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Abstract  

Background: The tumour microenvironment (TME) promotes both immune 

evasion and cancer progression. TME is an essential component of promoting 

invasion, metastasis, as well as the ability to resist therapeutic interventions. One 

of the key aspects of this environment that supports the growth of cancerous cells 

is the recruitment of immunosuppressive cells such as the T regulatory cell. These 

immunosuppressive cells, Treg, often impairs the NK cell’s function, which 

normally recognises cancer cells. This project has found a way to improve the NK 

cell function by tumour-priming NK, which enhanced anti-tumour functions for 

clinical use.  The aim of this study is to investigate the relationship between NKs 

and Tregs in cancer cells.  In particle to examine if by tumour-priming, NK can 

overcome the suppression of Treg in vitro.  NK and Treg cells were isolated from 

leukocyte cone and Treg cells were expanded, and suppression was performed. NK 

cells were prime with cytokine, IL2 and CTV-1 cell line and co-incubated with 

K562, Raji and OVCAR3 cancer cell line, with and without Treg. These were 

followed by 4h of cytotoxicity assays and were read in flowcytometry or 

xCELLigence. The Treg cells after the expansion were found to be 90% suppressive 

at ratio of 1:2 (E:T). The cytotoxicity assays that were carried for 4h, showed a 

reduction in the NK cells cytotoxicity, with the addition of Treg cells, as against the 

NK cells with 3 different cell line K562, Raji and OVCAR3. In case of OVCAR3, 

at 4h of cytotoxicity assay, the Treg cells completely inhibited NK cell cytolysis. 

As for all the targeted cell lines, when the NK cells were primed with IL2, there 

was an increased in cytotoxicity, even with the addition of Treg cells. The TpNK 

cells cytotoxicity were not much higher than the NK cells; however, it manages to 

completely inhibit the Treg suppression. The NK cells, by themselves are not 

capable of inhibiting the suppression of Treg cells, but with additional treatments, 

like with IL2 or CTV-1, their resistance to Treg influence increases. TpNK cell 

manages to completely inhibits the Treg suppression. 
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2 Background 

2.1 General 

The tumour microenvironment (TME) promotes both immune evasion and cancer 

progression. TME is an essential component of promoting invasion, metastasis, as 

well as the ability to resist therapeutic interventions (Xiong et al., 2017). The key 

aspect of this environment supports the growth of cancerous cells, such as the: (i) 

evasion of growth suppressors and avoidance of senescence, as well as apoptosis; 

(Zeng et al., 2018) (ii) promotion of blood vessel formation, thereby helping 

cancerous cells to travel around the body through the lymph or blood; (Martin et 

al., 2013) and (iii) recruitment of immunosuppressive cells (Su et al., 2017), such 

has the T regulatory cell (Treg cell), tumour-associated macrophages (TAM), and 

myeloid-derived suppressor cells (MDSC) (Hanahan and Weinberg, 2011). The 

latter functions to neutralize the body’s capability to mount a successful immune 

response. For example, in one of the recent developments, it has been discovered 

that natural killer (NK) cells are clearly lacking tumour infiltrates, which has been 

attributed to the presence of Tregs in the TME (Whiteside, 2008).  

2.2 NK cells and the TME 

The first discovery of NKs cell was in 1975, in mice, where the researchers detected 

unique sub-population of lymphocytes, which were capable of killing tumour cells 

without pre-sensitization (Waldhauer and Steinle, 2008). This led to the model of 

‘missing self’ and ‘induced self’ (Cruz-Muñoz et al., 2019). When compared with 

T-cell and B-cell which recognized foreign antigen, NK cells are ‘self-centred’ and 

detected self-molecules, which interacts with major histocompatibility complex 

class I (MHC-I) (Parham, 2000), which are presented in surfaces of autologous 

cells. It was Karee and colleagues who first noticed that NK cells reject tumour 

cells, which are deficient in expressing major histocompatibility complex (MHC) 

class I molecules (Ljunggren and Kärre, 1985, 1990; Kärre et al., 1986).  

NKs are part of the innate immune and have been defined as CD3- CD56+ (Kwong 

et al., 1997). It is noteworthy that there are two subpopulations CD3-CD56brigth and 

CD3-CD56dim (Tarazona et al., 2002). Furthermore, NK cells are within 5-15% of 
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the total population of all the circulating lymphocytes, (Baginska et al., 2013; 

Waldhauer and Steinle, 2008). Around 10% of NK cells are CD56dim and CD16low, 

and displayed a low antibody-dependent cellular cytotoxicity (ADCC) and 

mediated cytotoxicity (Farag and Caligiuri, 2006). ADCC is a process of cell 

mediated immune defence, where an effector cell, like T-cell or B-cell, actively 

lysis a target cell.  On the surface of a target cell, specific antibodies are bounded, 

which are recognized by effector cells, like NK cell (CD16). This cross linking of 

CD16 triggers the degranulation into lytic synapse (see below), and the target cells 

die by apoptosis (Wang et al., 2015; Yeap et al., 2016). They are derived from 

CD34+ hematopoietic stem cells (HSC), which have the ability to self-renew or 

produce mature blood cells, such as erythrocytes, leukocytes, platelets, and 

lymphocytes. Morphologically, NKs are large granular cells, and they 

phenotypically express CD56 (neural cell adhesion molecule, NCAM, homophilic 

binding glycoprotein), and CD16 a receptor that binds to the Fc portion of IgG. The 

remainder of NK cells (90%) are CD56bright and CD16high. These cells secrete high 

levels of cytokines, tumor necrosis factor-α (TNF-α) and interferon γ (IFN-γ), IL-

5, IL-10, IL-13, the growth factor GM-CSF, and the chemokines MIP-1α, MIP-1β, 

IL-8, and RANTES (Cho and Campana, 2009).  

In humans, the main and widely investigated NK activating receptors are DNAM-

1, NKG2D, NKp80, KIR (killer cell immunoglobulin like receptor), and Natural 

Cytotoxicity Receptors (NCR), which are NKp46, NKp30, NKp44, (Diefenbach et 

al., 2001; Moretta et al., 2001; Pesce et al., 2015). Once engaged, the activating 

receptors induced the NK cell cytotoxicity (Yoon, Kim, and Choi, 2015) by 

releasing granules, such as Perforin and Granzyme (Paul and Lal, 2017). During 

infection or carcinogenesis, the level of NKG2D ligands, such as MICA, RAETI 

and the NKP30 ligand B7H6 are upregulated (Molfetta et al., 2017). Once the NK 

cell recognizes these ligands, using the aforementioned receptors or CD16, an 

immunological synapse is formed at the contact point. This leads to the recognition 

of actin cytoskeleton and the formation of a F-actin ring around the pSMAC 

(peripheral supramolecular activation cluster). These contain adhesion molecules 

(CD11a/CD18, LFA‐1lymphocyte function‐associated antigen 1), and within, there 
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is a presence of cSMAC (central SMAC). This is where the exocytosis of secretory 

lysosomes (also known as Lytic granules) is released in the direction of the target 

cell. This causes the polarization of MTOC (microtubule-organizing center) (Huse, 

2012) and secretory lysosomes, towards the lytic synapse (Krzewski and Coligan, 

2012). The secretory lysosomes are likely to move along the microtubules to lytic 

synapse, and then get fused with the cell membrane (Mace et al., 2014). The 

cytotoxic content is later released towards the target cell membrane (Topham and 

Hewitt, 2009). Another described mechanism is that NK cells kill targets by 

releasing or secreting extracellular vesicles (NK-EVs), which contain typical NK 

markers (e.g., CD56) and killer proteins (e.g., perforin, granzyme A & B, 

granulysin and FasL) (Wu et al., 2019). This study was performed using healthy 

human samples, and it was discovered that NK-EV could kill solid tumours in the 

absence of cells (Wu et al., 2019).  

Within the cytoplasm of NK cells, there are high concentrations of cytolytic 

granules, and these lytic vesicles contain many cytolytic proteins, such as perforin 

and granzyme, as previously mentioned. These proteins are designed to induce cell 

death upon release (Cooper et al., 2001). During the signals from both activating 

and inhibitory receptors on the surface, the NK cells released these granules at the 

immunological synapse, which triggered the death of target cells (Moretta et al., 

2002). Covering the membrane of these cytolytic granules, there are lysosomal-

associated membranes protein-1 (LAMP-1 or CD107a, CD107b) (Krzewski et al., 

2013). About 50% of proteins in the lysosomal membrane are from LAMP family 

(Andrejewski et al., 1999). LAMP has a short cytosolic tail, which interacts with 

trans-golgi mediators. Furthermore, it involves sorting and targeting proteins to the 

lysosomal pathway (Winchester, 2001). CD107a degranulation are used as a marker 

for NK cell functional activity, using flow cytometry. When the target cell line 

(K562) interacted with NK cell, the CD107a is considerably upregulated (Alter et 

al., 2004).  

NKG2D is the main activating NK receptor, and the engagement of NKG2D by 

NKG2D-L, on the surface of a tumour, is sufficient to activate NK cell cytotoxicity, 

and to control the growth of tumours in animal models (Diefenbach et al., 2001; 
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Molfetta et al., 2017). Tumours which are at an advanced level, have a high level 

of NKG2D-L (Sheppard et al., 2018). There are two sub populations of NKG2D-L, 

MICA and MICB (part of MHC I chain-related family) and ULBP1-6. The 

shedding of these ligands is a major strategy that tumours use to evade NK cell 

cytotoxicity (Bauer et al., 1999). Another way through which tumour cell could 

evade NK cell mediated killing is by down regulating NKG2D ligand, by releasing 

transforming growth factor-β (TGF-Beta), which are immunosuppressive 

cytokines. Cytokines are secreted during the tumour growth, or by regulatory 

immune cells; for example, the Tregs (Lee et al., 2004).   

DNAM-1(DNAX accessory molecule-1) receptor plays a critical role in NK cell 

mediated recognition of various types of tumours cells, including ovarian 

carcinoma. The ligand for DNAM-1 is CD112 (Nectin-2) and poliovirus receptor 

(CD155, PVR), which are found on epithelial, endothelial, and antigen presenting 

cells. The DNAM-1 receptor triggers NK cell-mediated killing of tumour cells 

expressing CD155 and CD112 (Bottino et al., 2003). Tumours can evade this by 

lowering the expression of CD112/CD155, thereby resulting in the failure of NK 

cell killing (Kearney et al., 2016). 

Pesce et al, 2015 identified B7-H6 (NCR3LG1) as a cell surface ligand of NKp30. 

B7-H6 ligands are found in lymphoma, leukaemia, melanoma, and carcinoma, and 

they are also present in soluble form. They are found in patients with ovarian cancer, 

where more than 50% had an impaired NKp30 receptor (Pesce et al., 2015; 

Schlecker et al., 2014). This could be due to B7-H6 ligand on the surface of the 

tumour cell, and as a soluble form. In a soluble form, B7-H6 could be bounded to 

NKp30, and this could prevent the activation of NKp30 mediated NK cell triggering 

(Pesce et al., 2015; Schlecker et al., 2014). 

 

2.3        The role of regulatory T-cells (Tregs) in the TME 

 Sakaguchi et al. (1995) discovered a subgroup of CD4+ T cells, found in a mouse, 

which could regulate immune responses. They were named regulatory T cells. 
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During the development of T and B cells, the cells go through a process known as 

central tolerance, where the self-reactive T and B cells are eliminated. If self-

reactive T and B cells escaped, it is then managed by peripheral tolerance, in order 

not to cause any autoimmune disease (Xing and Hogquist, 2012). Another 

breakthrough was made in 2003, with the discovery of FoxP3—a forkhead family 

transcription factor in mice. It was an important governor in the development and 

function of Treg cells (Khattri et al., 2003; Hori et al., 2003).  The importance of 

Treg cell became clearer, as a result of mutation in FoxP3, which eventually 

developed a disease called Immune dysregulation Polyendocrinopathy Enteropathy 

X-linked (IPEX) syndrome (Halabi-Tawil et al., 2009). This disease caused an 

enlargement of secondary lymphoid organs, insulin-dependent diabetes, eczema, 

food allergies and concomitant infection (Halabi-Tawil et al., 2009). This showed 

how vital a cell Tregs were, in the regulation of peripheral tolerance and inhibiting 

immune response (Gambineri et al., 2003).  

Treg cells are developed at the thymus— the first stage of the T cell development, 

and they are double negative stage, where all T cells are CD4-CD8- TCR- (T cell 

receptor) (Caramalho et al., 2015). Each cell will rearrange its TCR-α genes to form 

an exclusive functional molecule, which is tested against self MHC (Owen et al., 

2019). When the signal is received, T cells proliferate and express both CD4+ and 

CD8+ cells, and this stage is called double positive (DP). The TCR-α undergoes 

gene rearrangement to produce TCR-αβ. The DP T cell interacted with self-MHC I 

and II cells, which as a weak interaction will die, and cells with appropriate affinity 

will survive (Engel et al., 2013).  The cell then migrates to medulla region, where 

Negative selection occurs. The T cells are presented antigen, by antigen presenting 

cells (APC), if they interact too strongly, they undergo apoptosis (Santamaria et al., 

2021). The cells then downregulate either the CD4 or CD8 receptor, which will 

result to naïve CD4 (Tconv) or CD8 single positive cells, where it leaves the thymus 

and goes into periphery (Maggi et al., 2005).  

Naïve Treg (nTreg) are created in the thymus, for the nTreg to develop, there has 

to be an interaction between the high affinity TCR and CD28, STAT5 (Signal 

transducer and activation of transcription 5). The co-stimulation between 
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TCR:CD28, leads to high expression of IL2R α chain (CD25) (Ohkura and 

Sakaguchi, 2020). In response to STAT5 activation, FoxP3 is expressed as, 

CD4+CD25highFoxP3-. nTreg do not produce IL2, but rely on Tconv cell to secrete 

IL2 and mice deficient in IL2 or CD25 have low levels of FoxP3 and Treg in thymus 

and peripheral (Workman et al., 2009).  

The inducible Treg (iTregs) develops in the peripheral. The nTreg encounters weak 

antigen in the peripheral over a long period of time, while FoxP3 is upregulated by 

interaction of soluble molecule IL4, IL10 and TGF-β. The FoxP3 expression 

induces other Treg molecule CD127, CTLA-4 and GITR(Workman et al., 2009; 

Engel et al., 2013). Other regulatory cells are CD4- CD8- and CD8+CD28- T cells 

(Karagöz et al., 2010). 

Tregs suppressed cells of the immune system, such as NK, NKT (Natural killer T-

cell), which has CD3-, CD56+ cells (Tomchuck, Leung, and Dallas 2015), B cells, 

CD4+CD25- conventional T cells (Tconv), Dendric cells (DCs), and CD8+ T cells 

(Chen et al., 2005; Rueda, Jackson, and Chougnet, 2016). The way these cells work 

in vivo is still unknown; however, several mechanisms have been published 

including the expression of a high level of IL2 receptor (CD25), which competes 

for IL2 (Schmitt and Williams, 2013). The expression of inhibitory molecules, such 

as CTLA-4 (Read, Malmström, and Powrie, 2000), removal of CD80, CD86, and 

MHC molecules present on APCs, such as DCs, thereby limiting the contact 

between T-cell and APCs (Gu, Zhao, and Song, 2020). Tregs also release anti-

inflammatory cytokines, like TGF-β, IL-10 and IL-35, to suppress cells (Schmidt, 

Oberle, and Krammer, 2012), as well as granzymes and perforin, which are also 

released (Romano et al., 2019). As previously mentioned, perforins are a group of 

molecules which forms a pore in cell membrane of target cell (Osińska, Popko and 

Demkow, 2014). Granzymes are released by the NK cell or T cytotoxic cell, and 

they are serine protease, which is responsible for apoptosis of target cell. Once the 

pore is formed by Perforin, the granzyme enters the target cell, thereafter activating 

caspases (especially caspase-3), where many substrates are cleaves, and this 

includes caspase-activated DNase, to execute cell death (Voskoboinik, Whisstock 

and Trapani, 2015). Tregs have been shown to release extracellular vesicles (EV), 
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such as exosomes (Smyth et al., 2013), which deliver suppressive molecules, such 

as miRNAs species into the target cells (Tung et al., 2020). 

Not many studies have investigated how Treg cells modify NK cell function; 

however, circulating Tregs from healthy donors and cancer patients have been 

shown to down-regulate the expression of NKG2D, whilst membrane bound 

transforming growth factor beta (TGF-β) suppressed NK cell activity (Zimmer, 

Andrès, and Hentges, 2008). 

One of the key mediators of immunosuppression in TME is the regulatory T cells 

(Tregs). Furthermore, with studies done on mice, the levels of Tregs were reduced 

in cancer (leukaemia, melanoma), and enhanced immune function, leading to 

tumour clearance, as observed (Shimizu, Yamazaki, and Sakaguchi, 1999). It 

becomes vital to consider Tregs when designing an immunotherapy strategy for 

cancer, since the effectiveness of the therapy is hindered by the presence of Tregs 

in TME. For example, it has been demonstrated in a NK clinical trial that despite 

the administration of donor NK cells to patients, this treatment failed due to the 

high levels of Tregs found in patients (Geller et al., 2011). 

2.4      IL2 therapy 

In 1984, IL2 was used for the first time as a therapy for the treatment of cancer on 

a 33-year-old woman (Rosenberg, 2014). The woman had metastatic melanoma and 

had undergone many treatments before she was infused with IL2. After one month, 

her tumours were examined, and it was discovered that the tumours were shrinking, 

and in a couple of months, the cancer cells were gone. That was the first patient 

evidence that IL2 treatment could help to destroy an invasive, vascularized cancer 

(Rosenberg, 2014). IL2 (15.5kDa) is a cytokine primarily secreted by CD4+ T cells 

when stimulated by antigen—NK cells and CD8+ T cells and DCs (Wang et al., 

2018). An in vitro study that was conducted by Lehmann et al. (2001), investigated 

the effect of IL2 on NK cell perforin. They compared the K562 cell (sensitive to 

NK cell cytotoxicity) and the resistant cell line ML-2 (acute myeloid leukaemia) 

and found that the K562 cells were killed by NK cell granules, but the ML-2 cell 

did not. By co-incubating NK with IL2, the NK cells become activated and are 
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called, Lymphokine Activated Killer cells (LAK). This activation increases the 

percentage of cytotoxicity of a range of tumour cell lines (Yu et al., 2000; Sabry et 

al., 2011).  When the NK cells were activated by IL2, there was an increase in ML-

2 cell lysis. This was due to improved binding of perforin to the target cell 

(Lehmann, Zeis and Uharek, 2001). With the addition of LAK, the expression of 

CD107a increased in parallel with the cytotoxicity. The expression of CD107a 

could be a functional marker for NK cell’s cytotoxic activity (Aktas et al., 2009). 

The disadvantage of IL2 it is that it has to be infused in a high dose, which is very 

toxic and costly, and this limits its usage in large populations (Jiang et al., 2016). 

IL2 can also be used for Treg expansion, and the concentration used for IL2 is 1,000 

U/ml (Marín Morales et al., 2019), and the concentration to activate NK cells are 

100 IU/ml (Sabry et al., 2011). 

2.5     Tumour priming (TpNK) 

The CD69 receptor found on a NK cell was among the first receptor studied. CD69 

is expressed on the surface of T-cell, B cell and NK cells. Once the CD69 receptor 

is activated, they act as a costimulatory molecule leading to T cell activation, 

proliferation, secretion or cytotoxicity (Ziegler et al., 1994). CD69 are used as an 

activation marker for T cell and NK cells (BORREGO et al., 1999). North et al. 

(2007) investigated a ‘Two-Stage Process in Resting NK cell Activation’. Resting 

NK cells first need to be primed, and at the 2nd stage become triggered. To generate 

tumour-primed NK (TpNK) NK cells are co-incubated with a clinical grade 

leukemic cell line either CTV-1, and were able to lysis cell, Raji. When the NK 

cells are primed by CTV-1 cell, there is an upregulation of CD69 and tumour, which 

expressed CD69 ligands are lysis. This is an effective therapeutic strategy, as it 

overcomes the tumour immune evasion, and has consequently led to a clinical trial 

(Fehniger et al., 2018; Kottaridis et al., 2015). The published result of the phase 1 

trial where TpNK was used to treat 7 patients with AML showed that this cellular 

therapy was initially efficacious, with no serious side effect observed. The 

advantages of TpNK are that they are not cytotoxic to autologous/ allogeneic 

leukocytes, (Kottaridis et al. ,2015); thereby reducing the risk of adverse effects. 

Despite this, very little is known about the interaction of TpNK cells and the other 
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immune cells in TME, including Tregs. An understanding of whether Tregs inhibits 

the TpNK cytotoxic function against cancer cell, or whether TpNK cells are 

resistant to Treg suppression is warranted. This forms the main part of this MRes 

project.  
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2.6      Hypothesis   

Treg cells will suppress the NK cell killing of the cancer cell. However, by priming 

the NK cell with IL2 or CTV-1 cell line, the suppressive activity of Treg cell can 

be inhibited. If primed NK cells are unable to inhibit Treg suppression, then NK 

cell will be co-primed with both IL2 and CTV-1 cell line.  

2.7    Aims:  

The aim of this study is to investigate the relationship between NKs and Tregs, in 

the killing of cancer cells.   

Aim 1: 

Tregs cells are first extracted and expanded in the lab, and the suppression of Treg 

are tested. NK cells are ‘activated’ by incubating NK cells with cancer cells, so that 

they recognise them as an external, cancerous cell. A defined number of cancer cells 

are then added to the ‘activated’ NK cells, and the number of dead cancer cells (i.e. 

cells killed by the activated NKs) is counted. The next step is to add Treg cells into 

this mixture and count to see if there’s further cancer cell death. If by adding Treg 

a low count of cancer is not observed, this shows that Treg has inhibited the function 

of NK cell killing.  

Aim 2:  

To investigate how to prevent Treg cells suppression on NK killing of the cancer 

cell. NK cells are primed with IL2 (LAK) and co-incubated with a defined number 

of cancer cells. The number of dead cancer cells are counted, which are killed by 

primed IL2 NK cells. Next to add Treg into the mix and see if the LAK has been 

inhibited. If a high cell count is observed then this shows Treg suppression has been 

inhibited. 

 

 



23 
 
 

Aim 3: 

To investigate if TpNK cells can inhibit Treg cells suppression of NK cells killing. 

NK cells are activated by CTV-1 cell and co-incubated with a defined number of 

cancer cells. The number of dead cancer cells are counted by TpNK cell killing. 

Then Treg cells are added into the mix and if we observe high cell count, this tells 

us that Treg suppression are inhibited. 

2.8    Objective:  

To achieve the aims of the project, the following objectives were undertaken: 

• Designing a protocol for Treg isolation and validation 

• NK isolation and validation 

• Creating LAK NK cell and assessing whether Treg inhibited the function of              

LAK NK cell  

• Creating TpNK cells and assessing whether Tregs inhibit the function of  

            TpNK cells 

 

2.9    Justification:  

This study seeks to investigate how to prevent Treg cells’ suppression on NK killing 

of cancer cells. The importance of this research is to further deepen the knowledge 

of the fight against cancer. A cell-based therapy has been developed to kill off 

cancer cells in the lab. Very little is known about the interaction of TpNK cells and 

other immune cells in TME, including Tregs. An understanding of whether Tregs 

inhibits the TpNK cytotoxic function against cancer cell or whether TpNK cells are 

resistance to Treg suppression is warranted and forms the main part of this project.  
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3 Methods  

3.1 Preparation of Cell Culture Media  

Complete media (CM) was made by supplementing RPMI 1640 Medium (Roswell 

Park Memorial Institute 1640 Medium), which contains GlutaMAX, with heat 

inactivated Fetal calf serum (FCS, 10%) (Life Technology Fountain Drive, 

Inchinnan Business Park, Paisley, PA4 9RF. Cat:A476681) and antibiotic-

antimycotic (1%) (GibcoTM Bishop Meadow Road, Loughborough, LE11 5RG. 

Cat:15240062). Moreover, the Treg culture media was X-VIVO 15 Medium 

(Lonza, Cat:ZBE02-060F) supplemented with 5% Human AB serum (Sigma, The 

Old Brickyard, New Rd, Gillingham Dorset, SP8 4XT. Cat:MFCD00165829), 

100nM of Rapamycin (Generon 11, Progress Business Centre, Whittle Parkway, 

SL1 6DQ Slough - United Kingdom, Cat:A8167-24MG) and  1000 U/mL of human 

recombinant IL2 (Miltenyi Biotec, Almac House, Church Lane, Bisley, Woking, 

Surrey, GU24 9DR. Cat:130-097-743). 

3.2 Thawing of frozen cells 

Cryovials containing cells were removed from liquid nitrogen and transferred to dry 

ice. To thaw the cells, the cryovials were placed into a water bath at a temperature 

of 37oC, until ice was left in the vial. Thereafter, the vial was sprayed with 70% of 

ethanol, and transferred to the biological safety cabinet. Using a Pasteur pipette, 

cells were taken out and added drop-by-drop into a 50ml falcon tube containing 

10ml of CM. Cells were left for 5mins in the CM, before being centrifuged for 

5mins at 300g. The supernatant was discarded, and the cell pellet was re-suspended 

in CM. Cells were counted and cultured at concentration of 0.5 x106 cells/ml.  

3.3 Feeding Cell culture 

K562 cell line (human myelogenous leukaemia cell line), was obtained from the 

American-Type Culture Collection (ATCC Corporate Office, 10801 University 

Blvd., Manassas, VA 20110, US ). The Raji (human Burkitt’s lymphoma), was 

obtained from the American-Type Culture Collection (ATCC, CCL-86). Both were 
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cultured using CM and were grown at 37oC using 5% CO2 humidified atmosphere. 

Furthermore, the culture was maintained by the replacement of fresh medium every 

2 to 3 days. At the end of the culture, cells were resuspended at a final cells 

concentration of 0.5x106/ml. OVCAR3 cell line (Human Ovarian Cancer Cell 

Line), obtained from ATCC were grown at 37oC using 5% CO2 and every 2 to 3 

days the cells were detached using Tryple (Cat:12605-010, Gibco), washed with 

PBS (Phosphate buffered saline, with calcium and magnesium, Sigma, Cat: D8537-

500ml) and re-seeded at the concentration of 0.5x106/ml. 

3.4 Freezing down cells 

Freezing media were made by adding 20% of DMSO (WAK-Chemie Medical 

GmbH, Siemensstr. 9 D-61449 Steinbach/Ts.Germany, Cat: WAK-DMSO-50) to 

80% of FCS. The freezing media is kept cold by placing it in a ice box. To freeze 

cells, cells were washed with Hanks' Balanced Salt Solution (HBSS, Gibco) at 300g 

for 5min/ RT. The supernatant was discarded, and cells pellet were re-suspended in 

500ul of CM. Next, 500ul of freezing medium was added to the cells, and the cells 

were transferred to the cryovial. In addition, the cryovial was quickly placed into a 

Mr. Frosty, which was stored at -80oC overnight. The following day, the cryovial 

was then transferred into liquid nitrogen for storage.  

3.5 PBMCs isolation (see Figure 1) 

Leukocyte cones were supplied by the NHS Blood and Transplant service 

(NC2020.15). The peripheral blood mononuclear cells (PBMCs) were separated 

using density gradient centrifugation. Firstly, the blood was diluted with equal 

amounts of HBSS and slowly layered onto the density separation medium, 

Lympholyte-H (Cedarlane, Ontario Canada). This was done to achieve a distinct 

interface between the medium and the cell suspension.  After centrifuging (800g 

for 20 min, with the slowest brake settings) (all centrifuging were done at room 

temperature unless stated otherwise), a well-defined lymphocyte layer was seen at 

the interface. The layer was carefully collected using a Pasteur pipette, and 

transferred into a new centrifuge tube. Cells were washed with HBSS and 

centrifuged at 800g for 10 mins Thereafter, the supernatant was discarded, and the 

cell pellet was suspended in the CM.   
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3.6 Treg isolation 

To establish a protocol for Treg isolation, two previously published but different 

isolation methods were tested (Boneschansker et al. 2016; Fraser et al. 2018).  

Technique 1: Two step isolation of Treg cell (Stem Cell Technology and Miltenyi 

Biotec kits). Treg cells were isolated using a two-step bead selection process. 

Firstly, a negative bead selection was used to isolate CD4+ cells, using RosetteSep 

Human CD4+ T cell Enrichment cocktail. See Figure 1. 
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Figure 1: Schematic diagrams showing the initial steps involved in CD4+ 

isolation 
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The schematic representation of CD4+ isolation involves the following:  10ml of 

PBS was mixed with 10ml of blood cone. The mixture was placed into four 15ml 

tubes, with each containing 5mL of blood/PBS mixture.  150 µL CD4 RosetteSep 

was added to each of the tube, and the cells were incubated for 20 minutes. 15mL 

of PBS was then added onto each tube and mixture layered on top of lympholyte 

prep, before being centrifuged at 600-800g for 20 minutes.  The layer below the 

plasma was removed into a 50mL tube, while the PBS was added, and the cells 

were isolated following the centrifuge at 600g for 10 minutes.  

This was followed by positive selection for CD25+ cells, using human CD25 

MicroBeads II and LS Columns. An average of 287 x 106 cells CD4+ cells (Tconv) 

cells were isolated. Furthermore, an average of 15 x 106 Treg cells were isolated. 

The CD4+ Tconv cell fraction (approx.126 x 106 cells) was cryopreserved and used 

for suppression assays. The isolated Treg cells were re-suspended at a concentration 

of 1x106cells/mL and seeded into a 24-well plate and cultured with 100nM 

Rapamycin in X-VIVO 15 Medium that had been supplemented with 5% Human 

Sera (T cells expansion medium) and T cell activator (Dynabeads™ Human T-

Activator CD3/CD28, Life Technology). On day 2, post-stimulation half of the 

media (500 µL) were removed and replaced with fresh media, which contained 

1000 U/mL of human recombinant IL2 (R&D system United Kingdom, 19 Barton 

Lane, Abingdon Science Park, Abingdon, OX14 3NB) and 100nM Rapamycin 

(ThermoFisher™, 151 Brook Drive, Milton Park, Abingdon, GB-OXF OX14 

4SD).  

Technique 2: EasySep Treg isolation. Tregs were isolated using EasySep™ Human 

CD4+CD127lowCD25+ Regulatory T Cell Isolation. The isolated PBMC cells were 

placed into a 5mL polystyrene round-bottom tube (STEMCELL Technologies, 

building 7100, Cambridge Research Park, Beach Drive, Waterbeach, Cambridge, 

UK, CB25 9TL, Cat: 38007).  50ul/ml of anti CD25 Ab cocktail (positive selection) 

was added to the sample at a room temperature for 5min. Next, 30ul/ml of 

Releasable Rapid Spheres were also added to the sample after 5min, and finally 

50ul/ml of CD4+ T Cell Enrichment Cocktail was added. Moreover, after 5min the 

sample was placed on the magnet (STEMCELL Technologies, EasySepTM Cat: 
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18000) and left for 10min. Thereafter, the non-attached cells were transferred into 

a new 5mL tube. Approximately 1x106 cells were isolated. The Tregs after isolation 

were cultured at 1x106cells/ml in 96 well plate (100µl per well) in T cells expansion 

medium that had been supplemented with 500 IU/ml of IL2, 25ul of T cell activator 

(ImmunoCultTM-XF anti-CD3/CD28/CD2 beads, Stem Cell Technology), and 

Rapamycin 100nM. 

3.7 Treg expansion and validation (see Figure 2) 

The isolated Treg cells were cultured using Rapamycin (100nM) in X-VIVO 15 

Medium, which had been supplemented with T-cell expansion media and T-cell 

activator (Gibco™ Dynabeads™ Human T-Activator CD3/CD28). Cells were re-

suspended at a concentration of 1x106cells/mL and seeded in a 24-well plate. On 

day 1 post-stimulation, half of the media (500 µL) was removed and 500 µL fresh 

media was added. Moreover, 1000 U/mL human recombinant IL2 was added, while 

rapamycin (100nM) was replenished. On day 4 and day 6, the cells were counted 

(data not shown). On day 9 or 10, the activation beads were removed using a 

magnet, and the cells 'rested' in IL2 (1000 U/mL) containing media, until day16.  

 

 

Figure 2: Schematic representation of the timeline for the expansion of Treg 

cells 



30 
 
 

Treg cells were isolated on day 0 using either Stem cell EasySep or Miltenyi 

Biotec/Gibco from whole Blood or PBMC. The cells were seeded at 1x106 in X-vivo 

15 media, which had been supplemented with 5% of Human Sera, 100nM of 

Rapamycin, and anti-CD3/CD28 beads. On day 1, IL2 was added at a 

concentration of 1000 U/mL. At every 2 to 3 days, the cell media was replenished 

with fresh media. Furthermore, beads were removed at day 9/10, and cells were 

cultured until day 16. A suppression assay was carried out at the end of the harvest, 

with the ultimate goal of testing the functionality of the cells. 

 

3.8 Labelling Tregs with PKH67 

The labelling kit that was used to stain Treg cells was from Sigma (PKH67GL), 

which contained Diluent C and PKH67 solution. Treg cells were washed with 

HBSS and centrifuged at 300g for 7min. The supernatant was removed, and the cell 

pellet was re-suspended in 500ul of Diluent C. In the meantime, the dye solution 

was prepared using the following procedure: 4ul of PKH67 was added to 500ul of 

Diluent C, and both thoroughly mixed. Thereafter, the cells were transferred to the 

dye mixture, where they were gently mixed. After 3mins of incubation (in the dark), 

the reaction was stopped by adding 1ml of CM, which contained at least 1% of 

proteins. After 1min, incubated cells were centrifuged at 300g for 7min. Next, the 

supernatant was removed, and 10ml of CM was added. The cells were transferred 

into a new tube and centrifuged again. The supernatant was discarded, and the cells 

were re-suspended in fresh CM. 

3.9 Labelling cells with CellTrace-Violet (CTV) 

CTV stock solution (stock conc. 5mM) was prepared by adding and thoroughly 

mixing 20ul of DMSO into a vial of CellTrace Violet reagent (ThermoFisher). Cells 

were washed using PBS (300g, 5min, RT), and thereafter re-suspended in PBS to 

obtain a final concentration of 1x106 cell/ml.  In addition, 1ul of CTV stock solution 

was added to each 1ml of cells suspension. The cells were incubated for 20 min at 

37oC, protected from light, and mixed every 5min to ensure uniform labelling. After 

the incubation step, excess CM (5 times the original staining volume) was added, 
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and the cells were left for 5min. Cells were then pelleted by centrifugation, re-

suspended in pre-warmed CM, and left for at least 10min in the incubator. This was 

to allow the CTV reagent to undergo acetate hydrolysis.  

3.10 Treg Suppression Assay 

Treg suppression assays were carried out at the end of the expansion period. 

Suppression assays were set up according to Collison et al. (2011). In summary, 

thawed Tconv cells were labelled with 5uM CTV, while Treg cells were labelled 

with 4uM of PKH67. Both cell types were co-cultured in 96-U bottom plate for 5 

days at various ratios, in the presence of anti-CD3/CD28 coated beads (Life 

Technology Dynabeads™), at the ratio of 1:42 (beads:Tconv). On the last day of 

co-culture, the dye dilution (proliferation of Tconv) was measured using 

Novocyte3000 Flow Cytometer and analysed via NovoExpress. The gating strategy 

is shown in Figure 3A and B, as well as an example showing that 90.17% of Tconv 

activated with beads over 5 days proliferated (Figure 3A). Furthermore, according 

to Figure 3B, with the addition of Treg, the proliferation of Tconv cells were 

inhibited to only 27.72%.  

 

Figure 3: Gating strategy for the Suppression assay 
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The Analysis of suppression assay was performed by selecting FSC and SSC, while 

the lymphocytes were gated (red gate, left hand plot). Next, the CTV labelled Tconv 

were gated (green box), middle plot.  Histograms were selected to show the CTV 

dilution (right hand plots). (A) Tconv cells were labelled with CTV and incubated 

with the addition of beads (ratio of beads:Tconv 1:42). The histogram showed many 

peaks, which confirmed that division had occurred in the sample, and the range 

gate (M4) shows the percentage of CTV dilution. (B) Treg cells were labelled with 

pKH67 and incubated with addition of beads before adding to CTV labelled Tconv 

at ratio 2:1, in the presence of beads. CTV+ pKH67- cells were gated (green gate) 

and the Tconv proliferation was shown as a histogram, with M4 showing the 

percentage of CTV dilution. 

 

3.11 NK cell isolation 

As described above, PBMC were isolated from leukocyte cones, using density 

gradient centrifugation. NK cells were isolated using negative bead selection 

(EasySep™ Human NK Cell Enrichment Kit; Stem Cell Technologies) and an 

EasySep magnet, following manufacture's protocols. PBMCs were counted, 

washed, and re-suspended at the final concentration 50x106/ml in EasySep Buffer. 

These cells were transferred into a round bottom tube containing 5 mL of 

polystyrene and 50ul of Enrichment Cocktail per ml of sample was added. The 

sample was mixed and incubated for 10min RT. Next magnetic beads (after 

vortexing), 100ul per ml of sample, were added to the cells and left for 5min RT 

and after incubation, EasySep Buffer was added. The EasySep Magnet was chosen 

for volumes up to 2.5ml whilst the BigEasy magnet was used for volumes up to 

5ml. Before placing on the appropriate magnet, cells were mixed and then placed 

in the magnet for 2.5 min and non-adherent cells were collected. The yield of NK 

cells isolated was calculated using Equation 1 below and NK cells were assessed 

by phenotyping pre- and post-isolated fraction by flow cytometry using antibodies 

that recognise proteins on NK cells (see 1.13).  
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Equation 1: Calculation of yield 

 

𝐴𝐴: 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

=
𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗ %𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

100%
 

𝑃𝑃:𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜  𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑇𝑇𝑇𝑇𝑃𝑃

=
𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃 𝑜𝑜𝑜𝑜 𝑐𝑐𝑁𝑁𝑇𝑇𝑇𝑇𝑃𝑃 𝑇𝑇𝑜𝑜𝑇𝑇𝑁𝑁𝑁𝑁 𝑃𝑃𝑜𝑜𝑁𝑁𝑇𝑇 ∗ %𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑐𝑐𝑁𝑁𝑇𝑇𝑇𝑇𝑃𝑃

100%
 

𝑌𝑌𝑖𝑖𝑁𝑁𝑇𝑇𝑌𝑌 𝑜𝑜𝑜𝑜 𝑃𝑃𝑜𝑜𝑁𝑁𝑇𝑇 =
𝐴𝐴
𝑃𝑃
∗ 100% 

3.12 Flow cytometry Compensation Staining 

To perform compensation UltraComp eBeads™ (Invitrogen™ 01-2222-42) was 

used.  Firstly, FACS tubes were labelled for each antibody conjugate that was used 

in the experiment. The compensation beads were mixed by inverting and 1 drop of 

beads was placed in each tube. Furthermore, 5ul of antibody conjugate was added 

to the appropriate tube. After mixing, the tubes were incubated for 15min at 2-80C 

in the dark. Then, to each tube, 2ml of Staining Buffer (PBS+2%FBS) was added, 

and tubes were washed by centrifuging (300g, 5min). The supernatant was removed 

and 200ul of Staining Buffer was added to the tubes. Compensation was performed 

using automated settings on NovoCyte Flow Cytometer. 

3.13 NK and Treg cell Phenotyping 

Samples of interest were placed into FACS tubes and washed by adding 2ml of 

Staining Buffer (300g, 5min). The cell pellet was re-suspended in 100ul of Staining 

Buffer and mAbs were added to the samples, according to manufacturer’s protocol. 

For NK phenotyping, the following mAbs were used: CD3(BV652: Clone SK7, 

BD Biosciences) and 5ul of CD56 (APC-Cy7: Clone HCD56, Biolegend). Samples 

were incubated for 15min at 2-80C in the dark. After the incubation time, 2ml of 

Staining Buffer was added, and tubes were centrifuged at 300g for 5min. 

Thereafter, the supernatant was removed and 200ul of staining buffer was added. 
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The samples were analyzed on Novocyte Flow cytometer. Analysis of NK cells 

were performed by selecting FSC and SSC, next the CD3- CD56+ cells were gated, 

and the unstained sample were used as a control.  

For Treg phenotyping, at the end of culture, Treg were stained with the following 

antibodies: anti-CD4 PerCp-Cy5.5 (OKT4 clone, Life Technology), anti-CD25 PE 

(4E3 clone, Miltenyi Biotec), and anti-FoxP3 (PCH101clone, Life Technology). 

The expression of these markers was assessed by flow cytometry using the 

Novocyte 3000 (Agilent Technologies LDA UK Limited, 5500 Lakeside, Cheadle 

Royal Business Park Stockport, Cheshire SK8 3GR). The results were analysed 

using NovoExpress software. The mAbs were used for extracellular staining:  CD4 

(Anti-Hu, Invitrogen) and CD25 (4E3, Miltenyi Biotec). Then a staining for the 

transcription factor FoxP3, which was expressed by Tregs using a kit from 

Invitrogen eBioscienceTM Fixation/Perm Diluent (REF: 00-5223-56). Briefly, the 

media Fix/perm (1ml Fixation Diluent and 3ml of Permeabilization Diluent) and 

Perm Buffer (1ml of Permeabilization buffer and 9ml of Deionized water) were 

firstly prepared. After performing surface staining, samples were washed and 1ml 

of fix/perm was added to the tubes. Samples were incubated between 30-60 minutes 

in RT or at 2-80C. After incubation time, 2ml of perm buffer was added to the 

samples, and tubes were centrifuged between 400g – 600g for 5mins. Then, the 

supernatant was discarded and FoxP3 mAb was added (FoxP3 PE Antibody, anti-

mouse, REAfinity™ clone:REA788). Furthermore, samples were incubated for 

30min in the dark, RT. Next, 2ml of perm buffer was added and the tubes were 

centrifuged at 600g for 5 min twice. After washing, the supernatant was removed 

and cells were re-suspended in 200ul of Staining Buffer, and samples were analysed 

on Novocyte Flow cytometer. 

3.14 NK cell cytotoxicity assay  

To test NK cytotoxicity function, a 4-hour killing assay was performed using K562 

as target cells; which are sensitive to NK cells due to their lack of MHC class I 

expression (Nishimur et al., 1994). The K562 cells were washed with HBSS, then 

labelled with CTV and a total of 100µl of media containing 1x105 CTV -labelled 

target cells were added to 400µl medium containing 5x105 NK cells (5:1, E: T 
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ratio). Cells were incubated for 4 hours at 370C and 5% CO2. To assess cell death, 

cultured cells were re-suspended in a solution of TO-PRO3 iodide (Invitrogen, Cat: 

642/661), just before the analysis on Flow Cytometer. Background cell death was 

determined from the spontaneous lysis (death) of target cells that were incubated 

alone. All calculations were based on the absolute count of target cells in each 

experimental sample. To calculate % of lysis, the equation below was used. 

Equation 2: Calculation for cytotoxicity 

The calculation of cytotoxicity is based on absolute count of target cell in 

experimental samples. Absolute count if taken from the number of live cells 

multiplied by the total volume of sample. 

 

0ℎ − 4ℎ = 𝐴𝐴 

𝐴𝐴 𝑋𝑋 100
4ℎ

= 𝑃𝑃 

% 𝑜𝑜𝑜𝑜 𝑇𝑇𝑙𝑙𝑃𝑃𝑖𝑖𝑃𝑃 = 100 − 𝑃𝑃 = 𝑃𝑃 

% 𝑜𝑜𝑜𝑜 𝑃𝑃𝑠𝑠𝑁𝑁𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐 𝑇𝑇𝑙𝑙𝑃𝑃𝑖𝑖𝑃𝑃 = 𝑃𝑃 − 𝑃𝑃 

 

 

3.15 Generation of TpNK cells 

Cryopreserved NK cells were thawed and were placed in CM for 2 hours at 370C. 

CTV-1 cell lines were mitomycin-C pre-treated, in order to stop the growth of the 

cell.  Both cell viability and numbers were checked by flow cytometry using TO-

PRO as a viability dye. If NK cells viability were 45% and above, they were re-

suspended at 1x106/ml, and incubated 16h under the following conditions: alone or 

with addition of CTV-1 -to generate TpNK (ratio NK: CTV-1 1:2). The next day 

cells were washed and used in killing assay (at the ratio of 1:5 effector to target), as 

described in 3.14. 
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3.16 Assessment of Treg effect on NK cell function 

NK cells co-incubated with CTV-1 (TpNK) were then co-cultured in the presence 

or absence of Tregs (NK:Tregs ratio 1:1) and with various doses of IL2 (100IU, 

200IU, and 400IU). In addition, a killing assay was performed against K562, Raji 

and OVCAR3, to check cytotoxicity of TpNK cells, following exposure to Tregs. 

This was done in triplicate or duplicate, depending on the number of NK cells 

isolated.  

3.17 Degranulation Assay 

The killing assay and degranulation assay were performed co-currently (for killing 

assay, see NK Cell cytotoxicity assay above), with appropriate control tubes for 

each condition. On the first day of the experiment, NK cells were incubated alone, 

with or without Treg; with the presence or absence of IL2 (different doses). The 

next day samples were washed and CTV labelled K562 were added to each 

condition (ratio NK:Target 5:1) for 4hours. 5ul of anti-CD107a mAb (VioBright 

515, clone:REA792, Miltenyi) was added and after one hour of incubation at 37oC, 

5ul of monensin (ThermoFisher, Cat:00-4505-51) was added to each sample for 3 

hours. After the incubation time, extracellular staining was performed: cells were 

washed with staining buffer and labelled with anti-CD3 (BV652: Clone SK7, BD 

biosciences) and anti-CD56 mAbs (APC-Cy7: Clone HCD56, Biolegend). After 

15min of staining, samples were washed and re-suspended in staining buffer. The 

degranulation of NK cells was assessed simultaneously with cytotoxicity of NK by 

addition of TO-PRO. The gating strategy used is shown in Figure 4. 
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Figure 4: Gating strategy for NK cytotoxicity and degranulation  

The NK killing assay and CD107a measurement were performed for over 4 hour 

and co-currently. A, B, and C showed the gating strategy for NK cell killing. (A) 

Showed plot FSC vs. SSC with debris exclusion, while (B) showed K562 cells which 

have been labelled with CTV, and are gated (R2); hence, 10,000 events were 

collected, for consistency.  (C) The Live cells (negative for ToPRO) were gated 

from R2, while D, E and F showed the gating strategy for degranulation. (D) Live 

NK cell was gated from E7 (A) and in (E), where Treg and NK cell were gated. 

(F)The percentage of CD107a, is expressed on NK cells 

3.18 Killing assay performed on xCELLigence, using OVCAR3 as target cell 

line.  

5000 OVCAR3 cell, (volume 50ul in culture media) were seeded into a 16 well 

plate (Agilent E-Plate Cat: 6565382001). The isolated NK cells were incubated 

alone, or with IL2, or in the presence of CTV-1, either with or without Treg cells. 

The following day, each condition were added onto 16 well plates (in triplicate), 

(where the adherent OVCAR3 cells has expanded) at ratio 5:1 (effecter : target). 

xCELLigence (RTCA: Real Time Cell Analysis) was used to measure the killing 

data continuously over a 3day period, recording the data every 15min.  



38 
 
 

3.19 Statistical analysis 

The statistical analysis was performed using GraphPad Prism version 8.00 

(GraphPad Software, San Diego, California, USA). When two groups are 

compared, an unpaired t-test was applied. However, when there are three or more 

groups being compared, a one-way ANOVA was used. * = p>0.05 
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4 Results 

4.1 Two step bead isolation of Tregs generated better purity and yield 

compared to Stem cell Kit  

In order to isolate and expand Tregs from PBMCs, two previously published 

methods, StemCell EasySep (Zizzari et al., 2015) and a Two Step bead isolation 

protocol (Fraser et al., 2018) (reagent were from Miltenyi) were tested. As 

expected, both methods isolated CD4+25+Foxp3+ /  CD4+25+CD127lowTreg cells 

(Figure 5 A-G) with the Stem Cell EasySep method, giving a high purity of CD4+ 

CD25+cells (86.93%, Figure 5B). However, only 22.3% of these cells were 

Foxp3+ (Figure 5C), and 88.86% were CD127low (Figure 5D). In comparison, the 

Two Step protocol gave a lower CD4+ CD25+purity of 77% (Figure 5B); 

however, 76.26% of these were Foxp3+ (Figure 5C), while 97.19% expressed 

CD127low (Figure 5D). It is important to state that the flow cytometry data in 

Figure 3 (A-D) is from one donor. Figure 5E, shows the purity of isolation 

according to CD4+CD25+Foxp3+ and there were significant differences between 

the two methods. The Two Step method showed up to 90% purity compare to 

StemCell, where the highest purity was below 60%.  Figure 5F shows the purity 

of Treg isolation according to CD4+25+CD127low and there was a significant 

difference between the two methods. The lowest percentage for the Two Step 

method was 50% and 10% for the StemCell Treg isolation.   For the purity of 

Treg cell after isolation the Two Step method showed a better result compare to   

StemCell Treg isolation. Figure 5G, shows the percentage of yield obtained after 

the Treg isolation for both methods and there were no significant differences. 

However, on average the percentage of yield for the Two Step method is higher 

compare to StemCell Kit. The highest yield obtained from the Two Step method 

was 70% and 40% for StemCell Treg isolation. 

Additionally (data not shown), differences were seen in the number of CD4+ 

CD25+cells that were isolated using these methods. Around 2-4 x 106 CD4+ 
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CD25+cells were obtained using the Two Step protocol, whereas fewer than a 

million cells were obtained using the EasySep isolation. Unfortunately, cells 

isolated from the latter did not expand to sufficient numbers, whereas cells 

isolated from the Two Step isolation expanded well. After expansion an average 

of 30 x106 cells, with a purity of 90% CD4+25+Foxp3+ Treg cells were obtained 

at the end of harvest. Based on these findings, the Two Step method of isolation 

was used throughout the project, to isolate CD4+25+Foxp3+ cells. 
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Figure 5: Comparison of Isolation Strategies, Stem cell Kit and Two Step 

Isolation Protocol 

The plots showed the gating strategy of Treg cells for the two methods Stem 

cell Kit and Two Step Isolation Protocol. After the isolation of Treg, the cells 
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were stained with antibodies, such as CD4[FITC], CD25[APC], FoxP3[PE], 

CD127[PE-Cy7] and the following: (A) all the lymphocytes were gated, (B) 

Quadrant gate was selected to identify the CD4+, and CD25+ cells, (C) 

rectangular gate showed an expression of FoxP3, and (D) The Tregs cells 

had CD127Low, which was gated. After the Isolation of Treg from Cone for 

both methods, the percentage of CD4+CD25+Foxp3+and 

CD4+CD25+CD127low(E,F), as well as the yield (G) were taken from 

CD4+CD25+FOXP3+high. The Stem cell Kit purity is n = 4, yield n = 3, while 

the Two Step Isolation (Miltenyi) purity is n= 7, yield n = 6. In all the 

experiment, the data present had a mean ± SD, and it was analysed using 

unpaired t-test with p* ˂ 0.05.  

4.2 Isolated Tregs suppressed T cell proliferation 

Having established a protocol for Treg isolation and expansion, next the 

suppressive activity of cultured Tregs was assessed, using a previously 

published Tconv suppression assay (Collison and Vignali 2011; Fraser et 

al., 2018b). The suppressive capacity of Tregs isolated and expanded from 

four healthy donors was assessed. Tconv cells were activated with anti-

CD3/CD28 coated beads and 90% of the cells proliferated as observed by 

the dilution of CTV (Method Section 3.9). In comparison, the addition of 

Tregs at a 2:1 ratio inhibited this with only 27% of Tconv proliferating, in 

the presence of these cells (Figure 6). By titrating the number of Tregs to 

Tconv, the potency of the Tregs was measured by calculating the percentage 

of suppression according to the formula shown in the Materials section. As 

expected, it was found from calculating percentage of suppression, that 

decreasing the number of Tregs led to less suppression and an increase in 

Tconv proliferation (Figure 6 A and B). also It was also observed that the 

Tregs isolated from each individual cone had different suppressive 

capacities, some were highly suppressive, (Figure 6A) inhibiting Tconv 

proliferation even at a 1:16 Treg:Tconv ratio, whilst some donors Tregs 

were less suppressive giving only 30% suppression at a 1:4 ratio ( Figure 

6B). In conclusion, the Tregs isolated and expanded in vivo with IL2 and 
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anti-CD3/28 beads were capable of suppressed CD4+25- T cell proliferation. 

For future work on NK cells, a ratio of 1:2 (Tregs:NK) was used to ensure 

that the suppressive effect of Tregs was measured.    

 

Figure 6: Treg suppression  increased  as the concentration of Tconv 

decreased.  

Tconv cells were labelled with 5uM CTV while the Treg cells were labelled with 

4uM of PKH67.  The suppression assay was done over 5 days and the expansion 

of Tconv, was read by flow cytometry, which was followed by calculating the 

percentage of suppression. The graph presents suppression of Tconv proliferation 

for different ratios of Tconv: Treg cells 2:1, 4:1, 8:1, 16:1 and 32:1 represents T 

regs  the pooled data from 4 donors. 
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4.3 Isolated NK cells using StemCell NK isolation kit showed 90% purity 

To isolate NK cells from PBMCs, a negative bead isolation protocol was 

performed, using a NK Enrichment Kit. After isolation, NK purity was assessed 

by immunophenotyping using the surface markers: CD3 (VioBlue) and CD56 

(APC-Cy7), as NK cells were described as CD56+CD3- (Molfetta et al., 2017). In 

Figure 7A-C about 20% of PBMCs were CD56+CD3-, but after isolation, the 

purity was 90% of CD56+ CD3- (Figure 7D). Figure 7E shows the yield, which is 

defined as the number of NK cells isolated as a percentage of the total number of 

NK cells in the starting population. Next isolated NK cells were tested in killing 

assays, using three different cell lines as targets.  
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Figure 7: NK cell isolation using the StemCell positive selection kit 
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NK cells were isolated using a Stemcell NK kit, which is a negative bead 

selection method from the PBMCs. The isolated NK were stained with CD3 

[VioBlue] and CD56 [APC Cy-7], while the flow data is shown for NK isolated 

from one donor. The unstained sample (A) was used as controlled, and the NK 

cells were gated for CD56+ CD3- (B-C). (D) The NK purity was measured as 

CD56+CD3- (number of donors n= 8 for post isolation, and n = 6 for pre 

isolation) (E) Cumulative data of 5 independent experiment data showing the 

percentage of yield for CD56+ CD3-. In all the experiment, the data are 

presented as mean ± SD and analysed using unpaired t-test with p**** ˂ 

0.0001. 

 

4.4 Isolated NK cells can kill K562, Raji and OVCAR3 targets but in the 

presence of autologous Tregs, the cytotoxicity is inhibited. 

To confirm the cytotoxicity of isolated NK cells, a flow cytometry based killing 

assay was used, using K562 and Raji cell lines as target cells.  K562 is an 

erythroleukemia cell line which is sensitive to NK cell killing, due to the lack 

of MHC I & II on these cells (Nishimur et al., 1994). Raji is a Burkitt’s 

lymphoma cell line and is relatively resistant to NK-mediated killing 

(Hasenkamp et al., 2006). Additionally, an adherent, ovarian cancer cell line, 

OVCAR3 was also chosen as a target cell. In contrast to the suspension cultured 

target cells mentioned above, analysis of killing of OVCAR3 was performed 

using the xCELLigence, and the data was presented in real time for over 4 hours 

(see method 3.18). 

As expected, the isolated NK cells killed the K562 cell line, as indicated in 

Figure 8A, with NK cells isolated from 3 out of 4 donors showing a similar 

percent of cytotoxicity (15–40%). Whereas one donor (Green symbol) managed 

to kill 60% of the target cells. On addition of autologous Tregs, the percentage 

of cytotoxicity became reduced for all the four donors. However, for one donor 

(grey symbol), their Treg completely inhibited the killing.  
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In contrast to expectation, NK cells from all four donors killed Raji cells in the 

flow cytometric assay, with 40% or more killing observed, with one donor (Blue 

symbol) showing more than 60% lysis (Figure 8B). This could likely be due to 

transient NK cell activation during transit on the blood filters.  Despite this high 

level of innate killing of Raji, the addition of autologous Tregs decreased the 

percentage of cytotoxicity in all cases, and one donor (Green symbol) showed a 

significant reduction when compared with the other two donors.  

NK cells from a single donor were tested against OVCAR3 cells, as depicted in 

Figure 8C. The percentage of cytotoxicity by freshly isolated NK cells was 30%, 

but with the addition of Treg to the cultures for 4 hours, all OVCAR3 killing 

was suppressed. Although the data shown represents a single donor, it allows us 

to conclude that the bead isolated NK cells and could kill up to three different 

cell lines, and that the killing can be inhibited by Tregs.  
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Figure 8: NK cell killing of K562, Raji and OVCAR3  target cells were 

inhibited by Treg 

The isolated NK cells were co-incubated for 4 hours with K562, Raji, and 72 

hours with OVCAR3 cell was at a 5:1 effector: target ratio, with or without 

Treg. (A) Cumulative data of 4 donors, showing the percentage of the 

cytotoxicity for K562 cell line, and the Treg suppression of NK cell. (B)  

Cumulative data of 3 donors data, showing the percentage of the cytotoxicity 

for Raji cell line, and the Treg suppression of NK cell. The 4 donors for A and 

3 donors C are different.   (C) One experiment is shown, the percentage of the 
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cytotoxicity for OVCAR3 cell line.  Please see Appendix B and C for example of 

the gating strategy for cytotoxicity assay.  

 

4.5 IL2 primed NK cells increased the cytotoxicity, and this is reduced with 

the addition of Tregs 

In order to assess whether Treg can inhibit LAK cells, NK cells were co-

incubated with IL2 (100IU) for 16hours to induce LAK cells. The NK cells from 

all three donors killed K562 cells and this increased after NK cells were treated 

with IL2, regardless of the concentration used (Figure 9A). The percentage of 

cytotoxicity of K562 cells (by resting) and LAK cells was high. Resting NK 

cells killed 40% of the K562 cells in this killing assay; however, this was 

increased to around 60% after the NKs were exposed to 100IU, 200IU or 400IU 

of IL2. In the literature (Hood et al., 2019), 100IU of IL2 is commonly used to 

induce LAK, however this study wanted to assess if increasing the IL2 

concentration to 200IU and 400IU would have any effect in the ability of Tregs 

to suppress LAK cells. There was no significant difference between 200IU and 

400IU of IL2, as indicated in Figure 9A and B. In Figure 9C, NK cells were 

primed by 100IU of IL2, and the target cells were Raji. The percentage of 

cytotoxicity for LAK was between 70-80% for all 3 donors. With the addition 

of Treg, one donor (red symbols), the percentage of cytotoxicity was reduced 

by 10%. NK cells from the two donors (blue and green) with the addition of 

Treg with LAK, showed a minor reduction in percentages of cytotoxicity. 

Figure 9D, OVCAR3 are used as a target cell line and NK cells were primed by 

IL2 at 100IU. The data shown is for only one donor. The NK cell alone showed 

30% of cytotoxicity, and with the addition of Treg, no cytolysis occurred.  With 

LAK, the percentage of cytotoxicity was 90% and with the addition of Treg, the 

cytotoxicity was reduced to 70%.   

In conclusion, LAKs showed an increase in the killing for all three different cell 

lines.  
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Figure 9: IL2 primed NK cell increased the NK cell killing and overcame 

the Treg supperssion. 

IL2 primed NK cell or untreated NKs were co-incubated for 4 hours with K562, 

Raji, or OVCAR3 cell at a 5:1 effector: target ratio and the percentage of 

cytotoxicity are shown. (A) Cumulative data of 3 donor showing the percentage 

of cytotoxicity for K562. (B).  Cumulative data of 2 donors showing the 

percentage of cytotoxicity for K562. (C)  Cumulative data of 3 donors showing 

the percentage of cytotoxicity for Raji cell line.  The 3 donors for A and 3 donors 

for C are different. (D) One experiment was performed using OVCAR3 cell line. 

In all the experiment, the data presented as mean ± SD and analysed using one-

way ANOVA  with p* ˂ 0.05. p** ˂0.01 p***˂0.001 respectively.  Please see 
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Appendix B and C for example of the gating strategy for A,B and C cytotoxicity 

assay. 

 

4.6 NK killing of OVCAR3 increased with time but was suppressed by 

Tregs, which was reversed with the addition of IL2 

To assess whether increasing the time exposure to IL2 from 4h to 48h had any 

effect on LAK killing of OVCAR3 and whether Treg suppression also occurred 

with prolonged exposure, the NK cells were seeded in 16 well plates (5000 cells 

per well) and co-incubated with IL2, with and without Tregs.  On the following 

day, the NK cells were added to the OVCAR3 in wells of the xCELLigence 

plate. The cell lysis was measured using xCELLigence, and the data given in 

real time over a 48h period.  The cytotoxicity was read at 4, 8 16, 24 and 48h 

respectively, and the data is represented in Figure 10 A-D. It was observed that 

in the presence of NKs, the percentage killing of OVCAR3 increased over time, 

as indicated in Figure 10A, which was inhibited by Tregs at all times points 

(Figure 10B). In line with what was observed with the non-adherent cells, IL2 

treatment of NK cells increased their killing abilities, which was seen as early 

as 4hr, thereby reaching 100% at 16h (Figure 10C). As depicted in Figure 10, 

IL2 primed NK cells were susceptible to Treg suppression at early time points 

(4hours); however, after 24h of co-culture, this was lost. 
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Figure 10: LAK inhibits the Treg suppression over time.  

 The target cell OVCAR3 is seeded at 5000 cells per well in triplicate, using a 

16 well plate, while the naive NK cells were co-incubated with IL2, with or 

without Treg at day 1. At day 2, each assay condition is added onto the target 

cell at a ratio of 5:1 (effector to target), while the real time cell lysis is recorded 

every 15min by xCELLigence. The data above are shown for 4, 8 16, 24 and 
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48h respectively. (A). (B) (C)). The data are presented as mean ± SD and 

analysed using one-way ANOVA with p* ˂ 0.05, p** ˂0.01, p***˂0.001. 

 

4.7 CD107a degranulation shows no relationship between prime NK cell 

with and without Treg  

An alternative assay to measure NK-mediated direct target cell lysis is the 

enumeration of CD107a+ NK cells pre and post exposure to tumour target cells. 

CD107a is expressed at the time of NK cell degranulation and release of lytic 

vesicles (Aktas et al., 2009), as described in the introduction. In order to find 

out more about the nature of Treg suppression of NK function, the NK cell 

expression of CD107a as a degranulation assay was done co-currently with 

killing assay. Figure 11A, showed that for one donor (Blue symbols) the 

addition of Tregs to the co-culture reduced the percentage of CD107a expression 

from 15% to 5%. This confirmed what had been observed in Figure 8A and B, 

whereby the addition of Treg reduced NK function.  However, the addition of 

Treg also inhibited CD107a degranulation for two donors (green and black 

symbols) although this was not as drastic.  

Next, NK degranulation was assessed by the presence of IL2 at different 

concentrations (100IU, 200IU, 400IU).  In Figure 11B, the CD107a 

degranulation was increased when IL2 was added to the condition, for 1 donor 

(Blue symbols), with expression of 25%. For the other two donors not much 

difference can be seen. With the addition of Treg, only 1 donor (Blue symbol) 

showed a reduction in CD107a degranulation by 10%.  
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Figure 11: CD107a degranulation of NK cells  

The isolated NK cells alone or co-incubated overnight with IL2 or Treg or both. The 

following day, the target cell lines K562 are added to the mix (ratio of 5:1 effector 

to target) for 4 hours. This was followed by phenotype for CD3, CD56, and CD107a 

respectively, which analysed by flow cytometry (for further details, please see the 

method section 3.17). Cumulative data of 3 donors showing the percentage of 

CD107a degranulation. All 3 donors represented by blue, green and black colour 

are same across.  Please see Appendix B, for example of gating strategy for CD107a 

assay. 
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4.8 TpNK treatment of NK cells inhibited the Treg suppression 

In order to overcome the suppression by Treg cells, NK cells were treated with 

CTV-1, as described previously (Sabry et al., 2019). This NK:CTV-1 co-culture 

induced NK cell activation akin to IL2 priming but in the absence of IL2. These 

CTV-1 exposed NK cells were termed “Tumour-primed NK cells” – 

TpNK(Sabry et al., 2019. This study used Raji (Figure 12A) and OVCAR3 

(Figure 12B) as the target cell line to assess if TpNK cells were resistant to Treg 

suppression. As indicated in Figure 12A, the addition of Tregs had no effect in 

the percentage of cytotoxicity induced by TpNK for all 3 donors tested. The 

TpNK cells killed Raji targets in the presence of Tregs, suggesting that TpNK 

cells were resistant to Treg suppression. In Figure 12B, lysis of OVCAR3 cell 

line by TpNK was evident at each time point of co-culture, with an increase 

percentage in cytotoxicity observed with time. The addition of Tregs however 

inhibited this at early time points, 4 and 8h, however Treg suppression was 

overcome with increased exposure to TpNK, and at 16h, 24h, and 48h, TpNK 

inhibited the Treg suppression seen at early time points. 
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Figure 12:TpNK are resistant to Treg suppression 

The isolated NK cells are co-incubated with CTV-1, with or without Treg. 

Each condition was incubated overnight (the NK: CTV-1 were at the ratio of 

1:2) and TpNK were co-incubated for 4 hours with target cell line at a 5:1 

effector: target ratio and the percentage of Cytotoxicity for each donor is 

shown. (A) The target cell line was Raji, and each colour dot represents one 
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donor (n=3) (B) The target cell line were OVCAR3, and only one donor is 

shown.  The graph shows the % of Cytotoxicity for TpNK and TpNK:Treg at 

different time point and the non-fill bar are at 4h and 8h, represent  no % of 

specific cytolysis. The mean % Cytotoxicity +/- SD is represented as a bar 

chart.  Please see Appendix C, for example of gating strategy for Cytotoxicity 

assay Raji cell line. 
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5 Discussion 

The aim of this project was to determine if Treg cell could suppress NK cell 

cytolysis, and by priming the NK cells through the use of IL2(LAK) and CTV-1 

cell line (TpNK), which inhibited the Treg suppression. By examining the effect 

of the interactions between NK and Treg cells, a better understanding emerged, 

which could be applied towards NK immunotherapy in cancer patients. During 

this project, Treg cells were able to be isolated, expanded, and suppressed up to 

90%. The cytotoxicity assays that were carried out showed a reduction in the NK 

cells cytotoxicity, with the addition of Treg cells, as against the 3 different cell line 

K562, Raji and OVCAR3. In case of OVCAR3, at 4h of cytotoxicity assay, the 

Treg cells completely inhibited NK cell cytolysis. As for all the targeted cell lines, 

when the NK cells were primed with IL2, there was an increase in cytotoxicity, 

even with the addition of Treg cells. The TpNK cells cytotoxicity were not much 

higher than the NK cells; however, it manages to completely inhibit the Treg 

suppression. CD107a were also studied in order to explain the reason why the Treg 

cell manages to suppress the cytotoxicity of NK cell.   

 

Two protocols for Treg isolation, expansion, and suppression had been optimised; 

where each of the expansions took around 3-4 weeks, and a significant amount of 

Treg was obtained. The main part of the optimisations were to add Rapamycin to 

the medium, as rapamycin has been described as immunosuppressive drug. This 

had been known for years, but without the knowledge of its mechanism of action 

(Morelon et al., 2001).  This was discovered by (Strauss et al., 2009), that 

rapamycin selectively promotes Treg’s growth, and it inhibits the expansion of 

CD4+CD25- conventional T cells, thereby resulting into apoptosis. During the first 

week of expansion, there was limited growth attributed to the Treg; while in the 

second week, there was proliferation, although it started slowly. In the third week, 
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the growth was exponential, which was in agreement with the findings of (Strauss 

et al., 2009).  

 

The suppression activity of Treg cells were measured by proliferation assay, with 

Tconv (CD4+CD25-) as the target cell, while Treg cells was an effector. The Treg 

cell that showed suppression were from the ratio of effector to target cell; i.e. (E:T) 

1:1 to 1:16. This finding was similar to what was expected (Mercadante and 

Lorenz, 2017). Even after a long expansion in vitro, not only did Treg maintain its 

suppression, even at 1:8, it managed to suppress Tconv cells.   

 

Numerous findings found that Treg cells are capable of suppressing NK cell 

cytotoxicity.  The mechanism by which this occurred are through the membrane 

bound TGF-β on Treg, which suppresses NKG2D-mediated killing (Trzonkowski 

et al., 2004; Ghiringhelli et al., 2005; Smyth et al., 2006).  we were able to isolate 

he majority of studies conducted on the NK-Treg cells interaction were done using 

mice, and it was just two papers that were published on humans.  Ghiringhelli et 

al. (2005) is the leading published paper, as comprehensive studies were reflected 

therein. For instance, the authors examined the NK-Treg interaction in a healthy 

donor and cancer patient, in vitro and in vivo mouse model. They investigated 

different cytokine conditions to overcome the suppressive activity of Treg. In 

addition, TGF-β was studied using formaldehyde-fixation of Tregs. Trzonkowski 

et al., (2004) studied human NK cells, where the researchers did not isolate the 

NK cells, and had incubated the PBMC NK cell with the Treg cell for 40h. This 

was done with the addition of vaccine preincubated monocytes, which mimic 

Antigen presenting cell activation. These findings are not in direct contradicting 

with this study’s findings. Ghiringhelli et al. discovered that the resting Tregs are 

capable of suppression; however, this was unexpected. Treg cells require T-cell 

receptor (TCR) stimulation for its regulatory function (Ralainirina et al., 2006). 

Furthermore, Smyth et al. (2006) found that the resting Treg in murine were not 

suppressive; while Ghiringhelli et al. submitted that the suppression of resting 

Tregs were never replicated. However, to perform suppression assay, CD3/CD28 

beads are required to stimulate the proliferation of Tconv cells. Resting Tregs are 
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not well studied; however, one study conducted by Hagness et al., (2012) 

examined this gap, where Treg cells were formaldehyde-fixed, this would evade 

the TCR stimulation during the suppression assay. This will eventually be helpful 

in comparing the resting and the pre-active Treg cells, which led to the discovery 

that about 54% of the donors were suppressive for resting Treg, and the TCR 

stimulation of Treg cells were all suppressive (Hagness et al., 2012).  

 

Further difficulty in the assessment of the Treg function are in isolation, as it has 

been nearly impossible to isolate Treg without any contamination, but it’s possible 

with FACS sorting, which this study did not have. Treg and Tconv cells have 

opposite inflammatory functions; however, they were both stimulated identically. 

Hence, isolated or stimulated pure Tregs are problematic. However, this was 

reduced by adding rapamycin, where the mTOR pathway was inhibited, and Treg 

cells were selectivity expanded with fewer contaminates (Battaglia et al., 2005).  

Phenotypical Tregs are mainly defined by their expression of FoxP3, which could 

be used on the isolated Treg population, because of the transcription factor. 

However, FACS sorting can be used for this. If Treg is still isolated, the Tconv 

cells are known to upregulate FoxP3 during activation (Schmidt et al., 2012). The 

CD25 expression are another marker which could be used, but during 

inflammatory response, paracrine and autocrine IL-2, and T-cell upregulate CD25 

(Fazekas De St. Groth, Smith, and Higgins, 2004). However, CD25 marker did not 

correlated highly with the expression of FoxP3 (Liu et al., 2006). 

There are several other markers which were expressed constantly in Treg cell, such 

as CTLA-4, ICOS, GITR, and OX40, but were not limited. During T-cell 

activation, these markers were upregulated (Liu et al., 2006; Xiao et al., 2012). 

Additional surface markers like CD39 and CD79 were also purposed, which were 

responsible for direct suppression via ATP hydrolysis. Of these two markers, 

CD39 is more interesting, as it correlated with suppression activity and FoxP3 

expression (Gu et al., 2017; Deaglio et al., 2007; Mandapathil et al., 2010). They 

are more highly expressed in human Tregs than Tconv cells (Mandapathil et al., 

2010).  The main marker in recent years purposed for Treg are Low expression of 

CD127. This was because it has a direct invert correlation with FoxP3 expression 
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(Liu et al., 2006). The isolation of Tregs in this thesis were based on CD25, high 

FoxP3 and low CD127 marker, which resulted in a high purity of Treg, and were 

able to become suppressive. The results of this study showed around 90% 

suppression at ratios of 1:2, but by increasing the target cell, which showed an 

increase in the proliferation and overcoming of suppression.  

 

During this project, it was noticed that the untreated NK cells which were isolated 

from leukocyte cone shows cytotoxicity of 30 to 60% for K562, Raji and 

OVCAR3. This could be that the cones were already activated during the process 

to concentrate the leukocyte into a small volume.  In the lab, it was noticed that 

the activating marker CD69, which triggers NK-cell-mediated cytolytic activity 

(BORREGO et al., 1999) are above 60% (unpublished observations), whereas 

normally it’s between 2.5-5% (Bornego et al., 1993; Benlahrech et al., 2009). With 

the addition of Treg, the NK cytotoxicity had reduced, which is in correlation with 

the literatures (Trzonkowski et al., 2004; Ghiringhelli et al., 2005).  

 

In order to increase the NK cytotoxicity, it was primed with IL-2, which had 

resulted in an increased NK cell cytotoxicity against K562, Raji and OVCAR3. 

The increase in cytotoxicity was an agreement with the findings of (North et al., 

2007; Sabry et al., 2011). This could be due to the activation of the NK cells via 

MAPK 1/ extracellular signal-related protein kinase (Yu et al., 2000). The 

hypothesis was that NK and Treg cells would compete for IL-2. Hence, that was 

why Treg suppression was seen with IL-2 at the concentration of 100IU, and not 

so much in 200IU and 400IU.  

 

The group’s previous findings showed that priming the NK cell with a tumour cell 

(CTV-1), the interaction of CD2 and CD15 is critical for creating TpNK cells 

(Sabry et al., 2011). In theory, Lak and TpNK cells should show a similar level of 

cytotoxicity against cancer cell lines. However, these results for TpNK not only 

showed far less cytotoxicity, but very similar to a resting NK cell.  The hypothesis 

for this was that because CTV-1 is a cancer cell, it could have been muted. The 

consequences of this would have been the downregulation of CD15, which was 
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required to prime NK cells. Anther hypothesis would be that during the overnight 

incubation, the NK cells were trying to kill off CTV-1 cells, and were already very 

exhausted before the cytotoxicity assay. The final hypothesis is that some NK cells 

are already attached to the CTV-1 cell, and cannot contribute in the cytotoxicity 

assay. With the addition of Treg cells, there was no reduction in TpNK cell 

cytotoxicity of Raji cell.  

 

In this project, CD107a were used as a functional marker for NK cell activation, 

which was purposed by (Penack et al., 2005). The hypothesis was that in the 

presence of target cell line K562, the CD107a expression should increase, and with 

the addition of Treg, this should decrease. The results showed this for one donor, 

whereas two other donors showed a minor decrease in CD107a expression when 

Tregs were added in the mix. The expression of CD107a in presence of target cells 

were in line with the findings of (Penack et al., 2005). NK cell has a different 

subunit, where 90% of circulating NK in the body are CD56dimCD16+ and 10% 

CD56brightCD16dim/- (Fehniger et al., 2003).  Penack et al. discovered another 

subunit of NK cells—CD56dimCD16-, which are mostly responsible for 

cytotoxicity against the target cell line. This project did not have enough time to 

carry out an experiment to examine CD56dimCD16-.  

In the end, the method that had the best results was the treatment of NK culture 

with a replication incompetent tumour cell line - CTV-1 - which strengthened the 

NK cells to the point where no change was seen in the cytotoxic activity after Treg 

introduction into the system.  

To apply this knowledge into a clinical trial setting, first the patient NK cell has to 

be isolated and phenotyped for a different subunit. This is followed by the 

activation of NK cells through co-incubating with CTV-1 cell line and cytotoxicity 

assay performed on the final product. It is important to state that this would be 

intravenously infused into the patient.  
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6 Conclusion 

By analysing the results, it is clear that the Treg cells played an important role in 

the development of tumours, as it inhibits the cytotoxic activities of the NK cells 

in the TEM environment. Even though NK cultures could be successful in killing 

cancerous cells, the introduction of Treg cells into the system partially inhibits 

their cytotoxic capacity, or even completely blocks it.  

 

The NK cells by themselves are not capable of inhibiting the suppression of Treg 

cells, but with additional treatments, such as IL2 or CTV-1, their resistance to Treg 

influence increases. Thus, gaining more cytotoxicity/cytolysis capacity, and more 

effectiveness in removing the affected parts. Nevertheless, to have a better 

statistical perception of NK and Treg characteristics, it is necessary to conduct a 

study with a bigger group, with varying physical characteristics, such as age and 

sex, in order to understand the different immunological responses that appeared in 

the gathered data, and to create an effective treatment methodology for all the 

different responses that might exist.  

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 
 

 

7 References 

  

Aktas, E. et al. (2009) Relationship between CD107a expression and cytotoxic 
activity. Cellular Immunology. [Online] 254 (2), 149–154. 

Alter, G. et al. (2004) CD107a as a functional marker for the identification of 
natural killer cell activity. Journal of Immunological Methods. [Online] 294 
(1), 15–22. 

Andrejewski, N. et al. (1999) Normal Lysosomal Morphology and Function in 
LAMP-1-deficient Mice *. Journal of Biological Chemistry. [Online] 274 
(18), 12692–12701. 

Baginska, J. et al. (2013) The critical role of the tumor microenvironment in shaping 
natural killer cell-mediated anti-tumor immunity. Front. Immunol. [Online] 
4490. 

Battaglia, M. et al. (2005) Rapamycin selectively expands CD4+CD25+FoxP3+ 
regulatory T cells. Blood. [Online] 105 (12), 4743–4748. 

Bauer, S. et al. (1999) Activation of NK cells and T cells by NKG2D, a receptor for 
stress-inducible MICA. Science (New York, N.Y.). [Online] 285 (5428), 
727–729. 

Benlahrech, A. et al. (2009) Human NK Cell Up-regulation of CD69, HLA-DR, 
Interferon γ Secretion and Cytotoxic Activity by Plasmacytoid Dendritic 
Cells is Regulated through Overlapping but Different Pathways. Sensors 
(Basel, Switzerland). [Online] 9 (1), 386–403. 

Boneschansker, L. et al. (2016) Netrin-1 Augments Chemokinesis in CD4+ T Cells 
In Vitro and Elicits a Proinflammatory Response In Vivo. Journal of 
Immunology (Baltimore, Md.: 1950). [Online] 197 (4), 1389–1398. 

Bornego, F. et al. (1993) Regulation of CD69 expression on human natural killer 
cells: differential involvement of protein kinase C and protein tyrosine b a s 
e s *. Eur. J. Immunol 23. 

Borrego, F. et al. (1999) CD69 is a stimulatory receptor for natural killer cell and 
its cytotoxic effect is blocked by CD94 inhibitory receptor. Immunology. 
[Online] 97 (1), 159–165. 

Bottino, C. et al. (2003) Identification of PVR (CD155) and Nectin-2 (CD112) as 
cell surface ligands for the human DNAM-1 (CD226) activating molecule. 
The Journal of Experimental Medicine. [Online] 198 (4), 557–567. 



65 
 
 

Caramalho, Í. et al. (2015) Regulatory T-Cell Development in the Human Thymus. 
Frontiers in Immunology. [Online] 6395. 

Chen, M.-L. et al. (2005) Regulatory T cells suppress tumor-specific CD8 T cell 
cytotoxicity through TGF-β signals in vivo. Proceedings of the National 
Academy of Sciences. [Online] 102 (2), 419–424. 

Cho, D. & Campana, D. (2009) EXPANSION AND ACTIVATION OF 
NATURAL KILLER CELLS FOR CANCER IMMUNOTHERAPY. 
Korean J. Lab. Med. [Online] 2989–96. 

Collison, L. W. & Vignali, D. A. A. (2011) In Vitro Treg Suppression Assays. 
Methods Mol. Biol. Clifton NJ. [Online] 70721–37. 

Cooper, M. A. et al. (2001) Human natural killer cells: a unique innate 
immunoregulatory role for the CD56bright subset. Blood. [Online] 97 (10), 
3146–3151. 

Cruz-Muñoz, M. E. et al. (2019) From the “missing self” hypothesis to adaptive 
NK cells: Insights of NK cell-mediated effector functions in immune 
surveillance. Journal of Leukocyte Biology. [Online] 105 (5), 955–971. 

Deaglio, S. et al. (2007) Adenosine generation catalyzed by CD39 and CD73 
expressed on regulatory T cells mediates immune suppression. Journal of 
Experimental Medicine. [Online] 204 (6), 1257–1265. 

Diefenbach, A. et al. (2001) ‘Rae1 and H60 ligands of the NKG2D receptor 
stimulate tumor immunity’, Nature, 413(6852), pp. 165–171. 
doi:10.1038/35093109. 

Engel, M. et al. (2013) Thymic Regulatory T Cell Development: Role of Signalling 
Pathways and Transcription Factors. Clinical and Developmental 
Immunology. [Online] 2013e617595. 

Farag, S. S. & Caligiuri, M. A. (2006) Human natural killer cell development and 
biology. Blood Rev. [Online] 20123–137. 

Fazekas De St. Groth, B. et al. (2004) T cell activation: in vivo veritas. Immunology 
and Cell Biology. [Online] 82 (3), 260–268. 

Fazekas De St. Groth, B. et al. (2004) T cell activation: in vivo veritas. Immunology 
and Cell Biology. [Online] 82 (3), 260–268. 

Fehniger, T. A. et al. (2003) CD56bright natural killer cells are present in human 
lymph nodes and are activated by T cell–derived IL-2: a potential new link 
between adaptive and innate immunity. Blood. [Online] 101 (8), 3052–
3057. 

Fehniger, T. A. et al. (2018) A Phase 1 Trial of CNDO-109-Activated Natural Killer 
Cells in Patients with High-Risk Acute Myeloid Leukemia. Biol. Blood 



66 
 
 

Marrow Transplant. J. Am. Soc. Blood Marrow Transplant. [Online] 
241581–1589. 

Fraser, H. et al. (2018) A Rapamycin-Based GMP-Compatible Process for the 
Isolation and Expansion of Regulatory T Cells for Clinical Trials. Molecular 
Therapy. Methods & Clinical Development. [Online] 8198–209. 

Gambineri, E. et al. (2003) Immune dysregulation, polyendocrinopathy, 
enteropathy, and X-linked inheritance (IPEX), a syndrome of systemic 
autoimmunity caused by mutations of FOXP3, a critical regulator of T-cell 
homeostasis. Current Opinion in Rheumatology. 15 (4), 430–435. 

Geller, M. A. et al. (2011) A phase II study of allogeneic natural killer cell therapy 
to treat patients with recurrent ovarian and breast cancer. Cytotherapy. 
[Online] 1398–107. 

Ghiringhelli, F. et al. (2005) CD4+CD25+ regulatory T cells inhibit natural killer 
cell functions in a transforming growth factor-beta-dependent manner. The 
Journal of experimental medicine. [Online] 202 (8), 1075–1085. 

Gu, J. et al. (2017) Human CD39hi regulatory T cells present stronger stability and 
function under inflammatory conditions. Cellular & Molecular 
Immunology. [Online] 14 (6), 521–528. 

Gu, Y. et al. (2020) Ex vivo pulsed dendritic cell vaccination against cancer. Acta 
Pharmacologica Sinica. [Online] 41 (7), 959–969. 

Hagness, M. et al. (2012) Kinetics and Activation Requirements of Contact-
Dependent Immune Suppression by Human Regulatory T Cells. The Journal 
of Immunology. [Online] 188 (11), 5459–5466. 

Halabi-Tawil, M. et al. (2009) ‘Cutaneous manifestations of immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome’, British 
Journal of Dermatology, 160(3), pp. 645–651. doi:10.1111/j.1365-
2133.2008.08835.x. 

Hanahan, D. & Weinberg, R. A. (2011) Hallmarks of cancer: the next generation. 
Cell. [Online] 144646–674. 

Hasenkamp, J. et al. (2006) Resistance Against Natural Killer Cell Cytotoxicity: 
Analysis of Mechanisms. Scandinavian Journal of Immunology. [Online] 
64 (4), 444–449. 

Hasenkrug, K. J. & Myers, L. M. (2011) In vitro and in vivo analyses of regulatory 
T cell suppression of CD8+ T cells. Methods Mol. Biol. Clifton NJ. [Online] 
70745–54. 

Hood, S. P. et al. (2018) Phenotype and Function of Activated Natural Killer Cells 
From Patients With Prostate Cancer: Patient-Dependent Responses to 
Priming and IL-2 Activation. Frontiers in Immunology. [Online] 93169. 



67 
 
 

Hood, S.P. et al. (2019) ‘Phenotype and Function of Activated Natural Killer Cells 
From Patients With Prostate Cancer: Patient-Dependent Responses to 
Priming and IL2 Activation’, Frontiers in Immunology, 9, p. 3169. 
doi:10.3389/fimmu.2018.03169. 

Hori, S. et al. (2003) Control of regulatory T cell development by the transcription 
factor Foxp3. Science (New York, N.Y.). [Online] 299 (5609), 1057–1061. 

Huse, M. (2012) ‘Microtubule-organizing center polarity and the immunological 
synapse: protein kinase C and beyond’, Frontiers in Immunology, 3, p. 235. 
doi:10.3389/fimmu.2012.00235. 

Jiang, T. et al. (2016) Role of IL-2 in cancer immunotherapy. OncoImmunology. 
[Online] 5 (6), e1163462. 

Karagöz, B. et al. (2010) CD8+CD28- cells and CD4+CD25+ regulatory T cells in 
the peripheral blood of advanced stage lung cancer patients. Medical 
Oncology (Northwood, London, England). [Online] 27 (1), 29–33. 

Kärre, K. et al. (1986) ‘Selective rejection of H-2-deficient lymphoma variants 
suggests alternative immune defence strategy’, Nature, 319(6055), pp. 675–
678. doi:10.1038/319675a0. 

Katodritou, E. et al. (2011) Tumor-primed natural killer cells from patients with 
multiple myeloma lyse autologous, NK-resistant, bone marrow-derived 
malignant plasma cells. American Journal of Hematology. [Online] 86 (12), 
967–973. 

Kearney, C. J. et al. (2016) Loss of DNAM-1 ligand expression by acute myeloid 
leukemia cells renders them resistant to NK cell killing. Oncoimmunology. 
[Online] 5 (8), e1196308. 

Khattri, R. et al. (2003) An essential role for Scurfin in CD4+CD25+ T regulatory 
cells. Nature Immunology. [Online] 4 (4), 337–342. 

Kottaridis, P. D. et al. (2015) Two-Stage Priming of Allogeneic Natural Killer Cells 
for the Treatment of Patients with Acute Myeloid Leukemia: A Phase I 
Trial. PloS One. [Online] 100123416. 

Krzewski, K. and Coligan, J. (2012) ‘Human NK cell lytic granules and regulation 
of their exocytosis’, Frontiers in Immunology, 3, p. 335. 
doi:10.3389/fimmu.2012.00335. 

Krzewski, K. et al. (2013) LAMP1/CD107a is required for efficient perforin 
delivery to lytic granules and NK-cell cytotoxicity. Blood. [Online] 121. 

Kwong, Y. L. et al. (1997) CD56+ NK lymphomas: clinicopathological features 
and prognosis. British Journal of Haematology. [Online] 97 (4), 821–829. 



68 
 
 

Lee, J.-C. et al. (2004) ‘Elevated TGF-β1 Secretion and Down-Modulation of 
NKG2D Underlies Impaired NK Cytotoxicity in Cancer Patients’, The 
Journal of Immunology, 172(12), pp. 7335–7340. 
doi:10.4049/jimmunol.172.12.7335. 

Lehmann, C., Zeis, M. and Uharek, L. (2001) ‘Activation of natural killer cells with 
interleukin 2 (IL2) and IL-12 increases perforin binding and subsequent 
lysis of tumour cells’, British Journal of Haematology, 114(3), pp. 660–665. 
doi:10.1046/j.1365-2141.2001.02995.x. 

Liu, W. et al. (2006) CD127 expression inversely correlates with FoxP3 and 
suppressive function of human CD4+ T reg cells. The Journal of 
experimental medicine. [Online] 203 (7), 1701–1711. 

Ljunggren, H.G. and Kärre, K. (1985) ‘Host resistance directed selectively against 
H-2-deficient lymphoma variants. Analysis of the mechanism’, The Journal 
of Experimental Medicine, 162(6), pp. 1745–1759. 
doi:10.1084/jem.162.6.1745. 

Ljunggren, H.G. and Kärre, K. (1990) ‘In search of the “missing self”: MHC 
molecules and NK cell recognition’, Immunology Today, 11(7), pp. 237–
244. doi:10.1016/0167-5699(90)90097-s. 

Mace, E.M. et al. (2014) ‘Cell biological steps and checkpoints in accessing NK 
cell cytotoxicity’, Immunology & Cell Biology, 92(3), pp. 245–255. 
doi:10.1038/icb.2013.96. 

Maggi, E. et al. (2005) Thymic regulatory T cells. Autoimmunity Reviews. [Online] 
4 (8), 579–586. 

Mandapathil, M. et al. (2010) Generation and accumulation of immunosuppressive 
adenosine by human CD4+CD25highFOXP3+ regulatory T cells. The 
Journal of biological chemistry. [Online] 285 (10), 7176–7186. 

Marín Morales, J. M. et al. (2019) Automated Clinical Grade Expansion of 
Regulatory T Cells in a Fully Closed System. Frontiers in Immunology. 10. 
[online]. Available from: 
https://www.frontiersin.org/article/10.3389/fimmu.2019.00038 (Accessed 
26 June 2022). 

Martin, T. A. et al. (2013) Cancer Invasion and Metastasis: Molecular and Cellular 
Perspective. Landes Bioscience. [online]. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK164700/ (Accessed 25 
December 2021). 

Mercadante, E. R. & Lorenz, U. M. (2017) T Cells Deficient in the Tyrosine 
Phosphatase SHP-1 Resist Suppression by Regulatory T Cells. The Journal 
of Immunology. [Online] 199 (1), 129–137. 



69 
 
 

Molfetta, R. et al. (2017) ‘Regulation of NKG2D-Dependent NK Cell Functions: 
The Yin and the Yang of Receptor Endocytosis’, International Journal of 
Molecular Sciences, 18(8). doi:10.3390/ijms18081677. 

Morelon, E. et al. (2001) Sirolimus: a new promising immunosuppressive drug. 
Towards a rationale for its use in renal transplantation. Nephrology, 
Dialysis, Transplantation: Official Publication of the European Dialysis and 
Transplant Association - European Renal Association. [Online] 16 (1), 18–
20. 

Moretta, A. et al. (2001) ‘Activating receptors and coreceptors involved in human 
natural killer cell-mediated cytolysis’, Annual Review of Immunology, 19, 
pp. 197–223. doi:10.1146/annurev.immunol.19.1.197. 

Nishimura, M. et al. (1994) Protection against natural killer cells by interferon-
gamma treatment of K562 cells cannot be explained by augmented major 
histocompatibility complex class I expression. Immunology. 83 (1), 75–80. 

North, J. et al. (2007) Tumor-primed human natural killer cells lyse NK-resistant 
tumor targets: evidence of a two-stage process in resting NK cell activation. 
Journal of immunology (Baltimore, Md. : 1950). [Online] 178 (1), 85–94. 

Ohkura, N. & Sakaguchi, S. (2020) Transcriptional and epigenetic basis of Treg 
cell development and function: its genetic anomalies or variations in 
autoimmune diseases. Cell Research. [Online] 30 (6), 465–474. 

Osińska, I., Popko, K. and Demkow, U. (2014) ‘Perforin: an important player in 
immune response’, Central-European Journal of Immunology, 39(1), pp. 
109–115. doi:10.5114/ceji.2014.42135. 

Owen, D. L. et al. (2019) Brief review: Regulatory T cell development in the 
thymus. Journal of immunology (Baltimore, Md. : 1950). [Online] 203 (8), 
2031–2041. 

Parham, P. (2000) NK cell receptors: Of missing sugar and missing self. Current 
Biology. [Online] 10 (5), R195–R197. 

Penack, O. et al. (2005) CD56dimCD16neg cells are responsible for natural 
cytotoxicity against tumor targets. Leukemia. [Online] 19 (5), 835–840. 

Pesce, S. et al. (2015) ‘B7-H6-mediated downregulation of NKp30 in NK cells 
contributes to ovarian carcinoma immune escape’, Oncoimmunology, 4(4), 
p. e1001224. doi:10.1080/2162402X.2014.1001224. 

Ralainirina, N. et al. (2006) Control of NK cell functions by CD4+CD25+ 
regulatory T cells. Journal of Leukocyte Biology. [Online] 81 (1), 144–153. 

Read, S. et al. (2000) Cytotoxic T Lymphocyte–Associated Antigen 4 Plays an 
Essential Role in the Function of Cd25+Cd4+ Regulatory Cells That 



70 
 
 

Control Intestinal Inflammation. The Journal of Experimental Medicine. 
192 (2), 295–302. 

Romano, M. et al. (2016) Treg therapy in transplantation: A general overview. 
Transplant International. [Online] [online]. Available from: 
https://kclpure.kcl.ac.uk/portal/en/publications/treg-therapy-in-
transplantation(e82fb2cd-942d-4b72-b326-ebb2cfaf7868).html (Accessed 
19 December 2018). 

Rosenberg, S.A. (2014) ‘IL2: The First Effective Immunotherapy for Human 
Cancer’, Journal of immunology (Baltimore, Md. : 1950), 192(12), pp. 
5451–5458. doi:10.4049/jimmunol.1490019. 

Rueda, C. M. et al. (2016) Regulatory T-Cell-Mediated Suppression of 
Conventional T-Cells and Dendritic Cells by Different cAMP Intracellular 
Pathways. Frontiers in Immunology. 7. [online]. Available from: 
https://www.frontiersin.org/article/10.3389/fimmu.2016.00216 (Accessed 
26 June 2022). 

Sabry, M. et al. (2011) ‘Leukemic Priming of Resting NK Cells Is Killer Ig-like 
Receptor Independent but Requires CD15-Mediated CD2 Ligation and 
Natural Cytotoxicity Receptors’, The Journal of Immunology, 187(12), pp. 
6227–6234. doi:10.4049/jimmunol.1101640. 

Sabry, M. et al. (2019) ‘Tumor- and cytokine-primed human natural killer cells 
exhibit distinct phenotypic and transcriptional signatures’, PLOS ONE, 
14(6), p. e0218674. doi:10.1371/journal.pone.0218674. 

Sakaguchi, S. et al. (1995) Immunologic self-tolerance maintained by activated T 
cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single 
mechanism of self-tolerance causes various autoimmune diseases. The 
Journal of Immunology. 155 (3), 1151–1164. 

Santamaria, J. C. et al. (2021) Regulatory T Cell Heterogeneity in the Thymus: 
Impact on Their Functional Activities. Frontiers in immunology. [Online] 
12643153. 

Schlecker, E. et al. (2014) ‘Metalloprotease-mediated tumor cell shedding of B7-
H6, the ligand of the natural killer cell-activating receptor NKp30’, Cancer 
Research, 74(13), pp. 3429–3440. doi:10.1158/0008-5472.CAN-13-3017. 

Schmidt, A. et al. (2012) Molecular mechanisms of treg-mediated T cell 
suppression. Frontiers in immunology. [Online] 351. 

Sheppard, S. et al. (2018) The Paradoxical Role of NKG2D in Cancer Immunity. 
Frontiers in Immunology. [Online] 91808. 

Shimizu, J. et al. (1999) Induction of tumor immunity by removing CD25+CD4+ 
T cells: a common basis between tumor immunity and autoimmunity. J. 
Immunol. Baltim. Md. 1635211–5218. 



71 
 
 

Smyth, L. A. et al. (2013) CD73 expression on extracellular vesicles derived from 
CD4(+) CD25(+) Foxp3(+) T cells contributes to their regulatory function. 
European Journal of Immunology. [Online] 43 (9), 2430–2440. 

Smyth, M. J. et al. (2006) CD4+CD25+ T Regulatory Cells Suppress NK Cell-
Mediated Immunotherapy of Cancer. The Journal of Immunology. [Online] 
176 (3), 1582 LP – 1587. 

Strauss, L. et al. (2009) Differential responses of human regulatory T cells (Treg) 
and effector T cells to rapamycin. PloS One. [Online] 4 (6), e5994. 

Su, S. et al. (2017) Blocking the recruitment of naive CD4+ T cells reverses 
immunosuppression in breast cancer. Cell Research. [Online] 27 (4), 461–
482. 

Tarazona, R. et al. (2002) Selective Depletion of CD56dim NK Cell Subsets and 
Maintenance of CD56bright NK Cells in Treatment-Naive HIV-1-
Seropositive Individuals. Journal of Clinical Immunology. [Online] 22 (3), 
176–183. 

Tomchuck, S. L. et al. (2015) Enhanced Cytotoxic Function of Natural Killer and 
CD3+CD56+ Cells in Cord Blood after Culture. Biol. Blood Marrow 
Transplant. [Online] 2139–49. 

Topham, N. J. & Hewitt, E. W. (2009) Natural killer cell cytotoxicity: how do they 
pull the trigger? Immunology. [Online] 128 (1), 7–15. 

Trzonkowski, P. et al. (2004) CD4 +CD25 + T regulatory cells inhibit cytotoxic 
activity of T CD8 + and NK lymphocytes in the direct cell-to-cell 
interaction. Clinical Immunology. [Online] 112 (3), 258–267. 

Tung, S. L. et al. (2018) Regulatory T cell-derived extracellular vesicles modify 
dendritic cell function. Scientific Reports. [Online] 8 (1), 6065. 

Voskoboinik, I. et al. (2015) Perforin and granzymes: function, dysfunction and 
human pathology. Nature Reviews Immunology. [Online] 15 (6), 388–400. 

Waldhauer, I. and Steinle, A. (2008) ‘NK cells and cancer immunosurveillance’, 
Oncogene, 27(45), pp. 5932–5943. doi:10.1038/onc.2008.267. 

Wang, K. S. et al. (2000) Interleukin-2 enhances the response of natural killer cells 
to interleukin-12 through up-regulation of the interleukin-12 receptor and 
STAT4. Blood. [Online] 95 (10), 3183–3190. 

Wang, W. et al. (2015) ‘NK Cell-Mediated Antibody-Dependent Cellular 
Cytotoxicity in Cancer Immunotherapy’, Frontiers in Immunology, 6, p. 
368. doi:10.3389/fimmu.2015.00368. 

Whiteside, T. L. (2008) The tumor microenvironment and its role in promoting 
tumor growth. Oncogene. [Online] 27 (45), 5904–5912. 



72 
 
 

Winchester, B. G. (2001) Lysosomal membrane proteins. European journal of 
paediatric neurology: EJPN: official journal of the European Paediatric 
Neurology Society. [Online] 5 Suppl A11–19. 

Workman, C. J. et al. (2009) The Development and Function of Regulatory T Cells. 
Cellular and molecular life sciences : CMLS. [Online] 66 (16), 2603–2622. 

Wu, C.-H. et al. (2019) ‘Extracellular vesicles derived from natural killer cells use 
multiple cytotoxic proteins and killing mechanisms to target cancer cells’, 
Journal of Extracellular Vesicles, 8(1), p. 1588538. 
doi:10.1080/20013078.2019.1588538. 

Xiao, X. et al. (2012) New insights on OX40 in the control of T cell immunity and 
immune tolerance in vivo. Journal of immunology (Baltimore, Md. : 1950). 
[Online] 188 (2), 892–901. 

Xing, Y. and Hogquist, K.A. (2012) ‘T-Cell Tolerance: Central and Peripheral’, 
Cold Spring Harbor Perspectives in Biology, 4(6), p. a006957. 
doi:10.1101/cshperspect.a006957. 

Xiong, K. et al. (2017) Overview of long non-coding RNA and mRNA expression 
in response to methamphetamine treatment in vitro. Toxicol. Vitro Int. J. 
Publ. Assoc. BIBRA. [Online] 441–10. 

Yeap, W. H. et al. (2016) CD16 is indispensable for antibody-dependent cellular 
cytotoxicity by human monocytes. Scientific Reports. [Online] 6 (1), 34310. 

Yoon, S. R. et al. (2015) Understanding of molecular mechanisms in natural killer 
cell therapy. Exp. Mol. Med. [Online] 47141. 

Yu, T.-K. et al. (2000) IL-2 Activation of NK Cells: Involvement of MKK1/2/ERK 
But Not p38 Kinase Pathway. The Journal of Immunology. [Online] 164 
(12), 6244–6251. 

Zeng, S. et al. (2018) Senescence and Cancer. Cancer translational medicine. 
[Online] 4 (3), 70–74. 

Ziegler, S. F. et al. (1994) The activation antigen CD69. Stem Cells. [Online] 12 
(5), 456–465. 

Zimmer, J. et al. (2005) NK cell subsets and CD107a mobilization assay. Leukemia. 
[Online] 19 (10), 1849–1851. 

Zimmer, J. et al. (2008) NK cells and Treg cells: a fascinating dance cheek to cheek. 
Eur. J. Immunol. [Online] 382942–2945. 

Zizzari, I.G. et al. (2015) ‘The Macrophage Galactose-Type C-Type Lectin (MGL) 
Modulates Regulatory T Cell Functions’, PloS One, 10(7), p. e0132617. 
doi:10.1371/journal.pone.0132617. 



73 
 
 

8 Appendix 

8.1 Appendix A, one example of suppression assay  

8.2 Appendix B, one example of cytotoxicity assay, K562 and 

CD107a assay.  

8.3 Appendix C, one example of cytotoxicity assay for Raji cell line. 
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Appendix A, example of gating strategy of Treg suppression assay 
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Appendix B, an example of gating strategy for cytotoxicity assay, K562 cell line 

and CD107a assay. 
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Appendix C, an example of gating strategy for cytotoxicity assay for Raji cell line. 
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