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Natural Killer (NK) cells have a crucial role in immune surveillance against a variety 

of infectious microorganisms and tumors. NK cells are known to mediate direct cytotoxicity 

as well as antibody dependent cellular cytotoxicity (ADCC) against a variety of tumor cells. 

Also, they are known to regulate the functions of other cells by producing key cytokines and 

chemokines. In the tumor microenvironment, cytotoxic function of NK cells is suppressed by 

a number of distinct effectors and their secreted factors. It has been shown that many cancer 

patients have decreased peripheral blood NK cell function, so NK cell-based immunotherapy 
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has been used as a treatment in order to enhance NK cell function. However, limited 

availability of NK cells and ability to expand has restricted development of NK cell 

immunotherapy. Overcoming NK cell tolerance against tumors by developing new ways of 

activating endogenous NK cells that increase the expression of ligands for activating NK cell 

receptors or that render them more sensitive to NK cell mediated killing is crucial. 

 

In this study, we found the novel way to expand NK cells and the functionality of NK 

cells generated under this condition demonstrated enhanced expression of activating NK 

receptors. Also, significant cytotoxic killing potential after culture was discovered as well as 

augmented cytokine secretion. Therefore, these expanded NK cells are highly functional in 

comparison to primary NK cells. Through the help of cytokines, sAJ2 bacteria and osteoclast, 

NK cells can be expanded and activated in vitro and furthermore, these expanded NK cells 

can be used to target tumors in vivo. Expanded NK cells can be used in combination with 

other treatment modalities, potentially leading to synergistic antitumor activities.  
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INTRODUCTION 

 

Natural Killer (NK) Cells 

 

 Natural killer (NK) cells are large granular lymphocytes that are important innate 

immune effector cells with a critical role in early host defense against invading pathogens 

while adaptive immune responses are being activated [1]. They are known as first line of 

defense that mediate direct cytotoxicity as well as antibody-dependent cellular cytotoxicity 

(ADCC) against a variety of tumor cells, virally infected cells and neoplasia [2]. Substantial 

evidence has demonstrated the importance of NK cell function in the immune system in 

reports of individuals lacking NK cells or with low activity of NK cells. One such patient was 

constantly afflicted with a variety of viral infections and recurrent cervical carcinoma [3, 4]. 

Therefore, NK cells are a vital component of the immune response that constantly protects an 

individual from life-threatening infections. 

 

 NK cells develop, differentiate and mature in the bone marrow, lymph node, spleen, 

tonsils and thymus where they then enter into the circulation [5]. These NK cells migrate to 

inflamed tissues and organs of the body in response to pro-inflammatory stimuli. Typically, 

immune cells detect major histocompatibility complex (MHC) presented on the surface of 

infected cells, triggering cytokine secretion, causing lysis or apoptosis. However, NK cells 

kill tumor cells without recognizing tumor-specific antigen and MHC or prior sensitization, 

allowing for a much faster immune reaction. 
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NK cells are distinct from T and B cells and represent a unique subset of lymphocytes 

that contributes to host antimicrobial and antitumor defense. Comprising 10-15% of all 

peripheral blood lymphocytes, human NK cells can be divided into two functional subsets 

based on their surface expression of CD56 and the lack of expression of CD3; CD56bright 

immunoregulatory cells and CD56dim cytotoxic cells [1]. In addition, NK cells are a crucial 

source of immunoregulatory cytokines and interact with other immune cells to trigger an 

adaptive, or antigen-specific, immune response [6]. The CD56bright NK cells are the primary 

population of NK cells that produces immunoregulatory cytokines, including interferon 

(IFN)-γ, tumor necrosis factor (TNF)-α, TNF-β, granulocyte macrophage-colony stimulating 

factor (GM-CSF), interleukin (IL)-10, and IL-13 [7].  Several key cytokines, chemokines and 

adhesion molecules have significant roles in maturation, differentiation and effector function 

of NK cells. 

 

It is that freshly isolated tumor infiltrating NK cells are not cytotoxic to autologous 

tumors. Moreover, NK cells obtained from the peripheral blood of cancer patients have 

significantly reduced cytotoxic activity [8-11]. In addition, NK cell cytotoxicity is suppressed 

after their interaction with stem cells [12-14]. In cancer patients since the majority of NK 

cells have lost cytotoxic activity, they may contribute the progression of cancer. This will 

eventually lead to the growth and expansion of the pool of cancer stem cells. Knowledge of 

the distinct functional attributes of CD56bright and CD56dim human NK cell subsets and factor 

involved in their expansion may enable us to design strategies that preferentially activate the 

subset with the greatest therapeutic potential for a particular disease. Therefore, the selective 

expansion of CD56bright NK cells and optimizing the efficacy of using expanded NK cells are 

crucial for the immunotherapy of cancer. In this study, we have shown the novel way to 
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expand NK cells with enhanced cytotoxic function and cytokine secretion. Moreover, the 

functionality of NK cells generated under this condition demonstrated enhanced expression 

of activating NK receptors. 
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Thesis Outline 

 

Specific Aim 1: To establish osteoclasts as key immune effectors capable of expanding 

NK cells and modulating the function of NK cells 

• Sub-aim 1A: Osteoclasts are potent inducers of NK cell expansion and 

function 

• Sub-aim 1B: NK cells expanded by osteoclasts retain activating receptors on 

their surface 

• Sub-aim 1C: Expanded NK cells target tumor cells and induce significant 

IFN-γ secretion 

• Sub-aim 1D: The functionality of expanded NK cells are more potent than 

primary NK cells 

Specific Aim 2: To investigate expansion of NK cells by tumor and non-tumors and the 

capacity of osteoclast-expanded NK cells to target pancreatic tumor (MP2) in hu-BLT 

mice 

• Sub-aim 2A: Live tumors neither support the expansion of NK cells nor 

enhance their functions 

• Sub-aim 2B: Irradiated tumors neither support the expansion of NK cells nor 

enhance their functions 

• Sub-aim 2C: Irradiated PBMCs do not support the expansion of NK cells 

whereas osteoclasts support the expansion of NK cells for more than a month 

• Sub-aim 2D: Single injection of expanded NK cells inhibited tumor growth in 

hu-BLT mice implanted with MP2 stem like/poorly differentiated tumors 
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Specific Aim 3: To investigate the role of IL-10 as a regulator of IFN-gamma secretion 

in NK cell interaction with monocytes or osteoclasts 

• Sub-aim 3A: Monocytes induced significant secretion of IFN-γ in the 

presence of anti-IL-10mAb 

• Sun-aim 3B: Monocytes induced significant secretion of IL-10 in the absence 

of anti-IL-10mAb 

• Sub-aim 3C: Osteoclasts induced more IFN-γ secretion in the presence of 

anti-IL-10mAb than monocytes in the presence of anti-IL10mAb 

• Sub-aim 3D: Osteoclasts inhibited NK cell cytotoxic function in the presence 

of anti-IL10mAb 
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Chapter 1 

Specific Aim 1: To establish osteoclast as a key immune effector capable of expanding NK 

cells and modulating the function of NK cells. 

 

 

INTRODUCTION 

 

Expansion of Natural Killer (NK) Cells 

 

 Natural killer (NK) cells play an important role in immune surveillance against a 

variety of microbial pathogens. Infusions of NK cells are a promising tool for cancer cell 

therapy. However, immunotherapy with NK cells has been limited by the inability to obtain 

sufficient number of highly functional NK cells. Therefore, the development of clinically 

applicable methods to produce large numbers of highly functional NK cells is critical for 

cancer cell therapy. 

 

 Many cytokines have been studied in efforts to induce NK cell expansion as well as 

increase their cytotoxicity. Activated NK cells secrete interferon (IFN)-γ, tumor necrosis 

factor (TNF) and granulocyte/macrophage colony-stimulating factor (GM-CSF)[15]. NK 

cells can be activated by interleukin (IL)-2 to mediate potent cytotoxicity against a variety of 

tumor target cells and virally infected cells. IL-2 is known to increase NK cell cytotoxicity 

and it can also stimulate their proliferation but only a minority of NK cells can maintain 

proliferation after the initial response [16-18]. Also, IL-4, IL-7 and IL-12 induced some 

proliferation of NK cells but are less potent than IL-2 [19]. NK cell proliferation in response 
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to optimal concentrations of IL-2 was at least 10-fold more than proliferation to optimal 

concentrations of IL-4, IL-7, or IL-12 [19]. IL-15 is known to promote NK cell maturation 

and survival [20, 21]. IL-15 alone or in combination with IL-2 or other growth factors did not 

induce significant expansion of NK cells [22]. However, when IL-15 was presented to NK 

cells in trans as a membrane bound complex with IL-15Rα, it promoted NK cell survival and 

expansion [23]. Also, when feeder cell populations, such as Epstein-Barr virus-trans-formed 

lymphoblastoid cells (EBV-LCL), or gene-modified K562 cells expressing NK-stimulatory 

molecules, such as 4-1BB ligand and IL-15 to NK cells, NK cell expansion was dramatically 

enhanced [22]. IL-2 appears to be necessary but not the only source for preferential 

expansion of NK cells. Therefore, NK cells require costimulatory signals for optimal 

proliferation. 

 

 Interaction with other immune cells such as monocytes [24] or B-lymphoblastoid cells 

[17, 25, 26] is required in order to sustain proliferation of NK cells. Monocytes play critical 

roles in immune defense in response to inflammation signals. Monocytes can migrate quickly 

to sites of infection in the tissues and differentiate into dendritic cells to elicit immune 

response. Miller et al. [24] reported approximate 30-fold expansion of NK cells after they 

were co-cultured with IL-2 (1000 IU/mL) and monocytes for 18 days. Perussia et al. [27] 

found that after the interaction of NK cells with irradiated B-lymphoblastoid cells for 2 

weeks, approximate 25-fold expansion of NK cells was observed. Yu et al. also [28] reported 

that the co-culture of NK cells with dendritic cells (DCs) resulted in enhancement of NK cell 

cytotoxicity and IFN-γ production. DCs, which are derived from hematopoietic bone marrow 

progenitor cells, are the most potent antigen-presenting cells (APCs) with a critical role in 

initiation of primary immune response [29]. Following maturation, DCs decrease their 



	
  8	
  

antigen processing capacity and become immuostimulatory cells by expressing high levels of 

MHC class II molecules, adhesion molecules and costimulatory receptors [30].  In order to 

enhance NK cell cytotoxicity and IFN-γ production, direct cell-to-cell contract between DCs 

and NK cells is necessary with combinations of different cytokines and costimulatory 

molecules [28]. 

 

 NK cells are found proximate to the surface of bone, where they may directly contact 

mature osteoclasts [31]. Suppression of bone erosion by the interaction between NK cells and 

osteoclasts had shown but the expansion of NK cells by osteoclasts has never been studied. 

Osteoclasts, derived from hematopoietic stem cells, are a type of bone cells that resorbs bone 

tissue. This function is critical in the maintenance, repair and remodeling of bones. Bone 

homeostasis is achieved by a balance between bone formation by osteoclasts and bone 

resorption by osteoclasts [32]. Osteoclasts mature by stimulating RANKL expressed on 

osteoblasts and the cognate interaction is mediated by firm adhesion via ICAM-1[33]. Feng 

et al. [34] showed that osteoclasts express many ligands for preceptors present on activated 

NK cells. They reported that osteoclasts express ULBP-1, ULBP-2/5/6 and ULBP-3, but little 

or no MIC-A or MIC-B, all MHC class I-like ligands for NKG2D, the activating receptor of 

NK cells [35]. Moreover, they also showed that osteoclasts express CD155 (poliovirus 

receptor, PVR) but not CD112 (PVR2 or Nectin-2), which are ligands for the activating NK 

receptor DNAX accessory molecule-1 (DNAM-1) [34]. IL-15 activated NK cells triggered 

osteoclast apoptosis, resulting in drastically decreased bone erosion [34].  

 

 In this aim 1, we found the novel method to expand NK cells by osteoclasts and 

enhanced sensitization of tumor target cells to NK cell-mediated apoptosis as well as 
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cytokine production. These recent discoveries in NK expansion to potentiate their functions 

against tumors will fuel translational research that will lead to clinical trials for future cancer 

therapy. 
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MATERIALS AND METHODS 

 

Cell Lines, Reagents, and Antibodies 

RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS) (Gemini Bio-

Products, CA) was used for the cultures of human immune cells. Oral Squamous Cancer 

Stem Cells (OSCSCs) were isolated from oral cancer patient tongue tumors at UCLA School 

of Medicine and cultured in RPMI 1640 supplemented 10% Fetal Bovine Serum (FBS) 

(Gemini Bio-Products, CA), 1.4% antibiotic antimycotic (100x), 1% sodium pyruvate 

(100nM), 1.4% MEM non-essential amino acids, 1% L-Glutamine, 0.2% gentimicin sulfate 

(Gemini Bio-products, CA) and 0.15% sodium bicarbonate (Fisher Scientific, PA). Alpha-

MEM medium (Life Technologies, CA) supplemented with 10% FBS and penicillin-

streptomycin (Gemini Bio-Products, CA) was used to culture human osteoclasts. Human    

M-CSF (Biolegend, CA) and soluble RANKL (PeproTech, NJ) were dissolved in alpha-

MEM and stored at -80°C. PE conjugated isotype control, CD16, NKp44, CXCR1, CXCR3, 

DNAM, and NKG2D were purchased from Biolegend (San Diego, CA).  

 

Bacteria Sonication 

sAJ2 is a combination of 8 different strains of sonicated gram positive probiotic 

bacteria selected by Dr. Anahid Jewett for their superior ability to induce optimal secretion of 

both pro-inflammatory and anti-inflammatory cytokines in NK cells (manuscript in prep). 

The whole bacteria was weighted and resuspended in RPMI Medium 1640 containing 10% 

FBS at a concentration of 10mg per 1mL. The bacteria were vortexed thoroughly and then 

sonicated for 15 seconds on ice and the amplitude was set from 6 to 8. After that, the samples 

are incubated for 30 seconds on ice. After every 5 pulses, a small sample was taken to 
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observe under the microscope to obtain at least 80 percentages of cell walls to be lysed. Then, 

the sonicated samples were aliquoted and stored in minus 20 to 80 degrees for long term 

studies.      

 

Purification of NK cells 

Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. The Ficoll-Hypaque technique was used to fractionate the blood, and the buffy 

layer called peripheral blood mononuclear cells (PBMC) was harvested, washed and re-

suspended in RPMI 1640 (Invitrogen by Life Technologies, CA) supplemented with 10% 

FBS. Non-adherent human peripheral blood lymphocytes (PBL) were obtained after 1-2 

hours incubation at 37˚C on a plastic tissue culture dish.  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 greater than 

90% purity based on flow cytometric analysis of anti-CD16 antibody stained NK cells. 

Purified NK cells were cultured in RPMI Medium 1640 supplemented with 10% FBS 

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

non-essential amino acids (Invitrogen, Life Technologies, CA). 

 

Human Peripheral Blood Monocytes Purification 

 Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. Peripheral blood mononuclear cells (PBMCs) were obtained after Ficoll-

hypaque centrifugation. PBMCs were cultured onto the tissue culture plate for an hour and 
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the adherent subpopulation of PBMCs was detached from the tissue culture plate. Monocytes 

were purified using the EasySep® Human monocyte cell enrichment kit obtained from Stem 

Cell Technologies (Vancouver, Canada). The monocyte population was found to have greater 

than 95% purify based on flow cytometric analysis of CD14 antibody stained monocyte cells. 

Generation of Dendritic Cells (DCs) and Osteoclasts 

 Purified monocytes from health donor’s PBMCs were differentiated into DCs and 

cultured in RPMI medium containing GM-CSF (150ng/mL) and IL-4 (50ng/mL) for 7 days. 

Osteoclasts were generated from monocytes and cultured in alpha-MEM medium containing 

M-CSF (25ng/mL) and Rank Ligand (RANKL) (25ng/mL) for 21 days, or otherwise 

specified. Medium was refreshed every 3 days with fresh alpha-MEM containing M-CSF 

(25ng/mL) and RANKL (25ng/mL). Zolendronic acid (500nM) was purchased from UCLA 

Ronald Reagan Pharmacy and used to treat osteoclast. 

Surface Staining 

 1x105 NK cells from each condition were stained in 50ul of cold 1%PBS-BSA with 

pre-determined optimal concentration of PE conjugated isotype control, CD16, NKp44, 

CXCR1, CXCR3, DNAM, and NKG2D and incubated at 4°C for 30 minutes. Then, the cells 

were washed and resuspended in 1%PBS-BSA. The Epics C (Coulter) flow cytometry was 

used for surface analysis. 

51Cr release cytotoxicity assay 

51Cr was purchased from Perkin Elmer (Santa Clara, CA). NK cell cytotoxic function 

in the experimental cultures and the sensitivity of target cells to NK cell mediated lysis were 

determined using standard 51Cr release cytotoxicity assay. The effector cells (1x105 NK 
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cells/well) were aliquoted into 96-well round-bottom microwell plates (Fisher Scientific, 

Pittsburgh, PA) and titrated to four serial dilutions. The target cells (5x105 OSCSCs/well) 

were labeled with 50µCi 51Cr (Perkin Elmer, Santa Clara, CA) and chromated for 1 hour. The 

cells were washed twice to remove excess unbound 51Cr. The 51Cr-labeled target cells were 

incubated with the effector cells for 4 hours. After a 4-hour incubation period, the 

supernatants were harvested from each sample and counted for released radioactivity using 

the gamma counter. The percentage specific cytotoxicity was calculated as follows;   

                  % Cytotoxicity =  Experimental cpm -  spontaneous cpm  
                                                     Total cpm – spontaneous cpm 
 

LU 30/106 is calculated by using the inverse of the number of effector cells needed to 

lyse 30% of target cells X100.  

 

Enzyme-Linked Immunosorbent Assays (ELISAs) 

 Human IFN-γ Elisa kit was purchased from Biolegend (San Diego, CA). Elisa was 

performed to detect the level of IFN-γ produced from NK cells co-cultured with different 

cells. The 96-well EIA/RIA plates were coated with 100ul of diluted capture antibody (1:200) 

corresponding to target cytokine and incubated overnight at 4°C. After 16 hours incubation, 

the plates were washed 4 times with wash buffer (0.05% Tween in 1xPBS) and blocked with 

200ul of assay diluent (1%BSA in 1xPBS). The plates were incubated on a plate shaker at 

200rpm for 1 hour followed by washing 4 times with wash buffer. 100ul of standards and 

samples collected from each culture were added to the wells and incubated on the plate 

shaker at 200rpm for 2 hours at room temperature. Then, the plates were washed 4 times with 

wash buffer and 100ul of diluted detection antibody (1:200) were added to the wells and 

incubated for 1 hour on the plate shaker at 200rmp at room temperature. After 1 hour of 
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incubation, the plates were washed 4 times with wash buffer and 100ul of diluted Avidin-

HRP solution (1:1000) was added to the wells and incubated on the plate shaker at 200rpm 

for 30minutes followed by washing the plates 5 times with wash buffer. The, 100ul of TMB 

substrate solution was added to the wells and incubated in dark until the wells developed a 

desired blue color before adding 100ul of stop solution (2N H2SO4to stop the reaction. The 

plates were read in a microplate reader at 450nm to obtain absorbance value (Biolegend, 

ELISA manual). 

 

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 

 

Osteoclasts are potent inducers of NK cell expansion and function 

 

 Osteoclasts were used in order to investigate whether they can support expansion of 

NK cells. As shown in Fig.1, NK cells cultured with osteoclasts expanded NK cells whereas 

NK cells cultured without osteoclasts did not. Especially, IL-2+anti-CD16mAb+sAJ2 treated 

NK cells cultured with osteoclasts expanded NK cells the most (Fig.1). IL-2+anti-       

CD16mAb+sAJ2 treated NK cells cultured with osteoclasts induced higher IFN-γ secretion 

than NK cells cultured without osteoclasts (Fig.2). Moreover, IL-2+anti-CD16mAb+sAJ2 

treated NK cells expanded by osteoclasts mediated the highest cytotoxicity against oral 

squamous cancer stem cells (OSCSC) (Fig.3). 

 

Osteoclasts were compared with monocytes and dendritic cells (DCs) whether 

osteoclasts can support expansion of NK cells. As shown in Fig.4, both osteoclasts and DCs 

and much less monocytes supported the expansion of NK cells on day 6. Especially, DCs and 

osteoclasts that were cultured with IL-2+anti-CD16mAb+sAJ2 bacteria treated NK cells 

expanded NK cells the most. Indeed, 35.6 more NK cells were expanded by DCs and 

osteoclasts compared to NK cells activated with IL-2 and anti-CD16mAb. In order to 

determine whether the cells that were expanded by DCs and osteoclasts are activated NK 

cells, the levels of CD16 and NKp44 surface expression were determined on day 8. As shown 

in Fig. 5, the conditions that had the most expanded NK cells retained the surface expressions 

of CD16 and NKp44. The conditions that had the least number of NK cells expanded with 
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monocytes had low expressions of CD16 and NKp44 in comparison to NK cells expanded 

with either DCs or osteoclasts (Fig.5).  

NK cells that were expanded with DCs, osteoclasts or monocytes were replenished 

with a combination of IL-2 and anti-CD16mAb had low level of CD16 receptors (Fig.5). 

Also, surface expression profiles of chemokine receptors and activation receptors on these 

cells were determined. As shown in Fig.6, there were no clear differences in surface 

expressions of CXCR1, CXCR3 and DNAM in the cultures of NK cells with DCs, 

osteoclasts or monocytes. 
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Fig 1. 
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Figure 1. Number of NK cells on day 8 after co-culture with osteoclasts   
           
Osteoclasts (hOCs) were prepared as described in Materials and Methods and 
seeded at 4x105 cells/well in 12 well plates and incubated overnight. Purified NK 
cells were pre-treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 
units/mL) and anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 
bacteria at an effector to target ratio of 1:2. Then, they were cultured alone or with 
autologous hOCs at an effector to target ratio of 1:1. On the 8th day of 
experimental period the number of cells was assessed by microscopic evaluation. 
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Fig. 2 
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Figure 2. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts 
were higher than controls.     
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and seeded 
at 4x105 cells/well in 12 well plates and incubated overnight. Purified NK cells were 
pre-treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and 
anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an 
effector to target ratio of 1:2. Then, they were cultured alone or with autologous hOCs 
or at an effector to target ratio of 1:1.6. The supernatants from each culture were 
harvested on day 3. The level of IFN-γ produced by NK cells was measured with a 
specific Elisa.  
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Fig. 3 

 

 

 

 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

L
U

 3
0/

10
6  

  Media hOC 

Figure 3. Expanded NK cells by osteoclasts mediated the highest cytotoxicity 
against OSCSCs in comparison to controls.   
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and 
seeded at 2x105 cells/well in 12 well plates and incubated overnight. Purified NK 
cells were pre-treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 
units/mL) and anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 
bacteria at an effector to target ratio of 1:2. Then, they were cultured alone or with 
autologous hOCs or at an effector to target ratio of 1:1. On day 8, the same number 
of NK cells from each culture was used in standard 4-hour 51Cr release against 
OSCSCs. The lytic units 30/106 cells were determined using inverse number of NK 
cells required to lyse 30% of OSCSCs x100. 
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Fig. 4 

 

 

 

 

Figure 4. Number of NK cells on day 6 after co-culture with dendritic cells, 
osteoclasts or monocytes 
 
Dendritic cells (DCs), osteoclasts (hOCs) and monocytes were prepared as 
described in Materials and Methods and seeded at 4x105 cells/well in 12 well 
plates and incubated overnight. Purified NK cells were pre-treated with IL-2 (1000 
units/mL) and a combination of IL-2 (1000 units/mL) and anti-CD16mAb 
(3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an effector to target 
ratio of 1:2. Then, they were cultured alone or with autologous DCs, hOCs or 
monocytes at an effector to target ratio of 1:1. On the 6th day of the experimental 
period the number of cells was assessed by microscopic evaluation. 
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Fig. 5 
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Figure 5. Surface expression profiles of expanded NK cells by dendritic cells, 
osteoclasts or monocytes 
 
NK cells were co-cultured with dendritic cells (DCs), osteoclasts (hOCs) or monocytes 
for 6 days as described in Fig.4 and then treated with additional IL-2 (1000 units/mL) or 
a combination of IL-2 (1000 units/mL) and anti-CD16mAb (3ug/mL) for 48 hours. 
Surface expression of CD16 and NKp44 on expanded NK cells were assessed with flow 
cytometric analysis after staining with the respective PE-conjugated antibodies. Isotype 
control antibodies were used as control. The numbers on the right hand corner are the 
percentages and the mean channel fluorescence intensities for each histogram. 
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Fig. 6 

                                                                        PE Isotype       CXCR1         CXCR3         DNAM 
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Figure 6. Surface expression profiles of chemokines and activation receptors on NK 
cells co-cultured with dendritic cells, osteoclasts and monocytes 
 
NK cells were co-cultured with dendritic cells (DCs), osteoclasts (hOCs) and monocytes as 
described in Fig.5 and then surface expression profiles of CXCR1, CXCR3, and DNAM on 
NK cells were assessed with flow cytometric analysis after staining with the respective PE-
conjugated antibodies. Isotype control antibodies were used as control. The numbers on the 
right hand corner are the percentages and the mean channel fluorescence intensities for each 
histogram. 
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Expanded NK cells target tumor cells and induce significant IFN-γ secretion 

 

 NK cells expanded by dendritic cells (DCs), osteoclasts and monocytes were counted 

and equal numbers of NK cells from each expanded subset were used in cytotoxicity assay 

against OSCSCs, which is a very sensitive NK cell target. IL-2+anti-CD16+sAJ2 bacteria 

treated NK cells expanded by osteoclasts had the highest cytotoxicity, followed by those 

expanded by DCs and the least cytotoxicity was seen by IL-2 treated NK cells which were 

expanded by monocytes (Fig. 7).  IL-2+anti-CD16mAb and IL-2+anti-CD16mAb+sAJ2 

treated NK cells cultured with osteoclasts mediated higher cytotoxicity than IL-2+anti-

CD16mAb and IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with monocytes 

(p<0.05) (Fig.7). 

 

The levels of IFN-γ secretion by IL-2 and IL-2+anti-CD16mAb treated NK cells 

cultured either with DCs, osteoclasts or monocytes from day 0 to day 6 of cultures were 

compared. As shown in Fig. 8, the levels of IFN-γ secreted in the cultures of NK cells with 

osteoclasts rose significantly from day 0 to day 3 and remained high until day 6, and the 

secreted levels were much higher than those induced in the cultures of NK cells either with 

DCs or monocytes. On day 6, IL-2+anti-CD16mAb activated NK cells cultured with 

osteoclasts secreted less IFN-γ than IL-2+anti-CD16mAb activated NK cells cultured with 

DCs (p<0.05) (Fig. 8). However, the level of IFN-γ secreted by IL-2+anti-CD16mAb+sAJ2 

treated NK cells cultured with osteoclasts was significantly higher than IL-2+anti-CD16mAb 

+sAJ2 treated NK cells cultured either with DCs or monocytes (p<0.05) (Fig.8). 
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Indeed, within 5 hours of cultures of NK cells secreted more IFN-γ when cultured 

with osteoclasts than DCs, and the levels were much less when cultured with monocytes (Fig. 

9). On day 6 after 5 hours, IL-2+anti-CD16mAb treated NK cells cultured with DCs secreted 

more IFN-γ than IL-2+anti-CD16mAb treated NK cells cultured with osteoclasts (p<0.05) 

(Fig.9). However, IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with osteoclasts 

secreted 1.5 fold more of IFN-γ than IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured 

with DCs (p<0.05) whereas IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with 

osteoclasts secreted 3.7 fold more of IFN-γ than IL-2+anti-CD16mAb+sAJ2 treated NK cells 

cultured with monocytes (p<0.05) (Fig.9). 

 

After 6 days of cultures, 0.3x105 cells from each condition were treated with an 

additional IL-2 for 48 hours and the levels of IFN-γ secretion were determined. Still, NK 

cells with osteoclasts were keeping the levels of cytokine secretion high for 8 days when 

compared to the cultures of NK cells either with DCs or monocytes (Fig. 10).  On day 8 after 

replenishment with IL-2, IL-2+anti-CD16mAb treated NK cells cultured with osteoclasts 

secreted more IFN-γ than IL-2+anti-CD16mAb treated NK cells cultured either with DCs or 

monocytes (p<0.05) (Fig.10). Moreover, IL-2+anti-CD6mAb+sAJ2 treated NK cells cultured 

with osteoclasts secreted more IFN-γ than IL-2+anti-CD16mAb+sAJ2 treated NK cells 

cultured either with DCs or monocytes (p<0.05) (Fig.10). 

 

Expanded NK cells retain high expressions of CD16 and NKG2D on the surface in 

comparison to primary NK cells (Fig. 11). As shown in Fig.12, expanded NK cells by 

osteoclasts secreted more IFN-γ than primary NK cells. IL-2+anti-CD16mAb+sAJ2 treated 

NK cells cultured with osteoclasts with an additional IL-2 secreted 449 fold more of IFN-γ 
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than primary NK cells treated with IL-2 (p<0.05) (Fig 12). Moreover, expanded NK cells 

mediated the highest cytotoxicity against OSCSCs compared to primary NK cells (Fig. 13). 

IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with osteoclasts with an additional IL-2 

had 2.6 fold more of cytotoxic activity than primary NK cells treated with IL-2 (p<0.05) 

(Fig.13). 
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Fig. 7 
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Figure 7. Expanded NK cells by osteoclasts mediated the highest cytotoxicity 
against OSCSCs. 
 
Pre-activated NK cells, as described in Fig.4, were co-cultured with autologous 
dendritic cells (DCs), osteoclasts (hOCs) or monocytes for 6 days. Afterwards, the NK 
cells were divided into two groups, untreated or treated with an additional IL-2 (1000 
units/mL), for 48 hours and used in a standard 4-hour 51Cr release against OSCSCs. 
The lytic units 30/106 cells were determined using inverse number of NK cells 
required to lyse 30% of OSCSCs x 100. *The difference between NK+IL-2+anti-
CD16mAb+monocyte and NK+IL-2+anti-CD16mAb+hOC is significant at p<0.05. 
**The difference between NK+IL-2+anti-CD16mAb+sAJ2+monocyte and NK+IL-
2+anti-CD16mAb+sAJ2+hOC is significant at p<0.05. 



	
  29	
  

Fig. 8 
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Figure 8. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts 
were higher than those induced in the cultures of NK cells either with dendritic 
cells or monocytes. 
 
NK cells were cultured with dendritic cells (DCs), osteoclasts (hOCs) or monocytes as 
described in Fig.4. The supernatants from each culture were harvested overnight, day 
3 and day 6. The level of IFN-γ produced by NK cells was measured with a specific 
Elisa. *The difference between NK+IL-2+anti-CD16mAb+DC and NK+IL-2+anti-
CD16mAb+hOC is significant at p<0.05. **The difference between NK+IL-2+anti-
CD16mAb+sAJ2+ DC (or ***monocyte) and NK+IL-2+anti-CD16mAb+ sAJ2+hOC 
is significant at p<0.05.  
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Fig. 9 
 

 
 

 

 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

IF
N

-γ
  (

pg
/m

L
) 

DAY 6 AFTER 5HRS 

Media  DC     hOC Monocyte 

*	
  

**	
  
***	
  

Figure 9. The level of IFN-γ secretion by NK cells on day 6 after 5 hours of 
supernatant collection 
 
On the 6th day of experimental period, the culture medium was refreshed and cells were 
cultured for an additional 5 hours. The level of IFN-γ produced by NK cells was 
measured with a specific ELISA. *The difference between NK+IL-2+anti-CD16mAb+ 
DC and NK+IL-2+anti-CD16mAb+hOC is significant at p<0.05. **The difference 
between NK+IL-2+anti-CD16mAb+sAJ2+DC (or ***monocyte) and NK+IL-2+anti-
CD16mAb+sAJ2 +hOC is significant at p<0.05.  
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Fig. 10 
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Figure 10. The level of IFN-γ secretion in the cultures of NK cells with dendritic 
cells, osteoclasts or monocytes on day 8 
 
After 6 days of cultures, 0.3x105 cells from each condition were treated with an additional 
IL-2 (1000 units/mL) for 48 hours and the supernatants were harvested. The level of IFN-
γ produced by NK cells was measured with a specific Elisa. *The difference between 
NK+IL-2+anti-CD16mAb+DC (or **monocyte) and NK+IL-2+anti-CD16mAb+hOC is 
significant at p<0.05. ***The difference between NK+IL-2+ anti-CD16mAb+sAJ2+DC 
(or ****monocyte) and NK+IL-2+anti-CD16mAb+sAJ2+hOC is significant at p<0.05.  
  



	
  32	
  

Fig. 11 
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Figure 11. Expanded NK cells retain high expressions of CD16 and NKG2D 
on the surface compared to primary NK cells. 
 
After 8 days of culture, IL-2 (1000 units/mL), anti-CD16mAb (3ug/mL) and sAJ2 
bacteria treated NK cells co-cultured with osteoclasts (hOCs) were treated with an 
additional IL-2 (1000 units/mL) for overnight. Primary NK cells were purified and 
treated with a combination of IL-2 (1000 units/mL) and anti-CD16mAb (3ug/mL) 
for overnight. Surface expression profiles of CD16 and NKG2D were assessed 
with flow cytometric analysis after staining with the respective PE-conjugated 
antibodies. Isotype control antibodies were used as control. The numbers on the 
right hand corner are the percentages and mean channel fluorescence intensities 
for each histogram. 
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Fig. 12 

                                                                               

 

 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 
IF

N
-γ

  (
pg

/m
L

) 

IL-2 
	
  	
  	
  *	
  

Figure 12. Expanded NK cells by osteoclasts secrete more IFN-γ than primary 
NK cells. 
 
After 8 days of culture, NK cells from each condition were treated with an additional 
IL-2 (1000 units/mL) for overnight and primary NK cells were purified and treated 
with either IL-2 (1000 units/mL) or a combination of IL-2 (1000 units/mL) and anti-
CD16mAb (3ug/mL) for overnight. The supernatants from each condition were 
collected and the level of IFN-γ produced by NK cells was measured with s specific 
Elisa. *The difference between NK+IL-2+anti-CD16mAb+hOC and NK+IL-2 is 
significant at p<0.05. 
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Fig 13. 
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Figure 13. Expanded NK cells by osteoclasts mediated the highest cytotoxicity 
against OSCSCs compared to primary NK cells. 
 
NK cells from each condition were cultured as described in Fig.11 and used in 
standard 4-hour 51Cr release against OSCSCs. The lytic units 30/106 cells were 
determined using inverse number of NK cells required to lyse 30% of OSCSCs           
x100. *The difference between NK+IL-2+anti-CD16mAb+sAJ2+hOC and 
NK+IL-2 is significant at p<0.05. 
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DISCUSSION 

 

 In this study, we found the novel way to expand NK cells by osteoclasts with potent 

cytotoxic function as well as augmented cytokine secretion. There are several studies that 

reported about NK expansion with a combination of cytokines with other immune cells but 

no one has been shown NK expansion by osteoclasts. Osteoclasts are found to be the best 

targets for the expansion of fully functional NK cells under the optimized conditions of NK 

cell stimulation as shown in this study. Indeed, IL-2+anti-CD16 activated NK cells triggered 

by sAJ2 bacteria and osteoclasts expanded significant number of NK cells with a capacity of 

high susceptibility to NK cell mediated lysis and inducing high IFN-γ secretion. Previously, 

we showed that anergized NK cells contribute to the differentiation and resistance to NK cell 

mediated cytotoxicity of transformed stem cells by secreting key cytokines [36]. Also, we 

demonstrated that NK differentiated stem cells not only resist NK cell lysis but also they do 

not trigger secretion of cytokines or chemokines, potentially contributing to the inhibition of 

inflammation [36]. TNF-α and IFN-γ secreted by the NK cells synergistically augmented 

differentiation of cells resulting in an increase in MHC class I, CD54 and B7H1 and their 

resistance to NK cell mediated cytotoxicity and decrease in cytokine and chemokine 

secretion by the NK cells cultured with differentiated cells [36].  

 

 Osteoclasts express lower levels of MHC class I and II and resist in increase in MHC 

class I surface expression when either treated with the combination of TNF-α and IFN-γ or 

with activated NK supernatants, which are known to increase maximally MHC class I and II 

(manuscript submitted). When osteoclasts were compared to freshly isolated autologous 

monocytes, decreases in CD14, CD11b, CD44, MHC-class I and II and CD54 were more 
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profound on the surface of osteoclasts (manuscript submitted). This result suggested that 

monocytes in the periphery may be less activating for NK cells since they retain higher 

expression of MHC class I, whereas once they move to the tissues and down-modulate their 

surface receptors they may become more activating. This may be one reason why NK cells in 

peripheral blood remain relatively quiescent, even in the presence of competent cytotoxic 

machinery. Also, this may be one reason why osteoclasts are found to be the best target for 

the expansion of functionally potent NK cells. Perhaps, osteoclasts are sensitive to NK cell 

mediated cytotoxicity. 

 

Osteoclast-expanded NK cells not only exhibited high cytotoxic capacity but also they 

mediated significant secretion of IFN-γ when compared to DCs- and monocyte-stimulated 

NK cells. Osteoclast-expanded NK cells responded to IL-2 activation and substantially 

increased IFN-γ secretion per cell basis when compared to DCs or monocytes. Moreover, 

osteoclast-expanded NK cells express high levels of CD16, NKp44 and NKG2D on the cell 

surface. NKp44 is a NK activating receptor and binds to viral heamagglutinin (HA) and HA-

neuraminidase (HN) as well as tumor-associated ligands [37]. Another NK activiating 

receptor, NKG2D, is constitutively expressed on all NK cells [38]. NK ligation phophotylates 

YINM motifs on DAP10, which allows recruitment and activation of growth factor receptor-

bound protein (GRB2) and p85 subunit of phosphatidylinositol-3-kinase (PI3K) in order to 

trigger NK cytotoxicity [39]. Expanded NK cells secrete more IFN-γ than primary NK cells 

while mediating the highest cytotoxicity against OSCSCs in comparison to primary NK cells. 

These results suggested that osteoclast expanded NK cells are highly activated NK cells with 

potent cytotoxic function and augmented cytokine secretion. This observation is of outmost 
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importance since this strategy can overcome NK cell tolerance against tumors and may be 

used to expand NK cells for delivery to cancer patients.  
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CONCLUSION 

 

 This study demonstrated that osteoclasts are potent immune effectors capable of 

expanding NK cells and modulating the function of NK cells. Osteoclasts-expanded NK cells 

generated under this optimal condition demonstrated the highest cytotoxic activity and 

augmented secretion of IFN-γ. Also, osteoclast-expanded NK cells regained CD16 receptors 

and are fully activated by retaining activating receptors such as NKp44 and NKG2D. These 

expanded NK cells are highly functional compared to primary NK cells and they are potent 

targets of stem like/poorly differentiated tumor cells. Through the help of cytokines, sAJ2 

bacteria and osteoclast, NK cells can be expanded and activated in vitro and furthermore, 

they can be used to target tumors in vivo. Therefore, osteoclast expanded NK cells are highly 

activated NK cells with potent cytotoxic function and augmented cytokine secretion. These 

recent discoveries in NK expansion to potentiate their functions against tumors will 

contribute to clinical trials for cancer therapy. 
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Chapter 2 

Specific Aim 2: To investigate expansion of NK cells by tumors and non-tumors and its 

ability to target MP2 (pancreatic tumor) in BLT mice 

 

 

INTRODUCTION 

 

 NK cells are innate lymphoid cells that can target for malignant and virally infected 

cells. They recognize targets without prior sensitization, which makes them excellent 

candidates to manipulate for cancer therapy. Most cytotoxic activity of NK cells is a result of 

direct killing, which is mediated by perforin and granzyme release. Perforin causes 

perforation of the target cell membrane by allowing apoptosis-inducing granules to enter the 

cell then, the caspase system is activated through the intrinsic pathway [40]. Granzymes 

trigger apoptosis in the target cell by activating an enzyme cascade. Another apoptotic 

mechanism is via interactions between death receptors expressed on target cells and the 

corresponding ligand expressed on NK cells. Fas-Fas ligand and TNF-related apoptosis-

inducing ligand (TRAIL)-TRAIL ligand induce apoptosis in the target cell through the 

extrinsic pathway [40, 41]. However, cytotoxic function of NK cells is suppressed in the 

tumor microenvironment by many distinct effectors and their secreted factors.                                                                                                                                         

NK cells release pro-inflammatory cytokines so they can augment adaptive responses 

by promoting differentiation, activation and recruitment of accessory immune cells in the site 

of infection. Accumulated evidence from out laboratory indicated that NK cells are the 

effectors of selection, differentiation and resistance of undifferentiated or stem like cells. We 

showed that conditioned or anergized NK cells induce resistance of healthy stem cells and 
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transformed cancer stem cells through both secreted cytokines and direct cell-to-cell contact 

[2]. We believe that this mechanism is likely responsible for shaping the maturation of 

healthy stem cells for the regeneration of damaged tissues and the resolution of inflammation 

[2].                             

There is a complex dynamic interaction between the immune effectors and the 

immune cells. The tumor microenvironment can induce tumor escape from immune 

surveillance by suppressing the effector NK cell function and evading through selection of 

immunogenic tumor cells [42]. When NK cells are cultured with sensitive tumor target cells, 

the target binding NK cells undergo phenotypic and functional changes. NK cells inactivated 

by target cells express CD16-CD56dim/-CD69+ phenotype [43, 44]. Significant down-

modulation of CD16 receptor expression and decreased NK cell cytotoxic function were 

observed in patients with HIV infection, oral and ovarian cancer [45-47]. We have previously 

shown that triggering CD16 on NK cells resulted in down-modulation of CD16 receptors and 

in a significant loss of cytotoxicity and augmented secretion of IFN- γ, which we coined the 

term, “split anergy”[43, 44, 48-50]. We have seen that K562 causes loss of NK cell 

cytotoxicity and induces cell death in a small subset of NK cells [43, 44].  Down-modulation 

of CD16 surface receptors causes a major decrease in NK cell cytotoxicity against K562 

tumor cells [51]. Therefore, CD16 receptors play a critical role in target cell induced loss of 

NK cell cytotoxicity.           

Expansion of highly cytotoxic NK cells by tumor cells for cancer cell therapy was 

also reported. Fujisaki et al [52] modified leukemia cell line K562 to express a membrane-

bound form of IL-15 and 41BB ligand (K562-mb15-41BBL) to generate NK cells with 

enhanced cytotoxicity. They reported 21.6 fold expansion of CD56+CD3- NK cells from 
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peripheral blood after they were co-cultured with irradiated K562-mb15-41BBL for 7 days 

and these expanded NK cells were more potent than those produced by stimulation with IL-2, 

IL-12, IL-15, and/or IL-21 [52]. Artificial antigen-presenting cells (aAPCs) produced by 

genetic modification of K562 expressing costimulatory molecules and membrane-bound 

cytokines were used to co-culture with unfractionated PBMC in order to expand NK cells 

[53]. We used K562 and irradiated PBMCs to expand NK cells with potent function in the 

same way we expanded NK cells with osteoclasts but we were unable to expand NK cells. 

 The results from our laboratory suggested important functions for NK cells. One 

potential function of NK cells is to eliminate the number of stem cells after their interaction 

with other immune inflammatory cells or effectors of connective tissue [2, 54]. Another 

potential function is to support differentiation of the stem cells since they will be conditioned 

to lose cytotoxicity and induce cytokine secretions. [2, 54]. Since cancer stem cells were 

found to be more sensitive to NK cell mediated killing but resistant to certain 

chemotherapeutic drugs whereas differentiated oral tumors were more sensitive to 

chemotherapeutic drugs but resistant to NK cell mediated killing, combination therapy of 

repeated allogeneic NK cell transplantation and chemotherapeutic drugs should be more 

effective in the elimination of both cancer stem cells and differentiated tumors [2, 54]. In this 

regard, developing new ways of expanding NK cells is a crucial for adoptive therapy, which 

might be ideal in some situations. Not only expanding the number of NK cells but also 

sustaining the potent functions of NK cells, NK cell mediated cytotoxicity and augmented 

cytokine secretion, is very important in order to overcome NK cell tolerance against tumor. 
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MATERIALS AND METHODS 

 

Cell Lines, Reagents, and Antibodies 

RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS) (Gemini Bio-

Products, CA) was used for the cultures of human immune cells. Oral Squamous Carcinoma 

Cells (OSCCs) and Oral Squamous Cancer Stem Cells (OSCSCs) were isolated from oral 

cancer patient tongue tumors at UCLA School of Medicine and cultured in RPMI 1640 

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

antimycotic (100x), 1% sodium pyruvate (100nM), 1.4% MEM non-essential amino acids, 1% 

L-Glutamine, 0.2% gentimicin sulfate (Gemini Bio-products, CA) and 0.15% sodium 

bicarbonate (Fisher Scientific, PA). Human erythroleukemia cell line (K562) was derived 

from a patient with chronic myeloid leukemia (CML) and they were cultured in the same 

RPMI 1640 medium. 

Dr. Nicholas Cacalano (UCLA Johnson Comprehensive Cancer Center) provided 

human pancreatic cancer cell lines, MIA PaCa-2 (MP2) and PL12. MP2 was cultured in 

DMEM in supplement with 10% FBS and 2% Penicillin-Streptomycin (Gemini Bio-Products, 

CA) and PL12 was cultured in RPMI 1640 medium supplemented with 10% FBS and 2% 

Penicillin-Streptomycin. 

Alpha-MEM medium (Life Technologies, CA) supplemented with 10% FBS and 

penicillin-streptomycin (Gemini Bio-Products, CA) was used to culture human osteoclasts. 

Human    M-CSF (Biolegend, CA) and soluble RANKL (PeproTech, NJ) were dissolved in 

alpha-MEM and stored at -80°C. PE conjugated isotype control, CD16, CD45, CD56, 

CXCR1, CXCR3, DNAM, NKp44, and CD3/CD16+CD56 were purchased from Biolegend 

(San Diego, CA).  
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Bacteria Sonication 

sAJ2 is a combination of 8 different strains of sonicated gram positive probiotic 

bacteria selected by Dr. Anahid Jewett for their superior ability to induce optimal secretion of 

both pro-inflammatory and anti-inflammatory cytokines in NK cells (manuscript in prep). 

The whole bacteria was weighted and resuspended in RPMI Medium 1640 containing 10% 

FBS at a concentration of 10mg per 1mL. The bacteria were vortexed thoroughly and then 

sonicated for 15 seconds on ice and the amplitude was set from 6 to 8. After that, the samples 

are incubated for 30 seconds on ice. After every 5 pulses, a small sample was taken to 

observe under the microscope to obtain at least 80 percentages of cell walls to be lysed. Then, 

the sonicated samples were aliquoted and stored in minus 20 to 80 degrees for long term 

studies.     

 

Purification of NK cells 

Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. The Ficoll-Hypaque technique was used to fractionate the blood, and the buffy 

layer called peripheral blood mononuclear cells (PBMC) was harvested, washed and re-

suspended in RPMI 1640 (Invitrogen by Life Technologies, CA) supplemented with 10% 

FBS. Non-adherent human peripheral blood lymphocytes (PBL) were obtained after 1-2 

hours incubation at 37˚C on a plastic tissue culture dish.  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 greater than 

90% purity based on flow cytometric analysis of anti-CD16 antibody stained NK cells. 

Purified NK cells were cultured in RPMI Medium 1640 supplemented with 10% FBS 
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(Gemini Bio-Products, CA), 1% antibiotic antimycotic, 1% sodium pyruvate, and 1% MEM 

non-essential amino acids (Invitrogen, Life Technologies, CA). 

 

Human Peripheral Blood Monocytes Purification 

 Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. Peripheral blood mononuclear cells (PBMCs) were obtained after Ficoll-

hypaque centrifugation. PBMCs were cultured onto the tissue culture plate for an hour and 

the adherent subpopulation of PBMCs was detached from the tissue culture plate. Monocytes 

were purified using the EasySep® Human monocyte cell enrichment kit obtained from Stem 

Cell Technologies (Vancouver, Canada). The monocyte population was found to have greater 

than 95% purify based on flow cytometric analysis of CD14 antibody stained monocyte cells. 

Generation of Osteoclasts 

 Osteoclasts were generated from monocytes and cultured in alpha-MEM medium 

containing M-CSF (25ng/mL) and Rank Ligand (RANKL) (25ng/mL) for 21 days, or 

otherwise specified. Medium was refreshed every 3 days with fresh alpha-MEM containing 

M-CSF (25ng/mL) and RANKL (25ng/mL).  

Surface Staining 

 1x105 NK cells from each condition were stained in 50ul of cold 1%PBS-BSA with 

pre-determined optimal concentration of PE conjugated isotype control, CD16, CD45, CD56, 

CXCR1, CXCR3, DNAM, NKp44 and CD3/CD16+CD56 and incubated at 4°C for 30 

minutes. Then, the cells were washed and resuspended in 1%PBS-BSA. The Epics C 

(Coulter) flow cytometry was used for surface analysis. 
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51Cr release cytotoxicity assay 

51Cr was purchased from Perkin Elmer (Santa Clara, CA). NK cell cytotoxic function 

in the experimental cultures and the sensitivity of target cells to NK cell mediated lysis were 

determined using standard 51Cr release cytotoxicity assay. The effector cells (1x105 NK 

cells/well) were aliquoted into 96-well round-bottom microwell plates (Fisher Scientific, 

Pittsburgh, PA) and titrated to four serial dilutions. The target cells (5x105 OSCSCs/well) 

were labeled with 50µCi 51Cr (Perkin Elmer, Santa Clara, CA) and chromated for 1 hour. The 

cells were washed twice to remove excess unbound 51Cr. The 51Cr-labeled target cells were 

incubated with the effector cells for 4 hours. After a 4-hour incubation period, the 

supernatants were harvested from each sample and counted for released radioactivity using 

the gamma counter. The percentage specific cytotoxicity was calculated as follows;   

                  % Cytotoxicity =  Experimental cpm -  spontaneous cpm  
                                                     Total cpm – spontaneous cpm 
 

LU 30/106 is calculated by using the inverse of the number of effector cells needed to 

lyse 30% of target cells X100.  

 

Enzyme-Linked Immunosorbent Assays (ELISAs) 

Human IFN-γ and IL-8 Elisa kits were purchased from Biolegend (San Diego, CA). 

Elisa was performed to detect the level of IFN-γ produced from NK cells co-cultured with 

different cells. The 96-well EIA/RIA plates were coated with 100ul of diluted capture 

antibody (1:200) corresponding to target cytokine and incubated overnight at 4°C. After 16 

hours incubation, the plates were washed 4 times with wash buffer (0.05% Tween in 1xPBS) 

and blocked with 200ul of assay diluent (1%BSA in 1xPBS). The plates were incubated on a 

plate shaker at 200rpm for 1 hour followed by washing 4 times with wash buffer. 100ul of 
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standards and samples collected from each culture were added to the wells and incubated on 

the plate shaker at 200rpm for 2 hours at room temperature. Then, the plates were washed 4 

times with wash buffer and 100ul of diluted detection antibody (1:200) were added to the 

wells and incubated for 1 hour on the plate shaker at 200rmp at room temperature. After 1 

hour of incubation, the plates were washed 4 times with wash buffer and 100ul of diluted 

Avidin-HRP solution (1:1000) was added to the wells and incubated on the plate shaker at 

200rpm for 30minutes followed by washing the plates 5 times with wash buffer. The, 100ul 

of TMB substrate solution was added to the wells and incubated in dark until the wells 

developed a desired blue color before adding 100ul of stop solution (2N H2SO4to stop the 

reaction. The plates were read in a microplate reader at 450nm to obtain absorbance value 

(Biolegend, ELISA manual). 

 

Analysis of human pancreatic cancer cell growth in immunodeficient and humanized 

mice 

Animal research described in this manuscript was performed under the written 

approval of the UCLA Animal Research Committee (ARC) in accordance to all federal, state, 

and local guidelines. Combined immunodeficient NOD.CB17-Prkdcscid/J and NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG lacking T, B, and natural killer cells) were purchased from 

Jackson Laboratory and maintained in the animal facilities at UCLA in accordance with 

protocols approved by the UCLA animal research committee. Humanized-BLT (hu-BLT; 

human bone marrow/liver/thymus) mice were prepared on NSG background as previously 

described . 

In vivo growth and metastatic behavior of human pancreatic cancer cell lines were 

determined by orthotopic cell implantation into 8-10 week-old NSG mice, as previously 
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described . To establish orthotopic tumors, mice were first anesthetized with ketamine (100 

mg/kg) and xylzine (10 mg/kg), and then the pancreas was exposed through an abdominal 

incision (laparotomy). Tumor cells were then transferred by direct injection of a single cell 

suspension (0.5X106 or 1X106 cells into NSG or hu-BLT mice, respectively) into the 

pancreas or transplantation of a subcutaneous tumor fragment (2mm3) onto the pancreas, 

secured by a 7-0 Prolene suture. After tumor implantation, all mice were monitored at least 

twice weekly for disease progression by abdominal palpation and for overall signs of 

morbidity such as ruffled fur, hunched posture, and immobility. 7 days after the surgery 

selected hu-BLT mice received 1.5x106 human expanded NK cells via teil vein injection. 

Moribund mice were euthanized by isofluorane or CO2 inhalation. For survival studies, mice 

were followed until death or euthanized when signs of morbidity were evident. Tumor size 

was measured with a caliper. Pancreatic tumors, livers, lungs, bone marrow, spleen and blood 

were harvested from mice at the end of the experiment following orthotropic tumor 

implantation or when tumor size reached 2cm diameter.  

 

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 

 

Live tumors neither support the expansion of NK cells nor enhance their functions 

 

 NK cells expanded by osteoclasts were compared with NK cells expanded by oral 

squamous cancer stem cells (OSCSCs) whether OSCSCs can also support expansion of NK 

cells. As shown in Fig.14, osteoclasts supported the expansion of NK cells whereas OSCSCs 

did not. Especially, osteoclasts that were cultured with IL-2+anti-CD16mAb+sAJ2 bacteria 

treated NK cells had the most expansion. NK cells cultured with either osteoclasts or 

OSCSCs were counted and equal numbers of NK cells from each subset were used in 

cytotoxicity assay against OSCSCs, which is a very sensitive NK cell target. IL-2+anti-

CD16mAb treated hOC with an additional IL-2 had higher cytotoxicity than IL-2+anti-

CD16mAb treated OSCSCs with an additional IL-2 (p<0.05) (Fig.12). However, IL-2+anti-

CD16mAb+sAJ2 bacteria treated NK cells expanded by osteoclasts with an additional IL-2 

treatment had the highest cytotoxicity whereas NK cells expanded by OSCSCs had no 

cytotoxicity (p<0.05) (Fig. 15).  

 

Then, the levels of IFN-γ secretion by IL-2+sAJ2 bacteria or IL-2+anti-CD16mAb 

+sAJ2 bacteria treated NK cells cultured either with osteoclasts or OSCSCs were determined 

from day 0 to day 8. As shown in Fig.16, the levels of IFN-γ secreted in the cultures of NK 

cells with osteoclasts rose significantly from day 0 to day 6 and remained high until day 8, 

and the secreted levels were much higher than those induced in the cultures of NK cells with 

OSCSCs. NK cells cultured with OSCSCs induced high levels of IFN-γ until day 3 but then 

the levels of IFN-γ secretion decreased significantly since day 6  (Fig.16). 
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Although live K562 expanded NK cells in some extent, they were not able to expand 

NK cells to the same extent as osteoclasts (Fig.17). NK cells expanded by osteoclasts and 

K562 were counted and equal numbers of NK cells from each expanded subset were used in 

cytotoxicity assay against OSCSCs. IL-2+anti-CD16mAb+sAJ2 bacteria treated NK cells 

expanded by osteoclasts had the highest cytotoxicity whereas there was no cytotoxicity 

mediated by IL-2+anti-CD16mAb+sAJ2 treated NK cells co-cultured with K562 

(p<0.05)(Fig.18). The levels of IFN-γ secretion by IL-2+sAJ2 bacteria and IL-2+anti-

CD16mAb+ sAJ2 bacteria treated NK cells cultured either with osteoclasts or K562 from day 

0 to day 8 of cultures were compared. As shown in Fig.19A, the levels of IFN- γ secreted in 

the cultures of NK cells with osteoclasts rose significantly from day 0 to day 3 and remained 

high until day 6, and the secreted levels were much higher than those induced in the culture 

of NK cells with live K562. On day 3, IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured 

with osteoclasts secreted 5.7 fold more of IFN-γ than IL-2+anti-CD16mAb+sAJ2 treated NK 

cells cultured with K562 (p<0.05) (Fig.19A). On day 6, even though the amount of IFN-γ 

secreted by IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with osteoclasts decreased 

in comparison to day 3, the levels of IFN-γ secretion was still higher than IL-2+anti-

CD16mAb+sAJ2 treated NK cells cultured with K562 (p<0.05) (Fig.19A). Indeed, within 5 

hours of cultures IL-2+anti-CD16mAb+sAJ2 treated NK cells secreted 5.5 fold more IFN-γ 

when cultured with osteoclasts than K562 (p<0.05) (Fig.19B). 

 

Surface expression profiles of expanded NK cell either by osteoclasts or K562 were 

compared at different time points. On day 3 of culture, IL-2+anti-CD16mAb +sAJ2 treated 

NK cells expanded by osteoclasts had low expression of CD16+/CD56+ (Fig. 20A). Also as 
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you can see in Fig. 17A, there was no clear difference in the surface expression of CXCR1 

among NK cells co-cultured with osteoclasts or K562 and CXCR3 and DNAM were up-

regulated in these conditions. On day 6, IL-2+anti-CD16mAb+sAJ2 treated NK cells 

expanded by osteoclasts retained CD16+/CD56+ receptors on its surface and had relatively 

higher surface expression of CD16+/CD56+ in comparison to NK cells expanded by K562 

(Fig. 20B). As shown in Fig. 20C, CD16 and CD56 receptors were down-modulated on day 8 

compared to day 6 but the expanded condition by osteoclasts still presented more CD16 and 

CD56 receptors than any other conditions. There was no clear difference in the surface 

expression of DNAM (Fig. 20C).  
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Fig. 14 

 

 

 

0 

0.5 

1 

1.5 

2 

2.5 
N

um
be

r 
of

 C
el

ls
 (x

10
6 )

 
Day 8 

hOC OSCSC 

Figure 14. Number of NK cells on day 8 after co-culture either with osteoclasts 
or OSCSCs 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and 
seeded at 3x105 cells/well in 12 well plates and incubated overnight. Purified NK 
cells were pre-treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 
units/mL) and anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 
bacteria at an effector to target ratio of 1:2. These NK cells were cultured either with 
autologous hOCs or OSCSCs at an effector to target ratio of 1:1 for 8 days. On the 
8th day of the experimental period the number of cells was assessed by microscopic 
evaluation. 
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Fig. 15 
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Figure 15. Expanded NK cells by osteoclasts mediated the highest cytotoxicity against 
OSCSCs compared to NK cells co-cultured with OSCSCs. 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and pre-activated NK 
cells were cultured either with hOCs or OSCSCs as described in Fig.14. On day 8, NK cells 
were divided into two groups, untreated or treated with an additional IL-2 (1000 units/mL), for 
24 hours and used in a standard 4-hour 51Cr release against OSCSCs. The lytic units 30/106 cells 
were determined using inverse number of NK cells required to lyse 30% of OSCSCs x 100. 
*The difference between NK+IL-2+anti-CD16mAb+hOC and NK+IL-2+anti-
CD16mAb+OSCSC is significant at p<0.05. **The difference between NK+IL-2+anti-
CD16mAb+sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2+ OSCSC is significant at p<0.05. 
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Fig. 16 

 

 

 

 

 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

IF
N

-γ
  (

pg
/m

L
)	
  

OVERNIGHT 
DAY 3 
DAY 6  
DAY 8 

hOC OSCSC 

Figure 16. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts 
were higher than those induced in the cultures of NK cells with OSCSCs. 
 
NK cells were cultured with osteoclasts (hOCs) or OSCSCs as described in Fig.14. 
The supernatants from each culture were harvested overnight, day 3, day 6, and day 8. 
The level of IFN-γ produced by NK cells was measured with a specific Elisa.  
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Fig 17.  
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Figure 17. Number of NK cells expanded either by osteoclasts or K562 at different 
time points 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and seeded at 
2x105 cells/well in 12 well plates and incubated overnight. Purified NK cells were pre-
treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and anti-
CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an effector to 
target ratio of 1:2. These NK cells were cultured either with autologous hOCs or K562 
at an effector to target ratio of 1:1. On the 3rd, 6th, and 8th day of the experimental period 
the number of cells was assessed by microscopic evaluation. 
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Fig. 18 
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Figure 18. Expanded NK cells by osteoclasts mediated the highest cytotoxicity against 
OSCSCs compared to expanded NK cells by K562. 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and pre-activated 
NK cells were cultured either with hOCs or K562 as described in Fig.17. On day 8, equal 
numbers of NK cells from each expanded subset were used in a standard 4-hour 51Cr release 
against OSCSCs. The lytic units 30/106 cells were determined using inverse number of NK 
cells required to lyse 30% of OSCSCs x 100. *The difference between NK+IL-2+anti-
CD16mAb+sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2 +K562 is significant at p<0.05. 
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Fig. 19 
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Figure 19A. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts 
were higher than those induced in the cultures of NK cells with K562. 
 
NK cells were cultured with osteoclasts (hOCs) and K562 as described in Fig.17. The 
supernatants from each culture were harvested overnight, day 3, day 6, and day 8. The 
level of IFN-γ produced by NK cells was measured with a specific Elisa. *The difference 
between NK+IL-2+anti-CD16mAb+sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2+ 
K562 on day 3 (or **day 6) is significant at p<0.05. 
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Figure 19B. The level of IFN-γ secretion by NK cells on day 6 after 5 hours of 
supernatant collection 
 
On the 6th day of experimental period, the culture medium was refreshed and cells were 
cultured for an additional 5 hours. The level of IFN-γ produced by NK cells was 
measured with a specific ELISA. *The difference between NK+IL-2+anti-CD16mAb+ 
sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2+K562 is significant at p<0.05. 
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Fig. 20 
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Figure 20A. Surface expression profiles of NK cells expanded either by osteoclasts 
or K562 on day 3 
 
Osteoclasts (hOCs) and K562 were co-cultured as described in Fig.17. Surface 
expression profiles of CD16+/CD56+, CXCR1, CXCR3 and DNAM were assessed with 
flow cytometric analysis after staining with the respective PE-conjugated antibodies. 
Isotype control antibodies were used as control. The numbers on the right hand corner 
are the percentages and mean channel fluorescence intensities for each histogram. 
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Figure 20B. Surface expression profiles of NK cells expanded either by osteoclasts or 
K562 on day 6 
 
Osteoclasts (hOCs) and K562 were cultured as described in Fig. 17. Surface expression 
profiles of CD16+/CD56+ were assessed with flow cytometric analysis after staining with the 
respective PE-conjugated antibodies. Isotype control antibodies were used as control. The 
numbers on the right hand corner are the percentages and mean channel fluorescence 
intensities for each histogram. 
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Figure 20C. Surface expression profiles of NK cells expanded either by osteoclasts or K562 
on day 8 
 
Osteoclasts (hOCs) and K562 were cultured as described in Fig.17. Surface expression profiles of 
CD45, CD16, CD56 and DNAM were assessed with flow cytometric analysis after staining with 
the respective PE-conjugated antibodies. Isotype control antibodies were used as control. The 
numbers on the right hand corner are the percentages and mean channel fluorescence intensities 
for each histogram. 
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Irradiated tumors neither support the expansion of NK cells nor enhance their 

functions 

 

 The function of NK cells expanded by live tumors or irradiated tumors were studied. 

The levels of IFN-γ secretion by NK cells co-cultured with live tumors and irradiated tumors 

were determined from day 0 to day 8. As shown in Fig.21, the levels of IFN-γ secreted in the 

cultures of NK cells with live tumors and irradiated tumors decreased significantly since day 

3. Overall, the secreted levels in the cultures of NK cells with irradiated tumors especially 

K562 were much higher than those induced in the cultures of NK cells with live tumors 

(Fig.21).  

 

 NK cells expanded by live K562 and irradiated K562 were compared with NK cells 

expanded by live osteoclasts and irradiated osteoclasts. As shown in Fig. 22, on day 6 live 

osteoclasts and irradiated osteoclasts supported the expansion of NK cells whereas live K562 

and irradiated K562 did not. NK cells cultured either with live osteoclasts and irradiated 

osteoclasts secreted more IFN-γ than NK cells cultured either with live K562 or irradiated 

K562 (Fig. 23). NK cells cultured with live osteoclasts, irradiated osteoclasts, live K562 and 

irradiated K562 were counted and equal numbers of NK cells from each subset were used in 

cytotoxicity assay against OSCSCs, which is a very sensitive NK cell target. As shown in 

Fig.24, NK cells expanded by live osteoclasts with an additional IL-2 treatment had higher 

cytotoxicity than NK cells expanded by live K562. Also, irradiated osteoclasts and irradiated 

K562 showed the same trend. After cytotoxicity assay, equal number of expanded NK cells 

from each condition was cultured at the same concentration with an additional IL-2 (1000 

units/mL) treatment. As shown in Fig. 25, the levels of IFN-γ secretion by expanded NK cells 
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cultured with osteoclasts gradually decreased on day 10 and day 13 since day 7 but still 

remained high when compared to the levels of IFN-γ secretion by expanded NK cells 

cultured with live K562 and irradiated K562. 

 

 Osteoclasts are more differentiated cells than monocytes and dendritic cells (DCs) so 

whether more differentiated tumors can support the expansion of NK cells was determined. 

Oral squamous cell carcinoma (OSCC), OSCSC, pancreatic cancer cell line 12 or PANC 

10.05 (PL-12), and MIA Paca-2 (MP-2) were irradiated and used to expand NK cells. As 

shown in Fig.26, none of irradiated stem-like or more differentiated tumors were able to 

expand NK cells except osteoclasts. Also, the levels of IFN-γ secreted in the cultures of NK 

cells with osteoclasts remained high until day 8, and the secreted levels were much higher 

than those induced in the cultures of NK cells with stem like or more differentiated tumors 

(Fig. 27). 
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Fig. 21 
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Figure 21. The levels of IFN-γ secreted in the cultures of NK cells with irradiated 
tumors were higher than those induced in the cultures of NK cells with live 
tumors 
 
OSCSCs and K562 were irradiated at 40 Gray. Live OSCSCs, live K562, irr-OSCSCs 
and irr-K562 were seeded at1x106 cells/well in 12 well plates and incubated overnight. 
Purified NK cells were pre-treated with IL-2 (1000 units/mL) and a combination of 
IL-2 (1000 units/mL) and anti-CD16mAb (3ug/mL) for 18 hours and then treated with 
sAJ2 bacteria at an effector to garget ratio of 1:2. These NK cells were cultured with 
live tumors or irradiated tumors at an effector to target ratio of 1:1 for 8 days. The 
supernatants from each culture were harvested overnight, day 3, day 6 and day 8. The 
level of IFN-γ produced by NK cells was measured with a specific Elisa.  
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Fig. 22 
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Figure 22. Number of expanded NK cells by live K562, irradiated K562, live 
osteoclasts and irradiated osteoclasts on day 6 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods. K562 was 
irradiated at 40 Gray and hOCs were irradiated at 20 Gray. They were seeded at 3x105 
cells/well in 12 well plates and incubated overnight. Purified NK cells were pre-treated with 
IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and anti-CD16mAb 
(3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an effector to target ratio of 
1:2. These NK cells were cultured with live K562, irr-K562, live hOCs or irr-hOCs at an 
effector to target ratio of 1:1 for 7 days. On the 6th day of the experimental period the 
number of cells was assessed by microscopic evaluation. 
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Fig. 23 
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Figure 23. The levels of IFN-γ secreted in the cultures of NK cells with live K562, 
irradiated K562, live osteoclasts and irradiated osteoclasts 
 
Live K562, irradiated K562, live osteoclasts (hOCs) and irradiated hOCs were 
cultured with activated NK cells as described in Fig.22. The supernatants from each 
culture were harvested on day 6 and day 7. When harvesting the supernatants, an 
additional IL-2 (1000 units/mL) was added to each condition. The level of IFN-γ 
produced by NK cells was measured with a specific Elisa.  
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Fig. 24 
 
A. Control 
 

 
B. K562 and hOCs 
 

 
 
C.  irr-K562 and irr-hOCs 
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Figure 24. Expanded NK cells by osteoclasts mediated the highest cytotoxicity 
against OSCSCs compared to expanded NK cells by live or irradiated tumors. 
 
Live osteoclasts (hOCs) irradiated hOCs, live K562 and irradiated K562 were cultured 
with activated NK cells as described in Fig.22. On day 7, equal numbers of NK cells 
from each expanded subset were used in a standard 4-hour 51Cr release against OSCSCs. 
The lytic units 30/106 cells were determined using inverse number of NK cells required 
to lyse 30% of OSCSCs x 100. 
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Fig. 25 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 

500 

1000 

1500 

2000 

2500 

3000 

IF
N

-γ
  (

pg
/m

L
) Day 10 

Day 13 

Media   K562 irr-K562 hOC  irr-hOC 

Figure 25. Expanded NK cells by osteoclasts induced the highest secretion of 
IFN-γ for until day 13. 
 
Live K562, irradiated K562, live osteoclasts (hOCs) and irradiated hOCs were 
cultured with activated NK cells as described in Fig.22. 4x105 of expanded NK 
cells from each condition were cultured in snap cap tubes in 1mL of media with an 
additional IL-2 (1000 units/mL). The supernatants from each culture were 
harvested on day 10 and day 13. When harvesting the supernatants, an additional 
IL-2 (1000 units/mL) was added to each condition. The level of IFN-γ produced 
by NK cells was measured with a specific Elisa.  
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Fig. 26 
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Figure 26. Number of expanded NK cells by osteoclasts, stem-like tumors and 
differentiated tumors on day 8 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods. OSCCs, 
OSCSCs, PL-12 and MP2 were irradiated at 75 Gray. They were seeded at 3x105 
cells/well in 12 well plates and incubated overnight. Purified NK cells were pre-
treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and 
anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an 
effector to target ratio of 1:2. These NK cells were cultured with hOCs, irr-OSCCs, 
irr-OSCSCs, irr-PL12, and irr-MP2 at an effector to target ratio of 5:1 for 8 days. On 
the 8th day of the experimental period the number of expanded NK cells was 
assessed by microscopic evaluation. 
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Fig. 27 
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Figure 27. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts 
were higher than those induced in the cultures of NK cells with stem-like tumors 
and differentiated tumors. 
 
Osteoclasts (hOCs), irr-OSCCs, irr-OSCSCs, irr-PL12 and irr-MP2 were cultured with 
activated NK cells as described in Fig. 26. The supernatants from each culture were 
harvested on day 6 and day 8. When harvesting the supernatants, an additional IL-2 
(1000 units/mL) was added to each condition. The level of IFN-γ produced by NK 
cells was measured with a specific Elisa.  
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Irradiated PBMCs do not support the expansion of NK cells whereas osteoclasts 

support the expansion of NK cells for long period of time 

 

 NK cells expanded by osteoclasts were compared with NK cells expanded by 

irradiated PBMCs whether PBMCs can also support the expansion of NK cells. On day 33 of 

experimental period, osteoclasts were able to support the expansion of NK cells whereas 

irradiated PBMCs and monocytes could not (Fig.28) Surface analysis was performed at 

different time points in order to determine whether cells expanded by osteoclasts for 33 days 

were still activated NK cells. Surface expression profiles of expanded NK cells by osteoclasts 

showed that about 88% were CD3-/CD16+CD56+ for 33 days (Fig.29).  

 

NK cells cultured with osteoclasts, monocytes and irradiated PBMCs were counted 

and equal numbers of expanded NK cells from each subset were used in cytotoxicity assay 

against OSCSCs, which is a very sensitive NK cell target. IL-2+anti-CD16mAb+sAJ2 

bacteria treated NK cells expanded by osteoclasts with an additional IL-2 treatment had the 

highest cytotoxicity whereas IL-2+anti-CD16mAb+sAJ2 treated NK cells expanded by 

monocytes or irr-PBMC had low cytotoxicity (p<0.05) (Fig. 30). Then, the levels of IFN-γ 

secretion by IL-2+ anti-CD16mAb+sAJ2 bacteria treated NK cells cultured with osteoclasts, 

monocytes or irr-PBMCs from day 0 to day 15 of cultures were determined. As shown in 

Fig.31, the levels of IFN-γ secreted in the cultures of NK cells with osteoclasts rose 

significantly and remained high until day 15, and the secreted levels were much higher than 

those induced in the cultures of NK cells with monocytes and irr-PBMCs.  
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Fig. 28 
 
 

 
 
 
 
 

 

 

 

 
 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

5 
N

um
be

r 
of

 c
el

ls
 x

10
6 

Day 33 
Media  Monocyte  irr-PBMC hOC 

Figure 28. Expanded NK cells by osteoclasts, monocytes, and irradiated 
PBMCs on day 33 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods. PBMCs 
were irradiated at 75 Gray. hOCs, monocytes and irr-PBMCs were seeded at 5x105 
cells/well in 12 well plates and incubated overnight. Purified NK cells were pre-
treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and 
anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an 
effector to target ratio of 1:2. These NK cells were cultured with hOCs, monocytes 
and irr-PBMCs at an effector to target ratio of 2:1 for 33 days. Number of expanded 
cells was assed by microscopic evaluation. 
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Fig. 29 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29. Surface expression profiles of NK cells expanded by osteoclasts at 
different time points 
 
Osteoclasts (hOCs) were cultured with activated NK cells as described in Fig.28. Surface 
expression profiles of CD3/CD16+CD56+ were assessed with flow cytometric analysis 
after staining with the respective PE-conjugated antibodies. Isotype control antibodies 
were used as control. The numbers on the right hand corner are the percentages and mean 
channel fluorescence intensities for each histogram. 
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Fig. 30 
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Figure 30. Expanded NK cells by osteoclasts mediated the highest cytotoxicity 
against OSCSCs compared to expanded NK cells by irradiated PBMCs 
 
Osteoclasts (hOCs), monocytes and irr-PBMCs were cultured with activated NK 
cells as described in Fig. 28. On day 3 and 6, supernatants were collected and the 
culture medium was refreshed with an additional IL-2 (1000 units/mL) treatment. 
On day 9, equal numbers of NK cells from each expanded subset were used in a 
standard 4-hour 51Cr release against OSCSCs. The lytic units 30/106 cells were 
determined using inverse number of NK cells required to lyse 30% of OSCSCs x 
100. *The difference between NK+IL-2+anti-CD16mAb +sAJ2+hOC and NK+IL-
2+anti-CD16mAb+sAJ2+irr-PBMC is significant at p<0.05. 
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Fig. 31 
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Figure 31. The levels of IFN-γ secreted in the cultures of NK cells with osteoclasts were 
higher than those induced in the cultures of NK cells either with monocytes or 
irradiated PBMCs. 
 
Co-culture was done as described in Fig.28. The supernatants from each culture were 
harvested on day 3, 6, 9, and 15. When collecting the supernatants, the culture medium was 
refreshed and an additional IL-2 (1000 units/mL) was added to each condition. The level of 
IFN-γ produced by NK cells was measured with a specific Elisa. *The difference between 
NK+IL-2+anti-CD16mAb+sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2+monocyte (or 
**irr-PBMC) is significant at p<0.05. 
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Single injection of expanded NK cells inhibited tumor growth in hu-BLT mice 

implanted with MP2 stem like/poorly differentiated tumors 

 

 Hu-BLT mice were implanted surgically with MP2 tumors and after one week of 

tumor growth, a single injection of 1.5 X106 purified NK cells with potent cytotoxic and 

cytokine secretion capabilities were performed. NK cells were purified from healthy donors 

and expanded in the presence of the treatment with IL-2+anti-CD16mAb and sAJ2 bacteria 

and osteoclasts as described in the materials and methods section and (manuscript in prep).  

In order to determine whether the cells that were expanded by osteoclasts are activated NK 

cells with potent cytotoxic and cytokine secretion capabilities, the levels of CD16 and NKp44 

surface expression were determined on day 8. As shown in Fig. 32, the expanded NK cells 

had up-regulation of CD16 and NKp44 surface expressions. 

 

As shown in Fig. 33, mice implanted with MP2 tumors and injected with expanded 

NK cells grew significantly smaller tumor when compared to those implanted with MP2 

tumors in the absence of expanded NK injection. The tumor was localized and no 

involvement of other organs could be seen in mice injected with MP2 tumors and received 

activated expanded NK cells (Fig.33). 
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Fig. 32 

 

 

 

 

 

 

 

 

Figure 32. Surface expression profiles of expanded NK cells by osteoclasts 
 
Osteoclasts (hOCs) were prepared as described in Materials and Methods and seeded 
at 3x105 cells/well in 12 well plates and incubated overnight. Purified NK cells were 
pre-treated with IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and 
anti-CD16mAb (3ug/mL) for 18 hours and then treated with sAJ2 bacteria at an 
effector to target ratio of 1:2. These NK cells were cultured with autologous hOCs at 
an effector to target ratio of 1:1 for 6 days. On day 3 and 6, the culture medium was 
refreshed with an additional IL-2 (1000 units/mL) treatment. On day 8, surface 
expression of CD16 and NKp44 on expanded NK cells were assessed with flow 
cytometric analysis after staining with the respective PE-conjugated antibodies. 
Isotype control antibodies were used as control. The numbers on the right hand corner 
are the percentages and the mean channel fluorescence intensities for each histogram. 
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Fig. 33 

A. MP2 alone 

 

B. MP2 + Expanded NKs 

 

Figure 33.  Size of tumor growth in hu-BLT mice after MP2 tumor implantation with or 
without expanded NK injection 
 
Mice were implanted with MP2 tumors alone or injected with expanded NK cells as described 
in Materials and Methods. The size of tumor growth in both subsets was observed. 
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DISCUSSION 

 

 Many studies have shown that modified K562 can expand NK cells with enhanced 

cytotoxicity so in this study, we investigated whether K562 can also expand NK cells to the 

same extent as osteoclasts under the same optimal condition. Even though K562 expanded 

NK cells in some extent, they were not able to expand NK cells to the same extent as 

osteoclasts. NK cells expanded by K562 exhibited low cytotoxic activity and mediated low 

level of IFN-γ secretion. It was reported that K562, which was modified to express 

membrane-bound form of IL-15 and 41BB ligand, expanded NK cells with potent cytotoxic 

activity [52]. This result demonstrated that K562 alone is not sufficient to expand NK cells 

and co-stimulatory of IL-15, which is known o be one of NK activating cytokine, is needed to 

fully activate NK cells. Osteoclast expanded NK cells retained CD16+/CD56+ on the surface 

and had relatively higher surface expression of CD16+/CD56+ compared to NK cells 

expanded by K562. We have previously shown that down-modulation of CD16 receptors 

causes a great loss of cytotoxicity. This may be the reason why NK cells expanded by K562 

lost their cytotoxic activity due to down-modulation of CD16 receptors after their interaction 

whereas osteoclast expanded NK cells are highly sensitive to NK mediated cytotoxicity 

because they retain CD16 receptors. 

 

The same phenomenon was observed when NK cells were co-cultured with other 

tumors such as OSCCs, OSCSCs, PL12 and MP2 in efforts to expand NK cells. Considering 

the fact that osteoclasts are more differentiated tumors, we also investigated whether more 

differentiated tumors can support the expansion of NK cells better than stem-like tumors. 

Whether tumors were stem-like cells or more differentiated cells, the differentiation status 
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was not a main factor that contributes to expansion of NK cells. NK cells have critical roles 

in host immunity against cancer and have powerful cytotoxic activity, but their activity may 

be eluded by the tumor microenvironment. We believe that signals received from these 

tumors alter the phenotype of NK cells and cause NK cells to lose cytotoxicity. Furthermore, 

these tumor cells can interfere with NK cell activation pathways or the complex receptor 

array that regulate NK cell activation and antitumor activity.  

 

Irradiated osteoclasts expanded more NK cells than K562. Moreover, NK cells 

expanded by irradiated osteoclasts mediated higher cytotoxicity and produced more IFN-γ 

secretion than NK cells expanded by K562. However, irradiated osteoclasts were less 

effective than non-irradiated osteoclasts in terms of their functionality and capacity to expand 

NK cells. Moreover, osteoclasts-expanded NK cells retained CD16+/CD56+receptors and 

proliferate for more than a month with IL-2 supplement, which demonstrated that they 

remain as activated NK cells for long term. 

 

Irradiated osteoclasts do not secret much of cytokine when compared to non-irradiated 

osteoclasts. IL-12, IL-15, which are known to be NK activating cytokines, and IL-18 are 

produced by NK cells upon the interaction of NK cells with osteoclasts. Therefore, we 

believe that a combination of these cytokines are required to fully activate NK cells but when 

osteoclasts are irradiated, receptors between NK cells and osteoclasts are still remained so 

that these receptors can be recognized by NK cells. 

 

 As NK cells lyse target cells without prior sensitization and provide immune 

regulatory cytokines, infusion of NK cells have been proposed as a means to target various 
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cancers. Single injection of expanded NK cells with potent cytotoxic and cytokine secretion 

capabilities to the mice implanted with MP2 tumors significantly grew smaller tumor when 

compared to those implanted with MP2 tumors in the absence of NK injection. We have 

shown in previous studies that osteoclast expanded NK cells are significantly more 

susceptible to NK mediated cytotoxicity than primary NK cells. Also, expanded NK cells 

secrete significantly more IFN-γ than primary NK cells.  As tumors acquire resistance to lysis 

by cellular effectors, high susceptibility to NK cell lysis is crucial to target tumors. We have 

shown that cytokines secreted by NK cells make stem-like cells to be more differentiated. 

Since cancer stem cells were found to be more sensitive to NK cell mediated killing but 

resistant to certain chemotherapeutic drugs whereas differentiated oral tumors were more 

sensitive to chemotherapeutic drugs but resistant to mediated killing, differentiated tumors by 

cytokines secreted by NK cells can be eliminated by chemotherapeutic drugs. Since 

osteoclasts expanded NK cells are highly sensitive to NK cell mediated cytotoxicity, they can 

target cancer stem cells selectively while some cells can be differentiated by cytokines so that 

they can be either eliminated by chemotherapeutic drugs or surgically. In this regard, we 

believe that osteoclasts expanded NK cells with potent cytotoxic activity and augmented 

cytokine secretion have an important role in future therapies against certain cancers in 

elimination of cancer stem cells as well as differentiated tumors. 
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CONCLUSION 

 

 This study demonstrated that tumors are not potent immune effectors capable of 

expanding NK cells and modulating the function of NK cells. Irradiated osteoclasts expand 

more NK cells than K562 and have relatively high cytotoxicity and augmented secretion of 

IFN-γ compared to K562-expanded NK cells but the capacity to expand NK cells and the 

functionality of expanded NK cells to target tumor is the greatest with osteoclast. Also, 

osteoclasts-expanded NK cells are good candidates for long-term therapy since they remain 

as activating NK cells by retaining CD16+/CD56+ receptors and IFN-γ secretion high for long 

term. Osteoclasts are more differentiated than monocytes or dendritic cells but the 

differentiation status of tumors did not affect the expansion of NK cells. NK cells produce 

IL-12, IL-15 and IL-18 when they interact with osteoclasts and a combination of these 

cytokines are required to fully activate NK cells with potent cytotoxic activity and augmented 

cytokine secretion. Dual functions of NK cells, high cytotoxicity and augmented cytokine 

secretion, are crucial in elimination of cancer stem cells and differentiated tumors for cancer 

immunotherapy. 
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 Chapter 3 

Specific Aim 3: To investigate the role of IL-10 as a regulator of IFN-gamma secretion in 

NK cell interaction with monocytes or osteoclasts 

 

 

Introduction 

 

 Pro-inflammatory cytokines are activated in order to initiate host defense against 

microbial invasion. Anti-inflammatory mechanisms maintain or restore tissue homeostasis by 

regulating the production of pro-inflammatory molecules. Interleukin (IL)-10 is a potent anti-

inflammatory cytokine, which has a crucial role in preventing inflammatory and autoimmune 

disease. B cells, T helper cells, natural killer (NK) cells, monocytes, dendritic cells and 

macrophages primarily produce IL-10. IL-10 modulates inflammatory response by 

suppressing the production of pro-inflammatory cytokines such as IL-12 and IL-18 from 

macrophages [55]. IL-12 is known to be a main activator of NK cells and increase their 

cytotoxicity capacity. IL-18 is another important pro-inflammatory cytokine produced by 

macrophages and shown to be suppressed by IL-10 [56]. Inflammatory response to microbial 

challenge can be enhanced by deficiency or aberrant expression of IL-10. However, this can 

cause development of inflammatory bowel disease and a number of autoimmune diseases 

[57-59].  

 

 NK cells produce the pro-inflammatory cytokine IFN-γ in particular during infection 

[60]. Scott et al [55] showed that IL-10 has an inhibitory effect on NK cell activation by 

blocking IL-10 in mice with a neutralizing antibody. Also, it was shown that IFN-γ 
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dependent mechanisms of host resistance could be evaded by pathogens following IL10 

stimulation [61-64]. IL-10 selectively suppressed NK cell IFN-γ production [65] and inhibits 

the differentiation of dendritic cells [66]. We have previously shown that the interaction of 

monocytes with human mesenchymal stem cells (hMSC) significantly protected the hMSC 

from NK cell mediated cytotoxicity while substantially increasing the production of IFN-γ 

[67]. Also, we reported that the blocking of IL-10 on NK cells triggered by sAJ2 bacteria and 

monocytes significantly augmented the production of IFN-γ and increased resistance against 

NK cell mediated cytotoxicity (manuscript in prep). IL-10 has a capacity to down-modulate 

MHC class II expression and to inhibit the production of pro-inflammatory cytokines by 

monocytes [68]. Therefore, IL-10 has important regulatory effects on immunological and 

inflammatory responses. 

 

 The role of IL-10 in regulating the production IFN-γ  during viral infection has well 

established by many studies. However, the role of IL-10 as a regulator of IFN-γ secretion in 

NK cell interaction with osteoclasts has not been studied. The cause and effect relationship 

between IL-10 and IFN-γ secretion in the interaction of sAJ2 triggered NK cells with either 

monocytes or osteoclasts will be also investigated in this study. We hypothesize that blocking 

IL-10 on IL-2+anti-CD16+sAJ2 bacteria treated NK cells cultured with osteoclasts 

significantly up-regulates the production of IFN-γ and increases resistance against NK cell 

mediated cytotoxicity. 
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MATERIALS AND METHODS 

 

Cell Lines, Reagents, and Antibodies 

RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS) (Gemini Bio-

Products, CA) was used for the cultures of human immune cells. Oral Squamous Cancer 

Stem Cells (OSCSCs) were isolated from oral cancer patient tongue tumors at UCLA School 

of Medicine and cultured in RPMI 1640 supplemented 10% Fetal Bovine Serum (FBS) 

(Gemini Bio-Products, CA), 1.4% antibiotic antimycotic (100x), 1% sodium pyruvate 

(100nM), 1.4% MEM non-essential amino acids, 1% L-Glutamine, 0.2% gentimicin sulfate 

(Gemini Bio-products, CA) and 0.15% sodium bicarbonate (Fisher Scientific, PA).  

Alpha-MEM medium (Life Technologies, CA) supplemented with 10% FBS and 

penicillin-streptomycin (Gemini Bio-Products, CA) was used to culture human osteoclasts. 

Human M-CSF (Biolegend, CA) and soluble RANKL (PeproTech, NJ) were dissolved in 

alpha-MEM and stored at -80°C.  

 

Bacteria Sonication 

sAJ2 is a combination of 8 different strains of sonicated gram positive probiotic 

bacteria selected by Dr. Anahid Jewett for their superior ability to induce optimal secretion of 

both pro-inflammatory and anti-inflammatory cytokines in NK cells (manuscript in prep). 

The whole bacteria was weighted and resuspended in RPMI Medium 1640 containing 10% 

FBS at a concentration of 10mg per 1mL. The bacteria were vortexed thoroughly and then 

sonicated for 15 seconds on ice and the amplitude was set from 6 to 8. After that, the samples 

are incubated for 30 seconds on ice. After every 5 pulses, a small sample was taken to 

observe under the microscope to obtain at least 80 percentages of cell walls to be lysed. Then, 
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the sonicated samples were aliquoted and stored in minus 20 to 80 degrees for long term 

studies.     

 

Purification of NK cells 

Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. The Ficoll-Hypaque technique was used to fractionate the blood, and the buffy 

layer called peripheral blood mononuclear cells (PBMC) was harvested, washed and re-

suspended in RPMI 1640 (Invitrogen by Life Technologies, CA) supplemented with 10% 

FBS. Non-adherent human peripheral blood lymphocytes (PBL) were obtained after 1-2 

hours incubation at 37˚C on a plastic tissue culture dish.  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 greater than 

90% purity based on flow cytometric analysis of anti-CD16 antibody stained NK cells. 

Purified NK cells were cultured in RPMI Medium 1640 supplemented with 10% FBS 

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

non-essential amino acids (Invitrogen, Life Technologies, CA). 

 

Human Peripheral Blood Monocytes Purification 

 Written informed consents approved by UCLA Institutional Review Board (IRB) 

were obtained from healthy blood donors and all the procedures were approved by the 

UCLA-IRB. Peripheral blood mononuclear cells (PBMCs) were obtained after Ficoll-

hypaque centrifugation. PBMCs were cultured onto the tissue culture plate for an hour and 

the adherent subpopulation of PBMCs was detached from the tissue culture plate. Monocytes 
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were purified using the EasySep® Human monocyte cell enrichment kit obtained from Stem 

Cell Technologies (Vancouver, Canada). The monocyte population was found to have greater 

than 95% purify based on flow cytometric analysis of CD14 antibody stained monocyte cells. 

Generation of Osteoclasts  

 Osteoclasts were generated from monocytes and cultured in alpha-MEM medium 

containing M-CSF (25ng/mL) and Rank Ligand (RANKL) (25ng/mL) for 21 days, or 

otherwise specified. Medium was refreshed every 3 days with fresh alpha-MEM containing 

M-CSF (25ng/mL) and RANKL (25ng/mL).  

51Cr release cytotoxicity assay 

51Cr was purchased from Perkin Elmer (Santa Clara, CA). NK cell cytotoxic function 

in the experimental cultures and the sensitivity of target cells to NK cell mediated lysis were 

determined using standard 51Cr release cytotoxicity assay. The effector cells (1x105 NK 

cells/well) were aliquoted into 96-well round-bottom microwell plates (Fisher Scientific, 

Pittsburgh, PA) and titrated to four serial dilutions. The target cells (5x105 OSCSCs/well) 

were labeled with 50µCi 51Cr (Perkin Elmer, Santa Clara, CA) and chromated for 1 hour. The 

cells were washed twice to remove excess unbound 51Cr. The 51Cr-labeled target cells were 

incubated with the effector cells for 4 hours. After a 4-hour incubation period, the 

supernatants were harvested from each sample and counted for released radioactivity using 

the gamma counter. The percentage specific cytotoxicity was calculated as follows;   

                  % Cytotoxicity =  Experimental cpm -  spontaneous cpm  
                                                     Total cpm – spontaneous cpm 
 

LU 30/106 is calculated by using the inverse of the number of effector cells needed to 

lyse 30% of target cells X100.  
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Enzyme-Linked Immunosorbent Assays (ELISAs) 

 Human IFN-γ and IL-10 Elisa kits were purchased from Biolegend (San Diego, CA). 

Elisa was performed to detect the level of IFN-γ produced from NK cells co-cultured with 

different cells. The 96-well EIA/RIA plates were coated with 100ul of diluted capture 

antibody (1:200) corresponding to target cytokine and incubated overnight at 4°C. After 16 

hours incubation, the plates were washed 4 times with wash buffer (0.05% Tween in 1xPBS) 

and blocked with 200ul of assay diluent (1%BSA in 1xPBS). The plates were incubated on a 

plate shaker at 200rpm for 1 hour followed by washing 4 times with wash buffer. 100ul of 

standards and samples collected from each culture were added to the wells and incubated on 

the plate shaker at 200rpm for 2 hours at room temperature. Then, the plates were washed 4 

times with wash buffer and 100ul of diluted detection antibody (1:200) were added to the 

wells and incubated for 1 hour on the plate shaker at 200rmp at room temperature. After 1 

hour of incubation, the plates were washed 4 times with wash buffer and 100ul of diluted 

Avidin-HRP solution (1:1000) was added to the wells and incubated on the plate shaker at 

200rpm for 30minutes followed by washing the plates 5 times with wash buffer. The, 100ul 

of TMB substrate solution was added to the wells and incubated in dark until the wells 

developed a desired blue color before adding 100ul of stop solution (2N H2SO4to stop the 

reaction. The plates were read in a microplate reader at 450nm to obtain absorbance value 

(Biolegend, ELISA manual). 

 

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 

 

IL-10 is a regulator of IFN-gamma secretion in NK cell interaction with monocytes or 

osteoclasts 

 

 NK cells were co-cultured either with monocytes or osteoclasts in the presence or 

absence of anti-IL10 in order to investigate the role of IL-10 as a regulator of IFN-gamma 

secretion. sAJ2 bacteria treated NK cells cultured with monocytes in the presence of anti-

IL10mAb (5ug/mL) induced more IFN-γ secretion than those cultured with monocytes in the 

absence of anti-IL10mAb (p<0.05) (Fig. 34). However, when anti-IL10mAb was added, it 

induced IFN-γ secretion and suppressed IL-10 secretion as seen in Fig. 35. sAJ2 treated NK 

cells cultured with monocyte induced significant amount of IFN-γ in comparison to sAJ2 

treated NK cells cultured with monocytes in the presence of anti-IL10mAb (p<0.05) (Fig.35).  

  

The role of IL-10 was also investigated in the cultures of NK cells with osteoclasts. 

NK cells cultured with osteoclasts in the presence or absence of anti-IL10mAb also showed 

the same trend as monocytes but NK cells cultured with osteoclasts induced more IFN-γ 

secretion than those cultured with monocytes (Fig. 36). IL-2+anti-CD16mAb+sAJ2 treated 

NK cells cultured with monocytes in the presence of anti-IL10mAb secreted more IFN-γ than 

those without anti-IL10-mAb (p<0.05) (Fig.36). The same trend was seen in cultures of 

osteoclasts. IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with osteoclasts in the 

presence of anti-IL-10mAb secreted more IFN-γ than those cultured without anti-IL10mAb 

(p<0.05) (Fig.36). However, IL-2+anti-CD16mAb+sAJ2 treated NK cells cultured with 

osteoclasts in the presence of anti-IL10mAb secreted 1.5 fold more of IFN-γ than those 
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cultured with monocytes (p<0.05) (Fig.36). IL-2+anti-CD16mAb+sAJ2 treated NK cells 

cultured with osteoclasts in the presence of anti-IL10mAb had reduced cytotoxic function 

compared to those cultured without anti-IL10mAb (p<0.05) (Fig.37). 
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Fig. 34 
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Figure 34. More IFN-γ secreted in the cultures of sAJ2 bacteria treated NK cells 
with monocytes in the presence of anti-IL10mAb 
 
Monocytes were prepared as described in Materials and Methods and seeded at 3x105 

cells/well in 12 well plates and incubated overnight. Purified NK cells were treated with 
sAJ2 bacteria at an effector to target ratio of 1:2 and anti-IL10mAb (5ug/mL). Then, they 
were cultured with or without monocytes at an effector to target ratio of 1:1. The 
supernatants from each culture were harvested on overnight, day 4, day 6 and day 8. 
When collecting the supernatants, the culture medium was refreshed. The level of IFN-γ 
produced by NK cells was measured with a specific Elisa. *The difference between NK+ 
sAJ2+monocyte and NK+sAJ2+monocyte+anti-IL10 is significant at p<0.05. 
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Fig. 35 
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Figure 35. High level of IL-10 secreted in the cultures of sAJ2bacteria treated NK cells 
with monocytes in the absence of anti-IL10mAb 
 
Monocytes were prepared as described in Materials and Methods and co-culture was 
performed as described in Fig. 34. The supernatants from each culture were harvested on 
overnight, day 4, day 6 and day 8. When collecting the supernatants, the culture medium was 
refreshed. The level of IL-10 produced by NK cells was measured with a specific Elisa. *The 
difference between NK+sAJ2+monocyte and NK+sAJ2+monocyte+anti-IL10 is significant at 
p<0.05. 
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Fig. 36 
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Figure 36. More IFN-γ secreted in the cultures of IL-2+anti-CD16mb+sAJ2 bacteria treated 
NK cells with osteoclasts in the presence of anti-IL10mAb than those with monocytes 
 
Monocytes and osteoclasts (hOCs) were prepared as described in Materials and Methods and seeded 
at 6x105 cells/well in 12 well plates and incubated overnight. Purified NK cells were pre-treated with 
IL-2 (1000 units/mL) and a combination of IL-2 (1000 units/mL) and anti-CD16mAb (3ug/mL) for 
18 hours and then treated with sAJ2 bacteria at an effector to target ratio of 1:2 and anti-IL10mAb 
(5ug/mL). Then, they were cultured either with monocytes or hOCs at an effector to target ratio of 
1:1. The supernatants from each culture were harvested on day 8. When collecting the supernatants, 
the culture medium was refreshed. The level of IFN-γ produced by NK cells was measured with a 
specific Elisa. *The difference between NK+IL-2 +anti-CD16mAb+sAJ2+monocyte (or **hOC) and 
NK+IL-2+anti-CD16mAb+sAJ2+ monocyte (or **hOC)+anti-IL10mAb is significant at p<0.05. 
***The difference between NK    +IL-2+anti-CD16mAb+sAJ2+monocyte+anti-IL10mAb and 
NK+IL-2+anti-CD16mAb+ sAJ2+hOC+anti-IL10mAb is significant at p<0.05. 
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Fig. 37 
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Figure 37. Osteoclasts inhibited NK cell cytotoxic function in the presence of 
anti-IL10mAb 
 
NK cells cultured with osteoclasts (hOCs) in the presence or absence of anti-
IL10mAb (5ug/mL) were used in a standard 4-hour 51Cr release against 
OSCSCs. The lytic units 30/106 cells were determined using inverse number of 
NK cells required to lyse 30% of OSCSCs x 100. *The difference between 
NK+IL-2+anti-CD16mAb +sAJ2+hOC and NK+IL-2+anti-CD16mAb+sAJ2+ 
hOC+anti-IL10mAb is significant at p<0.05.  
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DISCUSSION 

 

 In this study we demonstrated that human IFN-γ and IL-10 are produced in relatively 

large quantities by monocytes following activation. Low level of IL-10 was detected after 

activation of NK cells with monocytes and sAJ2 bacteria in the presence of anti-IL10mAb. 

However, the addition of anti-IL-10mAb blocked the production of IL-10 on the NK cells 

while inducing significant amount of IFN-γ. IL-2+anti-CD16mAb+sAJ2 bacteria treated NK 

cells cultured with osteoclasts in the presence of anti-IL10mAb caused more induction of 

IFN-γ than those cultured under the same condition with monocytes. We have previously 

shown that monocytes inhibited the function of NK cell mediated cytotoxicity. When 

osteoclasts were cultured with IL-2+anti-CD16mAb+sAJ2 bacteria triggered NK cells in the 

presence of anti-IL10mAb, the cytotoxic activity against OSCSC was greatly reduced. The 

more induction of IFN-γ, the more resistance of the stem cells to NK cell mediated 

cytotoxicity. 

 

IL-10 is an anti-inflammatory cytokine with a crucial role in preventing inflammatory 

and autoimmune disease. Sellon R K et al [57] reported that IL-10 deficient mice caused 

more inflammation. Since IL-10 has an inhibitory effect on the synthesis of IFN-γ by human 

NK cells [69, 70], it blocks differentiation of stem cells by inhibiting the secretion of IFN-γ 

on NK cells. Based on our accumulated data, IL-10 plays a significant role in regulating 

tumor progression and differentiation of stem cells.  
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CONCLUSION 

 

 This study demonstrated that IL-10 is a regulator of IFN-γ secretion in NK cell 

interaction with either monocytes or osteoclasts. The role of IL-10 in regulating the 

production of IFN-γ following the interaction of NK cells with monocytes has been well 

established by many studies. It was shown that monocytes are great inducers of IL-10. The 

significance of this study is that the role of IL-10 as a regulator of IFN-γ secretion in NK 

cells interaction with osteoclasts has been shown. IL-2+anti-CD16mAb+sAJ2 bacteria treated 

NK cell interaction with osteoclasts in the presence of anti-IL-10mAb produced significant 

amount of IFN-γ but they were resistant to NK cell mediated cytotoxicity. Taken together, 

IL-10 is a strong regulator of IFN-γ in NK cell interaction with osteoclasts. Furthermore, IL-

10 is important in balancing or slowing differentiation by blocking IFN-γ, which will 

suppress immune and inflammatory responses. 

 

 

 

 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
 



	
  99	
  

FINAL CONCLUSION 

 

 Tumor-promoting inflammation and escape from immune surveillance are major 

factors responsible for the establishment and progression of cancer. Increased cancer 

incidence is associated with sustained immunosuppression and immune deficiency. The 

tumor microenvironment challenges to the efficacy of NK cells because it hinders both 

infiltration and activation of NK cells at tumor nests while inducing chronic immune 

suppressive signals that select for tumor cells. Recent advances in our understanding of anti-

tumor immune responses and cancer biology have revealed a complex dynamic interaction 

between immune effectors and the tumor cells. Decreased in NK cell activity in cancer 

patients implicates the role of NK cells in tumor surveillance. Applicability of NK cells for 

cancer immunotherapy has been evoked by improved methodologies for NK expansion.  

 

 In this study, we found the novel way to expand NK cells by osteoclast. When 

osteoclasts interacted with IL-2+anti-CD16mAb+sAJ2 treated NK cells, they expanded the 

NK cells the most and osteoclast-expanded NK cells generated under this condition remain as 

activated NK cells for longer period of time by retaining CD16, NKp44 and NKG2D 

receptors on the surface. Also, osteoclast-expanded NK cells were found to be highly 

functional compared to primary NK cells due to their high cytotoxic activity and augmented 

IFN-γ secretion. Considering that NK cells may reside primarily in the immune rich 

compartments, it is likely that other immune effector may shape the phenotype and function 

of NK cells. In this regard, osteoclasts as potent inducers of NK cells shape the phenotype 

and functional of NK cells so that they become highly activated and functional. We believe 

that a combination of IL-12, IL-15 and IL-18 is required to fully activate NK cells as NK 
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cells secrete these cytokines when they interact with osteoclasts. The underlying mechanism 

of how osteoclasts interact with NK cells for expansion is not completely understood but this 

recent discovery is of outmost importance since NK expansion to potentiate their functions 

against tumors will contribute to clinical trials for cancer therapy. 
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