by chemically conjugating reactive groups 

on the external surface using temozolomide or dacarbazine by 

means of reversible cross-linkers, the bonding of which with 

the drug would be expected to be broken in the cytoplasm. 

Additionally, the internal cavity of HFt could be loaded with 

cisplatin, which has been shown to have cytotoxic activity 

when incorporated within commercial horse apoferritin,25 or 
64Cu, which may be used for detection by PET.24 HFt-based 

constructs bearing these functionalities are currently being 

developed in our laboratory.

Figure 3 Laser scanning confocal microscopy on the freshly removed tumor (A), liver (B), and skin (C) 24 hours after intracardiac administration of rhodamine-labeled 
HFt-MSH-PEG (top) and wild-type HFt (bottom) nanoparticles. Melanoma B16F10 developed in mouse C57BL/6 with a 6 mm diameter. Original magnification 20×. 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide.
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Further, the rational design of HFt-based nanoparticles 

as reported here is amenable to exploitation for selective 

delivery to a large number of different cell types, provided 

that a suitable targeting moiety is available. Targeting 

 moieties that can be loaded onto the HFt nanoplatform 

include not only peptides, which can be genetically linked 

to the protein, but also molecules endowed with reactive 

groups, which can be conjugated with reactive amino and/

or carboxylate groups exposed on the HFt surface.

To evaluate the actual potential of targeted HFt-PEG 

 constructs for clinical application and to assess whether 

PEGylation affects the main routes of ferritin protein 

excretion in the body (ie, the kidney and/or liver),33 further 

in vivo studies, including biodistribution in other relevant 

tissues, body clearance, toxicity, immunological effects, and 

the immunogenicity of our constructs will be performed.

Conclusion
In this work, we developed a rationally designed, genetically 

engineered, and chemically modified HFt-based multifunc-

tional nanoplatform (HFt-MSH-PEG). These constructs were 

extensively characterized by taking advantage of an array of 

physicochemical techniques, and their targeting selectivity 

and plasma stability were assessed by in vitro and in vivo 

experiments, HFt-MSH-PEG were recognized and internal-

ized specifically by melanoma cells, but not by other human 

tumor cells or mouse tissues (except for expected uptake by 

dedicated phagocytes), and were present for up to 24 hours in 

the bloodstream. The high target specificity of HFt-MSH-PEG 

is determined by the following: choice of a selective targeting 

moiety, namely the α-MSH peptide, sufficiently exposed on 

the protein surface because of the presence of a peptide linker 

which binds receptors expressed only by melanoma cells and 

to a lesser extent by melanocytes; controlled modification 

of the HFt protein surface with PEG molecules of appropri-

ate length, which mask the whole construct, except for the 

targeting α-MSH peptide, from its  physiological receptors; 

and significant reduction in nonspecific r ecognition and 

reduced uptake by the  reticuloendothelial and  mononuclear 

phagocytic systems.

The targeting strategy adopted in this work to produce 

HFt-MSH-PEG constructs can be implemented to develop 

HFt-based PEGylated nanoparticles containing targeted 

molecules for different cells and tissues. Further modification 

with cytotoxic and/or imaging agents would be required to 

produce molecules amenable to theragnostic applications. 

Selective nanoparticle accumulation at the sites of disease, as 

observed in this work, would allow tumors to be visible in the 

earlier stages, enabling improved diagnostic possibilities, and 

contribute to reduction of toxic side effects in normal tissue, 

thereby increasing the efficacy of chemotherapy. Indeed, we 

expect that the HFt functionalization strategy presented here 

will help overcome many of the current difficulties in the 

use of ferritin-based assemblies for in vivo applications and 

advance towards the development of protein-based nanoplat-

forms for effective diagnostic and therapeutic applications.
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Figure S1 (A) MALDI-MS spectrum of the native HFt-MSH-PEG trypsin digests. Peaks corresponding to the MSH and linker amino acid sequences at the protein N-termini 
are indicated with red arrows. (B) MALDI-MS/MS spectrum of the m/z 1056.5 peak reported in (A).
Notes: The fragmentation sites along the peptide (SYSMEHFR) backbone corresponding to the observed peaks are indicated by arrows, and the arrow direction indicates 
the charge-retaining portion. Peaks corresponding to the expected masses for the y and b ions are indicated by the relative ion name. 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide; MALDI, matrix-assisted laser desorption ionization; 
MS, mass spectrometry.
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Figure S2 MALDI-MS spectrum (range 2200–3000 m/z) of the native HFt-MSH (A) and HFt-MSH-PEG (B) trypsin digests.
Notes: Peaks matching to the protein sequences are reported. The m/z 2504.3 peak corresponds to the KPDCDDWESGLNAMECALHLEK sequence and it is expected to 
react with and bind to PEG-maleimide molecules due to the presence of two cysteine residues. From mass analysis, a decrease of the peak corresponding to this peptide was 
observed, but a heavier peak at about 12,000–13,000 m/z did not appear, likely because of poor flying ability due to the conjugation with PEG molecules. 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide; MALDI, matrix-assisted laser desorption ionization; 
MS, mass spectrometry.
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Figure S3 Attenuated total reflectance-Fourier transform infrared spectra of apo-HFt-MSH (red) and PEGylated apo-HFt-MSH-PEG (blue). 
Notes: The spectra have been obtained on fully hydrated samples in attenuated total reflectance mode on a ZnSe plates at 4 cm-1 resolution and 25°C. Spectra were 
subtracted by the contribution of the clean and empty attenuated total reflectance plates. Details of the low frequency region highlight the presence of the PEG (CH2–O–CH2) 
stretching modes at 1098 cm-1 (top spectrum) in the PEGylated apo HFt-MSH. The contribution of the PEG (H–C–H) stretching modes is also manifest in the increased 
absorbance at 2978 cm-1 in the PEGylated protein (top spectrum). 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide; MALDI, matrix-assisted laser desorption ionization.
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Figure S4 TEM image of magnetite/maghemite-containing HFt-MSH showing the metallic core (black) surrounded by the HFt shell (white). Inset: 2.5× magnified image, scale 
bar 32 nm.
Abbreviations: HFt, human protein ferritin; MSH, melanocyte-stimulating hormone peptide.
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Figure S5 (A) Size exclusion chromatography and (B) dynamic light scattering profiles of HFt before (solid line) and after (dotted lines) the PEGylation reaction. 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol.
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Figure S6 Size exclusion chromatography profiles of HFt-MSH before (solid line) and after (dotted lines) the pH jump experiment (see Material and methods section).
Abbreviations: HFt, human protein ferritin; MSH, melanocyte-stimulating hormone peptide.
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Figure S7 Thermal denaturation of HFt (open circle) and HFt-MSH (black circle). 
Notes: Spectra were recorded at 222 nm in 0.1 quartz cuvettes. Protein concentration was 1 mg/mL in H2Odd. 
Abbreviations: HFt, human protein ferritin; MSH, melanocyte-stimulating hormone peptide.

Figure S8 Laser-scanning confocal microscopy of mouse B16F10 melanoma cells after 10 (top) and 60 (down) minutes of incubation with HFt rhodamine-labeling. 
Notes: Clusters of HFt-based nanoparticles with rhodamine fluorescence appear in red. Original magnification 40× (left) and zoom 3× (120×, right) were used. 
Abbreviations: HFt, human protein ferritin; MSH, melanocyte-stimulating hormone peptide.
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Figure S9 Laser scanning confocal microscopy of human HT29 colon carcinoma cells after 10 (top) and 60 (down) minutes of incubation with HFt rhodamine-labeling. 
Clusters of HFt-based nanoparticles with rhodamine fluorescence appear in red. 
Note: Original magnification 40× (left) and zoom 3× (120×, right) were used. 
Abbreviation: HFt, human protein ferritin.

Figure S10 Melanoma and skin.
Notes: Representative image from a Z series of 46 images, 0.8 µm space, taken at the border of the tumor.  The specific uptake of HFt-MSH-PEG nanoparticles by the tumor 
cells but not by the surrounding tissue was evident in all images. The tumor was initially sectioned to be leveled to the surrounding tissue and allow effective evaluation of both 
tissues on the same layer (confocal microscopy, 20× original magnification, nanoparticles fluorescence in red, numbers indicate areas that were selected for further imaging 
analysis, first image). 
Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide.
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Figure S11 Percentages of CD69-positive cells in two gated populations of leukocytes (granulogates, lymphogates, and monogates) from peripheral blood and spleen cells, 
evaluated at 23 hours after administration of HFt-nanoparticles in healthy mice (three animals per group). 
Abbreviation: HFt, human protein ferritin.
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Table S1 Stability of HFt and HFt-MSH-PEG nanoparticles in human plasma

Time (hours) HFt HFt-MSH-PEG

% of intact protein 
Initial

 
100

 
100

1 93 99
6 92 98
18 92 98
24 92 98
48 92 98

Abbreviations: HFt, human protein ferritin; PEG, polyethylene glycol; MSH, melanocyte-stimulating hormone peptide.
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Discussion 
 
 One of the goals of this thesis was to describe the NK cell reaction to glycans. The role of 
glycosylation and protein–glycan recognition in autoimmune diseases had been proven in the 
past and is being intensively studied in the present (98, 146). Aberrant glycosylation was also 
repeatedly reported during malignant tumor growth and was associated with metastatic potential 
(89), while other, bacterial LPS–derived glycans are long known to act in cellular activation and 
immune response enhancement (147, 148). Octavalent GlcNAc mimetic, GN8P, was used in the 
studies herein to simulate branched glycan structures, appearing during autoimmune disorders or 
malignant growth. According to the latest findings, there is no clear evidence about the direct 
binding of glycan (GlcNAc–terminated) structures to NKR–P1 receptor; nevertheless, it is 
important for NK, and subsequently other type of immune cells activation. CD161, a member of 
the C–type lectin–like receptor family, was reported previously to bind LacNAc (N–acetyl–
lactosamine) epitopes and could thus be involved in the GN8P mimetic recognition probably in 
cooperation with other receptors. As shown in this thesis, RA patients with increased CD161 
surface and mRNA expression on/in NK cells responded to the glycomimetic by attenuated NK 
cell–mediated cytotoxicity. Since similar effect can be achieved with CD161 natural ligand 
LLT1 (80), we can hypothesize a similar mechanism of action. Further study with LLT1 as a 
binding competitor in GN8P–CD161 interaction investigation is needed to test this hypothesis as 
well as to ascertain the involvement of other, CD161–associated co–receptors. In mice, there are 
several orthologs of CD161, NKR–P1A, B, C, D and F (59). While B and D isoforms contain an 
ITIM motif and are considered inhibitory, A, C and F lack it and were reported to associate with 
FcεRIγ and to have activation potential (59). In this thesis, it was presented that serum levels of 
IgG2a specific for both T–independent and T–dependent antigens were elevated after GN8P 
administration in C57Bl/6 mice. Since resting NK cells fail to modulate antibody responses, but 
if activated, preferentially upregulate IgG2a formation (7, 149), we can attribute this elevation to 
NK cells. In addition, we presented results that only NK1.1–positive C57Bl/6 mice responded to 
GN8P administration, while NK1.1–negative strains (Balb/c and DBA/2) were unresponsive. 
Also NK1.1–depleted SMC did not exert increased response to the glycomimetic as undepleted 
cells in C57Bl/6 mice. Therefore, we suggest that GN8P effect on antibody formation in mice 
might be dependent on the presence of NKR–P1C isoform encoded by Nkr–p1c(T) gene form 
(present in C57Bl/6 strain). We do not expect involvement of NKR–P1A and NKR–P1F 
isoforms (activating receptors) as their genes are present in DBA/2 and BALB/c as well as in 
C57BL/6 mice. As for NKR–P1B and NKR–P1D isoforms, Nkr–p1b gene in DBA/2 and 
BALB/c mice exerted 94.9% homology with Nkr–p1d in C57BL/6 mice. In addition, they both 
have inhibitory function (20) and have a mutual ligand, Clr–b (78). The involvement of NK cells 
in the GN8P–mediated antibody formation was further studied in the melanoma–bearing 
C57Bl/6 mice, where the glycomimetic administration evoked tumor–specific IgG2a 
upregulation, NK cell–mediated IFNγ production and increased ADCC effector function (150). 
Since IFNγ promotes Ig class switch towards IgG2a (113) and IgG2a is one of the most potent 
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IgG subclass in mediating ADCC (8), the involvement of NK cells was further validated. Yet 
again, the exact mechanism of glycomimetic–NK cell interaction needs to be further studied with 
NKR–P1C(T) natural ligands as binding–competitors, but these are as of yet still unknown. The 
glycomimetic effect on NK cell function was well described in humans and mice and in both 
cases, NKR–P1 receptor was involved. In recent studies, more and more attention is being given 
to the tumor–associated carbohydrate antigens (TACA) and their use in the preparation of 
carbohydrate–based vaccines (90, 91). Our data on NK cell reaction to GlcNAc based 
glycomimetic may prove quite useful in the future design of such vaccines as well as other 
applications.  
 We have shown here, that the choice of species in the study of receptor–ligand 
interactions may be crucial in some cases. For instance, the synthetic immune glycomimetic, 
GN8P, proved to have quite the opposite effect on the function of NK cells when human and 
C57BL/6 murine systems were compared. This may be due to the fact, that there is only one 
NKR–P1A isoform in humans with both activation and inhibitory potency (80, 102, 104), while 
in mice, these functions are divided between individual activating/inhibitory isoforms (106). 
Moreover, some murine strains (DBA/2, BALB/c) were utterly unaffected, despite having only 
one amino acid substitution in their NKR–P1C receptor and expressing NKR–P1A, which is 
considered an ortholog of the human CD161. 
 Among widely used, endogenously present and well–described immune modulators 
belong the hormones. In further study presented here we have shown, that the widely used 
controlled ovarian hyperstimulation protocol implementing GnRH antagonist/hCG treatment 
significantly increases KIR2DL4 expression on the surface of NK cells. This receptor is known 
to activate IFNγ cytokine production, but only weak cytotoxicity (61, 62) in NK cells and can 
thus be used to further modulate the NK cell function. As most hormones, hCG also shows a 
degree of pleiotropy in its effect, influencing CD4 and CD8 T cells and their receptors as well as 
NK cells. Thus, this effect needs to be targeted to NK cells to achieve specific and accurate 
modulation of NK cell function. That is where the protein–based multifunctional nanoparticles 
presented here come into view and could be used for selective NK cell targeting with hCG load 
for KIR2DL4 upregulation. Further studies involving these nanoparticles need to be performed 
to make the use of hCG as NK cell modulator specific. 
 Another endogenous and well–described immunomodulator is the purine nucleoside 
adenosine, often released by transformed cells under the hypoxic conditions of the tumor 
microenvironment. It influences many physiological functions (e.g., vasodilatation, lipolysis, 
etc.) (129), and its levels are dramatically increased during hypoxic conditions, tissue damage 
and inflammation. Adenosine inhibits inflammatory activity of neutrophils, macrophages and 
lymphocytes, protecting the ischemic tissues from massive damage (130). Adenosine receptors 
(AR) are also involved in the inhibition of cytotoxic activity and cytokine production by 
activated NK cells (84, 131). Here we have proven the synthetic A2A adenosine receptor agonist 
CPCA to be a universal NK cell cytotoxicity attenuator in several mammalian species in both 
healthy and immunocompromised subjects. These findings could be applied in transplantation 
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immunology to prevent the host versus graft reaction in the early phases, but without effective 
targeting, the entire host immune system could become compromised. Thus, further studies with 
CPCA specific targeting to terminal tissues/populations need to be performed to achieve 
practical applications for NK cell–mediated lysis attenuation. Such specificity can be achieved 
either in conjunction with tissue–targeting saccharide structures (94) or with the ferritin–based 
nanoplatform presented in this thesis. 
 Stress inducible proteins, ligands of the activating NKG2D (39), present another 
possibility how to activate NK cells. Hyperthermia represents an elegant way of contact–less 
attenuation of tumor growth, while inducing the responsiveness of the immune system, by 
increased presentation of these proteins (74). Higher temperatures (≥42°C) have directly 
cytotoxic and immunogenic effect on malignant tissue (133), and if properly focused only on the 
tumor itself, can provide tumoricidal temperature in the affected site, while maintaining febrile 
temperature range in the surrounding. This could prove very beneficial, since such range was 
reported previously to activate spleen cells (135), NK cells (136), cytotoxic T cells and T helper 
cells (137, 138). On the other hand, implementation of hyperthermia can be used only seldomly 
on barely detectable metastatic cells, early neoplasia or leukemia. Again, if properly targeted to 
these cells by the abovementioned nanoplatform, the ferritin core can be loaded with 
microwave–inducible heat generating particles (139) and could thus ensure the targeted heating 
of circulating, metastatic, leukemic cells or in the case of inaccessible tumors. Further research 
as to the specific particle load, temperature ranges and targeting moieties need to be performed in 
order to achieve future clinical applications in this field as well. 
 Among recent trends in tumor–immunotherapy is the specific or passive targeting of 
tumor–suppressants or immune mediators into the tumor site (140, 141). The nanoparticle 
platform presented here stands out by its simple versatility – it could be applied not only in one 
specific, controlled system, but with proper targeting structure and immune mediator load can be 
used in almost any pathology. Its employment for targeted hyperthermia, when loaded with heat–
generating particles (139), is also notable but further studies, using this versatile system, need to 
be performed before practical applications are achieved. 
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Result summary, conclusions and remarks. 
 
 In this work, NK cells and their receptors were intensively studied in several mammalian 
species in order to acquire new insights on their function. Particular attention was given to their 
response to glycan structures (GN8P), hormones (hCG), tumor evasion strategies (adenosines) 
and stress inducible proteins (hyperthermia). Together with a immune modulation via localized 
hyperthermia and modular targeting nanoplatform, these findings provide new tools for immune 
modulation via the regulation of NK cell functions. 
 Based on the work provided here, we came to the following conclusions: 
- In humans, there is a subset of NK cells (~50%), which react to the synthetic 
glycomimetic GN8P by impaired cytotoxic effector function and this subpopulation can be 
identified by their higher levels of CD161 expression. This expression can be increased by 
mutated citrullinated vimentin (MCV) in both rheumatoid arthritis patients and in healthy donors 
on the mRNA level. In addition, these results make us believe, that the impaired NK cell 
cytotoxicity in autoimmune patients could involve the interaction with CD161. 
- The synthetic glycomimetic – GN8P has shown a potential to modulate specific antibody 
formation via NK cell stimulation in the C57BL/6 murine model. This stimulation was shown to 
be dependent on the surface expression of NKR–P1C isoform encoded by C57BL/6 Nkr–p1c(T) 
gene allele. Glycomimetic–induced NK cells, via IFNγ production, potentiate tumor–specific Ig 
formation, triggering ADCC reaction as well as antigen presentation by B cells. These results 
illustrate the importance of carbohydrates  in NK cell–mediated regulation of adaptive immunity, 
with benefit for specific anticancer immune responses. 
- The commonly used GnRH antagonist/hCG ovulation stimulation protocol increases the 
expression of KIR2DL4 on NK cells, influences the CD4/CD8 index, promoting cytotoxic T 
cells. This immunological profile was associated with decreased implantation rates. 
 - A2A adenosine receptor agonist, CPCA, used in our in vitro evaluation of cytotoxic 
effector cells derived from different mammalian species, indicates for a universal NK cell 
cytotoxicity attenuator. 
- In vivo tumor–localized hyperthermia proved to have beneficial effect on NK cell–
mediated lytic activity, despite the NK cell numbers or receptors repertoire remained unchanged. 
- We have developed a melanoma-specific tailor made ferritin–based multifunctional 
nanoplatform, with well–defined parameters and modularity in the targeting moiety. This 
platform can be equipped with specific ligands on heat–inducible nanoparticles singly or 
combined with the above mentioned mediators, achieving immunotherapeutic procedures in 
various systems. 
 This work brought further knowledge in the possibilities of NK cell modulation, 
nevertheless, further research needs to be performed for practical applications. More studies with 
the combination of the herein studied modulators targeted to specific cell populations by the 
established nanoplatform are required. 
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