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Abstract 

Tumour cells and other cell types within the tumour micro-environment 

(TME) are immunosuppressive and enable cancer cells to avoid immune-

mediated destruction. One mechanism of immune escape is through 

secretion of immunosuppressive molecules. Several cancers are known to 

secrete prostaglandin E2 (PGE2) in the TME, which inhibits various 

functions of immune cells, via engagement with the PGE2 receptors EP1-4. 

This study aims to explore the inhibitory effect of PGE2 on NK cell 

cytotoxicity against cancer cells. 

Peripheral blood mononuclear cells (PBMCs) were isolated using density 

gradient centrifugation. Whole PBMCs or isolated NK cells were pre-treated 

with synthetic PGE2 and activated with cytokines (IL-2, IL-15, IL-12 and IL-

18) and reovirus. Flow cytometry was used to assess NK cell activation and 

degranulation. RT-PCR was used to detect the expression of EP1-4. 

Enzyme linked immunosorbent assays were used to detect IFN-γ in cell 

supernatants. Western Blot were used to detect the inhibitory effect of PGE2 

on pSTAT pathways in IL-15 mediated-NK cells.  

NK cells expressed the EP2 and EP4 PGE2 receptors. PGE2 inhibited 

cytokine-mediated increases in NK cell CD69 expression, IFN-γ secretion 

and degranulation against tumour cell targets. Moreover, the use of EP2 

and EP4 receptor inhibitors restored NK cytotoxicity to some extent, 

revealing that PGE2 exerts its inhibitory effects on NK cells at least in part 

through the EP2 and EP4 receptors. Importantly, PGE2 suppresses IL-15-

mediated activation of the pSTAT5 pathway in NK cells, revealing that PGE2 

blocks a fundamental pathway in NK cell activation. 

Tumour cells can change and maintain the conditions for their own survival 

and development through autocrine and paracrine secretion, thereby 

promoting the growth and development of tumours. PGE1 alcohol can 
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induce cancer cells to produce PGE2 and inhibit NK cell cytotoxicity through 

EP3 and EP4. When tumour cells were co-cultured with TAMs and MSCs 

in 3D model, spheroids produced large amounts of PGE2.  
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Chapter 1 

Introduction 

1.1 The immune system 

The human immune system is a complex and sophisticated defence 

network designed to protect the body from pathogens (such as bacteria, 

viruses, fungi and parasites) and other harmful substances. The immune 

system is composed of multiple immune organs, cells, molecules and 

immune pathways that work together to detect, identify and eliminate 

foreign invaders and abnormal cells, such as cancer cells, in the body. The 

immune system includes a series of specialized organs and tissues, such 

as the bone marrow, thymus, lymph nodes and spleen, which provide sites 

for the generation, maturation, activation and interaction of immune cells. 

In addition, the immune system relies on cytokines (such as interleukins, 

interferons, etc.) and chemical mediators to coordinate immune responses 

and promote communication and cooperation between immune cells. The 

balance and normal function of the immune system are essential for health. 

An overactive immune system may lead to allergies and autoimmune 

diseases, while an underactive or dysregulated immune system may lead 

to increased susceptibility to infection or immunodeficiency diseases. 

 

1.1.1 Innate and adaptive immunity 

Innate immunity and adaptive immunity are the two major parts of the 

human immune system. These two types of immunity each play a unique 

role and work together to form a comprehensive defence system. Adaptive 

immunity is specific and has memory, enabling a more precise response to 

specific antigens and a more rapid and effective response when exposed 
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to the same antigen again (Netea et al., 2019). The adaptive immune 

system consists of two types of lymphocytes: B cells and T cells. T cells are 

initially produced in the bone marrow, and their maturation process mainly 

occurs in the thymus. Similar to T cells, B cells also originate in the bone 

marrow, but their maturation process occurs entirely in the bone marrow. 

The process of adaptive immunity can be divided into several major stages, 

including antigen recognition, activation, response and memory. T cells and 

B cells each have unique antigen recognition capabilities in adaptive 

immunity, which is achieved through antigen receptors on their surface. The 

antigen receptor of T cells is the T cell receptor (TCR), while the antigen 

receptor of B cells is the B cell receptor (BCR), which is similar in structure 

to antibodies (Prisco and De Berardinis, 2012). The antigen receptors of 

both types of cells are generated through a process of gene rearrangement, 

allowing them to recognize an almost unlimited number of different antigens. 

Once the antigen is recognized, T cells begin to proliferate and form a large 

number of specific T cell clones. Cytotoxic T cells (Tc cells/ CTL), are a 

group of CD8+ T cells, directly recognize and kill virus-infected or cancerous 

cells, and induce apoptosis of target cells by releasing cytotoxins. Activated 

helper T cells (CD4+ T cells) active other immune cells such as B cells by 

secreting cytokines (Luckheeram et al., 2012; Crotty, 2015). B cells begin 

to proliferate after activation, forming a large number of specific B cell 

clones. Activated B cells differentiate into plasma cells and produce a large 

number of specific antibodies and cytokines (Sharonov et al., 2020). During 

the immune response, some T cells and B cells differentiate into memory 

cells. These memory cells have a long lifespan and can respond quickly 

when encountering the same antigen in the future. When exposed to the 

same antigen again, memory cells will quickly recognize and initiate an 

immune response, thereby providing a faster and stronger immune 

response. This memory response is also the basis of vaccination (Prisco 

and De Berardinis, 2012).  
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Innate immunity is the body's first line of defence against invasion by 

external pathogens. It is non-specific; it can respond quickly to a variety of 

foreign pathogens, but it is not targeted at specific pathogens. Unlike 

adaptive immunity, innate immunity does not require exposure to pathogens 

to form and has no memory ability. The first layer of innate immunity is the 

physical and chemical barriers, which mainly include barriers of organ 

systems such as the skin, mucous membranes, digestive tract and 

respiratory tract (Goodarzi et al., 2007). For example, the skin can 

effectively prevent external pathogens from entering the body. The mucus 

secreted by mucosal epithelial cells can capture pathogens and expel them 

from the body through coughing, sneezing, etc. Secretions such as tears, 

saliva, and gastric acid contain antibacterial substances, such as lysozyme, 

which can directly destroy the cell walls of pathogens. When pathogens 

break through physical barriers, a variety of immune cells in the innate 

immune system immediately participate in defence. These cells recognize 

foreign pathogens through pattern recognition receptors (PRRs), including 

Toll-like receptors (TLRs), Nod-like receptors (NLRs), RIG-I-like receptors 

(RLRs), and C-type lectin receptors (CLRs) (Hoffmann and Akira, 2013). 

These receptors can recognize molecular patterns unique to pathogens, 

called pathogen-associated molecular patterns (PAMPs). For example, 

TLRs, one of the most important pattern recognition receptors in innate 

immunity, are located on the cell membrane or endosomal membrane and 

can recognize a wide range of PAMPs (Medzhitov et al., 1997). 

Macrophages are important cells in the innate immune system, responsible 

for identifying, engulfing and clearing foreign pathogens and damaged 

tissues and cell debris in the body. There are a variety of pattern recognition 

receptors on the cell surface, such as TLRs and mannose receptors (MRs), 

which can recognize PAMPs, such as bacterial lipopolysaccharide (LPS) 

(TLR4 recognition) or viral double-stranded RNA (TLR3 recognition) (Bode 
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et al., 2012; Suresh et al., 2019). When macrophages recognize pathogens, 

they will encapsulate the pathogens in phagosomes formed by cell 

membranes through phagocytosis, and then fuse with lysosomes in the 

cells to form phagolysosomes. Digestive enzymes and toxic free radicals in 

lysosomes can destroy and digest pathogens (Murray and Wynn, 2011). 

Although macrophages mainly function as phagocytes, they are also 

important antigen presenting cells (APCs). After engulfing and degrading 

pathogens, macrophages present the pathogen's antigenic peptides to 

helper T cells through major histocompatibility complex (MHC) class II 

molecules to help activate adaptive immune responses.  

DCs are also activated by PRRs and are the most important APCs of innate 

immunity (Man and Jenkins, 2022; Tong et al., 2023). DCs help activate and 

regulate the function of T cells by presenting antigens and providing co-

stimulatory signals. This connection is crucial for regulating the nature and 

intensity of immune responses. They engulf and process pathogens or 

foreign antigens in peripheral tissues, breaking down antigens into short 

peptides. The processed antigens are presented to T cells through two 

pathways: (1) MHC class I molecules are presented to CD8+ T cells: mainly 

used to present antigens from infected host cells (such as viral antigens). 

This pathway activates CTLs to directly kill infected cells or tumour cells (Fu 

and Jiang, 2018). (2) MHC class II molecules are presented to CD4+ T cells: 

mainly used to present exogenous antigens (e.g. such as those derived 

from bacteria) (Nakayama, 2014). This pathway activates helper T cells. 

The co-stimulatory molecules also expressed on the surface of dendritic 

cells bind to receptors on the surface of T cells to form co-stimulatory 

signals. This signal works together with the antigen-MHC signal to help T 

cells complete activation, proliferation and differentiation. 

NK cells work closely with macrophages and DCs, cytokines produced by 

these cells (e.g., IL-12) can activate NK cells, while IFN-γ secreted by NK 
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cells can enhance the effects of other immune cells. 

 

1.1.2 Immune cell classification 

Immune cells are derived from hematopoietic stem cells (HSCs), which are 

found in the bone marrow and have the ability to self-renew and multi-

directionally differentiate. HSCs differentiate into various cell types in the 

immune system, including innate immune cells and adaptive immune cells 

(Zhang et al., 2019). The process of HSC differentiation can be divided into 

two main pathways: lymphoid and myeloid. The main cell types of the 

immune system that lymphoid progenitor cells differentiate into are T cells, 

B cells, and NK cells. Myeloid progenitor cells differentiate into a variety of 

innate immune cells, including monocytes (macrophages and dendritic 

cells), neutrophils, eosinophils, basophils, and mast cells (Figure 1.1).  
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Figure 1.1: Immune cell classification. Hematopoietic stem cells 

differentiate into lymphoid and myeloid progenitor cells, which further 

differentiate into cell types of immune cells associated with adaptive and 

innate immunity. NK cells lack antigen receptors and are designated as part 

of innate immunity. However, they do show some features of adaptive 

immunity, such as a limited memory response. Figure generated using 

Biorender.  

 

 

 

 

 



7 

1.2 Natural Killer Cells 

1.2.1 Identification 

Natural killer cells (NK cells) are a very important type of lymphocytes in the 

immune system. They can kill target cells without prior sensitization, so they 

play a vital role in immune responses such as antiviral and anti-tumour. The 

discovery of NK cells can be traced back to the 1970s. At that time, 

scientists' understanding of the immune system was still in its infancy, and 

the functions and classification of lymphocytes were not yet clear. In 1975, 

Professor Kiessling of Sweden discovered this type of special lymphocyte 

in the spleen of mice, which has the function of "lysing cells" and is specific 

to mouse Moloney leukaemia cells. And these cells kill tumour cells without 

immune pre-activation, and they do not require antigen presentation or the 

initiation of adaptive immunity. Because these cells have "natural" killing 

functions, they are named "Natural Killer Cells" (Kiessling et al., 1975). This 

discovery made it clear for the first time that there is an immune cell in the 

innate immune system that can respond quickly and does not require 

specific antigen recognition. Then in 1978, human natural killer cells were 

discovered. Before that, reports on natural killer cells were all from mice 

(Daniela Santoli et al., 1978).  

Human NK cells account for 5% to 15% of peripheral blood and 25% to 50% 

of liver (Sun et al., 2015; Fasbender et al., 2016). The proportion of NK cells 

in mice peripheral blood is lower, only 2% to 5%. The surface markers of 

mouse and human NK cells are different. The main marker of human NK 

cells is CD56, while mouse NK cells do not express CD56. CD49b (DX5) 

and NK1.1 are usually used to mark mouse NK cells (Pellicci et al., 2005). 

The main activation receptors of human NK cells include NKG2D, DNAM-

1 and the natural cytotoxicity receptors (NCRs), NKp30, NKp44 and NKp46. 

The activation receptors of mouse NK cells also include NKG2D, DNAM-1 
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and NKp46, but NKp30 and NKp44 do not exist in mice (Hollyoake, 2005).  

 

1.2.2 The working principle of NK cells 

The "missing-self hypothesis" is an important theory for understanding the 

mechanism of NK cell recognition, because NK cells can directly kill target 

cells without antigen-specific recognition. This theory was first proposed in 

1986 by Swedish scientist Klas Kärre et al., who proposed the mechanism 

of the "missing-self" theory and its importance in NK cell recognition in 1990 

(Kärre et al., 1986; Ljunggren and Kärre, 1990). They explain how NK cells 

recognize and attack target cells that lack major histocompatibility complex 

class I (MHC I) molecules. Healthy cells usually express MHC I molecules 

on their surfaces, which can transmit "self" signals to NK cells, which 

inhibits NK cell cytotoxicity. This is because NK cells sense the presence of 

this "self" signal by binding to MHC I molecules through their inhibitory 

receptors. However, when cells are infected by viruses or become 

cancerous, the expression of MHC I may decrease. For example, many 

viruses reduce expression of MHC class I to evade T cells. When the "self" 

signal is insufficient, the inhibitory signal of NK cells is lost, NK cells are 

activated, and target cells are recognized and eliminated by NK cells.  

This suggests that NK cell activity depends on a dynamic balance between 

inhibitory and activating receptors. The inhibitory receptors mainly 

expressed by NK cells are killer-cell immunoglobulin-like receptors family 

(KIRs), NKG2A/CD94 and leukocyte immunoglobulin-like receptor 1 (LIR-

1). KIR mainly binds to classical MHC I (HLA-A, HLA-B, HLA-C) molecules, 

recognizes self, and inhibits NK cell activity (Anfossi et al., 2006; 

Rehermann, 2016). NKG2A can form heterodimers with CD94, and after 

binding to its ligand MHC I-related non-classical molecule HLA-E, it 

activates the inhibitory signalling pathway in the cell and inhibits NK cell 
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activity (Fisher et al., 2022). LIR-1 mainly binds to non-classical MHC-I 

ligands (HLA-G), and it is also considered a target of immune evasion 

because it binds to HLA I homolog UL18 encoded by human 

cytomegalovirus (HCMV) and is expressed in the tumour microenvironment 

(Li et al., 2011; Heidenreich et al., 2012).  

NK cell activating receptors play a key role in controlling various viral 

infections and cancers by promoting NK cell cytotoxicity and cytokine 

production. NK cell activating receptors mainly include NKG2D, NCR, 

DNAX accessory molecule-1 (DNAM-1) and CD16 (Pazina et al., 2021). 

NKG2D can bind to non-classical MHC I molecules, MHC class I 

polypeptide-related sequence A/B (MICA/MICB) and UL16-binding proteins 

(ULBPs), these ligands are expressed more on stressed cells (Sutherland 

et al., 2001; Xing and Ferrari de Andrade, 2020). When NKG2D binds to 

ligands, it activates downstream activation signals to activate NK cells. 

NKp30, NKp44, and NKp46 are NCRs, which are the first discovered NK 

cell activation receptors. The first discovered NCR ligands came from 

viruses, influenza virus hemagglutinin (HA) and Sendai virus 

hemagglutinin-neuraminidase (HN) can bind to NKp46 then activate lysis 

by NK cells (Mandelboim et al., 2001). The ligand of NKp30 is B7-H6, which 

is expressed on the surface of tumour cells. After NKp30 binds to the ligand, 

NK cells produce interferon-γ (IFN-γ) and kill target cells (Fiegler et al., 

2013). The ligands of DNAM-1 (CD226) are CD112 (Nectin-2) and CD155 

(PVR, Poliovirus receptor), of which CD155 has a higher affinity with 

DNAM-1 and is highly expressed on infected cells and some tumour cells 

(Cifaldi et al., 2023). After binding to the ligand, DNAM-1 can promote the 

adhesion and polarization of NK cells to target cells (Fiegler et al., 2013). 

CD16 (FcγRIII) is a low-affinity IgG receptor that can bind to the Fc region 

of IgG molecules and promote antibody-dependent cellular cytotoxicity 

(ADCC) of NK cells, then activate and proliferate NK cells (Romee et al., 
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2013a; Kim et al., 2023). However, CD16 only has low affinity for IgG and 

NK cells are only triggered by clustered IgG, e.g cells expressing a viral 

glycoprotein bound by a corresponding antibody.  

The core mechanism of NK cell activation involves specific tyrosine-based 

motifs and downstream signalling pathways (Figure 1.2). Immunoreceptor 

tyrosine activation motifs (ITAM) are present in the signal transduction 

subunits of some activating receptors, such as CD3ζ, DAP12, and FcR-γ. 

FcγRIII, NKp30 and NKp46 bind to FcRγ and/or CD3ζ chains, and NKp44 

binds to the adaptor protein DAP12 (Karimi et al., 2005; Long et al., 2013; 

Barrow et al., 2019). NKG2D does not have ITAMs but instead binds to the 

adaptor molecule DAP10, which has activating Tyr-based motif YxxM. 

DNAM-1 enhance NK cell activation by binding to an immunoreceptor 

tyrosine tail (ITT)-like motif and phosphorylation at a conserved tyrosine (Y) 

in its cytoplasmic domain (Zhang et al., 2015). When an activating receptor 

binds to its adaptor ITAM-associated protein, the tyrosines in the ITAM are 

phosphorylated by Src family tyrosine kinases. Phosphorylated ITAMs 

recruit and activate the Tyr kinases ZAP-70 and Syk through src homology 

2 (SH2) domain-based interactions, thereby activating downstream 

signalling pathways including the phosphoinositide 3‐ kinase (PI3K), 

phospholipase C (PLC)-γ pathway and guanine nucleotide exchange 

factors Vav (Kumar, 2018; Medjouel Khlifi et al., 2022). NK cells interact 

with ligands on target cells through activating receptors on their surface, 

recognize target cells and activate signalling pathways, causing 

intracellular granules (perforin and granzymes) to polarize toward the 

synapse. The microtubule organizing centre (MTOC) also polarizes toward 

the synapse. Afterwards, LFA-1 on the surface of NK cells recognizes 

ICAM-1 on target cells and forms a stable immune synapse structure. When 

the immune synapse is formed, NK cells release cytolytic granules to target 

cell and induce cell apoptosis (Topham and Hewitt, 2009; Huse, 2012).  
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The inhibitory receptors of NK cells all signal through immunoreceptor 

tyrosine-based inhibitory motif (ITIM) present in the intracellular portion of 

the inhibitory receptors. When it is phosphorylated, it can recruit inhibitory 

phosphatases (SHP-1, SHP-2) to dephosphorylate signalling molecules 

and inhibit activation of signalling pathways (Figure 1.2) (Kumar, 2018). 

Similar to the immune synapse, after NK cell inhibitory receptors bind to the 

MHC-I ligands of target cells, inhibitory synapses are formed between them. 

Inhibitory synapses can effectively prevent LFA-1-induced degranulation 

and thus protect target cells from being killed (Kumar, 2018).  

 

 

Figure 1.2: NK cell activating and inhibitory receptor mechanisms. NK 

cell inhibitory receptors recognize HLA class I molecules, leading to 

phosphorylation of the ITIMs, then activate SHP-1/2 and inhibit downstream 

signalling pathways. Activation of NK cell activating receptors leads to 

phosphorylation of ITAM or YxxM, and then PI3K is activated to activate the 

downstream signalling pathway. Figure generated using Biorender. 
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1.2.3 The mechanisms of NK cell killing  

The killing mechanism of NK cells includes granule-dependent cytotoxicity 

(degranulation), ADCC, death receptor-mediated apoptosis and cytokine 

secretion (Figure 1.3). 

Granule-dependent cytotoxicity is the main and most direct pathway for NK 

cells to kill target cells. As mentioned in 1.22 above, after NK cells recognize 

target cells, NK cells contact target cells to form an immune synapse. After 

recognizing target cells, the cytoplasmic granules in the NK cells are rapidly 

moved along microtubules by motor proteins, causing them to converge at 

the MTOC (microtubule-organizing centre), then the MTOC and the 

granules are polarized to the immune synapse. After polarization, the 

granules pass through the synapse and connect to the NK cell membrane 

to form temporary pores, releasing the cytotoxic granules into the external 

environment of the synaptic area (Ogbomo and Mody, 2017). These 

granules mainly contain perforin and granzymes. In 1988, human perforin 

was discovered, perforin is a glycoprotein with a similar structure to 

complement component C9 (Cullen and Martin, 2008). The main function 

of perforin is to form pores on the target cell membrane. This process 

requires the participation of Ca2+ ions. The pore size is 5-20 nanometres, 

providing a channel for the entry of granzymes. Perforin binds to target cells 

through membrane phospholipids, and the pores will destroy the cell 

membrane of the target cell, causing the cell contents to flow in and out 

freely, indirectly inducing the death of the target cell (Osińska et al., 2014). 

Granzymes are a class of serine proteases. There are five main types of 

granzymes in humans, granzymes A, B, H, K, and M, which induce 

apoptosis by activating different death pathways. Granzymes A and B are 

the most abundant and widely studied, and the cytotoxicity of GzmA is much 

lower than GzmB. When GzmA enters target cells, it does not depend on 

the activity of caspases and cleaves other substrates. GzmA disrupts 



13 

mitochondrial function and fragments DNA in target cells (Lieberman, 2010). 

As for GzmB, after it enters the target cell, GzmB will initiate the apoptosis 

cascade by cleaving and activating pro-caspase-8 and pro-caspase-10. 

After caspase-8 and caspase-10 are activated, proteases 3 and 7 are 

activated, directly inducing cell apoptosis. In addition, caspase-8 and 

caspase-10 can also activate Bid (one of the Bcl-2 family proteins) to form 

truncated Bid (tBid), causing mitochondria to release cytochrome c, activate 

caspase-9, and ultimately lead to DNA fragmentation and cell death 

(Thompson and Cao, 2024).  

After NK cells are activated, they can also cause target cell death through 

death receptor-mediated apoptosis. This process depends on the 

interaction between death ligands on the surface of NK cells and death 

receptors on the surface of target cells. Death receptors are a class of 

transmembrane proteins belonging to the tumour necrosis factor receptor 

(TNF receptor) superfamily. Death receptors contain a special death 

domain (DD) that can bind to specific death ligands and induce cell 

apoptosis. The major death receptors include Fas receptor (CD95 or APO-

1), tumour necrosis factor receptor 1 (TNFR1) and TRAIL receptor 1/2 

(DR4/DR5). The main death ligands of NK cells are tumour necrosis factor 

α (TNFα), Fas ligand (FasL) and TNF-related apoptosis-inducing ligand 

(TRAIL), they belong to the TNF family. When death ligands bind to their 

receptors, DD induces receptor trimerization and recruits the Fas-

associated death domain (FADD). FADD further binds to caspase-8 or 

caspase-10 containing the death effector domain (DED) to form the death-

inducing signalling complex (DISC) and activate downstream apoptosis 

signalling pathways (Ramírez-Labrada et al., 2022). Because the 

composition of the signalling complex formed after ligand-receptor binding 

is different, different cell death pathways are activated.  

ADCC has been mentioned in Chapter 1.22. NK cells activated in this way 
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kill cells through the release of cytotoxic granules, TNF family death 

receptor-mediated signalling and secretion of cytokines and chemokines. 

The main cytokines secreted by NK cells are IFN-γ, TNF-α and granulocyte-

macrophage colony-stimulating factor (GM-CSF). These cytokines recruit 

and activate other immune cell types and contribute to the activation of the 

adaptive immune response (Abel et al., 2018). 
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Figure 1.3: The mechanisms of NK cell killing target cell. NK cells are 

activated through a balance of activating receptors (induction of activating 

signals) and inhibitory receptors (absence of inhibitory signals). NK cells kill 

target cells in several ways, including granule-dependent cytotoxicity 

(degranulation), ADCC, death receptor-mediated apoptosis, and cytokine 

secretion. Figure generated using Biorender. 
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1.2.4 NK cell subset classification 

NK cell subsets are classified according to surface markers. Based on the 

expression levels of CD16 and CD56, NK cells are divided into two major 

subsets, CD56bright CD16- and CD56dim CD16+. CD56dim NK cells account 

for most NK cells in peripheral blood, accounting for about 90% of NK cells 

and CD56bright NK cells account for about 10% of NK cells in peripheral 

blood (Poli et al., 2009). CD56dim NK cells are the main cytotoxic subset, 

which directly kills tumour cells and virus-infected cells, mainly through 

degranulation. In addition, CD56dim NK cells highly express CD16, which 

enables these cells to active ADCC by recognizing target cells marked by 

antibodies, further enhancing their killing effect (Romee et al., 2013b). 

CD56bright NK cells have low levels of CD16 at the most and only show very 

weak ADCC activity. CD56bright NK cells regulate immune responses mainly 

by secreting cytokines, including IFN-γ, TNF-α, GM-CSF, IL-10 and IL-13 

(Poli et al., 2009). These cytokines can activate macrophages, DCs, and T 

cells, promoting antigen presentation and activation of adaptive immunity. 

In the uterus, CD56bright NK cells (known as decidual NK cells) are mainly 

involved in promoting placental angiogenesis and playing a key role in 

pregnancy (Poli et al., 2009). 

KIR receptors are highly expressed in CD56dim NK cells, and CD56bright NK 

cells highly express NKG2A/CD94. CD56bright and CD56dim NK cells both 

express NKG2D. The differential expression of these receptors may be 

related to the killing effect of NK cells. Functional L-selectin (CD62L), an 

adhesion molecule that mediates interaction with vascular endothelial cells, 

and C-C chemokine receptor type 7 (CCR7), a chemokine receptor involved 

in regulating the migration and homing of immune cells, are highly 

expressed in CD56bright NK cells (Pesce et al., 2016; Lima et al., 2017). 

CD56dim NK cells express PEN5, a sulphated lactosamine epitope that 

binds to P-selectin glycoprotein ligand 1 (PSGL-1) (André et al., 1999). 
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Therefore, selectins can bind to both subsets of NK cells, suggesting that 

the molecular mechanisms of their migration may differ.  

The classification of mouse NK cell subtypes is similar to that of human NK 

cells, but there are also some unique differences. Mouse NK cells do not 

express CD56. Mouse mature NK cells highly express CD11b while 

immature NK cell markers are CD27+CD11b- and CD27+CD11b+ 

(Chiossone et al., 2009). Mouse mature NK cells have high levels of 

cytotoxicity, and immature NK cells mainly secrete pro-inflammatory 

cytokines.  

 

1.2.5 NK cells and Transforming Growth Factor-β 

Transforming growth factor-β (TGF-β) is a cytokine produced by many 

healthy cell types (Schuster and Krieglstein, 2002). Amongst its many roles, 

TGF-β has anti-proliferative action on many immune cell types (including 

NK cells) and can inhibit immune activation. TGF-β is highly produced in 

the tumour microenvironment where it contributes to immunosuppressive 

activity. (Trotta et al., 2008; Wilson et al., 2011; Slattery et al., 2019). TGF-

β is not only produced by cancer cells, but also by stromal cells in the TME 

(Figure 1.4) (Xue et al., 2020; Chan et al., 2023). 

In mammals, the three isoforms of TGF-β (TGF-β-1, -2 and -3) are highly 

homologous and encoded by separate genes. They are all synthesized as 

inactive precursors known as pro-TGF-β (Kubiczkova et al., 2012). The pro-

TGF-β is cleaved, but the N-terminal portion (known as latency associated 

peptide or LAP) remains associated with the C-terminal TGF-β cytokine, 

rendering TGF-β inactive. This inactive TGF-β is further associated with 

another protein, latent TGF-β binding protein (LTBP) and secreted from the 

cell (Taylor, 2009; Kubiczkova et al., 2012). TGF-β activation requires  
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Figure 1.4: TGF-β functions in cancer immune surveillance. TGF-β 

plays a key immunomodulatory role in different immune cells in TME. TGF-

β inhibits T cell proliferation and effector functions, and promotes Treg 

differentiation. TGF-β reduces the toxicity, proliferation, and survival of NK 

cells. TGF-β promotes the polarization of M2 type macrophages and inhibits 

the function of M1 type. Figure generated using Biorender. 
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release from LAP and LTBP and this process requires LAP to undergo 

conformational changes or be proteolytically hydrolysed, releasing active 

TGF-β (Taylor, 2009). Activated TGF-β can bind to TGF-β receptors and 

initiate downstream signalling.  

The TGF-β receptor is a tetrameric structure composed of two type I TGF-

β receptors (TGF-βRI) and two type II TGF-β receptors (TGF-βRII). Both 

receptors are serine/threonine kinase receptors. TGF-β first binds to 

TGFβR II, which then recruits type I receptors, and type II receptors 

phosphorylate type I receptors. Type I receptors then initiate the canonical 

SMAD-dependent signalling pathways by inducing phosphorylation of 

SMAD2 and SMAD3. Phosphorylated SMAD2/3 binds to SMAD4 to form a 

complex, which then enters the nucleus to repress or activate the 

expression of target genes and direct the cellular response to TGF-β 

(Figure 1.5). TGF-β canonical signalling ultimately affects multiple 

functional pathways such as cell cycle, apoptosis, differentiation, immunity, 

and extracellular matrix (ECM) remodelling (Zhang et al., 2017; M. Ferrão 

et al., 2018; Deng et al., 2024). For example, TGF-β inhibits tumour 

proliferation by upregulating tumour suppressor genes (such as p15 and 

p21) and reducing the expression of the tumour-promoting gene c-Myc 

(Zhang et al., 2017). TGF-β regulates epithelial-mesenchymal transition 

(EMT) by modulating the EMT-related transcription factors Snail and Slug 

(Motizuki et al., 2024). TGF-β activates the ECM gene transcription through 

the SMAD2/3-SMAD4 pathway by directly activating ECM genes, 

upregulating crosslinking enzymes, inhibiting degradation factors, and 

driving the activation of fibroblasts, ultimately leading to the excessive 

production and deposition of ECM proteins (collagen, fibronectin, and 

proteoglycans) (Biernacka et al., 2011; Giarratana et al., 2024). TGF-β 

receptors can also signal via non-SMAD (“non-canonical”) signalling 

pathways. These pathways include the mitogen-activated protein kinase 
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(MAPK) pathway (ERK, p38, and JNK), the PI3K/AKT pathway, and the 

Rho-like GTPase pathway and can be regulated by phosphatases such as 

PP2A (Griswold-Prenner et al., 1998; Sebestyén et al., 2007; Zhang, 2009). 

Non-canonical pathways often work synergistically with the SMAD pathway 

to regulate cell migration, metabolism, and immune regulation. 

TGF-β inhibits NK cell production of IFN-γ and T-BET (a positive regulator 

of IFN-γ) in proinflammatory cytokine responses through SMAD2, SMAD3, 

and SMAD4 (Yu et al., 2006). In addition, TGF-β signalling inhibits the 

activation of the kinase mTOR, thereby downregulating NK cell metabolism 

and cytotoxicity (Viel et al., 2016). In gastric cancer (GC), TGF-β 

downregulates the expression of NK cell activating receptors NKG2D, 

NKp30, NKp46 and DNAM-1, weakening their ability to recognize and kill 

tumour cells (Han et al., 2018). It has also been found in glioblastoma 

multiforme (GBM) that TGF-β produced in the TME also inhibits the 

activating receptor NKG2D on NK cells and CD8+ T cells (Crane et al., 

2010). In breast cancer, TGF-β was found to inhibit the function of human 

peripheral blood NK (p-NK) cells and malignant breast tumour-infiltrating 

NK (Ti-NK), such as inhibiting the secretion of IFN-γ and TNF-α, CD69 

expression, and CD107 degranulation (Mamessier et al., 2011). NK cells 

can inhibit tumour metastasis, but TGF-β in the TME transforms NK cells 

into intermediate type 1 innate lymphoid cells (intILC) and innate lymphoid 

cells (ILC1), which are unable to control local tumour growth and metastasis, 

helping tumour escape the surveillance of the innate immune system (Gao 

et al., 2017). In mouse lung carcinoma and melanoma, SMAD3 inhibits NK 

cell development and effector function by repressing E4BP4/NFIL3, one of 

the main transcription factors for NK cell differentiation (Tang et al., 2017).  

In order to restore NK cell function, several groups have proposed a variety 

of anti-TGF-β strategies, including the use of TGF-β inhibitors to improve 

the anti-tumour ability of NK cells by blocking the TGF-β signalling pathway, 
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these include antibody-based molecules as well as small molecule 

inhibitors of TGF-β receptor signalling (Otegbeye et al., 2018; Zaiatz-

Bittencourt et al., 2018; Liu et al., 2021). However, although these 

approaches often show value in preclinical models, they have had 

disappointing results in clinical trials. This is often due to toxicity related to 

the widespread expression of TGF-β and its many physiological roles. 

Other approaches are being developed including engineered NK cells 

(CAR-NK) to block TGF-β1 signalling by releasing specially designed 

peptide (known as P6), which can be used to overcome the NK-mediated 

immunotherapy barriers caused by TME (Shin et al., 2025). Importantly, 

TGF-β has similar inhibitory effects on CD8+ T cells and NK cells and, in 

addition, can promote the differentiation of regulatory T cells (Treg) which 

themselves inhibit NK cells and CD8+ T cells. This and other effects of TGF-

β are summarised in Figure 1.4.  

TGF-β is the most extensively studied immunosuppressive factor in the 

tumour microenvironment, where it profoundly inhibits NK and T cell activity 

and promotes tumour progression. For this reason, we describe in detail 

what is known about TGF-β. Other immunosuppressive molecules present 

in the TME include cytokines such as IL-6 and IL-10, the enzyme IDO, 

immune checkpoint ligands such as PD-L1, and prostaglandin E2 (PGE2). 

While TGF-β has served as a paradigm of immune suppression, the 

mechanisms by which PGE2 regulates NK cell function are comparatively 

less well defined. This thesis therefore focuses on delineating the role of 

PGE2 in shaping NK cell responses in cancer. 
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Figure 1.5: Canonical pathway of TGF-β signalling. Activation of the 

TGF-βRI and TGF-βRII heterotetrametric complex results in 

phosphorylation and activation of SMAD proteins. The SMAD2/3 complex 

then binds to SMAD4 and translocate to the nucleus, inducing gene 

transcription. Figure generated using Biorender. 
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1.3 Prostaglandin E2 (PGE2) 

1.3 1 Discovery of PGE2 

The history of prostaglandin (PG) research can be traced back to 1930, 

when two American gynaecologists, Kurzrok and Lieb, observed that 

dropping fresh human semen onto the human uterine muscle layer would 

produce a contraction or relaxation response (Kurzrok and Lieb, 1930). The 

substance was later named PG after its purification (Goldblatt, 1933; Euler, 

1935). Purification confirmed that the substance was a fat-soluble acid and 

was believed to be produced by the prostate, so it was named 

"prostaglandin" (Euler, 1935). It was later discovered that prostaglandins in 

human semen do not come from the prostate but from the seminal vesicles 

(Eliasson R, 1959). Later, people discovered that PG is widely present in 

other tissues, and PG has multiple functions, but the term PG is still used 

today. The basic structure of PG is a 20-carbon unsaturated fatty acid 

consisting of a five-membered aliphatic ring and two side chains. According 

to the different substituents (mainly hydroxyl and hydrogen) on the five-

membered aliphatic ring, PG is divided into A, B, C, D, E, F and other types, 

which are represented by PGA, PGB, PGC, PGD, PGE, PGF, etc., and the 

number in the lower right corner represents the number of double bonds in 

the side chain.  

PGE2 is an important member of the prostaglandin family and the most 

abundant prostaglandin in the human body (Figure 1.6a). It was shown that 

PG is a general term for several closely related compounds and that 

arachidonic acid is a precursor of PGE2. The numbering of the PGE series 

(1, 2, 3) is determined by the degree of unsaturation of their fatty acid 

precursors, which is the number of double bonds. PGE₁ contains only one 

double bond. PGE₂ retains two cis double bonds in the side chains of its 

ring structure. PGE₃ contains three double bonds. (Bergström et al., 1964).  
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1.3 2 The synthetic pathway and signalling pathway of 

PGE2 

PGE2 levels are usually elevated in inflamed tissues. The precursor of PGE2 

is arachidonic acid (AA), which is hydrolysed from the cell membrane by 

phospholipase A2 (PLA2). Next, AA is converted into prostaglandin G2 

(PGG2) and prostaglandin H2 (PGH2) by cyclooxygenase (COX, including 

COX-1 and COX-2). Finally, PGG2 and PGH2 are converted into PGE2 

catalysed by PGE synthase (mPGES-1, mPGES-2 and cPGES) (Figure 

1.6b) (Ricciotti and FitzGerald, 2011). mPGES-1, mPGES-2 and cPGES 

mediate the biosynthesis of PGE2 through different COX coupling modes. 

Membrane-bound prostaglandin E synthase-1 (mPGES-1) is a perinuclear-

enriched protein belonging to the MAPEG (membrane-associated protein 

involved in eicosanoid and glutathione metabolism) family and is induced 

by cytokines, growth factors or lipopolysaccharide and downregulated by 

anti-inflammatory glucocorticoids (Murakami et al., 2003; Sampey et al., 

2005). mPGES-1 requires glutathione (GSH) as a cofactor, is coupled to 

COX-2 and is highly expressed during inflammatory responses (Chang and 

Meuillet, 2011). This is the major pathway for PGE2 synthesis under 

inflammatory conditions. mPGES-2 is also a membrane-bound PGE 

synthase. Unlike the former, it is constitutively expressed and can bind to 

both COX-1 and COX-2 and its function is not yet fully understood 

(Murakami et al., 2003). The cytosolic enzyme (cPGES), which is 

constitutively expressed in many organs and tissues, couples to COX-1 and 

requires the molecular chaperone HSP. cPGES generates PGE2 under 

normal physiological conditions (Tanioka et al., 2000; Tanioka et al., 2003). 

COX-1 is constitutive, and COX-2 is inducible, which are isoforms of COX 

and are targets of nonsteroidal anti-inflammatory drugs (NSAIDs). These 

drugs competitively bind to COX-1 or COX-2 to inhibit prostaglandin 
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production. COX-2 is mainly expressed in inflamed tissues. It is involved in 

the production of inflammatory mediators and increases significantly when 

tissues are damaged or stimulated by inflammation (Sahu et al., 2023). 

Therefore, inhibiting COX-2 plays an anti-inflammatory role by reducing the 

production of inflammation-related prostaglandins. COX-1 is normally 

expressed in various tissues in the body, especially in the stomach, kidneys, 

and platelets (Zidar et al., 2009). The prostaglandins it produces are 

important for maintaining the integrity of the gastric mucosa, renal blood 

flow, and platelet aggregation (Adelizzi, 1999). Therefore, NSAIDs inhibition 

of COX-1 can led to gastrointestinal adverse reactions. COX-2 is the main 

source of prostaglandin formation in inflammation, but COX-1 is also 

expressed in inflamed tissues. NSAIDs reduce prostaglandin synthesis by 

inhibiting the activity of COX enzymes, but the degree of inhibition of COX-

1 and COX-2 varies (Brooks et al., 1999). Traditional NSAIDs (such as 

aspirin, ibuprofen, naproxen) inhibit both COX-1 and COX-2, which can 

effectively relieve inflammation, but may also cause side effects such as 

gastrointestinal damage and bleeding (Tai and McAlindon, 2021). Selective 

COX-2 inhibitors such as celecoxib target COX-2, reducing gastrointestinal 

effects but may still increase the risk of cardiovascular events (Gong et al., 

2012).  

PGE2 signals by binding to four different G protein-coupled receptors 

(GPCRs), EP1-EP4 (Sugimoto and Narumiya, 2007). EP1 receptor 

activation (coupling to Gq) can increase intracellular Ca2+ concentration 

through phospholipase C (PLC). Activated PLC hydrolyses 

phosphatidylinositol 4,5-bisphosphate into 1,2-diacylglycerol (DAG) and 

inositol 1,4,5-triphosphate (IP3). IP3 activates calcium signalling pathways, 

and DAG activates protein kinase C (PKC), which subsequently activates 

extracellular signal-regulated kinases (ERK) through RAF (Rundhaug et al., 

2011). EP3 has multiple different isoforms, and the isoforms of EP3 
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receptors are mainly formed by different C-terminus splicing variants. 

These variants allow EP3 receptors to couple with different G proteins and 

activate different cell signalling pathways. EP3α and EP3β isoforms mainly 

couple to Gi proteins and reduce intracellular cyclic adenosine 

monophosphate (cAMP) levels by inhibiting adenylate cyclase (AC) (IRIE 

et al., 1993; Schaid et al., 2023). EP3γ subtypes can not only couple to Gi 

proteins, some EP3γ isoforms can also couple to Gs proteins, activating the 

PLC signalling pathway, thereby increasing intracellular Ca2+ concentration 

(Negishi et al., 1996). Both EP2 and EP4 receptors are coupled to Gs and 

increase intracellular cAMP levels through AC stimulation (Wang et al., 

2022), while activation of EP4 can also increase protein kinase B (AKT/PKB) 

by stimulating PI3K (George et al., 2007). PGE2 mediates different 

physiological and pathological processes through EP1-EP4 receptors, and 

each receptor exerts unique functions through different signalling pathways. 

This diversity explains the complex role of PGE2 in various biological 

phenomena, including pain perception, inflammation regulation, fever 

response and blood pressure regulation. 
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Figure 1.6: The synthetic pathway and signalling pathway of PGE2. (a) 

Chemical structure of PGE2, C20H32O5. (b) PGE2 biosynthesis and 

signalling. Phospholipase A2 releases arachidonic acid from the cell 

membrane, which is converted to PGH2 by COX. NSAIDs inhibit COX-1 and 

COX-2. PGE2 is produced by PGE synthase, binds to different EPs, and 

activates downstream signalling pathways. Figure generated using 

Biorender. 
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1.3 3 Pathological and physiological functions of PGE2 

PGE2 exerts a variety of pathological and physiological functions by binding 

to specific receptors (EP1, EP2, EP3, and EP4). In physiological processes, 

PGE2 regulates body temperature, reproduction, renal function, pain, 

gastrointestinal, cardiovascular and inflammation. PGE2 is a pyrogenic 

mediator, when the body temperature is normal, COX-1 is induced, but 

when fever occurs, COX-2 is induced to produce a large amount of PGE2 

(Esh et al., 2021). PGE2 in the central nervous system acts on the 

hypothalamus to regulate the rise in body temperature, thereby causing a 

fever response, and this process works through the EP3 receptor (Conti, 

2016). PGE2 plays a key role in female reproduction. It participates in 

different stages of reproduction and has positive effects, including ovulation, 

fertilization, embryonic development and early implantation. PGE2 

promotes cumulus cell expansion by upregulating egg genes (including 

Areg, Ereg, Has2 and Tnfaip6) through EP2 receptor and increasing 

intracellular cAMP. PGE2 can also optimize sperm ability to enhance its 

ability to bind to oocytes. PGE2 maintains corpus luteum function through 

EP2 receptor, increases progesterone and promotes embryonic 

development (Niringiyumukiza et al., 2018). In the kidney, PGE2 regulates 

vascular tone by acting mainly in sodium excretion and diuresis through 

EP1 and increasing renin expression in cells (Wang et al., 2018). PGE2 

maintains normal renal function by affecting tubular water reabsorption and 

glomerular hemodynamic (Li et al., 2017; Nasrallah et al., 2020). PGE2 has 

a protective effect on the gastric mucosa, it is produced and stored in the 

gastric and duodenal mucosa (Park et al., 1992). PGE2 can promote the 

production of gastric epithelial mucus and the secretion of bicarbonate, and 

inhibit the secretion of gastric acid and pepsin, helping to maintain the acid-

base balance in the stomach (Carter et al., 1973; Johansson and Kollberg, 

1979; Feldman, 1983; Hoshino et al., 2003). PGE2 can increase 
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intracellular cAMP by binding to EP2 and EP4 receptors, leading to 

vasodilation and lowering blood pressure, however EP1 and EP3 receptors 

have vasoconstrictive and hypertensive effects (Yang and Du, 2012). PGE2 

stimulates the proliferation of vascular smooth muscle cells through EP2 

receptor and regulates the blood supply to local tissues (Yau and Zahradka, 

2003). 

PGE2 is widely involved in the pathological processes of pain, inflammation, 

immunosuppression, tumour formation, and some diseases (such as 

vascular disease and kidney disease). PGE2 is a pain mediator that mainly 

increases intracellular cAMP levels through the EP4 receptor, mediating 

inflammatory responses and neuropathic pain (St-Jacques and Ma, 2014). 

In the transmission of pain in inflamed tissues, the PGE2/EP4 pathway 

initiates and increases the sensitivity of pain-sensing dorsal root ganglion 

(DRG) neurons in inflamed tissues to amplify pain signals, so inhibition of 

EP4 has been shown to alleviate osteoarthritis and rheumatoid arthritis 

(Caselli et al., 2018; Kimourtzis et al., 2024). In addition to EP4 receptor, 

EP1 receptor also plays a major role in inflammatory pain, and inhibition of 

EP1 can reduce PGE2-induced inflammatory pain sensitivity (Johansson et 

al., 2011; Wei et al., 2024). Therefore, NSAIDs relieve pain and reduce 

fever by inhibiting the synthesis of PGE2. PGE2 plays a bidirectional 

regulatory role in inflammation and is involved in both acute and chronic 

inflammatory diseases (Ricciotti and FitzGerald, 2011). In the acute 

inflammatory stage, PGE2 usually promotes inflammatory response and 

helps the body fight pathogens. Erythema, fever, swelling and pain are the 

four major symptoms of acute inflammation. Erythema and fever reactions 

are caused by increased local blood flow due to vasodilation, while swelling 

reactions are caused by increased vascular permeability and leukocyte 

recruitment. Erythema and fever reactions are mainly caused by PGE2 

relaxing vascular smooth muscle through EP2 and EP4 receptors to 
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increase blood flow (Kawahara et al., 2015; Tsuge et al., 2019). Swelling 

reactions are caused by PGE2 activating mast cells (MCs) through EP3 

receptors, allowing extracellular Ca2+ to enter MCs and activate the PI3K-

AKT pathway, ultimately leading to excessive vascular permeability and 

neutrophil recruitment (Kawahara et al., 2015). In acute inflammation, once 

pathogens and damaged tissues are cleared, usually within hours or days, 

acute inflammation is relieved, tissues are repaired, granulocyte 

recruitment stops, proinflammatory cytokines are downregulated and 

cleared, and then recruited granulocytes are cleared by exocytosis. 

However, acute inflammation that becomes chronic is often the root cause 

of various chronic diseases, such as autoimmune diseases, 

neurodegenerative diseases, vascular and metabolic diseases, and cancer 

(Yao and Narumiya, 2019). Antigens produced at the site of infection are 

presented by APCs, such as DCs and macrophages, which present 

antigens to T cells and active the adaptive immune system. Activated APCs 

also produce various cytokines that prompt activated T cells to differentiate 

into T helper (Th) cells, which are Th1, Th2, and Th17. Th1 and Th17 cells 

are mainly involved in inflammatory diseases and autoimmune diseases, 

such as multiple sclerosis (MS), rheumatoid arthritis (RA), inflammatory 

bowel disease (IBD) and contact dermatitis (Bouma and Strober, 2003; 

Steinman, 2007; Lowes et al., 2007; Steinman, 2008; Kawahara et al., 

2015). Th1 differentiation is induced by PGE2-EP2/EP4 signals. This 

process requires cells to be stimulated by TCR and CD28 at the same time, 

followed by activation of PI3K, leading to the production of IL-12 and IFN-γ, 

ultimately inducing Th1 differentiation (Yao et al., 2009; Yao et al., 2013). It 

has been shown that PGE2 stimulates Th17 cell expansion in the presence 

of IL-23. Activated dendritic cells produce IL-23, and PGE2 can also induce 

dendritic cells to produce IL-23. Therefore, PGE2-EP2/EP4 signals induce 

Th17 cell expansion by inducing DCs to secrete IL-23 through the cAMP-

PKA pathway (Yao et al., 2009; Ma et al., 2016). PGE2 not only promotes 
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the differentiation of Th17 cells, but also increases the secretion of 

cytokines such as IL-17, IL-21 and IL-22. They can recruit neutrophils and 

other inflammatory cells, enhance local pro-inflammatory responses, and 

thus aggravate tissue damage and inflammation. Therefore, these 

cytokines play an important role in a variety of chronic inflammatory 

diseases (Qu et al., 2013). Different from Th1 and Th17 cell, PGE2 

enhances the secretion of cytokines such as IL-4, IL-5, and IL-13 in Th2 

cells, which are essential for the production of plasma cells, the formation 

of IgE antibodies, and the recruitment of eosinophils. These mechanisms 

play an important role in allergic reactions such as allergic rhinitis, asthma, 

and atopic dermatitis (Fort et al., 2001; Yao and Narumiya, 2019; Vlaykov 

et al., 2020). However, PGE2 also has a certain anti-inflammatory effect. 

Since PGE2 can regulate the differentiation direction of Th cells. It inhibits 

Th1 type response and enhances Th2 type response. Th2 response is more 

of an anti-inflammatory effect, while Th1 response is a pro-inflammatory 

effect. Excessive pro-inflammatory response can cause tissue damage 

(Berger, 2000). 

PGE2 also plays a key role in the occurrence, development and metastasis 

of cancer. The relationship between inflammation and cancer is very 

complex and close. Studies have shown that chronic inflammation is likely 

to increase the risk of cancer (Piotrowski et al., 2020). One of the reasons 

is that during the inflammation process, immune cells produce a large 

amount of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS), which can damage DNA and increase the risk of gene mutation, 

thus providing a basis for the occurrence of cancer (Piotrowski et al., 2020; 

Iqbal et al., 2024). In addition, PGE2 participates in cancer development by 

promoting angiogenesis, tumour cell proliferation, and immunosuppression. 

It is reported that PGE2 is expressed in large quantities in human solid 

tumours, such as colon cancer, gastric cancer, lung cancer, prostate cancer, 
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hepatocellular carcinoma, breast cancer, and melanoma (Koga et al., 1999; 

Soslow et al., 2000; Jang, 2004; Khor et al., 2007; Panza et al., 2016). In 

the tumour microenvironment, PGE2 is not only produced by tumour cells, 

but also secreted by immune cells. These PGE2 promote tumour growth 

through autocrine and paracrine mechanisms, activating EP receptors 

present in cancer cells, which activate a series of intracellular signalling 

pathways and enhance tumour invasiveness, including growth promotion, 

evasion of apoptosis, transcriptional activation of tyrosine kinase growth 

factor receptors and induction of angiogenesis (Finetti et al., 2020). In 

squamous cell carcinoma of the skin and vulvar cancer, the EP1 expression 

level in well-differentiated tumour cells was significantly higher than that in 

poorly differentiated tumour cells (Lee et al., 2005; Buchholz et al., 2023). 

Studies have shown that PGE2 phosphorylates ERK through the EP1 

receptor, and ERK phosphorylates the transcription factor cyclic adenosine 

monophosphate response element binding protein (CREB) at ser133 

through the Ca2+ pathway, enhancing the expression of matrix 

metalloproteinase (MMP2) (Sun et al., 2013). MMP2 is a key enzyme in 

tumour invasion. Therefore, the EP1/Ca2+/Erk pathway enhances tumour 

invasion (Sun et al., 2013). In NSCLC cells, PGE2 activates the epidermal 

growth factor receptor (EGFR)-independent MAPK/Erk pathway through 

the EP1 receptor, promoting cancer cell proliferation (Krysan et al., 2005). 

EP1 receptor also promotes hepatoma cell adhesion and migration by 

regulating FAK phosphorylation through activation of PKC/c-Src and EGFR 

signalling pathways (Bai et al., 2013). Both EP2 and EP4 receptors are 

associated with Gαs proteins and act through the cAMP-PKA pathway, and 

they can promote the production of vascular endothelial growth factor 

(VEGF) and induce cancer cell invasiveness (Spinella et al., 2004). EP2 

and EP4 also activated the PI3K/AKT-GSK3β-βcatenin pathway through 

PGE2, enhancing the stability of β-catenin, β-catenin promotes the 

expression of angiogenic factors such as VEGF and leading to epithelial-
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mesenchymal transition (EMT) to promote tumour cell proliferation and 

survival (Chun et al., 2010; Hsu et al., 2017; Mangelsen et al., 2020; Guo 

et al., 2024). In mouse skin cancer, tumour formation was delayed after EP3 

receptor knockout, and it was found that EP3 receptor promoted mast cell 

activation and IL-6 production, leading to cancer occurrence (Shoji et al., 

2005). EP3 can also promote tumour metastasis and angiogenesis by 

upregulating MMP-9 and VEGF in endothelial cells (Amano et al., 2009). 

PGE2 promotes angiogenesis by stimulating the EP3 subtype of receptors 

and phosphorylating fibroblast growth factor receptor 1 (FGFR-1), thereby 

providing blood supply to proliferating tumours (Finetti et al., 2008). PGE2 

activates PI3K and MAPK signals through the EP4 receptor, activates the 

NF-κB pathway, and induces the formation, maintenance, and expansion of 

cancer stem cells (CSCs), which are considered to be the main cause of 

tumour recurrence and treatment resistance (Wang et al., 2015). 

 

1.3.4 Docosahexaenoic acid and eicosapentaenoic acid 

inhibit PGE2 

DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) are omega-

3 polyunsaturated (PUFA) fatty acids that play an important role in human 

immune regulation (Yang et al., 2014). DHA and EPA affect the production 

of PGE₂ through competitive metabolism and regulation of inflammatory 

signalling pathways and play an important role in inflammation and cancer. 

The synthesis of PGE2 mainly depends on AA, while DHA and EPA can 

compete with AA as substrates of COX enzymes, inhibiting the enzymatic 

activity of the two COX isozymes (COX-1 and COX-2) and downregulating 

PGE2 (Ringbom et al., 2001; Yang et al., 2014). EPA can also generate anti-

inflammatory mediators, prostaglandin E₃ (PGE₃) and leukotriene B₅ (LTB₅) 

through the COX and 5-lipoxygenase (5-LOX) pathways. Compared with 
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PGE2 and leukotriene B₄ (LTB4), PGE3 and LTB₅ tend to have anti-

proliferative and anti-inflammatory activities (Calder, 2010). LTB₄ is 

generated by 5-LOX catalysing AA, and its main function is to strongly 

promote inflammation and activation of neutrophil functions (Tatsuno et al., 

1990). Furthermore, DHA and EPA can reduce the activation of NF-κB 

(nuclear factor κB), which is an important transcription factor for COX-2 

expression, thereby inhibiting COX-2 production and PGE2 synthesis 

(Mishra et al., 2004; Starkweather et al., 2020). DHA and EPA also reduce 

the release of proinflammatory cytokines (such as IL-1β, TNF-α and IL-6), 

thereby indirectly reducing the expression of COX-2, ultimately leading to a 

decrease in PGE2 (Calder, 2010; Mullen et al., 2010). Therefore, EPA and 

DHA can reduce PGE₂ levels, inhibit tumour growth, and improve 

chemotherapy effects. 
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1.4 Suppression of the immune system by PGE2  

In the TME, PGE2 can inhibit anti-tumour immune responses and help 

tumours escape the surveillance of the immune system. PGE2 inhibits the 

immune response by reducing the activity of effector T cells, inhibiting the 

function of NK cells, and increasing the activity of immunosuppressive cells 

such as regulatory T cells and myeloid-derived suppressor cells (Figure 1.7) 

(Finetti et al., 2020). 

 

 

 

 

Figure 1.7: The roles of PGE2 in the regulation of tumour 

microenvironment. PGE2 is secreted by cancer cells and immune cells in 

the TME. The main functions of PGE2 on MDSCs, tumour-associated 

macrophages, DCs, NK cells, and T cells are depicted. Figure generated 

using Biorender. 
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1.4.1 PGE2 and myeloid-derived suppressor cells  

Myeloid-derived suppressor cells (MDSCs) were discovered in tumours 

from patients and in tumour mouse models in the 1970s and 1980s (Young 

et al., 1987; Seung et al., 1995). MDSC is a heterogeneous cell population, 

which is an immature myeloid cell that plays an anti-tumour immunity role 

in TME and promotes tumour growth and metastasis. MDSCs inhibit the 

anti-tumour response of immune cells by secreting immunosuppressive 

factors, ROS, nitric oxide (NO), arginase 1 (Arg1) and inducible nitric oxide 

synthase (iNOS) (Condamine and Gabrilovich, 2011). PGE2 secreted by 

tumours can promote the differentiation, recruitment and 

immunosuppressive function of MDSCs through multiple mechanisms. The 

research has shown that in mouse breast cancer, MDSCs express all EP 

receptors and PGE2 mediates MDSCs differentiation through EP1, EP2 

and/or EP4 receptors (Sinha et al., 2007). Moreover, EP2 KO mice have 

slowed tumour growth and reduced MDSCs accumulation. It was found that 

the use of COX-2 inhibitors can reduce PGE2 synthesis and thus delay 

tumour progression and MDSC differentiation (Sinha et al., 2007). 

Monocytes can be induced by PGE2 to produce MDSC-related 

immunosuppressive factors, as mentioned above. These 

immunosuppressive factors and PGE2 induce COX-2 production, leading to 

the autocrine production of endogenous PGE2 in MDSCs (Obermajer et al., 

2011). PGE2 can also recruit MDSCs into the TME through chemotaxis, 

further enhancing the immunosuppressive microenvironment. where the 

chemokine CCL2 plays an important role in the migration process, while 

CTLs induce tumour cells to secrete PGE2, attracting MDSC aggregation 

and promoting tumour progression (Fujita et al., 2011; Yang et al., 2015). 

Due to the important role of PGE2 in MDSCs regulation, targeting PGE2 or 

its synthesis pathway to inhibit the function of MDSCs has become a 

potential anti-tumour strategy. 
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1.4.2 PGE2 and Dendritic Cells  

PGE2 has a paradoxical effect on DCs. PGE2 can regulate the maturation 

of DCs. It does not induce DC maturation on its own but when it works 

synergistically with IL-1β and TNF-α, it can exert its effects at very low 

concentrations. PGE2 induces the production of IL-12-deficient DCs and 

biases naive Th cells toward Th2 development (Kaliński et al., 1998). In 

addition, PGE2 upregulates IL-10 and inhibits IL-12 production via EP2 and 

EP4 to affect the antigen-presenting capacity of DCs (Harizi et al., 2003a). 

PGE2 can cause DCs to secrete CCL22, thereby recruiting Tregs to further 

suppress the immune response (Muthuswamy et al., 2008). Studies have 

shown that high concentrations of PGE2 inhibit DC migration, while low 

concentrations promote cell migration (Diao et al., 2020). A large amount of 

PGE2 is produced in the TME, so the migration ability of DCs in the TME is 

restricted.  

 

 

1.4.3 PGE2 and T cells 

PGE2 mainly inhibits IL-2-mediated gene expression and IL-2 receptor 

expression by producing cAMP, ultimately inhibiting T cell proliferation and 

activation (Sreeramkumar et al., 2012). PGE2 inhibits the production of IL-

2 and IFN-γ by Th1 cells, but does not inhibit the production of IL-4 and IL-

5 by Th2 cells (Betz and Fox, 1991). PGE2 inhibits T cell function by 

inducing prolactin expression in T cells through the Ca2+ and cAMP 

signalling pathways of EP3 and EP4 receptors (Gerlo et al., 2004). PGE2 

also enhances the differentiation and function of Th17 cells through EP2 

and EP4 (Kalinski, 2012). 
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1.4.4 PGE2 and NK cells 

PGE2 has multiple inhibitory effects on NK cells. PGE2 not only inhibits NK 

cell proliferation but also increases cell apoptosis (Li et al., 2016). PGE2 

inhibits NK cell cytotoxicity by inhibiting NK receptors through the 

cAMP/PKA pathway mediated by EP2 and EP4 receptors (Martinet et al., 

2010). PGE2 inhibits the secretion of IFN-γ by NK cells mainly through EP4 

receptor (Ma et al., 2013), it also attenuates IL-12- and IL-18-induced NK 

cell IFN-γ expression via the EP2 receptor (Walker and Rotondo, 2004).  
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1.5 Aims of this project 

Tumour cells and other cell types within the tumour micro-environment are 

immunosuppressive and enable cancer cells to avoid immune-mediated 

destruction. One mechanism of immune escape is through secretion of 

immunosuppressive molecules. Several cancers are known to secrete 

PGE2 in the TME, which inhibits various functions of immune cells, via 

engagement with the PGE2 receptors EP1-4.  

This research aims to determine the mechanisms of tumour-derived PGE2 

inhibition of NK cells and ultimately find ways to inhibit PGE2 for cancer 

therapy. Because the mechanism of PGE2's inhibitory effect on NK cells is 

not clear in the literature, this work focuses on the inhibitory pathways of 

PGE2 on NK cells. 

 

The main aims were: 

1. To determine how PGE₂ inhibits NK cell activation. 

⚫ Evaluate the effect of PGE₂ on NK cell activation by cytokines and 

oncolytic viruses. 

2. To elucidate the mechanisms underlying PGE₂-mediated inhibition of 

NK cells. 

⚫ Identify the signalling pathways affected by PGE₂ in NK cells. 

3. To investigate the mechanisms of PGE₂ production in tumours and its 

impact on NK cells. 

⚫ Examine how tumour-derived PGE₂ inhibits NK cell functions 

within the tumour microenvironment. 
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Chapter 2 

Materials and methods 

2.1 Cell culture 

2.1.1 Cell culture  

All cells were cultured in Corning® flasks or tissue culture plates, and 

maintained in a humidified atmosphere (5% CO2 and 37°C). Cells were 

routinely passaged when near confluence. Firstly, cells were washed with 

phosphate buffered saline (PBS, Sigma), and then 1-2 mL of pre-warmed 

1x trypsin-EDTA solution (Sigma) added to cells for 3-5 minutes at 37°C. 

Cell culture was performed under aseptic conditions using Nuaire Class II 

biological safety cabinets.  

 

2.1.2 Cell lines  

Cell lines and their complete culture medium are summarised in Table 2-1. 

Two Ewing sarcoma cell lines (SK-N-MC and TC-32) harbouring 

characteristic EWSR1:FLI1 gene fusion and two osteosarcoma cell lines 

(MG63 and HOS) were from the American Type Culture Collection (ATCC). 

The HCA-7 colorectal adenocarcinoma cell line was kindly provided by 

Nametso Khumo (University of Leeds). The identity of cell lines had been 

previously confirmed using short tandem repeat (STR) profiling.  
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Table 2.1: Cell lines  

Cell line Origin Complete growth 

medium  

SK-N-MC Ewing Sarcoma 

 

DMEM 

+10% FBS 

MG63 Osteosarcoma 

 

DMEM 

+10% FBS 

HOS Osteosarcoma 

 

DMEM 

+10% FBS 

TC32 Ewing Sarcoma 

 

RPMI1640 

+10% FBS 

HCA7 Colon adenocarcinoma RPMI1640 

+10% FBS 

 

 

2.1.3 Primary mesenchymal stem cells  

Primary mesenchymal stem cells (MSCs) were isolated from bone marrow 

of patients (recovered during trauma surgery), and provided by Dr Heather 

Owston (University of Leeds). Cells were cultured in Dulbecco’s modified 

eagles medium (DMEM) (Sigma-Aldrich, #D6429) or Roswell Park Memorial 

Institute (RPMI1640) (Sigma-Aldrich, #8758) medium supplemented with 

10% foetal bovine serum (FBS) (Gibco), 100 units of penicillin and 0.1 

mg/mL streptomycin. 
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2.1.4 Cryopreservation 

For long-term storage, cell lines were stored in complete growth medium 

with 10% dimethyl sulfoxide (DMSO). Cells were then frozen at -80°C in a 

Mr FrostyTM freezing container for 24 hours, and finally transferred to gas 

phase liquid nitrogen.  

 

2.1.5 Recovering frozen cells 

Cryovials containing cell lines were thawed in a 37°C water bath for 2 mins. 

Then the cells were diluted in 10 mL complete growth medium in a 15 mL 

falcon tube, and cells were spun down at 400 xg for 5 minutes, the 

supernatant was discarded. Cell pellets were resuspended in 10 mL 

complete growth medium. The cell suspension was put into a T75 flask and 

adding another 5 mL medium to ensure that the media is covering the whole 

area of the flask. The cells were maintained in a humidified atmosphere (5 % 

CO2 and 37°C). 

 

2.1.6 Peripheral blood mononuclear cells (PBMCs) isolation 

and culture  

Since PBMCs and red blood cells have different densities, the density 

gradient centrifugation process can separate the cells in lymphoprep 

(STEMCELL Technologies, #07851), PBMCs were isolated from apheresis 

cones. Apheresis cones were purchased from National Health Service 

Blood and Transplant (NHSBT) as a waste product from healthy donors. 

Hanks Balanced Salt Solution (Sigma-Aldrich, #9394) was used to dilute 

the blood in a 50 mL falcon tube, to a final volume of 40 mL. Next, 15 mL 
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LymphoprepTM was added to two 50 mL falcon tubes, and 20 mL of diluted 

blood was carefully layered onto the solution. Tubes were centrifuged at 

800 xg for 20 minutes (Brake 3 and acceleration 0). Post-centrifugation the 

PBMC fraction (white layer as shown in Figure 2.1) was removed using a 2 

mL Pasteur pipette and transferred into a 50 mL Falcon tube. Then 40 mL 

of Hanks Balanced Salt Solution was added to the PBMCs before 

centrifugation at 200 xg for 20 minutes (Brake 9 and acceleration 3). The 

supernatant was discarded and the PBMCs were washed again in 40 mL 

Hank buffer before centrifugation at 400 xg for 10 minutes. The supernatant 

was discarded and PBMCs were cultured in a plate or T75 flasks in RPMI 

with 10% FCS at a density of 2 x 106 cells/mL and kept in a humidified 

atmosphere (5% CO2, at 37oC). Figure 2.1a shows the detection of PBMCs 

under flow cytometry. 
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Figure 2.1: Density gradient centrifugation to isolate PBMCs. The 

volume, shape and specific gravity of mononuclear cells are different from 

those of other cells in the peripheral blood. Therefore, the difference 

between the specific gravity of various blood cells and mononuclear cells 

can be used to separate various blood cells from mononuclear cells. Before 

centrifugation (left) upper layer: blood, lower layer: Lymphoprep. After 

centrifugation (right), it is divided into four layers (from top to bottom): 

Plasma, PBMCs, Lymphoprep and Erythrocytes/ Granulocytes. Figure 

generated using Biorender.  
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2.2 Cell selection using magnetic beads  

2.2.1 CD56 positive selection of NK cells  

Magnetic beads coated with anti-CD56 antibody, termed CD56 MicroBeads 

(Miltenyi Biotec,#130050401) were developed for the positive selection of 

NK cells from human PBMCs. Most NK cells express CD56 antigen, and a 

minor T cell subset (CD3+CD56+ NKT cells) also express CD56 antigen on 

their surface (as Figure 2.2a shows). 

NK cells were isolated from PBMCs by positive selection using CD56 beads 

(Miltenyi Biotec). Firstly, PBMCs were centrifuged at 400 xg for 5 minutes 

then resuspended in cold MACS buffer (PBS with 0.1 % FCS and 0.5M 

EDTA) and mixed with CD56 beads. After incubating for 15 minutes at 4°C, 

cells were washed using MACS buffer and centrifuged at 400 xg for 5 

minutes. Finally, cells were resuspended in MACS buffer. LS columns 

(Miltenyi Biotec) were placed in a magnetic stand and cells applied onto the 

LS column and washed with 3 x 3 mL MACS buffer. The unlabelled cells 

passed through after washing and purified NK cells were collected by 

releasing the column from the magnet and flushing the column with 5 mL 

MACS buffer. NK cells were cultured in RPMI 1640, supplemented with 10 % 

FCS at 37°C, 5 % CO2. 
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a                                   b                                                                 

 

 

 

 

 

 

 

Figure 2.2: NK cell selection using magnetic beads. (a) Gating on 

lymphocyte population using a FSC-A (forward scatter-area) – SSC-A (side 

scatter-area) dot plot. (b) Gating on the CD56+CD3- NK cell population after 

using CD56 positive selection. (c) Gating on the CD56+CD3- NK cell 

population after using negative selection. 
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2.2.2 Negative selection of NK cells  

The NK Cell Isolation Kit (Miltenyi Biotec, #130092657) was developed for 

the untouched isolation of NK cells from human PBMCs. The cocktail of 

biotin-conjugated antibodies and the NK Cell MicroBead Cocktail in this kit 

can magnetically label the non-NK cells, such as T cells, B cells, stem cells, 

dendritic cells, monocytes, granulocytes, and erythroid cells; this procedure 

selects out all other cells without touching the NK cells and, by depleting 

non-NK cell types, NK cells can be isolated at high purity. 

NK cells were isolated from PBMCs by negative selection using an 

untouched kit (Miltenyi Biotec). PBMCs were resuspended in cold MACS 

buffer and Biotin-Antibody after spun down at 400 xg for 5 minutes. Biotin-

Antibody labelled other cells in PBMCs except NK cells. After incubating for 

5 minutes at 4°C, cells were mixed with MACS buffer and anti-biotin 

magnetic beads, and then had a further incubation of 10 minutes at 4 °C. 

Then LS column was placed in a strong magnetic stand, and cells were 

applied onto the column and washed by 3 mL MACS buffer. NK cells were 

collected after washing, and finally cultured in RPMI 1640, supplemented 

with 10 % FCS at 37°C, 5 % CO2. 

This procedure selects the non-NK cells (using antibodies against 

monocytes, T cells and B cells), leaving NK cells untouched; figure 2.2c 

shows that after the purification, the purity of NK cells reaches ~90% (Figure 

2.2b). This is higher than the purity of NK cells isolated by direct selection 

(anti-CD56 beads) shown in Figure 2.2a (about 50%). Both purification 

methods result in the isolation of NKT cells, although the negative selection 

resulted in fewer residual NKT cells than positive selection (Figure 2.2). 
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2.3 Cell treatments  

2.3.1 Reovirus treatment 

Reovirus was provided by Dr Tyler Barr. Plaque assay was used to 

determine the viral titters of reovirus stocks, and Dr Tyler Barr performed 

this assay. Briefly, L929 cells were seeded into 6 well plates at a density of 

5x105 per well, and left to adhere overnight. Reovirus stocks were diluted in 

10-fold serial dilutions in serum free DMEM. Dilutions ranging from 10-3 to 

10-8 were added to wells in 100 uL of serum free DMEM, with an additional 

500 uL media, and incubated for 2.5 hours. Samples were then removed 

and replaced with 2 mL DMEM + 10% FBS with 1.6% 

carboxymethylcellulose (w/v; CMC) at a ratio of 2:1. Plaque formation was 

monitored for 2-4 days, once plaques were visible, medium was removed 

and cells washed with PBS, fixed in 1% PFA and 0.5 mL of 1% (w/v) 

methylene blue in ethanol and distilled H2O (1:1) was added to wells for 2 

minutes. Plates were washed in H2O and viral titre quantified as plaque 

forming units (pfu) per mL of virus stock.  

PBMCs were seeded into cell culture plates (Corning) at 2 x 106 cells per 

mL, and NK cells were seeded at 1 x 106 cells per mL. Then, reovirus was 

added to the cells at 0.1 pfu/mL or 1 pfu/mL (plaque forming units per mL). 

Plates were returned to standard cell culture conditions (5 % CO2, at 37°C) 

and cultured for 48 hours. After the treatment, the cells were spun down at 

400 xg for 5 minutes and washed twice with PBS for flow cytometry. The 

supernatants were carefully moved into Eppendorf tubes and frozen at -

20°C for IFN-γ ELISA assays. 
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2.3.2 Cytokine treatment 

PBMCs were seeded into cell culture plates (Corning) at 2 x 106 cells per 

mL, and NK cells were seeded at 1 x 106 cells per mL. IL-15 or IL-2 was 

added to cells at 5 ng/mL or 10 ng/mL (Table 2.2), and plates were returned 

to standard cell culture conditions (5 % CO2, at 37°C) and cultured for 48 

hours. After the treatment, the cells were spun down at 400 xg for 5 minutes 

and washed twice with PBS for flow cytometry. At the same time, the 

supernatant has been frozen at -20°C for IFN-γ ELISA assays. 

 

 

Table 2.2: Cytokines for cell activation 

Cytokine Manufacturer Stock concentration  

Human Interleukin 2 

(IL-2) 

Miltenyi Biotec  20 μg/mL 

Human Interleukin 15 

(IL-15) 

PeproTech  5 μg/mL 

Human Interleukin 12 

(IL-12) 

PeproTech 10 μg/mL 

Human Interleukin 18 

(IL-18) 

PeproTech 10 μg/mL 
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2.3.3 PGE2 treatment 

PGE2 (Selleckchem) was added to the cells at 1 μM or 10 μM and cultured 

for 1 hour at 37 °C, 5 % CO2. The cells were treated with reovirus or 

cytokines for stimulation following the PGE2 treatment.  

 

2.3.4 PGE1 alcohol treatment 

PGE1 alcohol is a mimic of PGE2. Firstly, cells were seeded into cell culture 

plate at 1x105 cells per mL for 24 hours. PGE1 alcohol was added to the 

cells at 1 μM for 48 hours, then the plates were returned to standard cell 

culture conditions (5 % CO2, at 37°C). After the treatment, cells were 

removed by centrifugation (at 400 xg, 5 minutes), cell culture supernatants 

were collected and stored at -20°C. 

 

2.3.5 Use of PGE2 receptor inhibitors  

NK cells were pre-treated with 10 μM EP2 inhibitor (AH 6809, Cayman) and 

EP4 inhibitor (GW 627368X, Cayman) for 1 hour. 10 μM PGE2 was added 

to the cells for another hour. After those two treatments, cells were treated 

with 10 ng/mL IL-15 for 48 hours at 37 °C, 5 % CO2. Then the supernatant 

was collected for IFN-γ ELISA. 
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2.4 Flow cytometry 

Flow Cytometry was performed using a Cytoflex LX flow cytometer 

(Beckman Coulter) and data was analysed using the analysis software 

CytExpert 2.1.  

For all flow cytometry experiments, PBS was used for washing and 1% 

PFA/PBS (v/v) solution was used to fix cells. Cells were centrifuged at 400 

xg for 5 minutes, unless otherwise stated. The antibodies against CD56 and 

CD3 were added to the cells, in order to identify the CD3- CD56+ NK cells 

within PBMCs. In addition, cells were stained with isotype-matched control 

antibodies to assess background staining levels for markers of interest. A 

gate was set at 2 % for positive staining based on the isotype control. Table 

2.3 shows the list of antibodies were used in this thesis. 

 

2.4.1 Live/DeadTM cell staining 

Cell viability was determined using the LIVE/DEAD™ Fixable Yellow Dead 

Cell Stain Kit (ThermoFisher). The working principle of this assay is to use 

the difference in fluorescence intensity to distinguish live and dead cells 

(Figure 2.3). In live cells, the dye only acts on the amines on the cell surface, 

resulting in low fluorescence intensity. In dead cells, because the cell 

membrane of dead cells is compromised, the dye will react with free amines 

inside the cells and on the cell surface, producing strong fluorescent 

staining; the difference in fluorescence intensity between live cells and dead 

cells is usually greater than 50 times, so it is very easy to distinguish. The 

excess reactive dye can be subsequently washed away. LIVE/DEADTM 

yellow stain was reconstituted in 50 uL DMSO and stored at -20°C for up to 

two weeks. 
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After cell treatment, cells were harvested and transferred into 5 mL round 

bottom FACS tubes (BD FalconTM), then centrifuged at 400 xg for 5 minutes. 

The supernatant was discarded carefully and then cells was washed in PBS 

for three times. After washing, cells then resuspended in the LIVE/DEADTM 

yellow stain solution (LIVE/DEADTM stain: PBS; 1:1000) at 1x106 cells per 

mL. Cells were incubated at 4 °C for 30 minutes protected from light. After 

incubation, cells were washed twice wish PBS and then fixed in 1% 

PFA/PBS (v/v) solution. Flow cytometry was used to detect the 

fluorescence intensity of the samples (Figure 2.4). 

 

 

 

 

 

 

 

 

 

Figure 2.3: The working principle of LIVE/DEADTM cell staining. Live 

cells (left) react with the LIVE/DEADTM dye only on their surface. Dead cells 

with compromised membranes (right) react with the dye, both in the cell 

interior and on the cell surface. Figure generated using Biorender. 
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a                                 b                                                       

 

 

 

 

 

c                                                                                                                                          

 

 

 

 

 

 

Figure 2.4: Gating strategy for LIVE/DEADTM cell staining. (a) Gating on 

lymphocyte populations using a FSC-A- SSC-A dot plot. (b) Gating on the 

CD56+CD3- NK cell population and CD56+CD3+ T cell population. (c) Gating 

on dead cells to determine the percentage of dead cells.  
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2.4.2 Lymphocyte activation assays 

After the treatments, PBMCs were spun down at 400 xg for 5 minutes, cells 

were harvested into 5 mL round bottom polystyrene tubes (FACS tubes) 

and washed twice in PBS. Then the cells were resuspended at 

approximately 1 x 106 cells/100 µL in PBS buffer with Anti-CD3 anti-CD56, 

anti-CD69 or lgG1 isotype antibodies (Table 2.3). After the incubation for 30 

minutes at 4°C in the dark, cells were then washed twice by PBS (at 400 

xg for 5 minutes) and then fixed in 200 μL 1% PFA/PBS (v/v) solution. Cells 

were kept in 4°C and protected from light before flow cytometric analysis. 

Flow cytometry was used to detect the expression of CD69 (a marker of 

lymphocyte activation) on NK cells. 

 

2.4.3 NK cell degranulation assays 

CD56 purified NK cells (Figure 2.2b) or PBMCs were co-cultured with 

tumour target cells in a 12-well cell culture plate (Corning), at a 10:1 

(effector: target) ratio for an hour at 37°C. After the incubation, anti-CD3, 

anti-CD56, anti-CD107a (LAMP-1) antibodies (Table 2.3) and Brefeldin A 

(BioLegend) were added to the cells for a further 4 hours at 37°C. After the 

treatment, cells were harvested into 5 mL FACS tubes and washed twice in 

PBS (at 400 xg for 5 minutes). Cells were resuspended in 200 μL 1% 

PFA/PBS (v/v) solution, and kept in 4°C in the dark before flow cytometric 

analysis. Staining was analysed on a flow cytometer and NK cell 

degranulation was quantified by assessing expression of cell surface 

CD107a (Figure 2.5). Figure 2.5c showed that only adding the target cells 

also increased NK cell degranulation. 
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a                                  b                                        

  

 

 

 

 

 

 

c                                                                                                             

 

 

 

 

 

 

 

Figure 2.5: Gating strategy for NK cell degranulation assays. (a) Gating 

on lymphocyte population using a FSC-A- SSC-A dot plot. (b) Gating on 

CD3-CD56+ NK cells. (c)Gating to establish the percentage of CD107+ 

degranulating NK cells. This example uses the Ewing sarcoma cell line SK-

N-MC as a tumour target cell. 

 

 

Untreated                           Co-cultured with SK-N-MC 

cells 

-cultureed SK-N-MC cells              
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2.4.4 Intracellular staining 

Intracellular staining was used to determine levels of phosphorylated STAT 

proteins. After the treatment, cells were collected into the 5 mL FACs tubes 

and washed with staining buffer (BD Biosciences) (at 400 xg for 5 minutes). 

Cells were resuspended at 1 x 106 cells/100 µL staining buffer, anti-CD3 

and anti-CD56 antibodies were added to the cells for 30 minutes incubation 

at 4°C, in the dark. Then cells were washed once in staining buffer and 

resuspended in staining buffer.  

Cytofix fixation buffer was pre-warmed to 37°C (BD Biosciences), then 

added in equal volume to the cell suspension and incubated at 37°C for 10 

minutes. After centrifugation (at 400 xg for 10 minutes), the pellet was 

resuspended in 1 mL of per-cold Perm Buffer III (-20°C) (BD Biosciences) 

and incubated on ice for 30 minutes. Samples were resuspended in staining 

buffer (approximately 1 x 106/100 µL) containing the appropriate anti-

phospho-STAT antibodies or isotype controls (Table 2.3 ) for 30 minutes at 

room temperature, protected from light, following three washes with 3 mL 

staining buffer. Samples were washed twice in staining buffer (at 400 xg for 

5 minutes) and resuspended in 200 µL staining buffer (at 4°C in the dark) 

before flow cytometric analysis. 
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Table 2.3: Flow cytometry antibodies  

Antibody Conjugate Volume per 106 cells 

(μL) 

Manufacturer 

（Product number） 

NK cell activation  

Anti-CD3 PerCP 1 Miltenyi Biotech 

#130113131 

Anti-CD56 eFluor450 4 Invitrogen™ 

#48056642 

Anti-CD69 PE 5 BioLegend 

#310906 

lgG1 isotype 

control 

PE 5 BioLegend 

#400112 

NK cell degranulation  

Anti-CD107a PE 2 Miltenyi Biotec 

#130111621 

Anti-CD3 PerCP 1 Miltenyi Biotech 

#130113131 

Anti-CD56 eFluor450 4 Invitrogen™ 

#48056642 

lgG1 isotype 

control 

PE 5 BioLegend 

#400112 

NK cell intracellular staining  

pY694 

STAT5 

PerCP 

Cy5.5 

10 BD Biosciences 

#560118 

Human lgG1 

isotype control 

PerCP 

Cy5.5 

10 BD Biosciences 

#552834 

pY701 

STAT1 

APC 10 Miltenyi 

#130105092 
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Human IgG1 

isotype control 

APC 10 Miltenyi 

#130113450 

pY693  

STAT4 

PE 6 BD Biosciences 

#562073 

Human lgG1 

isotype control 

PE 6 BD Biosciences 

#559529 
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2.5 Enzyme-linked immunosorbent (ELISA) assays 

After cell treatments, cell free supernatants were collected by centrifugation 

of samples at 400 xg for 5 minutes and carefully pipetting the supernatants 

and transfer into Eppendorf tubes. Samples were stored at -20°C until 

needed. 

 

2.5.1 ELISA for interferon γ  

96 well MAXIsorp plates (Thermo Fisher Scientific) were used for the 

sandwich ELISA assay. Blocking buffer (PBS + 10% FCS) was used for 

block step and PBST washing buffer (PBS + 0.05 % Tween) was used for 

wash steps. 

At first, the IFN-γ capture antibody (Table 2.4) was 1:250 (capture antibody: 

coating buffer) diluted in the ELISA coating buffer (0.1M NaHCO3 pH8.2), 

to a final concentration of 10,000 pg/mL, and added to the 96 well plate at 

100 µL per well. The plate was coated overnight at 4°C. The next day, the 

solution was discarded, and the plate was washed with PBST buffer for 

three times before adding the blocking buffer at 200 µL per well for 2 hours 

at room temperature. The standards and cell supernatant samples were 

diluted in RPMI 1640 (Sigma) + 10 % FCS by following the plate three 

washes by PBST buffer and added to the plate. Recombinant IFN-γ 

(Miltenyi) of known concentration (from 0 to 10,000 pg/mL) were added to 

the plate to make a standard curve; IFN-γ was diluted from a stock of 2.5 

μg/mL. Firstly, the IFN-γ stock was diluted as 1:10 and did 1:250 dilutions, 

then with 6 sequential 1 in 2 dilutions and the blank standard was only the 

medium. All samples and standards were added in duplicate at 100 µL per 

well and the plate was incubated overnight at 4°C. Next, the standards and 

samples were discarded, and the plate was washed six times in PBST 
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buffer. The IFN-γ detection antibody (Table 2.4) was 1:500 (detection 

antibody: blocking buffer) and added to the plate at 100 µL per well. The 

plate was incubated for 2 hours at room temperature, then washed another 

6 times by PBST buffer. Avidin conjugated alkaline phosphatase (Sigma, 

ExtrAvidin) was diluted in PBST buffer (1 in 5000) and added to the plate at 

100 µL per well for 1 hour incubation at room temperature. After incubation, 

the solution was discarded, the plate was washed three times with distilled 

water after washing with three times with PBST buffer. Finally, p-Nitrophenyl 

phosphate (pNPP) (Sigma, SigmaFast) substrate was added to the plate at 

100 µL per well. One pNPP tablet (1.0 mg/mL) and one 0.2 M Tris buffer 

tablet are dissolved in deionized water. The plate was incubated at room 

temperature for about 30 minutes, protected from light. Then absorbance 

of the plate was read at 405 nm using a Cytation 5 Imaging Plate Reader 

(Bio Tek). 

 

 

Table 2.4: IFN-γ ELISA antibodies 

Target 

molecule 

Manufacturer Role Dilution 

IFN-γ BD Biosciences 

#554550 

Detection 

(biotinylated) 

1:500 

IFN-γ BD Biosciences 

#551221 

Capture 1:250 
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2.6 PGE2 ELISA  

The concentration of PGE2 was detected by PGE2 ELISA (R&D System, # 

KGE004B). At the beginning, the working standards and samples were 

diluted with Calibrator Diluent RD5-56. PGE2 standards of known 

increasing concentration (0 to 2500 pg) were added to the plate to make a 

standard curve. PGE2 standard was diluted from 25,000 pg/mL, the 

standard stock was diluted 1 in 10 before with 6 sequential 1 in 2 dilutions 

and the blank standard was only Calibrator Diluent RD5-56. Calibrator 

Diluent RD5-56 was also added to the non-specific binding (NSB) wells at 

200 μL per well. PGE2 standards, and supernatants were added to the 

remaining wells at 150 μL per well on the goat anti-mouse lgG 96 well 

microplate (R&D Systems). After adding 50 μL of the PGE2 Primary 

Antibody Solution to each well (excluding the NSB wells), all wells except 

the NSB wells would be blue in colour. The plate was incubated for 1 hour 

at room temperature on a shaker at 500 rpm following covered with a plate 

sealer. After incubation, PGE2 Conjugate was added to each well at 50 μL 

except the NSB wells and the plate incubated for 2 hours at room 

temperature on the shaker. Following four washes with PGE2 wash buffer 

(diluted 1:25 in deionized water), substrate solution (colour regent A and B 

were mixed together in equal volumes within 15 minutes) was added to 

each well at 200 μL and incubated the plate for 30 minutes at room 

temperature, protected from the light. Using stop solution at 100 μL per well 

to stop the reaction, and the colour in the wells changed from blue to yellow. 

A Cytation 5 Imaging Plate Reader (Bio Tek) was used to read the plate at 

450 nm and determine the optical density of each well. 
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2.7 Cyclic adenosine monophosphate (cAMP) ELISA 

2.7.1 Cell lysis 

After treatment, cells were centrifugated at 400 xg 5 minutes and 

supernatant was discarded. Cells were washed three times in cold PBS and 

resuspended in cell lysis buffer (diluted 1:5 in deionized water) to a 

concentration of 1x107 cells per mL. Cells needed to be lysed by repeating 

the freeze (-20°C) /thaw (with gentle mixing) cycles. Cell lysis was 

confirmed using trypan blue staining and microscopy (intact cells exclude 

trypan blue, lysed cells are intensely stained). After cell lysis, cellular debris 

was removed by centrifugation at 600 xg for 10 minutes at 4°C. Lysates 

were stored at -20°C until assayed. 

 

2.7.2 cAMP ELISA 

The concentration of cAMP was detected by cAMP ELISA (R&D System, # 

KGE002B). cAMP primary antibody solution was added at 50 μL to all wells 

except the NSB wells on a goat anti-mouse lgG 96 well plate (R&D 

Systems). The plate was covered with an adhesive strip and incubate for 

an hour at room temperature on a microplate shaker at 500 rpm. The plate 

was washed by cAMP wash buffer (diluted 1:25 in deionized water) filling 

400 μL each well for a total of four washes. Remaining wash buffer needed 

to remove at the last wash, since complete removal wash buffer could show 

better performance. Then, cAMP conjugate was added to all wells at 50 μL. 

The working standards, samples were diluted in Calibrator Diluent RD5-55. 

cAMP standards of known increasing concentration (240 pmol/mL-0 

pmol/mL) as the standards were added to the plate, to make a standard 

curve. cAMP standard was diluted from 2400 pmol/mL, the standard stock 

was diluted 1 in 10 before with 6 sequential 1 in 2 dilutions and the blank 
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standard was only Calibrator Diluent RD5-55. Working standards and 

samples were added to the plate at 100 μL per well, the plate was covered 

with a new adhesive strip and incubated for 2 hours at room temperature 

on a microplate shaker at 500 rpm. cAMP substrate solution (colour regent 

A and B were mixed together in equal volumes within 15 minutes) was 

added to each well at 200 μL and incubated the plate for 30 minutes at room 

temperature, protected from the light, after four washes with cAMP wash 

buffer. Stop solution was added to all wells at 100 μL following the 

incubation, the colour in the wells changed from blue to yellow. To 

determine the optical density of each well, A Cytation 5 Imaging Plate 

Reader (Bio Tek) was used to read the plate at 450nm. 

 

2.8 Western Blotting 

2.8.1 Preparation of cell lysates 

Cells were harvested into Eppendorf tubes, centrifuged at 400 xg for 5 

minutes, then washed twice with 1 mL PBS. After that, cells were lysed with 

lysis buffer. Lysis buffer was made using the M-PER™ Mammalian Protein 

Extraction Reagent (thermos scientific) with adding 1% 0.5M EDTA and 1% 

Halt™ Protease & Phosphatase Inhibitor Cocktail (thermos scientific). 

Lysates were incubated on ice for 60 minutes on a shaker, then stored the 

samples at -20°C until used. 

 

2.8.2 Protein quantitation using bicinchoninic acid (BCA) 

The samples of total protein were quantified by the BCA protein Assay kit 

which is a detergent-compatible formulation based on bicinchoninic acid 

(BCA). Firstly, samples were spun down at 10,000 rpm for 5 minutes and 
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collected the supernatant into new eppendorf tubes. Samples were diluted 

1:10 in deionized water. Then, the albumin standards (BSA) were prepared, 

standards of known increasing concentration (2000 μg/mL-0 μg/mL). 

Standards and diluted samples were added to the 96-well plate at 20 μL 

each well. BCA working regent was mixed with BCA reagent A and regent 

B (50:1) and added to the plate at 180 μL per well and mixed the wells. The 

plate was incubated for 30 minutes at 37°C. After the incubation, cool plate 

to room temperature and measure the absorbance at 540 nm on a Cytation 

5 Imaging Plate Reader (Bio Tek).  

 

2.8.3 SDS-PAGE 

After determining the protein concentration of the samples, the amount to 

be loaded was calculated. On the day of use, samples were thawed and 4x 

Laemmli sample buffer (Bio rad) which was added with 2-mercaptoethanol 

(1:10, sample buffer: 2-Mercaptoethanol) was added to samples. Samples 

were kept on ice after samples were heated at 95°C for 5 minutes, to 

denature and reduce protein.  

A 10% Mini-PROTEAN TGX Precast Protein Gel (Bio rad) was used for 

running. The gel was placed into a miniPROTEAN Tetra Cell 

electrophoresis tank (Bio rad) and submerged in 1x running buffer (Bio rad). 

Samples were loaded into the gel, and a Precision Plus Protein™ Dual 

Color Standards (Bio rad) was used to confirm the size of the target protein 

with a potential difference of 120V for 1.5 hours. 
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2.8.4 Western transfer 

A Hybond-P polyvinylidene fluoride (PVDF) membrane (Bio rad) was 

activated in methanol for 30 seconds and washed twice with deionized 

water before immersing in 1x transfer buffer (25 mM Tris, 192 mM glycine, 

20 % methanol). The gel was then placed on top of the membrane, between 

the two filters and sponges, so that the proteins were transferred from the 

gel to the membrane, they were placed into a miniPROTEAN Tetra Cell 

electrophoresis tank (Bio rad) and submerged in 1x transfer buffer (4°C), a 

potential voltage difference of 100V was applied for 1 hour with an ice box. 

 

2.8.5 Antibody Staining 

After transfer, the membrane with transferred protein was blocked in 1x 

blocking buffer (25 mM Tris base, 134 mM sodium chloride, with 0.1% 

Tween-20 and 5% skimmed milk) for an hour, with continuous agitation. The 

blocking buffer was discarded, the membrane was immersed in primary 

antibody (Table 2.5) (diluted in blocking buffer) at the specified dilution and 

incubated overnight at 4°C with continuous agitation following washed once 

with PBS. The primary antibody solution was removed, and the membrane 

was washed in TBST (1X Tris buffered saline with 0.1% Tween) for 10 

minutes for a total three washes. The secondary antibody (Table 2.5) 

(diluted in TBST) was added at the specified dilution and the blot was 

incubated for 1 hour at room temperature, with continuous agitation. The 

secondary antibody solution was removed, and the membrane washed 

three times in TBST for 5 minutes. An enhanced chemiluminescence (ECL) 

solution (SuperSignal™ West Pico PLUS Chemiluminescent Substrate, 

thermos scientific) was pipetted over the membrane for one minute, then 

the membrane was read using a ChemiDoc Imagers (Bio rad). 
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Table 2.5 Western Blotting antibodies 

Target Host species Manufacturer 

(Product number) 

Dilution 

pSTAT1 (Tyr701) rabbit Invitrogen 

#610115 

1:500 

STAT1 mouse BD Bioscience 

#612233 

1:500 

pSTAT5 rabbit Cell signalling 

technologies 

#9359 

1:1000 

STAT5 rabbit Cell signalling 

technologies 

#4459 

1:1000 

β-Actin rabbit Proteintech 

#811151RR 

1:20000 

COX-2 mouse Santa Cruz 

Biotechnology 

# sc-19999 

1:100 

GAPDH rabbit Proteintech 

#805701RR 

1:20000 

Anti-Rabbit HRP mouse Cell signalling 

Technology 

# 93702S 

1:5000 

Anti-Mouse HRP goat BD Bioscience 

# 554002 

1:1000 
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2.9 Quantitative reverse transcription (RT)-PCR 

2.9.1 RNA extraction 

A RNeasy plus kit (Qiagen) was used to extracted RNA from cells after the 

incubation, according to the manufacturer’s instructions. Cells were 

harvested into Eppendorf tubes, centrifuged at 400 xg for 5 minutes, then 

washed twice with PBS. Then PBS was removed, and cells were lysed and 

homogenized in the supplied lysis buffer (RLT buffer) (Qiagen). The lysates 

were passed through gDNA Eliminator spin columns, 70% ethanol was 

added to the flow-through and mixed well. Immediately, the samples were 

transferred to RNeasy spin columns. RNA banded to the membrane and 

contaminants were washed away following some wash steps (as in the 

protocol). RNA was eluted in 30 μL of RNase-free water from the spin 

column membrane by centrifugation. The concentration and purity of RNA 

was determined by a Nanodrop Spectrophotometer (Thermo Fisher 

Scientific), and RNA was stored at -80°C until used. 

 

2.9.2 cDNA synthesis 

500 ng total RNA was reverse transcribed using a QuantiTect Reverse 

Transcription Kit (Qiagen) according to the manufacturers protocol. 2 μL 

gDNA Wipeout Buffer (Qiagen) was added to the RNA sample, and added 

RNase-free water to a final volume of 14 μL per reaction in a PCR tube. 

Each reaction was incubated at 42°C for 2 minutes in a thermal cycler (Bio 

rad) before placing on ice for >1 minute. 4 μL Quantiscript RT Buffer 

(Qiagen), 1 μL RT Primer Mix (Qiagen) and 1 μL Quantiscript Reverse 

Transcriptase (Qiagen) was added to the template RNA to a final volume at 

20 μL. Reaction was then incubated at 42°C for 30 minutes then 95°C for 5 

minutes in a thermal cycler (Bio rad). The concentration and purity of cDAN 
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was determined by a Nanodrop Spectrophotometer (Thermo Fisher 

Scientific), and cDNA was stored at -20°C until used. 

 

2.9.3 TaqManTM method 

Each reaction was in a MicroAmp fast optical 96 well reaction plate (Applied 

Biosystems), 10 μL 1x Taqman gene expression master mix (Applied 

Biosystems) was combined with 2 μL cDNA, 1 μL 1x TaqManTM gene 

expression assay probe (Table 2.6) and 7 μL nuclease free water to a final 

volume at 20 μL.  

A QuantStudio® 5 (Applied Biosystems) was used to perform the reactions, 

using the following thermal cycling conditions: 50°C for 2 minutes, 95°C for 

10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 

minute. Cycle threshold (Ct) values were automatically generated, the 

expression of target gene was analysed using the ∆Ct method (below) and 

calculated using Applied Biosystems software. 

 

ΔCt = Target Ct mean – Housekeeping Ct mean 

 

ΔΔCt = ΔCt control - ΔCt treatment 

 

Fold change expression over resting = 2^-ΔΔCt 
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Table 2.6：TaqManTM probes and primers  

Gene Assay ID Manufacturer Amplicon 

length 

Dye 

PTGER1 HS00909194_g1 Thermo 

Scientific 

85 FAM-MGB 

PTGER2 HS00168754_m1 Thermo 

Scientific 

79 FAM-MGB 

PTGER3 HS00168755_m1 Thermo 

Scientific 

121 FAM-MGB 

PTGER4 HS00168761_m1 Thermo 

Scientific 

68 FAM-MGB 

 

PRF1 HS00169473_m1 Thermo 

Scientific 

106 FAM-MGB 

IFNG HS00989291_m1 Thermo 

Scientific 

73 FAM-MGB 

GAPDH HS02786624_g1 Thermo 

Scientific 

157 FAM-MGB 
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2.10 Firefly luciferase (FLUC) killing assay  

MG63-FLUC and HOS-FLUC cells were used to measure the relative 

number of dead cells in a cell population. Firefly luciferase is a light-emitting 

enzyme that catalyses a biochemical reaction that produces light when it is 

exposed to oxygen and luciferin (substrate). Firefly luciferase-expressing 

osteosarcoma cell lines (MG63-FLUC and HOS-FLUC) were generated by 

lentiviral transduction (provided by Dr Tyler Barr, University of Leeds). 

When the target cells were killed, the released luciferase protein banded to 

luciferin and emits luminescence, and is detected using Cytation 5 plate 

reader (BioTek).  

FLUC-expressing target cells were seeded in a 96 well plate at 1x104 cells 

per well in 50 μL media. Then 1 μL PGE1 alcohol in 50 μL media was added 

to the FLUC target cells for 48 hours. At the same day, PBMCs were treated 

with 0, 0.1 or 1 pfu/cell reovirus for 48 hours. After the treatments, the 

treated PBMCs and the treated FLUC target cells were co-cultured together 

for another 24 hours. At the end of treatments, luciferin was added to the 

samples at 0.5 μL per well, and cultured samples at 37°C for 5 minutes. 

The luminescence was measured using a plate reader (Figure 2.6).  
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Figure 2.6: Firefly luciferase killing assay. Target cells were transfected 

by reporter virus with firefly luciferase to make FLUC target cells. FLUC 

target cells were treated with PGE1 alcohol for 48 hours and co-cultured 

with PBMCs for another 24 hours. Luciferin was added to the samples and 

measured the luminescence. Figure generated using Biorender. 
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2.11 Three- dimensional (3D) culture-spheroid assay 

MG63 cells were used to establish the 3D cell model. Firstly, MG63 cells 

were seeded in a 96 well low adhesion plate (Costar) at 1x104 cells per well 

in 50 μL DMEM (+ 10% FBS). Then 5x103 CD14+ monocytes in 50 μL RPMI 

(+ 10% FBS) and 2x103 MSC066 in 50 μL MSC media (DMEM+10% FBS+ 

pen/step) were added into the MG63 cells (Figure 2.7a). The outer wells of 

the plate were filled with PBS. For 1x plate of MG63 cells alone, 1x 104 

MG63 cells were seeded in a 96 well low adhesion plate in 100 μL DMEM 

per well and extra 100 μL DMEM was added to make to 200 μL per well. 

The plates were cultured for 7 days at 37 °C, 5 % CO2. After 7 days, figure 

2.7b shows that CD14+ monocytes were transferred to TAMs. After the 

treatment, the media were carefully removed from each spheroid well, the 

media from the same spheroid type and treatment was saved in the same 

15 mL tube and kept in – 20 °C for the following PGE2 ELISA.   
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a 

 

 

 

 

 

b 

 

 

 

 

 

 

 

 

Figure 2.7: Establishment of 3D cell model. (a) Cancer cells, MSCs and 

monocytes were co-cultured in low adhesion plate for 7 days to make 

spheroid. Figure generated using Biorender. (b) CD14+ monocyte 

differentiation to TAM in spheroids was validated using flow cytometry. Cells 

from spheroids on day 0 and day 7 were stained with CD14 and CD163 

antibodies and assessed using flow cytometry (Data generated by Tyler 

Barr). 

0 Days 

7 Days 
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2.12 Statistical analysis 

Statistical analysis of results was performed using Graph Pad Prism 10 

software. P-values were calculated using either paired t-tests (comparing 

two groups), one-way analysis of variance (ANOVA) or two-way ANOVA 

(comparing three or more groups). Levels of statistical significance: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001, absence of * or ns indicates non-

significant result. 
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Chapter 3  

Prostaglandin E2 inhibits natural killer cell activation 

3.1 Introduction: 

PGE2 is the most biologically active prostaglandin. It is produced by many 

cell types and sustains physiological and homeostatic functions, but also 

induces pathologic responses. PGE2 is abundantly expressed in the tumour 

microenvironment, and increasing evidence demonstrates that PGE2 is 

related to tumour cell proliferation, invasion, and metastasis, and inhibits 

the activation of the immune system(Santiso et al., 2024).  

NK cells can directly recognise and attack tumour cells. In the TME, NK 

cells eliminate tumours through degranulation, ADCC, or FASL/TRAIL-

induced apoptosis. In addition, NK cells can also secrete cytokines or 

chemokines to recruit other immune cells and upregulate their anti-tumour 

responses. Because of these characteristics of NK cells, NK cells play a 

pivotal role in anti-tumour immunity. However, in the TME, the anti-tumour 

function of NK cells is challenged, especially since most advanced tumours 

can escape NK cell killing and evade immune detection more broadly.  

Previous studies have shown that PGE2 can inhibit the function of NK cells 

(Hall et al., 1983; Agard et al., 2013). However, we do not know the 

mechanism underlying the inhibitory effect of PGE2 on NK cells. 

Experiments in this chapter were designed to demonstrate the range of 

inhibitory effects of PGE2 on activated NK cells under different conditions. 

NK cells were first activated using different cytokines or reovirus and the 

effect of PGE2 on NK cell cytotoxicity and cytokine production was analysed. 
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3.2 Results 

3.2.1 Reovirus treatment activates NK cells 

Oncolytic viruses (OVs) therapy is an emerging cancer treatment method. 

OV can selectively replicate in tumour cells, lyse the tumour cells and 

release more virus particles, leading to extensive tumour lysis (Davola and 

Mossman, 2019). Furthermore, OV can induce anti-tumour immunity (Jafari 

et al., 2022). An advantage of OV therapy is that it has low adverse 

reactions and, to a large extent, does not cause cross-resistance with other 

cancer treatment drugs (Lin et al., 2023). Reovirus is a type of OV that can 

directly activate NK cells in vitro and in vivo and enhance the cytotoxicity of 

NK cells (El-Sherbiny et al., 2015; Wantoch et al., 2022).  

Peripheral blood mononuclear cells were isolated from healthy donor blood 

by density gradient separation (section 2.2). Human NK cells are defined 

as CD56+ and CD3- lymphocytes, enabling them to be identified within 

PBMCs by flow cytometry (Figure 3.1a). NK cells account for approximately 

27% of all lymphocytes (Figure 3.1b). CD69 is expressed on the cell surface 

(where it can be detected by flow cytometry), and is upregulated after 

lymphocyte activation (Fig 3.1c) and is often used as an activation marker 

for NK cells.  
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a                               b                                                        

 

 

 

 

 

 

c                                                                    

 

 

 

 

 

 

 

Figure 3.1: Gating strategy for NK cell activation. The figure shows (a) 

gating only lymphocyte population using a FSC-A- SSC-A dot plot. (b) 

Gating on CD3-CD56+ NK cells. (c) Gating to establish the expression of 

CD69 NK cells. 
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PBMCs were treated with increasing amounts of reovirus for 48 hours. Then 

the activation of NK cells within PBMCs was investigated using flow 

cytometry. The results showed that both 0.1 pfu/cell and 1 pfu/cell reovirus 

can activate NK cells significantly (Figure 3.2a).  

IFN-γ is a cytokine produced by NK cells. IFN-γ promotes the cytotoxicity 

of T cells and NK cells and regulates immunity by promoting DC maturation 

and the expression of MHC class I and antigen presentation. and is 

therefore important in anti-tumour immunity (Cui et al., 2019; Lin et al., 

2021). PBMCs were stimulated with reovirus for 48 hours and supernatants 

analysed by ELISA for IFN-γ. The results showed that treatment with 

reovirus enhanced the production of IFN-γ, but not significantly (Figure 

3.2b). Because the IFN-γ was measured from PBMCs by ELISA, it might 

be coming from other cells (e.g. CD4+ T cells). Reovirus is known to activate 

type I IFN (IFN-I) production and this in turn can activate NK cells (El-

Sherbiny et al., 2015; Wantoch et al., 2022) and it is likely that the IFN-γ is 

mainly derived from activated NK cells under these conditions. 
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a                                b                                           

 

Figure 3.2: Activation of NK cells by reovirus. (a) PBMCs were cultured 

in 6 well plates at 2x106 cells/well and were treated with reovirus at 0, 01, 1 

pfu/cell for 48 hours. CD3-CD56+ NK-cell expression of CD69 was 

determined using flow cytometry. All values represent means ± standard 

error of the mean (SEM), for n=4 independent experiments. (b) PBMCs 

were cultured in 6 well plates at 2x106 cells/well and were treated with 

reovirus at 0, 01, 1 pfu/cell for 48 hours. The supernatants were collected 

and IFN-γ production was determined by ELISA (n=4). Statistical analysis 

was performed by paired t-test. * = p < 0.05, and ns, not significant. 
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3.2.2 IL-2 treatment activates NK cells 

Interleukin-2 (IL-2) is an immunostimulatory cytokine, also known as T cell 

growth factor (TCGF), because it induces proliferation of activated T cells 

(Ross and Cantrell, 2018). IL-2 can also induce proliferation and cytotoxicity 

of NK cells (Wang et al., 1999). 

PBMCs were treated with 0, 5 or 10 ng/mL IL-2 for 48 hours and NK cell 

activation investigated using flow cytometry. Figure 3.3a shows that the 

expression of CD69 was increased significantly on NK cells after IL-2 

treatment. An IFN-γ ELISA showed that both concentrations of IL-2 

increased the IFN-γ release by NK cells, but not significantly (Figure 3.3b). 

However, there was donor variability, and these results did not reach 

statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

a                               b                                          

 

 

Figure 3.3: Activation of NK cells by IL-2. (a) PBMCs were cultured in 6 

well plates at 2x106 cells/well and were treated with 0, 5,10 ng/mL IL-2 for 

48 hours. CD3-CD56+ NK-cell expression of CD69 was determined using 

flow cytometry. All values represent means ± SEM, for n=4 independent 

experiments. (b) PBMCs were cultured in 6 well plates at 2x106 cells/well 

and were treated with 0, 5,10 ng/mL IL-2 for 48 hours. The supernatants 

were collected and IFN-γ production was determined by ELISA (n=4). 

Statistical analysis was performed by paired t-test. * = p < 0.05, ** = p < 

0.01, and ns, not significant. 
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3.2.3 IL-15 treatment activates NK cells 

The lymphokine interleukin-15 (IL-15), like IL-2, can also activate NK cells. 

IL-15 binds to the receptor IL-15Rα and signals through the β chain and γ 

chain signalling complexes to activate JAK1 and JAK3, then phosphorylate 

the signal activator of transcription (STAT, mainly STAT5 in the case of IL-

15). Because IL-15 and IL-2 share the β chain of the signalling complex, IL-

15 has some similar functions to IL-2, but it has a wider range of 

applications than IL-2 and targets more cells and tissues (Perera et al., 

2012). 

PBMCs were treated with 0, 5,10 ng/mL IL-15 for 48 hours. Then the 

activation within PBMCs of NK cells were investigated using flow cytometry. 

After IL-15 treatment, the expression of CD69 was increased (Figure 3.1c). 

Figure 3.4a shows with the IL-15 treatment, NK cells were significantly 

activated by both concentration (5 and 10 ng/mL), since CD69 expression 

was significantly increased. The IFN-γ release by PBMCs was not 

significantly increased after adding 5 and 10 ng/mL IL-15 for 48 hours 

(Figure 3.4b). Compared with reovirus and IL-2 treatments, the degree of 

NK cell activation and the amount of IFN-γ produced were the highest after 

IL-15 stimulation. 
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a                                b                                          

 

 

Figure 3.4: Activation of NK cells by IL-15. (a) PBMCs were cultured in 

6 well plates at 2x106 cells/well and were treated with 0, 5, 10 ng/mL IL-15 

for 48 hours. CD3-CD56+ NK-cell expression of CD69 was determined 

using flow cytometry. All values represent means ± SEM, for n=4 

independent experiments. (b) PBMCs were cultured in 6 well plates at 

2x106 cells/well and were treated with 0, 5,10 ng/mL IL-15 for 48 hours. The 

supernatants were collected and IFN-γ production was determined by 

ELISA (n=4). Statistical analysis was performed by paired t-test. * = p < 

0.05, ** = p < 0.01, and ns, not significant. 
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3.2.4 PGE2 does not kill NK cells 

I then used the assays described above to test the effects of PGE2 on NK 

cell activation. It was important to demonstrate that PGE2 did not kill NK 

cells in culture. PBMCs were treated with 0, 0.1 ,1, 10 μM PGE2 for 48 hours. 

Then the cells were stained with LIVE/DEADTM as the gating shows on 

Figure 2.3. According to the flow cytometry results, these three 

concentrations of PGE2 had no effect on the viability of NK cells (or T cells, 

seen in the Live/DeadTM data) (Figure 3.5).  
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a                                                                                                                 

 

 

 

b                                                                                                             
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Figure 3.5: PGE2 does not kill NK cells and T cells. (a) NK cells and T 

cells were untreated for 48 hours. (b) NK cells and T cells were treated with 

0.1 μM PGE2 for 48 hours. (c) NK cells and T cells were treated with 1 μM 

PGE2 for 48 hours. (d) NK cells and T cells were treated with 10 μM PGE2 

for 48 hours.  

Untreated 

Treated with 

1 μM PGE2 

 

Treated with  

0.1 μM PGE2 

 

 

 

Treated with 

10 μM PGE2 

 

 

 



86 

Furthermore, treatment of PBMCs with 0, 1 or 10 μM PGE2 for 48 hours 

showed that PGE2 treatment had no significant effect on the expression of 

CD69 on NK cells (Figure 3.6a) or on IFN-γ release by PBMCs (Figure 3.6b). 

Although IFN-γ appeared to be induced by PGE2, the levels released were 

hundreds of pg/mL compared to tens of thousands of pg/mL when IL-15 

was added to PBMC (as shown above in Figure 3.4).  

 

a                                b                                          

 

 

 

 

 

 

 

Figure 3.6: The effects of PGE2 on NK cells only. (a) PBMCs were 

cultured in 6 well plates at 2x106 cells/well and were treated with 0, 1,10 μM 

PGE2 for 48 hours. CD3-CD56+ NK-cell expression of CD69 was 

determined using flow cytometry. All values represent means ± SEM, for 

n=4 independent experiments. (b) PBMCs were cultured in 6 well plates at 

2x106 cells/well and were treated with 0, 1,10 μM PGE2 for 48 hours. The 

supernatants were collected and IFN-γ production was determined by 

ELISA (n=4). Statistical analysis was performed by paired t-test. ns, not 

significant. 
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3.2.5 Effect of PGE2 on reovirus- mediated NK cell activation 

I then tested the effect of PGE2 on reovirus activation of NK cells; 1 μM and 

10 μM PGE2 were used to treat the PBMCs for one hour before reovirus 

treatment for another 48 hours. Figure 3.7 showed that PGE2 reduced 

reovirus-mediated NK cell activation based on the NK cell expression of 

CD69 and IFN-γ production by the PBMCs culture (Figure 3.7b). However, 

there was variability between donors and these results did not reach 

statistical significance. 

a                               b                                       

 

 

 

 

 

 

 

Figure 3.7: Effect of PGE2 on reovirus mediated NK cell activation. (a) 

PBMCs were cultured in 6 well plates at 2x106 cells/well and were treated 

with 0, 0.1,1 pfu/mL reovirus for 48 hours following treated with 1 μM ,10 

μM or without PGE2. CD3-CD56+ NK-cell expression of CD69 was 

determined using flow cytometry. All values represent means ± SEM, for 

n=4 independent experiments. (b) The supernatants were collected and 

IFN-γ production was determined by ELISA (n=4). Statistical analysis was 

performed by paired t-test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and 

ns, not significant. 
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3.2.6 PGE2 inhibits IL-2- mediated NK cell activation 

IL-2 activates NK cells (Figure 3.3), so PGE2 treatment was used to detect 

whether PGE2 has an inhibitory effect. PBMCs were treated with 0, 1 μM ,10 

μM PGE2 for an hour, then 0, 5, 10 ng/mL IL-2 were added to the samples 

for another 48 hours. Flow cytometry results showed that both 

concentrations of PGE2 significantly inhibited IL-2-mediated NK cell 

activation based on the expression of cell surface CD69 (Figure 3.8a). 

Although the Figure 3.8b showed that PGE2 inhibited IFN-γ production by 

PBMCs, the results are not significant.  

a                              b                                 

 

 

 

 

 

 

 

Figure 3.8: PGE2 inhibits IL-2- mediated NK cell activation. (a) PBMCs 

were cultured in 6 well plates at 2x106 cells/well and were treated with 0, 5, 

10 ng/mL IL-2 for 48 hours following treated with 1 μM ,10 μM or without 

PGE2. CD3-CD56+ NK-cell expression of CD69 was determined using flow 

cytometry. All values represent means ± SEM, for n=4 independent 

experiments. (b) The supernatants were collected and IFN-γ production 

was determined by ELISA (n=4). Statistical analysis was performed by 

paired t-test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and ns, not significant. 
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3.2.7 PGE2 inhibits IL-15- mediated NK cell activation 

In the tumour microenvironment, IL-15 is an activation and survival factor 

for NK cells. Monocytes and dendritic cells in the tumour microenvironment 

are the main source of IL-15 (Sindaco et al., 2023) and IL-15 and PGE2 in 

the TME might provide contrasting signals to NK cells. I therefore analysed 

the effect of PGE2 on IL-15 activation of NK cells. 

PBMCs were treated with 0, 1 μM ,10 μM PGE2 for an hour, then 0, 5, 10 

ng/mL IL-15 were added to the samples for another 48 hours. PGE2 

significantly inhibited the IL-15-mediated CD69 expression of NK cells 

(Figure 3.9a). Both concentrations of PGE2 inhibited the production of IFN-

γ by PBMCs but results were not significant due to donor variability (Figure 

3.9b). 

a                                 b                                       

 

 

 

 

 

Figure 3.9: PGE2 inhibits IL-15- mediated NK cell activation. (a) PBMCs 

were cultured in 6 well plates at 2x106 cells/well and were treated with 0, 5, 

10 ng/mL IL-15 for 48 hours following treated with 1 μM ,10 μM or without 

PGE2. CD3-CD56+ NK-cell expression of CD69 was determined using flow 

cytometry. All values represent means ± SEM, for n=4 independent 

experiments. (b) The supernatants were collected and IFN-γ production 

was determined by ELISA (n=4). Statistical analysis was performed by 

paired t-test. * = p < 0.05, ** = p < 0.01, and ns, not significant. 

0

50

100

150

C
D

5
6

+
 C

D
3

- 
N

K
 c

e
ll

 C
D

6
9

 M
F

I
(f

o
ld

 c
h

a
n

g
e
 r

e
la

ti
v
e

 t
o

 i
s
o

ty
p

e
)

✱✱

✱✱

✱

✱✱

✱

✱✱

 UT 0   1  10 0   1   10 [PGE2]; μM
_______ _______

IL-15 IL-15

5 ng/mL 10 ng/mL

0

50000

100000

150000

200000

IF
N

-γ
p

g
/m

L

ns

ns

ns

ns

ns

ns

UT 0   1  10 0   1  10 [PGE2]; μM
————————

IL-15 IL-15

5 ng/mL 10 ng/mL



90 

I used the indirect isolation method to purify NK cells and used these cells 

to visualise the effects of IL-15 and PGE2 on NK cell morphology. NK cells 

were cultured at 0.5x106 cells/mL and left untreated, or treated with IL-15, 

PGE2 or a combination. Figure 3.10a shows that IL-15 caused the NK cells 

to increase in size and to aggregate. This did not occur when NK cells were 

treated with PGE2 alone. In addition, pre-treatment with PGE2 inhibited the 

growth of NK cells following IL-15 treatment compared to the IL-15 only 

treatment and the NK cells were also prevented from aggregating. These 

images show that PGE2 can inhibit NK cell growth and prevent NK cell 

activation after IL-15 induction. In addition, I repeated the IFN-γ ELISA on 

purified NK cells. Figure 3.10b shows the production of IFN-γ from NK cells 

was significantly increased by IL-15 and PGE2 inhibited IFN-γ secretion.  
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a                                                                  
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Figure 3.10: PGE2 inhibits IL-15- mediated NK cells. (a) Purified NK cells 

were cultured in 6 well plates at 0.5x106 treated with 0 or 10 ng/mL IL-15 

for 48 hours following treated with 10 μM or without PGE2. Images were 

taken by EVOS. 200 μm scale bar (b) NK cells were cultured in 6 well plates 

at 0.5x106 cells/well and were treated with 10 ng/mL IL-15 for 48 hours 

following treated with 10 μM or without PGE2. The supernatants were 

collected and IFN-γ production was determined by ELISA (n=4). Statistical 

analysis was performed by paired t-test. * = p < 0.05 
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3.2.8 PGE2 inhibits IL-12 and IL-18- mediated NK cell 

activation 

IL-12 and IL-18 are produced by monocytes during an immune response 

and play an important role in activating NK cells. I treated purified NK cells 

with IL-12, IL-18 or a combination in the presence or absence of PGE2. The 

combination of IL-12 and IL-18 resulted in strong induction of IFN-γ, much 

greater than either cytokine alone. More importantly, IFN-γ induction by IL-

12 + IL-18 was strongly and significantly inhibited by PGE2 (Figure 3.11).  

 

                                                                                                                           

 

 

 

 

 

 

 

Figure 3.11: PGE2 inhibits IL-12 and IL-18- mediated NK cell activation. 

4 x105 NK cells were treated with or without IL-12, IL-18 and the 

combination at 10 ng/mL for 48 hours after 10 μM PGE2 treatment. The 

supernatants were collected and IFN-γ production was determined by 

ELISA (n=4). Statistical analysis was performed by paired t-test. * = p < 

0.05, ** = p < 0.01, and ns, not significant. 
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3.2.9 PGE2 inhibits NK cell degranulation 

NK cell degranulation is one of the important mechanisms of NK cell 

cytotoxicity. After activation, the secretory lytic granules (containing perforin 

and granzymes) move to the vicinity of the cell membrane and are 

exocytosed into the extracellular space. This process is called 

degranulation, and both NK cells and T cells release perforin and 

granzymes in this way to kill target cells. 

Lysosomal associated membrane protein-1 (CD107a or LAMP-1) is a highly 

glycosylated transmembrane protein present in lysosomes and the 

secretory lysosomes of NK cells and T cells. The expression of CD107a on 

the membrane is a marker of degranulated CD8+ T cells and NK cells. In 

NK cells, CD107a is one of the most abundant proteins in cytolytic granules, 

located in the inner layer of the vesicle membrane, with its highly 

glycosylated part hidden in the lumen and the short tail exposed to the 

cytoplasm. At the end of degranulation, the outer membrane of the granules 

merges with the NK cell membrane, resulting in the exposure of CD107a 

molecules to the surface (Figure 3.12). Therefore, NK cell activation can be 

measured by detecting CD107a on the surface of NK cells using flow 

cytometry. 
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Figure 3.12: NK cell degranulation. NK cells release the contents of their 

lytic granules to kill target cells, and this process exposes the membrane 

protein CD107a to the cell surface. Figure generated using Biorender. 
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Addition of reovirus to PBMCs caused NK cell activation as determined by 

an increase in CD69 expression (Figure 3.2). I determined whether PGE2 

would inhibit this; PBMCs were pre-treated with PGE2 for one hour and then 

reovirus was added for 48 hours. These treated PBMC were then co-

cultured with a tumour target cell line (SK-N-MC cell line, an ovarian cancer 

cell line) to induce NK cell degranulation. Degranulation was determined by 

staining with NK cell markers (CD56+CD3-) and for cell surface CD107a. 

The results in Figure 3.13a show that reovirus significantly induced 

degranulation in response to SK-N-MC cells and that this degranulation was 

significantly inhibited by pre-treatment with PGE2. I repeated this 

experiment using IL-15 based activation of NK cells instead of reovirus 

(Figure 3.13b). Figure 3.13c shows IL-15 significantly increased the 

degranulation of NK cells in response to target cells and 10 μM PGE2 

significantly inhibited this IL-15-mediated NK cell degranulation. PGE2 also 

inhibited NK-cell degranulation in a dose responsive manner. 

These results demonstrate that PGE2 can inhibit NK cell activation and 

effector function. More precisely, PGE2 inhibits both reovirus-mediated and 

IL-15 mediated NK cell activation (based on CD69 expression and IFN-γ 

release) and the degranulation of NK cells in response to tumour targets. 
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a                                                                  
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c                                                                     

 

 

 

Figure3.13: PGE2 inhibits degranulation of isolated NK cells. (a) shows 

4 x105 PBMCs were treated with Reovirus (0, 0.1, 1 pfu/cell) for 48 hours 

following the treatment of PGE2 (0, 1, 10 μM) for 1 hour and cultured in 12 

well plates. PBMCs were then co-cultured with 2 x105 SK-N-MC cells for 4 

hours, CD107a expression was then determined using flow cytometry. All 

values represent means ± SEM, for n=3 independent experiments. 

Statistical analysis was performed using two-way ANOVA. * = p < 0.05, ** 

= p < 0.01. (b) Gating to establish the percentage of CD107a degranulating 

NK cells. (c) shows 4 x105 NK cells were treated with IL-15 (0, 5, 10 ng/mL) 

for 48 hours following the treatment of PGE2 (0, 1, 10 μM) for 1 hour and 

cultured in 12 well plates. NK cells were then co-cultured with 2 x105 SK-N-

MC cells for 4 hours, CD107a expression was then determined using flow 

cytometry. All values represent means ± SEM, for n=3 independent 

experiments. Statistical analysis was performed using two-way ANOVA. 
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3.3 Discussion 

In summary, this chapter has demonstrated that PGE2 inhibits NK cell 

activation. Reovirus, IL-2 and IL-15 treatments make NK cells produce IFN-

γ and degranulate. Of these stimuli, IL-15 has the most pronounced effects. 

However, after PGE2 treatment, the production of IFN-γ and NK cell 

degranulation were significantly inhibited. 

Cytokines are essential for the maturation, activation and survival of NK 

cells (Figure 3.14). Cytokines can positively regulate NK cell function 

independently or synergistically. Activated NK cells synthesize perforin and 

granzymes and release them (via degranulation) to destroy target cells. In 

addition, they secrete a variety of cytokines and chemokines such as IFN-

γ and TNF-α, which directly act on DCs, T cells and other cell types to 

regulate immune responses (Jiang and Jiang, 2023). The release of IFN-γ 

by NK cells bridges the innate and adaptive immune response as this 

cytokine acts upon DC to mediate maturation, aiding the priming of T cell 

responses. IFN-γ stimulates antigen processing and presentation and this 

enables DC to present antigen efficiently to T cells and IFN-γ acts on 

surrounding cells (e.g. tumour cells and stromal cells) to enhance antigen 

presentation (Castro et al., 2018). IFN-γ also favours the development of 

cytotoxic T cell responses from naïve T cells. The ability of PGE2 to inhibit 

this activity as well as NK cell degranulation highlights the importance of 

PGE2 in the tumour microenvironment in regulating anti-tumour immunity.  

Several cytokines activate NK cells, including IFN-γ, IL-2, IL-15, IL-12, 

IL-18 and IL-21. When the NK cell function in the tumour microenvironment 

is weakened, these cytokines can stimulate NK cells and restore their 

function (Konjević et al., 2019).  
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Figure 3.14: Cytokine activation of NK cells. Th1, DCs and macrophages 

secret cytokines to active NK cells. Figure generated using Biorender. 

 

Previous studies have found that some cytokines can stimulate NK cells to 

produce cytokine-induced memory NK (mNK) cells, and the frequency of 

IFN-γ produced after further stimulation is higher. These cytokines include 

IL-15, IL-12 and IL-18 (Min-Oo et al., 2013).  

IL-2 and IL-15 belong to the γc cytokine family and can bind heterotrimeric 

receptor complexes with high affinity. The γc chain is an important 

component of these cytokine receptors, which binds to the Janus tyrosine 

kinase (Jak) required for signal transduction. Jak binds to the receptor and 

phosphorylates different downstream signals. IL-2 is mainly produced by 

Th1, which can induce the expansion of CD4+ and CD8+ T cells, activate B 

cells and differentiate them into plasma cells (Hipp et al., 2017), and 

activate and enhance the cytotoxic activity of NK cells. However, in the 

tumour microenvironment, Tregs and Th2 cells are dominant. When Tregs 

are stimulated by IL-2, their TCR is activated, then temporarily upregulating 

CD25 and expressing high-affinity IL-2R. Because Tregs express high 

levels of CD25, they can better compete for binding to IL-2 and prevent the 
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activation of NK cells by IL-2 in the TME. In addition, IL-2 causes Tregs to 

produce immunosuppressive cytokines TGF-β and IL-10, which also inhibit 

the immune effects of NK cells (Papillion and Ballesteros-Tato, 2021).  

IL-15, as the most promising alternative to IL-2, is produced by activated 

monocytes, macrophages and DCs. Importantly, IL-15 can induce NK and 

CD8+ T cell activity but does not stimulate Tregs (Berger et al., 2009). IL-

15, like IL-2, can activate expression of NKG2D, NCRs, and KIR receptors 

and modulate NK cell-mediated cytotoxicity by upregulating perforin and 

granzyme B. My experimental results also show that the CD69 expression 

and IFN-γ of NK cells induced by IL-15 are several times higher than those 

of IL-2.  

IFN-γ is produced by NK cells and T cells. IFN-γ can activate CD8+ CTL 

and stimulate the upregulation of MHC class I, MHC class II and co-

stimulatory molecules on APCs (Massa et al., 2023). It plays an important 

role in antitumor immunity by enhancing the cytotoxic response of NK and 

CD8+ T cells through inducing perforin, granzyme, and FasL expression, 

this initiates apoptosis in tumour cells.  

My results show that PGE2 inhibits NK cells from producing IFN-γ and 

undergoing NK cell degranulation. In the TME, tumour cells can secrete 

PGE2 to suppress NK cells and other immune cells. According to previous 

studies, PGE2 promotes tumorigenesis and helps tumours escape immune 

system by regulating multiple cancer signalling pathways, affecting cell 

apoptosis, survival, proliferation, angiogenesis, invasiveness and 

metastasis (Sun and Li, 2018). In the following chapters, I will focus on the 

signalling downstream of PGE2 which inhibits NK cell function.  
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Chapter 4  

The mechanism of PGE2 mediated inhibition of NK cells 

4.1 Introduction 

PGE2 acts through four G protein-coupled receptors known as EP1, EP2, 

EP3 and EP4. Each of these receptors has different signal transduction 

mechanisms and physiological functions (G. O’Callaghan and Houston, 

2015). Furthermore, PGE2 has different affinities for these different 

receptors; EP3 and EP4 are high-affinity receptors, EP1 and EP2 are low-

affinity receptors, among which EP1 receptor has the lowest affinity (An et 

al., 2021). According to previous studies, EP1-4 receptors are involved in 

the invasion, migration and growth of many solid tumours (Von Der Emde 

et al., 2014). Therefore, EP receptors can be used as potential targets for 

cancer treatment. 

The results described in chapter 3 suggest that reovirus, IL-2 and IL-15 

induces NK cell activation and IFN-γ production. Since I focus on IL-15, in 

this chapter, I am trying to find how PGE2 inhibits IL-15-mediated NK cell 

activation signalling pathways. Previous studies have shown that IL-15 is 

presented to NK cells in the form of IL-2/IL-15Rβγ heterodimers, following 

binding to IL-15Rα on antigen-presenting cells, and directly activate the 

JAK/STAT signalling pathways, phosphorylated STAT5 and STAT1 proteins 

translocate to the nucleus and activates downstream genes (Gotthardt et 

al., 2019). The signal transduction mechanism of the JAK/STAT signalling 

pathway was proposed by Fu in 1992 (Fu, 1992; Hu et al., 2021). JAK/STAT 

signalling pathway is responsible for transmitting extracellular signals (such 

as cytokines and growth factors) to the cell nucleus and ultimately 

regulating gene expression, it is an important intracellular signal 

transduction mechanism (Hu et al., 2021). As Figure 4.1 shows cytokines 



101 

bind to transmembrane receptors, causing conformational changes in the 

receptors. JAK molecules are activated and catalyse the phosphorylation 

of tyrosine residues of the receptors, which provides sites for recruiting and 

activating STATs. JAKs then phosphorylate specific sites of STATs, and 

phosphorylated STAT proteins bind through the SH2 domain to form homo- 

or hetero-dimers. The dimers are transferred to the nucleus and bind to 

specific DNA sequences to ultimately activate or inhibit the transcription of 

target genes (Gotthardt et al., 2019; Hu et al., 2021).  

PGE2 is mostly inhibitory in regulating immune responses, and EP1-4 

receptors are involved. EP1-4 receptors play a complex regulatory role in 

immune cells. These receptors are expressed in different types of immune 

cells and have a multifaceted impact on immune responses. In addition, the 

downstream pathways and genes regulated via EP receptors are also 

important to the NK cell activation. Therefore, in this chapter I aim to 

investigate the signalling pathways of NK cells activated by IL-15 and the 

inhibitory effect of PGE2 on them. 
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Figure 4.1: The JAK/STAT signalling pathway. After cytokines bind to 

their transmembrane receptors, JAK is activated and phosphorylates STAT 

proteins. pSTAT proteins are transferred into the cell nucleus in the form of 

dimers, binds to DNA and regulates the transcription of target genes. Figure 

generated using Biorender. 
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4.2 Results 

4.2.1 NK cells express EP2 and EP4 receptors 

Because PGE2 works through EP1-4 receptors, the expression of EP 

receptors in NK cells was analysed. NK cells were purified by negative 

selection, then total RNA was extracted from the purified NK cells and cDNA 

prepared. TaqMan RT-qPCR was used to detect the expression of EP 

receptors in NK cells. Figure 4.2a shows that NK cells only express EP2 

and EP4 receptors, they do not express EP1 or EP3 receptors.  

To confirm these results, I analysed single cell scRNAseq data using single 

cell portal (https://singlecell.broadinstitute.org/single_cell). C. Domínguez 

Conde et al, developed CellTypist, a comprehensive immune cell type 

reference database (Domínguez Conde et al., 2022). They used a classifier 

to divide immune cell populations in human tissue into 43 specific subtypes, 

and NK cells were identified (Figure 4.2b). Expression of genes encoding 

EP1-EP4 (PTGER1-PTGER4) were analysed. The results showed that 

PTGER2 (EP2) and PTGER4 (EP4) genes are expressed in most immune 

cells including NK cells, and PTGER4 gene is more highly expressed than 

the PTGER2 gene (Figure 4.2c). In addition, the gene expression of 

PTGER1-4 in different types of immune cells was compared. Figure 4.2d 

shows that CD16+ NK cells expressed more PTGER2 genes than CD56bright 

NK cells, and more CD16+ NK cells expressed PTGER2 genes compared 

to CD56bright NK cells. As for the PGTER4 gene, the expression levels in 

these two NK cell subsets are similar. The genes NCR1, FCGR3A and 

GZMB are used to identify NK cells. NCR1 encodes the NK cell activation 

receptor NKp46, which is expressed by all NK cells. Because the CD56dim 

NK cell population mainly induces apoptosis of target cells through 

exocytosis of pre-assembled cytolytic granules containing granzyme B and 

perforin, CD56dimCD16+ NK cells express the GZMB gene at much higher 

https://singlecell.broadinstitute.org/single_cell
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levels than CD56bright NK cells. The FCGR3A gene encodes CD16, which 

plays an important role in the ADCC of NK cells. The results in Figure 4.2c 

also shows that some T cells and macrophages express the PTGER2 gene, 

and more cells express PTGER4 gene. These results demonstrate that the 

two main NK cell subsets express EP2 and EP4 receptors. 

PGE2 activates adenylate cyclase through its receptors EP2 and EP4, 

thereby increasing intracellular cAMP levels (Chapter 1.3.2 and Figure 1.4). 

In the tumour microenvironment, the cAMP signal from PGE2 may promote 

tumour growth and immune escape. I looked at whether cAMP was 

produced by NK cells in response to PGE2 using a cAMP ELISA. Firstly, NK 

cells were purified using the negative selection kit. After the ± IL-15 ± PGE2 

treatments, the cells were lysed, and the lysates were collected for cAMP 

ELISA. Figure 4.3 shows that IL-15 treatment did not alter cAMP levels of 

NK cells. However, after the addition of PGE2, the cAMP level of NK cells 

increased significantly. Furthermore, treatment with IL-15 after PGE2 

treatment did not alter the cAMP level. These results indicate that PGE2 

signalling generates cAMP in NK cells, consistent with EP2 and EP4 activity 

shown in other cell types (Obermajer et al., 2011; Lee et al., 2019). 

Furthermore, my results show that IL-15 is not able to reverse the effects 

of PGE2, suggesting that PGE2 plays a dominant role in NK cell inhibition.  

a                                                                             
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Figure 4.2: EP receptors expression in NK cells. (a) NK cells were 

purified from PBMCs by CD56 negative selection kit, and then extracted 

total RNA form purified NK cells. The expression of EP receptors was 

detected by TaqManTM RT-qPCR. Expression of GAPDH was used as a 

control. Results presented are the mean ± standard error of the mean (SEM) 

for n=5 independent experiments. (b) Analysis of single cell (sc) RNAseq 

data of blood cells from the study of (Domínguez Conde et al., 2022). 

Uniform manifold approximation and projection (UMAP) visualization of the 

immune cell compartment coloured by cell types. (c) UMAP visualization of 

the PGTER1, PTGER2, PTGER3 and PTGER4 genes expression in 

immune cells. Colour represents maximum-normalized mean expression of 

cells expressing marker genes (d) Dot plot for expression of marker genes 

of the identified immune cells populations. Colour represents maximum-

normalized mean expression of cells expressing marker genes, and size 

represents the percentage of cells expressing these genes.  
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Figure 4.3: PGE2 increased cAMP level in NK cells. 

NK cells were purified from PBMCs by CD56 negative selection kit, and the 

cells was treated with PGE2 for one hour, then IL-15 was added for the 

following one hour. After the treatments, the cells were lysed and then the 

lysates were collected for cAMP ELISA. 
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4.2.2 Pharmacological inhibition of EP2 and EP4 inhibitors  

To test the importance of the EP2 and EP4 receptors I used small molecule 

inhibitors. However, it was important to establish that these inhibitors were 

not toxic to NK cells, as this would affect NK cell function. NK cells were 

purified from PBMCs using negative selection and then treated with EP2 or 

EP4 inhibitor alone or EP2 and EP4 inhibitors together. Figure 4.4 shows 

that EP2 and EP4 inhibitors have very little effect on NK cell viability, 

allowing them to be used in functional. 

a                                                                   

 

 

 

 

b                                                                            

 

Figure 4.4: EP2 and EP4 inhibitors do not kill NK cells. (a) NK cells 

alone for 48 hours. (b) NK cells were treated with 10 μM EP2, EP4 inhibitors 

alone or both for 48 hours. Experiments have done twice. 
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4.2.3 Inhibition of EP2 and EP4 receptors restores NK cell 

function in the presence of PGE2 

I then used the EP2 and EP4 inhibitors in functional tests of NK cell activity. 

NK cells were purified using negative selection. Then the NK cells were 

treated with inhibitors for one hour before the samples were treated with 

PGE2 for one hour and then with IL-15 for another 48 hours, and IFN-γ 

production were measured using ELISA. Figure 4.5 shows that both EP2, 

EP4 inhibitor single and combination treatment can block the receptors and 

partly restored the IFN-γ production. The combination of EP2 and EP4 

inhibitors had the greatest effect. However, it cannot completely restore the 

ability of NK cells to produce IFN-γ. These results suggest that NK cells are 

inhibited by PGE2 using both EP2 and EP4 receptors.  
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Figure 4.5: EP2 and EP4 inhibitors block the effect of PGE2. NK cells 

were purified form PBMCs by CD56 negative selection kit. Purified NK cells 

were treated with 10 μM EP2 and EP4 inhibitors for 1 hour, then with PGE2 

for one hour before treating with IL-15 for a further 48 hours. Supernatants 

were screened for IFN-γ using ELISA. Results presented are the mean ± 

SEM for n=3 independent experiments. 
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4.2.4 IL-15 mediated STAT5 activation 

I am also interested in and studying the pathways downstream of PGE2-

and EP2/EP4 on NK cells. Results in the previous chapter show that PGE2 

inhibits IL-15 mediated NK cell activation (Figure 3.8). IL-15 signals via the 

IL-15 receptor and JAK/STAT signalling and I hypothesised that PGE2 might 

inhibit this activity, preventing IL-15 stimulation. NK cells were purified from 

PBMCs using CD56 negative selection kit, then NK cells were treated with 

or without 10 ng/mL IL-15 for 1h, 24h or 48h. After the treatments, the cells 

were harvested and STAT5 phosphorylation analysed by western blotting. 

Figure 4.6 shows that phosphorylated pSTAT5 protein (90 kDa) was 

induced at the 1h timepoint and that the levels then decreased with 

increasing time of IL-15; the optimal time to induce pSTAT5 is 1h compared 

to 24h and 48h. β-Actin (42 kDa) is a highly conserved cytoskeletal protein 

that is widely present in eukaryotic cells. β-Actin is often used as a suitable 

loading control because it is stably expressed and present in most cells and 

tissues. 
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Figure 4.6: The timepoint of the expression of pSTAT5 protein in NK 

cells after IL-15 treatment. Each 1x106 NK cells were treated with or 

without 10 ng/mL IL-15 for 1h, 24h or 48h and cell lysates analysed for the 

presence of pSTAT5 or β-Actin. 
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4.2.5 PGE2 inhibits NK cell activity through pSTAT1 and 

pSTAT5 pathways  

Based on the above experiment, I chose 1 hour as a timepoint to determine 

the effect of PGE2 on IL-15 signalling. NK cells were treated with PGE2 for 

1 hour and then with IL-15 for 1 hour following. Western blot was then used 

to detect the phosphorylation level of pSTAT1 (91 kDa) and pSTAT5 (90 

kDa). pSTAT1 and pSTAT5 are the activated form of STAT1and STAT5 

proteins and are the same size as unphosphorylated STAT1 and STAT5 

protein because phosphorylation only adds a small phosphate group to the 

protein and does not significantly change its molecular weight. Detection of 

total STAT1 and STAT5 protein can reflect the basal STAT levels in cells to 

measure whether changes in phosphorylation levels are caused by 

activation signals rather than changes in the total STAT proteins amount. β-

Actin was used as a loading control protein. Figure 4.7 shows that both 

STAT1 and STAT5 proteins were phosphorylated after IL-5 treatment, 

indicating that the activation of NK cells would go through the pSTAT1 and 

pSTAT5 signalling pathways. Since the blots showed that the expression 

level of the pSTAT1 band was significantly lower than that of pSTAT5, IL-15 

activated NK cells mainly by phosphorylating STAT5 protein. The addition 

of PGE2 reduced pSTAT5 (and pSTAT1 proteins) in NK cells. This suggests 

that PGE2 inhibits the phosphorylation of the pSTAT5 and pSTAT1 

pathways in NK cells to prevent NK cell activation by IL-15. 
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Figure 4.7: Expression of pSTAT5 and pSTAT1 proteins in NK cells 

after ±IL-15, ±PGE2 treatment. NK cells were purified form PBMCs by 

untouched kit. Purified NK cells were treated with 10 μM PGE2 for 1 hour, 

and then treated with 20 ng/mL IL-15 for 1 hour. After lysing the cells, 

immunoblotting was used to detect the expression of PSTAT1 and pSTAT5 

proteins in NK cells. 
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4.2.6 PGE2 does not inhibit IFNG and PRF1 gene expression 

downstream of JAK/STAT signalling in NK cells 

Because cytokines regulate target genes through the JAK/STAT pathway, I 

analysed the downstream genes of the IL-15-mediated pSTAT5 and 

pSTAT1 pathways (Figure 4.8a). I chose IFNG and PRF1 genes to test 

whether the addition of PGE2 would affect their expression levels. The IFNG 

gene encodes IFN-γ and is located on the long arm of chromosome 12 (Chr 

12q15). The PRF1 gene encodes perforin and is located on the long arm of 

chromosome 10 (Chr 10q22). In figure 4.8b and c, the expression levels of 

PRF1 gene and IFNG gene were detected by TaqMan qPCR. Surprisingly, 

the expression levels of PRF1 and IFNG genes in IL-15-activated NK cells 

did not change after PGE2 treatment. 
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a                                       

 

b                               c                                    

 

 

 

 

 

 

Figure 4.8: Downstream genes of IL-15 activated NK cells. (a) IL-15 

activates NK cells by activating downstream target genes through the 

JAK/STAT signalling pathway. Figure generated using Biorender. (b,c) NK 

cells were purified from PBMCs by CD56 negative selection kit, and then 

extracted total RNA form purified NK cells. The expression of PRF1 and 

IFNG genes were detected by TaqManTM RT-qPCR. GAPDH was used as 

a control. Results presented are the mean ± SEM for n=2 independent 

experiments. 
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4.3 Discussion 

My results show that PGE2 inhibits NK cell function via EP2 and EP4 

receptors. When the EP2 and EP4 receptors on NK cells are inhibited, it 

reduces the effect of PGE2 and restores the IFN-γ production by NK cells. 

PGE2 plays a key role in tumour survival, and it is a major metabolite of 

COX-1 and COX-2. It is known that high levels of PGE2 and high expression 

of COX-2 are observed in many solid tumours (Kawamori et al., 1998; Giles 

et al., 2002; Hasegawa et al., 2005; Cetin et al., 2005; Ohsawa et al., 2006). 

Currently, COX-2 inhibitors, mostly nonsteroidal anti-inflammatory drugs 

(NSAIDs), are used in clinical practice and clinical research, but these drugs 

can cause gastrointestinal reactions, liver, kidney and blood system 

damage and cannot completely inhibit the pathological activity of PGE2. The 

differential expression of EP1-4 receptors means that PGE2 plays has 

biological functions in many different cells, and studies have shown that EP 

receptors play an important physiological role in malignant tumours (Gray 

et al., 2009; Reader et al., 2011; Rundhaug et al., 2011; G O’Callaghan and 

Houston, 2015; Masato et al., 2021). Therefore, inhibitors of the EP1-4 

receptors might be potential therapeutic agents for malignant tumours. 

Activation of EP1 receptors is associated with the occurrence and 

progression of cancer, and it promotes cancer through multiple signalling 

pathways. PGE2 must be at high levels to stimulate EP1 receptor activation. 

When the EP1 receptor is activated, it can activate phospholipase C (PLC), 

leading to the production of phosphatidylinositol 4,5-bisphosphate (PIP2), 

which is then broken down into 1,2-diacylglycerol (DAG) and IP3. DAG 

activates protein kinase C (PKC), which activates a variety of downstream 

signalling molecules, while IP3 promotes the release of Ca2+ from the 

endoplasmic reticulum and increases intracellular calcium concentration, 

they promote cell proliferation and survival (Rundhaug et al., 2011a). The 
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PLC/PKC pathway has been detected in many types of cancer, such as 

colorectal cancer, breast cancer, and prostate cancer. In hepatocellular 

carcinoma (HCC), it has found that EP1 receptor may activate IκB kinase 

(IKK) through PKC, IκB protein is phosphorylated, NF-κB is released into 

the cell nucleus, and cancer cell migration and invasion are promoted (Bai 

et al., 2014). Studies have reported that blocking EP1 receptors can reduce 

FasL expression in tumour cells in vivo and in vitro. Blocking EP1 receptors 

can also reduce Tregs and TAMs, and increase CD8+ T cells (O’Callaghan 

et al., 2013). In summary, EP1 receptors regulate the TME and immune cell 

function through multiple pathways, thereby helping tumour cells evade 

host immune surveillance. 

The EP2 receptor is highly expressed in many cancers and plays an 

important role. The EP2 receptor is coupled to G proteins and activates AC 

mainly through the Gαs protein, increasing the level of intracellular cAMP. 

My data shows that NK cells express EP2 and produce cAMP in response 

to PGE2. The generated cAMP activates PKA, which in turn phosphorylates 

a variety of downstream target proteins, including transcription factors and 

enzymes, regulating gene expression and cell behaviour, and promoting 

tumour cell growth and survival. In addition, EP2 activation stimulates the 

secretion of IL-6 (Merz et al., 2016), a pro-inflammatory factor that directly 

acts on cancer cells to trigger STAT3 activation and the expression of 

STAT3 target genes; these proteins drive cancer cell proliferation and 

survival, promote angiogenesis, invasiveness, metastasis and 

immunosuppression- key hallmarks of cancer. 

In addition to expression by NK cells, the EP2 receptor is expressed by a 

variety of immune cells, such as macrophages, dendritic cells, T cells and 

B cells (Punyawatthananukool et al., 2024). For example, activation of the 

EP2 receptor can promote the proliferation and function of Tregs and inhibit 

the function of Th1 cells (Fabricius et al., 2010; An et al., 2021; Goepp et 
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al., 2021). Thus, acting via EP2, PGE2 will inhibit NK cells and favour 

immunosuppression. Due to the importance of EP2 in immune regulation, 

it has become a potential target for tumour immunotherapy. Blocking the 

EP2 signalling pathway may become a therapeutic strategy to enhance 

anti-tumour immune response. 

The EP3 receptor, like EP2, belongs to the GPCR family. EP3 receptor 

activates different cell signalling pathways through different G protein 

coupling modes, playing a variety of complex roles in cancer, such as 

Gαi/cAMP/PKA pathway (Zhang et al., 2024), Gαq/PLC pathway (Kim et al., 

2013) and Gα12/Rho pathway (Macias-Perez et al., 2008). Studies have 

shown that EP3 enhances cancer cell proliferation and migration (Ye et al., 

2020), and induces the expression of VEGF in cancer (Reader et al., 2011), 

favouring angiogenesis.  

The role of EP4 receptor in tumours has been extensively studied and found 

to play an important role in promoting tumour growth, invasion and immune 

escape in various cancer types. For example, the EP4 receptor promotes 

prostate cancer cell growth and invasion by activating signalling pathways 

such as PI3K/AKT and ERK/MAPK, and EP4 promotes prostate cancer cell 

growth and invasion by inducing genes related to cell migration and 

invasion, such as MMPs, receptor activator of nuclear factor κB ligand 

(RANKL), and runt-related transcription factor 2 (RUNX2) (Xu et al., 2018). 

In breast cancer, EP4 also promotes tumour progression by regulating 

angiogenesis and lymphangiogenesis and inducing the expression of 

proinflammatory cytokines such as IL-8, IL-6, TNF-α, VEGF, and 

granulocyte colony-stimulating factor (De Paz Linares et al., 2021).  

Since both EP2 and EP4 are highly expressed in most immune cells, EP4 

is often studied together with EP2, and studies have shown that EP2 and 

EP4 are co-expressed on a variety of immune cells. EP2 and EP4 receptors 

inhibit T cell activation by increasing intracellular cAMP levels through 
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activation of the Gαs protein-coupled signalling pathway. High levels of 

cAMP inhibit TCR signalling, reducing T cell proliferation and cytokine 

production, such as IFN-γ and IL-2. PGE2 induces the production of IL-10 

and inhibits the production of IL-12 through the EP2 and EP4 signalling 

pathways. EP2 and EP4 work together to inhibit the expression of MHC 

class II proteins, weakening antigen presentation and reducing T cell 

activation (Harizi et al., 2003). In addition, studies have shown that the 

activation of EP2 and EP4 also has an inhibitory effect on DC cells. They 

will activate NF-κB signalling to promote active inflammation. In addition, 

EP2 and EP4 will enhance the immunosuppression of TME through the 

mregDC (mature DC enriched in immunoregulatory molecules)-Treg axis. 

This study also found that the use of EP2 and EP4 antagonists can 

effectively deplete Treg and upregulate T cell activity (Thumkeo et al., 2022). 

Therefore, as my research has shown, EP2 and EP4 receptors can be used 

as potential immune targets and effective inhibitors can be found. 
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Chapter 5 

 The mechanism of PGE2 production in tumours and its 

effects on NK cells  

5.1 Introduction 

In cancer development, autocrine and paracrine signalling mechanisms 

play a key role in the occurrence and progression of cancer by promoting 

the growth, invasion and metastasis of tumour cells and regulating the 

tumour microenvironment. Tumour cells produce large amounts of PGE2 in 

the TME. However, most tumour cells stop secreting PGE2 when cultured 

in vitro. The reason for this is not clear but the lack of a physiological 

environment including other cell types is one possibility. 

Prostaglandin E1 (PGE1) alcohol is a mimic of PGE2 (Figure 5.1a), which 

can also bind to EP receptors, EP3 and EP4 receptors (Figure 5.1b). PGE1 

alcohol is an alcohol formulation of PGE1. PGE1 itself is a biologically active 

lipid. During the formulation process, its alcohol properties may be utilized 

for certain chemical modifications to facilitate better preservation, 

transportation, and application. I hypothesise that PGE2 might stimulate its 

own synthesis (Figure 5.1b). To test this, I used PGE1 alcohol to stimulate 

EP3 and EP4 receptors and then measured resultant PGE2 production.  
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Figure 5.1: Structure and function of PGE1 alcohol. (a) The structure of 

PGE1 alcohol. PGE1 alcohol and PGE2 are similar in structure, mainly 

because they both belong to the PGE class of prostaglandins, have the 

same cyclic skeleton and functional groups, but the unsaturation (number 

of double bonds) of the side chains is different, which leads to their different 

activities in vivo. PGE1 alcohol has only one double bond located on the α 

chain, while PGE2 has one double bond each on the α chain and the β chain. 

(b) PGE1 alcohol binds to EP3 and EP4 on the surface of cancer cells, 

causing the cancer cells to re-secrete PGE2. The secreted PGE2 can then 

bind to EP1-4 on the surface of cancer cells to produce more PGE2. Figure 

generated using Biorender. 
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5.2 Results 

5.2.1 Specificity of the PGE2 ELISA 

Detecting newly synthesised PGE2 as a result of PGE1 alcohol stimulation 

requires the ability to distinguish between the two compounds. The two 

molecules are highly related (Figure 5.1a) and I was concerned that the 

ELISA assay I used to quantify PGE2 would also detect PGE1 alcohol. I 

therefore set up a control ELISA, using the kit to detect a range of PGE2 

standards and a similar concentration range of PGE1 alcohol. The PGE2 

ELISA kits use a competitive enzyme-linked immunosorbent assay format. 

PGE₂ in the sample competes with horseradish peroxidase (HRP)-

conjugated PGE₂ tracer for binding sites on a mouse monoclonal anti-PGE₂ 

antibody. So higher PGE₂ in sample is fewer binding sites available and 

more HRP tracer remains unbound, then lower OD is showed. The results 

shown in Figure 5.2 show that the PGE2 ELISA does not detect PGE1 

alcohol.  

 

 

 

 

 

 

 

Figure 5.2: PGE2 control ELISA for PGE1 alcohol. PGE1 alcohol was 

diluted to 2500 pg/mL and continue diluting to the PGE2 standard 

concentration range, then detected using PGE2 ELISA. 
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5.2.2 PGE1 alcohol induces cancer cell lines to secrete PGE2 

Most tumour cell lines produce almost no PGE2 under normal cell culture 

conditions in vitro. Here I selected several bone cancer cell lines 

(representing Ewing sarcoma and osteosarcoma) to test the amount of 

PGE2 produced. It is known that the colorectal cancer cell line HCA7 

produces a large amount of PGE2 when cultured in vitro, so it was used as 

a positive control for this assay. Figure 5.3a shows that, without PGE1 

alcohol treatment, only HCA7 cells secreted high level of PGE2, all the bone 

cancer cell lines secreted very little amount of PGE2. Then TaqmanTM qPCR 

was used to test the expression of EP receptors in each cancer cell line. 

The result shows that HOS, MG63 and SK-N-MC cells have all four EP 

receptors, TC32 does not have EP2 receptor, and HCA7 cells have EP1-4 

receptors (Figure 5.3b). PGE1 alcohol can bind to EP3 and EP4 receptors 

and all cell lines used in the experiments expressed these two receptors 

suggesting that PGE1 alcohol can act upon them. The bone cancer cell lines 

were treated with 1 μM PGE1 alcohol for 48 hours or 72 hours. After the 

treatment, all the supernatant from these four cell lines were collected and 

PGE2 levels determined by ELISA. Figure 5.3c shows that after the PGE1 

alcohol treatment, the secretion of PGE2 increased in all the bone cancer 

cell lines after 72 hours. The HOS and MG63 cell lines are osteosarcoma 

cell lines and SK-N-MC and TC32 cell lines are Ewing sarcoma cell lines. 

PGE1 alcohol induces the osteosarcoma cell lines to produce large amounts 

of PGE2, around 10-20 times greater than the amounts made by Ewing 

sarcoma cell lines.   
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Figure 5.3: PGE1 alcohol induces cancer cell lines to secrete PGE2. (a) 

2x106 HOS, MG63, SK-N-MC, TC32 and HCA7 cells were cultured in a 6 

well plate for 48 hours. After culture, the supernatants were collected for 

PGE2 ELISA. (b) 2x106 HOS, MG63, SKNMC, TC32 and HCA7 cells were 

cultured in 6 well plates for 48 hours and then the cells were harvested for 

EP1-4 expression using TaqmanTM qPCR. (c) 2x106 HOS, MG63, SK-N-

MC, TC32 and HCA7 cells were cultured in 6 well plates for 48 hours or 72 

hours. After the treatment, the supernatants were collected for PGE2 ELISA. 
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5.2.3 PGE1 alcohol upregulates the expression of COX-2 in 

cancer cell lines 

Results in Figure 5.3 show that PGE1 alcohol stimulates the cell lines to 

produce more PGE2. I used western blotting to detect the effect of PGE1 

alcohol treatment on the expression of COX-2 in these cancer cell lines. 

Surprisingly, although it has been shown that HOS, MG63, TC32 and SK-

N-MC cells produce almost no PGE2 when cultured in vitro (Figure 5.3a), 

they all express COX-2 under untreated conditions, and SK-N-MC cell 

expresses COX-2 at a higher level than HCA7 which produces the largest 

amount of PGE2 (Figure 5.4a). After PGE1 alcohol treatment, the 

expression of COX-2 in HOS, TC32 and SK-N-MC cells was upregulated 

(Figure 5.4a) suggesting that PGE1 alcohol acting through EP receptors, 

stimulates COX-2 and causes them to secrete more PGE2. As cAMP is 

known to be a downstream product of the PGE2 signalling pathway, the 

production of cAMP was analysed following PGE1 alcohol stimulation. 

However, Figure 5.4c shows that there is almost no difference in their cAMP 

production in HOS, MG63, TC32 and SK-N-MC cells after PGE1 alcohol 

treatment. This experiment needs repeating and further investigation of the 

mechanism of PGE2 production following PGE1 alcohol stimulation is 

required.  
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Figure 5.4: The expression of COX-2 and cAMP in cancer cell lines 

after PGE1 alcohol treatment. (a) With or without PGE1 alcohol treatment, 

1x106 HCA7, HOS, MG63, TC32 and SK-N-MC cells were cultured in a 6 
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well plate. After 24 hours treatment, the cells were harvested. After lysing 

the cells, immunoblotting was used to detect the expression of COX-2 in 

these cells. GAPDH was used as the housekeeping standard. The gray 

value of protein expression was quantified by ImageJ. (b) With or without 

PGE1 alcohol treatment, 1x106 HCA7, HOS, MG63, TC32 and SK-N-MC 

cells were cultured in a 6 well plate. After 24 hours treatment, the cells were 

harvested for cAMP ELISA. 
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5.2.4 The impact of cancer cell derived PGE2 on NK cell 

cytotoxicity 

Because osteosarcoma cell lines HOS and MG63 produced more PGE2 

after the addition of PGE1 alcohol, HOS and MG63 cell lines were selected 

for the following experiments. I examined whether inducing PGE2 secretion 

by PGE1 alcohol treatment inhibited NK cell cytotoxicity against 

osteosarcoma cell cultures. The degranulation capacity of NK cells against 

HOS and MG63 was analysed after co-culture of HOS and MG63 cells (with 

or without PGE1 alcohol treatment) using PBMCs stimulated with/without 

reovirus for 4 h. Figure 5.5a shows that reovirus stimulates NK cell activity 

against these osteosarcoma cell lines and that NK cell degranulation is 

inhibited following PGE1 alcohol treatment of the osteosarcoma cell lines. 

This is consistent with PGE1 alcohol inducing PGE2 production in the cell 

lines and the inhibition of NK cell activity by this PGE2.  

Then I made target cells expressing FLUC. The FLUC HOS and MG63 cells 

(with or without PGE1 alcohol treatment) were co-cultured with PBMCs and 

I measured luminescence (as a marker of cell viability) to detect the killing 

by NK cells. Adding PGE1 alcohol causes the HOS and MG63 cells to 

secrete PGE2 (Figure 5.3c). PGE1 alcohol treatment reduced the killing of 

the FLUC target cells but these results did not reach statistical significance 

(Figure 5.5b). In addition, the production of IFN-γ were analysed by ELISA. 

HOS and MG63 cells were treated with PGE1 alcohol for 48 hours, then the 

supernatants were collected and were added to PBMCs for another 48 

hours. Compared to the IL-15 treatment, supernatants from PGE1 alcohol 

treated cells caused a reduction in IFN-γ secretion, consistent with the 

production of PGE2 under these conditions.   
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Figure 5.5: Cancer cell lines derived PGE2 inhibits NK cell cytotoxicity. 

(a) 1x105 HOS and MG63 cells were treated with or without 1 μM PGE1 

alcohol for 48 hours. PBMCs were treated with 0, 0.1 and 1 pfu/cell reovirus 

for 48 hours. Then co-culture the target cells and PBMCs (1x106 PBMCs in 

100 μL RPMI each well) for 4 hours and assess NK cell degranulation using 
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CD3, CD56, CD107 using flow cytometry. Results presented are the mean 

± SEM for n=4 independent experiments (b) 1x104 HOS-FLUC and MG63-

FLUC cells were treated with or without 1 μM PGE1 alcohol for 48 hours. 

Then 2.5x105 PBMCs in 100 μL RPMI were added into the target cells and 

co- cultured for 24 hours. After the treatment, luciferin was added to the 

cells for 5 mins and read the luminescence. Results presented are the 

mean ± SEM for n=4 independent experiments. (c) 2x106 HOS and MG63 

cells were treated with or without 1 μM PGE1 alcohol for 48 hours. The 

supernatants from the cells were collected and added to the PBMCs. 

PBMCs were treated with or without 1 μM PGE2 for 1 hour and then treated 

with IL-15 for 48 hours. Supernatants were screened for IFN-γ using ELISA. 

Results presented are the mean ±SEM for n=4 independent experiments. 

This experiment shows absorbance on the y axis rather than the 

concentration of IFN-γ because the standard curve did not work in this 

experiment. 
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5.2.5 Cancer cell 3D co-culture model secretes high levels 

of PGE2 

The results above suggest that PGE2 induces its own synthesis in tumour 

cells. I speculated that, in the tumour microenvironment, different cell types 

might co-operate to regulate PGE2 production. I therefore analysed PGE2 

production by spheroids containing MG63 alone or MG63 co-cultured with 

CD14+ monocytes and MSCs. These 3D cell models were cultured for 7 

days in a low adhesion plate to become spheroids (Figure 5.6a). After the 

treatment, the supernatants of the spheroids were collected for PGE2 

ELISA, and these values were compared to the PGE2 from the individual 

cell types. The co-culture model secreted a high level of PGE2 (Figure 5.6b) 

suggesting that these cells do interact in the tumour to promote the 

production of PGE2, leading to a highly immunosuppressive 

microenvironment.  
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Figure 5.6: MG63 co-culture spheroid secrets high levels of PGE2. (a) 

1x104 MG63 alone or MG63 co-culture (1x104 MG63, 5x103 CD14+ 

monocytes and 2x103 MSCs) were cultured in 96 well low adhesion plate 

for 7 days. Images were taken by EVOS. 200 μm scale bar (b) The media 

from MG63 alone MG63 + MSC066, MG63 + CD14+ monocytes and MG63 

co-culture spheroid was collected and detected the PGE2 secretion by 

PGE2 ELISA kit. (MG63 + MSC066, MG63 + CD14+ monocytes data 

generated by Tyler Barr)  

MG63 only MG63 co-culture  
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5.3 Discussion 

In this chapter, I used two methods to induce PGE2 secretion from cancer 

cell lines cultured in vitro. PGE1 alcohol can cause the cells to secrete PGE2 

by acting through EP receptors on the surface of cancer cells. In addition, 

it was found that the production of COX-2 increased. However, cAMP, which 

is the downstream of the PGE2 signalling pathway, did not change. PGE2 

produced by cancer cells after PGE1 alcohol treatment has been shown to 

inhibit the cytotoxicity of NK cells.  

PGE1 alcohol acts on EP3 and EP4 receptors of the cell, while cAMP is 

produced through the downstream pathways of EP2 and EP4 receptors. 

Although EP2 and EP4 can increase intracellular cAMP levels by activating 

AC, EP4 can also couple with inhibitory Gα protein (Gα i) to inhibit cAMP 

(Fujino and Regan, 2006). Furthermore, EP4 is rapidly internalized after 

ligand binding, which may reduce further signalling of PGE₂ (Vleeshouwers 

et al., 2021). In addition, the newly produced PGE₂ in cells may activate 

EP3 and EP1 receptors more. Thus, the EP3 receptor may lead to the 

suppression of cAMP levels through Gi protein (Vio et al., 2012). Activation 

of EP1 receptor may trigger an increase in Ca²⁺-related signals rather than 

cAMP (Chi et al., 2014). In addition, COX-2 products are not only PGE₂, but 

also include PGI2, PGD₂, PGF₂α and TXA₂ (thromboxane A₂) (Brock et al., 

1999). Some of these products may inhibit cAMP through the Gi pathway. 

After activation, PKA (cAMP-dependent protein kinase) may inhibit AC 

through a negative feedback mechanism, limiting further increase in cAMP. 

PGE₂ is mainly released into the extracellular space through PGE multidrug 

resistance-associated protein 4 (MRP4) and prostaglandin transporter 

(PGT), and then binds to EP receptors (Kochel and Fulton, 2015). If PGT 

expression is limited, even if intracellular PGE₂ increases, exogenous 

signals may still be insufficient to activate the cAMP pathway. This may 

explain why increased cAMP was not detected in the tumour cells after 
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PGE1 alcohol treatment. However, this needs further testing. 

When cancer cells, TAMs and MSCs were co-cultured in a 3D model, they 

produced high levels of PGE2. This is the result of their combined effects, 

as single cancer cells, single TAMs, and MSCs can only produce very small 

amounts of PGE2. This may be because TAMs and MSCs secrete a small 

amount of PGE2, which then acts on cancer cells, stimulating cancer cells 

to produce PGE2 through the EP1-4 receptors on cancer cells. Moreover, 

both TAMs and MSCs secrete related cancer-promoting molecules such as 

TGF-β，IL-10 and IL-6, which may also prompt cancer cells to produce more 

immunosuppressive factors, including PGE2 (Figure 5.7). In addition, 3D 

cell culture is a cell culture method that simulates the in vivo 

microenvironment. Its main purpose is to be closer to physiological 

conditions and improve the biological relevance of the research. Compared 

with traditional 2D cell culture, 3D cell culture can better reflect cell-cell 

interaction, cell-matrix interaction and tissue structure. This can increase 

the interaction between cells, better simulate the TME, and make the 

autocrine and paracrine effects of cancer cells produce better effects 

(Kapałczyńska et al., 2016). Therefore, 3D cultures (spheroids) change 

cellular interactions and the microenvironment, and this may promote PGE2 

synthesis. Because the cells are densely packed in the spheroids, a hypoxic 

zone is easily formed inside the spheres, activating hypoxia-inducible factor 

1α (HIF-1α) which promotes the upregulation of COX-2 expression and 

induces PGE2 synthesis (Liu et al., 2002). In 3D culture, cancer cells, TAMs, 

and MSCs are in closer contact, and cell adhesion molecules (such as E-

cadherin and N-cadherin) and integrin signals may be upregulated, thereby 

activating signalling pathways such as NF-κB and P13K, which may 

increase COX-2 and PGE2 levels (Dohadwala et al., 2006; Nam et al., 2013; 

Kariya et al., 2018; Loh et al., 2019). 3D culture may also change the 

morphology and stress distribution of cells, affecting mechanosensory 
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pathways such as YAP/TAZ, which may further promote inflammatory and 

immunosuppressive signals and upregulate PGE2 (Panciera et al., 2017; 

Jafarinia et al., 2024). In spheroids, as the diameter of the spheroid 

increases, the supply of oxygen and nutrients to the inner regions gradually 

decreases, leading to the formation of pronounced hypoxic or severely 

hypoxic zones, particularly in the core. This physiological condition closely 

mimics the hypoxic microenvironment found within solid tumours and 

triggers a series of cellular adaptive responses, with the activation of the 

hypoxia-inducible factor (HIF) signalling pathway being the most central. 

Firstly, hypoxia induces DNA strand breaks, including double-strand breaks 

(DSBs) and single-strand breaks (SSBs), and it also weakens DNA repair 

pathways. Then under hypoxia, multiple signalling pathways (PI3K-mTOR, 

JAK-STAT3, NF-κB, MAPK, Wnt/β-catenin, Notch) enhance HIF expression. 

Loss of tumour suppressors (p53, PTEN) and increased ROS production 

further stabilize HIF. HIF translocates into the nucleus, and binds to hypoxia 

response elements (HREs), and activates a wide range of downstream 

genes, such as vascular endothelial growth factor (VEGF), glycolytic 

enzymes, and pro-survival factors. These molecules promote angiogenesis, 

metabolic reprogramming, and cellular adaptation to hypoxia, thereby 

enhancing tumour proliferation, migration, invasion, EMT, and angiogenesis 

(Chen, et al., 2023). 

In summary, 3D culture may lead to increase PGE2 synthesis through cell 

aggregation, hypoxia, enhanced cell interactions and changes in 

mechanical forces. For the future research, this 3D co-culture model can 

help us gain a deeper understanding of the upstream regulatory factors of 

PGE2 in TME (such as COX-2, NF-κB, HIF) and their role in 

immunosuppression and inflammation regulation, providing new ideas for 

anti-cancer treatment targeting the PGE2 pathway.  

This model is not only for studying cancer cells themselves, but also for 
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studying how TAMs are polarized by tumour cells (M1 and M2), how MSCs 

promote immunosuppression or enhance tumour invasiveness, and how 

hypoxia regulates inflammation and immune escape. And whether other 

inflammatory factors (such as IL-6, TGF-β) can synergize with PGE2. This 

is of great significance for understanding how the TME shapes cancer 

progression and finding ways to reverse immunosuppression. Therefore, it 

can provide theoretical support for the development of new immunotherapy 

strategies, such as PGE2 inhibitors, and provide new evidence for 

combined immunotherapy. 

 

 

 

Figure 5.7: 3D co-culture cell model enables the production of large 

amounts of PGE2. 3D co-culture enhances cell interactions, hypoxia, ECM 

signals, inflammatory cytokines, and mechanical changes, ultimately 

leading to the production of PGE2. Figure generated using Biorender. 
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Chapter 6 

Conclusions and future work  

6.1 Principal findings and summary 

In this study, I demonstrated that PGE2 inhibits human NK cell activity in 

vitro. In Chapter 3, I showed that reovirus, IL-2 and IL-15 increased NK cell 

activity. However, PGE2 pre-treatment of NK cells prior to reovirus or 

cytokine treatments inhibited NK cell activation, NK degranulation and IFN-

γ secretion.  

In Chapter 4, I found that NK cells express the PGE2 receptors EP2 and 

EP4 but do not express EP1 and EP3 receptors. Importantly, PGE2 

upregulates the cAMP level in NK cells through EP2 and EP4 receptors, 

thereby inhibiting the pSTAT5 signalling pathway, which leads to a decrease 

in IL-15-mediated NK cell activity, reduced degranulation, and suppressed 

IFN-γ production. However, the mechanism by which STAT5 

phosphorylation is inhibited is not yet clear. IL-15 binding to the IL-15 

receptor causes the phosphorylation of JAK1 and 3 which then 

phosphorylate STAT5 (Lin and Leonard, 2018). As for Chapter 5, I used the 

PGE2 mimic, PGE1 alcohol, which signals via EP3 and EP4 and induces 

cancer cell lines to secrete PGE2. PGE1 alcohol pre-treatment of 

osteosarcoma cell lines MG63 and HOS inhibited NK cell degranulation. 

Moreover, this demonstrates that this PGE2 mimic induces PGE2 synthesis 

in tumour cells, indicating that while PGE2 secretion is often lost in long 

established tumour cell lines, cells remain sensitive to autocrine and/or 

paracrine stimulation to secrete PGE2.  

I established that when cancer cell lines, TAMs and MSCs were co-cultured 

in 3D spheroids, a large amount of PGE2 was produced, which suggests 

that in the tumour microenvironment, different cell types will synergistically 
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regulate the production of PGE2. Overall, this will build up the production of 

PGE2 and help to establish an immunosuppressive environment in the 

tumour. I have summarised my key findings in Figure 6.1. 

 

 

 

 

 

 

Figure 6.1: PGE2 inhibits NK cell activity. Cancer cells produce PGE2, 

which inhibits the activity of NK cells through the EP2/EP4 and 

pSTAT5/cAMP pathway on the surface of NK cells. When cancer cells, 

TAMs and MSCs are 3D co-cultured, a large amount of PGE2 is produced. 

EP2/EP4 inhibitors, COX-2 inhibitors and cAMP degraders may block PGE2 

production. Figure generated using Biorender. 
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Several experiments using NK cells, especially those in chapters 3 and 4, 

show a high degree of variability of responses between donors. For 

example, Figure 3.9a shows that IL-15 induces strong IFN-γ production by 

NK cells and that this is almost completely inhibited by PGE2 treatment. 

However, there is considerable variation between donors in the amount of 

IFN-γ produced when NK cells are stimulated with IL-15 and this variation 

meant that the inhibition of IFN-γ production by PGE2 did not reach 

statistical significance. Variation in the activity of human NK cells between 

donors is well documented. There are at least two important sources of this 

variation, technical and biological. Technical variation between donors can 

result from differences in the age of the donated apheresis cone (whether 

cells have been sitting in storage or not for a period of time)- we do try and 

minimise this by requesting cells that are less than 24 hours old. Biological 

variation arises because humans (unlike laboratory mice) are genetically 

variable and there will always be variation in responses between human 

donors. For many years, it was puzzling that some human donors had very 

active NK cells, but others had only weakly active NK cells. Originally this 

was thought to arise from technical issues in experiments. However, we 

now know that NK cells undergo “education” or “licensing” which means 

that only those NK cells that can be inhibited by their own MHC class I 

molecules are functionally competent for example (Kim et al., 2005; Holmes 

et al., 2014; Tu et al., 2016). This is determined by two most polymorphic 

loci in the human genome, the KIR locus on chromosome 19 encoding the 

inhibitory receptors for MHC class I and the MHC class I locus on 

chromosome 6 (encoding KIR ligands). These two unlinked polymorphic 

loci determine NK cell activity in an individual and hence unrelated 

individuals have different proportions of active (licensed or educated) NK 

cells. Despite these issues in variability, my results show that PGE2 is a 

powerful inhibitor of NK cell function.  



142 

Overall, these findings deepen our understanding of the mechanism of 

action of PGE2 in NK cell immunosuppression and provide new ideas for 

how we can better model tumours in vitro to reflect PGE2 output and its 

immunosuppressive activity against NK cells. This would allow testing of 

immunotherapies in more relevant systems, which incorporate 

immunosuppressive molecules, including PGE2, which are upregulated by 

reciprocal interactions between tumour, immune and stromal cells.  Many 

immunosuppressive soluble factors have been identified in the tumour 

microenvironment, including the cytokines TGF-β, IL-6, VEGF and IL-10, 

the enzyme ARG1 and the small molecules kynurenine, ATP and PGE2.NK 

cells play a vital role in anti-tumour and anti-viral infection. However, PGE2 

is widely present in the tumour microenvironment and is one of the 

important factors involved in immunosuppression (Kim et al., 2019; 

Punyawatthananukool et al., 2024). This study systematically studied the 

molecular mechanism of PGE2 affecting NK cells, providing a new 

theoretical basis for targeting the PGE2 pathway to improve NK cell function. 

In particular, it revealed that PGE2 affects the function of NK cells through 

the EP2/EP4 receptor and pSTAT5/cAMP pathway, and studied the 

mechanism of PGE2 production in tumours and its inhibitory effect on NK 

cells, which aids our understanding of how the tumour microenvironment 

weakens the ability of immune system to fight cancer. 

Previous studies have shown that PGE2 can widely regulate the functions 

of various immune cells and exert immunosuppressive effects in the tumour 

microenvironment, thereby promoting tumour progression. For example, 

PGE2 inhibits the differentiation and maturation of DCs through EP2 and 

EP4 receptors, weakening their ability to activate T cells. In addition, PGE2 

promotes the development of suppressive MDSCs and induces them to 

express immunosuppressive factors, IDO, arginase 1, IL-4Rα, NOS2, and 

IL-10 (Obermajer et al., 2011). PGE2 inhibits the cytotoxic effect of CD8+ T 
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cells by upregulating the expression of inhibitory receptor CD94/NKG2A 

through the cAMP pathway (Zeddou et al., 2005). PGE2 activates the 

cAMP-PKA pathway through EP2/EP4 receptors, reducing the production 

of IFN-γ and TNF-α by NK cells, thereby weakening their anti-tumour ability 

and promoting tumour migration (Holt et al., 2011). In addition, PGE2 has 

been found to affect the metabolic state of NK cells. PGE2 can inhibit the 

mTOR signalling pathway, thereby reducing the energy metabolism and 

functional activity of NK cells. The activation of mTOR is downstream of IL-

15 and pSTAT5 and my results showing that PGE2 blocks STAT5 activation 

might help to explain why PGE2 blocks mTOR activity. These studies and 

the work presented here show that PGE2 not only affects the cytotoxicity of 

NK cells through conventional signalling pathways in the immune 

microenvironment, but may also further weaken the effector function of NK 

cells through metabolic regulation (Viel et al., 2017; Chen et al., 2021).The 

ability of PGE2 to inhibit NK cell activity (and other immune cell types) 

suggests that agents targeting PGE2 production (such as COX-2 inhibitors) 

or inhibition of EP2/EP4 receptors might be useful to enhance immune 

responses in cancer. COX-2 inhibitors are widely used to block 

inflammation associated with arthritis and are being evaluated for their anti-

cancer activity (Mahboubi-Rabbani et al., 2024). Inhibitors of EP2 and EP4 

might be more difficult to develop as drugs since these receptors are widely 

expressed and are involved in many physiological processes so that 

blocking them might be difficult without extensive side effects. In many ways 

this resembles the situation with TGF-β, where inhibitors (small molecules) 

and antibodies have failed clinical trials due to side effects resulting from its 

many roles.  
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6.2 Future work  

Future work should analyse the molecular mechanism of PGE2 inhibiting 

NK cell function, such as whether PGE2 also affects NK cell function 

through other signalling pathways (such as PI3K/AKT, NF-κB). Although my 

results indicate that PGE2 treatment of NK cells does not impact expression 

of PRF1 and IFNG genes, RNA sequencing to analyse the changes in gene 

expression of NK cells after PGE2 treatment could be a way to explore this 

more broadly. Secondly, use of EP2/EP4 receptor antagonists or cAMP 

degraders (such as PDE4 inhibitors) to detect whether NK cell function can 

be restored could be an interesting approach for future work (Houslay and 

Adams, 2003). In addition, using CRISPR/Cas9 silencing or knockout of 

EP2/EP4 receptors or downstream signalling molecules in NK cells could 

also be carried out to further confirm the key role of PGE2 signalling. Studies 

in mouse models (e.g. using conditional knockouts of the EP2 and/or EP4) 

would be a useful way to study the effects of PGE2 on NK cells in vivo. For 

therapy, knocking out the EP2 and EP4 receptors in NK cells that are then 

infused into patients (e.g., CAR-NK cells) would be a powerful way to target 

the activity of these receptors.  

In addition, future work should explore the effect of PGE2 on NK cells, such 

as NK cell activation, degranulation, and IFN-γ production in the 3D co-

culture model. Future studies should further explore the mechanism of 

action of PGE2-related signalling pathways and evaluate the potential of 

PGE2/ COX-2 inhibitors as combination strategies to improve immune-

based therapies for cancer.  
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