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ABSTRACT 
 
 
Immune cells, such as T cells and natural killer (NK) cells, constantly survey the surface of 
other cells in the body in search of signs of disease. During this process, receptors and ligands 
on the surface of both the immune cells and their targets are reorganized in the intercellular 
contact between the two cells, in a structure called the immune synapse. The role of the 
immune synapse is not yet clear; it may have several functions with varying importance for 
different cell-cell interactions, such as directing the secretion of signaling molecules, 
influence the magnitude of the signaling and establish checkpoints for immune cell activation. 
The exact structure if the immune synapse and which mechansims that influence its formation 
are also not yet established. Concerning the NK cell immune synapse, it has been reported 
that a number of, mostly inhibitory, receptors accumulate in the synapse area.  
 
The aim of this study was to study the localization of the activating mouse NK receptor 
Ly49D in the synapse area. We wanted to answer the questions i) does Ly49D cluster in the 
immune synapse and ii) is it downregulated from the cell surface and internalized into the NK 
cell after interaction with the target cell? We also wanted to investigate the role of receptor 
signalling in these processes. The signalling of Ly49D is dependent on association with an 
adaptor protein (DAP12), which contains immunoreceptor tyrosine-based activation motifs 
(ITAMs), in its intracellular domain. In order to study the impact of receptor signalling on the 
modulation of Ly49D in the synapse, DAP12-loss-of-function mice were used, which have a 
normal receptor expression but an abrogated signal transduction. Confocal microscopy was 
used in order to visualize the effector/target cell interactions and to study the receptor 
distribution. The ligand induced modulation of the receptor was also studied by flow 
cytometry, to see if it is downregulated from the cell surface upon target cell interaction. 
 
The results show that the capacity of the NK cells to form conjugates with (pair with) its 
target cells did not seem to be influenced by DAP12 signalling. Further, Ly49D specifically 
cluster in the synapse between NK cells and CHO cells, and that this process takes place 
independently of receptor signalling via DAP12. After effector/target cell interaction, Ly49 is 
downregulated from the cell surface, in a process requiring DAP12 signalling. These results 
indicate receptor signalling is not needed until in a rather late stage in synapse formation, at 
least regarding the clustering of Ly49D, indicating that other factors than receptor signalling 
contribute to synapse formation. 
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LIST OT ABBREVATIONS 
 
 
NK cells  natural killer cells 
APC  antigen presenting cell 
IFN  interferon 
TNF  tumor necrosis factor 
KIR  killer Ig-like receptor 
ITL  Ig-like transcript 
ITIM  immunoreceptor tyrosine based inhibition motif 
ITAM  immunoreceptor tyrosine based activation motif 
DAP12  Dnax activating protein 12 
CHO  chinese hamster ovarian tumor cell line 
IS  immunological synapse 
TCR  T-cell receptor  
LFA-1  leukocyte function-associated antigen-1 
ICAM-1  intercellular adhesion molecule-1  
p-SMAC  peripheral supramolecular activation cluster  
c-SMAC  central supramolecular activation cluster 
SHP  phosphotyrosine phosphatase 
DAP12-KI   DAP12 knock-in loss of function  
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INTRODUCTION 
 
 
General introduction 
 
Most living organisms are equipped with different kinds of defence systems, which protect 
them against invading micro organisms such as bacteria, viruses and parasites. Physical 
barriers like the skin and mucous membranes are often sufficient to withstand an invasion of 
pathogens. However, every now and then the physical barriers are crossed by pathogens, 
which bring the immune system of the host into action. The immune system is very complex 
in vertebrates like mammalians, consisting of many different cell types and polypeptides 
which can act by engulfing, killing or by other means opposing the invader. The immune 
system can be divided into innate and adaptive immunity.  
 
The innate immune system provides a rapid first line of defence, and consists of soluble 
factors and cells, which can be activated within minutes or hours after the invasion of a 
pathogen. Components that belong to the innate immunity include epithelial barriers, 
circulating effector proteins and leukocytes such as Natural Killer cells (NK cells), 
macrophages and neutrophils. Phagocytes, including macrophages and neutrophils, have the 
function to identify, ingest and destroy microbes. Macrophages also produce cytokines and 
thereby stimulate inflammation and remodeling of tissues at the site of infection. NK cells are 
lymphocytes which primarily defend against intracellular pathogens, and to activate 
macrophages by secretion of cytokines such as IFN-γ (1, 2).  
 
The adaptive immune system provides a more effective and specific immune response, and 
depends on the clonal expansion of lymphocytes, with receptors that can identify and respond 
to specific antigens.  However, this delays the adaptive response, and the host has to rely on 
the innate system until the adaptive system gets fully activated. Remaining memory cells of 
the adaptive response can later provide rapid protection against re-infection. The main players 
of the adaptive immune system are antibody-producing B-cells, as well as T-cells which kill 
infected cells and activate other cells. For the initiation of the adaptive response, foreign 
antigens need to be captured and presented to lymphocytes by professional antigen presenting 
cells (APCs), such as dendritic cells, B-cells and macrophages. There are different types of T-
cells, CD4+ and CD8+, which both respond to antigens, displayed as peptides on the major 
histocompatibility complex (MHC) class II and class I respectively on APCs. CD8+ T-cells 
respond to antigens derived from the cytosol and act by direct killing of the infected cells, as 
well as cytokine production (1, 2). 
 
 
NK cells 
 
Although considered a part of the innate immune system, NK cells are the third major 
lymphocyte population. They were discovered in the 1970s, first identified as spontaneously 
cytotoxic cells with the ability to kill tumor cells in vitro, and were categorised as a new 
subpopulation of cytotoxic cells (3, 4). Developing NK cells expand in the bone marrow, and 
when developed they reside in the peripheral blood, and organs like the spleen and liver (5). 
They represent 5-15 % of the peripheral blood lymphocytes in humans (6). NK cells have the 
capacity to act against a variety of viral and bacterial infections as well as against tumor and 
allogeneic cells. NK cells are active in the rejection of bone marrow grafts in vivo (7). They 
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are important in the defence against virus infections such as orthomyxovirus (e.g. influenza 
virus), herpesvirus (e.g. murine cytomegalovirus) and picorno virus (e.g. coxackie virus) (8). 
Their killing function is executed both by direct killing of the target cells, or by secretion of 
cytokines such as IFN-γ and TNF-α, which contributes in the establishment of an 
inflammatory response (9). As mentioned, NK cells defend against intracellular microbes. 
The mechanism of cytolysis of target cells involve the release of granules, containing perforin 
that create pores in the target cell membrane, and proteases (granzymes) that enter through the 
pores and induce apoptosis of the target. Cytotoxicity can also be carried out by death ligand 
interactions (via FasL and TRAIL) (10). The definition of NK cells is based on the presence 
or absence of a number of cell surface proteins. Human NK cells are positive for CD56 and 
CD16 and negative for CD3. NK cells in most murine strains are positive for NK1.1 (11), 
whereas all strains are positive for DX5 (12), but they are all negative for CD3. NK.1.1 and 
several other NK surface proteins are also expressed by NKT cells, which are a subset of T 
cells that shares many characteristics with NK cells, and likely they are related. However, 
NKT cells express CD3, making them easy to separate from NK cells experimentally (13).   
 
 
Recognition of target cells and the “missing self” hypothesis 
 
The MHC is a set of genes that code for molecules involved in the antigen presentation. The 
MHC is crucial for adaptive immunity, but also for NK cell recognition. It is a polymorphic 
cluster of genes, which gives rise to an increased ability to present antigens from a large span 
of self molecules as well as pathogenic organisms, resulting in a better mechanism of defence. 
When a foreign antigen is loaded on the MHC of the infected cell and presented to an effector 
cell, the latter gets activated and the infected cell is killed. There are different classes of MHC 
molecules. MHC class I molecules are expressed on all nucleated cells and mainly present 
antigens derived from intracellular antigens to cytotoxic T cells. MCH class II molecules are 
expressed on professional antigen presenting cells, where they present antigen from extra 
cellular proteins for T helper cells (2).  
 
MHC can be downregulated from the cell surface of an infected cell in order to avoid T-cell 
recognition. Several viruses have evolved the ability to down regulate MHC class I on the 
surface of the infected host cell, these cells escape the recognition and killing by T cells. 
However, the defected MHC expression instead allows recognition and lysis by NK cells (14, 
15). However, some virus such as HIV, seem to have the capability of down regulating some 
parts of MHC, but leaving most of the important MHC molecules intact on the cell surface, in 
order to create a balance between escaping T cells and inhibiting NK cell lysis (16).   
 
Self MHC class I binds inhibitory receptors on NK cells. Lack of self MHC or 
downmodulation due to infection or tumor cell transformation renders the cell senstitive to 
NK cell target killing, a theory known as the” missing self” hypothesis, postulated by H.G. 
Ljunggren and K. Kärre (17). According to the “missing self” hypothesis, NK cells express 
two sets of functionally different receptors which counter act each other. On one hand, the 
inhibitory receptors recognizes MCH class I molecules and prevents the NK cell from killing 
its target. On the other hand, activating receptors recognizes for example ligands that are up 
regulated on the cell surface, upon virus infection or tumor transformation, which induces 
killing of the target. Each NK cell expresses both activating and inhibitory receptors, and the 
final outcome of the meeting between the target and the NK cell is a result of the balance 
between the two signals (fig 1). In the case of a normal healthy cell with an intact MHC class 
I expression, the inhibitory signals dominate and the cell survive, while in the case of an 
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infected cell with a defect in the MHC class I expression, the activating signals become 
stronger and NK cell lysis is initiated. In this way, the NK cells act as a complementary 
surveillance system to T cells.  
 

 

+ 

- 
NK cell Target cell

Figure 1. Each NK cell 
expresses both activating and 
inhibitory receptors; the balance 
between the two decides the 
outcome of the meeting with a 
target cell.    

 
 
 
 
NK cell receptors and signalling  
 
NK cells express and integrate signals from both in inhibitory and activating receptors.  
Human inhibitory NK receptors fall into three main families, the killer Ig-like receptor (KIR) 
family, the Ig-like transcripts (ILTs) and finally the C-type lectins NKG2A and NKG2B 
covalently bound to CD94. The human activating NK receptors include several structurally 
different groups of proteins, which all need to associate with adaptor molecules to signal. 
CD16, the first activating receptor discovered, is an IgG Fc receptor. Another group are the 
natural cytotoxicity receptors, NKp46, NKp30 and NKp44, members of the Ig superfamily. 
NKG2D is another activating receptor, a lectin receptor which is distantly related to the other 
NKG2 receptors (2). In mice, most inhibitory and activating receptors belong to the C-type 
lectin receptors and are encoded by the Ly49 family of genes (21). The inhibitory receptors 
from the Ly49 family are Ly49A, C, G2 and I, analogues to the human killer cell 
immunoglobulin-like receptors (KIR). Examples of activating mouse NK receptors are 
Ly49D, Ly49H, CD16, NKG2D and (10).  
 
Inhibitory receptors signal via a cytoplasmic immunoreceptor tyrosine based inhibition motif 
(ITIM), which is present on the intracellular part of the receptors (19). Binding of a ligand to 
the receptor results in a signalling cascade where cytoplasmic protein tyrosine phosphatases 
such as SHP-1, SHP-2 and SHIP are recruited by the ITIM. They dephosphorylate activating 
effector and adaptor molecules, and dampen activating signals (20). Down regulation of MHC 
class I and subsequent diminution of inhibitory signals thus allows activating signals to 
become dominating, which may lead to cytotoxicity or cytokine production. Activation of NK 
cells is induced via a concerted activity of several different receptors (21). Activating NK 
receptors lack ITIM, and instead signal via adaptor molecules that contain immunoreceptor 
tyrosine based activation motifs (ITAMs) in their cytoplasmic domain. When a ligand is 
crosslinked to the receptor, tyrosine residues in the ITAMs are phosphorylated, often by Src 
family kinases. This in turn leads to recruitment of the Syk or ZAP-70 cytoplasmic tyrosine 
kinases, which can bind to the phosphorylated ITAMs. These events eventually result in a 
signalling cascade and cellular activation (22).  
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One such adaptor molecule bearing an ITAM is the Dnax activating protein 12 (DAP12) (also 
referred to as KARAP), which is known to associate with several activating NK cell 
receptors, including many of the murine and human variants mentioned above. DAP12 is a 
type I transmembrane protein expressed as a disulfide-linked homodimer, with an intracellular 
domain with a single ITAM. When the receptor complex is crosslinked upon ligand ligation, 
both of the tyrosine residues within the ITAM needs to be phosphorylated, which then serve 
as docking site preferentially for Syk tyrosine kinases in murine NK cells. This triggers a 
cascade of protein tyrosine phosphorylation events, causing an increase in intracellular Ca2+, 
activates the mitogen-activated protein (MAP) kinase pathway, and induces cytokine 
production and cell-mediated cytotoxicity (23). The activating mouse Ly49D-DAP12 receptor 
and is responsible for the rejection of allogeneic bone marrow transplants that express the 
ligand H-2Dd (24), however it is still controversial if the receptor really recognize H-2Dd. The 
same receptor also mediates recognition of chinese hamster ovarian tumor cell line (CHO), 
since it recognize its MHC class I molecule Hm1-C4 (25).  
 
The mechanisms underlying NK cell activation are partly documented but much information 
still remains to be revealed, to get a better understanding of how NK cells are regulated. One 
approach to get a better understanding of these processes is to visualize the contact area 
between NK cell and target and investigate how, and in which order, inhibitory and activating 
receptors are recruited and accumulate in this area. 
 
 
The immunological synapse 
 
When NK cells scan the surface of other cells in search of proper ligands, a contact area is 
formed between the effector cell and its target, called the immunological or immune synapse 
(IS). The visualization of such interactions between immune cells and targets is a relatively 
new field, and has been made possible due to the development of high-resolution microscope 
imaging techniques. The IS was first described in terms of directed secretion of cytokines 
between T cells and antigen presenting cells (APCs) (26, 27). But what really established the 
concept of the IS, was the discovery of micrometer-sized segregated clusters of proteins at the 
intercellular contact between T cells and APCs (28). An immune synapse can be formed in a 
variety of different situations, and have several functions. Functions of the IS may include i) 
establishing checkpoints for lymphocyte activation, ii) enhancing or terminating signalling 
between cells, and balancing the relative influence of the two signals and iii) directing the 
secretion of cytokines (29). 
 
Assembly of the IS takes place in different stages, where proteins are rearranged both by 
spontaneous processes and cytoskeleton-driven mechanisms. From studies of the synapse 
between T cells and their interaction with agonistic peptide-MHC, it is known that the TCR 
(T-cell receptor)-peptide-MHC interactions first accumulate in a ring, surrounding a central 
cluster of interactions between the integrins LFA-1 and ICAM-1. The structure is called the 
immature T-cell synapse, which in a later stage inverts to form a mature IS, where the 
integrins form an outer ring, called the peripheral supramolecular activation cluster (p-
SMAC), around the TCR-peptide-MHC complexes which clusters in the central 
supramolecular activation cluster (c-SMAC) (28). In the immature cytolytic NK IS, the SH2-
domain containing phosphotyrosine phosphatase-1 (SHP-1) clusters in small areas, 
surrounded by LFA-1 (30). The mature NK IS consists of a c-SMAC of lytic granules and p-
SMAC of LFA-1 (31). A mature T cell IS is formed only when agonist peptide-MHC is 
recognized and TCR signalling is initiated (28, 32) Formation of an IS is thus not a 
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requirement for the activation of a T cell. The IS persists long after signalling has stopped 
(32). What eventually controlls the termination of the IS is not yet known. However, several 
studies suggest that there might be a correlation between promotion of the cell cycle from G1 
to S phase, and stabilization of the IS, and that cell cycle progression also may be related to 
dissociation of the IS (33). The cytoskeleton is believed to have an important role in the 
recognition of target cells by several immune effector cells.  
 
This seems to be the case in the activating NK cell IS, that is, when the balance is shifted 
towards NK activation rather than inhibition. The formation has been seen to involve a 
redistribution of cytoskeletal proteins to the intercellular contact, and inhibitors of f-actin and 
microtubules considerably reduced NK cytotoxicity (34). On the opposite, formation of 
inhibitory synapses, where KIR NK receptors induce clustering of its ligands on the target 
cells, is not affected by cytoskeletal inhibitors or ATP inhibition (35). Another possible 
mechanism that could control the organization of proteins in the IS is how the size of their 
extracellular domains influence their segregation. Correlation has been seen between the wide 
and narrow regions of the IS and the size of the extracellular domains, suggesting a 
thermodynamically driven movement of the proteins (36).     
 
 
Aim of the study 
 
Most performed studies of NK receptors in synapse formation have so far focused on 
inhibitory receptors. However, it is also of great importance to determine how activating NK 
receptors behave in synapse formation. It is still unknown if recruitment of activating 
receptors to the synapse area and maturation of the synapse is necessary for detection of virus-
infected or transformed cells. We have studied the activating mouse NK receptor Ly49D and 
synapse formation. We aimed at answering questions regarding how Ly49D is modulated in 
synapse formation.  
First of all, is specifically Ly49D recruited and clustered in the synapse area upon interaction 
with a target cell? We also wanted to examine if Ly49D is downmodulated upon interaction 
with the target cell. Furthermore, is functional receptor signalling via DAP12 required for the 
conjugation (pairing) between the effector and target cell, receptor clustering and 
downmodulation? 
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MATERIAL AND METHODS 
 
 
Mice 
 
C57BL/6 and B6-DAP12.KI (KΔY75/ KΔY75) mice were kept and bred in pathogen-free 
breeding facilities at the CIML (Marseille, France) and at the Microbiology and 
Tumorbiology Center, Karolinska Institute (Stockholm, Sweden). B6-DAP12.KI mice were 
generated as described previously (37), and bear a nonfunctional KARAP/DAP12 ITAM. 
Experiments were carried out in accordance whith intitutional guidelines for animal care and 
use. Protocols have been approved by the Committee for Animal Ethics in Stockholm, 
Sweden.  
 
Cells  
 
Chinese hamster ovary (CHO) cells expressing a hamster MHC class I like molecule Hm1-C4 
were cultivated in RPMI media (Sigma-Aldrich, Stockholm, Sweden) supplemented with 5% 
heat-inactivated fetal calf serum (FCS), 100 ug/ml penicillin/streptavidin and L-glutamine. 
NK cells were prepared from freshly isolated spleens. Spleens were homogenised in PBS, 
pelleted, and erythrocytes were lysed by resuspention of the pellet in distilled water for a few 
seconds, followed by addition of 10x PBS in order to stop lysis. 
 
Cell separation 
 
Nylon wool cell separation 
Naive NK cells were enriched to a total of 10% by removal of B-cells by nylon wool cell 
separation in the following way: NK cells were prepared from freshly isolated spleens as 
described, pelleted and resuspended in 2 ml 37˚ C complete RPMI. A small autoclaved nylon 
wool column (Becton Dickinson, Oxford, UK) was equilibrated with 50 ml RPMI, incubated 
in 38˚ C for 1 hour, and the cell suspension was loaded onto the column. After a 1 hour 37˚ C 
incubation, cells were eluted from the column via a 20g needle by adding 10 ml 38˚ complete 
RPMI. Cells were pelleted and resuspended in complete RPMI.  
 
Enrichment of NK cells using magnetic beads  
NK cells were enriched to a total of approximately 98% in the following way: NK cells were 
prepared from freshly isolated spleens as described, followed by filtration through a 70 μm 
filter. Cells were pelleted and resuspended in 45 µl MACS buffer (PBS 2 mM EDTA 5% 
FCS) per 107 cells and 5 µl anti-CD94b (DX5) MicroBeads (Miltenyi Biotec, Göteborg, 
Sweden) per 107 cells. After 15 minutes in 4˚ C, cells were washed in 10 ml MACS buffer, 
pelleted and resuspended in 3 ml MACS buffer. The cell suspension was passed through an 
equilibrated magnetic field column (Miltenyi Biotec, Göteborg, Sweden), followed by 3 
washes of the column with 3 ml MACS buffer. The column was removed from the magnetic 
field, and cells attached to the column were eluted by pushing 3 ml MACS buffer through the 
column. Cells were cultured in 10 ml Lymphokine activated killer (LAK) medium, consisting 
of Minimum essential medium eagle (α modification) supplemented with 10% FCS, 50 µM β-
mercaptoethanol, 1 M hepes buffer, 100 ug/ml penicillin/streptavidin and L-glutamine, and 
some cells were activated with 1 unit/ml IL-2 for 4 days before use. In the cases where IL-2 
expanded cells were used instead of naive cells, this was due to the necessity of a larger 
amount of cells. However, the usage of naive or activated cells is in this case not known to 
cause upregulation of the receptors.    
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Analysis of surface markers 
 
In order to analyze expression of receptors and cell markers, cell surface staining was 
performed in the following way: 3-10 x 105 spleen lymphocytes were placed in a 96-well 
plate and incubated with purified anti-mouse CD16/CD32 (clone 2.4G2) (BD Pharmingen 
Göteborg, Sweden) for 15 min on ice, in order to block unspecific binding sites. After 
washing in PBS 1% FCS, cells were incubated with the anti-mouse antibodies Ly49D-FITC, 
NK1.1-PE and CD3-PerCPCy5.5 (BD Pharmingen, Göteborg, Sweden) diluted to a final 
concentration of 5 μg/ml in PBS 1% FCS, for 30 min in darkness and on ice. All stained cells 
were washed twice in PBS 1% FCS and either put on ice, or fixed in 1% paraformaldehyde 
(PFA) diluted in PBS 1% FCS. The cells were finally analyzed by flow cytometry using a 
FACSort (Becton Dickinson, Oxford, UK). 
 
Cell labeling 
 
Labeling of CHO cells and NK cells with Cell Tracker® (Molecular Probes, Invitrogen, 
Stockholm, Sweden) was performed according to the manufacturer’s instructions. Briefly, 
CHO cells were incubated in Cell Tracker Orange diluted 1:500 in RPMI, and NK cells were 
incubated in Cell Tracker Green diluted 1:3500 in RPMI, for 30 minutes in darkness and 
room temperature. Labeled cells were washed in PBS 5% FCS, followed by two additional 
washes in PBS, and rested in complete RPMI for 1 hour at 37˚ C before use.       
 
Conjugation assay 
 
DX5-purified NK cells were stained for CD3, and in the case of generation of Ly49D+ and 
Ly49D- NK cells also for Ly49D. All CD3− cells, or CD3−/Ly49D+ and CD3−/Ly49D− cells, 
were collected by flow cytometric cell sorting and IL-2 activated for four days. Cell Tracker 
labeled NK cells and CHO cells were pelleted and resuspended in cold complete RPMI for a 
final volume of 2 x 106 cells/ml. NK cells and CHO cells were mixed in a 1:1 ratio by 
centifugation at 300 rpm for 3 min. The cells were coincubated in 37˚ C waterbath for various 
lengths of time, followed by a slight vortex, and then immediately put on ice and fixed with 
1% paraformaldehyde diluted in PBS 1% FCS. Cells were kept on ice between all the steps, 
and finally analyzed by flow cytometry using a FACSort (Becton Dickinson, Oxford, UK). 
 
Confocal staining and imaging 
 
Naive NK cells were used here, since this assay did not require vast amount of cells. Naive 
NK cells from B6 and DAP12-KI mice were enriched using DX5 magnetic beads, cells were 
stained for CD3 expression, and CD3− cells collected by flow cytometric cell sorting. NK 
cells and CHO cells were co-incubated for 20 minutes in a 1:1 ratio. Cells were fixed with 
cytofix/cytoperm for 15 minutes in 4˚ C, followed by 5 minutes in room temperature. 
Blocking of unspecific bindingsites was done by incubation with 20% goat serum for 1.5 
hours in room temperature. Cells were stained with rat anti-mouse Ly49D-FITC and mouse 
anti-mouse NK1.1-PE primary antibodies for 1.5 hours in room temperature, followed by 
staining with secondary antibodies anti-FITC Alexa 488 (Molecular probes Invitrogen, 
Stockholm, Sweden) and goat anti-mouse Alexa 633 (Molecular probes Invitrogen, 
Stockholm, Sweden) for 1.5 hours in room temperature. Cells were imaged under a 63x oil 
immersion objective using a confocal laser scanning microscope (TCS SP2; Leica, Deerfield, 
IL)/ Leica TCS SP II) equipped with aragon/krypton and helium/neon lasers using excitation 
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wavelengths of 488. True conjugates were scored as conjugates between one NK cells and 
one CHO cell at a time, in the same focal plane. Positive receptor clustering was scored as 
when Ly49D was accumulated in the synapse to 2/3rd more than NK1.1. 
   
Receptor downregulation 
 
Naive NK cells from B6 mice were enriched by nylon wool cell separation, since the 
experimental setup used here did not require pure NK cells. For the experiments with both B6 
mice and DAP12-KI cells, IL-2 expanded NK cells were used due to the necessity of a larger 
amount of cells. NK cells and CHO cells were pelleted and resuspended in complete RPMI 
for a final volume of 2 x 106 cells/ml. NK cells and CHO cells were co-cultured in a 1:1 ratio 
in 37˚C for various lengths of time and put on ice. Cells were stained for the cell surface 
expression of Ly49D, NK1.1 and lack of expression of CD3 and analyzed by flow cytometry 
using a FACSort (Becton Dickinson, Oxford, UK) (fig. 6a). 
 
Reversible receptor downregulation 
 
Naive NK cells from B6 mice were enriched by nylon wool cell separation. NK cells and 
CHO cells were pelleted and resuspended in complete RPMI for a final volume of 2 x 106 
cells/ml. NK cells and CHO cells were co-cultured in a 1:1 ratio in 37˚C for 4 hours and left 
on ice over night. CHO cells were removed by FACS cell sorting according to size, followed 
by 4 hour incubation of the NK cells in 37˚C. Cells were stained for the cell surface 
expression of Ly49D, NK1.1 and lack of expression of CD3 and analyzed by flow cytometry 
using a FACSort (Becton Dickinson, Oxford, UK). 
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RESULTS 
 
We established a model system, based on in vitro co-incubation of naive or activated NK cells 
and CHO cells. NK cells utilized were taken from the spleens of B6 control mice and DAP12-
KI mice (fig. 2). Usage of the DAP12 loss-of-function mouse model, in which DAP12 
signalling is disrupted, allowed us to test if signalling was required for the processes studied. 
DAP12 knock-in (DAP12-KI) mice bear a non-functional ITAM and thus have an abrogated 
signal transduction. These mice make up a very useful tool to study the role of receptor 
signalling when NK cells are challenged in different ways, since NK cells are still present in a 
normal level in these mice, and their repertoire of receptors, including Ly49D, is intact (37). 
 

 

ITAM 

DAP12 

- -

Y
Y

Y
Y

Ly49D 

+

DAP
12 

R 

CHO 
cell NK 

cell 

DAP
12 

R 

CHO 
cell NK 

cell 

C57BL6 

DAP12-/- 

Figure 2. Experimental setup. 
Mice utilized in the 
experiments consisted of 
C57BL6 (B6) control mice 
with functional receptor 
signalling, and DAP12-KI 
mice with non-functional ITAM 
and thus abrogated signal 
transduction. 

 
 
Conjugation between NK cells and CHO cells  
 
The formation of conjugates between NK cells and target cells is affected by various factors, 
such as integrins like LFA-1. It has been reported that inhibitory receptors can interrupt this 
process (38). However, the role of activating receptor signalling in the formation of 
conjugates between effectors and targets is not clear. Here, we investigated if Ly49D/DAP12 
signaling is involved in conjugate formation between NK cells and CHO cells expressing a 
ligand for Ly49D. This was done by analyzing if the frequency of conjugation between NK 
cells and CHO cells is affected by absence of signalling through DAP12. NK cells from B6 
and DAP12-KI mice and CHO cells were labelled and conjugation assay was performed, 
followed by analysis of the number of conjugates by flow cytometry. No significant 
difference could be seen in the frequency of conjugation with CHO cells when comparing B6 
and DAP12-KI NK cells (fig. 3).   
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Figure 3. No significant difference in conjugation between B6 and DAP12-KI mice and their target 
cells. IL-2 activated cells from B6 and DAP12-KI mice and CHO cells were labelled with green and 
orange, followed by conjugation assay andanalysis by flow cytometry. (a) All living cells were gated, 
and (b) populations of NK cells (X-axis) and CHO cells (Y-axis) were analyzed to determine the 
percentage of NK cells that had formed conjugates with CHO cells (c). The percentage of NK cells in 
conjugate with CHO cells are calculated as the upper right square divided by the sum of the upper 
and lower right squares. The results shown are derived from one experiment and are representative 
for 4 independent experiments with similar results.  
 
 
Mouse NK cell mediated killing of target cells is heavily dependent on Ly49D (39). However, 
it is not known whether Ly49D affects the conjugation with target cells.  
In order to determine the relative influence of the expression of Ly49D on the NK cell’s 
ability to form conjugates with their target cells, we compared the frequency of conjugation 
between Ly49D+ and Ly49D- NK cells from B6 mice with CHO cells. The results showed no 
significant difference between Ly49D+ and Ly49D- cells in their frequency of conjugation 
with CHO cells (fig 4a). In order to ensure that the activated cells had stayed positive 
respectively negative for Ly49D, control staining of the IL-2 activated cells was done, which 
confirmed the correct phenotypes of the Ly49D- NK cells (fig. 4b) and Ly29D+ NK cells (data 
not shown). 
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Receptor clustering in the synapse  
 
We investigated if the mouse NK receptor Ly49D specifically accumulates in the synapse 
upon interaction with CHO cells, which express strong activating ligands for the receptor. We 
also examined if receptor signalling via DAP12 signalling is required for the clustering. The 
distribution of Ly49D was compared with NK.1.1, an activating receptor with no known 
ligand on CHO cells, in order to se if clustering of Ly49D would be ligand specific and not 
just due to membrane assembly. The preliminary results indicated that Ly49D clusters in the 
synapse between the NK cell and target cell. Clustering occurred both in B6 and DAP12-KI 
mice, indicating that DAP12 signalling is not required for the induction of clustering of 
Ly49D in the synapse area. As expected, NK1.1 did not cluster in the synapse (fig. 5).    

Figure 4.  No significant difference in conjugation with CHO cells between Ly49D+ and Ly49D- 
NK cells.  (a) Purified IL-2 activated Ly49D+ and Ly49D- NK cells from B6 mice were labelled 
and conjugation assay was performed, followed by FACS analysis. Cells were gated and analysed 
in the same way as in figure 3. (b) Control staining confirming the lack of Ly49D expression on 
the cell surface of Ly49D- cells. The X-axis shows the Ly49D expression and Y-axis shows the 
CD3 expression.  
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Figure 5. Ly49D clusters in the synapse independently of DAP12 signalling. Purified naive B6 and 
DAP12-KI NK cells and CHO cells were co-incubated followed by confocal staining.   Images were 
taken by laser-scanning confocal microscopy. (a) Ly49D cluster in the synapse to the same extent in 
B6 and DAP12-KI NK cells.Thirty conjugates with B6 NK cells and 27 conjugates with DAP12-KI NK 
cells were analysed. (b) Receptor expression of NK cells visualized by staining of Ly49D (green) and 
NK1.1 (red). (c) Intercellular distribution of Ly49D (green) and NK1.1 (red) at the contact between 
one NK cell and one CHO cell. Ly49 specifically cluster in the synapse between NK cell and CHO cell 
on both B6 and Ly49D-KI NK cells. Images shown are derived from one experiment and are 
representative for two independent experiments with similar results.   
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Receptor downregulation 
 
One of the possible functions of the synapse may be to promote the downregulation of 
accumulated receptors. One function of the downregulation of receptors could be to influence 
the signaling of the NK cell, leading to enhanced killing of the target cells. Thus, we here 
wanted to investigate if and how Ly49D is downregulated from the cell surface, and if this 
requires DAP12 signalling.  
 
The first aim was to find out if the receptor is downregulated upon target cell interaction, and 
if so, what is the kinetics for this process. The results showed that Ly49D is downregulated 
after interaction with CHO cells. The reduced MFI indicates that Ly49D is down-modulated 
from the cell surface, and that this downregulation starts after around 30 minutes of co-
culture, and continues after 4 hours of co-culture (fig. 6b).   
 
We next investigated if downregulation is dependent on DAP12 signalling. The results 
indicated that functional DAP12 signalling is required for the downregulation of Ly49D upon 
effector-target cell interaction. After 45 minutes of co-culture, the cell surface expression of 
Ly49D (measured as MFI) was similar in the B6 and DAP12-KI NK cells. After 4 hours, the 
expression of Ly49D was reduced over 80% on B6 NK cells, but only reduced to 23% on 
DAP12-KI NK cells (fig 6c). Similar experiments were performed using naive NK cells with 
similar results (data not shown).  
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Figure 6. The reduced Ly49D 
expression in NK cells is 
dependent on DAP12 signalling. 
Naive NK cells and CHO cells 
were co-incubated (1:1) in 37˚C 
and stained for Ly49D, NK1.1 
and CD3. (a)Flow cytometric 
analysis: Cells within the 
lymphocyte gate were plotted in 
a dot plot, and NK1.1+CD3- cells 
were gated and analysed in a 
histogram plot for Ly49D cell 
surface expression, indicatwed 
by the Mean Fluorescence 
Intensity (MFI). M1= cells with 
normal Ly49D expression, 
M2=Cells with reduced Ly49D 
expression, M3=All Ly49D 
positive cells  (b) 
Downregulation of Ly49D from 
the surface of the NK cell is 
started after approximately 30 
minute co-culture, and after 4 
hours the receptor is highly 
downmodulated. Each column 
shows the mean value of 4 
independent experiments. (c) 
Ly49D is downregulated to a 
much lower extent in cells with 
abrogated DAP12 
signalling.Data shown are 
derived from one experiment 
representative out of two. 
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We wanted to examine if the downregulation of the Ly49D is reversible; if the cell surface 
expression of the receptor is restored when the target cells are removed. The cell surface 
expression of Ly49D increased when CHO cells were removed, indicating that the down 
regulation of the receptor from the cell surface is reversible (fig. 7). 
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Figure 7. Downmodulation of the Ly49D 
expression from the cell surface is 
reversed when CHO cells are removed. 
Enriched naive NK cells and CHO cells 
were co-incubated 4h, followed by removal 
of CHO cells and a 4 h additional 
incubation of the NK cells. Results show 
the mean value of two independent 
experiments.  
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DISCUSSION 
 
 
We have here investigated the modulation of the activating mouse NK receptor Ly49D in the 
cytolytic immune synapse between NK cells and target cells, and the role of functional 
receptor signalling via DAP12 in this process. The frequency of conjugation between NK 
cells and target cells was not affected by Ly49D signalling via DAP12. Upon target cell 
interaction, Ly49D clusters in the synapse area independently of DAP12 signalling. However, 
after effector-target cell interaction, Ly49D is downmodulated from the cell surface in a 
process requiring functional DAP12 signalling.   
 
During the course of our experiments, initial data from confocal microscopy experiments 
indicated that NK cells with an abrogated DAP12-signalling form fewer conjugates with CHO 
cells than normal NK cells do. By analyzing the amounts of conjugates formed between 
normal NK cells or DAP12-KI NK cells and CHO cells, we established that DAP12 signalling 
did not affect the ability of the NK cells to form conjugates with its target cells. This was 
important in order to verify that the conjugates between the effector and target cells that we 
observed when using DAP12-KI NK cells were representative data and not rare events.  
Further, we wanted to investigate the impact of the cell surface expression of Ly49D on the 
NK cell’s potency to form conjugates with the target cells. We found that Ly49D+ and 
Ly49D- cells formed conjugates with CHO cells to the same extent, indicating that there were 
other NK receptors involved in conjugation, and that expression of Ly49D is not crucial for 
this process. However, this was only investigated for normal NK cells, and it would be even 
more interesting to se whether the outcome would be the same for DAP12-KI NK cells. A 
reduced conjugation for Ly49D+ DAP12-KI NK cells would explain the confocal microscopy 
observations of fewer conjugates between DAP12-KI NK cells and CHO cells.  
 
It has previously been reported that human inhibitory NK receptors (KIR) cluster in the 
immune synapse, as well as the activating receptor NKG2D (29). We now show that also 
Ly49D cluster in the immune synapse between NK cells and ligand sepressing target cells. 
Ly49D was concentrated in the contact area between the NK cell and the target cell to a much 
higher extent than NK1.1, an activating receptor with no ligand on the target cell. Thus, the 
clustering of Ly49D was specific. Further, no difference in the extent of receptor clustering 
could be seen when comparing normal NK cells with DAP12-KI NK cells, indicating that 
clustering of Ly49D in the synapse was not dependent on DAP12 signalling.  
 
If receptor signalling is not important for clustering in the synapse, one can speculate which 
other possible mechanisms that might influence the clustering of Ly49D. There is evidence 
that the mechanisms regulating how proteins are arranged in the IS includes both 
cytoskeleton-driven mechanisms and spontaneous processes. It has been reported that 
cytoskeletal proteins are redistributed to the intercellular contact when the activating NK cell 
IS is formed, and that inhibition of f-actin and microtubules significantly reduces NK 
cytotoxicity (40). Thus, it would be of interest to investigate whether the clustering of Ly49D 
in the synapse is affected by the addition of cytoskeletal inhibitors. Another process 
associated with the formation of the activating NK cell IS, is polarization of lipid rafts in the 
synapse area (41). Lipid rafts facilitate cellular processes such as immune cell signalling and 
are important in NK cell activation and cytotoxicity, by for example facilitating the function 
of the activating human NK receptor 2B4 (42). It is therefore possible that also Ly49D is 
associated with lipid rafts and that the recruitment of the receptor would be affected if this 
association in disrupted, which would be another aspect of the problem to address. An 
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additional possible mechanism that may control the organization of proteins in the synapse, is 
how the size of the protein’s extracellular domain influences its segregation in the synapse 
area. Correlation has been seen between the wide and narrow regions of the IS, and the size of 
the extracellular domains, suggesting a thermodynamically driven movement of the proteins 
(36). Thus, thermodynamics may also contribute to the clustering of Ly49D in the synapse.  
The early signalling of ITAMs involves recruitment of the Src kinase Lck to the synapse. Lck 
is involved in the early downstream signalling of ITAM, by coupling tyrosine kinases Syk and 
ZAP-70 to the receptors. Under resting conditions Lck is present in an inactive form, which is 
converted to an active form when implicated in signalling (29). To confirm that DAP12 
signalling is not needed for Ly49D-clustering, one possibility is to observe the active form of 
Lck in the process of synapse formation, in order to determine whether it accumulates in the 
synapse in absence of receptor DAP12 signaling while receptor clustering still occurs. 
Alternatively, Lck-inhibitors could be added in order to verify that this does not affect 
clustering. However, these speculations are not within the scope of this study.       
 
The results indicate that Ly49D is downmodulated from the cell surface after interaction with 
the target cell. After around 30 minutes of co-incubation with CHO cells, MFI of Ly49D is 
partly reduced, and after approximately 4 hours the receptor expression on the cell surface is 
reduced to a large extent. After 8 hours of co-incubation, the receptor is downregulated even 
further (Sjölin, unpublished data). When co-incubated with CHO cells, DAP12-KI NK cells 
downregulated Ly49D to a much lower extent than B6 NK cells did, suggesting that 
downregulation of Ly49D requires functional DAP12 signalling. This is on the opposite to 
what has been reported for the constitutive internalization of receptors such as the inhibitory 
human NK receptor CD94/NKG2A, which seems to take place independently of functional 
signalling (43). Consequently, the observed downmodulation of Ly49D does not seem to be 
the matter of a constitutive downmodulation, but rather an activation induced downregulation. 
It is however still uncertain if the downmodulation is an active process requiring ATP, which 
could be tested by the addition of ATP-inhibitors. The signalling-dependent downregulation 
of Ly49D was also in line with reported observations regarding another activating receptor, 
NKG2D. It has been shown that NKG2D-dependent cytotoxicity in NK cells decrease due to 
ligand-induced receptor downmodulation, and that this modulation of NKG2D is at least 
dependent on functional signalling via its adaptormolecule DAP10 (44).  
 
Our observations suggest that the downregulation in cell surface expression of Ly49D is a 
result of internalization of the receptor into the cytoplasm, and not degradation. In order to 
verify that degradation of the receptor in lysosomal compartments is not involved in the 
process, downregulation of the receptor could be examined in cells treated with lysosome 
inhibitors such as chloroquine. Internalization of receptors can either be mediated by clathrin-
dependent or clathrin-independent mechanisms. If Ly49D is indeed internalized, it could be 
determined which of these two mechanisms are used here, by investigating the effect of the 
addition hypertonic medium, since this would inhibit clathrin-dependent endocytosis.   
 
It has earlier been reported that various immune effector cells, including NK cells, can acquire 
proteins from target cells and antigen presenting cells (45, 46). It is possible that also 
activating receptors such Ly49D can acquire antigen from the target cells, as well as being 
transferred itself to the target cell. If the ligand is shed from CHO cells and transferred to 
Ly49D upon target cell interaction, this could cause blocking of the receptor which 
incorrectly could be interpreted as a downregulation of the receptor. Breakage of receptor-
ligand interactions before staining of the receptor would be a way to prevent such masking of 
the receptor, and ensure that we observe a true downregulation. This could be accomplished 
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by acid wash of the cells prior to receptor staining, where the pH is lowered for a short time in 
order to break the interactions between ligands and receptors. The possible transfer of the 
ligand is also another aspect which could be added to our imaging of the interactions between 
NK cells and CHO cells. It would be highly interesting to elucidate if such ligand transfer 
takes place, by staining for and observe the ligand modulation in the synapse.  
 
The downmodulation of Ly49D was shown to be a reversible event, since the Ly49D 
expression was recovered when NK cells were further cultured in the absence of ligand-
bearing cells. This is consistent with numerous reports where NK cell cytotoxicity was 
decreased upon exposure to target cells, followed by rescue of the cytolytic activity upon 
further culture in the presence of activating cytokines (47). Hence, there could be a correlation 
between receptor downmodulation and decrased activation and cytotoxicity. The function of 
the receptor downmodulation could therefore be interpreted as a way to dampen activation of 
the NK cell. If the interaction between receptors and ligands is prolonged, this may 
desensitize the NK cells, which in the long run would make them functionally anergic. 
Downmodulation of activating receptors would thus prevent the NK cells from entering an 
anergic state. 
 
The purpose of the downregulation of the receptor could be to attenuate activating signals to 
the NK cell, or to promote signalling and activation of the NK cell. Concerning the T cell 
synapse which has been more extensively studied, it has been suggested that the mature IS 
allows the clustering of TCR and thereby promote sustained T cell signalling for many hours.  
However, it has been reported that T cell activation begins and signalling reaches its peak 
before a mature T cell immune synapse is formed (48), which indicates that signalling for 
many hours is not required for T cell activation. According to the authors, this indicates that 
the IS is involved in TCR downregulation and endocytosis, rather than in T cell signalling and 
activation. Another report has shown that TCR clustering has a specific role in T cells which 
have TCRs with low affinity for their ligands, where the role of the synapse would be to 
integrate and thereby reinforce T cell signalling and T cell activation. In contrast, the synapse 
would not be involved in signalling and activation for T cells with high affinity-TCRs (49). 
One more hypothesis concerning the role of the IS that exclude cell signalling and cell 
activation, is that the IS primarily is necessary for polarized secretion of cytokines (50).  
 
To conclude, the present study contributes to the overall understanding of NK cell synapse 
formation, especially the role of functional receptor signalling in this process. The results 
show that the activating NK cell receptor Ly49D clusters in the immune synapse 
independently of functional receptor signalling via DAP12. Further, the ability of the NK cell 
to conjugate with its target cell does not seem to be affected by the presence or absence of 
DAP12 signalling. However, after target cell interaction, Ly49D is downmodulated from the 
cell surface in a DAP12-dependent manner. This indicates that receptor signalling is not 
required until in a rather late stage in the synapse formation process, at least regarding the 
receptor modulation of Ly49D. The process of clustering of Ly49D in the synapse might 
instead be passive or driven by other signalling receptors. Further studies of activating and 
inhibitory receptors in the synapse will increase the understanding of how NK cell 
cytotoxicity is regulated. By gaining knowledge about how signalling pathways from 
activating and inhibitory receptors are integrated in the synapse, this may lead to new 
approaches in how to modify NK cells, in order to increase their defence against virus 
infected or tumor transformed cells.   
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