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ABSTRACT OF THE THESIS 

Bacterial Lipopolysaccharides Induce Suppression of Natural Killer Cell Function 

By 

 

Gabriella Marie Orona 

 

Master of Science in Oral Biology 
University of California, Los Angeles, 2012 

Professor Anahid Jewett, Chair 

 

Natural Killer (NK) cells comprise a unique subset of lymphocytes with innate ability to 

detect and kill abnormal cells. Autologous NK cells and mature dendritic cells (DC) mutually 

activate each other and this interaction is believed to be important for NK cytotoxic activity 

against cancer cells. However, it has been shown that NK cell mediated lysis is greatly 

suppressed after interaction with stem cells [1-3]. It is believed that a phenomenon called split 

angery occurs in activated NK cells, causing the cells to lose their cytotoxic functions, but gain 

the ability to secrete cytokines. Understanding the interactions that take place between NK cells 

and the tumor microenvironment, and how these immune cells are able to specifically target 

virally infected and cancerous cells, but not healthy cells, is crucial for future developments of 

more effective preventative and therapeutic approaches in the battle of infectious diseases and 

cancer.  

In this study we hypothesized that oral and intestinal bacteria promote differentiation of 

the Oral Squamous Cancer Stem Cells (OSCSCs) and the Colorectal carcinoma cell line (HT29) 

through two primary mechanisms. The first, being through direct activation of OSCSCs and 

HT29s, and the second being through the induction of split anergy in interacting NK cells. 
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Patient derived oral tumors and colorectal carcinomas were used in a standard 

51Chromium release assay to determine their sensitivity or resistance against NK cell mediated 

lysis. The secretion of key cytokines by NK cells, such as Interferon- Gamma (IFN-γ), were 

determined using Enzyme-Linked Immunosorbent Assays (ELISAs). Experimental findings of 

this project demonstrate that the engagement of CD16 receptors on NK cells or interaction with 

monocytes, Fusobacterium nucleatum, bacterial LPS, or AKF-1 (a combination of eight bacterial 

strains) lead to the support of differentiation of stem cells via increased cytokine secretion by NK 

cells.  
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Introduction: 

Innate and adaptive immunity 

The mammalian immune system has developed alongside surrounding organisms to offer 

optimal defense against pathogens while preserving self-tolerance. Cells of the immune system 

are equipped with an array of receptors of varying intricacy, as the primary defense against 

pathogens relies on detection of pathogen-associated molecular patterns and of specific peptide 

epitopes. Pathogens and also the microorganisms that populate skin and mucosal surfaces are 

detected by the immune system and contribute to the development of a balanced immune system.  

The immune system is classically divided into innate and adaptive immunity. These 

immune systems work together to protect the host from invading pathogens. The innate immune 

system is the first-line defense, and dependent on cellular components such as the complement 

system, neutrophils, macrophages, dendritic cells (DCs), mast cells, basophils, eosinophils, and 

natural killer (NK) cells [4]. As the initial line of defense against pathogens, the innate immune 

system responds immediately to non-specific conserved molecular patterns present on pathogens 

and eliminates them through contact or phagocytocis. Some of the cells involved in innate 

immunity also act as antigen-presenting cells (APCs) that present specific antigens to T cells of 

the adaptive immune system. APC are monocytes (Mo), macrophages, B cells and DC that all 

have phagocytic capacities, ingest and process extracellular antigen, and expose peptides on 

MHC class II. The adaptive immune system is composed of cells bearing rearranged cell surface 

receptors, generating an almost unlimited diversity of recognition response elements. The cells of 

adaptive immunity contain immunological memory, making this immune response a pathogen- 

and antigen-specific response. B cells produce specific antibodies against invading pathogens, 

while the cytotoxic T-lymphocytes (CD8 T) cells directly kill the pathogens expressing these 

specific antigens, and CD4 T cells orchestrate the adaptive immune response through secretion 
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of various cytokines. Tumor and virally-infected cells often avoid killing by cytotoxic T 

lymphocytes (CTLs) by down-regulating major histocompatibility complex class I (MHC I) 

molecules. This, however, makes them susceptible to NK cell killing. 

 

Natural Killer Cells 

NK cells comprise a unique subset of lymphocytes with the innate ability to mediate 

spontaneous cytotoxicity, without prior sensitization, against a broad range of targets, including 

tumor cells and virally infected targets. NK cells can be found throughout the human body in the 

liver, spleen, peritoneal cavity, placenta, and peripheral blood and they comprise roughly 10-

15% of all circulating lymphocytes. Human NK turnover in the blood is estimated to be two 

weeks [5]. Investigators discovered NK cells in the early 1970’s, and described these cells as 

having a large granular morphology and the ability to “naturally” kill virus-infected and 

malignant cells without any priming [6, 7]. Since the discovery of NK cells, they have been 

identified in playing a magnitude of roles in host innate and adaptive immunity. NK cells are 

traditionally considered to belong to the innate arm of the immune system as they express germ 

line encoded, non antigen-specific receptors, and possess the unique ability to recognize and lyse 

tumor and pathogen infected cells without any prior stimulation [4, 8]. Lysis is achieved directly 

through NK cytotoxicity, and indirectly by antibody dependent cellular cytotoxicity. NK cells 

serve as an important link between innate and adaptive immunity as they secrete chemokines and 

cytokines that regulate antigen-specific responses from B and T cells [5]. 
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Biology of NK cells 

NK cells are derived from CD34+ hematopoietic progenitor cells (HSCs) and develop in 

the bone marrow [9].  Interactions between developing NK cells and neighboring stromal cells 

are important for proper NK cell maturation. The development of functionally mature NK cells is 

associated with the expression of the cytolytic proteins perforin and granzyme B, and the ability 

to secrete IFN-γ and other immunoregulatory cytokines [9, 10]. Once NK cells are mature they 

circulate in peripheral blood, lymphatics, and tissues, constantly scanning cell-surface molecules 

to identify and eliminate abnormal cells.  

The phenotype of NK cells is characterized by the expression of the CD56 (NCAM, 

NKH-1, Leu-19) surface antigen and the lack of CD3[11]. CD56 is an antigen expressed on all 

human peripheral blood cells that are capable of non-MHC-restricted cytotoxicity [12].The 

function of the CD56 antigen in NK cells is unknown, although it is suggested that this molecule 

mediates certain interactions, such as recognition and adhesion, between NK cells and target 

cells [13]. Other than CD56, a common surface marker used to identify NK cells is CD16 (Leu-

11, Fcγ R III). CD16 functions as a receptor molecule that specifically binds the Fc region of an 

IgG, and allows NK cells to participate in the elimination of antibody-targeted cells through 

increased cytokine production [10, 12]. Activation of CD16 receptors induces inactivation of NK 

cell-mediated lysis against stem cells and increased production of key cytokines, particularly 

Interferon-gamma (IFN- γ)[14]. 

Cytolytic activity of NK cells is tightly regulated by both inhibitory NK cell receptors, 

including the majority of Killer Immunoglobulin-like Receptors (KIRs) in humans, and 

activating receptors, whose known ligands are induced by cellular stress and other yet unknown 
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factors. 

Subsets of NK cells can be distinguished by the surface density expression of the CD56 

antigen (i.e., CD56bright and CD56dim) as well as the presence or absence of the CD16 antigen 

[10]. NK cells can be divided into two major sub-populations, namely CD56dimCD16+ KIR+ and 

CD56brightCD16- KIR-  [10, 11]. The CD56dim population predominates in the blood (~90% of 

NK cells) and exhibits a high cytotoxic potential at sites of inflammation, and broadly expresses 

MHC class I-specific inhibitory receptors. The CD56bright subset displays little cytotoxicity and 

primarily produces cytokines upon activation, has minimal expression levels of KIRs and is 

considered to represent a precursor stage of terminally differentiated CD56dim NK cells [15]. 

Both NK cell subsets are presumably also recruited to inflamed tissues [16]. 

 

 

Immunosurveillance by NK-cells 

Cytokine production and killing of affected cells are the main tasks of NK cells, but their 

ability to kill or induce apoptosis depends on the net effect of activating and inhibiting receptors 

[17]. NK cells can kill target cells in three different manners; via the granule exocytosis pathway, 

death-receptor-dependent pathways and antibody-dependent cell-mediated cytotoxicity (ADCC) 

[18]. The two first pathways are also performed by CD8+ T-cells, which form together with NK 

cells, the cytotoxic lymphocytes. 

The most common pathway is granule exocytosis. Upon target recognition, NK cells 

create a synapse with the target cell and release at this junction the secretory lysosomes perforin 

and granzyme B. Perforin assists in the entry of granzymes into the cytosol of target cells, where 

they cleave various targets resulting in apoptosis. This process is known as the antibody-
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independent non-MHC restricted cytotoxicity. 

There are different death-receptor-dependent pathways involved in the killing of tumor 

cells [19]. The most important death ligands are Factor-related apoptosis ligand (FasL or 

CD95L), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and tumor necrosis 

factor (TNF)[16]. They belong to the TNF receptor superfamily, and induce caspase-dependent 

apoptosis . NK cells induce apoptosis via FasL, TRAIL, and TNF-α by binding to respectively 

Fas, TRAIL receptor and TNF receptor on tumor cells. The engagement of the ligands and their 

receptors induce the intracellular recruitment of FADD (Fas-associated death domain) by FasL 

and TRAIL, or TRADD (TNF receptor death domain) by TNF- α [20]. These death domain-

containing adaptor molecules start the proteolytic caspase cascade by activating caspase-8 and 

caspase-3 in the tumor cell, leading to apoptosis [19, 20]. Thus the death-receptor-dependent 

pathways induce apoptosis via the extrinsic pathway[16, 19]. 

NK cells target tumor cells through the ADCC pathway by recognizing tumor antigens 

that are bound by specific IgG molecules. NK cells then attach with their CD16 receptor to the 

Fc region on IgG antibodies, which are bound to a target cell. This engagement induces the 

release of lytic enzymes and TNF-α by the NK-cell, resulting in the death of the target cell. The 

NK cell must directly recognize the target cell, otherwise specificity is provided by the IgG 

molecules attached to the tumor antigens.  

 

Tumor surveillance by NK-cells 

An array of NK receptors enable them to detect their cellular targets while sparing normal 

cells, these include inhibitory, activating, adhesion, and cytokine receptors [21]. Most receptors 
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on NK-cells contain a cytoplasmic domain responsible for inducing an activating or inhibiting 

signal named immunoreceptor tyrosine-based activation motifs (ITAM’s) or immunoreceptor 

tyrosine-based inhibitory motifs (ITIM’s) [17]. NK cells have two categories of receptors, the 

lectin-like and immunoglobulin-like receptors, both consisting different activating and inhibiting 

receptors.  

Tumor cells are recognized by NK cells in different ways based on ‘missing-self’ and 

‘induced-self’ signals on cells [22]. Major Histocompatibility Complex class I (MHC-I) and 

Human Leukocyte Antigen class I (HLA-I) are frequently downregulated in tumor cells [22].  

MHC-I and HLA-I are ligands for the killer cell immunoglobulin-like (KIR) and the killer cell 

lectin-like receptors (KLR). These inhibitory receptors prevent killing of normal cells and 

monitor the production of IFN-γ, TNF-α, and granulocyte macrophage-colony stimulating factor 

(GM-CSF) by NK cells. NK cells effectively kill tumor cells and virally infected cells by 

targeting cells that express altered MHC-I and HLA repertoire (“missing self”). NK cells are 

capable of killing a vast array of cancer cell lines in virtro, but their effectiveness against solid 

tumors remains poorly understood, possibly because tumors support expansion of regulatory T 

cells, which inhibit NK cell function[23]. 

Monocytes 

Monocytes develop from hematopoietic stem cell precursors, and are known to be 

important immune effector cell populations in mediating ADCC [2, 14, 24, 25]. These white 

blood cells (WBC) reside in the blood steam, bone marrow, and spleen for several days until they 

migrate into the tissues of the body, where they differentiate into macrophages and dendritic 

cells [26]. Monocytes exhibit anti-tumor potential, but evidence has shown that these cells may 
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both inhibit and enhance tumor growth [1, 2, 24, 25, 27-30]. Past research done by our lab has 

shown that whole monocyte populations, as well as the monocyte subsets depleted of CD16+, are 

capable of protecting human Dental Pulp Stem Cells (hDPSCs) or Mesenchymal Stem Cells 

(hMSCs) against NK cell mediated cytotoxicity [2]. Monocytes protect these cells by 

inactivating NK cells through induction of split anergy [2]. Split anergy of NK cells results in 

decreased cytotoxicity against the target cells, and an increased secretion of key cytokines [1-3, 

31]. 

Cytokines 

IFN- γ is a key cytokine for shaping both innate and adaptive immunity against viral and 

bacterial infections, as well as tumor control. This cytokine is the only member of the type II 

class of interferons and produced by NK cells, Natural Killer T (NKT) cells and both CD4 and 

CD8 cytotoxic T lymphocytes  [11]. In NK cells, IFN-γ production is triggered by the interaction 

of NK cells with target cells (e.g., tumor or virally infected cells) or by a variety of cytokines. 

Two cytokine factors that strongly affect IFN-γ expression are interleukin-2 (IL-2) and IL-12[32]. 

These cytokines can act independently to induce IFN-γ expression; however, together they act 

synergistically to induce large amounts of IFN-γ[32]. IL-2 has been found to stimulate 

proliferation of T cells, B cells, and NK cells [5, 8, 14, 21, 33]. IL-10 is a potent 

immunosuppressive cytokine that is produced mainly by T cells and monocytes, but are also 

produced in small amounts by NK cells [34]. This cytokine down-regulates major 

histocompatibility complex class II expression on monocytes and inhibits monocyte production 

of proinflammatory cytokines, including IL-1, IL-2, IL-6, IL-8, TNF-α, and IFN-γ[34]. 
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Bacteria and the immune system 

The human microflora is essential for immune education and amplification of immune 

effector cells. The epithelial compartment, the lamina propria, and M-cell pockets are possible 

sites where commensal, non-pathogenic bacteria may encounter certain immunocompetent cells. 

Investigating the interactions of bacteria with leukocytes in vitro is of particular interest to (II) 

understand the immunomodulatory properties of bacteria on blood leukocytes, and (I) to 

investigate if a specific pattern of immunomodulation can be established for different 

constituents of the microflora. The physiology of bacterial interaction with host cells is still not 

understood.  

Past research has shown that NK cells serve as primary targets for bacterially mediated 

activation[33, 35].  When the activity of NK cells is balanced towards activation, it leads to 

enhanced killing, enhancedproduction of cytokines, or both. Previous studies have also shown 

that Human Peripheral Blood Mononuclar Cells  (PBMCs) are activated by both non-pathogenic 

and pathogenic bacteria in vitro, which induces expression of cytokines [33, 35]. In NK cells, the 

significance of bacterial activation has not been fully established, but it is thought that NK cells 

may provide a secondary defense against microbial agents.  

Fusobacterium nucleatum 

A gram-negative anaerobic organism, has been shown to play an important role in 

numerous pathogenesis, such as periodontal disease, bacteremia , pericarditis, and more[36, 37]. 

This bacterium is invasive, adherent, and pro-inflammatory and has been implicated in many 

diseases[37, 38]. F. nucleatum and other certain invasive bacterium have been shown to induce 

cell death in Peripheral Blood Mononuclear Cells (PBMCs) and Polymorphonuclear Cells 
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(PMNs)[27, 37, 38]. 

 

Thesis Outline 

There are many mechanisms that have been proposed for the establishment and 

progression of cancer, including immunosuppression, tumor escape from recognition, defective 

vascularization, or resistance to the Fas- or perforin-mediated lysis [3, 18, 19, 39, 40]. Although 

these mechanisms have been proposed, the mechanisms that NK cells use for 

immunosuppression have not been fully elucidated, and thus require further investigation. 

This study has three specific aims and several sub-aims in terms of NK-mediated 

cytotoxicity against cancer cells and cancer stem cells, and the role of NK cells, monocytes, and 

bacteria and bacterial products in stem cell differentiation.  

Specific Aim 1: Decreased lysis of bacterial lipopolysaccharide, AKF-1, and Fusobacterium 

nucleatum treated tumor-derived cell lines by NK cells. 

 

Specific Aim 2: Direct interaction of NK cells with Monocytes , F. nucleatum, or bacterial LPS 

(or a combination of the above) resulted in split anergy of NK cells, which significantly 

decreased their cytotoxic function and increased secretion of INF- γ. 

 

Specific Aim 3: Anergized NK cells supported the differentiation of the Oral Squamous Cancer 

Stem Cells (OSCSCs) and the Colorectal Carcinoma (HT-29) cell lines.  
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Chapter 1:  

Specific Aim 1: Decreased lysis of bacterial lipopolysaccharide, AKF-1, and Fusobacterium 

nucleatum treated tumor-derived cell lines by NK cells. 

Introduction: 

Immunosuppression and tumor escape from immune recognition are believed to be the 

main factors responsible for the establishment and progression of cancer [1, 3, 14]. In many 

human tumors, an imbalance of proliferation and apoptosis occurs[41]. Apoptosis is not only 

necessary for tumor prevention, but also for chemotherapy-induced tumor cell death used in the 

treatment of cancer [42]. Survival of patients not only depends on the therapy used to treat their 

cancer, but also the interaction between their inflammatory cells and cancer cells. Cultured 

human cell lines are employed in the screening of possible cancer causing agents and anti-cancer 

agents. 

Considerable interest has been focused on the role of bacteria on our immune system. It 

has been well documented that lipopolysaccharides (LPS) from bacteria are immunostimulators 

[27, 35, 36, 43-45], but the effects of LPS on NK cells have not been extensively studied. The 

role of bacteria in cancer has been studied extensively over the past few decades. Many bacteria 

have been implicated in playing a role in various cancers, as both cancer causing and anti-cancer 

agents.  

One of the most aggressive cancer types with the highest incidence worldwide is oral 

squamous cell carcinoma (OSCC), which represents 90% of the malignancies in the oral cavity 

[41, 46]. The most malignant tumors of the oral cavity are the squamous carcinomas, and the 



 11 

main aetiological factors are thought to act on a genetically susceptible individual are alcohol 

consumption, tobacco use, and poor oral hygiene [41]. 

Colorectal carcinoma is the fourth leading cause of cancer deaths, and responsible for an 

estimated 610,000 deaths per year worldwide (World Health Organization 2011). Inflammatory 

activity within the stroma of the tumors is a well-recognized risk factor that affects a patients 

prognosis [47]. Since the identification of a link between H. pylori–mediated inflammation and 

gastric cancer [48],  researchers have studied whether other inflammatory microorganisms are 

associated with any other gastrointestinal (GI) cancers. Macrophage, neutrophil, helper T cells, 

activated T cells and NK cells have been found in increased levels in pre-malignant adenomas 

compared to adjacent normal mucosa [47]. The biological relevance of NK cells within the 

colorectal carcinoma tumor microenvironment requires further evaluation. 

Past studies done by our lab have shown that the tumor microenvironment may actually 

shape the function and phenotype of the surrounding NK cells [1, 2, 31]. To determine if 

bacterial treated tumor-derived cell lines affected NK cell function two cancer cell lines 

commonly exposed to bacteria and bacterial agents were used in this study. The following sub-

aims were demonstrated by in vitro assays to show that NK cell-mediated lysis decreased in 

cancer cell lines treated with bacteria and bacterial LPS.  

Sub Aim 1: Fusobacterium nucleatum treated OSCSC’s showed a decrease in NK 

mediated cytotoxicity. This decrease in NK cytotoxicity was further potentiated with bacterium 

and monocyte treated cultures.  

Sub Aim 2: Bacterial LPS treated OSCSC’s in conjunction with and without monocytes 

decreased NK cell mediated cytotoxicity. 
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Sub Aim 3: The colorectal carcinoma (HT-29) cell line also showed a decrease in NK 

cell mediated cytotoxicity when treated with As Known as Formula #1 (AKF-1), a mixture of 8 

probiotic bacterial strains, or bacterial LPS. NK cell lysis was even further decreased with 

monocytes. 

Materials and Methods: 

Cell culture and reagents 

OSCSCs were isolated from patients at the Department of Head and Neck Surgery at 

UCLA School of Medicine by Dr. Christian Head. The cells were cultured in RPMI 1640 

supplemented 10% Fetal Bovine Serum (FBS) (Gemini Bio-Products, CA), 1.4% antibiotic 

antimycotic, 1% sodium pyruvate, 1.4% non-essential amino acids, 1% L-glutamine, 0.2% 

gentamicin (Gemini Bio-Products, CA) and 0.15% sodium bicarbonate (Fisher Scientific, CA). 

The remainder products were purchased from Invitrogen by Life Technologies (Carlsbad, CA). 

HT-29 colon adenocarcinoma were purchased from the American Type Culture 

Collection. These cells were cultured in Dulbecco modified Eage medium (DMEM) containing 

4.5 g/l glucose (Invitrogen by Life Technologies, CA) and supplemented with 10% Fetal Bovine 

Serum (FBS) (Gemini Bio-Products, CA). 

 
 
Antibodies 
 
Recombinant IL-2 was obtained from the NIH repository.  

Antibody against CD16 was obtained from eBioscience (San Diego, CA).  

The NK cell and monocyte purification kits were purchased from Stem Cell Technologies 

(Vancouver, Canada).  
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The ELISA kits were purchased from R&D Systems (Minneapolis, MN). 

Fusobacterium nucleatum (PK1594) was obtained from Paul Kolenbrander at the National 

Institutes of Health and treated with 1% paraformaldehyde for 1 hour at room temperature and 

washed 3 times with PBS. 

Escherichia coli LPS (Serotype 0111) was obtained from Sigma Chemical Co. (St. Louis, MO). 

AKF-1 is a mixture of 8 probiotic bacterial strains. Each sachet of AKF-1 (VSL-3) (2.5 g) 

contained 450 billion freeze-dried bacteria (Streptococcus thermophilus, Bifidobacterium longum, 

B. breve, B. infantis, Lactobacillus acidophilus, L. plantarum, L. casei, L. bulgaricus) and corn 

starch. 

 

 
Purification of Natural Killer Cells and Monocytes  
 

The UCLA Institutional Review Board (UCLA-IRB) approved all the procedures before 

they were done. Written informed consents approved by UCLA-IRB were obtained from all 

healthy blood donors. The Ficoll-Hypaque technique was used to fractionate the blood, and the 

buffy layer was harvested, washed and re-suspended in RPMI 1640 supplemented with 10% FBS. 

Non-adherent human peripheral blood lymphocytes were obtained by sequential incubation on 

tissue culture dishes. NK cells were negatively selected and isolated using the EasySep® Human 

NK cell enrichment kit purchased from Stem Cell Technologies (Vancouver, Canada). The NK 

cell population was found to have a greater than 90% purity based on flow cytometric analysis of 

anti-CD16 antibody stained cells.  
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The adherent subpopulation of PBMCs was detached from tissue culture plate after a 

one-hour incubation. The total population of monocytes (CD16+) was purified using an 

EasySep® purification kit purchased from Stem Cell Technologies (Vancouver, Canada). 

Monocyte purity greater than 95% was obtained, and confirmed with flow cytometric analysis of 

CD14 and CD16 stained monocytes. 

Purified NK cells and monocytes were cultured in RPMI 1640 supplemented with 10% 

FBS (Gemini Bio-Products, CA), 1% antibiotic antimycotic, 1% sodium pyruvate, and 1% non-

essential amino acids (Invitrogen by Life Technologies, CA). 

Monocytes were irradiated at 20 Grey. 

 
51Chromium release cytotoxicity assay  

 

NK cell cytotoxic function in the experimental cultures and the sensitivity of the target 

cells to NK cell mediated lysis were determined using the 51Chromium release cytotoxicity assay. 

Different numbers of purified NK cells were incubated with 51Chromium labeled target cells. 

After a 4-hour incubation period, each supernatant was harvested from each sample and counted 

for released radioactivity using a gamma-counter. The percentage specific cytotoxicity was 

calculated as followed 

Percent cytotoxicity = Experimental cpm – Spontaneous cpm 
                                     Total cpm – Spontaneous cpm 

 
 

Lytic unit30/106  was calculated by using the inverse of the number of effector cells needed 

to lyse 30% of target cells X 100. 
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Statistical Analysis: 
 
An unpaired, two-tailed student t- test was performed for the statistical analysis. One-way 

ANOVA with a Bonferroni post-test was used to compare the different groups. 

Results: 

1. Fusobacterium nucleatum treated OSCSC’s showed a decrease in NK mediated 

cytotoxicity. This decrease in NK cytotoxicity was further potentiated with bacterium and 

monocyte treated cultures.  

2. Bacterial LPS treated OSCSC’s in conjunction with and without monocytes decreased 

NK cell mediated cytotoxicity. 

 

Addition of Monocytes to OSCSCs caused significant decrease in NK cell mediated 

cytotoxicity (Fig. 1 and 2). Similarly, both F. nucleatum (Fig. 1) and LPS (Fig. 2) caused 

significant decrease in NK cell mediated cytotoxicity. Treatment of OSCSCs with both the 

monocytes and either F. nucleatum or LPS (Fig. 1, 2, and 3) had further decrease in NK cell 

mediated cytotoxicity when compared to either monocytes alone or the bacteria alone treatment. 
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Figures 1 and 2: Treatment of Oral Squamous Cancer Stem Cells (OSCSCs) with either F. 
nucleatum or LPS in the presence of monocytes induces resistance of OSCSCs against NK cell 
mediated cytotoxicity.   

OSCSCs were treated with F. nucleatum (250:1 bacteria:OSCSCs) (Fig. 1) or 10 mg/ml LPS 
(Fig. 2) and co-cultured with and without monocytes at (0.5:1 monocytes:OSCSCs) for 48 hours 
before they were extensively washed, 51Cr labeled and used in cytotoxicity assay against 
untreated, IL-2 treated (1000u/ml), anti-CD16 mAb treated or IL-2 in combination with anti-
CD16 mAb treated NK cells. After 4 hours of incubation with OSCSCs the radioactivity 
released in the supernatants were counted by the g counter and the levels of cytotoxicity were 
determined using Lu30/106 cells.  Differences between various treatments of NK cell mediated 
cytotoxicity of OSCSCs were significant at a p value of <0.05. 

*= p value of <0.05 
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Figure 3: Treatment of OSCSC cells with either F. nucleatum or LPS in the presence of 
monocytes induces resistance of OSCSCs against NK cell mediated cytotoxicity. 

OSCSCs were treated with F. nucleatum (100:1 bacteria:OSCSCs) or 10 mg/ml LPS and 
co-cultured with and without monocytes at (1:1 monocytes:OSCSCs) for 72 hours before 
they were extensively washed, 51Cr labeled and used in cytotoxicity assay against 
untreated, IL-2 treated (1000u/ml), anti-CD16 mAb treated and IL-2 in combination with 
anti-CD16 mAb treated NK cells. After 4 hours of incubation with HT29 the radioactivity 
released in the supernatants were counted by the gamma counter and the levels of 
cytotoxicity were determined using Lu30/106 cells.  Differences between various 
treatments of NK cell mediated cytotoxicity of OSCSCs were significant at a p value of 
<0.05. 

*= p value of <0.05 
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3. The colorectal carcinoma (HT29) cell line also showed a decrease in NK cell mediated 

cytotoxicity when treated with AKF-1, a mixture of 8 probiotic bacterial strains, bacterial LPS, 

and F. nucleatum. NK cell lysis was even further decreased with monocytes. 

Addition of Monocytes to HT29 caused significant decrease in NK cell mediated 

cytotoxicity (Fig. 4). Similarly, both AKF-1 (VSL3) and LPS caused significant decrease in NK 

cell mediated cytotoxicity. Treatment of HT29 with both the monocytes and either AKF-1 

(VSL3), LPS, or F. nucleatum had synergistic decrease in NK cell mediated cytotoxicity when 

compared to either monocytes alone or the bacteria alone treatment (Fig. 4 and 5). 

 

 

 

 

 

 

 

 

 

 

 



 19 

 

 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

un
tre

ate
d 

an
ti-

CD16
mAb

IL
-2

IL
-2+

an
ti-

CD16
mAb

L
u3

0/
10

6  c
el

ls

HT-29s

HT-29s+monocytes

HT-29s+VSL3

HT-29s+monocytes+VSL3

HT-29s+LPS

HT-29s+monocytes+LPS

Figure 4: Treatment of HT29 colon cancer cells with either VSL3 or LPS in the presence 
of monocytes induces resistance of HT29 against NK cell mediated cytotoxicity. 

HT29 were treated with VSL3 (100:1 VSL3 bacteria:HT29) or 10 mg/ml LPS and co-
cultured with and without monocytes at (1:1 monocytes:HT29) (Fig. 3) for 48 hours 
before they were extensively washed, 51Cr labeled and used in cytotoxicity assay against 
untreated, IL-2 treated (1000u/ml), anti-CD16 mAb treated and IL-2 in combination with 
anti-CD16 mAb treated NK cells. After 4 hours of incubation with HT29 the radioactivity 
released in the supernatants were counted by the g counter and the levels of cytotoxicity 
were determined using Lu30/106 cells. Differences between various treatments of NK 
cell mediated cytotoxicity of HT29s were significant at a p value of <0.05.  *= p value of 
<0.05 
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5. 

Figure 5: Treatment of HT29 colon cancer cells with F. nucleatum in the presence of 
monocytes induces resistance of HT29 against NK cell mediated cytotoxicity.   

HT29s were treated with F. nucleatum (250:1bacteria:HT29) and co-cultured with and 
without monocytes at (1:1 monocytes:HT29) for 24 hours before they were 
extensively washed, 51Cr labeled and used in cytotoxicity assay against untreated, IL-
2 treated (1000u/ml), anti-CD16 mAb treated and IL-2 in combination with anti-
CD16 mAb treated NK cells. After 4 hours of incubation with HT29 the radioactivity 
released in the supernatants were counted by the g counter and the levels of 
cytotoxicity were determined using Lu30/106 cells. Differences between various 
treatments of NK cell mediated cytotoxicity of HT29s were significant at a p value of 
<0.05. *= p value of <0.05 
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Discussion: 

Tumor development and shaping are influenced by the actions of the immune system, this 

phenomenon is called cancer immuno-editing [49]. Cancer immuno-editing consists of the 

following three phases: elimination (immunosurveillance), equilibrium, and escape [49]. The 

equilibrium phase is when the immune system still attacks the tumor cells, however, some tumor 

cells are not recognized and survive.  In the escape phase these ‘surviving’ tumor cells expand or 

proliferate [49]. During equilibrium and escape the interaction and cross signaling between the 

immune effectors, the tumor cells, and perhaps the effectors of the connective tissue in the tumor 

microenvironment may result in the generation of tumors which are capable of gradual 

inactivation and death of the immune effector cells [1, 3, 31]. Tumor development is dependent 

on both the capacities of the immune system and also the microenvironment created by a tumor.  

One of the challenges with cancer therapy is the inability of immune effectors to properly 

eradicate tumor cells. The mechanisms by which tumor cells can evade immune surveillance or 

induce immunosupression in effector cells are not well understood.  

Treatment of NK cells with IL-2 and anti-CD16mAb have been shown to induce split 

anergy by significantly decreasing the NK cell cytotoxicity while increasing the cytokine 

secretion capabilities of NK cells [1, 3, 14, 31, 50]. Three distinct functional outcomes have been 

observed in NK cells which have either interacted with sensitive tumor-target cells or were 

treated with anti-CD16 mAb in the presence of IL-2 treatment to induce split anergy, namely; 1-

Loss of cytotoxicity, 2-gain in the ability to secrete cytokines and 3- death in a small subset of 

NK cells [1, 3, 31, 50].  
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Previous investigations have shown that monocytes exhaust the cytotoxic functions of 

NK cells, providing resistance of stem cells against NK cell cytotoxicity [14]. Possibly through 

lysis of monocytes by the NK, monocytes may in part contribute to the prevention of NK cell 

lysis of stem cells. To understand the actual empirical affects that bacteria and bacterial extract 

have on the OSCSCs and HT29s, we used monocytes to investigate and compare the affects of 

these bacteria both with and without the monocyte populations. 

The findings in these experiments suggest that the tumor microenvironment in OSCSCs 

and HT-29s is indeed affected by bacteria and their bacterial extract, which affects NK cell 

cytotoxicity. OSCSCs, which have previously been shown by our laboratory to be sensitive to 

NK cell mediated lysis [1-3], when treated with F. nucleatum or bacterial LPS are less 

susceptible to NK cells mediated lysis in comparison to their untreated counterparts. Exhaustion 

in NK cell cytotoxicity was also seen in the HT29 bacterial treated cultures as well. HT29 treated 

with bacterial LPS, or a common probiotic given to patients to reduce inflammation of the colon 

named AKF-1 (VSL3) was found to be less susceptible to NK cell mediated lysis when 

compared to its untreated counterpart.  

Conclusion: 

These findings of decreased NK cell mediated lysis of bacterial treated OSCSCs and 

HT29s shows that bacteria affects the tumor microenvironment in such a way that makes them 

less susceptible to NK cell mediated lysis. The NK cell cytotoxic function was found to 

significantly decrease in tumor microenvironments containing common bacteria, and with 

bacterial extracts. The mechanisms of this decreased NK cell mediated cytotoxicity are unknown, 

but can be possible due to over-activation of the NK cell upon interaction with the altered tumor 



 23 

microenvironment or a possible change in the tumor cells themselves, which results in the cells 

to become less susceptible to NK cytotoxicity.  
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Chapter 2: 

Specific Aim 2: Direct interaction of NK cells with Monocytes , F. nucleatum, or 

bacterial LPS (or a combination of the above) resulted in split anergy of NK cells, which 

significantly decreased their cytotoxic function and increased secretion of INF- γ.  

Introduction: 

Split anergy describes a condition in which the typical functions of the immune effectors 

are suppressed or inhibited, resulting in the lack of or change in the immunological defense 

against foreign pathogens. Many mechanisms have been proposed for the functional inactivation 

of tumor associated NK cells [1, 23, 33, 40, 51-53], but the mechanisms that induce 

immunosupression in these effector cells are not well understood.  

Classically, NK cells have been regarded as activated either by virus-infected or cancer-

transformed cells that lack MHC-I expression or by activating cytokines. However, recently 

evidence has accumulated showing that NK cells also can be activated in bacterial infections, 

preferentially by phagocyte-derived IL-12 [51, 54] but possibly also by direct action of bacterial 

products [55]. Lipopolysaccharides (LPS), derived from the cell wall of Gram-negative bacteria, 

has been used as an adjuvant for years, because it activates innate immunity through the 

recognition of antigen-presenting cells such as macrophages, dendritic cells, and murine B 

lymphocytes [56]. NK cells are known to play an antibacterial role in the immune system, but the 

affects of these bacterial products on the NK cells has yet to be extensively studied, and the 

mechanisms whereby these products activate NK cells is unknown. The following sub-aims were 

demonstrated by in vitro assays to show that NK cell-mediated lysis was directly affected in 

bacterial and bacterial LPS treated NK cells.  
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Sub Aim 1: Antibody against CD16 receptors triggered NK cells to undergo split anergy, 

which consequently hindered their cytotoxic function against healthy tumor derived cell lines but 

increased IFN-γ secretion. 

Sub Aim 2: Interaction with Monocytes induced functional inactivation in NK cells, 

which diminished their cytotoxic function against stem cells, but increased IFN-γ production.  

Sub Aim 3: Introduction of Fusobacterium nucleatum and bacterial LPS to the co-culture 

of NK cells resulted in decreased cytotoxicity and increased IFN-γ production by NK cells. 

Materials and Methods: 

Cell culture and reagents 

OSCSCs were isolated from patients at the Department of Head and Neck Surgery at 

UCLA School of Medicine by Dr. Christian Head. The cells were cultured in RPMI 1640 

supplemented 10% Fetal Bovine Serum (FBS) (Gemini Bio-Products, CA), 1.4% antibiotic 

antimycotic, 1% sodium pyruvate, 1.4% non-essential amino acids, 1% L-glutamine, 0.2% 

gentamicin (Gemini Bio-Products, CA) and 0.15% sodium bicarbonate (Fisher Scientific, CA). 

The remainder products were purchased from Invitrogen by Life Technologies (Carlsbad, CA). 

HT-29 colon adenocarcinoma were purchased from the American Type Culture 

Collection. These cells were cultured in Dulbecco modified Eage medium (DMEM) containing 

4.5 g/l glucose (Invitrogen by Life Technologies, CA) and supplemented with 10% Fetal Bovine 

Serum (FBS) (Gemini Bio-Products, CA). 

 
 
Antibodies 
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Recombinant IL-2 was obtained from the NIH repository.  

Antibody against CD16 was obtained from eBioscience (San Diego, CA).  

The NK cell and monocyte purification kits were purchased from Stem Cell Technologies 

(Vancouver, Canada).  

The ELISA kits were purchased from R&D Systems (Minneapolis, MN). 

Fusobacterium nucleatum (PK1594) was obtained from Paul Kolenbrander at the National 

Institutes of Health and treated with 1% paraformaldehyde for 1 hour at room temperature and 

washed 3 times with PBS. 

Escherichia coli LPS (Serotype 0111) was obtained from Sigma Chemical Co. (St. Louis, MO). 

AKF-1 is a mixture of 8 probiotic bacterial strains. Each sachet of AKF-1 (2.5 g) contained 450 

billion freeze-dried bacteria (Streptococcus thermophilus, Bifidobacterium longum, B. breve, B. 

infantis, Lactobacillus acidophilus, L. plantarum, L. casei, L. bulgaricus) and corn starch. 

 

 
Purification of Natural Killer Cells and Monocytes  
 

The UCLA Institutional Review Board (UCLA-IRB) approved all the procedures before 

they were done. Written informed consents approved by UCLA-IRB were obtained from all 

healthy blood donors. The Ficoll-Hypaque technique was used to fractionate the blood, and the 

buffy layer was harvested, washed and re-suspended in RPMI 1640 supplemented with 10% FBS. 

Non-adherent human peripheral blood lymphocytes were obtained by sequential incubation on 

tissue culture dishes. NK cells were negatively selected and isolated using the EasySep® Human 
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NK cell enrichment kit purchased from Stem Cell Technologies (Vancouver, Canada). The NK 

cell population was found to have a greater than 90% purity based on flow cytometric analysis of 

anti-CD16 antibody stained cells.  

The adherent subpopulation of PBMCs was detached from tissue culture plate after a 

one-hour incubation. The total population of monocytes (CD16+) was purified using an 

EasySep® purification kit purchased from Stem Cell Technologies (Vancouver, Canada). 

Monocyte purity greater than 95% was obtained, and confirmed with flow cytometric analysis of 

CD14 and CD16 stained monocytes. 

Purified NK cells and monocytes were cultured in RPMI 1640 supplemented with 10% 

FBS (Gemini Bio-Products, CA), 1% antibiotic antimycotic, 1% sodium pyruvate, and 1% non-

essential amino acids (Invitrogen by Life Technologies, CA).  

Monocytes were irradiated at 20 Grey.  

 
51Chromium release cytotoxicity assay  

 

NK cell cytotoxic function in the experimental cultures and the sensitivity of the target 

cells to NK cell mediated lysis were determined using the 51Chromium release cytotoxicity assay. 

Different numbers of purified NK cells were incubated with 51Chromium labeled target cells. 

After a 4-hour incubation period, each supernatant was harvested from each sample and counted 

for released radioactivity using a gamma-counter. The percentage specific cytotoxicity was 

calculated as followed 

Percent cytotoxicity = Experimental cpm – Spontaneous cpm 
                                     Total cpm – Spontaneous cpm 
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Lytic unit30/106  was calculated by using the inverse of the number of effector cells needed 

to lyse 30% of target cells X 100. 

 
Enzyme-Linked Immunosorbent Assays (ELISAs) and Multiplex Cytokine Array kit  

 

Various ELISAs were performed on the supernatants harvested after co-culture 

experiments to measure the concentration levels of cytokines secreted by the tumor cells. 

Monoclonal antibody specific for the cytokines (1-2 mg/ml) was added to the wells of a 96-well 

plate as coating antibody. The plates were stored overnight at room temperature. The plates were 

washed four times and blocked with PBS containing 1% BSA for 30 minutes. Thereafter, the 

plates were washed four times and 100uL of the standards or the supernatants from samples were 

added to the wells. After 2-hour incubation, the plates were washed four times to remove excess 

unbound samples. A polyclonal antibody specific to each cytokine was then added and incubated 

for 2 hours. Finally, a goat anti-rabbit IgG conjugated with Alkaline Phosphatase, which binds to 

its specific polyclonal antibody, was added. The substrate solution was added to the plates and 

the plates were read with ELISA plate reader using the 450nm filter. The concentrations of 

cytokines were determined by comparing samples’ absorbance to the standard curve. 

 
Statistical Analysis: 
 
An unpaired, two-tailed student t- test was performed for the statistical analysis. One-way 

ANOVA with a Bonferroni post-test was used to compare the different groups. 
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Results: 
 

1. Antibody against CD16 receptors triggered NK cells to undergo split anergy, which 

consequently hindered their cytotoxic function against healthy tumor derived cell lines 

but increased IFN-γ secretion. 

 

The highest level of cytotoxicity was observed by IL-2 treated NK cells against OSCSCs 

(Figures 6 and 7). The treatment of IL-2 and anti-CD16 antibody NK cells induced split anergy 

in NK cells, which resulted in low levels of cytotoxicity against OSCSCs (Figures 6 and 7), 

however produced exceeding high levels of IFN-γ (Figure 8). Similarly, untreated and anti-CD16 

mAb treated NK cells mediated no or low levels of lysis against OSCSCs (Figures 6 and 7) and 

minimal levels of IFN-γ (Figure 8). Whereas, NK cells treated with IL-2 and anti-CD16 mAb 

mediated moderate levels of OSCSCs (Figures 6 and 7) and produced the highest levels of IFN-γ 

(Figure 8). IL-2 treated NK cells lyse moderate levels of OSCSCs (Figures 6 and 7) and 

produced moderate levels of IFN-γ (Figure 8).  

2. Interaction with Monocytes induced functional inactivation in NK cells, which 

diminished their cytotoxic function against stem cells, but increased IFN-γ and IL-10 

production.  

NK cells co-incubated with irradiated monocytes resulted in the functional inactivation of 

NK cells in terms of cytotoxicity against OSCSCs (Figure 6 and 7), however an increase in IFN-

γ and IL-10 secretion (Figures 8 and 9). Monocytes conditioned NK cells exhibited lower levels 

of cytotoxicity against OSCSCs compared to NK cells alone (Figure 6 and 7). The levels of IFN-

γ secretion were exceedingly high in IL-2 and treated NK cells that were co-incubated with 
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monocytes, and more significantly in anergized (IL-2 and anti-CD16 antibody treated) NK cells 

co-incubated with monocytes (Figure 8). IL-10 secretion was increased in all monocyte treated 

OSCSCs, but higher secretion levels were exhibited in the LPS and F. nucleatum groups (Figure 

9).  

3. Introduction of Fusobacterium nucleatum and bacterial LPS to the co-culture of NK cells 

resulted in decreased cytotoxicity and increased IFN-γ production by NK cells. 

Addition of Monocytes to NK cells caused significant decrease in NK cell mediated 

cytotoxicity (Fig. 6 and 7). Similarly, both F. nucleatum (Fig. 6) and LPS (Fig. 7) caused 

significant decrease in NK cell mediated cytotoxicity. Treatment of NK cells with both the 

monocytes and either F. nucleatum (Fig. 6) or LPS (Fig. 7) had further decrease in NK cell 

mediated cytotoxicity when compared to either monocytes alone or the bacteria alone treatment. 

Decrease in the NK cell mediated cytotoxicity is more severe when NK cells are treated with the 

combination of IL-2 and anti-CD16 mAb antibodies in the presence of either bacteria (Fig. 6) or 

LPS (Fig. 7).   

Monocytes as well as F. nucleatum and LPS induced significant release of IL-10 from 

NK cells (Fig. 9). Monocytes were potent inducers of IL-10 by the NK cells when cultured in the 

presence of bacteria and LPS (Fig. 9). 
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6. 

Figure 6: Treatment of NK cells with F. nucleatum in the presence of monocytes 
suppresses NK cell mediated cytotoxicity against OSCSCs similar to that observed when 
NK cells are induced to undergo anergy in the presence of anti-CD16 mAb.  

NK cells were left untreated or treated with IL-2 (1000u/ml), or anti-CD16 mAb or the 
combination of IL-2 and anti-CD16 mAb before bacteria at 100:1 bacteria:NK ratio were added in 
the presence and absence of monocytes at (1:1 monocytes:NKs) for 48 hours. The NK samples 
were then extensively washed and used in 51Cr release assay against OSCSCs. After 4 hours of 
incubation with OSCSCs the radioactivity released in the supernatants were counted and the 
levels of NK cell cytotoxicity were determined using Lu30/106 cells.  Differences between 
various treatments of NK cell mediated cytotoxicity of OSCSCs were significant at a p value of 
<0.05. *= p value of <0.05 
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7. 

Figure 7: Treatment of NK cells with LPS in the presence of monocytes suppresses NK cell mediated cytotoxicity 
against OSCSCs similar to that observed when NK cells are induced to undergo anergy in the presence of anti-
CD16 mAb.   

NK cells were left untreated or treated with IL-2 (1000u/ml), or anti-CD16 mAb or the combination of IL-2 and 
anti-CD16 mAb before 10 mg/ml LPS were added in the presence and absence of monocytes at (1:1 
monocytes:NKs) for 48 hours. The NK samples were then extensively washed and used in 51Cr release assay 
against OSCSCs. After 4 hours of incubation with OSCSCs the radioactivity released in the supernatants were 
counted and the levels of NK cell cytotoxicity were determined using Lu30/106 cells.  Differences between 
various treatments of NK cell mediated cytotoxicity of OSCSCs were significant at a p value of <0.05. *= p value 
of <0.05 
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Figure 8: Decrease in NK cell cytotoxicity is paralleled with a significant increase in IFN- γ secretion 
when OSCSCs treated with F. nucleatum or LPS and cultured with and without monocytes were co-
cultured with NK cells. 

OSCSCs were treated with F. nucleatum (250:1 bacteria:OSCSCs) or 10 mg/ml LPS and co-cultured with 
and without monocytes at (0.5:1 monocytes:OSCSCs) for 24 hours before they were extensively washed 
and co-cultured with untreated, IL-2 treated (1000u/ml), anti-CD16 mAb treated or IL-2 in combination 
with anti-CD16 mAb treated NK cells. After 24 hours of incubation with OSCSCs the supernatants were 
removed and the levels of IFN- γ secretion were determined using specific ELISA. *= p value of <0.05 
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Figure 9: Monocyte mediated decrease in NK cell cytotoxicity is paralleled with an 
increase in the secretion of IL-10 in the co-cultures of NK cells with OSCSCs and 
monocytes in the presence and absence of F. nucleatum and LPS.  

OSCSCs were treated with F. nucleatum (250:1 bacteria:OSCSCs) or 10 mg/ml LPS 
and co-cultured with and without monocytes at (1:1 monocytes:OSCSCs) for 48 hours 
before they were extensively washed and co-cultured with untreated, IL-2 treated 
(1000u/ml), anti-CD16 mAb treated or IL-2 in combination with anti-CD16 mAb 
treated NK cells. After 24 hours of incubation with OSCSCs the supernatants were 
removed and the levels of IL-10 secretion were determined using specific ELISA. 
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Discussion:  

The function of NK cells are regulated by antibodies directed against CD16 surface 

receptors [2]. In the results above, the treatment of anti-CD16 antibody induced cell death in a 

proportion of the NK cells (Figures 1-7) whereas the remainder of the cells suffered a hindrance 

in their cytotoxic function [50]. Split anergy describes the occurrence in which NK cells undergo 

functional inactivation and change from their primary task of eliminating transformed cells via 

apoptosis, to cytokine secretion [1-3]. As observed in the above results, triggering of the CD16 

receptors with a monoclonal antibody augmented the cytotoxic function of NK cells, and 

consequently the NK cells become inefficient at eliminating oral tumors.  

Decreased killing of OSCSCs by the NK cells could be observed in the presence of 

monocytes and bacteria and synergistic secretion of IFN- γ by the NK cells in the presence of 

monocytes, bacteria and cancer cells could be observed, indicating an inverse relationship 

between cytotoxicity and IFN- γ secretion. This finding was similar to the profiles which we had 

seen previously when NK cells were treated with both the IL-2 and anti-CD16 antibody in which 

significant decrease in cytotoxicity of NK cells could be observed in parallel with increased 

secretion of IFN- γ [14]. IL-2 treated NK cells significantly induced apoptosis in transformed 

stem cells, however the addition of anti-CD16mAb altered their cytotoxic function. As a 

consequence, NK cells switched from a cytotoxic profile to cytokine secretion, primarily IFN-γ. 

The addition of IL-2 to anti-CD16mAb pre-treated NK cells augmented the proliferation of the 

NK cells, however, the level of cytotoxicity remained diminished. 

Monocytes have been demonstrated to be a major inducer of tumor resistance and support the 

progression of cancer in tumor-bearing patients [2, 3, 24, 29], however the mechanism remains 
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unclear. Monocytes as well as F. nucleatum and LPS induced significant release of IFN- γ from 

IL-2 treated NK cells. Monocytes were potent inducers of IFN- γ by the NK cells when cultured 

in the presence of bacteria and LPS. Treatment of NK cells with the combination of IL-2 and 

anti-CD16 mAb which induced anergy in NK cells by suppressing cytotoxicity induced the 

highest levels of IFN- γ as compared to untreated or anti-CD16 mAb treated or IL-2 teated NK 

cells. The levels of IFN- γ plateaued after the treatment of IL-2 and anti-CD16 mAb treated NK 

cells with monocytes, F. nucleatum or LPS and their combination.     

F. nucleatum has also been shown to have immunosuppressive properties in a number of past 

studies [27, 36, 38, 57], however the exact processes by which immunosuppression is induced 

have not been elucidated yet. In this report, we confirmed that the addition of F. nucleatum to 

NK cell cultures lead to the suppression of cytotoxicity by NK cells. Addition of F. nucleatum to 

NK cells resulted in a split anergy of the NK cells, exhibiting decreased levels in cytotoxicity 

(Figure 6), and increased levels of IFN-γ (Figure 8) and IL-10 production (Figure 9). Significant 

production of IFN-γ by NK cells was observed when F. nucleatum was added to IL-2 treated 

NKs cells, and moderate levels in the combination treatment of IL-2 and anti-CD16 mAb (Figure 

8). 

Addition of bacterial LPS to NK cells also resulted in a split anergy of the NK cells, (Figure 

7 and 8). Significant production of IFN-γ by NK cells was observed when bacterial LPS was 

added to IL-2 treated NKs cells, and moderate levels in the combination treatment of IL-2 and 

anti-CD16 mAb (Figure 8). 
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Conclusion: 

The role of F. nucleatum and LPS in cytotoxicity and IFN- γ secretion of NK cells was 

assessed. High levels of IFN- γ were contained in bacteria-activated lymphocyte supernatants. 

This finding of increased levels of IFN- γ, with the additional finding that bacteria treated NK 

cells showed a significant decrease in cytotoxicity supports the split angery phenomenon. Based 

on our previous results, we propose that these anergized NK cells play a significant role in 

differentiation of the cells by providing critical signals via secreted cytokines such as IFN- γ, and 

as well as direct cell-cell contact. 
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Figure 10: Schematic representation of split angery. 
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Chapter 3: 

Specific Aim 3: Anergized NK cells supported the differentiation of the Oral Squamous Cancer 

Stem Cells (OSCSCs). 

 

Introduction: 

NK cells are conditioned by receiving signals either from healthy cells or those which 

have disturbed or defective capabilities to differentiate [2, 3, 31]. After they are conditioned, and 

anergized it is suspected that the cytokines they secrete induce differentiation in the target cells. 

Anergized NK cells have shown previously to produce exceedingly high levels of IFN-γ upon 

interaction with stem cells, monocytes or Fusobacterium nucleatum [2, 14]. Previous studies 

have demonstrated that IFN-γ produced by NK cells can induce the activation of Indoleamine 2,3 

Dioxygenase in human MSCs and impair their differentiation capacity and proliferation rate [58]. 

We hypothesize that the IFN-γ secreted by NK cells can also regulate the differentiation of the 

OSCSC and HT29 cell lines and instigate an increased resistance against NK cell mediated 

cytotoxicity.  

NK cells have been shown to lose cytotoxicity and gain in cytokine producing phenotype 

upon contact with healthy stem cells or cells that have been transformed [1, 2, 14, 27]. These 

alterations in NK cell effector function will ultimately assist in driving the differentiation of a 

sub-population of surviving healthy, as well as transformed stem cells. In cancer patients, the 

majority of the NK cells are anergized, which may contribute to the expansion of cancer stem 

cells. 
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In previous studies conducted by our laboratory, we have demonstrated that the stage of 

differentiation of the cells is predictive of their sensitivity to NK cell lysis [14]. Thus, the more 

differentiated the cell line, the more resistant the cell line is to NK cell mediated lysis.  

In this section of the study, there is one sub aims in terms of stem cell differentiation and 

increased resistance against NK cell mediated lysis. 

Sub Aim 1: Supernatants harvested from anergized NK cell cultures significantly 

contributed to the differentiation of OSCSCs and decreased their sensitivity to NK cell mediated 

cytotoxicity. 

  

Materials and Methods: 

Cell culture and reagents 

OSCSCs were isolated from patients at the Department of Head and Neck Surgery at 

UCLA School of Medicine by Dr. Christian Head. The cells were cultured in RPMI 1640 

supplemented 10% Fetal Bovine Serum (FBS) (Gemini Bio-Products, CA), 1.4% antibiotic 

antimycotic, 1% sodium pyruvate, 1.4% non-essential amino acids, 1% L-glutamine, 0.2% 

gentamicin (Gemini Bio-Products, CA) and 0.15% sodium bicarbonate (Fisher Scientific, CA). 

The remainder products were purchased from Invitrogen by Life Technologies (Carlsbad, CA). 

HT-29 colon adenocarcinoma were purchased from the American Type Culture 

Collection. These cells were cultured in Dulbecco modified Eage medium (DMEM) containing 

4.5 g/l glucose (Invitrogen by Life Technologies, CA) and supplemented with 10% Fetal Bovine 

Serum (FBS) (Gemini Bio-Products, CA). 
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Antibodies 
 
Recombinant IL-2 was obtained from the NIH repository.  

Antibody against CD16 was obtained from eBioscience (San Diego, CA).  

The NK cell and monocyte purification kits were purchased from Stem Cell Technologies 

(Vancouver, Canada).  

The ELISA kits were purchased from R&D Systems (Minneapolis, MN). 

Antibody to CD44 was purchased from eBioscience (San Diego, CA). 

Fusobacterium nucleatum (PK1594) was obtained from Paul Kolenbrander at the National 

Institutes of Health and treated with 1% paraformaldehyde for 1 hour at room temperature and 

washed 3 times with PBS. 

Escherichia coli LPS (Serotype 0111) was obtained from Sigma Chemical Co. (St. Louis, MO). 

AKF-1 is a mixture of 8 probiotic bacterial strains. Each sachet of AKF-1 (2.5 g) contained 450 

billion freeze-dried bacteria (Streptococcus thermophilus, Bifidobacterium longum, B. breve, B. 

infantis, Lactobacillus acidophilus, L. plantarum, L. casei, L. bulgaricus) and corn starch. 

 

 
Purification of Natural Killer Cells and Monocytes  
 

The UCLA Institutional Review Board (UCLA-IRB) approved all the procedures before 

they were done. Written informed consents approved by UCLA-IRB were obtained from all 

healthy blood donors. The Ficoll-Hypaque technique was used to fractionate the blood, and the 
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buffy layer was harvested, washed and re-suspended in RPMI 1640 supplemented with 10% FBS. 

Non-adherent human peripheral blood lymphocytes were obtained by sequential incubation on 

tissue culture dishes. NK cells were negatively selected and isolated using the EasySep® Human 

NK cell enrichment kit purchased from Stem Cell Technologies (Vancouver, Canada). The NK 

cell population was found to have a greater than 90% purity based on flow cytometric analysis of 

anti-CD16 antibody stained cells.  

The adherent subpopulation of PBMCs was detached from tissue culture plate after a 

one-hour incubation. The total population of monocytes (CD16+) was purified using an 

EasySep® purification kit purchased from Stem Cell Technologies (Vancouver, Canada). 

Monocyte purity greater than 95% was obtained, and confirmed with flow cytometric analysis of 

CD14 and CD16 stained monocytes. 

Purified NK cells and monocytes were cultured in RPMI 1640 supplemented with 10% 

FBS (Gemini Bio-Products, CA), 1% antibiotic antimycotic, 1% sodium pyruvate, and 1% non-

essential amino acids (Invitrogen by Life Technologies, CA).  

Monocytes were irradiated at 20 Grey.  

 
51Chromium release cytotoxicity assay  

 

NK cell cytotoxic function in the experimental cultures and the sensitivity of the target 

cells to NK cell mediated lysis were determined using the 51Chromium release cytotoxicity assay. 

Different numbers of purified NK cells were incubated with 51Chromium labeled target cells. 

After a 4-hour incubation period, each supernatant was harvested from each sample and counted 
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for released radioactivity using a gamma-counter. The percentage specific cytotoxicity was 

calculated as followed 

Percent cytotoxicity = Experimental cpm – Spontaneous cpm 
                                     Total cpm – Spontaneous cpm 

 
 

Lytic unit30/106  was calculated by using the inverse of the number of effector cells needed 

to lyse 30% of target cells X 100. 

 
Enzyme-Linked Immunosorbent Assays (ELISAs) and Multiplex Cytokine Array kit  

 

Various ELISAs were performed on the supernatants harvested after co-culture 

experiments to measure the concentration levels of cytokines secreted by the tumor cells. 

Monoclonal antibody specific for the cytokines (1-2 mg/ml) was added to the wells of a 96-well 

plate as coating antibody. The plates were stored overnight at room temperature. The plates were 

washed four times and blocked with PBS containing 1% BSA for 30 minutes. Thereafter, the 

plates were washed four times and 100uL of the standards or the supernatants from samples were 

added to the wells. After 2-hour incubation, the plates were washed four times to remove excess 

unbound samples. A polyclonal antibody specific to each cytokine was then added and incubated 

for 2 hours. Finally, a goat anti-rabbit IgG conjugated with Alkaline Phosphatase, which binds to 

its specific polyclonal antibody, was added. The substrate solution was added to the plates and 

the plates were read with ELISA plate reader using the 450nm filter. The concentrations of 

cytokines were determined by comparing samples’ absorbance to the standard curve. 

Surface Staining: 
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The cells were detached from the tissue culture plates and washed twice with PBS 

containing 1% BSA. Pre-determined concentration of specific monoclonal antibodies were added 

to 5X104 cells in 50uL of  PBS-BSA solution, and incubated on ice for 30 minutes. The cells 

were then washed twice and re-suspended in PBS-BSA solution. The cells were then 

immediately analyzed using flow cytometry. 

 
Statistical Analysis: 
 

An unpaired, two-tailed student t- test was performed for the statistical analysis. One-way 

ANOVA with a Bonferroni post-test was used to compare the different groups. 

 
Results: 
 

Sub Aim 1: Supernatants harvested from anergized NK cell cultures significantly 

contributed to the differentiation of OSCSCs and decreased their sensitivity to NK cell mediated 

cytotoxicity. 

OSCSC’s were treated with LPS or left untreated for 24 hours, and then NK cells were 

added to the culture at a 1:1 ratio. The supernatant from this co-culture was taken and used to 

treat untreated and LPS treated (10 mg/ml LPS) OSCSC’s over a four day period. A total of 200 

uL of supernatant was used to treat the OSCSCs. After the four day period, some physical 

changes in the OSCSCs were visible and the cells proliferated at a much slower rate (data not 

shown). Fresh NK cells were then taken from a donor and treated with IL-2 (1000u/ml), or anti-

CD16 mAb or the combination of IL-2 and anti-CD16 mAb.  A decrease in cytotoxicity was 

visible in the OSCSC co-cultures treated with LPS and NK IL2 and LPS and NK IL2 + 

antiCD16 mAb (Figures 11 and 12).  
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11. 

Figure 11: Supernatants harvested from anergized NK cell cultures significantly 
contributed to the differentiation of OSCSCs and decreased their sensitivity to NK cell 
mediated cytotoxicity. 

OSCSC’s were treated with LPS or left untreated for 24 hours, and then NK cells 
were added to the culture at a 1:1 ratio. The supernatant from this co-culture was taken 
and used to treat untreated and LPS treated (10 mg/ml LPS) OSCSC’s over a four day 
period. A total of 200 uL of supernatant was used to treat the OSCSCs. Fresh NK cells 
were then taken from a donor and treated with IL-2 (1000u/ml), or anti-CD16 mAb or the 
combination of IL-2 and anti-CD16 mAb. The NK samples were then extensively washed 
and used in 51Cr release assay against OSCSCs. After 4 hours of incubation with 
OSCSCs the radioactivity released in the supernatants were counted and the levels of NK 
cell cytotoxicity were determined using Lu30/106 cells.  *= p value of <0.05 

 

 

 

* * 
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Figure 12: Supernatants harvested from anergized NK cell cultures significantly 
contributed to the differentiation of OSCSCs and decreased their sensitivity to NK cell 
mediated cytotoxicity. 

 OSCSC’s were treated with LPS or left untreated for 24 hours, and then NK cells were 
added to the culture at a 1:1 ratio. The supernatant from this co-culture was taken and used to treat 
untreated and LPS treated (10 mg/ml LPS) OSCSC’s over a four day period. A total of 200 uL of 
supernatant was used to treat the OSCSCs. Fresh NK cells were then taken from a donor and 
treated with IL-2 (1000u/ml), or anti-CD16 mAb or the combination of IL-2 and anti-CD16 mAb. 
The NK samples were then extensively washed and used in 51Cr release assay against OSCSCs. 
After 4 hours of incubation with OSCSCs the radioactivity released in the supernatants were 
counted and the levels of NK cell cytotoxicity were determined using Lu30/106 cells. Differences 
between various treatments of NK cell mediated cytotoxicity of OSCSCs were significant at a p 
value of <0.05. *= p value of <0.05 

 

 

 

* * 

* 
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Discussion:  

Past studies have shown that IFN-γ levels increase as NK cells became anergized after 

interacting with OSCSC’s, LPS, and Fusobacterium nucleatum [2, 3, 14, 31, 59]. To understand 

the effects of this increase in cytokine production by NK cells on the OSCSC’s, we harvested the 

supernatants from the anergized NK cells and adeded them to cultures of OSCSC’s (Fig. 11 and 

12). The resistance level of OSCSC’s cultured with supernatants collected from NK cell 

treatments was determined using 51Chromium release assay. As observed, there was an increase 

in the level of resistance in OSCSCs as the cells were treated with NK treated with LPS 

supernatants, especially in the IL-2 or both IL-2 and anti-CD16 antibody NK treated groups. 

Figures 13 and 14 are schematic representations showing what we believe is happening in this 

system. 

The majority of the NK cells within the tumor-bearing host are anergized, which can 

support the development and progression of cancer stem cells. Though conditioning of NK cells 

to support differentiation of cells is discussed in the context of tumors, induction of split anergy 

in NK cells is also an important conditioning step responsible for the repair of tissues during 

pathological processes. In tumors, the majority if not all of the NK cells may be conditioned to 

support differentiation and repair of the tissues since the generation and maintenance of cancer 

stem cells is higher.  
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13. 

Figure 13: A schematic representation of hypothetical model of NK cell anergy. 

 NK cells interact with IL-2 and antiCD 16 mAb, and with LPS, Monocytes, F. 
nucleatum, and the cancer stem cells resulting in the loss of NK cell cytotoxicity but gain 
in secretion of cytokines.  
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14. 

Figure 14: A schematic representation of hypothetical model of oral cancer stem cell 
differentiation by anergized NK cells.  

 NK cell anergy causes induction of resistance of cancer stem cells to NK cell 
mediated lysis.  
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Conclusion: 

This final study demonstrated that anergized NK cells do not contribute to the significant 

lysis of the stem cells, but instead support in the differentiation and resistance against NK cell 

mediated lysis. The supernatant harvested from NK cell cultures treated with IL-2 and anti-CD16 

mAb can induce differentiation of OSCSCs, which was confirmed with 51Chromium cytotoxicity 

assay and ELISA (data not shown). From these results, we believe that aside from receiving 

signals from key cytokines, the surface interaction between NK cells and OSCSCs can also cause 

significant resistance in OSCSC’s. 
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Final Conclusion: 

NK cells may have to first receive signals either from healthy stem cells or those which 

have disturbed or defective capabilities to differentiate in order to be conditioned to drive 

differentiation. Before NK cells can aid in differentiation of oral squamous cancer stem cells, 

they must first become conditioned to lose cytotoxicity and gain cytokine-producing phenotype. 

The NK cell interactions that take place within the tumor microenvironment are crucial to 

understanding the phenotypic characteristics of the NK cell.  

In this study, we were able to further investigate the roles of NK cells in the oral and 

colon tumor environments. Our findings showed the following: 

1.  Oral and intestinal bacteria and LPS promote differentiation of the OSCSCs and HT-

29 colon carcinomas directly or through their interaction with monocytes and subsequently 

inhibit NK cell mediated cytotoxicity against OSCSCs. 

2. Oral bacteria and LPS promote differentiation of OSCSCs by inducing split anergy in 

NK cells whereby inhibit cytotoxicity and promote secretion of cytokines. 

3. Once OSCSCs are differentiated they are no longer susceptible to NK cell mediated 

cytotoxicity, therefore, the degree of differentiation of the oral tumors may be directly 

proportional to their resistance to NK cell mediated lysis. 

At present, it is not clear whether differentiated oral tumors or their stem cells or both are 

responsible for metastatic phenotype of oral tumors. Therefore, NK cells have significant role in 

elimination of cancer stem cells and differentiation of oral tumors. The molecular requirements 

that drive NK cell supported differentiation of stem cells and NK effector function are still not 
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completely understood, and further investigations and insight into NK cell biology and function 

will allow researchers to better understand this immune effectors role.  
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