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Abstract 

 

NK cells are effector cells of the innate immune system that are thought to play key roles in 

fighting viral infections and in tumor immune surveillance and eradication. It is shown that 

the effector functions of NK cells in patients with hematological malignancies are impaired 

and a correlative study have demonstrated a relationship between low NK cell cytotoxicity in 

blood and increased risk of malignancy. Several mechanisms explaining these defects have 

been proposed, amongst them down-regulation of NK cell surface receptors and defects in 

integration of  intracellular signalling pathways. The aim of this study was to establish a 

protocol for phospho-flow cytometry to be used on frozen samples of PBMC and then utilize 

this protocol in the investigation of intracellular signal transduction in NK cells from pediatric 

leukemia patients. 

The protocol outlined in this paper has proven succesful in preparing frozen PBMC for 

analysis using phospho-flow cytometry. We have demonstrated that NK cells can be 

stimulated using anti-CD16 antibodies, stained with antibodies against intracellular 

phosphoepitopes and then permeabilized in order to evaluate intracellular phosphorylation 

states. This study includes four pediatric leukemia patients, each diagnosed with either AML, 

B-ALL or T-ALL. Though the patient population is small, our data does indeed suggest that 

there might be a decreased level of intracellular phosphorylation in CD16 stimulated NK cells 

in certain pediatric leukemia patients in comparison to healthy controls, thus supporting the 

existing evidence that NK cell functions are defective in these patients. 
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ADCC  antibody-dependent cellular cytotoxicity 

ALL  acute lymphoblastic leukemia  

AML  acute myeloid leukemia 

CD  cluster of differentiation 

DNAM-1  DNAX accessory molecule 1 

FasL  Fas ligand 

LFA-1  leukocyte function-associated antigen type 1 

IL  interleukin 

ITAM   tyrosine-based activating motif 

ITIM  tyrosine-based inhibitory motif 

KIR  killer cell immunoglobulin-like receptor 

MHC  major histocompatibility complex  

MFI  median fluorescent intensity 

NCR  Natural cytotoxicity receptors 

NK cells  natural killer cells  

NKG2  natural killer group 2 

NKp46  natural cytotoxicity receptor 1 

NKT cells  natural killer T cells 

PBMC  peripheral blood mononuclear cells 

TGF-β  transforming growth factor beta 

TRAIL  TNF-related apoptosis inducing ligand 

TNF  tumor necrosis factor 

ULBP  UL-16 binding protein



 1 

Introduction 

 

NK cells are effector cells of the innate immune system that are thought to play key roles in 

fighting viral infections, in tumor immune surveillance and eradication, as well as in 

homeostatic processes such as placental development and uterine remodelling. It is shown that 

the effector functions of NK cells in patients with hematological malignancies are impaired (1, 

2), and a correlative study have demonstrated a relationship between low NK cell cytotoxicity 

in blood and increased risk of malignancy (3). Several mechanisms explaining these defects 

have been proposed, amongst them down-regulation of NK cell surface receptors, defects in 

integration of  intracellular signalling pathways,  production of the suppressive cytokine 

transforming growth factor β (TGF-β) by tumor cells, and proteolytic shedding of soluble 

ligands for several activating NK cell receptors by tumor cells (1,4,5).  

 

The aim of this study was two-fold: to establish a protocol for phospho-flow cytometry to be 

used on frozen samples of PBMC, and once established, to utilize the protocol in the 

investigation of intracellular signal transduction in NK cells from pediatric leukemia patients. 

Discovering how NK cells are modulated by the leukemic blasts could lead to potentially 

novel insights into how NK cells may be re-activated to overcome the suppressive micro-

environment of the cancer cells. 

 

NK cells - a brief overview 

Described for the first time more than 40 years ago, NK cells were first discovered by their 

ability to recognize and induce spontaneous apoptosis in tumor cells without any prior antigen 

exposure (6). Studies demonstrated their capability to kill tumor cells that were lacking MHC 

class 1 surface molecules, but at the same time spare tumor cells that were expressing these 

molecules (7). Healthy cells express MHC-I molecules on their surface, whereas tumor cells 

and cells subjected to for instance viral infections adapt by reducing the number of MHC-I 

molecules on their surfaces, thus attempting to escape CD8
+
 T cells. As proposed by 

Lundgren and Kärre in the "missing self hypothesis", an alteration of expression or absence of 

MHC-I molecules on the surface of target cells would render them susceptible to attack by 

NK cells. NK cells are therefore able to discriminate between "self" and "non-self" through 
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monitoring of MHC-1 expression on the cell surfaces and thus avoid killing of healthy 

autologous cells (7). 

As effector cells of the innate immune response, NK cells express their actions through 

inducing apoptosis in target cells through granzyme B and perforin-mediated apoptosis, as 

well as via expression of FasL and TNF-related apoptosis inducing ligand (TRAIL) (8). 

Furthermore, through the secretion of various cytokines and chemokines, NK cells are 

capable of exerting regulatory control by influencing T-cell responses. This holds true 

especially for T-helper 1 cells (Th1). The different functions of NK cells are influenced by 

several cytokines such as IL-2, IL-15, IL-12 and IL-18, but also through interactions with a 

host of other immune cells such as macrophages, dendritic cells and mesenchymal stromal 

cells (9). 

 

Differentiation and maturation 

NK cells are large, granular lymphocytes that belong to a subgroup known as innate lymphoid 

cells, ILCs, that develop from hematopoietic stem cells in the bone marrow (10). The 

differentiation from stem cells to mature and fully differentiated NK cells may be divided into 

distinct stages, characterized by different expression of various surface markers, amongst 

them CD34, CD117, CD94, CD16 and CD56. The majority of fully differentiated human NK 

cells are CD14(−)CD19(−)CD3(−)CD16(+/-)CD56(+)NKp46(+)  (11). Approximately 90% 

of these cells express intermediate levels of CD56 (CD56
dim

),  and are highly cytolytic. The 

remaining 10% express higher levels of CD56 (CD56
bright

), lack CD16, and are generally less 

cytolytic in nature and mediate their actions mainly through production of immunoregulatory 

cytokines (8). The latter subset is viewed as less mature and is stationary in lymphoid organs. 

(12). 

 

Activation of NK cells 

Whereas the NK cells’ capability to differentiate between "self" and "non-self" was explained 

by the "missing self" hypothesis, there were no proof as to how NK cells were activated upon 

encounter with MHC-I negative tumor cells. In contrast to B cells and T cells, NK cells do not 

possess a single receptor through which antigen responses are directed. Research has 

demonstrated the presence of both activating and inhibitory receptors on the surface of NK 
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cells through which their effector functions are regulated (13). The relationship between 

activity of activating and inhibitory receptors on the NK cells regulate their activity and the 

magnitude of effector responses. In a resting state, the signals from the inhibitory receptors 

largely dominate whilst ligand binding to the activating receptors is low or absent, and thus 

the cells remain tolerant (14). However, once the threshold of activating signals exceeds those 

of their inhibitory counterparts, NK cells are able to mount productive effector response 

against their target cells (15.). 

  

 

Inhibitory NK cell receptors 

 

NK cells express a vast array of inhibitory receptors on their surface that play key roles in 

their level of activation. Some of these receptors are MHC-I specific, whereas others are non-

specific and bind non-MHC ligands. In humans, the majority of these inhibitory receptors 

belong to subgroups called killer cell immunoglobulin-like receptors (KIR), the 

CD94/NKG2A receptor and, leukocyte immunoglobulin-like receptors (LILRs)  (16).  

 

Both inhibitory KIRs and the CD94/NKG2A receptors contain tyrosine-based inhibitory 

motifs (ITIMs) within their cytoplasmatic region. The ligands of the NKG2A receptors are 

HLA-E molecules (17). After binding of their respective ligands, ITIMs are phosphorylated 

by tyrosine kinases of the Src family that ultimately leads to docking of phosphatases such as 

SHP-1, SHP-2 or SHIP to the receptors (18).  Recruitment of these phosphatases results in 

dephosphorylation of  substrates that are important in downstream signaling for NK cell 

activation, which subsequently results in reduced proliferation, reduced cytokine production 

and less degranulation of the NK cells. 

 

Activating receptors 

 

In contrast to T and B cells, which possess a single specificity antigen receptors that regulate 

their activation and development with help from several co-stimulatory molecules, NK cells 

rely on an array of activating receptors that in various combinations seem to regulate and 

initiate their effector functions. Amongst these receptors are CD16, the natural cytotoxicity 

receptors (NCRs; NKp30, NKp44, NKp46), DNAM-1, NKG2D, some receptors of the KIR 
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receptor family, and CD94/NKG2C/E. Studies have demonstrated that cross-linking of 

several activating NK receptors at the same time resulted in increased cytolytic activity and 

cytokine production. However, none of the receptors except CD16 are able to elicit these 

responses on their own (18). This suggests that there is an additive effect of binding to several 

activating receptors simultaneously, and that this clustering of receptors results higher levels 

of activation and stronger effector responses.  

 

DNAX accessory molecule-1 (DNAM-1) 

 

Expressed on the majority of T cells and NK cells, this receptor seems to play a key role in 

NK cell adhesiveness through interaction with leukocyte function-associated antigen type 1 

(LFA-1). Tumor cells express its ligands CD112 and CD155, and their association with the 

DNAM-1 receptor enhance NK cell mediated killing of tumor cells (19). These ligands are 

not usually expressed in normal cells, but their levels are up-regulated in response to cellular 

stress and malignant transformation (20). 

 

 

NKG2D 

 

The NKG2D receptor interacts with MHC-class I like molecules that are induced on target 

cells in response to cellular stress. In humans, these ligands are MIC-A and MIC-B (MHC 

class I molecular chain family), as well as proteins from the ULBP-family (UL-16 binding 

proteins) (21). NKG2D is a transmembrane-anchored glycoprotein that associate with an 

adaptor molecule, DAP-10, that elicit an intracellular response. DAP-10 contains a signaling 

motif that, when phosphorylated, binds a subunit of phosphoinositide 3-kinase (PI3K) to elicit 

downstream signaling (15). Upon stimulation of the NKG2D receptors, its ligands stimulate 

strong cytolytic responses in NK-cells, and to a lesser extent also in CD8+ cytotoxic T-cells 

and in subsets of NKT cells that express this receptor (21).  
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Killer immunoglobulin-like receptors (KIR) 

 

KIRs  may either inhibit or activate NK cells after engagement with specific MHC-I  ligands. 

These receptors are classified as either KIR2D or KIR3D, dependent on whether they possess 

two or three extracellular immunoglobulin domains (22). Activating and inhibitory KIRs 

differ in their structure and have different cytoplasmatic signaling motifs : the activating KIRs 

have a short region that contains a transmembrane lysine residue, whereas the inhibitory KIRs 

has a long cytoplasmatic region that contains two ITIMs. The transmembrane lysine residue 

of the activating KIRs is responsible for the interaction with DAP12, an adaptor protein that 

contains tyrosine-based activating motifs (ITAMs) domains. Upon stimulation of the 

activating KIRs, tyrosines in these ITAM domains are phosphorylated by kinases of the Src-

family, thus transmitting the signal downstream (15). 

 

 

CD16 

 

The CD16 receptor is present on essentially all CD56
dim

  NK cells in the circulation. It binds 

the Fc-region of antibodies that elicits a response termed antibody-dependent cellular 

cytotoxicity (ADCC). Ligation of the receptor initiates a strong activatory signal that 

overrides the effect of the inhibitory receptors and the inhibitory KIRs in particular (23). 

CD16 binds covalently to a cytoplasmatic adaptor molecule called CD247, which in turn 

initiates recruitment of kinases of the Syk family and thus initiates downstream signaling. The 

net result is degranulation of secretory lysosomes and increased cytokine production (12).   

 

 

Natural cytotoxicity receptors (NCR) 

 

The NCRs belong to the superfamily of immunoglobulin receptors and include NKp30, 

NKp44 and NKp46. They are all activating receptors that are important in recognition and of 

tumor cells, both also in recognition of virus infected cells (24). Whereas NKp44 is mainly 

expressed by activated NK cells, NKp46 is expressed on all human NK cells. NKp30 may be 

present on both resting and activated NK cells (24). 
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Leukemia 

 

Leukemias are a type of hematological malignancies arising from certain white blood cell 

populations within the bone marrow. They may develop from either the myeloid or lymphoid 

lineages, thus named myeloid or lymphoid leukemia. In addition, they are classified as either 

acute or chronic dependent on their rate of progression. Whereas the chronic leukemias are 

most prevalent in elderly, the acute forms are amongst the most common malignancies in 

children, comprising approximately one third of all childhood malignancies. The most 

prevalent type is acute lymphoblastic leukemia (ALL), accounting for approximately 75% all 

pediatric leukemias. Of these, 85% develops from blasts the B-cell lineage and thus termed B-

ALL, whereas and the remaining 15% stem from the T-cell lineage and are called T-ALL. 

 

It is well established that NK cell function is impaired in patients with hematological cancers 

(1,2). Most human tumor cells exhibit an alteration of HLA class I phenotype. As far as 

leukemias are concerned, a deficient HLA class I expression has been described in several 

studies (25). There has been demonstrated a correlation between low expression of activating 

receptors at time of diagnosis and low NK cell effector function, with increased risk of relapse 

in patients with leukemia. NK cells in AML patients, but also variably in ALL-patients, 

express low levels of the activating receptors NKG2D, DNAM-1, NKp46 and NKp30 (25, 26). 

Multiple studies have also shown a reduced expression of the NKG2D receptor also in CD8+ 

T-cells in cancer patients (14). The reduced NKG2D expression is thought to be mediated by 

TGF-β. TGF-β may influence NK cell inhibition in several ways, though a recent study 

suggests that its main action may be through the mTOR signaling pathway (5). It has also 

been proposed that NK cells may adhere to fibroblasts in the bone marrow, thus competing 

with myeloid blasts and in such a way inhibit leukemic cell growth in AML (27). 

 

 

Phospho-flow cytometry 

 

Although flow cytometry has been used in basic, clinical and translational research for quite 

some time, ex vivo phenotypic and functional studies of NK cells were made easier upon 

application of multi-color flow cytometry. This method has also in recent years been extended 

to involve recognition of intracellular phospho-epitopes to investigate magnitudes of 

intracellular signaling (28). Phospho-flow is a quantitative method in which the fluorescence 
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intensity of different cell populations are compared through application of phospho-specific 

antibodies that exclusively binds to intracellular phosphoepitopes when phosphorylated at 

certain sites (29). Due to its ability to measure multiple phosphorylation states on single cell 

level, phospho-flow cytometry is advantageous in comparison to standard biochemical 

techniques such as Western blotting (30).  

 

Materials and methods 

 

The main methods used for this study includes preparation of PBMC from full blood and 

multi-parameter flow cytometry. Blood samples were obtained by informed consent from 

children diagnosed with acute leukemia at the Division of Children, Oslo University Hospital 

(REK no.: 2013 1866). Blood samples from healthy controls were obtained from volunteers 

amongst the staff at the Department of Immunology, Oslo University Hospital, Rikshospitalet 

REK no. 2012 1452).  

As the sample size obtained from pediatric leukemia patients are too limited to carry out 

traditional biochemical analysis, we opted to use phospho-flow to investigate intracellular 

signalling transduction in NK cells from these patients compared to healthy controls. Also, as 

blood samples from patients are obtained very infrequently, PBMCs were separated and 

frozen upon receiving the samples, and stored until later use for phospho-flow analysis. 

Therefore, a protocol for using phospho-flow on frozen samples of PBMC needed to be 

established and optimalized.   

 

Adapting  the phospho-flow protocol 

As mentioned earlier, there is a consensus that NK cell function is impaired in patients with 

hematological cancers. In order to investigate whether there is a difference in intracellular 

tyrosine kinase activity in activated NK cells in these patients versus heathy controls, a 

protocol for fixation, stimulation, permeabilization, and both intra-and extracellular staining 

was developed to prepare the NK cells prior to analysis using flow cytometry. The protocol 

was adapted to being used on frozen samples of PBMC. 

Whole blood samples were collected in heparin-tubes and then PBMCs were isolated using 

Lymphoprep™ in accordance with the manufacturer’s instructions.  PBMCs were washed and 
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resuspended in a freezing medium containing fetal bovine serum and DMSO, and then viably 

frozen in liquid nitrogen. Prior to stimulation, frozen PBMCs were thawed on a water bath 

and then rested at 37°C to minimize baseline phosphorylation levels.. Stimulation of NK cells 

were achieved utilizing biotinylated antibodies against the CD16 surface receptor, and then 

cross-linking through addition of a pre-warmed streptavidin solution. This cross-linking 

results in clustering of the activating CD16 receptors and hence activation and intracellular 

phosphorylation of signaling proteins by tyrosine kinases. One sample per donor was left 

unstimulated in order to establish baseline phosphorylation levels and thus also serve as a 

negative control. The phosphatase inhibitor pervanadate was used as a positive control of the 

maximal level of stimulation. Appropriate timeframes for stimulation were tested through 

several experiments, with one minute proving to be optimal. Stimulation was done indirectly 

in a two-step process where anti-CD16 antibodies were first incubated with the cells on ice 

and then stimulated with streptavidin on a water bath at 37°C for one or five minutes.  

Fixation and permeabilization was achieved using BD Phosflow™ Lyse/Fix Buffer  and BD 

Phosflow™ Perm/Wash Buffer I respectively. Staining of intracellular and surface epitopes 

was carried out in separate steps as described in the protocol outline.  

 

Antibody staining strategy 

 

In order to identify and separate subgroups of leukocytes using flow cytometry, antibodies 

against different surface receptors were used. Anti-CD56 and anti-CD3 antibodies was used to 

distinguish between T cells (CD3
+
CD56

-
) and NK cells (CD3

-
CD56

+
), whereas anti-NKG2A 

and anti-CD57 was used to distinguish between NKG2A
+
 and CD57

+
 NK cell subsets. 

 

An antibody that broadly bind tyrosine phosphorylated intracellular proteins (anti-pTyrosine) 

were applied to visualize the level of phosphorylation (and hence activation) in each cell 

population. There is a direct correlation between the amount of bound antibody and the level 

phosphorylation, as these antibodies do not bind the non-phosphorylated form of the target 

proteins (27). 
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Flow cytometry 

 

Once prepared and stained with the appropriate antibodies, the samples were analyzed using 

an LSRFortessa™ flowcytometer, BD Biosciences, at the Department of Pathology, Oslo 

University Hospital. The raw data were then analyzed using the software FlowJo, FlowJo 

LLC. 

 

 

Phospho flow protocol 

 

Reagents and equipment 

 

Pervanadate (prepared through addition of 18 μg sodium orthovanadate to 1 mL distilled 

water, and then 10 μL of this solution to 90 μL  30% H2O2) 

Streptavidin 

Sterptavidin-PE 

BD Phosflow™ Lyse/Fix Buffer  5X, BD Biosciences. 

BD Phosflow™ Perm/Wash Buffer I 10X, BD Biosciences. 

Distilled water 

Fetal bovine serum (FBS) 

PBS 

PBS w/FBS (2% FBS) 

Complete RPMI (cRPMI): RPMI-1640 supplemented with 10% FBS, 2-Mercpatoethanol, 

sodium pyruvate, and penicillin/streptomycin. 

Eppendorf tubes 

96-well V-bottom plate 
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Antibodies: 

 

Target Fluorochrome Clone Supplier 

CD16 Biotin  BD Biosciences 

CD3 Alexa 700  eBiosciences 

CD56 Alexa 647  BD Biosciences 

NKG2A PE-Cy7  Beckman Coulter 

CD57 BV421 NK-1 BD Biosciences 

pTyrosine Biotin PY01 BD Biosciences 

 

 

 

Procedure: 

1 – Frozen PBMC vials were thawed for approximately 1-2 min at 37°C in a water bath, the 

contents of the vial carefully added to 10 mL of cRPMI, and centrifuged at 300g for 10 min. 

The PBMC were resuspended in 10 mL cRPMI and incubated for 1-2 hours at 37°C in a cell 

incubator. After incubation, the cells were centrifuged at 600 g for 7 min, and  resuspended in 

1 mL PBS with fetal bovine serum. 

 

2 – 100 μL of the cell suspension was aliquoted to designated Eppendorf tubes. An 

appropriate amount of the CD16 antibody (we used 3 μL / sample) were then applied to each 

of the samples to be stimulated with CD16 antibody and then incubated on ice for at least 20 

min.  

 

3 – After incubation, the cells were centrifuged at 600 g, and then washed  twice with 300 μL 

PBS/FBS.  

4 –  Stimulation:  CD16 stained cells were stimulated through addition of a pre-warmed 

streptavidin solution, 100 μL / sample (concentration 50 µg/ml) at 37°C. In our experiments, 

samples were stimulated for 1 and 5 min. A positive control was stimulated for 5 min using 

pervanadate, and a negative control sample was left unstimulated.  
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Stimulation was also done directly by application of anti-CD16-biotin to pre-warmed cells for 

2 min, and then addition of pre-warmed streptavidin solution (100 μL / sample at a 

concentration of 50 µg/ml) for another 2 min directly on a water bath at 37°C.  

5 – Fixation:  After stimulation, cells were fixed by adding 100 μL BD Phosflow™ Lyse/Fix 

Buffer to each sample and incubated at 37°C for 10 min.  

 

6 – Cells were washed by centrifugation at 600 g for 5 min. and then washed twice with 200 

μL PBS/FBS per sample.  

 

7 – Surface staining:  A cocktail of antibodies was prepared for surface staining using 100 μL 

PBS/FBS per sample and the appropriate amount of each respective antibody added. We used 

the following antibodies and amounts (per sample) :  

1 μL  CD56-A647 

0.5 μL  CD3-A700  

1 μL  NKG2A-PC7  

0.5 μL  CD57-BV421  

1 μL  CD8-FITC 

 

100 μL of the antibody cocktail were added to each sample. Each sample was then transferred 

from the Eppendorf tubes to a 96-well V-bottom plate, and incubated at room temperature and 

protected from light for at least 20 min. 

 

8 – The samples were washed twice with 200 μL PBS/FBS at 600 g for 3 min. 

 

9 – Permeabilization:  Cells were permeabilized by adding 200 μL of BD Phosflow™ 

Perm/Wash Buffer I diluted 1/10 with distilled water and incubated at room temperature for 

15 min.  

10 – Cells were centrifuged at 600 g for 3 min, and then washed once using 200 μL FBS/PBS 

per sample. 

 

11 – Intracellular staining: Staining of intracellular proteins was achieved in a two-step 

staining process using a pTyr-biotin antibody as the primary antibody and streptavidin-PE as a 
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secondary stain for detection.  Each was a suspended in 100 μL FBS/PBS and 1 μL per 

sample of the respective reagent. Cells were incubated for at least 20 minutes in each 

respective step and washed twice with 200 μL Perm/Wash buffer between staining. 

12 – Cells were washed twice using 200 μL Perm/Wash buffer, and then resuspended in 300 

μL PBS/FBS prior to analysis using flow cytometry.   

 

To ensure optimal staining, it was important to make sure the majority of the supernatant in 

each subsequent step was removed to avoid dilution of the buffers. Also, the samples were 

kept protected from light after application of antibodies as it may negatively impact the 

fluorescent antibodies as light may negatively impact the fluorescent properties of the 

antibodies. 
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Results 

 

Method optimization 

Both direct stimulation (application of primary antibody and streptavidin to the cell 

suspension at 37°C) and indirect stimulation (incubation on ice for 20 min with primary 

antibody prior to addition of streptavidin at 37°C) were attempted, proving to work equally 

well (figure 1). We opted for the indirect method due the fact that it made strict adherence to 

the stimulation time easier as the process was carried out in separate steps, and thus also 

limiting the risk of technical errors.

 

Figure 1: Comparison of direct and indirect stimulation of NK cells. A) Gating strategy for analysis of 

NK cells. B) Measurements of pTyr levels in NK cells that were either unstimulated (light grey 

shading) or CD16-stimulated (dark grey shading).. 
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Analysis of patient samples 

 

Once the phospho-flow protocol was established, testing on patient material commenced. A 

total of four blood samples from pediatric leukemia patients from Oslo University Hospital 

were analyzed, as well as three healthy controls. Of the patient samples, two were diagnosed 

with B-ALL (P05 and P20), one with T-ALL (P01) and one with AML (P02). 

As discussed previously, the CD16 receptor is the only activating receptor that is capable of 

eliciting a response upon stimulation alone. As such it lends itself as an ideal candidate 

through which NK cells could be stimulated with antibodies. Figure 2 shows the gating 

strategy for identifying NK cells in patients (A) or in helathy controls (B).  

 

Figure 2: The gating strategy used to distinguish NK cells from T cells.  First, lymphocytes were 

identified according to their scatter properties, and next a gate were selected to isolate single cell 

events and exclude cell aggregates. NK cells and T cells were separated using gates for CD3 single 

positive or CD56 single positive cells respectively. NK cells are defined CD56(+)CD3(-). A) Patient 

sample (P02). B) Healthy control. 
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The effect on intracellular tyrosine phosphorylation in response to CD16 stimulated was 

investigated. The basal level of intracellular phosporylation varied greatly amongst the donors 

(figure 3), but in all donors the negative unstimulated controls had the lowest levels of 

intracellular phosphotyrosine activity measured as median fluorescent intensity (MFI). Also, 

the positive controls stimulated with pervanadate had the highest phosphotyrosine signals. In 

the CD16 stimulated samples, four of the six donors (P20, P01, P02 and healthy donor 1) had 

higher phosphorylation levels after 1 min of stimulation, whereas the remaining two (P05 and 

healthy donor 2) reached higher levels of MFI after 5 min.  

 

 

Figure 3: Levels of intracellular tyrosine phosphorylation in the total NK cell population measured as 

median fluorescent intensity (MFI) on the y-axis.  
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In order to visualize the differences in intracellular phosphorylation between the subjects, the 

MFI-values were plotted as ratios to their respective unstimulated controls (figure 4). 

 

  

Figure 4: Level of intracellular phosphorylation after 1 and 5 min. of stimulation relative to their 

respective unstimulated controls.  

 

As shown in figure 4, the resultant increase in phosphotyrosine activity appears to be lower in 

all the patient samples compared to the healthy controls after both 1 and 5 min of CD16 

stimulation. The only exception is patient P02, whose signal after 1 min is stronger than in 

both of the healthy controls.  

 

To investigate whether there is a difference in phosphotyrosine levels amongst subsets of NK 

cells in pediatric leukemia patients, staining with anti-CD57 and anti-NKG2A antibodies were 

carried out in order to idenify CD56(+)CD57(+) and CD56(+)NKG2A(+) subsets of NK cells. 

CD57 and NKG2A marks differents stages of differentiating NK cells, and divide the pool of 

CD56
dim

 NK cells into less differentiated NKG2A(+)CD57(-) cells or terminally 

differentiated NKG2A(-)CD57(+)  cells. These two subsets are present at similar frequencies, 

as demonstrated in figure 5.  
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Figure 5: Percentages of CD56
dim

 NK cells expressing CD57 and/or NKG2A. A) Healthy control. 

B) P01 (T-ALL). C) P02 (AML). 

 

In the CD56(+)CD57(+) NK cell subset (figure 6), the difference in phophotyrosine intensity 

between healthy controls and patients appear to be less pronounced than when assessing the 

overall NK cell population. Once again, P02 exhibits a strong response to CD16 stimulation, 

as does healthy donor 1. Amongst the other samples the response appears to be quite similar. 

 

 

Figure 6: Levels of intracellular phosphorylation in the CD56(+)CD57(+) NK cell subset 1 and 5 min. 

post-stimulation given as a ratio to their unstimulated controls. 
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As shown in figure 7, the CD56(+)NKG2A(+) NK cells in patient samples P01 and P05 seem 

to exhibit the same poor response to stimulation with CD16 as was observed when assessing 

the total NK cell population. P20 also shows a weaker response compared to the healthy 

donors, though not as pronounced. Again, P02 seems to respond very well upon CD16 

stimulation.  

 

 

Figure 7: Levels of intracellular phosphorylation in the CD56(+)NKG2A(+) subset of stimulated NK 

cells. 
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Discussion 

Methodological considerations 

Several challenges arose when developing the phospho-flow protocol.  

 

In the initial stages of testing, tubes using EDTA as an anticoagulant was used in sampling 

blood from healthy donors. However, in accordance with the work of Davies et. al, we also 

found EDTA to negatively affect NK cell responsiveness to stimulation (32). These EDTA 

tubes were therefore swapped with tubes using heparin as an anticoagulant. 

Different strategies to stimulate the NK cells were attempted including PMA/ionomycin 

stimulation (as a means to broadly activate NK cells), stimulation with CD16-coupled 

microbeads (in order to initiate efficient cross-linking of the receptor) and the strategy to pre-

coat NK cells with soluble biotinylated CD16 followed by streptavidin cross-linking. Whilst 

stimulation via PMA/Ionomycin or CD16 microbeads worked to some extent, they proved 

suboptimal for several reasons. The CD16-stained microbeads produced too much 

background noise upon analysis with flow cytometry to be productive. Also, we had problems 

obtaining a reliable time-curve for PMA/Ionomycin stimulation, and this was abandoned due 

to technical difficulties. We found that stimulation with biotinylated anti-CD16 antibodies 

alone followed by streptavidin proved effective. 

Initially, the samples were prepared through fixation, permeabilization, and then followed by 

combined extra- and intracellular staining as the last step. However, upon analysis it appeared 

that some of the NK cell surface epitopes were damaged during the permeabilization process 

and thus negatively affected staining of the NK cells. This was most evident for the CD56 

marker, which is necessary for gating NK cells during analysis. To solve this problem we 

troubleshooted several buffers and protocols, and ended up with a permeabilization buffer 

from BD Biosciences (BD Phosflow™ Perm/Wash Buffer I) and changed the antibody 

staining strategy so that extracellular antigens were stained prior to permeabilization. The 

outcome was far better staining of the CD56 marker due to presumably better preservation of 

the surface epitopes. 
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As demonstrated in figure 4, the basal level of intracellular phosphorylation prior to 

stimulation varies greatly amongst all the samples. This may be explained by individual 

differences in basal phosphotyrosine activity in resting NK cells, but may also be influenced 

by variations in resting time in the cell incubator prior to stimulation and variations in 

handling cells upstream of stimulation. The thawing process may represent a stressful stimuli 

to the NK cells and thus elicit responses that increases phospho-signaling in the cells. Thus, 

stricter adherence to the set resting time may have resulted in lower and more consistent 

baseline phosphotyrosine activity. 

The negative controls (unstimulated cells) displayed the lowest intracellular phosphorylation 

levels in all samples. Also, the positive controls stimulated with pervanadate produced the by 

far strongest phosphotyrosine signals. In all CD16 stimulated samples, there is a notable 

increase in phosphotyrosine activity compared to the unstimulated controls. We also tested the 

CD16 antibody side-by-side with an isotype control antibody, and found that the isotype 

antibody resulted in similar phosphorylation as unstimulated cells (data not shown). This 

demonstrates that the stimulation of the NK cells through anti-CD16 antibodies produces an 

increase in net intracellular phosphotyrosine activity and thus an increased level of activation 

in these cells. Therefore, one can conclude that the chosen strategy for stimulation in these 

experiments appears to be effective.   

 

Effects of CD16 stimulation in pediatric leukemia patients 

It is widely recognized that NK cell effector functions are defective in hematological 

malignancies (1,2). Our aim was to investigate whether there is a difference in net 

intracellular tyrosine kinase activity in pediatric leukemia patients compared to healthy 

controls after stimulation with CD16, as this might suggest defects in the intracellular 

signaling cascades in these cells. In order to visualize this difference, ratios were calculated 

comparing the phosphotyrosine signal after one and five minutes of stimulation to the 

respective unstimulated controls in each donor. We found the increase in intracellular 

phosphotyrosine intensity 1 and/or 5 min post-stimulation with CD16 to be lower in three of 

the patient samples compared to the healthy controls (figure 4). For the AML-patient (P02), 

the phosphotyrosine signals after 1 min was even stronger than in the healthy donors.  
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In order to investigate whether this also held true in subsets of NK cells, staining with anti-

CD57 and anti-NKG2A antibodies was performed to identify subsets of differentiated NK 

cells where CD57
+
NKG2A

-
 NK cells are the most terminally differentiated. We found the 

cells in the CD57
-
 NKG2A

+
 subset of P01 (T-ALL) and P05 (B-ALL) to have the same poor 

response to stimulation as they did in the total NK cell population (figure 7). Interestingly 

though, we were not able to reproduce the same findings in the more differentiated 

CD57
+
NKG2A

-
 subset (figure 6). This putative differential response to CD16-stimulation 

may suggest that there are defects to the downstream signaling pathways of 

CD56(+)NKG2A(+) NK cells, whereas this defect appears to be r less pronounced in the 

CD57
+
NKG2A

-
 NK cells.  

 

 

Conclusion 

 

This paper outlines a protocol that has been proven successful in preparing frozen PBMC for 

analysis using phospho-flow cytometry. Stimulation of NK cells using anti-CD16 antibodies 

can be done both directly and indirectly, and our data shows that it is an effective strategy 

through which these cells can be activated in order to evaluate intracellular phosphorylation 

states. We have demonstrated that permeabilization and staining of intracellular phospho-

epitopes can be done efficiently, thus rendering phospho-flow as viable alternative to standard 

biochemical techniques in investigating magnitudes of intracellular signaling. 

Due to time constraints and a limited number of available blood samples for analysis, the 

patient population in this study is very small. Thus, a larger number of patients would have be 

needed to be included in order to gather significant statistical strength. Despite these 

shortcomings, our data does suggest that there might be a decreased level of intracellular 

phosphorylation in CD16 stimulated NK cells in certain pediatric leukemia patients in 

comparison to healthy controls, thus supporting the existing evidence that NK cell functions 

are defective in these patients. Which signaling pathways are affected in these patients 

remains unclear for the time being. However, further research is planned to investigate this 

using antibodies against key proteins in several intracellular signaling pathways. 

 

 



 22 

Acknowledgements 

 

I would like to thank my supervisor Marit Inngjerdingen at the Department of Immunology, 

Oslo University Hospital, for her help with teaching me the laboratory techniques necessary 

for this study, and also for guiding me through designing and carrying out the experiments. 

Also, I want to thank Dr. Lund-Johanssen at the Department of Immunology for  the phospho-

specific antibodies used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

References 

 

1. Costello R T, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Mozziconacci M-J, Reviron D, 

Gastaut J-A et al. Defective expression and function of natural killer cell-triggering receptors 

in patients with acute myeloid leukemia. Blood. 2002;99(10):3661-3667. 

 

2. Baier C, Fino A, Sanchez C, Farnault L, Rihet P, Kahn-Perles, Costello T C. Naturla killer 

cells modulation in hematological malignancies. Front. Immunol. 2013;4:459. doi: 

10.3389/fimmu.2013.00459. 

3. Imai K, Matsuyama S, Miyake S, Suga K, Nakachi K. Natural cytotoxic activity of 

peripheral-blood lymphocytes and cancer incidence: an 11-year follow-up study of a general 

population. Lancet. 2000;356:1795-1799. 

 

4. Salih H R, Rammensee H G, Steinle A. Cutting edge: down-regulation of MICA on human 

tumors by proteolytic shedding. J. Immunol. 2002;169:4098–4102. 

5. Viel S, Marcais A, Guimaraes F S, Loftus R, Rabilloud J, Grau M, et al. TGF-beta inhibits 

the activation and functions of NK cells by repressing the mTOR pathway. Science signaling. 

2016;9(415):ra19. 

6. Sabry M, Lowdell M W. Tumor-primed NK Cells: Waiting for the Green Light. Front 

immunol.  2013;4: 1-7.  

7. Kärre K, Ljunggren H G, Piontek G and Kiessling R. Selective restriction of H-2 deficient 

lymphoma variants suggests alternative immune defense strategies. Nature. 1986;319:675-

678. 

 

8. Dahlberg I M, Sarhan D, Chrobok M, Duru A D, Evren A. Natural Killer cell-based 

therapies targeting cancer: Possible strategies to gain and sustain anti-tumor activity. Front 

immunolol.  2015;6:605.  

 

9. Moretta L, Pietra G, Montaldo E, Vacca P, Pende D, Falco M, et al. Human NK cells: from 

surface receptors to the therapy of leukemias and solid tumors. Front Immunol. 2014;5:87. 

doi:10.3389/fimmu.2014.00087* 



 24 

 

10. Walker J A, Barlow J L, McKenzie A N. Innate lymphoid cells- how did we miss them? 

Nat Rev Immunol. 2013;13: 75-87.  

11. Freud A G, Yu J, Caligiuri MA. Human natural killer cell development in secondary 

lymphoid tissues. Semin Immunol. 2014;26:132–7. doi:10.1016/j. smim.2014.02.008 

12. Rezvani K and Rouce R H. The Application of Natural Killer Cell Immunotherapy for the 

Treatment of Cancer. Front. Immunol. 2005;6:578. doi: 10.3389/fimmu.2015.00578. 

13.  Bryceson Y T, March M E, Ljunggren H G, Long E O. Activation, coactivation and 

costimulation of resting human natural killer cells. Immunolol rev. 2006;214:73-91. 

14. Matalon O, Fried S, Ben-Shmuel A, Pauker M H, Joseph N, Keizer D et al. 

Dephosphorylation of the adaptor LAT and phospholipase C-γ by SHP-1 inhibits natural 

killer cell cytotoxicity. Science signaling. 2016;9(429): ra54. doi:10.1126/scisignal.aad6182. 

 15. Lanier L L. Upon the tightrope: natural killer cell activation and inhibition. Nat. 

immunolol. 2008;9(5),495-502. 

16. Ravetch J V and Lanier L L. Immune inhibitory receptors. Science. 2000;290:84-89. 

17. Wada H, Matsumoto N, Maenaka K, Suzuki K, Yamamoto K. The inhibitory NK cell 

receptor CD94/NKG2A and the activating receptor CD94/NKG2C bind the top of HLA-E 

through mostly shared but partly distinct sets of HLA-E residues. Eur. J. Immunol. 2004;34: 

81–90. doi:10.1002/eji.200324432. 

17. Stebbins C C, Watzl C, Billadeu D D, Leibson P J, Burshtyn D N, Long E O. Vav1 

dephosphorylation by the tyrosine phosphatase SHP-1 as a mechanism of inhibition of 

cellular cytotoxicity. Mol. Cell. Biol. 2003;23:6291-6299.  

18. Feng J, Garrity D, Call M E, Moffett H and Wucherpfennig KW. Convergence on a 

distinctive assembly mechanism by unrelated families of activating immune receptors. 

Immunity. 2005;22:427-438. 

 

19. Tahara-Hanoka S, Shibuya K, Kai H, Miyamoto A, Morikawa Y, Ohkochi N, Honda S, 

Shibuya A. Tumor rejection by the poliovirus receptor family of ligands of the DNAM-1 

(CD226) receptor. Blood 2006;107:1491-1496. 



 25 

20. Chan C J, Smyth M J, Martinet L. Molecular mechanisms of natural killer cell activation 

in  response to cellular stress. Cell Death Differ. 2014; 21: 5-14.  

 

21. Hilpert J, Grosse-Hovert L, Grünebach F, Buechele C, Nuebling T, Raum T et al. 

Comprehensive analysis of NKG2D ligand expression and release in leukemia: implications 

for NKG2D-mediated NK cell responses. J.Immunol. 2012;189(3):1360-1371. 

22. Wagtmann N, Biassoni R, Cantoni C, Verdiani S, Malnati M S, Vitale M, et al. Molecular 

clones of the p58 NK cell receptor reveal immunoglobulin-related molecules with diversity in 

both the extra- and intracellular domains. Immunity. 1995;2:439-449. 

23. Handgretinger R, Lang P, Andre M C. Exploitation of natural killer cells for the treatment of 

acute leukemia. Blood. 2016 127:3341-3349; doi: https://doi.org/10.1182/blood-2015-12-

629055. 

24. Lam R A, Chwee B N, Le N, Sauer M, Pogge E, Gasser S. Regulation of self-ligands for 

activating natural killer cell receptors. Ann. Med. 2013:45;384-394. 

25. Costello R T, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Mozziconacci M-J, Reviron 

D, Gastaut J-A et al. Defective expression and function of natural killer cell-triggering 

receptors in patients with acute myeloid leukemia. Blood. 2002;99(10):3661-3667. 

26. Carlsten M, Baumann B C, Simonsson M, Jädersten M, Forsblom A-M, Hammarstedt C 

et. al. Reduced DNAM-1 expression on bone marrow NK cells associated with impaired 

killing of CD34+ blasts in myelodysplastic syndrome. Leukemia, 2010;24(9):1607-16. 

27. Bendall L J, Kortlepel K, Bradstock K F, Gottlieb D J. Natural killer cells adhere to bone 

marrow fibroblasts and inhibit adhesion of acute myeloid leukemia cells. Leukemia. 

1995;9:999-1005. 

28. Mavropoulos A, Bogdanos D P, Liaskos C, Orfanidou T, Simopoulou T, Zafiriou E et al. 

Flow cytometric detection of p38 MAPK phosphorylation and intracellular cytokine 

expression in peripheral blood subpopulations from patients with autoimmune rheumatic 

diseases. J. immunolol. res. 2014(7):671431 doi:10.1155/2014/671431. 

29. Krutzik P O, Trejo A, Schultz K R, Nola G P. Phospho flow cytometry methods for the 

analysis of kinase signaling in cell lines and primary human blood samples. Methods in 

molecular biology. 2011;699:179-202. 



 26 

30. Chow S, Hedley D, Shankey T V. Whole blood processing for measurements of signaling 

proteins by flow cytometry. Curr. Protocol. Cytom. 2008;46:9.27.1-9.27.19. 

31. Davies R, Vogelsand P, Jonsson R, Appel S. An optimized multiplex flow cytometry 

protocol for the analysis of intracellular signaling in peripheral blood mononuclear cells. 

Journal of  immunological methods. 2016;436:58-63. 

http://dx.doi.org/10.1016/j.jim.2016.06.007  

 

 


