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EVALUATION OF ANTI-CANCER FUNCTION IN NATURAL KILLER 
 CELLS GENERATED FROM RAT HEMATOPOIETIC STEM CELLS 


      ABSTRACT


Natural killer cells (NK) cells are lymphocytes and they are the most important key 
 constituent of mammalian immune system against cancer tumour cells. The genome of 
 NK cells is categorically divided to inhibitory and activator genes that code ligands on 
 the surface of NK cells. Indeed, these ligands are cancer tumour cells destroyer arms of 
 the NK cells. On the other hand, hematopoietic stem cells (HSCs) are the origin of all 
 blood cells, derives from BM and mature to immune cells. NK cells cannot defeat CTCs 
 on their own. The main reason is their population (numbers are low), they cannot derive 
 from HSCs as fast as CTCs division rate, and that is why external treatments have to be 
 used to treat cancer. This project, designed to promote and give potency to immune 
 system against CTCs without relying on external treatments. To obtain this goal, three 
 specific genes of NK cells, cloned in BMHSCs and differentiated the stem cells to NK 
 cells. The success of the colonization has been examined by western blot and flow 
 cytometry and in term of functionality of newly generated NK cells the cytotoxicity has 
 been examined by MTT assay and Live and Dead assay and the apoptosis ability of 
 newly generated NK cells have been examined by RARP Cleavage and Caspase 3/7 
 assay. The results and data approve that the generated NK cells from BMHSCs are able 
 to destroy cancer cells.  


Keywords: Natural killer cells, Cancer Tumour Cells, Bone Marrow, Hematopoietic 
Stem Cells 
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MENILAIAN FUNGSI ANTI-KANSER OLEH SEL PEMUSHAN SEMULAJADI 
 YANG DIJANA DARIPADA SEL STEM HEMATOPOIETIC TIKUS 


       ABSTRAK 


Sel-sel pemusnah semulajadi (NK) adalah limfosit dan mereka adalah kunci asas sistem 
 imun mamalia terhadap sel-sel tumour kanser. Genom sel NK terbahagi kepada gen 
 penghalang dan pengaktif yang mengekod gen ligan di atas permukaan sel NK. 


Sememangnya ligan-ligan pada sel NK ini adalah senjata pemusnah CTC (sel kanser 
 yang beredar) . Sebaliknya, sel-sel stem hematopoietik (HSC) adalah asal-usul untuk 
 semua jenis sel-sel darah, berasal dari sum-sum tulang (BM) dan kemudiannya matang 
 menjadi sel imun. Sel NK tidak dapat mengalahkan CTC dengan sendirinya. Alasan 
 utama adalah populasinya (jumlahnya rendah) dan ianya tidak dapat dihasilkan dari 
 HSC secepat CTC membahagi. Itu sebabnya teknik rawatan luaran harus digunakan 
 untuk mengobati kanser. Projek ini,  direka untuk menggalakkan dan memberikan 
 potensi kepada sistem imun terhadap CTC tanpa bergantung kepada rawatan luaran. 


Untuk mencapai matlamat ini, tiga gene khusus sel NK, diklonkan kedalam BMHSCs 
 dan membezakan sel stem tersebut menjadi sel NK.  Kejayaan penaklukan telah 


diperiksa menggunakan ‘western blot’ dan ‘flow cytometry’ dan dari segi fungsi sel NK 
 yang baru dijanakan, sitotoksisiti telah diperiksa dengan esei MTT, esei hidup dan mati 
 dan kebolehan apoptosis oleh sel NK yang baru dijanakan diuji dengan esei RARP 
 Cleavage dan Caspase 3/7. Data dan keputusan telah menunjukkan bahawa sel NK yang 
 dijana daripada BMHSCs berkebolehan untuk memusnahkan sel kanser. 


Kata kunci: Sel pemusnah semulajadi, sel tumour kanser, sumsum tulang, sel stem 
hematopoitik 
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      CHAPTER 1: INTRODUCTION 


1.1 Natural Killer Cells Background  


Natural killer (NK) cells were discovered more than 30 years ago. NK cells are large 
 granular lymphocytes that belong to the innate immune system because unlike T or B 
 lymphocytes of the adaptive or antigen-specific immune system, NK cells do not 
 rearrange T-cell receptor or immunoglobulin genes from their germline configuration. 


During the past 2 decades there has been a substantial gain in our understanding of 
 origin, morphology and functions of Natural Killer cells in related to other immune 
 cells. The most recent discoveries in NK-cell receptor biology have drove translational 
 research that has led to extraordinary results in treating human malignancy.  


The biology of the Natural Killer cell system is being investigated by many different 
 laboratories using multiple approaches. The rationale for these investigations is the 
 experimental evidence that NK cells play some role in inhibiting tumour growth and 
 metastasis, convey some protective immunity and may be operative in control of 


differentiation from fetal life to adulthood. In preliminary experiments on cell-mediated 
 cytotoxicity against tumour target cells, both in cancer patients and animal models, 
 researchers consistently observed what was considered as "natural" reactivity. A certain 
 population of cells seemed to be able to lyse tumour cells without having been 


previously sensitized to them. The first published study to assert that untreated 


lymphoid cells were able to confer a natural immunity to tumours was presented by Dr. 


Henry Smith at the University of Leeds, School of Medicine in 1966 (Greenberg, 1994) 
leading to the conclusion that the "specific cells appear to be an expression of defence 
mechanisms to tumour growth present in normal mice."  
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By 1973, 'natural killing' activity was established across a wide variety of species, 
 and the existence of a separate lineage of cells possessing this ability was hypothesized. 


The discovery that a unique type of lymphocyte was responsible for “natural” or 
 spontaneous cytotoxicity was made in the early 1970s by doctoral student Rolf 


Kiessling and postdoctoral fellow Hugh Pross, in the mouse (Kiessling et al., 1975) and 
 by Hugh Pross and doctoral student Mikael Jondal in the human (Jondal & Pross, 1975). 


The mouse and human work were done under the supervision of professors Eva Klein 
 and Hans Wigzell, respectively, of the Karolinska Institute, Stockholm. Kiessling’s 
 research involved the well-characterized ability of T lymphocytes to lyse tumour cells 
 against which they had been previously immunized. Pross and Jondal were studying 
 cell-mediated cytotoxicity in normal human blood and the effect of the removal of 
 various receptor-bearing cells on this cytotoxicity. Later that same year, Ronald 
 Herberman published similar data with respect to the unique nature of the mouse 
 effector cell (Herberman et al, 1975). 


Using discontinuous density centrifugation, and later monoclonal antibodies, natural 
 killing ability was mapped to the subset of large, granular lymphocytes known today as 
 NK cells. The demonstration that density gradient-isolated large granular lymphocytes 
 were responsible for human NK activity, made by Timonen and Saksela in 1980 
 (Timonen & Saksela, 1980) was the first time that NK cells had been visualized 
 microscopically, and was a major breakthrough in the field. 


According to recent studies about the evolution of Natural Killer cells indicates that 
the cytolytic effector cells that resemble Natural Killer cells have been part of the innate 
immune defence system long before the arrival of the seemingly more sophisticated T 
and B cells of the adaptive immune system approximately 500 million years ago 
(Cooper & Alder, 2016).  
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Yet today, all 3 of these lymphocyte lineages survive with NK cells outnumbering B 
 cells in the circulation by a 3-to-1 ratio and with newly discovered functional 


complexity that rivals their antigen-specific memory-bearing counterparts. Clearly, NK 
 cells must serve a very important role in host defence or they would not be here.  


1.2 Hematopoietic Stem Cells Background  


The discovery of hematopoietic stem cells (HSCs) provided a ground-breaking step 
 in stem cell research. HSCs are a type of multipotent adult stem cell, characterized by 
 their ability to self-renew and differentiate into erythrocyte (red blood cell) and 
 leukocyte (white blood cell) cell lineages. Regarding  function, these cells are 


responsible for the continual renewal of the erythrocytes, leukocytes, and platelets in the 
 body through a process called haematopoiesis (Mahla, 2016). 


The definition of hematopoietic stem cells has evolved since HSCs were first 
 discovered in 1961(Till & McCulloch, 1961). The hematopoietic tissue contains cells 
 with long-term and short-term regeneration capacities and committed multipotent, 
 oligopotent, and unipotent progenitors. Hematopoietic Stem Cells (HSCs) are the stem 
 cells that give rise to other blood cells (Birbrair & Frenette, 2016b). This progress 
 occurs in the red bone marrow, in the core of most bones.  


In embryonic development, the red bone marrow is derived from the layer of the 
embryo called the mesoderm (Beerman et al., 2014). HSCs give rise to both the myeloid 
and lymphoid lineages of blood cells (Alexander et al., 2017). Myeloid and lymphoid 
lineages both are involved in dendritic cell formation. Myeloid cells include monocytes, 
macrophages, neutrophils, basophils, eosinophils, erythrocytes, and megakaryocytes to 
platelets. Lymphoid cells include T cells, B cells, and natural killer cells.  
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The HSCs also play a prominent role in the formation of vital organs such as the 
 liver and spleen during fetal development (Mahla, 2016). The early biological 


knowledges obtained from the studies of HSCs established the base of knowledge for 
 understanding other stem cell systems. In addition, these cells have a vital role in 
 furthering stem cell research for clinical applications. Regenerative medicine is a field 
 of medicine that has applied HSCs to the treatment of blood-borne diseases such as 
 leukaemia and lymphoma and of cancer patients undergoing chemotherapy. 


Indications of blood-forming cells in humans first appeared in 1945 from studies on 
 the citizens of Hiroshima and Nagasaki during World War II. After surviving the atomic 
 bomb explosions, those individuals who had come across low radiation exposure died 
 over an extended period, later research indicated that they had a compromised 


hematopoietic system. Their compromised systems did not allow the individuals to 
 produce enough leukocytes to fight non-pathogenic infections or enough platelets to 
 prevent excessive bleeding. Subsequent research with mice explored the details behind 
 this observed phenomenon. It was discovered that when mice were given minimal lethal 
 dosages of radiation, they all died within two weeks due to the failure of their 


hematopoietic systems. This mirrored what had happened to the Japanese citizens. 


Curiously, another experiment demonstrated that mice were able to recover from 
 irradiation if a single bone or their spleen was protected from radiation.  


1.3 Researches regarding NK Cells and HSCs application  


Recently there is been many researches regarding relation of Natural Killer cells and 
Hematopoietic Stem Cells. Basically, since the origin of NK cells are HSCs, most of the 
researches focus on formation of NK cells from HSCs and involved pathways. New 
studies are going farther to understand the Role of Natural Killer Cells in Hematopoietic 
Stem Cell Transplantation (Darlington et al., 2018). 
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Generally, most researches regarding NK cells and HSCs relation do have three 
 specific perspectives.  


•  Differentiation of NK cells from HSCs. As example, (Cappel et al., 2017), (Hara 
 et al., 2016). 


•  Behaviour of NK cells in HSCs transplantation. As example, (Dezell et al., 2016), 
 (Herrmann et al., 2016), (Cappel et al., 2017). 


•  Pathways  of  NK  cells  helps  of  Improving  HSCs  Engraftment,  as  example, 
 (Bonnet et al., 2015; Pfeiffer et al., 2017; Eldjerou et al., 2018). 


Therefore, according to most prominent researches and hardworking in this area, 
 gives the impression that there is still a considerable gap in most researches on 
 effectiveness and functionality applications of Natural Killer cells and Hematopoietic 
 Stem cells together. The main hypothesis of this research was to attempt to fill up this 
 gap by inducing Natural Killer Cell’s ability of destroying cancer cells through to 
 Hematopoietic Stem Cells.  


1.4 Problem Statement  


Natural killer cells use a collection of germline-encoded activating and inhibitory 
receptors that scan for altered protein-expression patterns. NK cells display quick and 
potent immunity to metastasis or haematological cancers, and major efforts are now 
being commenced to fully exploit NK cell anti-tumour properties in the clinic. The most 
important element of Immune system against cancer cells are Natural Killer Cells. NK 
cells in process of Haematopoiesis, derive from Hematopoietic Stem cell’s lymphoid 
progenitors in bone marrow. Accordingly, a patient suffering from cancer won’t have 
very much chance of survival only by relying on his/her own immune cells alone, 
without any external treatments such as specific drugs, chemotherapy, radiotherapy and 
so on. NK cells, in a time-consuming process, derive from bone marrow, they don’t 
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divide like normal cells, consequently, their population is always very much less than 
 cancer cells. This research has two main objectives and five sub-objectives. The 
 objectives are, First generating NK cells from hematopoietic stem cells to obtain mass 
 population of newly generated NK cells with dividing ability and secondly evaluating 
 the functionality of these newly generated NK cells on killing cancer cells.  


In another word, in this research, the researcher, attempted to give cancer cells 
 killing ability of NK cells to HSCs. Regarding to this hypothesis that would be several 
 problems ahead  


•  Extracting specific genes (KLRA4, KLRA8, KLRD1) from NK cell’s entire 
 genome for the purpose of transfecting them into the Hematopoietic stem cell. 


•  Methods and Materials which have to be used to activate ligandﹸs genes after 
 transfection procedure. 


•  Assays which must be used to ensure the success of the transfection process and 
 differentiation of HSCs to NK cells. 


•  Assays and techniques which must be used to examine the cytotoxicity and 
 Apoptosis ability of newly generated NK cells on targeted cancer cells.   


1.5 Research Questions  


This research poses the following questions  


1.  If the ligand’s genes were successfully transfected into the stem cells genomes, 
 could the colonized genes code NK ligands on the HSCs membrane? 


2.  Will the differentiated HSCs (newly generated NK cells) act as NK cell and kill 
 cancer cells? 


3.  How reliable is this technique for curing cancer? 
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4.  Will the genome changes inherit through divisions of the newly generated NK 
 cells  to  achieve  mass-population  of  newly  generated  NK  cells  (differentiated 
 HSCs)? 


1.6 Research Objectives  


Based on the hypothesis of this study which is mentioned in section 1.4, the 
 objectives of this research are:   


1.  To generate NK cells from hematopoietic stem cells 


2.  To evaluate functionality of the generated NK cells in killing cancer cells   


Table 1.1: Objectives Figure Approach 


OBJECTIVES 


Objective 1  Objective 2 


To generate NK cells from hematopoietic stem 


cells.  To evaluate function of the generated NK cells in 


killing cancer cells. 


Methodology for Objective 1  Methodology for Objective 2 (in vitro – Cancer 
 Cell Lines (control – untreated vs treated)) 
 1. Generation of NK cells from hematopoietic 


stem cells and verify the generation using 
 western blotting to examine expression of 
 receptors on generated NK cells  


1. Cytotoxicity: MTT assay & live/dead assay 


2. Flow cytometry – count the number of 


generated NK cells  2. Apoptosis: PARP cleavage assay & caspase 3/7 
 assay 


In this research, Separation of Natural killer cells (NK cells) from blood, was done 
with LS column technique with the assistance of specific microbeads. After that, the NK 
cells were cultured in animal cell culture medium for growth and increase of their 
population. In the culture, researcher used NK cells activators such as IL 12 to activate 
the growth of the cells and push their transgenic factor of their regulation to help to 
grow more and more. For even improved growth Inomycin /PMA was used for 24 hours 
to provoke growth of the NK cells and their ligands (Cervera & Kamen, 2018). After 
purifying NK cells, genes of ly49h, ly49d and CD94 ligands (KLRA4, KLRA8, KLRD1) 
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were separated from the entire genome of NK cells and transferred to harvested 
 hematopoietic stem cells (the stem cells were harvested from bone marrow of the rat 
 thigh bone and been cultured in the stem cells special media (Xeno- free expansion cell 
 culture with SCF, FLt-ligands IL3,6) to prevent maturation (Cheng et al., 2013)). With 
 Lipofectamine as nucleotide vector the separated genes were transferred to stem cells. 


According to the objective of this research to examine the transfection ratio, western 
 blotting and flow cytometry were used and to assay the functionality of newly generated 
 NK cells regarding cytotoxicity MTT and Live/Dead assays were used and also 


regarding apoptosis PARP cleavage and Caspase 3/7 kit assays were used.       


1.7 Research Scopes  


To implicate the hypothesis of this research and fulfil the objectives mentioned in 
 secession 1.6 there are several scopes as fallow  


•  To separate NK cells from the blood ficolin by the help of LS column procedure. 


•  To extract specific three genes of two activators and one inhibitory ligand of NK 
 cells. 


•  To transfer these specific genes of NK cells ligands by the help of a vector to 
 HSCs. 


•  To harvest hematopoietic stem cells from bone marrow of experimental rat.  


•  To culture and populating harvested stem cells with specific culture medium. 


•  To  colonize  and  transform  HSCs  into  an  immune  cell  with  NK  cells 
 characteristics. 


•  To provoke the transgene cells to grow cell membrane ligands with the help of 
Microbeads. 
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1.8 Research Contribution  


 According to American National Cancer Institute, in 2018, an estimated 1,735,350 
 new cases of cancer have been diagnosed in the United States and 609,640 people will 
 die from the disease. Estimated national expenditures for cancer care in the United 
 States in 2017 were $147.3 billion ( https://www.cancer.gov/about-


cancer/understanding/statistics ). 


According to the American Cancer Society, in the United States, about 1,620 people 
 were expected to die of cancer each day in 2015 — this equates to nearly 590,000 
 people, ( https://www.cancer.org/latest-news/understanding-cancer-death-rates.html ). 


According to the Malaysian National Cancer Registry Report (MNCR) 2007-2011, a 
 total of 103,507 new cancer cases were diagnosed in Malaysia during the period of 
 2007-2011, of which 46,794 (45.2 per cent) were reported in males and 56,713 (54.8%) 
 in females, ( http://www.moh.gov.my/english.php/pages/view/402 ). 


Cancer caused humanity suffering, this project was designed to help and strengthen 
 the immune system to last longer against cancer that it may be a alternative treatment of 
 cancer.  


1.9 Thesis Organization 


 This thesis is organized in accordance with the standard structure of thesis and 
 dissertations at the University of Malaya. As the final report of this research, the thesis 
 is organized in a way to provide detail information on how the research is performed. 


This thesis consisted of seven chapters. 
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Table 1.2: Thesis organization based on objectives. 


Chapters 


2. Literature Review  3. Methodology  4. Results  5. Conclusion 
 2.2 Overview on 


Immune System  3.2 Methods for Objective 1 


(Verification)  4.2 Results of 


Objective 1  5.2 Discussion on 
 Results of Objective 1 
 2.3 Overview on HSCs  3.3 Methods for Objective 2 


(Functionality)  4.3 Results of 


Objective 2  5.3 Discussion on 
 Results of Objective 2 
 2.4 Related Assays to 


Objective 1 & 2 


The first chapter of thesis brings up the background of the research. It expresses the 
 researcher’s motivation and research intention, objectives to study NK cells and 
 hematopoietic stem cells. Thereafter the problem statement is explained, and scopes of 
 the research and the research contributions are presented. 


Chapter two is the literature review that gives a review and discussion of previous 
 related works. In this chapter resource materials, such as journals, conference 


proceedings, books, seminars, thesis and online resources were used as the main 
 references. 


Chapter three is the research methodology. This chapter explains the research 
 methodology used in this research. The methodology consists of three different stages. 


The first stage is performing theoretical study and literature review. The next stage is 
 proposing the initial researchers about NK cells and stem cells. In the third stage, the 
 applications and processes are explained. 


Chapter four describes the preliminary study data collection, data analysis, and 
results. The preliminary study aims to verify the transfection efficiency ratio through the 
results and data given by the data analysis software. The collected data is being 
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analysed using statistical analysis. the findings from this chapter provide the basis for 
 proposing the technique of cancer cure. 


The last chapter is a general discussion about how research could cover the project 
 objectives and answered the research questions 


1.10 Chapter summary  


This chapter involved with research backgrounds and explained the gap in previous 
researches and demonstrated the rationale of this research and covers the problem 
statements, research questions, and objectives. Research scopes are also discussed as 
well in this chapter. The potential theoretical and practical contributions of this research 
are also presented. Ultimately the summary of the thesis organization wraps up the 
chapter. 
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       CHAPTER 2: LITERATURE REVIEW 


2.1 Introduction:  


In this chapter, complete information about the main categories of this research, is 
 given. This chapter begins with an overview of Immune System, Natural Killer Cells 
 and their ligands and will continue with an overview of Hematopoietic stem cells, 
 harvesting and culturing them and at last this chapter will end with explanations about 
 assays and experiments which have been used in this research. Therefore, this chapter 
 contain three categories as shown below. 


2.2 Overview on Immune System  


2.2.1 Classification of Immune System to Innate and Acquired Immune Responses 
 The immunity system is responsible in responding to an invading organism or 
 immunogens which are received by our body. This response is directed by innate and 
 adaptive arms of the immune system. The border between adaptive and innate immune 
 system in some aspects is not clear. In fact, these two systems are combined in many 
 responses. The innate immune system is mediated by the cells and factors which are 
 accountable for the fast and first defence against infection whereas the adaptive immune 


Literature review 


2.2 Immune system, Natural killer cells and their ligands 
 genetic 


2.3 Hematopoietic Stem Cells, harvesting and culturing  


2.4 Assays and Experiments 
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response which is mainly organized by T and B cells are in charge for a long-term 
 memory response (Johansson, 2016). 


    The cells intricate in innate immunity can include a different variety of myeloid and 
 lymphoid cells such as neutrophils, basophils, macrophages, and eosinophils. The other 
 cells like dendritic cells play a dual role in both adaptive and innate immunity (Hou et 
 al., 2012). In current years, there are several reports about the role of NK cells in 
 acquired immunity. Previously it was alleged that NK cells are involved in innate 
 immunity but recent reports have indicated that NK cells have memory against 
 pathogens and after a primary infection, they respond faster for the second time of 
 infection. This response happens especially after viral infection (Augusto et al., 2012) 
 .The line and situation of factors and cytokines in innate and adaptive immunity are 
 more complicated and there are lots of statements about the role of different cytokines 
 in both immunities (Eissens et al., 2012). 


2.2.2   Innate Immune System  


     Microorganisms that are encountered daily in the life of a healthy individual cause 
 disease only infrequently. Most are detected and destroyed within minutes or hours by 
 defence mechanisms that do not rely on the clonal expansion of antigen-specific 


lymphocytes. These are adequate mechanisms of innate immunity(Poli et al., 2010). To 
recognize pathogens, both the innate and adaptive immune systems can distinguish 
between self and non-self, but they differ in how they do this. Innate immunity relies on 
a limited number of receptors and secreted proteins that are encoded in the germline and 
that recognize features common to many pathogens. In dissimilarity, adaptive immunity 
uses a process of somatic cell gene rearrangement to generate an enormous repertory of 
antigen receptors that are capable of fine distinctions between closely related molecules 
(Sattler, 2017). Nonetheless, the innate immune system discriminates very effectively 
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between host cells and pathogens, providing initial defences and also contributing to the 
 provocation of adaptive immune responses (Tsuchiya et al., 2017). The importance of 
 innate immunity is shown by the fact that defects in its components, which are very 
 rare, can lead to increased susceptibility to infection, even in the presence of an 
 undamaged adaptive immune system. The response to an encounter with a new 
 pathogen occurs in three phases, when a pathogen flourishes in breaching one of the 
 host’s anatomic barriers, some innate immune mechanisms start acting immediately. 


The first defences include several classes of preformed soluble molecules present in 
 blood, extracellular fluid, and epithelial secretions that can either kill the pathogen or 
 deteriorate its effect. Antimicrobial enzymes such as lysozyme instigate to digest 
 bacterial cell walls  (antimicrobial peptides) such as the defences lyse bacterial cell 
 membranes directly  and a system of plasma proteins known as the complement system 
 targets pathogens, both for lysis and for phagocytosis by cells of the innate immune 
 system such as macrophages (Eissens et al., 2012). 


 In the second phase of the response, these innate immune cells sense the presence of 
a pathogen by recognizing molecules, emblematic of a microbe and not shared by host 
cells pathogen-associated molecular patterns (PAMPs) and become activated, setting in 
train several different effector mechanisms to eliminate the infection. By themselves, 
neither the soluble nor the cellular components of innate immunity generate long-term 
protective immunological memory (Maghazachi, 2010). Only if an infectious organism 
breaches these first two lines of defence will mechanisms be engaged to induce an 
adaptive immune response the third phase of the response to a pathogen. This leads to 
the expansion of antigen-specific lymphocytes that target the pathogen-specific call and 
to the formation of memory cells that provide long-lasting specific immunity. 
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2.2.3 The First Line of Defence 


   Microorganisms that cause disease in humans and animals enter the body at different 
 sites and produce disease symptoms by a variety of mechanisms. Many different 


infectious agents can cause disease and damage to tissues, or pathology, and are referred 
 to as pathogenic microorganisms or pathogens. 


Table 2.1: The response to an initial infection occurs in three phases. 


  “The effector mechanisms that remove the infectious agent (for example, phagocytes 
 and complement) are similar or matching in each phase, but the first two phases rely on 
 recognition of pathogens by germline-encoded receptors of the innate immune system, 
 whereas adaptive immunity uses variable antigen-specific receptors that are produced as 
 a result of gene rearrangements Adaptive immunity occurs late, because the rare B and 
 T cells specific for the invading pathogen must undergo clonal expansion before they 
 differentiate into effector cells that can clear the infection” (Sattler, 2017. Advances in 
 Experimental Medicine and Biology, pages 3-14).   


In vertebrates, the microbial invasion is initially countered by innate defences that 
pre-exists in all individuals and begin to act within minutes of an encounter with the 
infectious agent. Only when the innate host defences have been bypassed, evaded, or 
overwhelmed is an adaptive immune response required (Cappel et al., 2017). Innate 
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immunity is sufficient to prevent the body from being routinely overwhelmed by the 
 vast number of microorganisms that live on and in it. Pathogens are microorganisms 
 that have evolved ways of overcoming the body’s innate defences more effectively than 
 other microorganisms (Eissens et al., 2012). Once they have gained a hold, they require 
 the concerted efforts of both innate and adaptive immune responses to clear them from 
 the body. Even in these cases, the innate immune system performs a valuable delaying 
 function, keeping pathogen numbers in check while the adaptive immune system gears 
 up for action (Bernardini et al., 2012).  


2.2.4 Role of NK Cells in Innate Immune System  


     NK cells have an important role in innate immune responses, particularly in antiviral 
immunity. Recent studies have revealed a molecular basis for NK cell recognition of 
virus-infected cells, implicating the activating KIR and ly49 receptors and NKG2D in 
this process (Rahim et al., 2014). Additionally, cooperation between NK cells and 
dendritic cells suggests that these innate cells can shape the nature of an adaptive 
immune response. These findings, as well as advances in understanding NK cell 
development and homeostasis, indicate that NK cell biology is more sophisticated than 
previously appreciated (Bartel, & Steinle, 2013). NK cells have emerged as pivotal 
players in immune responses against pathogens and tumours. Research during the past 
decade has focused on the identification of the cell surface receptors and effector 
molecules that NK cells use in target cell recognition and destruction. Attention now 
turns to determining both the role of NK cells in vivo in innate immunity and their 
contribution to adaptive immunity (Bonnet et al., 2015). Although many of the NK cell 
activating and inhibitory receptors, their ligands and signalling  pathways have been 
discovered , the biological relevance of these molecules in host defence, how they are 
regulated during development, and elucidation of the interactions between NK cells and 
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other hematopoietic cells are critical issues to address (P. A. Marinho, Chailangkarn, & 


Muotri, 2015). 


   The induction of IFN-g production, cytotoxicity, CD69 expression  and proliferation 
 in resting NK cells in vitro  has been documented by using mouse DC cell lines, mouse 
 bone marrow-derived DCs, human monocyte-derived DCs, and human cord blood-
 derived DCs (Jansen et al., 2013) . The mechanism by which DCs activate resting NK 
 cells in vitro requires direct cell contact, but probably also involves soluble factors. 


These in vitro studies suggested that a range of cytokines produced by DCs, including 
 IL-12, IL-18, and type I IFN, are required for the induction of the various NK effector 
 functions, but the data are conflicting and no consensus has emerged. Interestingly, IL-2 
 is produced by DCs and is necessary for DC-induced IFN-g production by NK cells in 
 vitro and in vivo. In addition, the maturation state of the DCs might influence their 
 ability to activate NK cells (Kruse & Vivier, 2017). Several studies have shown that 
 immature DCs require a maturation stimulus to activate NK cells, whereas others have 
 shown that immature and mature DCs are equivalent in their ability to activate NK cells. 


The in vivo relevance of NK activation by DCs has been demonstrated in murine 
 tumours and viral models, both implicating the CD8a+ DC subset. During infection of 
 C57Bl/6 mice with mouse cytomegalovirus (MCMV), the expansion of NK cells 
 induced by DCs was shown to specifically involve the ly49h receptor on NK cells and 
 the cytokines IL-12 and IL-18 (Pegram et al., 2013). 


2.2.5 Natural Killer Cells 


   Adaptive immunity, with its repositioning Immunoglobulin and T cell receptors, has 
 caught most of the attention of up-to-date immunological research and outshined the 
 importance of the receptors expressed by cells of the innate immune system (Middleton 


& Gonzelez, 2010) . NK cells have evolved two main receptor systems to carry out their 
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functions, both involving activating and inhibitory receptors, and include members of 
 the Immunoglobulin-like superfamily as well as lectin-like receptors. KIR are 


polymorphic cell surface molecules present on NK cells which recognize classical HLA 
 class I molecules and in doing so provide an unconventional means of modulating the 
 immune response to infected or tumoral cells (Xing et al., 2008). Lectin–like receptors 
 have been publicized to bind to non-classical MHC molecules such as HLA-E and the 
 MHC Class I-related chain (MICA). These genetically defined, non-rearranging 
 receptors have recently begun to show the magnitude of the potential inconsistency 
 encoded within them as well as the involvement of their organization (Rajalingam, 
 2011) . NK cell receptors are involved in a great variety of clinical scenarios ranging 
 from resistance/susceptibility to pathogen infections, tumour surveillance, recognition 
 and abolition, and as important elements in solid organ and hematopoietic cell 


transplant outcome. The functional relationships that exist between the MHC and NK 
receptors provide a better perceptive of the immune responses related to pathogen 
incursions, malignancies, and clinical transplantation. 
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Figure 2.1: Two functionally distinct subsets of human NK are recognized. These subsets have 
 differences in the cell surface expression density of CD56 and CD16, adhesion molecule 


expression and MHC receptor repertoire. These differences allow for differential trafficking, 
 proliferative responses, and cytotoxic activity. PSGL: (P-selectin glycoprotein ligand) 
 (Rajalingam, 2011).


Figure 2.2: According to the «Missing Self Hypothesis» NK cells fail to recognize an 


appropriate MHC-ligand to inhibit the otherwise activating stimuli presented by the recognition 
of other «unspecific» ligands on the surface of the target cell. This stimulates the NK cell to 
produce cytokines, chemokines and to release lytic granules (Rajalingam, 2011). 
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   NK Cells are bone marrow derived peripherally circulating cytolytic lymphocytes to 
 some extent more voluminous than B or T cells, which encompass approximately 10% 


of all peripheral blood lymphocytes (Johansson, 2016). Phenotypically NK cells express 
 CD56 cell surface molecules and lack rearranging antigen receptors as well as CD3. 


Two individual NK cell subsets defined by the cell surface expression density of CD56 
 have demonstrated distinctive functional roles (Fig. 2.1 and 2.2). NK cells are derived 
 from CD34+ hematopoietic progenitor cells and necessitate cytokines present in the 
 bone marrow environment to mature. NKs development requires NK cell progenitors to 
 adopt CD34+IL-2/IL-15Rβ+CD56–intermediate phenotype which then develops into a 
 mature CD56+ NK cell in response to IL-15. Whether this is likewise true for the 
 CD56dim population of NK cells remains unknown (Poli et al., 2009).  


   These two subsets show differences in the expression of IL–2r, c-kit receptor tyrosine 
 kinase expression, Major Histocompatibility Complex (MHC)-receptor repertoire and 
 adhesion molecule expression. Such differences allow for differential proliferative 
 responses, cytotoxic activities and trafficking profiles (Poli et al., 2009). Most NK cells 
 are CD56 and CD16 and represent the effector population responsible of natural 


cytotoxicity and Antibody-Dependent Cellular Cytotoxicity (ADCC). Unlike T cells, 
natural killing is not MHC restricted in the classical sense but influenced by MHC Class 
I expression on target cell surface according to the «missing self-hypothesis», in which 
NK cells eliminate MHC Class I-deficient target cells which have lost or downregulated 
the expression of the cognate MHC receptor ligands due to oncogenic, viral pathogenic 
or other cellular incursions. Although such cytotoxicity is restricted to MHC Class I-
deficient hematopoietic tissues, NK cells readily kill virus-infected cells that have 
maintained their expression of MHC Class I molecules, possibly by recognizing 
pathogen-specific epitopes on the cell surface (Maltseva et al., 2011).  
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2.2.5.1 NK Cells Receptors 


   NK cell cytotoxicity is regulated by at least two families of receptors that recognize 
 classical MHC Class I molecules on the surface of target cells and enable them to 
 discriminate between healthy cells and pathogen-infected or tumour cells by monitoring 
 the expression levels of MHC molecules (Hartmann et al., 2010). These two NK 


receptors are structurally distinguished as belonging to the Immunoglobulin (Ig) 
 superfamily, such as KIRs or as members of the C-type lectin-like domain (CTLD) 
 superfamily, such as CD94/NKG2s (Poli et al., 2010) . The extracellular part of lectin-
 like receptor resembles the carbohydrate recognition domain of a C-type lectin, whereas 
 that the KIR receptor is made up of Immunoglobulin-like domains. Both super families 
 include both inhibitory and activating receptor variants, which have the capacity to 
 inhibit or activate NK cell activity (cytotoxicity and/or cytokine release) as a 


consequence of binding to their cognate MHC ligands. In addition to their distinctive 
 structures, these two families complement each other's MHC-specificities. CD94/NKG2 
 lectin–like receptors recognize HLA-E and MICA, whereas KIR molecules recognize 
 specific HLA-A, -B and–C allotype subsets as well as HLA-G ligands. Unlike the 
 rearranging B and TCRs, NK cell receptors of the lectin and Immunoglobulin families, 
 are preformed and non-rearranging, their variability being a direct consequence of the 
 genetically defined subset of genes present for each family and later modulated during 
 NK cell development into complex combinatorial expression patterns (Choudhary et al., 
 2012). It is this preformed receptor repertoire which constitutes the hallmark of innate 
 immunity and which allows NK cells to control pathogen incursions or cellular 


transformation early on during the prolonged period required for the clonal expansion of 
 antigen-specific B and T cells (Nunez et al., 2016). 


   NK cell MHC receptors are encoded by two large and dense immune gene complexes 
located on different chromosomes (Di Santo, 2016). The NKC which contains the genes 
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encoding the lectin-like family of receptors is located on mouse Chromosome 6 and 
 human Chromosome 12. The LRC, which contains the KIR encoding genes, is located 
 on human Chromosome 19. The importance of CTLDs in human innate immunity 
 resulted from observations that NKG2D binds to the stress-induced MICA and MICB. 


The CTLD family of receptors include NKG2A, NKG2B, NKG2C, NKG2D, NKG2E 
 and NKG2F (Farag et al., 2013). 


   In humans, NKG2A, –B, –C, –E and–F form heterodimers in conjunction with CD94 
 and give rise to both activating and inhibitory proteins. NKG2A, -B and -C complexes 
 with CD94 recognize HLA-E, an MHC molecule which presents nonameric peptides 
 derived from leader sequences of other HLA class I molecules. Such interaction confers 
 CTLD receptors the ability to monitor the global MHC Class I repertoire. Although 
 mice have an apparently orthologous organization of CD94 and NKG2D, KIR genes are 
 exclusive to primates and no mouse homolog of a KIR gene has been reported (Poli et 
 al., 2010), however, mice have evolved a CTLD molecule to fulfil the function of KIR 
 proteins, called Ly49. Given the current knowledge regarding NK cell receptors, it 
 seems very unlikely that a single NK receptor will be responsible for the diverse 
 biological properties attributed to NK cells. Recent findings, however, have described 
 three non–MHC–class–I–specific activating receptors belonging to the Ig-superfamily 
 but not related to KIRs, termed NKp46, NKp44, and NKp30 (Human Genome 


Organization Gene Nomenclature Committee approved gene symbols: NCR1, NCR2, 
 NCR3 respectively, for Natural Cytotoxicity-triggering Receptors). Unlike KIRs and 
 CTLD receptors, NCRs are exclusively expressed on NK cells and seem to be the main 
 receptors involved in NK cell-mediated tumour lysis. KIRs are by far the most 


polymorphic receptors present on NK cells (Dinescu et al., 2014). 
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Figure 2.3:  NK cell surface receptors and their ligands. Receptors are broadly classified based 
 on their primary function (inhibitory receptors, activating receptors, and activating co-


receptors). The known ligands are shown in parenthesis. Other families of receptors are not 
 shown, including cytokine receptors (for IFN-a and IL1, -2, -12, -15, -18 and -21), chemotactic 
 receptors (CCR-2, -5, -7; CXCR-1, -3, -4, -6; CX3CR1; and Chem23R), adhesion receptors 
 (CD2 and b1 and b2 integrins), and inhibitory co-receptors (CD300A, LAIR-1 and Siglec7) 
 (Darlington et al., 2018). 


2.2.5.2 Killer Immunoglobulin–like Receptors (KIR) 


    KIRs are polymorphic cell surface molecules existing on NK cells and a small (8%) 
 population of T cells known as Natural Killer T cells (NKT) (Kulkarni, Martin, & 


Carrington, 2008). They distinguish HLA class I molecules and in doing so provide an 
alternative means of curbing the immune response to damaged or foreign cells. KIR 
proteins possess characteristic Ig-like domains on their extracellular regions which are 
involved in classical MHC Class I ligand binding and transmembrane and cytoplasmic 
regions defining the type of signal which is transduced to the NK cell. KIR proteins can 
have two or three Ig-like domains. In the current nomenclature used to describe KIR 
genes, the number of Ig-like domains present are indicated by a 2D for two domain 
KIRs or 3D for three domain KIRs the presence of a short or long cytoplasmic tail being 
indicated by an S or L, respectively, at the end of the name (Augusto et al., 2012). 
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   Two domain KIR proteins are subdivided into two large groups contingent on the 
 origin of the membrane-distal Ig-like domains present. Type I KIR2D proteins 


(KIR2DL1, -2DL2, -2DL3, -2DS1, -2DS2, -2DS3, -2DS4 and -2DS5) (Hou et al., 2012) 
 possess a membrane-distal Ig-like domain similar in origin to the KIR3D D1 Ig-like 
 domain encoded mainly by the fourth exon of the corresponding KIR genes, and lack a 
 D0 domain. Type II KIR2D proteins, KIR2DL4 and -2DL5, possess a membrane-distal 
 Ig-like domain similar in origin and structure to the D0 domain present in KIR3D 
 proteins encoded mainly by the third exon of the gene, conversely lack a D1 domain. 


KIRs control the response of human NK cells by delivering inhibitory or activating 
signals upon recognition of MHC Class I ligands on the surface of probable target cells 
(Maltseva et al., 2011). KIR proteins can possess short or long cytoplasmic tails. Long 
cytoplasmic tails usually contain Immune Tyrosine-based Inhibitory Motifs (ITIMs) 
which transduce inhibitory signals to the NK cell. Short cytoplasmic tail KIRs possess a 
positively charged amino acid residue (lysine) in their transmembrane region, which 
allows them to associate with a DAP12 signalling molecule capable of generating an 
activation signal (Campbell & Purdy, 2011). The existence of KIRs with MHC binding 
possessions was suggested because of observations relating to NK cell killing of HLA 
class I-deficient B lymphoblastic cell lines which could be reversed by transfecting 
these cell lines with certain HLA class I genes. Two domain KIRs recognize HLA-C 
allotypes while three domain KIRs recognize HLA-B allotypes. KIR2DL1 exhibits C2 
specificity and recognizes HLA-C allotypes with Asn77 and Lys80 (for example HLA-
Cw4, HLA-Cw2, HLA-Cw5 or HLA-Cw6) (Maltseva et al., 2011) . KIR2DL2 has a C1 
specificity and distinguishes HLA-C allotypes with Ser77 and Asn80 (for example 
HLA-Cw3, HLA-Cw1, HLA-Cw7 or HLA-Cw8). KIR3DL1 recognizes HLA-B 
allotypes with a Bw4 motif on their a-helix (for example HLA-B13, HLAB38, and 
HLA–B51) and KIR3DL2, has been shown to identify HLA-A molecules. Although 
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KIRs with specificity for HLA-A, -B, -C and–G allotypes have been defined for the 
 other KIR, the specificity currently relics unknown (Leung, 2011). 


   The genetic factors determining KIR repertoire diversity are related to the type of KIR 
 genes present on any given individual. Recent studies, on the other hand, have 


demonstrated the role that other immune cell surface molecules, such as HLA molecules 
 and NKG2 related receptors, have unsure the mostly expressed KIR in any given cell 
 (Badenes et al., 2016). 


2.2.5.2.1 KIR Genes 


    The KIR gene family comprises of fourteen genes and three pseudogenes encoded 
 within a 150 Kb region of the LRC on Chromosome 19 (19q13.4) (Olmer et al., 
 2010).The LRC constitutes a large (1 Mb) dense cluster of rapidly evolving immune 
 genes of relatively recent evolutionary origin (Hou et al., 2012). The LRC and its 
 centromeric prolongation, the extended LRC, contain genes encoding cell surface 
 molecules with distinctive Immunoglobulin-like extracellular domains (Carrington & 


Martin, 2016). KIR genes are rearranged into haplotypes, which have been defined in 
 family segregation studies. The number of KIR genes present in any given haplotype 
 may vary. All known KIR haplotypes are flanked at their centromeric end by KIR3DL3 
 and at their telomeric end by KIR3DL2, together with the centric KIR2DL4, constitute 
 the framework genes (Fan, Wu, Ashok, Hsiung, & Tzanakakis, 2015) . 


   The framework genes limit two regions of variable KIR gene content where the 
 remaining KIR genes are arranged in a head to tail fashion approximately two Kb apart 
 from each other. KIR haplotypes show extensive haplotypic diversity pigeonholed by 
 variability in the quantity of genes present which can range from 7 to 11 KIR genes. 


Most KIR genes are approximately fourteen Kb long and divided into nine exons 
(Kelley et al., 2015). The KIR proteins are encoded as follows exon 1 together with 
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exon 2 encode for the leader sequence of KIR proteins, exon 3 encodes for the 


membrane distal (D0) Ig-like domain (in the case of KIR3Ds and type II KIR2Ds), exon 
 4 encodes the middle (D1) Ig-like domain (present in type I KIR2Ds but absent in type 
 II KIR2Ds), exon 5 encodes the membrane-proximal (D2) domain of all known KIR 
 proteins, exon 6 encodes the stem region (classically absent in KIR3DL3), exon 7 
 encodes the carboxyl end of the stem region, the entire transmembrane region and the 
 amino end of the cytoplasmic region, exon 8 encodes the first eighteen amino acids of 
 the cytoplasmic region and finally, exon 9 with its fluctuating lengths, encodes the 
 remaining portion of the cytoplasmic region of KIR proteins (Campbell & Purdy, 2011). 


   KIR genes have been shown to be polymorphic and more than 91 sequences 


representing alleles of the seventeen gene loci have been described (Wang et al., 2012). 


Dissimilar HLA class I and class II, in which most of the polymorphism of functional 
 significance is constrained to one or two exons, KIR polymorphism is evenly distributed 
 throughout the KIR gene. KIR nucleotide sequences are arranged into groups or KIR 
 loci based on the number of extracellular Ig-like domains, the length of the cytoplasmic 
 tail and sequence resemblance. Recent exclusion studies carried out in families have 
 shown how KIR sequences previously rumored to be different genes based on 
 cytoplasmic tail length differences may represent alleles based on the inheritance 
 behaviour observed. This is the case of KIR3DS1 and KIR3DL1, which differ by only 
 6-12 amino acid residues. Interestingly, no interaction of KIR3DS1 with Bw4 motif 
 bearing HLA-B alleles has been found to date (Uhrberg, 2015). The way in which 
 allelic polymorphism supplementary diversifies the haplotypic variations has recently 
 been demonstrated in high-resolution studies (Middleton & Gonzelez, 2018). The extent 
 of such diversity makes the possibility of finding a KIR, harmonized unrelated 


individual very low. Whether the polymorphism of KIR genes translates into 
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functionally divergent proteins responsible for certain biological advantages remain 
 unknown (Gardiner, 2018). 


Figure 2.4:KIR genes are encoded within a 1 MB stretch of DNA in Chromosome 19 known 
as the LRC. All KIR haplotypes are flanked on their centromeric ends by KIR3DL3 gene and in 
their telomeric end by KIR3DL2. Together with KIR2DL4 located in the center of this region, 
these three genes represent the framework genes so called because they are present in all human 
individuals. Each KIR gene spans approximately fourteen Kb and is separated from neighboring 
genes by two Kb intergenic sequences. NOTE: the order in which KIR genes are organized 
within a haplotype has not been entirely determined for some KIR genes. (Maltseva et al., 
2011). 
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