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Perfusion culture of human lymphocytes in the 

WAVE BioreactorTM 2/10 system 

Karin Wernersson 

 

Populärvetenskaplig sammanfattning 

En bioreaktor är en sluten behållare, som används för att odla celler i stor skala. I bioreaktorn 

är odlingen skyddad från den yttre omgivningen och den inre miljön regleras efter cellernas 

behov. De senaste åren har intresset för engångs-bioreaktorer ökat avsevärt. Dessa utgörs ofta 

av plastbehållare, medan konventionella är gjorda av stål. För engångs-bioreaktorer krävs 

färre förberedelser, vilket även medför att de blir billigare än konventionella. WAVE 

Bioreaktor systemet utgörs av engångs-bioreaktorer. 

Att använda T-lymfocyter som cellterapi i cancerbehandling har visat sig lovande i kliniska 

prövningar. Nyligen har intresset för att använda natural killer (NK) celler i sådana 

behandlingar ökat. Vid cellterapi krävs stora cellmängder, för att kunna uppnå dessa mängder 

krävs storskaliga cellodlingar. I denna studie har WAVE Bioreaktorn använts för att odla NK 

celler. Antalet NK celler som uppnåddes efter odlingarna var väldigt varierande och även 

deras förmåga att döda cancer celler.  

Separation av olika celltyper kan vara nödvändigt för vissa ändamål. Magnetiska pärlor kan 

användas för cellseparationer. I detta projekt studerades förmågan hos en typ av magnetiska 

pärlor att binda celler. Pärlorna band upp celler, men bindningen mellan pärlor och celler var 

svag. 

Examensarbete 30 hp  

Civilingenjörsprogrammet Molekylär Bioteknik 

Uppsala Universitet mars 2011 
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1 Abbreviations 

ADCC Antibody-dependent cellular cytotoxicity 

CBA Cytometric bead array 

CFSE Carboxyfluorescein succinimidyl ester 

CIK Cytokine induced killer 

GMC-SF Granulocyte macrophage colony stimulating factor 

FBS Fetal bovine serum 

FSC Forward scatter 

HS Human serum 

IFN-γ Interferon-γ 

IL Interleukin 

KIR Killer immunoglobulin receptor 

LAMP-1 Lysosome associated membrane protein 1 

MHC Major histocompatibility complex 

NCR Natural cytotoxicity receptors 

NK Natural killer 

NKR Natural killer cell receptor  

NKT Natural killer-like T 

PBMC Peripheral blood mononuclear cell 

SSC Side scatter 

TNF Tumor necrosis factor 
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2 Introduction 

2.1 Aim 
The use of disposable bioreactors has increased substantially during the past decade [1].  

Consequently, demands on improvements of its function arises and also development of new 

applications that the bioreactor can be used for. The aim of this project has been to test and 

develop applications for the WAVE Bioreactor 2/10 system. The main focus has been to 

culture human natural killer (NK) cells in the bioreactor, which if successfully expanded can 

be used for cellular immunotherapy in cancer treatment. Additionally, separation of cell 

populations using a magnetic chromatography ordinarily used for protein separations was 

investigated.  

2.2 NK cells 
During the 1970s, a novel type of lymphocytes was discovered in mice and rats and given the 

name natural killer (NK) cell, due to their ability to lyse target cells prior to any sensitization. 

NK cells constitute approximately 15% of the circulating lymphocytes [2] and are defined  as 

CD56 expressing cells, which lack expression of CD3 [3]. The innate and adaptive immune 

system can be defined as follows; cells of the innate system lack gene rearrangement of their 

antigen receptors, whereas cells of the adaptive system have gene rearrangement of their 

antigen receptors. According to this definition, NK cells belong to the innate immune system, 

since they lack gene rearrangement of their antigen receptors [4]. However, others argue that 

the effector functions exerted by NK cells are more similar to functions normally associated 

with the adaptive immune system and therefore the classification of NK cells might be more 

complex [5, 6]. Disregarding which part of the immune system NK cells belongs to, they have 

been shown capable of affecting both the innate and adaptive immune systems [3]. The 

natural cytotoxicity of NK cells, i.e. no need of prior sensitization, is a very important 

property, arming us with a rapid defense against tumor cells and virus infected cells. 

Cytotoxicity is mediated through signals from both activating and inhibitory receptors, it is 

the predominant signal of those that determines whether NK cells will perform effector 

functions or not [3]. Besides cytotoxic activity, NK cells have the ability to secrete cytokines 

and growth factors upon activation [5]. 

2.2.1 NK cell receptors 
Three major groups of receptors are expressed by NK cells; killer immunoglobulin receptors 

(KIRs), C-type lectin like receptors and natural cytotoxicity receptors (NCRs).Within all of 

these groups, there are both activating and inhibitory receptors [2]. It is the balance between 

activating and inhibitory receptors that determines the reactivity of NK cells, see Figure 1 [4]. 

Upon ligation of  NK cell receptors (NKRs), a phosphorylation cascade is initiated in the cell, 

leading to activation or inactivation of effector functions by NK cells [3]. A share of the NK 

cells express CD16 (FcγRII), through which they can mediate antibody-dependent cellular 

cytotoxicity (ADCC) [3]. 
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KIRs recognizes major histocompatibility complex (MHC) class I antigens, which are 

expressed by most cells in the body [7]. The extracellular parts are the same for all KIRs, but 

their cytoplasmic tail is either long or short and that is what regulates if the receptor results in 

an inhibitory (long) or activating (short) signal. Inhibitory KIRs generally have higher affinity 

for MHC class I molecules than activating KIRs does. Thus, when both activating and 

inhibitory KIRs are ligated, the negative signal will be the strongest and no effector function 

will be performed by the NK cell [3]. The recognition of MHC class I by NKRs and then 

primarily inhibitory receptors is crucial for the distinguishing between normal cells and target 

cells.  

Several types of C-type lectin like receptors are expressed by NK cells. The inhibitory 

receptor NKG2A and the activating receptor NKG2D recognizes different types of non-

classical MHC class I molecules. NKG2D is associated with binding of MHC class I chain 

related gene A or B, which are induced in stressed cells, for example in malignant 

transforming cells [3]. 

The natural cytotoxicity receptors (NCRs) are involved in NK cell mediated killing of various 

cancer cells [3]. A correlation has been established between the ability of NK cells to lyse 

tumor cells and their expression of NCRs. Which self-ligands that are bound by NCRs to 

mediate cytotoxicity is yet not clear [8]. NKp30, NKp44 and NKp46 are receptors belonging 

to the repertoire of NCRs. NKp44 is only expressed on NK cells that has become activated, 

whereas NKp30 and NKp46 are expressed on all NK cells [9]. 

2.2.2 Subsets of NK cells 
NK cells can be divided into two sub-groups, based on their surface expression of CD56, 

CD56
bright 

and CD56
dim

. As implied by the name of the subsets, CD56
bright

 have a high density 

of CD56 on their cell surface, whilst CD56
dim

 have a low density. Approximately, 90% of the 

circulating NK cells are CD56
dim 

and the remaining 10% are CD56
bright

 [3]. The two subsets 

have different receptor repertoires and their assignments in the immune system differ. The 

locations, to which the two subsets migrate are affected by the type of cytokine and adhesion 

receptors they express. CD56
bright

 generally migrates to secondary lymphoid organs, whilst 

CD56
dim

 migrates to sites of acute inflammation.  

Figure 1. Illustration of how 

NK cell activity is mediated 

by activating and inhibitory 

receptors. Upon an infection 

or transformation in a cell, 

its expression of surface 

receptor can be affected and 

therefore recognized by NK 

cells. Modified figure, 

acquired from Raulet and 

Vance, 2006. 
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The highly cytotoxic subset, CD56
dim

, have high expression of CD16, C-type lektin like 

receptors as well as KIRs on their surface [3]. Since CD56
dim

 NK cells are highly cytotoxic, 

they have a higher density of cytotoxic granules in their cytoplasm compared to CD56
bright

 

NK cells [2].   

The CD56
bright

 subset is potent cytokine producers. Their expression of C-type lectin like 

receptors is high, whereas their expression of CD16 and KIRs is low [3]. C56
bright

 cells is one 

of the foremost sources of interferon-γ (IFN-γ) [10]. They also produce interleukin (IL) 10, 

IL-13, tumor necrosis factor (TNF) and granulocyte macrophage colony stimulating factor 

(GMC-SF) [2]. 

2.2.3 Immunoregulatory activities 
In the immune system, NK cells possess several important functions. The granularity of NK 

cells is very important for their ability to exert effector functions. The major effector functions 

of NK cells are natural cytotoxicity, ADCC and secretion of cytokines in response to 

activating stimuli.  

As previously mentioned, it is mainly CD56
bright

 NK cells that secrete cytokines, which in turn 

helps to regulate both the adaptive and the innate immune response. In specific, IFN-γ is 

thought to affect dendritic cells and regulate T cell response, possibly by direct contact with 

naïve T-cells in lymph nodes [5]. The regulation can be both enhancing as well as repressive.  

Cytolysis by NK cells can be mediated by either perforin or receptor dependent pathways 

[11]. The perforin-dependent pathway is initiated when activating NK cell receptors become 

ligated to a target cell. Granules will then migrate to the site of interaction and release perforin 

and granzymes. Perforin creates pores in the plasma membrane of the target cell, through 

which granzymes enter and induce apoptosis [12]. This type of granule-dependent 

cytotoxicity can also be triggered through ADCC. ADCC is initiated when a target cell 

become opsonized with antibodies. The antibodies on the target cell can then be ligated with 

the CD16 receptor on the NK cell. The receptor binds the Fc part of the antibody and granule-

dependent cytotoxicity is initiated [13]. 

In the receptor mediated pathway, so called death receptors are expressed by target cells that 

upon ligation initiates a caspase cascade that induces apoptosis in the target cell. NK cells 

express a few different ligands for death receptors, including the Fas ligand and the TNF 

related apoptosis-inducing ligand [14].  

2.2.4 Responsiveness of NK cells 
Due to the fact that NK cells express activating receptors towards MHC class I molecules, 

they have the potential to exert effector function on own cells. Additionally, expression of 

KIRs varies between NK cells, some NK cells even lack inhibitory receptors towards MHC 

class I molecules. The process regulating which receptor that should be expressed on which 

cell seems to be random [15]. Hence, NK cells need to have regulations in order to not 

become auto-reactive. An education process, which upholds the tolerance of NK cells to self-

cells, has been proposed. In cases when NK cells do not express inhibitory KIRs, or 

alternatively when self-cells are impaired in their expression of MHC class I, NK cells acquire 
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a hypo-responsive state. The cellular mechanisms that regulate this hypo-responsive state of 

NK cells have not yet been established. Interestingly, this seems to be a dynamic process; 

when mature NK cells were transferred to a mouse deficient in its MHC expression a reduced 

response was observed, instead of an expected NK cell mediated lysis of the cells. The 

opposite scenario was also tested and lead to an increased response [5]. 

2.2.5 Potential for NK cells in cellular immunotherapy 
Cellular immunotherapy, as a way to treat cancer, acquired a lot attention during the 1980s. 

At the same time, lymphocyte activated killer (LAK) cells were presented. LAK cells are cells 

that become killer cells when they get systematic administration of one or several cytokines 

[16]. NK cells are good candidates for cellular immunotherapy, since no sensitization is 

needed prior to lysis of a target cell. This can be compared with T cells, which need 

sensitization and a maturation period of five to eight days [11]. Therefore, the interest of using 

NK cells for therapy has gained more focus during the last years. In the early attempts of NK 

cellular immunotherapy, NK cells were isolated and/or activated for a short period prior to 

therapy. The main issue with many of these early developed methods, was to generate 

sufficient amounts of cells to be able to affect the cancer cell population [16]. Through using 

longer expansion periods, higher cell numbers can be generated and thus better depletion of 

cancer cell can be obtained. Furthermore, it has been shown that cells cultured over a longer 

period can acquire a more abundant cytotoxicity [16]. To generate large amounts of cells for 

immunotherapy, the WAVE Bioreactor system has been shown to work well for T cell 

expansion [17] and more recently also for NK cell expansion [18].  

2.2.6 Expansion of NK cells in vitro  
Several different protocols on how to expand NK cells from PBMCs have been described. 

The protocols have included the use of feeder cells or not, isolation and/or activation of NK 

cells. Also administration of different cytokines (primarily IL-2 and IL-15), has been used in 

combination or alone to promote NK cell expansion [18-20]. Cultivation without feeder cells 

is to be preferred, especially if expanded NK cells are to be used for immunotherapy. Since 

feeder cells will result in unknown components in the media, which can cause side effects. 

2.2.6.1 Effects of cytokines 
In particular, the two cytokines IL-2 and IL-15 are suggested to affect many important stages 

of a NK cell, i.e. development, proliferation, apoptosis and survival [21]. Administration of 

high IL-2 levels can result in LAK cells that have a more potent killing effect than regular NK 

cells and can kill a broader repertoire of cancer cells. Culturing the two subsets CD56
dim 

and 

CD56
bright

 in presence of IL-2 has several effects; the surface expression of CD56 is elevated 

on CD56
dim 

cells and the cytotoxic levels of the two subsets become similar following IL-2 

stimulation in vitro [2, 10]. 

Effector T cells can, when cultured in the presence of IL-2, differentiate into natural killer-

like T (NKT) cells that express both CD3 and CD56 on their surface [22]. These NKT cells 

have cytotoxic properties and are, according to Linn and Hui, a differentiated form of the 

CD3
+
CD56

-
 effector T cells. Studies also revealed that the differentiated form, CD3

+
C56

+
, are 
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more potent in their cytotoxicity and also have a higher granzyme content compared to their 

anterior, effector T cells [22].  

2.2.6.2 Depletion of cell populations  
As mentioned above, NK cells can be isolated prior to expansion. It is common to use 

magnetic based methods to separate different cell populations from each other. Isolation of 

NK cells before expansion is important when a homogeneous NK cell culture is desired. In a 

study by Aktas et al., isolation of NK cells is accomplished through depleting monocytes, T 

cells and B cells from PBMCs. They separated cells based on their surface expression using 

magnetic beads. Several manufactures supply magnetic beads, with varying properties, for 

cell separation (see also section 2.3.1). 

2.3 Magnetic beads for separation 
There are several different magnetic beads available on the market, with applications such as 

protein purification, protein enrichment and cell separation. GE Healthcare’s magnetic beads, 

Mag Sepharose, are based on Sepharose 4 Fast Flow, which forms highly cross-linked agarose 

beads. Within the spherical agarose beads magnetite (Fe3O4) is embedded. The Mag 

Sepharose matrix is paramagnetic [23], meaning that the magnetic moments within the matrix 

are normally aligned in a random manner. When an external magnetic field is applied the 

magnetic moments become aligned and are attracted to the magnetic field [24]. This 

paramagnetic property is important, since the beads can be in solution and allow binding of 

molecules without disturbance from magnetic interactions between the beads. Solution with 

unbound molecules can then easily be removed, through applying a magnetic field and 

thereby creating two phases. 

Mag Sepharose has been developed for protein separation and enrichment. The magnetic 

beads are available with different ligands on their surface. One variant has protein G ligated to 

the agarose beads. Protein G binds the Fc part of several types of IgG antibodies with high 

affinity. The size of the beads ranges from 37 to 100 µm [23].  

2.3.1 Magnetic beads for cell separation 
It is common to use magnetic beads to separate different cell populations from each other. 

Cell separation with magnetic beads can be performed in a couple of variants, but most are 

based on the same principle. That is, different surface ligands on the beads are used to couple 

an antibody specific towards a receptor on the surface of the cell that is to be bound. 

Separation can be performed in two ways; depletion or isolation. During depletion the cells of 

interest binds to the beads, whereas all other cells are retained in solution. For isolation it is 

the opposite, the cells of interest are maintained in the solution and unwanted cells bind to 

beads. The most abundant difference between Mag Sepharose and other magnetic beads 

available for cell separation is the size. The sizes of beads commonly used in cell separation 

applications range between 0.05 to 4.5 µm [25], which is substantially smaller than the size of 

Mag Sepharose  (37-100 µm).  
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2.4 Experimental procedures 
A general background as well as principles of methods used during this degree project, is 

described in the following sections. A more detailed description of how the experimental 

procedures were executed is found in section 3, Materials and methods. 

2.4.1 The WAVE Bioreactor system  
The WAVE Bioreactor system has been developed for cell culture and has two main 

components; a rocking unit and a disposable cell container, named WAVE Bioreactor and 

Cellbag, respectively. The WAVE Bioreactor rocks the Cellbag and is thereby inducing 

waves, which leads to mixing and oxygenation of the culture. Rocking rate and angle can be 

adjusted to fit oxygen demands and shear tolerance of the cultured cells. This type of 

disposable cell container facilitates handling as well as start-up of new experiments compared 

to conventional bioreactors or tissue culture flaks. The Cellbag is made of plastic and pre-

sterilized through γ-radiation. The WAVE Bioreactor system is available in different sizes, 

with culture volumes ranging from 200 mL up to 500 L. Additionally, a single  Cellbag can be 

used to scale up a culture ten times from the start volume and thus reducing contamination 

risks after inoculation. The bag is endowed with air inlet and air outlet filters, to ensure that 

only clean air enters and leaves the bioreactor and also a sampling port. Furthermore, 

connections for feed and harvest tubing on the Cellbag enable perfusion set up. For perfusion 

cultures, a perfusion module with a balance and two pumps, for feed and harvest, is placed 

underneath the WAVE system. The perfusion module controls the weight of the culture, 

which in turn are used to regulate feed and harvest amounts. WAVE Bioreactor perfusion 

cultures can reach high cell density cultures, above 1 x 10
7 

cells/mL, and it also has many 

applications, e.g. production of monoclonal antibodies and viruses as well as expansion of T-

cells for cell therapy [26]. Throughout this project the WAVE Bioreactor 2/10 system in 

combination with the perfusion version of Cellbag-2 L, which allows cultures up to 1 L, has 

been used. 

2.4.1.1 Perfusion culture 
Perfusion is a complementary mode that can be used with the WAVE system. A perfusion 

version of the Cellbag needs to be used. The perfusion Cellbag is supplied with an internal 

perfusion filter, which retains the cells while the media in the bioreactor is exchanged.  

Prior to perfusion, tubing and containers for feed and harvest is connected to the bioreactor. 

Perfusion starts with harvesting by removing media from the culture and subsequently feeding 

fresh media to the culture. A semi-continuous perfusion is used, which means that medium is 

fed and harvested in small shots (commonly 50 mL) with a certain time interval. The time 

interval between shots depends on the perfusion rate. The perfusion module controls the 

weight of the culture, from which feed and harvest amounts are regulated. Perfusion rate 

(mL/day) and shot volume (mL) can be adjusted throughout the culture to fit requirements of 

the cells. Through dividing the shot volume with the perfusion rate, the time interval between 

shots can be calculated.  
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2.4.2 Flow cytometry 
Flow cytometry is a method that measure cells or particles in suspension. Flow cytometry is 

widely used to distinct different cell types from each other, based on their characteristics. A 

flow cytometer consists of three subsystems; fluidics, optics and electronics. The main 

function of the fluidics system is to transfer cells from the suspension to the area where the 

cells are hit by the laser beam, called the interrogation point. Laser beams are directed to the 

interrogation point through prisms and lenses. A cell hit by lasers will result in scattered light 

and also emission of fluorescence. Two types of light scatter can be generated, forward scatter 

(FSC) and side scatter (SSC). FSC increases for both increasing cell size and increasing 

difference in refractive index between the cell and the fluid. Refractive index is a 

phenomenon describing the speed of light in a substance relatively to vacuum. SSC describes 

the internal complexity of the cell; hence the more granular a cell is the greater SSC will be 

generated. Emitted fluorescence and generated light scatter are detected by lenses and 

forwarded to detectors via fiber optic cables. The final subsystem, electronics, converts 

incoming signals to electronic signals, which in turn are transformed to numerical data that 

can be analyzed [27].  

Different cell population can be distinguished by analyzing dot plots with information 

acquired from SSC and FSC. Through using fluorochrome labeled antibodies towards 

different surface receptors on cells, the cells in a population can be divided further into 

different subpopulations. Commonly used fluorochromes in flow cytometry are listed in Table 

1. Emission detection filters are used to compensate for overlapping emission spectrums of 

fluorochromes, so that only the emission from one specific antibody is detected at a time. The 

fluorescent intensity, measured from a cell labeled with antibodies, is proportional to the 

number of binding sites on a cell [27]. During this project a FACSCanto flow cytometer and 

the FACSDiva software was used, unless nothing else is stated. 

Table 1. Fluorochromes commonly used in flow cytometry. The excitation source as well as the emission range 

of each fluorochrome is listed in the table. 

Fluorochrome Excitation Source Emission Detection Filter (nm) 

FITC 488-nm laser 530±15 

PE 488-nm laser 585±21 

PerCP-Cy5.5 488-nm laser 695±20 

PE-Cy7 488-nm laser 780±30 

APC 633-nm laser 660±10 

2.4.3 Activities of NK cells 
Activities normally exerted by NK cells in vivo, include degranulation, cytotoxicity as well as 

production of cytokines. Whether these activities remains in NK cells expanded with the 

WAVE systems, were studied with flow cytometry based methods. The different methods are 

described in the following sections. 

2.4.3.1 Degranulation assay 
Upon recognition of a target cell, one of the effector functions that can be applied by NK cells 

is degranulation, i.e. cells release cytotoxic molecules from their granules. Cytotoxic granules 

in the cytoplasm of NK cells migrate towards the site were the NK and target cell are 
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associated. Granules will fuse with the plasma membrane and effector molecules will be 

secreted, leading to exposure of trans-membrane components on the cell surface, there among 

CD107a. The exposure of CD107a makes it possible for antibodies to bind the protein and 

thereby also detection of degranulating NK cells [28]. This feature was used to detect 

degranulation from NK cells expanded with the WAVE system. NK cells were incubated with 

target cells to stimulate degranulation. After incubation, cells were labeled with antibodies 

towards; CD56, CD3 and CD107a [29]. This mixture of antibodies allows detection of NK, 

NKT and T cell degranulation. 

2.4.3.2 Cytotoxicity 
The cytotoxicity of NK cells can be studied using target cells that are labeled with a cell 

tracing reagent. One type of cell tracing reagent is carboxyfluorescein diacetate succinimidyl. 

The reagent diffuses into cells, were enzymes cleave acetate groups resulting in the 

fluorescent carboxyfluorescein succinimidyl ester (CFSE). CFSE can then form fluorescent 

conjugates, which are maintained in cells. Labeled cells can be analyzed by a flow cytometer 

equipped with a 488 nm laser. The wavelength causes CFSE within the cells to emit light, 

which can be detected and analyzed [30]. Incubating NK cells with CFSE labeled target cells 

makes it possible to calculate the specific lysis of NK cells (see section 3.4.3).  

2.4.3.3 Cytokine production 
The Cytometric Bead Array (CBA) system from BD Biosciences comprises of beads designed 

to capture specific proteins. Each bead has a distinct fluorescence intensity and thereby allows 

quantification of several analytes in one sample. CBA systems are based on the formation of 

sandwich complexes. Through adding beads and detection antibodies to a sample, sandwich 

complexes form when detection antibodies bind to a specific protein that in turn is bound to a 

specific bead. Thereafter, the fluorescent intensity is measured for each bead population and 

thus protein levels in the sample can be quantified [31]. Various CBA kits are available. The 

BD CBA Human Th1/Th2 Cytokine Kit can in a single sample quantify levels of IL-2, IL-4, 

IL-5, IL-10, TNF and IFN-γ. This kit was used to determine cytokines produced by expanded 

NK cells. 

2.4.4 Cell separation using Mag Sepharose 
Mag Sepharose have been developed for separation and enrichment of proteins as mentioned 

previously. Several types of Mag Sepharose are available, with different molecules ligated to 

the sepharose. Ligated molecules enable binding of antibodies, which in turn can bind 

proteins. Two types of protocols have been developed for protein separation, a classical and a 

crosslink protocol. In the classical protocol the protein is eluted together with the antibody, 

whereas in the crosslink protocol the antibody is covalently bound to the beads and the protein 

is eluted exclusively [23]. Mag Sepharose beads ligated with protein G was used in this 

project in combination with a CD3-expressing cell line and two types of antibodies against 

CD3. Both the classical and the crosslink protocol were used to test if Mag Sepharose can 

bind cells. Experiments were performed in a depletion manner. Idealistic during depletion, all 

cells in a suspension added to the beads should be bound by the beads and no cells should 

remain unbound in the suspension.   
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3 Materials and methods 

3.1  Cell culture 

3.1.1 Cell number and viability  
The cell number and also the viability of cells were determined through standard Trypan Blue 

exclusion method with a Bürker chamber. This was applied for all cells cultured during this 

project. Occasional during NK cell expansion, the cells created clumps and therefore the cell 

suspension was incubated with the dissociation solution Accumax (PAA Laboratories) at 

37°C for 10 min. The amount of cells as well as the viability was calculated using equation 2 

and 3, respectively: 

Equation 2: 

               

  
 

                

                                                    
                   

Equation 3: 

          
            

                       
 

3.1.2 K562 cells 
The human erythroleukemia cell line K562 (ATCC), lack expression of MHC class I and are 

therefore commonly used as a target in NK cell assays [29, 32, 33]. K562 cells were cultured 

in Iscove’s Modified Dulbecco’s Medium with L-Glutamine, (IMDM; ATCC) supplemented 

with 10% fetal bovine serum (FBS; Hyclone) at 37ºC and 5% CO2. Cells were, twice a week, 

counted and split to a density of 0.1 x 10
6 

cells/mL.  

3.1.3 Jurkat cells 
Jurkat (ATCC; Clone E6-1) are CD3 expressing T-lymphocytes, derived from a patient with 

acute T cell leukemia. Cells were cultured in RPMI 1640 with GlutaMAX, supplemented with 

1 mM Sodium Pyruvate, 10 mM HEPES (all GIBCO) and 10 % FBS (Hyclone). Cells were 

maintained at 37ºC with 5% CO2 and twice a week split to 0.1 x 10
6
 cells/mL.  

3.2 The WAVE BioreactorTM 2/10 system 

3.2.1 Setup of the WAVE BioreactorTM and the Cellbag 
The WAVE Bioreactor 2/10 system was set up according to the operator manual. In brief, the 

Cellbag was assembled on the rocking unit, which was placed on the perfusion module. After 

inflating the bag with air, the weight was set to zero. Subsequently, the bag was filled with the 

appropriate amount of culturing media and incubated for at least two hours, allowing the 

media to reach the right temperature. The media and cells were transferred to the bag via a 

transfer flask, a special designed DURAN glass bottle with two ports. In the upper part of the 

flask, a filter was connected to the port. In the other port, by the bottom of the flask, a tube 

was assembled. The tube one the transfer flask was coupled with the feed connection on the 

Cellbag. The transfer flask was maintained in a LAF hood, to decrease the risk of 

contamination.   
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3.2.2 Perfusion setup 
Before perfusion was started, tubing and containers for harvest and feed were connected to the 

Cellbag. Tubing were prepared as follows; a 50 or 70 cm long Saniflex ASTP-ELP silicone 

tubing (Gore/Saniflex AB), with an inner and outer diameter of 3.2 respectively 6.4 mm, were 

equipped with male luer lock connections in both ends. The silicone tubing was connected to 

one end of a C-Flex tube, via a female luer lock. At the other end of the C-Flex tube a male 

luer lock was assembled and tubings were thereafter autoclaved. Luer locks were held in place 

with zip-ties on all tubes. Prior to perfusion, the silicone part was connected to the Cellbag 

and the C-Flex part to a 5 L container (Hyclone Labtainer) for both feed and harvest. All 

connections were performed in a laminar airflow cabinet. 

3.3 NK cell expansion 

3.3.1 MACS activation beads 
To activate NK cells in peripheral blood mononuclear cells (PBMCs), MACS Anti-Biotin 

MACSiBead Particles from the NK cell Activation/Expansion kit (Miltenyi Biotec) were 

used. The beads from the kit were coated with CD335 (NKp46)-Biotin and CD2-Biotin 

antibodies according to the manufactures protocol. In short, 50 x 10
6
 beads were mixed with 

50 µl of each antibody and thereafter diluted to a final volume of 1 mL in a sterile filtered 

buffer. The buffer consisted of PBS (GIBCO), 0.5% Human Serum off the clot (HS, PAA 

Laboratories) and 2 mM EDTA (Sigma). Antibodies were allowed to bind to the beads, 

during a 2 h long incubation at 4ºC with gentle rotation. Thereafter, beads were stored at 4ºC 

until use, although no longer than two months. 

3.3.2 Activation of PBMCs 
PBMCs, obtained from 3H Biomedical, were counted and the immunophenotype of the cells 

was determined by flow cytometry (see section 2.4.2). The amount of NK cells was calculated 

through multiplying the percentage of NK cells with the total amount of cells, resulting from 

flow cytometry and cell count, respectively. NK cells were activated through incubating 

PBMCs with MACS activation beads, prior washed with NK culturing media (see below). 

NK cell were activated using a ratio of one MACS activation bead for every second NK cell. 

Thereafter, PBMCs were divided on five T-175 flasks (Nunc) with a cell concentration of 1 x 

10
6
 cells/mL and cultured in NK cell media; CellGro SCGM (CellGenix) supplemented with 

10% HS (PAA laboratories) and 500 U/mL interleukin-2 (IL-2; Novartis Pharmaceuticals). 

Cultures were maintained at 37ºC with 5% CO2 and were controlled after four or five days. If 

the cultures had reached at least 200 x 10
6
 cells, they were transferred to a WAVE Bioreactor 

system. Cultures that had not reached 200 x 10
6
 cells were supplemented with an additional 

25% growth media and transferred to the WAVE Bioreactor system when a sufficient amount 

of cells had been reached (i.e. day six). The WAVE Bioreactor contained preheated NK cell 

media, which had been conditioned for at least two hours before the cells were transferred to 

it (see section 3.2.1). 

3.3.3 Expansion of NK cells in WAVE  
NK cells were expanded using the WAVE Bioreactor 2/10 system. Cells were seeded in 

approximately 250 mL in a Cellbag with densities ranging from 0.5 to 1 x 10
6
 cells/mL. 
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During the culture, cell number and viability was determined nearly every day from samples 

withdrawn from the Cellbag. From the samples, pH, CO2 and O2 were measured with a ABL5 

blood gas analyzer (Radiometer). Also glucose, lactate, glutamine and ammonia were 

determined using a BioProfile 100+ analyzer (Nova Biomedical). When necessary, cultures 

were diluted with pre-warmed NK cell media to a concentration of at least 0.5 x 10
6
 cells/mL 

in the bioreactor. Additionally, freshly thawed IL-2 was added to the culture every second day 

at a concentration of 500 U/mL. In the beginning of the culture, rocking rate as well as angle 

was set to 6. In case the cells formed large clumps in the culture, rocking rate was increased to 

7. When the culture reached 1 000 mL, perfusion was started with a perfusion rate of 300 

mL/day. The perfusion rate was increased to 500 mL/day, 750 mL/day and 1000 mL/day 

when the cell concentration reached 4.5 x 10
6
 cells/mL, 9 x 10

6
 cells/mL and 2.5 x 10

7
 

cells/mL, respectively. A fraction of the pooled NK cells were seeded in a T-flask and 

cultured in parallel with the WAVE culture. The static culture was counted every second day 

and maintained at a concentration of 1 x 10
6
 cells/mL.  

3.4 Characterization of NK cells  
NK cells were expanded in a mixture with other cells, since only activation and no isolation of 

NK cells were made when starting the cultures from PBMCs. To determine the amount of NK 

cells in the culture, cultured cells were phenotyped using flow cytometry. Additionally, 

cytotoxicity, degranulation and cytokine release was determined using flow cytometry based 

methods.  

3.4.1 Phenotypic characterization 
The immunophenotype of expanded cells were determined weekly by flow cytometry, using 

the following fluorochrome-conjugated antibodies; CD3-FITC, CD16-PE, CD19-APC, 

CD45-PerCP-Cy5.5and CD56-PE-Cy7 (BD Biosciences) as well as CD335-PE and CD336-

PE (Beckman Coulter). Appropriate antibody mixture was added to 1 x 10
6
 cells/100 μl and 

allowed to bind, through incubated samples for 20 min at room temperature in the dark. Next, 

3 mL cell wash (BD Biosciences) was added and followed by centrifugation at 300 g for 5 

min. Unbound antibodies were removed by decanting the supernatant. The pellet was 

dissolved in 450 μl PBS (GIBCO) and then analyzed with a flow cytometer. A sample 

prepared in the same way as above, except the addition of antibodies, was used as control.  

3.4.1.1 Determination of cell populations 
Resulting information from analysis with flow cytometry were displayed in dot plots. To find 

the lymphocyte population cells were primarily plotted against SSC and FSC. That population 

was subsequently plotted with different combinations of the fluorochromes on the axes, to 

distinguish the different cell types from each other. Populations were gated according to their 

expression of specific surface markers. NK cells were gated as CD56
+
CD3

-
, except for the 

first day when they were gated as CD16
+
 (due to shift of surface expression following IL-2 

culture [2]), T cells as CD56
-
CD3

+
 and NKT cells as CD56

+
CD3

+
 (also shown in Table 2). 
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Table 2. Definition of cell populations. Cells expanded in the WAVE Bioreactor and phenotyped with flow 

cytometry were divided into populations, based on their expression of specific surface markers. How the 

populations were defined is indicated in the table. Value in brackets was used to define the NK cell population in 

PBMCs. 

Cell population Surface marker 

NK cells CD56
+
 CD3

-
 (CD16

+
) 

NKT cells CD56
+
 CD3

+ 

T cells CD56
-
 CD3

+ 

3.4.2 Degranulation assay 
NK cells were triggered to degranulation, through co-culturing expanded cells (5x10

5
 

cells/100 µl) and K562 cells at three different ratios; 1:1, 5:1 and 10:1 (NK:K562). 

Additionally, two control samples were prepared, in which expanded cells were cultured in 

absence of K562 cells. Controls were used to detect any spontaneous degranulation by cells. 

All samples were incubated for 2 h in 37ºC with 5% CO2 in K562 media. To determine the 

percentage and types of cells that express CD107a, samples were incubated in the dark for 20 

min with antibodies against; CD107a-PE, CD3-FITC and CD56-PE-Cy7 (BD Biosciences). 

To each sample 3 mL cell wash (BD Biosciences) was added, followed by centrifugation at 

300 g for 5 min. Excess antibodies were removed through decanting supernatants. Pellets 

were then dissolved in 450 µl PBS (GIBCO) before analyzing samples with flow cytometry. 

One of the prepared controls was used as a negative control and no antibodies were therefore 

added to it. NK, T and NKT cell populations were distinguished in the same way as described 

in section 3.4.1.1. The percentage of CD107a expressing cells within those populations was 

determined. 

3.4.3 Cytotoxicity assay 
The cytolytic effect of expanded cells was analyzed with the CellTrace

TM
 CFSE Cell 

Proliferation Kit (Invitrogen). K562 cells (10 x 10
6 

cells/mL), targets, were labeled through 

incubated them with 0.5 µM CFSE at 37ºC for 5 min. The reaction was quenched by adding 

one volume of FBS (Hyclone), followed by incubation at room temperature for 2 min. To 

remove excess reagent, cells were centrifuged at 300 g for 5 min and thereafter washed two 

times with K562 media, before diluted to a concentration of 1 x 10
6 

cells/mL in the same. NK 

cells were washed with PBS (GIBCO) and then diluted in K562 media to a concentration of 1 

x 10
6 

cells/mL. K562 cells and NK cells were incubated for either 4 or 18 h at 37ºC at the 

ratios; 1:2, 2:1 and 10:1 (NK:K562). To determine the actual effector to target ratio, cells 

were mixed at the same ratios and measured with flow cytometry instantly. Additionally, 

K562 cells were incubated without NK cells to determine spontaneous cell death. Equation 4 

was used to calculate the specific lysis of NK cells [18, 34].  

Equation 4: 
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3.4.4 Cytokine release 
Cytokine secretion of activated NK cells were analyzed through co-culturing expanded cells 

(1.5 x 10
6 

/100µl) and K562 cells (1.5 x 10
5 

/100µl) [29] in K562 media for 5h at 37ºC and 

5% CO2. As controls, expanded cells and K562 were cultured separately. Following 

incubation, samples were centrifuged at 300 g for 5 min and thereafter the supernatant was 

collected and stored at -4ºC for further analysis.  

Prior to analysis, fresh NK cell media with 500 U/mL IL-2 was prepared and previously 

frozen supernatants were allowed to thaw in room temperature. The levels of IL-2, IL-4, IL-5, 

IL10, TNF and IFN-γ in samples were quantified using the BD CBA Human Th1/Th2 

Cytokine Kit (described in section 2.4.3.3). A master mix with the six Human Th1/Th2 

Cytokine Capture Beads was made. Beads were vortexed before transferring 10 µl/sample to a 

tube. To each sample tube 50 µl of the master mix was added. The master mix was vortexed 

between each addition to make sure that the mixture was homogeneous, followed by addition 

of 50 µl of the Human Th1/Th2 PE Detection Reagent. Next, 50 µl of each sample to analyze 

was added to the appropriate sample tube. Samples were incubated for 3 h at room 

temperature in the dark, allowing cytokines to bind to the capture beads. After incubation, 1 

mL wash buffer was added to the samples, which were then centrifuged. The supernatant was 

decanted from each sample and pellets dissolved in 300 µl wash buffer. Cytokines in samples 

were quantified with FACSCanto flow cytometer, FACSDiva software and FACSArray 

software. Standard curves for each cytokine, prepared prior to this study, were used to 

determine the concentration of each cytokine in the samples. 

3.5 Cell separation using Mag Sepharose 
The magnetic chromatography, Mag Sepharose by GE Healthcare, is normally used for 

protein enrichment (see section 2.3). There are many other manufactures that supply magnetic 

beads, with different compositions and sizes, for cell separation applications. Hence, a pilot 

trial was set up to test if Mag Sepharose Protein G can be used for cell separation. Cell 

separations with Mag Sepharose Protein G were based on protocols elaborated for protein 

enrichment. Both types of protocols, the classical and the crosslink (as described in section 

2.4.4), were tested in a depletion manner.  

In the experiments described below, binding buffer and washing buffer comes from the 

Protein A/G SpinTrap Buffer Kit (GE Healthcare). These buffers are recommended to use for 

protein separations with Mag Sepharose. Additionally two buffers, described in cell 

separation protocols, were used and are hereafter referred to as buffer 1 and buffer 2. Buffer 1 

consists of PBS supplemented with 0.1% FBS and buffer 2 of PBS supplemented with 0.1% 

FBS and 2 mM EDTA.  

3.5.1 Cell separation using the classical protocol 
For the classical protocol, magnetic beads were vortexed before 25 µl gel slurry 

(approximately 5 µl is magnetic beads) was transferred to an eppendorf tube. The storage 

solution was removed through applying a magnetic field. Beads were equilibrated through 

suspending them in 500 µl binding buffer (50 mM Tris, 150 mM NaCl, pH 7.5). After 

equilibration, 40 µg murine IGg2a antibody, either OKT3 or CD3 (Exbio), was diluted to 200 
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µl in binding buffer and incubated with the beads with end-over-end mixing at 30 rpm for 30 

min using a PTR-60 rotator (Grant-bio). The antibody solution was removed and the beads 

were washed with 500 µl of either binding buffer or buffer 1. A known amount of Jurkat cells, 

were centrifuged and diluted to 300 or 500 µl in binding buffer or buffer 2. Thereafter the cell 

suspension was incubated with beads at 30 rpm for 30 or 60 min. After incubation, the non-

bound fraction was collected, for forthcoming counting. The beads were washed with 500 µl 

binding buffer or buffer 2, one or three times, before finally diluting beads in 100 µl of the 

same. The bead solution was positioned onto glass slides and analyzed with light microscopy. 

In the non-bound fraction, cell number and viability was determined using Trypan blue 

exclusion. The binding capacity of the beads was calculated through dividing cell numbers in 

the non-bound fraction with cell numbers in the added cell solution.  

3.5.2 Cell separation using the crosslink protocol 
The crosslink protocol is the same as the classical until the wash after binding of antibody. 

Thereafter, a buffer change was made through adding 500 µl crosslink solution A 

(triethanolamine), which is then removed and replaced by 500 µl crosslink solution A 

supplemented with 50 mM dimethyl pimelimidate dihydrochloride (DMP; Sigma). Next 

samples were incubated for 30 min with end-over-end mixing, allowing antibodies to 

crosslink to beads. Beads were washed with 500 µl crosslink solution A and then blocked 

with 500 µl crosslink solution B (ethanolamine) for 15 min with end-over-end mixing. Non-

bound antibody was removed with 500 µl elution buffer (0.1 M glycine-HCl, 2 M urea, pH 

2.9) and beads were then washed two times with 500 µl binding buffer. Cells were bound to 

beads in the same way as described above and also the following steps are the same as for the 

classical protocol, see section 3.5.1 above.  

3.6 Statistical analysis 
Diagrams and statistical analysis was prepared using GraphPad Prism software.   
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4 Results 

4.1 Expansion of NK cells in WAVE 

4.1.1 Expansion and phenotype of cells during WAVE culture 
NK cells were expanded, using the WAVE Bioreactor 2/10 system, from PBMCs received 

from two donors, a 51 year old female and a 29 year old male, hereafter referred to as Culture 

1 and 2 respectively. Between Culture 1 and 2, there are large variations in cell number and 

the proportions of cell types yielded following three weeks of cultivation, see Figure 2.  

Nearly every day during expansion, samples were withdrawn from the bioreactor and the 

amount of cells in culture was determined. During the first seven days, Culture 2 showed a 

small expansion whereas for Culture 1 a decrease in cell number was observed. This modest 

expansion or even decrease of cells in the beginning of a culture is likely due to loss of B-

cells and monocytes. Culture 1 had a very modest expansion throughout the cultivation period 

(Figure 2 a) and did not reach the maximum culture volume of 1 L. Subsequently, no 

perfusion was started for Culture 1. Culture 2 had exponential growth and resulted in 

extremely high cell numbers, over 30 x 10
6
 cells/mL at the end of the culture (Figure 2 c). 

Comparing the total cell count between Culture 1 and 2 emphasizes the big difference 

between them. Following three weeks cultivation, the total cell count in Culture 1 only 

reached slightly more than 2% of the total cell count generated by Culture 2. Additionally, the 

total number of cells in Culture 1 had only triplicated after three weeks cultivation but the 

amount of NK cells (CD56
+
CD3

-
) had increased by 12-fold. Whereas a 120-fold increase of 

the total cell number and nearly a 240-fold increase of NK cells was observed for Culture 2. 

Even though the total number of NK cells is greater in Culture 2 compared to Culture 1, the 

proportion of NK cells is highest in Culture 1. In Culture 1 57% NK cells were observed at 

day 13, whilst only 32% NK cells were observed at day 14 in Culture 2, see Figure 2 b and d. 

Noteworthy, is also that the percentage of T cells (CD3
+ 

CD56
-
) dimidiated in Culture 1, 

whereas only a small decrease was observed in Culture 2, see Figure 2 b and d. For both 

cultures, the highest percent of NK cells was observed after two weeks cultivation, followed 

by a reduction during the third week. Further, it is interestingly that the lowest percentage of  

T cells were observed after two weeks, to then increase following three weeks cultivation for 

both Culture 1 and 2. 

In the starting material, NKT cells (CD56
+ 

CD3
+
) were only a small proportion. In the 

PBMCs, NKT cells were less than one percentage for Culture 1 and slightly more than three 

percentages for Culture 2. By termination of the cultures, NKT cells resulted in 14% and 24% 

for Culture 1 and 2, respectively.  
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Figure 2. Expansion of cells in Culture 1 and 2. Amount of total, NK and T cells yielded from Culture 1 and 

Culture 2 are shown in a) and c), respectively. Additionally, the percentage of NK, T and NKT cells is presented 

in b) for Culture 1 and in d) for Culture 2. 

Culture 2 showed modest expansion in the beginning of the WAVE culture. In the parallel 

static culture, the expansion rate was high at the same time. The cells in the static culture were 

therefore scaled up and used to start an additional WAVE culture, called Culture 3.  A share 

of the scaled up cells were maintained as a parallel static culture.  

In Figure 3, the left dot plots show NK, NKT and T cell populations for the last day of Culture 

1 (a), Culture 2 (b), static culture (c) and Culture 3 (d). In the right dot plots, the cells are 

plotted against fluorochromes for CD56 and NKp44. The percentage of NK cells expressing 

the NKp44 receptor in a culture can be calculated by using information from the two types of 

plots. In Culture 1, a total of 69% of the NK cell population expresses NKp44, whereas in 

Culture 2 the corresponding value is only 12%. In the static culture, 20% of the NK cells 

expressed NKp44 and 42% of the NK cells in Culture 3 expressed NKp44. These results show 

the dynamism of NK cells and also that their surface expression seems to be affected by the 

cultivation system as well as the time they have been cultured in that system.  

Unfortunately, the static culture for Culture 1 was not maintained in such a stringent way. 

Therefore it is not possible to determine if there would have been variations between cells 

cultured in the bioreactor compared to cells cultured static.  
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4.1.2 Activities of NK cells 
It was studied if activities known to be exerted by NK cells in vivo, were persistent in NK 

cells expanded in vitro. The target cell line, K562, was used to trigger cytotoxicity, 

degranulation and cytokine release from expanded cells. For these effector functions, large 

variations in activity were noticed for NK cells between Culture 1 and 2. NK cells in Culture 

1, seems to be more active than NK cells from Culture 2.  

To study the cytotoxic activity, NK cells were co-cultured with CFSE labeled K562 cells at 

three different ratios; 1:2, 2:1 and 10:1. NK cells from Culture 1 showed a cytotoxic effect 

after 4 hours co-incubation, whereas 18 hours co-incubation was necessary to obtain similar 

cytotoxic effects for NK cells from Culture 2 (Figure 4). When NK cells from Culture 2 were 

incubated with two target cells per one NK cell, a negative cytotoxicity was observed. 

Figure 3. Phenotype of cells 

following three weeks 

cultivation. The dot plots 

represent the distribution of 

cells in Culture 1 and 2, 

displayed in a) and b) 

respectively. The distribution 

of cells in the static culture, 

run in parallel to Culture 2 is 

shown in c). From cells 

expanded in the static culture, 

a new culture in WAVE was 

initiated. The distribution of 

cell types following 11 days 

culture in WAVE is shown in 

d). In dot plots to the left the 

distribution of cells 

expressing CD3 and CD56 is 

shown. Cells expressing 

NKp44 and CD56 are shown 

in figures to the right. 
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Implying that the NK cells decreased and/or the K562 cells increased during the incubation 

period. 

Degranulation of NK cells was studied through co-culture NK cells and K562 cells and 

thereafter measuring the surface expression of the trans-membrane protein, CD107a.  In 

Figure 5, expression of CD107a for Culture 1 at day 19 and Culture 2 at day 7 is illustrated. 

When target and effector cells were co-cultured at a ratio 1:1 the highest CD107a expression 

on NK cells was observed for both cultures. The expression of CD107a is substantially larger 

in Culture 1 compared to Culture 2 after activation with K562 cells. Degranulation of cells in 

Culture 2 was examined after day 7 as well, although the expression of CD107a became even 

lower following day 7 (results not shown).  
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Figure 4. Specific lysis of NK cells. In the figure, 

C1 and C2 stand for Culture 1 and Culture 2, 

respectively. Effectors, NK cells, and targets, K562 

cells, were incubated at three different ratios; 1:2, 

2:1 and 10:1. Specific lysis was determined after 4 

hours and 18 hours co-incubation for C1 and C2 

respectively. The specific lysis was measured at day 

21 for C1 and day 14 for C2.  

Figure 5. Degranulation of NK cells. C1 and C2 in 

the figure, stand for Culture 1 and Culture 2, 

respectively. Effectors, NK cells, and targets, K562 

cells were incubated at four different ratios; 1:0, 

1:1, 5:1 and 10:1. Shown in the figure, are 

degranulation of NK and NKT cells for C1 and C2 

at day 19 and 7, respectively. 

 

Upon activation, NK cells have the capability to releases cytokines that triggers other immune 

cells. NK cells were activated with K562 cells and released cytokines were quantified using a 

cytokine bead array kit, see section 2.4.3.3. The culturing media from Culture 1, showed high 

levels of IL-2 but modest levels of IFN-γ. Almost a quadrupling of IFN-γ levels was observed 

when NK cells from Culture 1 were activated with K562 cells. The activation also lead to a 

release of TNF, which was not detected in the culturing media from Culture 1 prior to 

activation of NK cells (Figure 6 a). 

Freshly prepared NK media was used as a positive control to determine the amount of IL-2. 

Analysis resulted in IL-2 concentrations above 6 000 pg/mL in fresh NK media. Levels of IL-

2, measured from the culture media were very low for Culture 2, at both day 13 and 21, whilst 

Culture 1 had rather high levels of IL-2 (4 000 pg/mL) at day 14, see Figure 6.  

At day 13 of Culture 2, high concentration of IFN-γ was observed in the culturing media.  

Following activation of NK cells, the levels of IFN-γ decreased, see Figure 6 b. The 
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concentration of IFN-γ markedly decreased between day 13 and 21 in the culturing media 

from Culture 2. At day 21 the levels of IFN-γ were more equivalent to those observed in 

Culture 1, however in Culture 2 no substantial increase of IFN-γ was detected after activation 

of NK cells. 
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Figure 6. Cytokines released from NK cells. Cytokine release from NK cells after activation with K562 cells 

was determined for Culture 1 (a) and Culture 2 (b).  The day of the analysis is indicated in brackets. Bars in the 

diagram represent standard deviation.  

4.2 Cell separations using Mag Sepharose 
Different variants of magnetic beads are used to separate cells. In this project, the possibility 

of using Mag Sepharose to separate cells was studied in a pilot study. Since this had not been 

tested before, the primary aim was to see if the cells could bind the beads at all and also how 

the cells would be affected (e.g. if the cells would be crushed by the beads). Two protocols 

developed for protein separation with Mag Sepharose was tested; a crosslink variant and a 

classical. In the classical protocol antibodies are allowed to bind to beads. Cells are then 

added and incubated with beads coupled with antibody. The crosslink protocol are carried out 

in a similar manner, but prior to adding cells to beads the antibodies are chemically cross 

bound to beads. Both protocols were carried out in a depletion manner, with the aim of 

depleting all cells from the added solution. Studies were performed with Mag Sepharose 

Protein G. The ligated protein G has the ability to bind antibodies. The two CD3 antibodies, 

CD3 (Exbio) and OKT3 were used to bind T-lymphocytes to beads. 

Results from the study are shown in figure 7. In experiments using the classical and the 

crosslink protocol with three washes following incubation of cells and beads, no cells could 

be detected on beads coupled with OKT3 or CD3 antibody, see Figure 7. Nevertheless, when 

the classical protocols was used in combination with only one wash following incubation of 
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cells and beads, cells were detected in association with beads (Figure 7). Unfortunately, no 

control was performed for this experiment.  

The results indicate that several washes might cause the cells to disassociate from the beads. 

This is further supported by the percentage of bound cells calculated for the crosslink 

experiment. The results were as follow; 6% for the negative control, 18% for CD3 and 16% 

for OKT3. Fewer cells were present in the non-bound fractions for samples with antibodies 

bound to beads compared to the control. This was not seen when analyzing beads with light 

microscopy, following washes. It is therefore likely that the washes affect the binding 

between cells and beads.  

 

 

Figure 7. Depletion studies of cell separation using Mag Sepharose Protein G. Two different antibodies, OKT3 

and CD3, were used with classical as well as the crosslink protocol. Beads were, after 30 min incubation with 

cells, washed one or three times. The protocol, number of washes as well as type of antibody that has been used 

is indicated in the figure. All figures are taken at 40 times enlargement with light microscopy. 

Cells were incubated with beads for either 30 or 60 minutes, the longer incubation time 

resulted in less or the same amount cells bound to the beads (results not shown). A shorter 

incubation time was therefore used for most of the experiments. The influence from the two 

sets of buffers (Protein A/G SpinTrap Buffer Kit or buffer 1 and 2) on the percentage of cells 

bound to beads was low (data not shown).   

Sample Control OKT3 CD3 

Classical 

One wash 

 

 

 

Classical 

Three washes 

 

 

 

Crosslink 

Three washes 
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5 Conclusions and discussion 

5.1 Expansion of NK cells in WAVE Bioreactor 
In this project, two perfusion cultures were performed with the WAVE Bioreactor 2/10 

systems. The aim of the cultures was to expand NK cells from PBMCs. The two cultures, 

Culture 1 and 2, displayed large variations in expansion rate as well as activity of the cells. 

Culture 1 grew slow and after three weeks expansion the culture had not reached sufficient 

cell number to enable perfusion. However, the cells were active and showed lysis of K562 

cells, cytokine secretion and also degranulation after activation. In contrast, Culture 2 

exhibited high cell densities, over 30 x 10
6
 cells/mL, after three weeks expansion, but the 

activity of the cells was low. In addition to these two cultures, a third culture was started. The 

donor PBMCs of this culture contained over 17% NK cells. Due to poor expansion potential 

of the cells the culture was terminated after only seven days (results not shown). These results 

together with others [18], demonstrate that the expansion potential of NK cells from PBMCs 

and also the activity of the cells varies extensively between donors. Any specific reason for 

the diversifications between cultures is not known, but it is most likely affected by the fact 

that NK cells are a dynamic population  that continually changes [35]. Hence, it is clear that 

the NK cell population in PBMCs will vary between donors, depending on the age and also 

health status of the donor. The influence of these factors on expansion as well as activity of 

NK cells is further complicating the goal of achieving a general protocol for NK cell 

expansion.    

The activity of cells from Culture 1 and 2, following activation with K562 cells, was very 

different. Cells in the first culture showed clear cytotoxic effects and CD107a expression. 

Also levels of secreted cytokines from cells in Culture 1 increased distinctly in response to 

activation. The cells in Culture 2 showed low specific lysis towards K562 cells throughout the 

culture. Notable, target and effector cells had to be co-incubated for a longer period (18 h 

compared to 4 h) to be able to detect any specific lysis. Despite this longer incubation time, 

negative specific lysis values were calculated. This implies that that the effector cells 

decreased or that the target cells increased during incubation. Furthermore, the cytokine 

secretion as well as CD107a expression was lower in Culture 2 compared to Culture 1 

following activation. This reduced activity of NK cells in Culture 2 is consistent with their 

low expression of NKp44, which is only expressed on active NK cells. Cells in Culture 2 and 

3 originate from the same starting material, but the time they have been cultured in the 

WAVE Bioreactor differs. The variations during expansion have affected the surface 

expression of the cells. Nearly 42% of the NK cells in Culture 3 expressed NKp44 compared 

to 12% of the cells in Culture 2. It would have been interesting to see if the cells in Culture 3 

are more active than cells in Culture 2, but the activity of cells in Culture 3 was unfortunately 

not studied.  

The highest proportions of NK cells in combination with the lowest proportions of T cells 

were observed following two weeks of cultivation for both Culture 1 and 2. Therefore, a two 

week cultivation period might be preferable over a three week cultivation period. However, it 

is not only the expansion time that should be taken into consideration. Culture 2, 3 and also 

the static culture was all been expanded from the same PBMCs. Culture 2 and 3 was 
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transferred to a WAVE Bioreactor after five and eleven days of static cultivation, 

respectively. The static culture was maintained in T-flasks throughout the three week period. 

Even though the starting material was the same for these cultures, the composition of cells in 

the end product was rather different between cultures. Consequently, it is important to 

monitor cultures regularly to detect and act upon changes when they arise.  

Results obtained in this study are similar to results in the more comprehensive study 

performed by Sutlu et al. In their study, they showed that expansion rate, proportion of cell 

types and activity of NK cells are different between cells that have been expanded in flasks 

compared to cells expanded in bioreactors. Today, many are optimizing a protocol for NK cell 

expansion in smaller scale, i.e. during NK cell expansion in T-flasks. This optimized protocol 

might not have the same effect on NK cell expansion when they are cultured in a bioreactor as 

it had when using T-flasks. Therefore, it can be of importance to try more than one type of 

protocol also when expanding NK cells in a bioreactor. The protocol used in this study was 

developed when NK cells were expanded in T-flasks. There is also a possibility that NK cells 

from different donors would favor different expansion protocols. 

In figure 2 c, the total number of cells in Culture 2 fluctuates during the last four to five days. 

This could be explained by formation of cell clumps, which makes it difficult to achieve a 

homogeneous mixed culture during sampling. Fluctuations in the counted cell number were 

also observed in Culture 1 and that could also be an effect of a non-homogeneous mixed 

culture at sampling. In addition, decay products or small impurities in this culture made it 

difficult to distinguish cells from debris. The problem with impurities might have been 

reduced if perfusion had been started. Since small products go through the internal perfusion 

filter and thereby would have been washed out during harvest.  

In a recent study by Naranbhai et al., they showed that density gradient centrifugation as well 

as the time between blood donation and processing affects the activity of NK cells and their 

receptor repertoire. The time between blood acquisition and density gradient purification 

varied between 2 to 24 hours. Interestingly, expression of NKp46 significantly decreased on 

NK cell processed after 24 h compared to 2 h [36]. PBMCs used in this study were obtained 

from 3H Biomedical, which uses density gradient centrifugation to purify PBMCs from whole 

blood. How long their processing times have been between blood sampling and density 

gradient centrifugation are not known. For further studies it would be important to take 

processing time in consideration and shorter processing times (i.e. 2 h) would be preferable. 

Since, herein activation was partially dependent on NKp46 expression, which was shown to 

decrease on NK cells in samples with longer processing times.  

In conclusion, expansion of NK cells is dependent on several parameters. It depends on the 

donor, the type of expansion system and also the time expanded in that system. Furthermore, 

the processing time between blood sampling and density gradient centrifugation affects NK 

cell receptor expression and activity. Therefore, it is highly important to consider these 

parameters prior to starting a NK cell expansion. 
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5.2  Cell separations using Mag Sepharose 
In this pilot study, the capability of using Mag Sepharose to separate cells was investigated. 

Only a few experiments were performed, due to time limitation. However, from the 

experiments performed, it is clear that the number of washes after binding of cells to beads 

seems to have a large impact on whether the cells are maintained on the beads or not. What 

cause the cells to fall off during that wash step is not clear. One possible explanation could be 

the weight of the magnetic beads, which are much heavier than the cells. When washing beads 

with cells bound to its surface it can give rise to stress on the binding between beads and cells 

and thus causes the cells fall off the beads. This might be the reason that beads from other 

manufacturers, which are used for cell separations, are much smaller and have a lower density 

than Mag Sepharose. An alternative could therefore be to produce smaller Mag Sepharose 

beads, with sizes similar to other magnetic beads for cell separation (up to 4.5 µm). To see if 

the binding between cells and beads could be improved by using smaller Mag Sepharose 

beads.  

Another aspect that should be considered is the volume of the sample that is going to be 

processed. In this study, an Eppendorf tube was enough to handle the volumes; however, an 

up-scaling of the process would require other systems. The use of columns could be an option 

when larger volumes need to be processed. If Mag Sepharose is compatible with that type of 

arrangement has to be investigated. It could also be examined if columns with regular 

sepharose beads, without magnetite, could be used for cell separation applications. 

The antibodies used in this study, OKT3 and CD3, might not have been optimal for the 

purpose. The ability of these antibodies to bind beads and cells are uncertain, since both had 

been stored for an unknown period of time. Moreover, OKT3 was developed as a drug that 

was administered to transplanted patients to prevent acute rejection [37]. Since OKT3 was 

developed for a purpose, different than what it was used for in this study, the characteristics of 

the antibody might have affected the binding to beads and cells. Furthermore, the antibodies 

were not quantified prior to this study; hence, the amount loaded to the beads might have been 

different than what was intended.   

Two types of protocols were tested, the crosslink and the classical protocol. The main 

difference between the two protocols is that the antibodies are chemical bound to beads in the 

crosslink protocol, which they are not in the classical protocol. This affects the elution step. In 

the classical protocol, antibodies and cells are eluted together. In the crosslink protocol, the 

cells are eluted separately. The choice of protocol depends mainly on whether the antibody 

could interfere with downstream applications and if there are time limitations. When the 

classical protocol was used, cells was observed bound to the beads in the case when only one 

wash had been applied following incubation of beads and cells. Since the classical protocol is 

less time-consuming it is to be preferred, at least during an early development phase.  
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6 Perspectives 

6.1 Expansion of NK cells in large scale 
The behavior of the two cultures performed in this study was very different. Therefore, it is 

not possible to give a detailed protocol for NK cell expansion using the WAVE Bioreactor 

2/10 system. The following studies should be performed to get a better understanding of NK 

cell expansion:  

 Additional cultures from several donors needs to be performed, to obtain a better 

understanding on how donor variability affects NK cell expansion. 

 More extensive phenotyping of the expanded cells is important to give a better 

understanding of the activity and behavior of the cells.  

 Shorter cultures, two weeks instead of three, seems to be more favorable in the sense 

of having as much NK cells as possible in proportion to T cells.  

 Several different protocols should be studied, e.g. using different media and cytokines, 

isolation of NK cells prior to expansion or not and also varied combinations and 

concentrations of cytokines. With the aim of finding a protocol that is as general as 

possible for NK cell expansion. 

The properties of NK cells, makes them great candidates for cellular immunotherapy. 

However, our understanding of NK cells must increase to be able to develop a more robust 

expansion method. It is probably first when a reliable protocol that generates sufficient 

amounts of active NK cells is available that their potential in immunotherapy will be reached.  

6.2 Cell separations using Mag Sepharose 
From the cell separations experiments with Mag Sepharose performed during this project, it 

was shown that Mag Sepharose has capability to bind cells. As discussed above, the cells fell 

off quite easily from the beads and why that occurred is not clear. It would be interesting to 

further explore the possible use of Mag Sepharose for cell separation. For further experiments, 

an additional IgG2a antibody with no specificity towards surface receptors on Jurkat cells 

should be used as a negative control. That could be used to determine if the antibody used to 

separate Jurkat cells are specific. Then it would be possible to determine if the cells bind 

unspecific to beads. Since the binding between the cells and the beads is weak, it would also 

be important to test a new antibody that commonly is used for cell separations, to see if that 

would improve the binding. Incubating cells and antibodies before adding beads is another 

approach that should be tested to determine if the binding between cells and beads can be 

improved. The washing steps needs to be optimized in order to remove as much un-bound 

cells as possible, but without breaking the binding between cells and beads. Moreover, the 

mixing step was in this study performed at room temperature with rotation, the cells might 

favor another type of mixing as well as temperature. These factors needs optimization to 

obtain a better cell separation. The composition of the buffers might also need to be modified 

to improve the binding.  

If the suggestions above would result in an improved binding between cells and beads, the 

next step would be to try to separate of two cell lines from each other, for example T- and B-
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lymphocytes. Finally, a complex mixture of cells (e.g. peripheral blood) should be used to 

determine the capacity of Mag Sepharose for cell separations. This is a process that will need 

a lot of optimization before it can reach the final goal.   
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