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Abstract 

Ionizing radiation is an established treatment modality for cancer. Unlike targeted high dose therapies, 

there is growing evidence that low dose radiation (LDR) can promote tumor reduction indirectly via 

stimulation of the immune system. Natural killer (NK) cells are one of the main immune cells that have 

been implicated in LDR induced anticancer effects. Despite this, the exact cellular and molecular 

mechanisms responsible for the modulation of the immune system following LDR, including the 

stimulation of NK cells and their cytotoxic properties, have not yet been identified. The goals of this 

study were twofold; to elucidate the cellular mechanisms involved in LDR immune stimulation and to 

investigate the dose response for NK cell cytotoxicity. Initially, a small animal model was used to 

comprehensively characterize the dose dependent effects on various immune cells. Mice were exposed 

to whole-body x-ray doses of 0.1, 0.25, 0.5 and 3 Gy and were sacrificed two days post-irradiation for 

isolation of their spleen, lymph nodes and blood. Flow cytometry was then used for 

immunophenotyping to identify potential shifts in the relative abundance of major immune cell 

populations. Data from this cohort of mice suggested that 2 days following an acute single exposure, 

LDR caused no significant changes in the numbers of the immune cell types tested, and that high dose 

radiation (HDR) caused a decrease in the cell populations of these cells in the irradiated mice. To 

further investigate the impact of LDR on the NK cells in-vitro, the NK-92 cell line was used. NK-92 

cells were exposed to x-ray doses ranging from 0.1 to 1 Gy, and cell growth rates were measured post-

radiation. NK cell cytotoxicity was then quantified through the co-culturing of NK-92 cells with the 

tumorigenic K-562 cells, and the percent cytotoxicity was measured using flow cytometry. Lastly, 

transcriptional analysis was performed on the main genes involved in regulating NK cytolytic activity. 

Overall, data showed that LDR did not cause any significant increase in the growth, cytotoxicity and 

gene expression of NK-92 cells. To conclude, although no evidence of immune stimulation was found 
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following LDR in both the mice model and NK-92 cell line, this study was successful in providing a 

good characterization of the baseline immune response to lower doses of radiation in healthy models.  
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1.1. Cancer 

Every year, cancer is responsible for millions of deaths worldwide and, even though much progress 

has been achieved in medicine, there are still many issues that must be addressed in order to 

improve cancer therapy1. With over 200 known variants, cancer consists of diseases involving 

abnormal growth of cells with the potential of invading or spreading to healthier tissues of the 

body1. Cancer is one of the most common diseases on the face of this earth that has existed for 

almost the entirety of human history1. According to data reported by Statistics Canada, it is 

currently the leading cause of death in Canada, accounting for approximately 30% of all deaths, 

closely followed by heart disease (about 20%)2. Furthermore, in Canada, it is estimated that 

186,400 new cancer cases and 75,700 deaths were attributable to this disease in 20212. In the last 

decade, exceptional progress has been made in the field of oncology, specifically towards 

understanding cancer development and related therapies. However, with its increasing incidence, 

the clinical management of cancer continues to be a challenge in the 21st century3. Due to the wide 

spectra of causalities, it is challenging to identify the cause of a particular cancer regardless of its 

type. Indeed, even though the harmful effects of cancer have been known for a very long time, and 

despite the many efforts made to overcome this disease, cancer is still quite prevalent3. Therefore, 

considerable research is under way to identify the causes of the disease as well as in developing 

strategies for its prevention, diagnosis, treatment, and ultimately, its cure.  

1.1.1. Causes 

Cancer is known to arise from the transformation of normal healthy cells into tumour cells in a 

multi-stage process that generally progresses from a pre-cancerous lesion to a malignant tumour4. 

Although not always the case, in some instances, this can become fatal. These changes are the 

result of DNA mutations which can be genetically inherited or can stem from a multitude of factors 
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such as diet, lifestyle choices or environmental/external risk factors5. These include physical 

carcinogens (i.e. ultraviolet and ionizing radiation), chemical carcinogens (i.e. tobacco smoke and 

alcohol) and biological carcinogens (i.e infections from certain viruses, bacteria, or parasites)5. 

Regardless of the cause of cancer, the course of treatment will depend on numerous factors such 

as type and the stage of the cancer, its location, amongst others5. As a result, there is a wide range 

of treatment modalities that exists to date and that will continue to expand as more becomes known 

about this disease1.  

1.1.2. Types and Treatments  

In the last decade, oncological research has focused not only on finding new and effective 

treatments for cancers, but also on alleviating critical negative side effects associated with the 

conventional cancer treatments that are most commonly used6. There are many different 

approaches for treating cancer, and it is not uncommon to use a combination of different therapy 

modalities at once7. Although many treatments exist, the three most common ones include: 

surgery, aimed at removing the tumor and sometimes nearby tissue; chemotherapy, which includes 

the use of cytotoxic drugs; and radiotherapy, where high energy ionizing radiation (usually x-rays) 

is used to destroy cancer cells7. The latter has gained increasing interest in the last few decades as 

a result of its promising benefits and success in treating cancer. In fact, 50% of cancer patients will 

undergo radiation therapy at one point or another during the course of their treatment regimen8.  

1.1.3. Radiotherapy 

Radiotherapy or radiation therapy (RT) uses high-energy radiation, usually x-rays, to treat cancer9. 

The main goal of RT is to give a high dose of radiation to the tumor while sparing surrounding 

healthy cells as much as possible as this will reduce the risk of negative side effects10. The main 

goal of RT is usually to cure the cancer; however, this treatment may also be administered for 
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palliative care in order to help relieve symptoms10. In addition, RT can be given both externally 

and internally. External radiotherapy aims high-energy photons, or less commonly, high energy 

particles such as protons and neutrons, at the affected area using accelerators such as linacs10. 

Alternatively, internal radiotherapy places radioactive materials directly inside or near the tumor, 

which can lower the risk of damaging healthy cells nearby11. Although the delivery of these 

radiotherapies differs, both are a type of high dose ionizing radiation that aim to directly destroy 

cancer cells in a specific area by damaging the DNA of the cancer cells12.  

1.2. Ionizing Radiation  

Radiation is the process by which energy is emitted as either particles or waves which can take the 

form of sound, heat, or light12. Large unstable atoms become more stable by emitting a quantity of 

energy to get rid of excess atomic energy, and this is what we call radiation12. This radiation can 

take the physical form of vibrating waves or rays, known as electromagnetic radiation, or as fast-

moving particles, known as particulate radiation. Electromagnetic waves can be classified and 

arranged according to their various wavelengths and frequencies; this classification is known as 

the electromagnetic (EM) spectrum13. The EM spectrum is generally divided into seven regions, 

in order of decreasing wavelength and increasing energy and frequency13. The electromagnetic 

spectrum includes different types of energy waves. The lower energy end of the spectrum includes 

microwaves and radio-waves, and the higher energy end of the spectrum is made up of x-rays and 

gamma rays13. On the other hand, particulate radiation is comprised of atomic or sub-atomic 

particles, including alpha and beta particles and neutrons14. Overall, it is important to note that not 

all particulate radiation is considered ionizing radiation, and only x rays and gamma rays from the 

EM spectrum are considered ionizing. Radiation that is considered ionizing is defined as radiation 

with enough energy to strip electrons from atoms or molecules when it strikes or passes through a 
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substance15. The atom or molecule that loses a negatively charged electron will then become 

positively charged15. This process where an electron is either lost or gained is called ionization15. 

On the contrary, non-ionizing radiation does not have enough energy to remove electrons. The 

waves on the lower energy end of the electromagnetic spectrum (i.e. radio-waves and ultraviolet 

rays, etc.) are considered non-ionizing16.  

1.2.1. Sources of Radiation 

There are natural and artificial sources of ionizing radiation that we are exposed to daily in the 

world around us17. Artificial sources of radiation include x-ray machines, radioactive isotopes used 

in nuclear medicine, and nuclear power plants17. The following are examples of natural sources of 

radiation: cosmic radiation, terrestrial radiation emitted by elements such as uranium and thorium 

present in the earth's crust, and radiation associated with radon inhalation17. Overall, even in small 

doses, humans are constantly exposed to ionizing radiation in their everyday lives, whether it 

comes from human-made or natural sources.  

1.2.2. Radiation Doses and Units 

Generally, when quantifying radiation, two measurements are commonly used. These are the 

“activity” and “dose” caused by the radiation18. The activity refers to the rate of decay of a 

radioisotope. On the other hand, dose measures the amount of energy that is absorbed by a 

material18. For the remainder of this thesis, radiation exposure will be referred to in terms of 

absorbed dose, which represents ‘the energy deposited in a kilogram of substance by the 

radiation’19. This radiation dose is measured in an international (SI) unit called the gray (Gy)19. 

The important concept is that dose is a measure of how radiation interacts with substances (such 

as cells or DNA) and is not a description of the radiation itself20. This allows us to unify the 

measurement of different types of radiation (i.e., particles and waves) by measuring how much 
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energy they deposit in a material. In radiation therapy, the unit of Gy is used to measure the total 

amount of radiation that the patient is exposed to during their treatment regimen21. Adjuvant 

therapy doses typically range from 45 to 60 Gy for the treatment of breast, head, and neck 

cancers21. Typically, these doses are divided into multiple smaller doses, known as fractions, that 

are given over a period of multiple weeks21. Although improvements in treatment planning have 

increased the accuracy of beam targeting to the tumour to reduce the damage to adjacent normal 

tissues, the negative side effects of high dose radiation can still be quite severe. Specifically, 

important for my thesis, high dose radiation can lead to a supressed immune system and inhibition 

of antitumour immunity, and ultimately, a reduced quality of life for that patient10.  

1.2.3. Direct and Indirect Effects 

When radiation encounters the human body, specifically the nucleus of the cell, severe damage to 

the genetic material is possible22. This will be dependent on many factors, the main one being the 

type of radiation, as this will dictate the amount of energy deposited in the tissue it encounters22. 

The energy deposited per unit distance as an ionizing particle or ray travels through a material is 

known as linear energy transfer (LET)23. Specifically, LET is used to quantify the effects of 

ionizing radiation on biological specimens and varies depending on the energy and charge of the 

kind of radiation24. For example, alpha particles interact very readily with the matter that they 

penetrate, and as a result are classified as high-LET radiation because they deposit their energy 

rapidly and create short and dense ionization tracks24. Consequently, alpha particles are known to 

be much more damaging for a given absorbed dose as opposed to low-LET radiation such as beta 

particles and gamma rays25. On the other hand, low-LET radiation is less likely to ionize atoms 

they come across, as they produce radiation tracks that are much less densely ionizing25. 
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Damage to the genetic material is the primary cause of cell death induced by radiation, as this 

can cause a wide range of lesions in the DNA such as single strand breaks or double strand 

breaks26. Therefore, based on the energy transfer created, damaged DNA in a cell can occur 

through two different mechanisms: direct and indirect. The main mechanism for high-LET is 

through direct action. If the incident radiation itself interacts with the cell’s DNA or other critical 

cellular components, it is referred to as a direct radiation effect26. On the other hand, the dominant 

mechanism for low-LET radiation is indirect action. For low-LET radiation, direct action 

represents about 20%, and indirect action is about 80%27. Indirect action occurs when radiation 

interacts with water molecules, causing reactive oxygen metabolites (atoms or molecules with 

unpaired electrons that are highly reactive) such as hydroxyl radicals27. Consequently, if there is 

an interaction with the genetic material as a result of exposure to ionizing radiation, the cell 

possesses many repair mechanisms, and so depending on the number of ionization event, exposure 

to radiation may not result in any increase in mutations or overall harm27. 

1.2.4. Model of Risks  

In radiation protection, most biological effects from ionizing radiation are usually divided into two 

categories: deterministic effects and stochastic effects28. Deterministic effects are defined as 

threshold health effects that are related directly to the absorbed radiation dose, where the severity 

of the effect and the dose have a positive correlation28. In other words, the severity of these adverse 

health effects would increase as the dose increases. Deterministic effects are also known as 

immediate effects, and examples of these are: erythema (skin reddening), cataracts to lens of the 

eye, sterility (temporary/permanent), & epilation (loss of hair)28. Stochastic effects are referred to 

as random effects that occur solely by chance28. The probability of the effect occurring is assumed 

to be a linear function of dose without threshold. Examples of stochastic effects would be 
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hereditary effects and cancer development28. In the field of radiobiology, there are a few models 

in use to assess the risk of stochastic effects from radiation exposure. Currently, the linear no-

threshold (LNT) model is one of the more commonly used models, particularly in the field of 

radiation protection29. The LNT model implies that there is no safe level of exposure to ionizing 

radiation below which there would be no risk of cancer or other biological effects29. However, it 

is quite implausible that a single radiation event can cause a tumor formation, especially since 

there are many ionizing events taking place in our everyday lives. For many years, the radiological 

risk of detrimental biological effects, including cancer, has been estimated by the LNT model29. 

Unfortunately, this has led to an increased fear of radiation and caused radiophobia for many30. 

However, in the last few decades, there is growing evidence that biological systems respond 

differently to lower doses of radiation, typically lower than several hundred mGy31. Specifically, 

scientific evidence based on epidemiological and pre-clinical studies have shown that, contrary to 

high dose exposures, radiation below certain doses could have anti-cancer properties through 

beneficially stimulating immune function31. As a result, it is believed by many that the shape of 

the dose response curve differs in the low dose region and that there are threshold levels for 

detrimental radiation effects32. There is also evidence that some low dose exposures can induce a 

hormetic response (net beneficial effect) due to the up regulation of innate repair and antioxidant 

capacities33. This model is known as the hormesis model, which postulates that lower doses of 

radiation can be beneficial in preventing cancer and other adverse health effects by stimulating the 

activation of adaptive and protective mechanisms. Consequently, the immune system has been 

implicated as one of the potential targets of low dose radiation (LDR). Therefore, LDR represents 

a potential immunotherapy for cancer and other diseases.  
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1.2.5. Low Dose Radiation 

As mentioned above, there has been increasing evidence that radiation below certain doses could 

cause beneficial immunostimulatory effects. Specifically, LDR has been proven to stimulate 

biological immunity in-vitro as well as in-vivo34. This phenomenon that has been previously 

identified as radiation-induced hormesis, has been the subject of increased scientific interest. This 

stimulation of immunity involves key anti-cancer parameters, including antibody formation, 

natural killer cell activity and secretion of interferon and other cytokines35. As a whole, these 

parameters have allowed LDR to be examined as a treatment and management option for cancer. 

Therefore, low-dose radiation therapy (LD-RT) has the potential to become a viable treatment 

option acting as an immunotherapy, with the benefit of avoiding the negative side effects inherent 

to the conventional high-dose radiation therapy. LD-RT was commonly used in the 1970’s and 

1980’s for the treatment of hematological malignancies with high success rates but has fallen out 

of practice in recent decades36. This was in part due to increased radiophobia combined with 

improvements in chemotherapeutics. Presently though, a lack of molecular mechanistic 

understanding has limited the potential of LD-RT as a plausible treatment for cancers. Therefore, 

a better understanding of the immune system cellular mechanisms that are involved in antitumor 

immunity is crucial in re-establishing LD-RT as a cancer treatment.  

1.3. The Immune System 

The immune system consists of various cells (e.g. macrophages, dendritic cells, lymphocytes, etc.) 

and molecules that tightly regulate and trigger a responses against invasive and dangerous 

pathogens37. Such pathogens may include bacteria, viruses, and toxins37. In addition to this role, 

the immune system is also very much involved in other processes including cancer prevention, 

homeostasis, reproduction, wound healing and metabolism amongst many others38. The body’s 
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immune system will utilize two fundamental lines of defense: innate immunity and adaptive 

immunity.  

1.3.1. Innate Immune System 

The innate immune response represents the first line of defense against pathogens. This immunity 

is made up of elements that are already present in the body before the manifestation of an 

infection38. It is considered a less specific defense mechanism than the adaptive immune response 

as it recognizes conserved features of pathogens known as pathogen associated molecular patterns 

(PAMPs) like bacterial and fungal cell wall components (ex. gram negative cell walls)38. Several 

types of defensive barriers make up the innate immune system; these include anatomical, 

physiological, inflammatory as well as endocytic and phagocytic barriers38. The main goal of the 

innate immune system is to rapidly recruit immune cells in hopes of eliminating the stimuli and 

initiating the healing process38. More specifically, the immune cells that make up the innate 

immunity include phagocytes (macrophages, monocytes and neutrophils), natural killer (NK) 

cells, basophils, dendritic cells (DCs) and eosinophils39. All of these cells play an important role 

in eliminating pathogens, and some of the more common ones will be discussed in more detail. 

Neutrophils: in addition to their phagocytic properties, these cells contain granules and enzyme 

pathways that assist in the elimination of pathogenic microbes40. Dendritic cells also undergo 

phagocytosis, but mostly function as antigen presenting cells (APCs), initiating the acquired 

immune response and acting as important messengers between innate and adaptive immunity41. 

Specifically, activation of DC receptors can give these cells the ability to further activate or inhibit 

lymphocytes and to also generate both pro-inflammatory and anti-inflammatory cytokines41. 

Natural killer cells play a major role in the rejection of tumours and the destruction of cells infected 

by viruses. Destruction of infected cells is achieved through the release of perforins and granzymes 
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(proteins that cause lysis of target cells) from NK-cell granules which induce apoptosis42. NK cells 

are also an important source of another cytokine, interferon-gamma (IFN-γ), which helps to 

mobilize APCs and promote the development of effective anti-viral immunity42. Overall, one of 

the main roles of innate immune cells is to produce cytokines or interact with other cells directly 

in order to activate the adaptive immune system. Since NK cells play a vital role in immunity and 

participate in many antitumor responses, they are of particular interest in this study.  

1.3.2. Adaptive Immune System  

The adaptive immune system, unlike the innate immune system, is specific in targeting the type of 

pathogen and is therefore slower to respond to newly encountered pathogens. The adaptive 

immunity consists of an antigen-specific response through T cells and B cells and is known for its 

immunologic memory, allowing the system to have a faster or more efficient response in the event 

of a second exposure to the same or similar pathogen43.  

T cells activate cell-mediated immune responses in which they act directly against foreign 

antigens with the help of APCs like macrophages, DC, and B cells amongst others44. T cells 

express a variety of antigen-binding receptors called T- cell receptors (TCR) that facilitate the 

recognition of foreign materials in the body44. Originating in the bone marrow and maturing in the 

thymus, T cells differentiate into discrete subpopulations: CD4+ or CD8+ T cells, each having a 

defined repertoire of effector functions44. CD8+ T cells are considered as cytotoxic killer cells that 

eliminate substances deemed harmful by the immune system, while CD4+ T cells are the “chief 

conductors” of immune response regulation and function by further activating memory B cells and 

cytotoxic T cells37. CD4+ T cells can also activate eosinophils and macrophages that produce both 

superoxide and nitric oxide, and these cells can further collaborate within tumor site to cause its 

destruction37. While CD8+ T cells recognize tumor associated antigens presented by major 
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histocompatibility complex (MHC) class I molecules, CD4+ T cells recognize MHC class II-

restricted epitopes45.  

B lymphocytes are a class of lymphocytes that produce antibodies, which are essential for the 

potentiation of the innate immune system45. Antibodies are key contributors to a successful 

immune response, as they allow the neutralization of toxins, prevent the adhesion of foreign 

organisms, and identify cancerous or infected cells infected for destruction by cytotoxic cells in an 

antibody-dependent manner45. Like T cells, B cells arise from hematopoietic stem cells in the bone 

marrow45. Following maturation, B cells will leave the marrow and express a unique antigen-

binding receptor on their membrane. Unlike T cells, B cells can recognize antigens directly without 

the need for APCs, through unique antibodies expressed on their cell surface46. Overall, the 

mechanisms used by B cells and T cells are intricately regulated by the innate immunity, which is 

not only a pre-requisite for productive cancer immunosurveillance but also a crucial element of 

the anti-tumor immune response. Consequently, although different, innate, and adaptive responses 

operate in synergy which allows a much more efficient immune response. 

1.3.3. Cytokines 

Cytokines are small messenger proteins which participate in many physiological processes and 

play a key role in inflammation47. In the presence of a tumor, both the innate and adaptive 

immunity will release cytokines in order to mediate the activity of other immune cells and to 

directly affect tumor cells themselves47. Cytokines are a diverse group of molecules that includes 

more than 100 secreted factors that can be subdivided into several classes: interleukins (IL), tumor 

necrosis factors (TNF), interferons (IFN), transforming growth factors (TGF), colony stimulating 

factors (CSF) and also various chemokines48. Overall, two types of cytokines exist: pro-

inflammatory cytokines and anti-inflammatory cytokines. Generally, both types of cytokines are 
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needed to mediate key immune interactions for effective antitumor activity. However, an 

abundance of pro-inflammatory cytokines such as interleukins (i.e. IL-1α and IL-1β) can promote 

various cancer processes such as invasion and tumor progression. On the other hand, amongst all 

cytokines, TNF-α, and IFN-γ appear to have a major role in the process of cancer elimination, as 

evidence shows that they are readily found in the tumor microenvironment and play a crucial role 

in the fight against cancer48. TNF-α is a potent inflammatory mediator that plays important roles 

in the innate immune response mainly via the production of additional cytokines, the expression 

of adhesion molecules and the stimulation of growth49. TNF-α also stimulates the proliferation of 

cells, has cytolytic and inhibitory effects on tumor cells and is implicated in antiviral and 

inflammatory activities49. It is mainly secreted by activated macrophages but may also be secreted 

by other cell types like monocytes, T cells, mast cells and NK cells49. Similarly, IFN-γ is also a 

cytotoxic cytokine expressed and released by a variety of cells including NK cells, in order to 

initiate apoptosis in tumor cells50.  

1.3.4. Anti-tumor Immunity 

Cancers can generally be classified into 2 main groups: non-metastatic and metastatic cancers. The 

process of metastasis is when cancer cells escape from primary tumors and acquire cellular traits 

that allow them to travel throughout the body and colonize distant organs51. Both primary and 

metastatic cancers are complex ecosystems which are mainly composed of neoplastic cells, 

extracellular matrix (ECM), and “accessory” nonneoplastic cells, which include resident 

mesenchymal stem cells, endothelial cells, and infiltrated inflammatory immune cells51. In 

principle, tumor development can be controlled by cytotoxic innate and adaptive immune cells, 

and several decades of research have established that the development of cancer can be stopped or 

controlled through a process known as antitumour immunity52. 
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Here, the immune system employs various strategies for tumour specific destruction 

including enhancement of immunostimulatory effects while inhibiting immunosuppressive 

signals. Antitumour immunity begins with immunosurveillance, a process where immune cells 

recognize non-self-cancer antigens which allows the immune system to attain tumour specificity53. 

The main feature of immunosurveillance lies in its diverse repertoire of antigen receptors; TCRs 

and BCRs. When a particular naive T cell binds to the cancer antigen of an APC, activation of the 

T cell will occur when the unique TCR matches the specific cancer antigen54. Here, activation of 

CD8+ cytotoxic T cells results in clonal expansion54. The increased number of cytotoxic T 

lymphocytes (CTL) specific for the target antigen binds to the cancer cell, releases cytotoxins such 

as perforins, granzymes, and granulysin, resulting in direct cancer cell killing44. Like T cells, each 

B cell comprises of a unique BCR and therefore binds to a specific antigen and presents it on its 

cell surface44,55. Here, CD4+ T helper 1 cells (Th1) with a matching TCR specific for the antigen 

presented on the B cell binds and activates the B cells55. This dual B cell activation transforms the 

B cells to plasma cells which results in production and release of antigen-specific antibodies56. 

These antibodies then bind to the antigens on the cancer cell triggering binding of NK cells to the 

cancer cells57. Here, NK cells contain the CD16 Fc receptor which recognizes the cell-bound 

antibodies42. Like CTLs, NK cells mediate lysis of the cancer cells via releasing perforins and 

granzymes42. This antibody-dependent cellular cytotoxicity (ADCC) is an important mechanism 

whereby the immune system destroys cancer cells57. CTL and NK cell mediated cancer killing are 

part of the immunostimulatory signature. Along with Th1 cells, other immune cells which enhance 

cancer killing include T17 helper cells (Th17), M1 macrophages and N1 neutrophils58. Conversely, 

the immune system also contains cell-types and molecules which result in immunosuppression, 

and generally work together to promote cancer by opposing the induction and proliferation of 
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effector T cells58. Cells part of this immunosuppressive phenotype include T regulatory cells, 

CD4+ T helper 2 cells (Th2), myeloid derived suppressor cells (MDSCs), N2 neutrophils and M2 

macrophages58. Overall, although the main goal of anti-tumor immunity employed by the immune 

system is to avoid or eliminate cancer, there are unfortunately instances where the cancer will 

evade and metastasize to other areas of the body.  

1.3.5. Cancer Evasion  

Cancer cells utilize the mechanisms shared by healthy self-cells (self-tolerance) to elude defensive 

immune responses59. Moreover, these altered self-cells utilize several other mechanisms such as 

separation of tissue from surveillance, antigen shedding, lymphocyte killing, secretion of 

immunosuppressive cytokines, reduced MHC class II expression and costimulatory molecules to 

evade immune responses59. Consequently, as a result of these mechanisms, tumors cause 

suppression of the immune system during carcinogenesis, and therefore upregulation of immune 

surveillance, or the immune system itself, is crucial to fight the tumor. Therefore, LD-RT, alone 

or in combination with other treatments, could offer an optimal and effective therapy option to 

manage cancer.  

1.4. Low Dose Radiation Therapy (LD-RT) 

Previous studies have shown that LD-RT can successfully stimulate the immune system which 

ultimately induces tumor control in some cases31. Furthermore, research suggests that induction of 

innate and adaptive immune responses primarily involving NK cells, macrophages and dendritic 

cells increase nonspecific anti-tumor immune surveillance60. For instance, one study showed that 

200 mGy total body irradiation in tumour bearing rats resulted in increased IFN-γ, TNF-α, and 

CD8+ T cells in the spleen and in the primary tumour compared to sham irradiated or locally 
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irradiated animals61. Likewise, a single dose of 100 mGy stimulated NK cell mediated cancer 

killing via ADCC 24–72 h post irradiation62. Furthermore, single exposure of 100 mGy increased 

macrophage activation63. In another similar study, LDR was shown to upregulate several other 

anticancer factors such as CD25 (IL-2 receptor), CD71, CD28, CD2 and CD48, and immune 

system stimulating signaling molecules (e.g. calcium, c-GMP and p38MAPK)64. In this same 

study, LDR also increased the IFN-γ/IL- 4 ratio of splenocytes in tumour-bearing mice, a hallmark 

of a shift to a Th1 phenotype compared to Th264. Similarly, LDR promoted M1 macrophage over 

M2, and N1 neutrophil compared to N2. Furthermore, LDR also reduced activity of 

immunosuppressive cell-types and cytokines which indirectly contributed to immune system 

enhancement. For example, a decrease in T-regulatory cells, and a decrease in TGF-β levels have 

been observed with LDR treatment65. In addition to these promising results, LD-RT has been 

shown to enhance the efficacy of chemotherapeutic drugs, as well as enhance the efficacy of 

immunotherapy66. Taken together, a growing body of evidence suggests that LD-RT promotes 

antitumour immunity. 

1.4.1. Clinical Applications 

Although a considerable ongoing body of evidence supporting the potential of LD-RT exists from 

in-vitro and in-vivo animal studies, comparably few human clinical trials have been completed. 

However, in recent years LD-RT has been re-visited as potential clinical therapeutic. Since LD-

RT is delivered as a whole-body or half-body treatment, the majority of these studies have involved 

patients with hematological malignancies67. The use of LD-RT in treatment of chronic 

lymphocytic leukemia (CLL) and Non-Hodgkin’s lymphoma (NHL) was studied in the late 1960s 

and early 1970s, with the work of Johnson and others36. Over 180 patients, largely in the 1970s 

and 1980s, have been treated with LD-RT in randomized trials68. The earliest of these studies 
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involved 65 patients with stage III or stage IV NHL68. Comparison was between total body 

irradiation (TBI) given in 100 mGy fractions, 3–5 times per week to total doses between 1–5 Gy 

and multi-agent chemotherapy68. Patients receiving TBI (n = 32) experienced an 84% response 

rate, with 56% of patients achieving a complete response68. In the comparison with chemotherapy, 

there was no difference in overall survival68.  

A smaller trial randomized 39 patients with NHL to receive a total of 1.5 Gy delivered 

using 2 versus 3 fractions per week69. The majority of patients (85%) achieved a complete response 

with a 3-year overall survival rate of 78%69. Authors reported that treatments were well tolerated 

with patients reporting a slight decrease in appetite and mild fatigue69. In addition, Hoppe et al. 

reported a three-arm trial with 17 patients in each group comparing advanced lymphoma patients 

between TBI and 2 chemotherapy regimens70. Radiation was given in 300 mGy fractions to a total 

of 1.5 Gy, and patients also received a boost of 20 Gy to the primary disease site70. Of the TBI 

group, 12 achieved complete remission and after 41 months of follow up, only one patient had 

died of disease, fewer deaths than those seen in the two chemotherapy groups70.  

Despite considerable previous interest in LD-RT as a treatment option for lymphoma and 

leukemia, few reports exist regarding non-hematogenous malignancies. Half-body irradiation of 

an NHL patient appeared to result in control of a nasal tumor that was located outside the radiation 

field by stimulating the immune system71. Qasim reported on 30 Dutch patients with either limited 

or extensive small cell lung cancer72. In this study, patients received 100 mGy in daily treatments 

for two weeks for a total of 1 Gy, and were then treated with 4 Gy to the primary disease and 1 Gy 

to the liver72. Surprisingly, no patients developed brain metastases, despite an expected 3-year 

brain metastases rate of approximately 50%, suggesting that LD-RT was highly effective in 

controlling disease in chemotherapy sanctuary sites, and no treatment-related toxicity developed 
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in these patients72. Most patients experienced a mild decrease in leukocyte and platelet counts but 

the vast majority made a full recovery72. Lastly, these results are supported by a recent 2023 trial 

completed by I. Dayes and members of our own lab group at NOSM University looking at LDR 

as a treatment option for recurrent prostate cancer73. In this study, sixteen patients with recurrent 

prostate cancer received 150 mGy of nontargeted radiation twice per week, for 5 consecutive 

weeks73. It was found that LD-RT may be a potential therapy for some patients with recurrent 

prostate cancer by stalling rising prostate specific antigen (PSA) and that LDR is well tolerated by 

participants with minimal toxicities and no change in quality of life73. Overall, with further 

research and optimization, LD-RT has the potential to become an effective treatment option for 

managing recurrent prostate cancer as well as other forms of this malignant disease.  

Of note, LD-RT is being widely used in European countries, like Germany, to treat benign 

diseases other than cancer, including keloids, arthritis, Grave’s ophthalmopathy and 

meningioma74. Overall, LD-RT induced immune stimulation and tumor control make this 

treatment a viable alternative therapy to the conventional treatments for cancer. However, a 

comprehensive characterization of the immune response across different dose regimens, which 

examines all of the cell and cytokine/chemokine mediators involved in the LDR heightened anti-

tumor immunity has yet to be completed. Therefore, a complete comprehensive analysis of the 

potential mechanisms at the root of the LDR mediated immunostimulatory response may help 

strengthen our understanding and acceptance of LD-RT as a cancer therapeutic.  

1.5. Objectives and Hypothesis 

Overall, the objective of my thesis is to evaluate the effects of LDR on the immune system and 

ultimately, elucidate the underlying cellular and molecular mechanisms that may be involved in 

antitumor immunity. It was hypothesized that LDR would stimulate the immune response while 
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inhibiting immunosuppressive signals. This was evaluated through two separate aims. In the first 

data chapter of my thesis, an in-vivo mouse model was used to identify the effects of whole-body 

LDR on various immune cell populations. For this aim, it was hypothesized that LDR exposures 

of 0.1 and 0.25 Gy would increase the number of B cells, CD4+ T cells, CD8+ T cells, NK cells, 

DC and neutrophils in the irradiated mice, and that exposures to higher doses of 0.5 and 3 Gy 

would cause a decrease in these cell populations. In the second chapter of my thesis, the NK-92 

cell line was used to evaluate the effects of LDR in-vitro. It was hypothesized that LDR exposure 

of 0.1–0.25 Gy would increase cytotoxicity in these cells as well as increase expression of the main 

genes involved in regulating their cytolytic properties, and that higher doses of 0.5 and 1 Gy would 

have opposing immunosuppressive effects.  
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2.1. Introduction 

In everyday life, humans are exposed to low doses of ionizing radiation, emitted either from natural 

or artificial sources inherent to the environment that we live in. Therefore, studying the biological 

effects of low dose radiation have been the subject of acquired scientific interest. In the past several 

decades, many biological effects of LDR, distinguishable from those of HDR, have been 

reported31. In fact, unlike HDR that is typically immune suppressing, exposure to LDR (100 mGy 

or less) can conversely be immune enhancing31. Studies have shown that LDR helps promote cell 

growth and development, decrease the process of aging, enhance antioxidant capacity and the 

repair of DNA damage, and delay the onset of cancer75. One of the main features of LDR which 

has attracted the attention of many scientists is its ability to enhance the immune response and 

ultimately cause cell death in malignant cells75. This phenomenon, identified as radiation-induced 

hormesis, has made LDR a promising option for the treatment of diseases, such as cancer.  

Several studies have investigated antitumor effects of LDR, specifically in delaying or 

eliminating cancerous cells in animals. In a study by Cheda et al. (2004), animals were subjected 

to whole-body irradiation, and it was demonstrated that LDR at a dose of either 0.1 or 0.2 Gy could 

significantly suppress pulmonary tumor metastases in BALB/c mice with syngeneic L1 sarcoma62. 

Moreover, pre-exposure to LDR has been found to reduce the incidence of lymphoma induced by 

high-dose fractionated total-body irradiation in C57BL/6J mice, which was accompanied by 

immunologic stimulation76. The exact mechanisms of these anti-tumour responses have yet to be 

identified but it is postulated that radiation induced immune stimulation plays a central role. 

In its fight against cancer, the immune system utilizes a complex interplay of multiple mechanisms 

and strategies that have yet to be well defined and understood. Consequently, the regulatory effects 

of LDR on innate and adaptive immunity depends on many factors, including the status of immune 
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cells, the microenvironment of the immune system, and the interaction of immune cells35. 

Therefore, since LDR is being revisited as a cancer therapeutic, there has been increasing research 

aimed at comprehensively understanding the effects of LDR on the immune system. As mentioned 

above, LDR has proven to be effective in stimulating the immune response, in particular through 

in-vitro studies31,62,76. However, to date, there has also been increasing pre-clinical in-vivo studies 

to confirm these promising findings. 

Numerous studies have shown that LDR can enhance the immune response through the 

augmentation of NK cells and their cytotoxic properties. In the same study conducted by Cheda et 

al. (2004), it was found that the development of tumor metastases in mice was supressed as a result 

of the stimulation of NK cell cytolytic activity, subsequent to exposure to LDR62. Specifically, a 

single whole-body exposure of 0.1 Gy or 0.2 Gy was delivered to BALB/c mice that were injected 

with L1 sarcoma cells 2 hours post irradiation62. A 51Cr release assay, using YAC-1 tumor cells as 

a NK cell target, was used to measure NK cell cytotoxicity62. Compared to the sham-irradiated 

control mice, the pulmonary tumor colonies were significantly reduced in the animals exposed to 

LDR62. Similar results are also shown in an earlier study by Zhang et al. (1996) looking at NK 

activity in tumor-bearing C57BL/6J mice77. In this study, whole-body irradiations of 0.075 Gy 

were given to mice implanted with Lewis Lung cancer cells, and results showed that LDR caused 

an increase in NK cell numbers which were originally lowered due to the tumor causing immune 

suppression in the mice77. Despite many findings of LDR-induced activation of NK cells, the 

specific mechanisms causing these beneficial outcomes remain obscure and controversial.  

Dendritic cells play an essential role as antigen presenter cells, and the immunological 

activity of these cells strongly depend on their state of differentiation and maturation41. A recent 

study by Shigematsu et al. (2007) reported that exposure of dendritic cells to LDR led to a greater 
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capacity for proliferation of T cells, and an increase in the production of IL-2, IL-12 and IFNγ78. 

Specifically, splenic dendritic cells isolated from C57BL/6 mice were exposed to various low 

doses of radiation from a 137Cs source, and then co-cultured with T cells for 48 hours78. It was 

found that the 0.05 Gy pre-irradiated dendritic cells showed the highest proliferation of T cells78. 

So far, these studies, amongst others, confirm that LDR has the capability to stimulate innate 

immune cells, which in turn can lead to further activation of adaptive immune cells, ultimately 

leading to the enhancement of the immune response.  

T lymphocytes are essential for cell-mediated immunity, and the exposure of these cells to 

low doses of radiation have led to an increase in the subpopulations of CD4+ and CD8+ T cells44. 

For example, a recent study by Zhou et al (2018) indicated that the adaptive immunity is also 

involved in the immune enhancement of mice induced by LDR, mainly through the increased 

proliferation and cytokine production of T cells.34 In that study, C57BL/6 mice inoculated with 

Lewis Lung cancer cells were irradiated with 0.075 Gy of LDR, and 12, 16, 20 and 24 days later, 

the percentages of T cells in mouse spleens were measured using a splenocyte proliferation assay 

and flow cytometry34. The results of this research revealed that the percentage of CD8+ T cells in 

the LDR group was significantly higher than that in the sham group on days 16 and 2034. 

Coincidently, in this same study, it was found that LDR not only upregulated T cells, but also 

increased cytotoxicity of mouse splenocytes, and increased infiltration of T cells in the tumor 

tissues34. 

Lastly, besides stimulating immune cells, there is evidence that LDR can also have 

beneficial effects on cytokines and chemokines, which can further mediate the antitumor immunity 

processes employed by the immune system. Numerous studies have shown that tumor bearing 

mice treated with LDR not only reduced the secretion of immunosuppressive cytokines such as 
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IL-10, but also increased the production of immunostimulatory cytokines such as interferon (IFN)-

γ, IL-2, and TNF-α64,65. 

In summary, in the past few decades, there have been many pre-clinical rodent studies 

suggesting that LDR stimulates the immune system by activating innate and adaptive immune cells 

in addition to increasing cytokine production which synergistically promotes antitumor immunity. 

A more comprehensive list of all the immune cell types/cytokines and their role in an enhanced 

immune response to LDR, can be found in Table 2.1 below.  

Table 2.1. Summary of the effects of LDR on the immune system79.  

 

Overall, although research to date has shown that LDR could offer an effective treatment 

option for cancer through stimulation of various immune cells, a comprehensive study focusing on 

the exact mechanisms involved has yet to be accomplished. Therefore, the objective for this 

chapter of my thesis was to elucidate which cellular and molecular mechanisms are responsible 

for antitumor immunity. It was hypothesized that LDR would promote antitumor immunity by 
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stimulating the immune system while inhibiting immunosuppressive signals. Since previous 

studies have identified anti-cancer effects at doses less than 0.5 Gy, it was also hypothesized that 

LDR would be most effective at the lower doses tested (0.1 and 0.25 Gy), as opposed to the 2 

highest doses that were tested (0.5 and 3 Gy). This was accomplished by exposing C57BL/6 mice 

to these doses of ionizing radiation and performing full immunophenotyping on the spleen, lymph 

nodes and blood post-irradiation. 

2.2. Materials and Methods 

2.2.1. Animal Housing  

Forty wild-type C57BL/6 male adult mice (15-week old) were acquired from Charles River 

Laboratories (Wilmington, MA) and group housed (3 per cage) at the Laurentian University 

Animal Facility in Sudbury. The mice were maintained on a 12:12 h light/dark cycle in a pathogen-

free environment with ad libitum access to food (Purina LabDiet 5001, St Louis, MO) and water. 

The mice were housed at the animal facility for a minimum of 1 week prior to experimental 

treatments to allow animals to acclimate to the facility. Therefore, treatments on the mice began 

at 16 weeks of age. All experimental protocols were approved by the Animal Care Committee at 

Laurentian University and done in accordance with the Canadian Council on Animal Care 

guidelines. 

2.2.2. Irradiations 

Mice were administered whole body x-ray exposures using an X-RAD 320 irradiation cabinet 

(Precision X-ray, Madison, CT) at NOSM University (NOSM U) (Figure 2.1A). Transportation 

and irradiation procedures followed those outlined in the “Transport and Handling of Laboratory 

Animals for Irradiation” Standard Operating Procedure. The mice were transported in their 
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housing cages by vehicle, ensuring that noises and stress to the animals were minimal. Once 

arrived at the facility, mice were individually placed into circular pie cages specifically designed 

for small animal irradiations (Figure 2.1B). Mice were not anesthetized during the transportation 

and irradiation. 

Prior to performing irradiations on the cohorts of experimental mice, dosimetry was 

performed to verify the doses that would be used for irradiation. In order for doses to be measured, 

thermoluminescent dosimeters (TLDs) were inserted at various locations in the bodies of deceased 

mice. The deceased mice were then exposed to different doses of radiation. Post irradiation, TLD’s 

were sent back to the manufacturer (Mirion Technologies Inc., Oak Ridge, TN) for the absorbed 

dose to be calculated. Differences between programmed and actual doses were corrected for based 

on dosimetry readings. Once dosimetric verification took place, animal work was able to proceed. 

Experimental mice were total-body irradiated with different doses of radiation. Specifically, 

radiation effects were evaluated across four different doses delivered as a single acute exposure of 

0.1, 0.25, 0.5 and 3 Gy. The x-ray tube operating voltage was set to 320 kV with a 2 mm aluminum 

filter to obtain higher energy x-rays that provided a more uniform whole-body dose to the animal. 

Mice were placed at a distance of 60 cm from the source. Due to the wide range in total doses, two 

different dose rates were used to minimize the time that animals were in the pie cages. For the two 

lower doses of 0.1 and 0.25 Gy, the tube current was set to 0.5 mA to achieve a dose rate of 0.045 

Gy/min. For the two higher dose rates of 0.5 and 3 Gy, the tube current was set to 12.5 mA to 

achieve a dose rate of 1.5 Gy/min. Sham irradiated control animals were also placed in the pie 

cage inside the irradiator, but the beam was not turned on. Post irradiation, animals were 

transported back to the animal facility and housed in the quarantine room until analysis 2 days 

later.  
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Figure 2.1. Photograph of irradiation setup at NOSM U. A) X-RAD 320 irradiation cabinet B) 

Circular pie cages designed for small animal irradiations. 

 

2.2.3. Tissue Extraction and Processing 

The immune response was measured 2 days post-irradiation. The spleen, lymph nodes and whole 

blood was collected from each mouse. Mice were placed under anesthesia using 2–3% isoflurane, 

(Partenaires Pharmaceutiques du Canada, Richmond Hill, ON, Canada). Once anesthetized, blood 

was quickly collected through cardiac puncture, followed by cervical dislocation to euthanize the 

mice. Dissections were then performed to remove the spleen and lymph nodes (inguinal and 

mediastinal).  

2.2.3.1. Blood Extraction 

Between 0.5 mL and 1 mL of blood was obtained through cardiac puncture using 10% 0.5 M 

EDTA coated syringes. Blood was then mixed with 15 μL of diluted heparin (500 USP units/ml) 

and equal amounts of PBS. Peripheral blood mononuclear cells (PBMCs) were then purified using 

Lymphoprep (STEMCELL Technologies, Vancouver, BC, Canada), where after centrifugation of 

the tube, the PBMC layer at the interphase could be separated from the upper plasma layer and red 
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blood cell (RBC) layer at the bottom of the tube. RBC lysis buffer (BioLegend, San Diego, CA, 

USA) was added to remove the unwanted remaining red blood cells, as per the supplier protocol. 

Lastly, PBMCs were washed with 5 mL of PBS and centrifuged at 400 x g for 10 min at room 

temperature. The total number of viable PBMCs was determined using a hemocytometer with 

trypan blue exclusion of dead cells.  

2.2.3.2. Spleen and Lymph Node Extractions 

Spleen and lymph nodes were collected and then transported to the NOSM U laboratory on ice. 

Samples were gently dissociated by grinding on a 70 μm BD Falcon Cell Strainer and rinsed with 

PBS. Single cell suspensions were then treated with 10 ml of 1X RBC lysis buffer for 10 min to 

remove red blood cells. The total number of viable splenocytes and lymphocytes was determined 

using a hemocytometer with trypan blue exclusion of dead cells.  

2.2.4. Immunophenotyping by Flow Cytometry. 

Single cell suspensions of splenocytes, lymphocytes and PBMCs were prepared for flow cytometry 

analysis at a concentration of 1 x 107 cells/mL. Fc receptors were blocked by 10 μg/mL of anti-

mouse TruStain fcX (Biolegend, San Diego, CA, USA) for 10 minutes at room temperature. 

Immune cell phenotypes were analyzed by simultaneous staining for 1h at 4°C, for one or more of 

the following mouse cell surface antigens listed in Table 2.2 (targeted by the indicated antibody 

fluorescently tagged with either Alexa Fluor 647, FITC, PerCP/Cy5.5, PE, APC, APC/Cy7 or 

PE/Cy7). These antibodies served for the identification of CD3+ T cells, differentiated as CD4+ T 

helper cells or CD8+ T cytotoxic cells, NK1.1+ and CD49b+ NK cells, CD11c+ and HLA-DR+ DCs, 

CD86+ and CD11b+ neutrophils, and CD19+ B cells. Cell viability was assessed using 7-

aminoactinomycin (7-AAD), as per the supplier protocols. The appropriate concentration of each 

antibody was determined through antibody titration using spleen samples from unirradiated mice. 
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After surface marker staining, cell suspensions were analyzed by flow cytometry using a 

FACSCanto II flow cytometer (Becton-Dickinson, San Jose, CA). Ultracomp compensation beads 

(Invitrogen, CA, USA) were used for proper compensation, as per the supplier protocol. A total of 

10,000 events were run on the flow cytometry. All cytometry results were analyzed using the 

Kaluza Software (Beckman Coulter). First, the main cell population was identified through 

forward and side scatter gating (Figure 2.2A). Next, doublets were eliminated through a plot of 

forward scatter height vs area (Figure 2.2B). Finally, the cell population was identified by their 

respective surface markers (Figure 2.2C). Table 2.3 lists gating strategies used in order to identify 

each specific cell type through exclusion of certain negative/positive populations. 

 

 

Figure 2.2. Example of gating strategies utilized to analyze and quantify specific cell populations 

using flow cytometry. A) Forward and Side Scatter gating is used to distinguish between cell 

populations based on differences in size and granularity. B) Forward scatter height vs area in order 

to exclude certain cell populations (e.g. debris, doublets) and C) to positively select specific 

populations representing immune cells of interest. The relative proportion of immune cells can 

then be quantified by placing gates around the distinct populations. 
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Table 2.2. List of antibodies used in flow cytometry analysis. 

Antibody Fluorophore Supplier Catalogue Number 

CD19 PE-CF594 BD Biosciences 562291 

NK1.1 APC BD Biosciences 550627 

CD49b PE-Cy BioLegend 103518 

CD11c PE BD Biosciences 553802 

CD11b PE BD Biosciences 557397 

Ly6G PE-Cy7 BD Biosciences 560601 

CD45 APC-Cy7 BD Biosciences 557659 

CD3 FITC BD Biosciences 553061 

CD8 PerCP-Cy5.5 BD Biosciences 551162 

CD4 APC-Cy7 BD Biosciences 565650 

HLA-DR FITC BD Biosciences 562009 

Ly6G PE-Cy7 BD Biosciences 560601 

Live/Dead FVS700 BD Biosciences 564997 

 

Table 2.3. Gating strategies utilized during analysis to identify specific immune cell populations.  

Organ Cell Type Surface Marker Gating 

Spleen/Lymph B Cell CD19+, CD4- 

 NK Cell CD4-, CD19-, NK1.1+, CD49b+ 

 DC CD19-, HLA-DR+, CD11c+ 

 T Cell CD4+ CD3+, CD4+, CD8- 

 T Cell CD8+ CD3+, CD8+, CD4- 

 Neutrophils CD11b+, Ly6G+ 

PBMCs  B Cell CD45+, CD19+, CD4- 

 T Cell CD4+ CD45+, CD3+, CD4+, CD8- 

 T Cell CD8+ CD45+, CD3+, CD8+, CD4- 

 

2.2.5. Statistical Analysis  

In total, 5 different treatment conditions were assessed (0, 0.1, 0.25, 0.5 and 3 Gy). A sample size 

of 6–8 animals per exposure was used, yielding a total of 40 mice. Each individual cell type was 

analyzed by a one-way ANOVA followed by Tukey’s post hoc test comparing the irradiated 
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groups back to the sham 0 mGy group. All statistical analyses were performed with GraphPad 

Prism 6 software. P-values of less than 0.05 were considered statistically significant. (* = P<0.05, 

** = P<0.01, **** = P <0.001). 

2.3. Results 

2.3.1. Spleen 

The spleen is the largest peripheral immune organ and is also the main site at which lymphocytes 

respond to antigens. The spleen consists of lymphocytes, macrophages, dendritic cells, and plasma 

cells which all work together to destroy pathogens. The total number of splenocytes across each 

radiation dose tested can be found in Table 2.4 and Figure 2.3. Overall, HDR of 3 Gy caused a 

significant decrease in total number of splenocytes in the mice. The two major immune cell types 

found in the spleen were B cells and T cells. Regarding B cells specifically, Figure 2.4 shows that 

in the sham irradiated mice, B cell numbers ranged from 1x107 to 1x108. Figure 2.5 shows that B 

cells represent approximately 40–60% of the cells in the spleen in the 0 Gy sham irradiated mice. 

Regarding T cells, specifically CD8+ cytotoxic T cells, Figure 2.4 shows that the cell counts in the 

0 Gy sham irradiated mice ranged from 1x105 to 1x107, while CD4+ T helper cell numbers were 

approximately 1x107. When looking at cell percentages, CD8+ cells represented 0–10% of 

splenocytes, while CD4+ cells represented 8–18% of splenocytes in sham irradiated mice (Figure 

2.5). The least common immune cell type in the spleen was NK cells. As seen in Figure 2.4, the 

total number of NK cells in sham irradiated mice ranged from 1x106 to 1x107, representing 3–4% 

of splenocytes (Figure 2.5). The remaining cell counts and percentages of splenocytes in the sham 

mice can be found in Figure 2.4 and Figure 2.5, respectively.  
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Table 2.4. Total number of immune cells within each organ across the different radiation doses. 

Dose (Gy) Splenocytes Lymph cells PBMCs 

0 7.4 ± 0.7 x 107 5.2 ± 0.5 x106 3.7 ± 0.8 x107 

0.1 5.9 ± 1.8 x 107 5.9 ± 0.7 x106 4.2 ± 1.8 x107 

0.25 4.1 ± 0.6 x 107 5.7 ± 1.1 x106 3.3 ± 0.5 x107 

0.5 4.5 ± 0.5 x 107 3.6 ± 0.4 x106 2.8 ± 0.6 x107 

3 4.2 ± 1.2 x106 3.3 ± 0.5 x106 9.8 ± 1.9 x106 

 

 

Figure 2.3. Total number of mouse spleen cells following irradiation. Cells were counted using a 

hemocytometer with trypan blue dye exclusion. Horizontal lines represent the average cell count 

for each dose (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s post-

hoc test. * = P<0.05, **** = P <0.001 

 

When the mice were exposed to 3 Gy of radiation, in most immune cell types, this high dose 

exposure caused a significant decrease in cell numbers. The number of B cells in the mice 

irradiated with 3 Gy decreased significantly (p<0.0001) from 1x107 to 1x105(Figure 2.4). For both 

CD8+ and CD4+ T cells, exposure to 3 Gy resulted in a significant decrease (p<0.0001) in average 

spleen T cell counts by approximately 1x107 to 1x105 and 1x107 to 1x106, respectively (Figure 



 33 

2.4). This trend with a decrease in cell numbers after exposure to 3 Gy of radiation is also seen 

with NK and dendritic cells. As seen in Figure 2.4, following the 3 Gy dose of radiation, NK and 

dendritic cells were both significantly decreased (p<0.0029 and p<0.0001) by approximately 1x106 

to 1x105 and 1x106 to 1x104, respectively. The only cell type which did not significantly decreased 

following 3 Gy irradiation was neutrophils (Figure 2.4). When looking at the percentage of cells 

(Figure 2.5), it is evident that HDR had the greatest impact on B cells. The percentage of cells in 

the spleen that were B cells dropped from 40–60% to less than 10%. The relative percentage of 

the other immune cell types remained constant or even slightly increased (Figure 2.5). 

Overall, in all immune cell types examined, LDR did not cause any significant increase in 

cell numbers within the spleen. On a few occasions, LDR did cause a significant decrease in some 

of the immune cell types tested. First, mice exposed to the lowest dose of 0.1 Gy showed a 

significant decrease in CD8+ T cells (p<0.0367) and B cells (p<0.0043) of approximately one order 

of magnitude (Figure 2.4). Similarly, a dose of 0.25 Gy also caused a significant (p<0.0255) 

decrease in CD8+ T cells of approximately one order of magnitude (Figure 2.4). Lastly, a dose of 

0.5 Gy caused a significant decrease (p<0.0358) in DC numbers (Figure 2.4).  
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Figure 2.4. Immunophenotyping of major immune cell populations in the spleen of mice following 

irradiation. Cell types were identified using fluorescent-labeled monoclonal antibodies and flow 

cytometry. Data are presented as a total cell count for each cell type. Horizontal lines represent the 

average cell count (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s 

post-hoc test. * = P<0.05, ** = P<0.01, **** = P <0.001  
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Figure 2.5. Immunophenotyping of major immune cell populations in the spleen following 

irradiation. Cell types were identified using fluorescent-labeled monoclonal antibodies and flow 

cytometry. Data are presented as a percent of the total number of splenocytes. Horizontal lines 

represent the average percent of splenocytes (n = 6–8). Data were compared using a one-way 

ANOVA followed by Tukey’s post-hoc test. * = P<0.05, ** = P<0.01, **** = P <0.001 
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2.3.2 Lymph Nodes 

After a single dose of LDR, there were no significant differences in the lymphocyte numbers in 

each irradiation group ranging from 0.1 Gy to 0.5 Gy compared with those in the control group, 

although the number of murine lymphocytes was significantly decreased in the 3 Gy irradiation 

group (Table 2.4 and Figure 2.6). Similar to the spleen, the two major immune cell types in the 

lymph nodes were B lymphocytes and T lymphocytes. Regarding the former, Figure 2.7 shows 

that in the sham irradiated mice, B cell numbers ranged from 1x105 to 1x107. Figure 2.8 shows 

that B cells represent approximately 10–40% of the cells in the lymph nodes in the 0 Gy sham 

irradiated mice. Regarding T cells, specifically CD8+ cytotoxic T cells, Figure 2.7 shows that the 

cell counts of these cells in 0 Gy sham irradiated mice ranged from 1x104 to 1x106, while T helper 

cell numbers were approximately 1x106. When looking at cell percentages, CD8+ cells represented 

0–20% of lymph node cells, while CD4+ cells represented 10–40% of cells in sham irradiated mice 

(Figure 2.8). The least common immune cell type in the lymph nodes was DC cells and NK cells. 

As seen in Figure 2.7, the total number of both these cells in sham irradiated mice ranged from 

1x104–1x105, representing less than 1% of lymph node cells. The remaining cell counts and 

percentages of cells in the sham mice group for the remaining immune cell types can be found in 

Figure 2.7 and Figure 2.8, respectively.  

When the mice were exposed to 3 Gy of radiation, in most immune cell types, this high 

dose radiation exposure caused a significant decrease in cell numbers. The number of B cells in 

the mice irradiated with 3 Gy decreased significantly (p<0.0001) from approximately 1x106 to 

1x104 cells (Figure 2.7). For both CD8+ and CD4+ T cells, exposure to 3 Gy resulted in a significant 

decrease (p <0.0486 and p<0.0014) in average lymph T cell counts by 1–2 orders of magnitude 

each (Figure 2.7). For the remaining cell types tested, namely NK cells, DC and neutrophils, 3 Gy 
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of radiation did not cause any significant changes in these cells. Overall, when looking at the 

percentages of cells (Figure 2.8), it is evident that HDR had the greatest impact on B cells. The 

percentages of cells in the lymph nodes that were B cells dropped from 10–40% to less than 1–

2%. The relative percentage of the other immune cell types remained constant or even slightly 

increased (Figure 2.8). Overall, in all immune cell types examined, LDR did not cause any 

significant increase in cell numbers within the lymph nodes.  

 

Figure 2.6. Total number of mouse lymph node cells following irradiation. Cells were counted 

using a hemocytometer with trypan blue dye exclusion. Horizontal lines represent the average cell 

count for each dose (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s 

post-hoc test. 
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Figure 2.7. Immunophenotyping of major immune populations in lymph nodes following 

irradiation. Cell types were identified using fluorescent-labeled monoclonal antibodies and flow 

cytometry. Data are presented as a total cell count for each cell type. Horizontal lines represent the 

average cell count (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s 

post-hoc test. * = P<0.05, ** = P<0.01, **** = P <0.001  
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Figure 2.8. Immunophenotyping of major immune populations in lymph nodes following 

irradiation. Cell types were identified using fluorescent-labeled monoclonal antibodies and flow 

cytometry. Data are presented as a percent of the total number of lymph cells. Horizontal lines 

represent the average percent of lymph cells (n = 6–8). Data were compared using a one-way 

ANOVA followed by Tukey’s post-hoc test. * = P<0.05, ** = P<0.01, **** = P <0.001  
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2.3.3 PBMCs  

PBMCs include lymphocytes (T cells, B cells, and NK cells), monocytes, and dendritic cells. 

Although the frequency of these populations vary across individuals, lymphocytes typically 

account for the majority of these cell populations. The total number of lymphocytes across each 

radiation doses tested can be found in Table 2.4 as well as Figure 2.9. Regarding B cells 

specifically, Figure 2.10 shows that in the sham irradiated mice, B cell numbers ranged from 1x107 

to 1x108. Figure 2.11 shows that B cells represent approximately 40–60% of the PBMCs in the 0 

Gy sham irradiated mice. Regarding T cells, specifically CD8+ cytotoxic T cells, Figure 2.10 shows 

that the cell counts in the 0 Gy sham irradiated mice ranged from 1x106 to 1x107, while CD4+ T 

helper cell numbers were approximately in this same range. When looking at cell percentages, 

CD8+ cells represented 5–15% of PBMCs while CD4+ cells represented approximately 20% of 

PBMCs in sham irradiated mice (Figure 2.11).  

When the mice were exposed to 3 Gy of radiation, with most immune cell types in the 

spleen and lymph nodes, this high dose radiation exposure caused a significant decrease in PBMC 

cell numbers. The number of B cells in the mice irradiated with 3 Gy decreased significantly 

(p<0.0271) from approximately 1x107 to 1x106 cells (Figure 2.10). For CD8+ T cells, exposure to 

3 Gy resulted in a significant decrease (p <0.0006) in cell counts by 1–2 orders of magnitude 

(Figure 2.10). When looking at the percentage of cells (Figure 2.11), it is evident that HDR had 

the greatest impact on B cells. The percentage of cells in the spleen that were B cells dropped from 

approximately 60% to less than 10%. Regarding the second highest dose of 0.5 Gy, the relative 

percentage of the CD4+ cells increased significantly by approximately 20% (p<0.0300) (Figure 

2.11).  
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Overall, in both the PBMC B cells and T cells, LDR did not cause any significant increase 

in cell numbers. In terms of relative percentages of these cells, in both B cells and CD8+ T cells, 

LDR did cause a significant decrease after exposure to 0.1 Gy of radiation by approximately 10% 

in B cells and less than 5% in the CD8+ T cells (Figure 2.11). In terms of the second lowest dose 

of 0.25 Gy, this exposure did not cause any significant changes in the numbers of the cells tested.  

 

Figure 2.9. Total number of mouse PBMCs following irradiation. Cells were counted using a 

hemocytometer with trypan blue dye exclusion. Horizontal lines represent the average cell count 

for each dose (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s post-

hoc test. 
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Figure 2.10. Immunophenotyping of major immune populations in PBMCs following irradiation. 

Cell types were identified using fluorescent-labeled monoclonal antibodies and flow cytometry. 

Data are presented as a total cell count for each cell type. Horizontal lines represent the average 

cell count (n = 6–8). Data were compared using a one-way ANOVA followed by Tukey’s post-

hoc test.* = P<0.05, ** = P<0.01, **** = P <0.001 

 

 

Figure 2.11. Immunophenotyping of major immune populations in PBMCs following irradiation. 

Cell types were identified using fluorescent-labeled monoclonal antibodies and flow cytometry. 

Data are presented as a percent of the total number of lymph cells. Horizontal lines represent the 

average percent of lymph cells (n = 6–8). Data were compared using a one-way ANOVA followed 

by Tukey’s post-hoc test.  * = P<0.05, ** = P<0.01, **** = P <0.001  

 

2.4. Discussion 

Since ionizing radiation is known to inhibit the immune system at certain elevated doses, it is 

crucial to identify the appropriate radiation dose regimen for optimal immune enhancement. In 

addition, identifying the underlying cellular and molecular mechanisms of LDR immune 

stimulatory effects and ultimately, cancer killing, is fundamental when revisiting LD-RT as an 

effective cancer therapeutic. Using a rodent model, we investigated the effects of LDR on the 

immune system to elucidate the underlying cellular and molecular mechanisms. Specifically, 

various immune cell types known to be affected/modulated by LDR were comprehensively 

analyzed in irradiated mice. The doses tested were single acute exposures of 0.1, 0.25, 0.5 and 3 
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Gy. It was hypothesized that LDR would promote antitumor immunity by stimulating the immune 

system, while simultaneously inhibiting immunosuppressive signals. Since previous studies have 

identified anti-cancer effects at doses less than 0.5 Gy, it was also hypothesized that 

immunostimulatory effects would be observed at the two lowest doses tested, as opposed to the 

highest dose of 3 Gy where immune suppressive effects would prevail. Immune cell-type 

identification was performed in the spleen, lymph nodes and PBMCs using flow cytometry.  

Looking just at the sham irradiated (control) mice, there were differences in the percentages 

of immune cell types across the three organs. For example, it is known that in mice, B cells are the 

most abundant immune cell type in both the blood and the spleen80. Specifically, the total B cell 

percentage is most abundant in the blood (50–60%), followed by the spleen (52–56%) and then 

the lymph nodes (18–20%)81. These data are in line with our results for B cell percentages in the 

sham irradiated mice, where B cells constituted 57% of blood cells (Figure 2.11), 50% of 

splenocytes (Figure 2.5) and 25% of lymph node cells (Figure 2.8). Similarly, it has been reported 

that NK cells make up 3–4% of total splenocytes and less than 1% in lymph node cells in mice82. 

As seen in Figure 2.5 and 2.8 respectively, NK cells represented 4% of total splenocytes and 1% 

of the total lymphocytes in our study. Overall, the cell numbers obtained in our analysis are in line 

with the typical cell frequencies and percentages of immune cells in mice for the three organs 

tested. This confirms that our population of mice was healthy with a normal immune system prior 

to irradiation. It also confirms that our experimental protocols (i.e. dissection, surface marker 

staining, flow cytometry analysis) were appropriately designed.  

Total cell counts of different immune cells and their relative abundance were analyzed in 

the spleen, lymph nodes and blood of the mice following irradiation. Overall, in most of the 

immune cell types tested, the highest dose of 3 Gy caused a significant decrease in cell numbers. 
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Since high doses of radiation, typically 1 Gy or higher, are known to cause immune suppression, 

these results were expected. The immune-suppressing effect of HDR has clearly been 

demonstrated and confirmed both experimentally and in epidemiological studies83. Regardless of 

the source, exposure to high doses of radiation, especially acute exposures, can be extremely 

harmful, and even fatal in some cases83. This is a problem for conventional radiotherapy, where 

despite significant advances in treatment planning, normal tissue toxicity due to HDR is a limiting 

factor. Immune cells are among the most radiosensitive cell types in body84. In a study by E. 

Bogandi, et al. (2010), looking at the effects of whole-body irradiation on the immune system of 

mice, authors reported similar results with HDR, where a dose of 2 Gy significantly decreased the 

relative numbers of all the cell populations studied85. In this same study, apoptosis of immune cells 

was also evaluated, and it was found that while LDR decreased apoptosis, irradiation with high 

doses (0.5 and 2 Gy) resulted in increased apoptosis in most of the cell populations studied85. In 

fact, after irradiation with 2 Gy, 23% of the total splenocytes were apoptotic, which represented a 

6.6-fold increase in the frequency of apoptosis85. The authors reported these reductions in cell 

number after 1, 3 and 7 days of HDR85. Since our time point of 2 days falls within their first and 

second time points, it is of no surprise that we saw similar results in the decrease in cell numbers. 

Interestingly, the authors showed that B cells were significantly more sensitive to irradiation with 

2 Gy than the other cell types (19.8% survival)85. These results are in line with our findings where 

HDR had the greatest impact on B cells; the percentage of B cells in the spleen dropped from 40–

60% to less than 10% while the relative percentage of the other immune cell types remained fairly 

constant or even increased. Harrington et al. (1996) reported similar enrichment of CD4+ and NK 

cells after HDR, which may reflect the relatively greater radioresistance of these cells, compared 

to B cells86. Lastly, by comparing the percentage of cell populations of each cell type in the spleen 
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after exposure to the highest 3 Gy dose, it is possible to identify which cell type is more resistant 

to these higher doses of radiation. Specifically, the significant increase in the overall percentage 

of neutrophils, NK cells and dendritic cells (Figure 2.5) at the 3 Gy dose suggests that these cells 

are more radioresistant in comparison to the other immune cell types tested. On the other hand, the 

fact that B cells and both the CD8+ and CD4+ T cells showed a decrease or no overall change 

(Figure 2.5) in the percentage of splenocytes after irradiation of 3 Gy suggests that they are a more 

radiosensitive cell type.  

In terms of the effects of LDR on the immune cells tested, our results show that LDR did 

not cause any significant increase in cell numbers within the three organs. Since numerous studies 

have reported that LDR does indeed cause immunostimulatory effects in-vitro and in-vivo, these 

results were unexpected and did not support our hypothesis. When testing LDR effects in immune 

cells at different timepoints, Bogandi., et al. also found that LDR did not cause an increase in cell 

number, and even caused a decrease in some cell types at the 3- and 7-day timepoints85. Although 

they did see an increase in some immune cell types one day after LDR, they reported that this 

could be due to redistribution of various lymphocyte subsets between the different compartments 

of the hematopoietic system due to radiation-induced stress, which occurs quickly after 

irradiation85. A plausible explanation for not seeing any increase in immune cell numbers 

following LDR could be that our timepoint post-irradiation was not long enough. This hypothesis 

is supported by results found in a recent study by X. Lui et al., in 2020 where the long-term effects 

of LDR were analyzed on the immune cells of mice87. Similar to our findings, the number of DC, 

NK, macrophages and T cells decreased compared to sham within 2 days after irradiation87. 

However, dendritic cells actually started increasing after day 7, and the proportion of macrophages 

increased until day 1487. In addition, analysis of the expression of activation markers such as CD25, 
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CD28 (T cells), CD69 (NK cells) and CD80/CD86 (DC) showed an increase only on days 7 and 

1487. Results from another study by Gridley et al. (2009), looking at the low dose radiation effects 

on leukocyte distribution also support that immune effects may be longer term88. Specifically, a 

significant difference in the CD4:CD8 T cell ratio was seen on day 21 where 0.1 Gy caused an 

increase in the T cell ratio, however, this was not seen at the two shorter timepoints of 0 and 4 

days88. Although the exact reason for why a longer timepoint would be needed to see a stimulation 

in immune cells exposed to LDR is unknown, one reason could be due to the slow adaptive immune 

responses. Specifically, the adaptive immunity takes longer to develop on the first exposure to a 

new pathogen, as specific clones of B and T cells have to become activated and expand, therefore 

taking a week or so before the responses are effective43. This same timing could apply to immune 

responses to ionizing radiation.  

Another possible explanation for why LDR exposure did not cause any significant immune 

stimulation in our study could be due to the method of irradiation. In our study, a single acute dose 

of radiation was delivered to the mice. Conversely, there have been many studies exploring the 

effects of LDR that have instead used fractionated exposures, where the total dose of radiation was 

split up into smaller doses in multiple exposures over a given time. This was observed in one such 

study by Song et al. (2015), which focused on analyzing immune cell populations in murine 

splenocytes exposed to LDR89. In that study, female C57BL/6 mice were whole body-irradiated 

with a single dose or three daily fractions up to a total dose of 0.001, 0.01, or 0.1 Gy, and the spleen 

was harvested 2, 7 and 14 days after irradiation89. The authors found that although for some of the 

cells tested, a single acute dose and fractionated did elicit a similar pattern of change in leukocyte 

subpopulations, this was not the case for CD8+ T cells and NK cells89. These two cell types were 

more sensitive to fractionated exposures. The results of this study, amongst others which have 
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confirmed that some immune cells are more sensitive to fractionated exposures, suggests that there 

is likely some differences in how immune cells respond to a repeated exposure as opposed to a 

single acute exposure. Consequently, these previous studies support the narrative that immune 

cells might require a recovery period in order for immune stimulation to occur. In addition, Song 

et al. found that a single acute dose resulted in a Th1 cytokine expression profile, whereas 

fractionated irradiation drove a Th2 shift89. Since these 2 phenotypes differ in their main role and 

mechanisms in the immune system, this finding also suggests that the delivery method of the 

radiation could be responsible for the discrepancies between our results and the published 

literature. Lastly, Song et al. used very low doses of radiation, so potentially the doses used in our 

study might have been too high to see the immune stimulatory effects of LDR. For example, the 

highest dose of radiation used in their study was actually the lowest dose tested in our study. Since 

LDR is only recently being revisited as a new therapeutic, the exact dose for immune stimulation 

and cancer killing has not yet been identified. Therefore, further studies should focus on including 

more doses of LDR in order to better understand the LD-RT therapeutic window whereby the 

optimal immunostimulatory phenotype is achieved without induction of immunosuppressive 

effects.  

A final possible explanation for why LDR exposure did not cause any significant immune 

stimulation in our study could be the strain or gender of mice. Specifically, the C57BL/6 strain of 

mice was selected because it is known to have a robust immunological response, particularly 

related to anticancer immunity, compared to other strains. It has also been shown to elicit an 

immune response following LDR exposure, and others in our lab have previously worked with 

C57BL/6 mice in radiobiology studies, immunology experiments and tumour implant studies. 

Despite this, all of the mice used were males. Although this variable is less likely than the others 
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mentioned above, differences in immune responses have been reported in mice based on sex. For 

example, it was found that adult female mice produce higher levels of T helper 1 (Th1)-type 

cytokines (for example, IFN-γ) than males and that regardless of age, females tend to show greater 

antibody responses, higher basal immunoglobulin levels and higher B cell numbers than males90. 

This stronger response in females could be due to different biologic factors such as genetic and 

epigenetic factors, sex hormones, and psychosocial factors90. Interestingly, in the same study 

conducted by Song et al., where it was shown that the sensitivity of the induced response varies 

according to the dosing method, only female C57BL/6 mice were used89.  

Most of the previous literature focused on the immune response in the spleen of irradiated 

mice. In our study, we provided a more comprehensive analysis as we also included 

immunophenotyping in the lymph nodes and circulating blood. However, we identified a very 

similar trend in results across all three organs. Since LDR is delivered over the entire body and 

previous studies have shown that LDR treatment enhances systemic antitumor immune responses, 

the recuring outcomes was as expected.  

In conclusion, we identified an immune suppressive effect following HDR but no 

significant effect of LDR. As outlined above, there are multiple plausible explanations as to why 

a stimulation in the number of immune cells was not seen following LDR in our study. Future 

studies could focus on incorporating certain factors such as longer timepoints post-irradiation, 

fractionated exposures as well as single acute doses, and female and male mice to eliminate any 

sex differences that could exist. In addition, a wider range of doses could be included in order to 

have a better understanding of where the switch between immune stimulation and immune 

suppression is occurring. 
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3. In-vitro Effects of LDR in NK Cells 
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3.1. Introduction 

Natural killer (NK) cells, along with B cells and T cells, are a type of lymphocyte that play an 

important role in the immune system. However, unlike B cells and T cells, NK cells are considered 

part of the innate immune system as they respond immediately to pathological invaders that the 

immune system encounters37. NK cells are large granular lymphocytes known for their cytotoxic 

properties91. In fact, NK cells are widely known for killing virally infected cells and being able to 

quickly detect and control cancer cells91. These cells represent 5–20% of all circulating 

lymphocytes in humans92. NK cells obtained their name for their ability to kill naturally. In other 

words, NK cells can kill tumor cells without any priming or activation unlike other immune cells 

such as T cells, which need activation from antigen presenting cells92. In general, various immune 

cells can identify virally infected cells in the body by detecting the major histocompatibility 

complex (MHC) presented on their cell surface93. One of the main reasons NK cells differ from 

other immune cells is due to their ability to recognize infected cells without the use of MHCs, 

leading to a very rapid immune reaction93. Specifically, since some cancerous cells are missing 

“self” markers of MHC on their surface, NK cells are the only immune cell type able to detect and 

destroy them93. To this end, NK cells can trigger target cell death by releasing cytotoxic granules 

containing granzymes and perforin and through death receptor-mediated pathways (e.g. 

FasL/Fas)94. In addition, NK cells are also known for their cytokine producing functions which act 

on other immune cells in order to obtain a stronger immune response94.  

In humans, NK cells are phenotypically identified by the expression of CD56 and the 

absence of CD3 and can be classically divided into two populations: CD56brightCD16dim and 

CD56dim CD16bright, with the former believed to be the population responsible for producing potent 

cytokines, and the latter responsible for the cytotoxic properties95. In mice, NK cells are typically 
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identified by lack of CD3 and the presence of NK1.1 or CD49b surface molecules95. Although 

bone marrow is the primary site of NK development, they are also found in both primary and secondary 

immune compartments, such as the spleen, lymph nodes, and peripheral blood95. NK cells are also found in 

mucosal tissues, including the lungs, small and large intestines, and colon96.  

Simply put, NK cells contain a repertoire of both activating and inhibiting surface receptors 

and the balance of these ligand/receptor interactions dictates the status of NK cell activation97. For 

instance, healthy normal cells express no or minimal levels of activating ligands, but express high 

levels of the MHCs that ligates to the inhibitory receptors on NK cells97. Therefore, the inhibitory 

receptors utilize the MHC molecule of healthy cells and act as a check on NK cell killing, switching 

‘off’ the NK cell and preventing it from killing the body’s own healthy cells97. Conversely, tumor 

cells have downregulated MHC expression but upregulated levels of activating ligands and thus 

trigger NK cell activation due to the lack of inhibitory signals and/or the presence of activating 

signals98. Consequently, activating receptors recognise the molecules expressed on the surface of 

cancer cells and infected cells, and ‘switch on’ the NK cell to initiate cytotoxic mechanisms (Figure 

3.1)98. The main goal of the activating and inhibitory receptors is therefore to maintain a precise 

balance between activating costimulatory and inhibitory signals, and these interacting signals 

finally decide the activation and functional status of NK cells. 
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Figure 3.1. Diagram of NK cell activation. Left: NK cell activity is inhibited once in contact with 

a healthy cell due to MHC molecules on their cell surface and the absence of activating ligands. 

Right: NK cell activity is activated once in contact with a tumor cell due to the lack of MHC 

molecules on their cell surface and the presence of activating ligands98.  

 

Since there are many receptors expressed on NK cells that mediate the delivery of 

activating and inhibitory signals, they can be further classified by their structure, either as 

activating or inhibiting killer cell immunoglobulin-like receptors (KIRs) or killer cell lectin-like 

receptors (KLRs)98. Some of the most common activating receptors found on NK cells are Ly49, 

NCR (Natural cytotoxicity receptors) and CD16, and some common inhibiting receptors are 

CD94/NKG2 and ILT (immunoglobulin like receptor)98,99. A more comprehensive list of various 

activating/inhibiting receptors of NK cells is detailed in Figure 3.2. 



 53 

 

Figure 3.2. Activating and inhibitory receptors found on the cell surface of NK cells99.  

 

 NK cells have been shown to be one of the most powerful immune effectors in tumor 

surveillance and control. This can be achieved by different killing strategies that the cell will 

choose to use. For example, NK cells can kill tumor cells indirectly by promoting dendritic and T 

cell interactions98. Although NK cells contain a wide variety of cytotoxic killing mechanisms, they 

typically kill target cells via 3 main pathways. These are: a) direct lysis by perforin and granzyme, 

b) induction of apoptosis by FasL/Fas or tumor necrosis factor (TNF)- related apoptosis-inducing 

ligand (TRAIL)/TRAIL receptors, and c) the release of cytokines such as interferon gamma (IFN-

γ) and tumor necrosis factor alpha (TNF-α) to activate systemic antitumor immunity42,50.  

 In the first pathway, granule-mediated cytotoxicity is initiated by the release of lytic 

granules, known as perforins (pore forming proteins), directly toward a locally attached target 

cell100,101. Granzymes (cytotoxic proteins) can then enter the target cell by perforin-pores in the 
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plasma membrane. Once inside the cell, granzymes can then induce caspase activation, 

mitochondrial dysfunction, or caspase-independent apoptosis100. Granzymes are a family of 

closely related serine proteases that are expressed in cytotoxic T cells and NK cells. In humans, 

granzymes consists of 5 members: granzyme A, granzyme B, granzyme H, granzyme K, and 

granzyme M, of which granzyme B is the most characterized101. Together with perforin, they 

represent the major cytotoxic components of secretory granules of NK cells and cytotoxic T cells. 

Besides the release of perforins and granzymes, NK cells can also present specific ligands on their 

surface which will activate their respective death receptors on the surface of the target cell. There 

are 2 main receptor/ligand systems that can mediate apoptosis upon activation: FASL binding to 

FAS receptor and TRAIL binding to TRAIL-R1 and TRAIL-R2 receptors on the surface of tumor 

cells98. When the FAS and TRAIL ligands bind to their respective death receptors, activation will 

then induce target cell death by delivering a “death signal” to the cell98. This will begin with 

formation of a death-inducing signaling complex composed of activated death receptors, recruited 

FADD adaptor proteins and initiator procaspases102. Finally, the activation of caspase-8 and 

caspase-10 at the death-inducing signaling complex initiates a caspase cascade, ultimately leading 

to apoptosis102.  

 Besides the cytotoxic action, NK cells, when activated, are capable of secreting a variety 

of cytokines such as TNF- α, IFN- γ, or factor granulocyte and monocyte colony stimulant (GM-

CSF) which play a very important role in the proliferation, differentiation and activation of other 

cells and also in the regulation of the immune response98. These three main pathways are shown 

in further detail in Figure 3.3. Thus, in summary, it can be said that NK cells play a crucial role in 

the innate defense against viruses and tumors or in the regulation of the immune response.  
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Figure 3.3. The three major cytotoxic pathways utilized by NK cells to kill a tumor. 1) The 

perforin/granzyme pathway 2) The Fas/TRAIL death receptor pathway 3) The 

cytokine/chemokine release pathway98,102.  

 

NK cells play a crucial role in antitumor immunity, specifically through cancer 

immunosurveillance and by interacting with other adoptive immune cells for an enhanced immune 

response53. In fact, numerous studies have shown that removal of NK cells can increase the 

incidence of cancer, suggesting that NK cells are highly involved in tumor cell elimination. 

Therefore, in the last decade, using NK cells for therapeutic purpose and designing NK-cell based 

immunotherapies has been of interest to many. To date, there are several NK cell immunotherapies 

that have shown promising results in reducing cancer incidence and metastasis in patients103. Some 

examples of these include adoptive cellular therapy, chimeric antigen receptor (CAR) NK cell 

therapy, cytokine therapy and monoclonal antibody (mAb)-based treatment103. In addition, with 
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significant advancements in cell biology technologies, many NK cell lines that can survive 

permanently in-vitro have been established.  

Since immortal cell lines offer numerous advantages (i.e. less costly, ease of use, provide 

higher cell numbers, etc.) they are often used in research in place of primary cells. The NK-92 cell 

line has been one of the most consistent NK cell lines to show high antitumor immunity, and given 

their strong resemblance to NK cells, are a perfect model to study NK cells in-vitro103,104. This cell 

line was isolated from a 50-year-old male patient with rapidly progressing non-Hodgkin’s 

lymphoma104. The cells require the presence of recombinant IL-2 for growth and proliferation. 

Furthermore, this cell line displays many characteristics of activated primary NK cells, such as the 

expression and activating cell surface molecules. To date, the NK-92 cell line is a critical NK cell 

line that has completed many preclinical and phase I and II clinical trials104. Although these cells 

are of malignant origin, many studies have shown that NK-92 cells are safe to infuse into patients 

if they are irradiated beforehand, which ultimately prevents in-vivo proliferation while maintaining 

the cell’s ability to kill target cells105. For NK-92 cells specifically, a large body of evidence has 

shown that pre-irradiation with 10 Gy of radiation stops the cells from proliferating uncontrollably, 

however functional cytotoxicity of these cells are still maintained105. In this chapter of my thesis, 

the NK-92 cell line was used to study the effects of LDR on NK cell cytotoxicity.  

As mentioned previously, in the last few decades, LD-RT has been revisited and has been 

found to be a promising cancer therapeutic through its ability to stimulate and enhance the immune 

response. Since NK cells are one of the main cell types involved in the immune system’s defence 

against cancer, it is of no surprise that NK cells are one of the cell types that have been implicated 

in LDR induced anticancer effects. In fact, numerous studies have shown that LDR could increase 

the cytotoxicity of NK cells. For example, in mice exposed to a single acute whole-body dose of 
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100–500 mGy, spleen isolated NK cells showed increased cytotoxicity in-culture compared to 

sham irradiated controls when measured using the 51Cr release assay106. In addition, Shin et al. 

showed that irradiation of mice with low dose x-rays (0.1 Gy) significantly stimulated NK cell-

mediated tumor cell lysis107. Despite these promising findings, the exact mechanism by which 

LDR can stimulate NK cytotoxicity has not been identified.  

Overall, since the NK-92 cell line mirrors most of the characteristics of human primary NK 

cells, it is receiving much attention in immunotherapies to treat a range of malignancies. It would 

then be of great interest to test the effects of LDR on the NK-92 cell line. Therefore, the objective 

of this chapter of my thesis was to elucidate potential mechanisms of LDR induced cytotoxicity in 

NK-92 cells. It was hypothesized that radiation exposure below 0.5 Gy would increase the 

cytotoxicity in NK cells, mainly through the enhancement of both the ligand mediated and 

perforin/granzyme mediated apoptotic signals and through the release of cytotoxic cytokines. This 

was tested through in-vitro irradiation of NK-92 cells, following which cell growth, cell 

cytotoxicity and gene expression was measured. 

3.2. Material and Methods 

3.2.1. Cell Lines and Culture  

Experiments were conducted using two different cell lines; NK-92 (CRL-2407) and K562 (CCL-

243). The NK-92 cell line is a human cytotoxic cell line composed of allogeneic, activated, 

interleukin-2 (IL-2) dependent-natural killer cells derived from a 50-year-old male patient with 

rapidly progressive non-Hodgkin's lymphoma. The K562 cell line is a tumorigenic cell line that 

are lymphoblast cells isolated from the bone marrow of a 53-year-old chronic myelogenous 

leukemia patient. Both cell lines were purchased from American Type Culture Collection (ATCC). 

NK-92 cells were cultured in alpha Minimum Essential Media with L-glutamine and sodium 
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pyruvate, no ribonucleosides or deoxyribonucleosides (Gibco, Waltham MA), with 0.2 mM 

inositol (Thermo Fisher Scientific, Waltham MA), 0.2 mM 2-mercaptoethanol (Thermo Fisher 

Scientific, Waltham MA), 0.02 mM folic acid (Thermo Fisher Scientific, Waltham MA), 12.5% 

horse serum (Gibco, Waltham MA), 12.5% fetal bovine serum (FBS) (Atlanta Biologicals, 

Flowery Branch,GA), and 1000 U/ml recombinant interleukin 2 (IL-2) (Miltenyi Biotech, CA) at 

5% CO2 and 37°C. K562 cells (ATCC CCL-243) were cultured in Dulbecco’s modified Eagle 

Medium (DMEM) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corning Life 

Sciences) and with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (pen-strep) 

solution (MilliporeSigma, Burlington MA) at 5% CO2 and 37°C. 

3.2.2. Irradiations 

Irradiations were performed on an X-RAD 320 irradiation cabinet (Precision X-ray, Madison, CT) 

at NOSM University operated at 320 kV and 12.5 mAs with a 2 mm Al filter. Doses for all 

experiments were delivered as single acute exposures. A range of doses were used depending on 

the endpoint. For growth analysis, cells were exposed to doses of 0.01, 0.05, 0.1, 0.5, 1, 5 and 10 

Gy. For the cytotoxicity assay, cells were exposed to doses of 0.1 and 0.25 Gy. For RT-qPCR, 

cells were exposed to doses of 0.1, 0.25, 0.5 and 1 Gy. 

3.2.3. Cell Growth Curve  

A growth curve was carried out for the NK-92 cell line in order to evaluate the growth 

characteristics and population doubling time of this cell line post radiation exposure. On day 0, 

cells were seeded into separate flasks before immediately being irradiated at the doses mentioned 

above. Specifically, NK-92 cells were seeded at a density of 300,000 cells/ml on Day 0 in T25 

flasks. Total viable cells were counted using a hemocytometer with trypan blue dye exclusion 

(SIGMA-Aldrich) at the same time each day for 7 days. To calculate a cell doubling time, an 
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exponential curve was fit to the log phase of the growth curve (days 1-4) using GraphPad Prism 

Software. Growth curves were performed in triplicate. 

3.2.4. Cytotoxicity Assay  

A cytotoxicity assay was performed to quantify the ability of NK-92 cells (effector cell) to 

recognize and kill the tumorigenic K562 cells (target cell). First, K562 cells were labeled with 

2 μM carboxyfluorescein succinimidyl ester (CFSE) for 20 minutes to enable the discrimination 

of K562 cells from NK-92 cells during flow cytometry analysis. Then, NK-92 cells were co-

cultured with CFSE labeled K562 target cells in a 96 well plate. Each well contained a volume of 

200 μL. A total of 40,000 K562 target cells were added to each well. The number of NK-92 cells 

added to each well depending on the effector to target (E:T) ratio. A negative control well with 

K562 cells alone was also used. After co-culture for 4 hours at 37°C and 5% CO2, the cell mixture 

was stained with propidium iodide (PI) (Beckman Coulter, Milan, Italy) at a concentration of 50 

ug/ml for 20 min in the dark in order to differentiate live vs dead cells. After staining, cells were 

analyzed on a SONY Flow Cytometer (SA3800 Software). The fluorescence intensity was 

measured for both CFSE and PI. Data were analyzed using a dotplot of CFSE vs PI to which 

quadrants were applied. NK cytotoxicity (%) was calculated based on the ratio of dead K562 cells 

(positive for both CFSE and PI) to total K562 cells (all CFSE positive cells).  

Prior to irradiations, different E:T ratios were tested in the optimization process in order to 

find the most optimal ratio for the experiment. This would be determined by the ratio which would 

yield 40–60% K562 cell killing. The ratios tested were 25:1, 12:1, 6:1, 3:1 and 1:1 NK-92:K562 

cells. As seen in Figure 3.4, the 6:1 and 3:1 ratios were the most optimal ratios to observe NK-92 

cytotoxicity since they resulted in 40–60% K562 cell killing. Therefore, these ratio were used for  

radiation experiments.  
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Figure 3.4. Effector to target (E:T) cell ratio optimization for cytotoxicity assay. Ratios tested 

ranged from 1:1 to 25:1 NK-92:K562 cells. Data represent the average of 3 independent replicates 

± SEM. The 3:1 and 6:1 ratios were chosen as the most optimal since they resulted in a 40–60% 

K562 cell killing.  

 

3.2.5. RT-qPCR  

The mRNA levels in irradiated NK-92 cells were quantified for nineteen genes involved in NK 

cytotoxicity. Cells were seeded on Day 0 at a density of 200,000 cells/ml and immediately 

irradiated with their respective doses. After radiation exposure, either 24 or 48 hours later, total 

RNA was isolated from NK-92 cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s protocols. The concentration of total RNA was then determined 

with the qPCR Thermo Cycler NanoQuant instrument (MJ Mini 48-Well Personal Thermal Cycler, 

BioRad). Next, 2 μg of RNA was reversely transcribed into cDNAs following the Super Script III 

First-Strand kit’s protocols (Invitrogen, Carlsbad, CA, USA). The reverse transcription condition 

was 65ºC for 5 min, 50ºC for 50 min, 85ºC for 5 min. qPCR was performed with SYBR green 

premix (Takara Biomedical Technology, Beijing). The qPCR program was 95ºC for 10 min, 

followed by 40 cycles of 95ºC for 15 s, 60ºC for 1 min. qPCR was performed on a QuantStudio 5 

Dx Real-Time PCR machine (Thermo Scientific, Massachusetts) with gene specific primers (Table 
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3.1). The comparative threshold cycle (CT) method was used with β-actin as an internal control. 

Lastly, the mRNA expression levels of target genes were calculated by 2△△Ct method and 

normalized to a non-irradiated NK-92 group. Primers were designed based on previously published 

sequences for these target genes in NK-92 cells.  

Table 3.1. qPCR primers used to evaluate the genes involved in NK-92 cytotoxicity post radiation 

exposure.  

Gene Forward Primer Reverse Primer 

Perforin/Granzyme Pathway 

PRF1 GAGCCTCGGTGAAGAGAGGA GGCACTTGGGCTCTGGAAT 

GZMA AGAGACTCGTGCAATGGAGAT CCAAAGGAAGTGACCCCTCG 

GZMB CCAGGGCAGATGCAGACTTTTC GTCGTCTCGTATCAGGAAGCC 

FAS/TRAIL Ligand Mediated Pathway 

FASLG CTTGGTAGGATTGGGCCTGG CTGGCTGGTAGACTCTCGGA 

TNFSF12 TGGGAGGAAGCCAGAATCAAC CTCATCAAAGTGCACCTGACAGT 

Cytokine/Chemokine Pathway 

IFNG GAGTGTGGAGACCATCAAGGA TGGACATTCAAGTCAGTTACCGAA 

TNF TGCACTTTGGAGTGATCGGC GCTTGAGGGTTTGCTACAACA 

Activating/Inhibiting Receptors 

NRC3 CTTCGCCAACTGGGACATCT GTACGAATCTCAGGGGGCTG 

CD69 ACGCAGGTAGAGAGGAACAC ACCCTGTAACGTTGAACCAGT 

KLRC1 ACTAACCTGGCCTCTCCACT TTTGGGTTTGGGGGCAGATT 

KLRD1 AGCCAGCATTTACTCCAGGAC TGCCGACTTTCGTTCCAAGT 

KLRK1 TCCCTCTCTGAGCAGGAATC CCACGAATCCACCCCATCAA 

KIR3DL1 ACCATGTTGCTCATGGTCGT CTTGTCCTGACCACCCACG 

LILBR1 CTCCACATCTGCAGGCCC CCACCAAGATGCCGATCACA 

FCGR3A CTGGCATGCGGACTGAAGAT TCCTTCTCGAGCACCCTGTA 

TNFSF9 TTCCTCACGCTCCGTTTCTC TGTACTGGTCTCATAAATGGTTGT 

TNFSF10 GTCAGCTCGTTAGAAAGACTCCA TGCTCAGGAATGAATGCCCA 

NRC1 CCAGTGAAGCTCCTGGTCAC CCCAGAGGGCATGGTCTTTC 
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3.2.6. Statistical Analysis  

Statistical analysis was completed using GraphPad PRISM 6 software. Cell doubling times were 

compared using a one-way ANOVA with radiation dose as the independent variable. Cytotoxicity 

data and gene expression data were also compared using a one-way ANOVA comparing each dose 

back to the control group of 0 Gy. P values less than 0.05 were considered statistically significant. 

3.3. Results 

3.3.1. Cell Growth 

NK-92 cell growth and doubling times were quantified post irradiation. Cell counts were 

performed up until day 7. However, data is only shown up to day 4 as this was where growth 

plateaued, and cell death began to occur. Specifically, for the lower doses ranging from 0.01 to 1 

Gy, cells showed exponential growth up until day 4 (Figure 3.5A). On the other hand, in the higher 

doses of 5 and 10 Gy, no cell growth was observed, and cells had reached 100% mortality by the 

4th day post-irradiation. Based off the exponential fit of the growth curve, the doubling time of the 

cells was calculated for doses up to 1 Gy (Figure 3.5B). The doubling times ranged from 1.3 to 1.6 

days, but overall there was no significant changes in the irradiated cells compared to the sham 

control group of 0 Gy.  
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Figure 3.5. Growth curve (A) and doubling time (B) analysis for irradiated NK-92 cells. Data 

represent the average of three independent replicates ± SEM. Doubling times were compared using 

a one-way ANOVA. 

 

3.3.2. Cytotoxicity  

The cytolytic capacity of the irradiated NK-92 cells was analyzed in a killing assay using K562 

cells as target cells. At 24 hours post irradiation, LDR at a ratio of 3:1 and 6:1 did not cause any 

significant effects on NK-92 cell cytotoxicity, as seen in Figure 3.6A (p = 0.1014, p = 0.5711). 

Figure 3.6B shows these same non-significant results at a timepoint of 48 hours post irradiation (p 

= 0.9268, p = 0.7303). In Figure 3.6A, compared to the control NK-92 cells, LDR exposure of 0.1 

and 0.25 Gy did cause a slight increase in cell cytotoxicity at both ratios, however, this was not 

significant.  

A B 
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Figure 3.6. Cytotoxicity of NK-92 cells at (A) 24- and (B) 48-hours post irradiation. Cytotoxicity 

was measured using a 3:1 and 6:1 ratio of NK-92:K562. Data are presented relative to control 

cytotoxicity and represent the average of three independent replicates ± SEM. Data were compared 

using a one-way ANOVA. 

 

3.3.3. RT-qPCR  

Gene expression levels were quantified post irradiation in NK-92 cells using RT-qPCR. Overall, 

LDR exposure did not cause any significant changes in the main genes related to NK-92 

cytotoxicity (Figure 3.7, Table 3.2). Regarding the Granzyme B gene which is involved the NK 

cell perforin/granzyme pathway, at 48 hours post irradiation the 0.1 Gy exposure was trending 

towards an increase in expression, although results were non-significant (Figure 3.7B). For the 

FASL/TRAIL pathway, it did appear that both the FAS and TRAIL genes followed a similar trend 

to that of Granzyme B. Specifically, although non-significant, mRNA levels of FAS were slightly 

increased with 0.1 Gy of radiation at the 48-hour timepoint. For TRAIL, mRNA levels were slightly 

increased in response to 0.25 Gy of radiation at the 48h timepoint and at the 0.1 Gy dose, for both 

the 24h and 48h timepoints (Figure 3.7C,D). Lastly, when looking at the third pathway of NK cell 

A B 
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cytotoxicity, the cytokine/chemokine pathway, the TNF and IFNG genes also show a similar trend. 

For example, for both TNF and IFNG, at 48 hours post irradiation with 0.1 Gy, gene expression 

levels were slightly increased compared to the sham group. In addition, for the IFNG, 0.25 Gy at 

the 24-hour timepoint also caused an increase in mRNA levels, although nonsignificant. All other 

genes related to NK-92 activating and inhibiting receptors show a similar trend (Table 3.2). 

Despite these slight increases, in all 19 genes tested, LDR did not have a significant effect on the 

transcriptional levels of the main genes regulating cytotoxicity of NK-92 cells.  
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Figure 3.7. Transcriptional levels of six main genes involved in NK cell cytotoxicity. Relative 

mRNA expression was quantified using RT-qPCR 24- and 48-hours post irradiation. Data are 

presented relative to sham irradiated (control) mRNA expression at that respective timepoint and 

represent the average of three independent replicates ± SEM. Data were compared using a one-

way ANOVA. PRF1 = Perforin, GZMB = Granzyme B, FasL = Fas Ligand, TNF = Tumor 

Necrosis Factor, TRAIL = TNF-Related Apoptosis-Inducing Ligand, IFNG = Interferon Gamma. 
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Table 3.2. Transcriptional levels of genes involved in NK cell cytotoxicity. Relative mRNA 

expression was quantified using RT-qPCR 24- and 48-hours post irradiation. Data are presented 

relative to sham irradiated (control) mRNA expression and represent the average of three 

independent replicates ± SEM. Data were compared using a one-way ANOVA. 

 Relative Gene Expression (mean + SEM) 

 24 Hours 48 Hours 

Gene 0.1 Gy 0.25 Gy 0.5 Gy 1 Gy 0.1 Gy 0.25 Gy 0.5 Gy 1 Gy 

BIRC3 1.08+0.13 1.02+0.23 1.04+0.12 0.83+0.07 1.39+0.28 1.15+0.28 1.61+0.33 1.48+0.23 

NRC3 1.00+0.09 1.00+0.14 1.09+0.20 1.12+0.07 1.08+0.24 1.08+0.24 1.06+0.18 0.90+0.24 

CD69 0.66+0.06 0.77+0.13 0.86+0.16 0.97+0.13 1.05+0.14 0.94+0.13 0.89+0.19 1.33+0.24 

KLRC1 0.91+0.06 1.04+0.10 0.97+0.12 1.07+0.06 1.06+0.21 0.86+0.23 0.90+0.19 0.89+0.23 

KLRD1 0.89+0.13 1.10+0.13 0.94+0.07 0.91+0.05 0.91+0.05 1.04+0.06 1.15+0.09 1.18+0.11 

KLRK1 1.02+0.12 1.02+0.16 1.02+0.15 0.84+0.08 1.10+0.27 0.96+0.16 1.20+0.21 1.06+0.21 

KIR3DL1 1.10+0.19 0.90+0.18 1.02+0.20 0.87+0.08 1.03+0.05 1.04+0.11 1.84+0.57 1.48+0.31 

LILBR1 1.12+0.34 1.12+0.29 1.14+0.06 0.98+0.16 1.04+0.36 1.07+0.13 0.84+0.05 1.15+0.30 

FCGR3A 1.25+0.10 1.00+0.07 1.09+0.09 0.88+0.06 0.84+0.12 1.23+0.11 1.42+0.08 1.61+0.04 

TNFSF9 0.70+0.19 0.87+0.21 0.77+0.10 0.90+0.16 0.71+0.16 0.95+0.28 1.12+0.28 1.70+0.44 

TNFSF12 0.97+0.07 1.05+0.14 1.03+0.07 0.86+0.07 0.75+0.10 0.76+0.11 0.88+0.12 0.93+0.25 

NRC1 0.93+0.09 0.92+0.15 0.94+0.07 0.75+0.09 1.05+0.23 0.79+0.07 0.75+0.11 0.79+0.13 

GZMA 1.06+0.19 1.20+0.22 1.36+0.27 1.21+0.18 0.90+0.24 0.83+0.08 0.83+0.12 1.13+0.25 

 

3.4. Discussion 

NK cells are one of the main cell types involved in the immune system’s defense against cancer. 

They are highly cytotoxic anti-tumor and anti-infection immune effectors, and therefore are 

promising candidates for cancer immunotherapy104. However, since there exist significant 

challenges with the use of blood-derived NK cells for therapeutic purposes, investigators have 

been trying to generate stable NK cell lines. To date, the NK-92 cell line is the only FDA-approved 

cell line to be used in clinical trials and many immunotherapies have in fact already been conducted 

with these cells, and overall demonstrated the lack of infusion-associated toxicities in cancer 

patients99. Therefore, NK-92 cells are an extremely attractive candidate for cancer therapies.  
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As mentioned above, studies have suggested that LDR could increase the cytotoxicity of NK cells. 

Since clinical studies have established the safety of administering NK-92 cells as allogeneic cell 

therapy in hematologic and solid cancers, merging LDR with NK-92 cells would be of benefit. 

Using the NK-92 cell line, we hypothesized that LDR would lead to effective expansion and a 

greater activity enhancement of NK cells and their cytotoxic properties. However, our results 

showed that LDR did not significantly impact NK-92 cell growth, cytotoxicity or the 

transcriptional levels of the cell’s main genes regulating cytotoxicity. Since previous studies have 

shown that LDR can stimulate NK cell cytotoxicity, these results were unexpected. For example, 

a recent study by Yang et al. looked at the effects of LDR on the cytotoxic properties of primary 

NK cells isolated from mice108. NK cells were irradiated in-vitro and the K562 tumorigenic cell 

line was used as a target, similar to our experiments108. They found that 0.75 Gy of radiation 

significantly increased the cytotoxicity of NK cells 24 hours post exposure108.  

It is possible that the NK-92 cell line is not a good model to observe the stimulatory effects 

of LDR. The NK-92 cell line is a human immortalized cell line, and thus may not adequately 

represent in-vivo primary cells. The NK-92 cell line was chosen since in-vitro models are an easy 

and cost-effective method that is useful to examine specific signaling pathways and regulatory 

mechanisms within the cell. Evidence has shown that the NK-92 cells have much broader and 

greater cytotoxicity than primary NK cells104. Since the exact mechanisms of primary NK cell 

cytotoxicity are unknown, it is possible that there are slight differences between the killing 

strategies used by primary NK cells and NK-92 cells. For example, although the two cell types 

share many of the same cell surface receptors, there are a few differences between their activating 

and inhibitory receptors. In addition, in the presence of a tumor, it could be that these two cell 

types release different cytokines and chemokines, or a different quantity of perforin and granzymes 
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proteins, and collectively, these minor differences may have been sufficient to not see any effects 

from LDR.   

Another reason for the lack of a response to LDR in NK-92 cells could be the environment 

in which they were irradiated. In a study by Cheda et al., where immunological changes in response 

to LDR were analyzed in mice, it was found that 0.1 Gy of X-irradiation significantly stimulated 

NK cell-mediated tumor cell lysis62. However, it is important to note that these NK cells were 

irradiated in-vivo in mice before being isolated and purified for analysis. On the contrary, in our 

study, NK-92 cells were irradiated in-vitro where they were isolated from the rest of the immune 

system. Since the immune system utilizes a complex interplay of multiple mechanisms in the face 

of a pathogen or cancer, it is highly likely that NK cells utilize other cells and mediators in order 

to be activated and to initiate cytotoxic responses against tumor cells. For example, it is well known 

that NK cells can kill tumor cells indirectly by promoting dendritic and T cell interactions42. In 

addition, NK cell function is regulated by a variety of cytokines and in turn, act synergistically 

with other cytokines to become activated and elicit more robust cytotoxic responses. When NK 

cells are irradiated in-vivo, the entire immune system of that mice is also exposed to radiation. It 

is therefore possible that the strong cytotoxic properties of NK cells are dependent on other 

immune cells and mediators which are also stimulated by LDR. This hypothesis is supported by 

results from a study in 2012 by Sonn, et al106. The authors found that when purified NK cells 

received 0.2 Gy in-vitro, no significant difference in cell viability was observed106. In addition, no 

functional changes were detected in LDR-exposed NK cells, demonstrating that LDR alone was 

insufficient to generate changes at the cellular level106. In a review paper from J. Chen et al, it was 

shown that other immune cells such as T regulatory cells, DCs and tumor associated neutrophils, 

are highly likely to induce NK cell activation when exposed to LDR109. Therefore, when NK cells 
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are radiated in-vitro, they are missing the systemic immune response which may influence the 

cell’s choice or method of killing strategy.  

As mentioned, there have been studies documenting the clinical success and safety of NK-

92 cells in immunotherapies in solid tumors as well as hematological malignancies104,105. This was 

one of the main reasons for selecting the NK-92 cell line in our study. In addition, the cost of 

preparation and administration of NK-92 cells are significantly less than that of primary NK cells, 

and it is fairly easy to grow NK-92 cells in high numbers. Therefore, since a large body of evidence 

suggests that LDR can increase the cytotoxicity of NK cells, if LDR would have significantly 

increased the cytotoxicity of NK-92 cells, this could have made for a promising new cancer 

therapeutic in the field of immuno-oncology. Specifically, LDR could have been administered to 

the NK-92 cells in-vitro before being implanted into patients in order to see more of a robust 

cytotoxic effect against the tumor cells.  

Ionizing radiation is currently used during NK-92 cell therapies, however, not as a 

immunostimulant. Clinical trials using NK-92 have irradiated the cells with a dose of 10 Gy prior 

to infusion105. This HDR is used in order to prevent over-proliferation of this cell line within the 

patient. A dose of 10 Gy prevents in-vivo proliferation but still maintains the cell’s ability to kill 

target cancer cells and produce immune active cytokines110. A study conducted by I. Montagner et 

al., investigating the effects of engineered NK-92 cells as an off the shelf cell therapy for prostate 

cancer, used a 10 Gy irradiation of the effector population prior to infusion as a safety measure to 

prevent permanent engraftment111. Results showed that NK cells pre-irradiated with 10 Gy did not 

replicate any further and over time gradually declined, with living cells no longer detectable after 

5–7 days111. In addition, it was reported that the NK cells retained a high level of target specific 

killing activity, and in fact, had a higher cytotoxicity than sham irradiated cells111. These findings 
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support the results from our growth curve assay, where in higher doses of 5 and 10 Gy, no cell 

growth was observed, and cells had reached 100% mortality by the 4th day post-irradiation. 

Therefore, although the NK-92 cells did not experience growth during the 7 days following 

radiation exposure, it is possible that the cells were still alive and capable of cytolytic activity. 

However, since the objective of this research was to investigate immunostimulatory effects of 

LDR, we did not test the cytotoxicity of the 5 or 10 Gy irradiated cells.  

This study focused on the direct effects of LDR on NK-92 cells since it is believed that 

LD-RT functions primarily through stimulating immune cells. However, we cannot rule out the 

possibility that LDR could also be acting directly on the tumor, making it more sensitive to 

destruction by the host’s immune system. To test this, the K562 tumorigenic cell line could also 

have been exposed to LDR instead of, or in addition to NK-92 cells. To date, with in-vivo studies 

on the effects of NK cytotoxicity on tumor cells, the exact mechanisms for NK cell-mediated tumor 

cell lysis are yet to be identified. Specifically, since both cell types are being exposed to LDR in 

an in-vivo model, it is unclear as to if the antitumor effects caused by the radiation originate from 

the stimulated NK cells or from the tumor cells or both. For example, one hypothesis would be 

that LDR cause the overexpression of certain markers on the surface of the tumor cells, making 

them more identifiable or vulnerable to the immune system. Kaushik et al., claimed that LDR 

decreased tumor progression via the inhibition of the JAK1/STAT3 pathway in breast cancer 

cells112. Firstly, authors assessed LDR effects on a breast cancer cell line in-vitro and reported that 

LDR decreased the migration and invasion of the cancer cells and downregulated the expression 

of critical markers associated with tumor cell progression (vimentin and SNAI2)112. Furthermore, 

to confirm whether LDR can decrease breast metastasis in-vivo, the metastatic MDA-MB231 LM2 

breast cancer cells were transplanted into mice112. Compared to controls, lung metastasis was 
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markedly decreased in LDR-treated tumors112. Collectively, these results suggest that LDR can 

have a direct impact on the cancer cells. Therefore, an important future experiment would be to 

expose the cancerous K562 cell line to LDR prior to co-culture with NK cells in order to have a 

better understanding of whether LDR immune enhancing and anticancer effects are acting on cells 

of the immune system or on cancer cells themselves.  

In order to obtain a more in depth understanding as to which cytotoxic mechanism NK 

cells utilize in response to LDR, gene expression levels of the NK-92 cells were quantified post 

irradiation using RT-qPCR. As seen in Figure 3.7 and Table 3.2, LDR exposure did not induce 

any significant changes in the main genes related to NK-92 cytotoxicity. The genes selected in this 

panel represent the major genes involved in the three main NK cell cytotoxicity pathways. 

Specifically, GZMA, GZMB and PRF1 represent the lytic compounds involved in the 

perforin/granzyme pathway of NK cells. The FAS and TNFSF12 genes represent the FAS and 

TRAIL ligands from the death receptor-mediated pathway of NK cells. Lastly, IFNG and TNF 

genes were selected to represent the cytokines used in the cytokine/chemokine pathway of NK 

cells. Since previous studies reported that NK cells use these three pathways in order to eliminate 

tumor cells, the non-significant results fail to support our hypothesis. Results from a study by Yang 

et al., showed that expression levels of IFN-γ and TNF-α in supernatants of NK cells were visibly 

increased after an LDR exposure of 0.75 Gy108. In addition, Yoon et al. found that LDR not only 

increased the expression of chemokines in tumor cells, but more importantly, increased the 

expression of CXCL16 (ligand of CXCR6) in NK cells113. The authors reported that LDR 

enhanced the migration of NK cells to tumor sites which led to more robust and effective tumor 

control113. The reasons detailed above as to why we failed to see an increase in NK-92 cytotoxicity 

with LDR could also explain why we did not see any gene expression changes. 
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In conclusion, we did not identify any immunostimulatory effects in NK-92 cells based on 

cytotoxicity and gene expression 24 and 48 hrs post LDR (0.1 and 0.25 Gy) exposure. Future 

studies are needed to further elucidate the mechanisms of LDR induced NK cell cytotoxicity. In 

addition, studies focusing on the effects of LDR on NK-92 cells could include a wider range of 

doses and timepoints and should also consider exposing the cancerous target cells to LDR prior to 

co-culture with NK cells. Overall, although our results were insignificant, evidence has shown that 

LDR does cause an increase in NK cell cytotoxicity, in-vitro and in-vivo, proving to be an 

attractive candidate for numerous clinical applications.  
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4.1. Discussion 

The goal of this thesis was to investigate whether LDR could have stimulatory effects on the 

immune system, and to elucidate which cellular and molecular mechanisms are involved in the 

reported LDR antitumor immunity processes. This was achieved through 2 different aims, using 

both an animal model and an NK-92 cell model. In both of these models, results showed that LDR 

did not stimulate the immune system, as no significant increase of immune cells was observed. 

The results found were opposing to our hypothesis, where it was expected that LDR would increase 

the number of immune cells in the irradiated mice and increase the cytotoxicity of NK cells 

irradiated in-vitro. These results were surprising considering the number of experimental studies 

which have confirmed the modulatory effects of LDR on innate and adaptive immunities, 

including regulating the status of immune cells, the microenvironment of the immune system, and 

the interaction of immune cells35. On the other hand, in both models, HDR of 3 Gy caused a 

significant decrease in all immune cell types tested. Since high doses of radiation are associated 

with immune suppression, these results were not unexpected.  

As mentioned above, there are several possible hypotheses for why LDR failed to cause 

immunostimulatory effects both in the C57BL/6 mice and the NK-92 cell line. For example, 

whole-body irradiation at a dose of 0.02–0.25 Gy has been reported by numerous studies to inhibit 

the growth and metastasis of tumors31,76. It is possible that the doses used in this study, in 

combination with other factors such as the timing and delivery of radiation, as well as the sex and 

the strain of the mice, were responsible for the insignificant effects of LDR. In addition, it is 

possible that the expected stimulation of immune cells in the mice would have been more 

prominent in a cancer model. Immune stimulatory effects caused by LDR might only be initiated 

in a stressed or diseased state, so future studies could consider implanting tumors into the mouse 
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before LDR exposure. Specifically, innate immunity is typically initiated once it encounters a 

foreign invader in the body. Therefore, LDR may not have resulted in an increased immune 

response since the baseline immune system of a healthy mouse is different than that of a cancerous 

one, where the immune cells and antitumor mechanisms of the body are already partially activated. 

This theory is supported clinically, since in all of the human studies which have successfully 

identified the immune modulatory effects of LDR, radiation was administered to cancer patients.  

In regard to the second aim with the NK-92 cell line, the fact that LDR did not cause a 

significant impact on the growth, cytotoxicity and transcriptional levels of the cells is likely due 

to using an immortalized cell line in place of fresh primary NK cells. Similar to the findings in the 

first data chapter of my thesis, a decrease in growth was seen with higher doses of radiation. In the 

mice, the highest dose of 3 Gy caused a significant drop in circulating NK cells. On the other hand, 

in the in-vitro model, the highest doses of 5 and 10 Gy caused the suppression of NK-92 cell 

growth. Overall, these findings suggest that NK cells are sensitive to higher doses of radiation, of 

at least 3 Gy. In addition, it has been reported that NK cells are one of the immune cell types that 

are the most sensitive to fractionated exposures114. Therefore, future studies should consider 

adding a different radiation delivery method by including fractionated exposures. This would have 

the added benefit of being more easily translated into clinical applications, since in human studies, 

fractionated exposures are most commonly used on cancers115. For instance, a common dose 

regimen used in humans to treat cancer through LD-RT has been fractionated exposures of 100–

150 mGy multiple times per week for a few weeks115.  

Overall, although no significant LDR effects on the immune system were found in my 

study, this does not mean it will not be of therapeutic benefit. It would be of interest for future 

studies to focus on identifying more clearly the cellular and molecular mechanisms behind LDR 
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and its anticancer effects. For example, in order to eliminate any radiophobia and progress towards 

using LDR as a cancer treatment in humans, assays such as full immunophenotyping should be 

conducted in humans. More importantly, well-designed clinical trials should be conducted in order 

to study the safe and effective dose, dose rate, time interval between fractions and so on. Once we 

have a better understanding, LD-RT could be more clinically accepted and there will be less 

concern about LDR causing any potential late carcinogenic risks. Currently, in European countries, 

LD-RT is practised for the treatment of a variety of inflammatory and painful joint diseases74. In 

fact, total doses of LD-RT comprise 5–10% of those given to tumor patients74.  

Since radiosensitivity varies considerably among individuals, the radiation dose or 

radiation frequency required for inducing anti-tumor effects likely also varies112. Most immune 

cells studied in my thesis are known to be very sensitive to radiation. The bone marrow is the site 

of production of immune cells, and it is in this location that they are more sensitive to radiation as 

they are in the process of cellular division43. Specifically, studies have shown that immature 

undifferentiated hematopoietic cells are more sensitive to radiation compared to differentiated 

cells116. Therefore, another plausible explanation as to why no significant effects were seen from 

LDR in my study is that most of the cell types studied were terminally differentiated, therefore 

rendering them more resistant to radiation.  

It is known from previous studies that high doses of ionizing radiation, on the order of 

multiple Gy, causes deleterious biological effects in humans, including an overall immune 

suppression, and ultimately an increased risk of cancer induction. This was supported by the results 

of my thesis. On the other hand, the biological effects caused by low doses of radiation are much 

less clear and have been investigated for more than a century31. Therefore, establishing the dose 

response relationship for low dose biological effects is one of the key topics in radiobiological 
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research. To date, there exists several radiation risk models. The first model is the LNT model, 

which assumes that even very low doses of ionizing radiation could have adverse effects on human 

health29. The second model is the hormesis model, which states that adaptive and protective 

mechanisms can in fact be induced by low doses of radiation and therefore be beneficial in 

preventing cancer and other adverse health effects33. The third model is the threshold model, which 

suggests that below certain exposure levels, radiation is harmless and causes no observable risk117. 

Data from previous studies on LD-RT support the hormesis model, showing that low doses of 

radiation can stimulate the immune system and have anticancer effects33. Therefore, it was 

hypothesized in this thesis that LDR would stimulate the immune cells in mice and NK cells in-

vitro. However, the data obtained from both data chapters of my thesis were more in support of 

the threshold model, since at the lowest doses tested, there was no significant immune effects. 

Specifically, with the immune cells that were studied in the mice with a 48-hour timepoint, and 

the NK cells from my in-vitro model with a 24- and 48-hour timepoint, results show that there is 

in fact a threshold effect. This threshold appears to be between 0.5 and 3 Gy. In the in-vitro chapter 

of my thesis, a decrease in growth of NK-92 cells was observed at 5 and 10 Gy, but not at 1 Gy, 

suggesting that the threshold effect was somewhere between 1 and 5 Gy. On the other hand, in the 

in-vivo chapter of my thesis, a decrease in immune cell counts, including NK cells, was seen at 

the 0.5 and 3 Gy doses, suggesting that the threshold effect was somewhere around 0.5 Gy. 

Although these model systems are both very different, one being in-vivo and the other in-vitro, 

they both suggest a similar threshold range for immune suppressive effects. 

Finally, the results obtained in my study may help to alleviate any concerns that may exist 

regarding exposure to LDR. The use of LD-RT as a potential cancer therapeutic has fallen out of 

practice in the last decade due to increased radiophobia30. In addition, although the radiation doses 
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used in medical diagnostic procedures such as computed tomography (CT) are very low, many 

people are still concerned about adverse health effects from these exposures. Studies have 

suggested that radiation exposures less than 100 mGy are too low to detect any statistically 

significant cancer excess in the presence of naturally occurring malignancies118. Based on the data 

from my thesis, LDR does not appear to have any detrimental effects on the immune system. 

4.2. Conclusion 

Overall, there is a lack of consistent evidence regarding the effects of LDR on the various cell 

types of the immune system. What remains unclear is the circumstances under which LDR can 

modulate the number/activity of certain immune cell types, and how these LDR-induced effects 

can potentially be used in the prevention and treatment of disease. Taken together, this thesis 

provides insight into the biological effects caused by both LDR and HDR on the immune system. 

Specifically, this study reports that HDR, ranging from 0.5 to 3 Gy, causes a suppression in most 

immune cell types, in particular NK cells. In addition, contrary to our initial hypothesis, these 

findings demonstrate that across the biological models and radiation doses used, LDR does not 

have a stimulatory effect on immune cells and does not cause an increase in the cytotoxicity of NK 

cells. Overall, much work is still required regarding using LDR as an alternative cancer 

therapeutic. For example, further studies should focus on studying LDR in cancer models and 

testing fractionated exposures in addition to single acute doses. Once the ideal dose regimen has 

been identified for immune stimulation, follow up studies can further investigate the mechanisms 

of tumour cell killing. To conclude, these advances could help contribute to better understanding 

LDR and its potential as an anti-cancer therapy as well as the treatment of non-cancer disease.  
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