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ABSTRACT OF THE DISSERTATION 

 

Preferentially selection and expansion of CD8+ T cells  

by osteoclast-induced, super-charged NK cells  

and the role of CD16 receptors on NK activation 

 

by 

 

Meng-Wei Ko 

 

Doctor of Philosophy in Oral Biology 

University of California, Los Angeles, 2021 

Professor Anahid Jewett, Chair 

 

 

Natural killer (NK cells) are known to play crucial role in halting the progression of cancer. 

They have the abilities to selectively lyse and differentiate cancer stem cells (CSCs) via direct 

cytotoxicity and secreted IFN-γ secretion and membrane-bound TNF-α, respectively, which leads 

to slower tumor growth and limit tumor metastasis. However, lower numbers and functions of NK 

cells from cancer patients have been reported. This study provides evidences that CD16 receptor 

but not Toll-like receptor signaling pathway on both NK cells and monocytes from cancer patients 

is defective resulting the lack of activation in cancer patients, which resulting less differentiation 

ability of NK cells from cancer patients. In addition, for NK immunotherapy, a methodology to 
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expand and enhance the numbers and functions of NK cells was previously established. The 

expanded NK cells with potent functions are celled super-charged NK cells. This study 

investigated the differences of primary and super-charged NK cells and showed that super-charged 

NK cells have higher level of proliferation markers, more cytokine and chemokine secretion, and 

more polyfunctional population and are not inactivated after encountering tumor cells. Lastly, it 

was illustrated that super-charged NK cells preferentially expand CD8+ memory T cells by lysing 

CD4+ T cells during the expansion process. These compelling findings provides novel approaches 

for cancer immunotherapy encompassing the stabilization of CD16 receptor on both NK cells and 

monocytes of cancer patients as well as the possibilities of combination cell adoptive 

immunotherapy with allogeneic NK and autologous CD8+ T cells. 
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INTRODUCTION 
 

Natural killer cells 

 

 Natural killer (NK) cells were first identified as anti-tumor T cell independent immune 

cells with natural cytotoxicity in 1970s [1]. They are defined as immune cells with CD16 and 

CD56 and the lack of CD3 expression on their cell surfaces [2].  They are a part of peripheral 

blood mononuclear cells (PBMCs) derived from hematopoietic stem cells and are known to 

mediate cytotoxicity against viral and bacterial infected cells or malignant cells without prior 

immunization as first line defender in the immune system as well as secret cytokines and 

chemokines to regulate the function of other immune cells [3, 4]. We have previously proposed a 

4-stage of NK maturation hypothesis hinging on their surface expression and functionality. In the 

first stage, NK cells express CD3-CD16+CD56dim on the cell surfaces and possess high cytotoxicity 

and lower cytokine secretion. With surface receptor crosslinking with antibodies or ligands on 

other cells, NK cells would be induced into the second stage, called split anergy. Split anergized 

NK cells are CD3-CD16-CD56bright and have higher cytokine secretion ability but lower 

cytotoxicity. Without proper stimulation or activation signals, NK cells would enter stage 3, where 

they lose both of their cytotoxicity and cytokine secretion and become dysfunctional, which 

eventually triggers apoptosis and leads to the death of the cells as stage 4 [5].  

 

 The function of NK cells are dominated by their cell surface receptors which is regulated 

by the summation of inhibitory and activating signals receiving through their surface receptors 

upon immune synapse formation [6]. There is a panel of various activating receptors on NK cells, 
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such as NKG2D, NKp46 and DNAM-1 as well as inhibitory receptors, including KIR2, NKG2A 

and KLRG2 [7]. It is well established that infected cells would increase their MICA/B on the cell 

surfaces which are the ligands for NKG2D resulting in NK activation upon ligation [8]. On the 

other hand, healthy or well-differentiated cells would express MHC class I as self-identified 

molecule on the cell surfaces which binds to KIRs and inhibits NK cell function to prevent the cell 

lysis [9], whereas, poorly differentiated or stem like cells would lose the MHC class I expression 

and wouldn’t be able to inhibit the cytotoxic function of NK cells leading to NK cell mediated cell 

lysis [10]. 

 

NK cell functions 

 

 One of the most distinct function of NK cells, especially for those are at stage 1, is 

mediating direct cytotoxicity against target cells. They perform the cytotoxic function through 

three main pathways. First, perforin/granzyme pathway, NK cells release the cytotoxic granule 

upon immune synapse formation, which contains perforin and granzyme B to permeate target cell 

membrane and induce apoptosis in the target cells, respectively [11]. In addition, NK cells induce 

target cell death through TNF-related apoptosis-inducing ligand (TRAIL) and Fas-FasL pathways 

to transduce apoptotic signals [12-14]. Other than direct cytotoxicity, NK cells are capable of 

mediating antibody-dependent cellular cytotoxicity (ADCC) through CD16, also known as 

FcγRIIIa, which binds to the Fc region of antibodies. Upon ligation, NK cells would release 

perforin- and granzyme-containing granules to lyse the antibody-coated target cells [15, 16]. 
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 In addition to cytotoxicity, as one of the main lymphocytes in innate immunity, NK cells 

are also known for their cytokine and chemokine secretion to enhance and regulate adaptive 

immune responses to influence other immune cells in the PBMCs. It has been shown that NK cells 

promote the proliferation of CD4+ T cells through tumor necrosis factor (TNF) superfamilies and 

other costimulatory molecules [17]. Also, NK cells were reported in several studies to play 

important roles in T cell recruitment and activation after intracellular pathogen infection through 

the secretion of interferon (IFN)-γ [18-21]. Nevertheless, the IFN-γ production from NK cells has 

also reported to inhibit B cell transformation at the early stage of the viral infection and restrict the 

pathogen while allowing more time for adaptive immune system to acquire specific immunity and 

be equipped to defeat the pathogen [22]. Aside from regulatory effects on other immune cells, 

secreted IFN-γ and membrane-bound TNF-α from NK cells were shown to differentiate stem like 

cells, both normal and cancerous cells [10, 23-25].   

 

NK cells in cancer development  

 

 NK cell has shown to possess great abilities to halt the progression of cancer development 

through selectively lysing and differentiating poorly differentiated cancer stem cells (CSCs) via 

direct cytotoxicity and secreted IFN-γ and membrane-bound TNF-α, respectively [23, 26-28]. 

Since these CSCs have lower levels of MHC class I expression on their cell surfaces, NK cells are 

able to identify the “missing-self” signal and further initiate the killing process through perforin-

granzyme pathway leading to apoptosis of these CSCs [29]. Moreover, NK cells are also known 

to differentiate CSCs through IFN-γ and TNF-α. It was previously reported that CD44, a surface 

maker for stemness, is decreased on CSCs while CD54, PD-L1 and MHC class I, surface markers 
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established previously for differentiated cells, are all increased after treated with NK cell culture 

supernatants [26, 30]. As a result, these CSCs grow slower or eventually lose their self-renewal 

ability. Therefore, through directly targeting and differentiating CSCs, NK cells are capable of 

eliminate the seeds of cancer and prevent cancer from progression. 

 

 It has been unearthed by our laboratory and others that the numbers and functions of NK 

cells are significantly lower in cancer patients. And we have reported these observations of reduced 

functions of NK cells are associated with both genetic mutation and lifestyle prior to tumor is 

established. It was shown that mice with both KRAS mutation and fed with high fat calory diet 

had the lowest NK cell functions followed by either KRAS mutation or high fat calory diet mice, 

then control mice when pancreatic intraepithelial neoplasias (PanINs) are induced, yet pancreatic 

ductal adenocarcinoma (PDAC) was not formed, indicating that both genetics (KRAS mutation) 

and environmental factors (high fat calory diet) play crucial role in the loss of NK cell function at 

the pre-neoplastic stage of pancreatic cancer [31, 32]. The same observation is made with tumor-

bearing humanized BLT mouse models and the peripheral blood obtained from cancer patients. 

The numbers and functions of NK cells are significantly lower than those from healthy individuals 

[31, 33, 34].  

 

NK cell in cancer immunotherapy 

 

Given the crucial role of NK cells in halting cancer progression, there have been numerous 

studies endeavor to rescue or supplement healthy functional NK cells as a novel approach to cancer 

immunotherapy. We have previously established a robust methodology to expand and enhanced 
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the number and functions of NK cells using osteoclast (OC) as feeder cells and a mixture of 

sonicated probiotic bacteria, sAJ2 [35]. And these expanded NK cells have shown to possess great 

functional abilities in mediating lysing and differentiating CSCs in vitro assays as well as in vivo 

studies with humanized-BLT mouse models of oral and pancreatic tumor [33, 34].  

 

Central Hypothesis 
 
Due to the defectiveness of the number and functions of NK function seen in cancer patients, we 

proposed that CD16 pathway is responsible for the lack of activation of NK cells not TLR 

signaling pathway in cancer patients and super-charged NK cells preferentially expand CD8+ T 

cells through lysing CD4+ T cells. 

 

Objective of the study 

To identify the pathway responsible for the lack of activation of NK cells in cancer patients; to 

understand the differences of primary and super-charged NK cells super-charged NK cells; to 

study the mechanism of  NK cells super-charging process preferentially expand CD8+ T cells in 

order to provide more insight to improve current knowledge of NK immunotherapeutic 

strategies. 

 

Specific Aims 

Aim 1: Defects in CD16 receptor but not toll-like receptors signaling pathway in NK cells 

and monocytes in cancer patients. 
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Sub-aim 1: Differences of cell type composition of PBMCs and cytokine/chemokine 

profile in the sera between cancer patients and healthy individuals. 

Sub-aim 2: Differences of NK cell functions in PBMCs from cancer patients and healthy 

individuals 

 

Sub-aim 3: Monocytes from cancer patients increased IFN-γ secretion of NK cells when 

treated with IL-2 and sAJ2, but not with the presence of anti-CD16 monoclonal antibody 

 

Aim 2: Phenotypic and functional differences between primary and super-charged NK cells 

 

Sub-aim 1: Phenotypic differences between primary and super-charged NK cells 

Sub-aim 2: Functional differences between primary and super-charged NK cells. 

Sub-aim 3: Proteomics analysis of primary and super-charged NK cells 

Sub-aim 4: Unlike primary NK cells, the cytotoxic function of super-charged NK cells is 

not suppressed after encountering tumor 

 

Aim 3: Super-charged NK cells preferentially select and expand memory CD8+ T cells 

while eliminating CD4+ T cells during expansion 

 

Sub-aim 1: Decreased in functions of NK cells and less activation ability in osteoclasts in 

cancer patients. 

Sub-aim 2: Osteoclasts expanded NK cells and osteoclasts preferentially expand CD8+ T 

cells 
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Sub-aim 3: Osteoclasts expanded super-charged NK cells contain the growth of T cells 

and preferentially expand CD8+ T cells by selectively lysing CD4+ T cells 

Sub-aim 4: Characteristics of super-charged NK cells expanded memory CD8+ T cells 

and their functionality 
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MATERIAL AND METHOD 
 

Cell lines, reagents and antibodies  

 RPMI 1650 (Gibco, Thermo Fisher Scientific, USA) complete medium with 10% fetal 

bovine serum (FBS)(Gemini Bio-Products, San Diego, USA) was used for immune cells and oral 

squamous carcinoma cells (OSCCs) and oral squamous carcinoma stem cells (OSCSCs) isolated 

from cancer patients with tongue tumor at UCLA [1, 2]. Alpha-MEM (Gibco, Thermo Fisher 

Scientific, USA) with 10% FBS was used for osteoclasts (OCs) cultures. RPMI 1650 complete 

medium with 10% human AB serum off the clot (Gemini Bio-Product, San Diego, USA) was used 

for super-charged NK cell culture. DMEM complete medium with 10% FBS was used for MIA 

PaCa-2 (MP2) and PL12, which are generous gifts from Dr. Guido Eibl (David Geffen School of 

Medicine, UCLA) and Dr. Nicholas Cacalano (Jonsson Comprehensive Cancer Center, UCLA), 

respectively [3]. RANKL and GM-CSF were purchased from PeproTech (NJ, USA), rh-IL-2 was 

obtained from NIH-BRB. Anti-CD16 monoclonal antibody and human CD3/28 T cell activator 

was purchased from StemCell Technologies. CDDP was purchased from Ronald Reagen UCLA 

Medical Center Pharmacy. 

Antibodies for human used for flow cytometry were purchased from BioLegend (San Diego, 

USA), including CD45, CD3, CD16, CD56, CD4, CD8, CD19, CD14, CD44, CD54, B7H1 (PD-

L1), MHC class I, NKG2D, KIR2, NKp44, NKp46, CD54, CD62L, CD45RA, CD45RO, CD28, 

CCR7, granzyme B and Ki-67. Propidium iodide (PI) was purfachsed from Sigma-Aldrich (St. 

Louis, MO, USA). 

 

Microscope for expansion pictures 
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Images of NK cells were taken under 400x magnification using DMI6000 B inverted 

microscope and LAS X software (both Leica, Wetzlar, Germany). 

 

Bacteria sonication 

 

AJ2 is a combination of eight strains of Gram-positive probiotic bacteria (Streptococcus 

thermophiles, Bifidobacterium longum, Bifidobacterium breve, Bifidobacterium infantis, 

Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus pacasei and Lactobacillus 

bulgaricus). AJ2 was resuspended in RPMI 1640 containing 10% FBS at 10 mg/mL. The bacterial 

suspension then was placed on ice and was sonicated at 8 amplitude for 30 seconds, rest for 15 

seconds as a pulse. A sample of sonicated bacteria suspension would be taken and observed under 

the microscope. It was determined that the sonication was completed when greater than 80% of 

the cell had been lysed. The sonicated AJ2 (sAJ2) suspension were aliquoted and stored in -80°C 

freezer for further use.  

 

Purification of NK cell, T cells and monocyte from human PBMC 

 

The study, as well as the procedures, were approved by the UCLA Institutional Review 

Board (IRB)(IRB#11-000781), and all participants signed written informed consent in accordance 

with the Declaration of Helsinki. Peripheral blood was diluted with PBS. After Ficoll-Hypaque 

centrifugation, PBMC was harvested, washed resuspended with RPMI for experiment or Robosep 

in desirable concentration for negative selection using EasySepTM human NK cell enrichment kit, 

EasySepTM human CD4+ T cell isolation kit, EasySepTM human CD8+ T cell isolation kit and 
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EasySepTM human monocyte enrichment kit without CD16 depletion purchased from Stem Cell 

Technologies (Vancouver, BC, Canada). Purity of isolated NK cells and CD4+ T cells, CD8+ T 

cells and monocytes were analyzed by flow cytometric analysis. All cells were resuspended in 

RMPI 1640 complete medium. 

  

Purification and generation of osteoclasts from human PBMC 

 

PBMC were harvest from peripheral blood as describe above and resuspend into alpha-

MEM with 1% autologous plasma. Fifty million cells were plated per tissue culture dish with 151.9 

cm2 culture area and incubated at 37°C for 30 min. After incubation, floating cells were removed 

from the culture dish. Fresh alpha-MEM with 1% autologous plasma was replenished and 

recombinant human macrophage colony-stimulated factor (M-CSF) (25 ng/mL) (BioLegend, SD, 

USA) was supplemented every three days and RANKL (25 ng/mL) was supplemented every three 

days after Day6 for 21 days.  

 

Generation of super-charged NK cells 

 

Nature killer cells were purified from PBMC as described above. Freshly isolated NK cells 

are treated with recombinant human IL-2 (rh-IL-2) (1,000 U/mL) and anti-CD16 monoclonal 

antibody (5 µg/mL) (Biolegend, San Diego, USA) at 37°C for 16-18 hours. After the incubation 

time, NK cells are co-cultured with osteoclasts and sAJ2 (NK: OC: sAJ2, 2: 1: 4) (preparation as 

describe above) at 37°C. The culture media was replenished every 3 days with rh-IL-2 [4]. 
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 Supernatants of NK cells used for induction of cell death and differentiation  

 

Both primary and super-charged NK cells were treated with rh-IL-2 (1,000 U/mL) at 37°C for 

16-18 hours in the concentration of 10×106 cells /mL. Supernatants of primary and super-charged 

NK cells were collected and used in the experiments for desire concentrations. 

 

Surface staining, cell death assays and flow Cytometry Analysis 

 

1´105 cells were used for each sample. All samples were stained with 100µL of 1% BSA-PBS 

(Gemini Bio-Products, CA) and pre-determined optimal concentration of desire fluorochrome (PE, 

FITC or PEcy5) conjugated antibodies and incubate at 4°C for 30 min. The sample then was 

washed and resuspend with 1% BSA-PBS. Intracellular staining was performed as described in 

manufacturer’s protocol. The sample was fixed with fixation buffer for an hour in dark at room 

temperature. Two ml of perm buffer was added to wash the sample and the sample was centrifuged 

at 1400 rpm for 5 min. Repeated the washing step once and discarded the supernatants. Resuspend 

the sample in Perm buffer and added fluorochrome conjugated antibody and incubate in dark at 

room temperature for 30 minutes. Repeat the washing step with Perm buffer once and 

1%BSA/PBS. Resuspend the sample with 1%BSA/PBS. Propidium iodide (PI)(100 µg/ml) was 

used for cell death assay. The Epics C XL flow cytometer (Beckman Coulter, Pasadena, CA) and 

Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA) were used. And FlowJo 

v10.4 (BD, Oregon, USA) was used for analysis.  
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51Cr release cytotoxicity Assay 

 

51Cr was purchased from Perkin Elmer (Santa Clara, CA). Standard 4 hour 51Cr release 

cytotoxicity assays were used to determine NK cytotoxic function in the experimental cultures and 

the sensitivities of target cells to NK mediated cell lysis. Effector cells (1-2.5´105 cells/well) were 

aliquoted into 96-well round-bottom micro-well plate (Fisher Scientific, Pittsburgh, PA) and 

titrated at 4-6 serial dilutions with RPMI 1640. Target cells were label with 50µCi 51Cr (Perkin 

Elmer, Santa Clara, CA) for an hour and excessive 51Cr then being moved by washing with medium 

twice. 51Cr-labeled target cells (1´104 per well) were aliquoted into 96-well round-bottom micro-

well plate containing effector cells at a top effector:target (E:T) ratio of 12.5-5:1. Plates were 

centrifuged and incubated for 4 hours. Following incubation, supernatant was collected from each 

well into glass tubes and was counted for release radioactivity using the gamma counter. Total 

release (51Cr-labeled target cells) and spontaneous release (supernatant harvested from wells only 

contains 51Cr-labeled target cells) values were measured to calculate the percentage specific 

cytotoxicity. The percentage specific cytotoxicity was calculated by the following formula: 

 

%	cytotoxicity = Experimental	cpm − Spontaneous	cpm
Total	cpm − Spontaneous	cpm × 100% 

 

Lytic unit 30 per million cells (LU30/106 cells) was calculated using the inverse of the number of 

effector cells needed to lyse 30% of target cells ´ 100. 

 

Target Visualization Assay (TVA) 



 18 

Target cells were incubated with TVATM dye at 37 ˚C for 15 mins and then cultured with effector 

cells for 4 hours. Afterwards, the target cells were counted with ImmunoSpot® S6 universal 

analyzer/software (Cellular Technology Limited, OH, USA) at 525 nm emission wavelengths. The 

percentage specific cytotoxicity was calculated as follows: 

%	cytotoxicity = Experimental	cpm − Spontaneous	cpm
Total	cpm − Spontaneous	cpm × 100% 

LU30/107 cells was calculated using the inverse of the number of effector cells needed to lyse 

30% of target cells ´ 1000. 

 

Enzyme-Linked Immunoosorbent Assay (ELISA) and Luminex multiplex assays 

 

  Human ELISA kits for IFN-γ (BioLegend, San Diego, USA) and CD137 (Thermo Fisher 

Scientific, MA, USA) were used to detect the level of IFN-γ and CD137 produced from cell 

cultures, respectively. The assay was conducted as described in the manufacturer’s protocol. 

Briefly, 96-well EIA/RIA plates were coated with diluted capture antibody corresponding to target 

cytokine and incubated overnight at 4 ˚C. After washed 4 times with wash buffer (0.05% Tween20 

in PBS), the coated plates were blocked with 1%BAS/PBS for an hour at room temperature on a 

shaker at 200 rpm. The plates then were washed again with wash buffer for 4 times and 100 µl of 

prepared standards or samples were added to the wells and incubated for 2 hours at room 

temperature on a plate shaker at 200 rpm. After incubation, the plates were washed 4 times with 

wash buffer and 100 µl of detection antibody was added to each well and the plates were incubated 

at room temperature for 1 hours on a shaker at 200 rpm. The plates were washed 4 times with wash 

buffer and were loaded with Avidin-HRP solution and incubated for 30 minutes at room 
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temperature on the plate shaker at 200 rpm. After washing the time for 5 times with wash buffer, 

100 µl of TMB solution was added to each well and the plates were incubated in dark at room 

temperature until they developed a desired blue color (or up to 15 minutes). Then, 100 µl of stop 

solution (2N H2SO4) was added to each well to stop the reaction. Finally, the plates were read at 

450 nm to obtain absorbance values. 

 

 The levels of cytokines and chemokines were examined by multiplex assay, which was 

conducted as described in manufacturer’s protocol for each specific kit. The quantitate signal were 

detected using a Luminex multiplex instrument, MAGPIX (Millipore, Billerica, MA, USA) and 

data was analyze using the proprietary software, xPONENT 4.2 (Millipore, Billerica, MA, USA). 

 

Enzyme-linked immunospot (ELISpot) assay 

 

 The ELISpot were conducted according to manufacturer’s instructions. Briefly, the plate 

was coated with primary antibody overnight at 4˚C. After washing the plate with PBS twice, 

desirable cell number were added into each well (40,000 cells/well for PBMCs and NK and 

monocyte co-culture experiments; 50,000 cells/well for primary and super-charged NK cells and 

CD8+ T cells) and incubate at 37˚C for 16-18 hours. The plate was washed with PBS and wash 

buffer twice after the incubation period and detection antibody was added into each well and 

incubated at room temperature for 2 hours. After the incubation period, the plate was washed three 

times with wash buffer (0.05% Tween20/PBS). Tertiary solution was added into each well and the 

plate was incubated at room temperature in dark for 30 minutes. The plate was washed twice with 

wash buffer and twice with DI water before the blue development solution was added into each 
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well and was incubated for 15 minutes in dark at room temperature. The reaction was stopped by 

gently rinsing the pate with water for 3 times. And the plate was air-dried for 24 hours before being 

read. The number of IFN-γ secreting cells was analyzed using Human IFN-γ Single-Color 

Enzymatic ELISPOT Assay, ImmunoSpot® S6 UNIVERSAL analyzer and ImmunoSpot® 

SOFTWARE (all CTL Europe GmbH, Bohn, Germany). 

 

OSCSC differentiation assay 

 

OSCSCs were treated with 100 µl of supernatants collected from NK and monocyte 

crisscross coculture of cancer patients and healthy individuals on Day 0 and Day 1. On Day 2, 

OSCSCs were harvested and surface expression of CD44, CD54, B7H1 and MHC class I were 

assessed using flow cytometry to determine the differentiation status of OSCSCs by the coculture 

supernatants. 

 

IsoPlexis single cell secretome analysis 

 

 Polyfunctional secretome of primary and super-charged NK cells was assessed using 

CodePlex single-cell cytokine profiling 32-plex (IsoPlexis, Branford, CT, USA). NK cells were 

activated for 24 hours and then added into a single-cell barcoded chip with 32-plex antibody array. 

After incubating for 16 hours, the signals for specific cytokines were measured and digitalized on 

single cell basis. Polyfunctionality of the cells is defined as more than one analytes tested found 

per cell. Polyfunctional strength index (PSI) is the percentage of polyfunctional cells in the total 

population multiplied by mean fluorescence intensity of specific analytes tested.  
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Proteomic analysis 

 

Cell were then pelleted and reconstituted in buffer before being denatured by heat. 

Afterwards, samples were reduced, alkylated, trypsinized and incubated at 37°C overnight. Using 

Rappsilber's protocol [5], samples were desalted and a peptide bicinchoninic acid assay was 

performed. Samples were labeled using isobaric TMT tags and normalized to total protein before 

being pooled and desalted. Finally, the pooled sample was fractionated by high pH reverse phase 

and desalted before being injected into the Thermo Q Exactive Plus Orbitrap. Raw data was 

analyzed via Proteome Discoverer 2.2. Protein-protein associations were identified using STRING 

analysis. 

 

Oral and pancreatic tumor implantation in humanized BLT mice model 

 

 Animal research was performed under the written approval of the UCLA Animal Research 

Committee (ARC)(protocol #2012-101-13) in accordance to all federal, state, and local guidelines. 

Combined immune- deficient NOD.CB17-Prkdcscid/J and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG mice 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 [6]. 
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 OSCSCs or MP2 (0.5×106 cells) were injected with 10 7µl HC Matrigel (Corning, NY, 

USA) into the oral cavity (the floor of the mouth) or the pancreas. Following the tumor 

implantation, the condition of the mice was monitored every day. Mice are euthanized when they 

start to show the signs of morbidity, such as loss of weight, ruffled fur, hunched posture, and 

immobility [3, 7]. 

 

Cell dissociation, isolation and cell culture of tissues from hu-BLT mice 

 

 Cell dissociation and single cell suspension preparation were performed as described 

previously [3, 7]. Biefly, oral and pancreatic tumor cells were harvested from hu-BLT mice and 

cut into 1 mm3 pieces and are used for co-culture experiments or are put with digestion buffer 

(1mg/ml collagenase II or IV, 10 U/ml DNAse I, and 1% bovine serum albumin (BAS) in DMEM 

medium for 20 min at 37°C for single cell suspension preparation. The samples were then filtered 

through a 40 mm cell strainer and centrifuged at 1500 rpm for 10 min at 4°C. To obtain single cell 

suspensions from bone marrow, femurs were flushed using medium and filtered through a 40 µm 

cell strainer. Spleens were harvested and single cell suspensions were prepared and filtered through 

a 40 µm cell strainer and centrifuged at 1500 rpm for 15 min at 4°C. The pellets were re-suspended 

in ACK buffer to remove the red blood cells. Blood were collected through heart puncher and 

peripheral blood mononuclear cells (PBMCs) were isolated using ficoll-hypaque centrifugation. 

 

 Single cells suspension from bone marrow, spleen, peripheral blood were used in the 

experiment or were used in isolation for specific cell types, such as human CD3+ selection kit and 

CD14 + isolation kits, followed manufacturer’s protocol.  



 23 

 

Statistical Analysis  

 

 A paired or unpaired, two-tailed Student t-test was performed for the statistical analysis 

using Prism-8 software (Graphpad Prism, CA, USA). The following symbols represent the levels 

of statistical significance within each analysis,*(p-value<0.01-0.05), **(p-value<0.01-0.001), 

***(p-value<0.001).  
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CHAPTER 1 

 

Defects in CD16 receptor but not Toll-like receptors signaling pathway in NK 
cells and monocytes in cancer patients 

 
 

Introduction 

 

Natural Killer (NK) cells are known as the first-line of defense against infections and 

neoplasia. NK cells have been identified for their cytotoxic activity in the early 1970s [1]. NK cells 

participate in innate immune mechanisms, and constitute 10% to 15% of human peripheral blood 

lymphocytes [2]. NK cells express CD56 and CD16, and do not express CD3 on their surface. 

Based on the surface expressions, two distinct population of NK cells are CD56dimCD16bright and 

CD56brightCD16dim, having cytotoxic and immunoregulatory properties, respectively [3]. As one of 

key immune effectors, NK cells exhibit cytotoxic activity due to direct and indirect target 

recognition [4]. Our previous studies have demonstrated that in addition to their cytotoxic function, 

NK cells have a significantly influential role in promoting differentiation of cancer stem cells 

(CSCs) by providing critical signals via secreted cytokines, IFN-γ and TNF-α, as well as direct 

NK cell-stem cell interaction [5-13]. IFN-γ is an important cytokine produced by NK cells and, 

plays significant role in anti-tumor immunity [14]. Differentiation of tumors was previously shown 

directly correlate to the tumor’s insensitivity to NK cell mediated cytotoxicity, sensitivity to 

chemotherapeutic drugs, and also growth inhibition of those tumors [15, 16].            
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           Monocytes appear to be recruited in tumors, and found to play an important role in cancer 

prevention and metastatic spread of cancer [17-21]. Human monocytes express HLADR, CD11b, 

CD86, and in late 1980s monocytes have been classified is 3 subsets based on CD14 and CD16 

surface expression; classical monocytes CD14bright CD16dim, non-classical monocytes CD14dim 

CD16bright, and intermediate monocytes CD14bright CD16bright [22, 23]. Non-classical monocytes 

have been demonstrated to play role in recruitment of NK cells to tumors [18, 24, 25]. Monocyte-

derived IL-15 signaling found to be required for cytotoxic NK cells recruitment to tumors [24]. 

We also have previously demonstrated that monocytes synergize with NK cells in the presence of 

probiotic bacteria to induce CSCs differentiation [10].  

 

            In our previous study, we demonstrated that NK cells’ function, and expansion were suppressed 

in mice at pre-neoplastic and neoplastic stage as well in cancer patients [26-32]. Cancer patients found to 

express lower PBMC proliferation and production of IFN-γ and TNF-a [33]. NK cells exhibit 

several important activating and inhibitory surface receptors, including CD16, and the balance 

between activating and inhibitory signals which NK cells receive through these surface receptors 

determines NK cells’ functional fate [34-36]. CD16 plays role in activating antibody-dependent 

cellular cytotoxicity (ADCC) activity in NK cells, and is a major FcγR on NK cells [37-40]. In 

cancer patients, impairment of NK cells’ CD16 surface expression and function was demonstrated 

[41-44].  Studies have also shown that NK cells associated with tumor microenvironment  (TME) 

are unresponsive to CD16 receptor stimulation, resulting in diminished NK cell-mediated 

cytotoxicity against tumors [45]. In addition, NK cells’ effector function of IFN-γ and TNF-a 

secretion as well NK cells’ percentages were found to be impairment in association with tumor-

associated monocytes/macrophages [46].  
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 In this chapter, we investigated the activation of NK cells by monocytes of cancer patients 

and healthy individuals and demonstrated that there is defect in CD16 but not Toll-like receptor 

signaling pathway in cancer patient’s NK cells and monocytes. 

 

Result 

 

Sub-aim 1: Differences of cell type composition of PBMC and cytokine/chemokine profile in 

the sera between cancer patients and healthy individuals 

 

Higher the percentage of monocyte and lower of B cells in PBMC and decreased in IFN-γ 

and other cytokines and chemokines in sera from cancer patients when compared to those 

from healthy individuals. 

 

To understand the composition differences of PBMCs between cancer patients and healthy 

individuals, flow cytometric analysis were performed to determine the proportion of each cell type. 

The average percentage of NK cells is higher in cancer patients but there is no statistical 

significance (Fig. S1A). There is no difference in total number of T cells (CD3+)(Fig. 1B) between 

cancer patients and healthy individuals. However, PBMCs obtained from cancer patients showed 

lower percentage of B cells (CD19+)(Fig. S1C) and higher percentage of monocytes (CD14+)(Fig. 

S1D) cells when compared to those from healthy individuals.  
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To evaluate cytokine and chemokine profile of sera in cancer patients, sera were collected 

from cancer patients and healthy individuals and multiplex Luminex assays were performed to 

determine the cytokine and chemokine profile. Among 21 cytokines and chemokines tested, the 

levels of IFN-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1β, IL-7, IL-

12p70 and IL-13 are lower than those from healthy individuals (Fig. S1E-S1J). 

 

Sub-aim 2: Suppression of NK cell functions in PBMCs from cancer patients when treated 

with the combination of IL-2 and anti-CD16 mAb 

 

 
Suppression of NK cell mediated cytotoxicity, decreased in IFN-γ secreting cells and 

decreased in IFN-γ secretion in PBMCs from cancer patients when treated with the 

combination of IL-2 and anti-CD16 monoclonal antibody 

 

Next, to investigate the functions of PBMCs, both PBMCs from cancer patients and healthy 

individuals were left untreated, treated with IL-2 alone or treated with IL-2 in combination of anti-

CD16 mAb, anti-CD3/28 antibody or sonicated probiotic bacteria (sAJ2) overnight before being 

used in functional assays. To evaluate NK cell mediated cytotoxicity, 4-hour 51Chromium release 

assay was conducted using oral squamous carcinoma stem cells (OSCSCs) as target cells. In one 

representative experiment, overall, PBMCs from cancer patients showed lower cytotoxicity 

against OSCSCs in all the treated groups (Fig. 1A). When compiled experiments, PBMCs from 

cancer patients treated with the combination of IL-2 and anti-CD16 mAb demonstrated less NK 

cell mediated cytotoxicity than those from healthy individuals’ (Fig. 1D).  
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To assess IFN-γ secretion levels of PBMCs, both ELISpot and ELISA were used for single 

cell basis and total population manners, respectively. PBMCs from cancer patients had lower spot 

counts in all treatment groups when compared to those from healthy individuals except for 

untreated group (Figs. 1B and 1E). In ELISA, PBMCs from cancer patients exhibited lower IFN-

γ secretion in all the treated groups (Fig. 1C). Meanwhile, the compiled data revealed that PBMCs 

from cancer patients exhibited lower IFN-γ secretion when treated with IL-2 and the combination 

of IL-2 and anti-CD16 mAb (Figs. 1D and 1F). However, there is no difference in IFN-γ secretion 

between PBMCs obtained from cancer patients and healthy individuals in the treatment of IL-2 

and anti-CD3/28 antibody or sAJ2 (Fig. 1F). Together, these observations indicate that although 

PBMCs obtained from cancer patients contain more monocytes, their functions of activating the 

NK cell mediated cytotoxicity and IFN-γ secretion of PBMCs are less in the presence of the 

combination of IL-2 and the crosslink of CD16 receptor in comparison to those from healthy 

individuals. 

 

Sub-aim 3: Monocytes from cancer patients does not increase IFN-γ secretion of NK cells when 

treated with IL-2 and anti-CD16 mAb, however, they do activate and increase IFN-γ secretion 

fo NK cells with IL-2 and the presence of sonicated AJ2  

 

Increased of cytotoxicity of NK cells from healthy individuals by autologous but not cancer 

patients’ monocytes with IL-2 and CD16 receptor crosslinking 

 

Our findings then prompted us to investigate the interaction of the only two cell types in 

the PBMC that express CD16 on their cell surfaces, NK cells and monocytes. To explore the 
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relationship of NK cells and monocytes, they were isolated from both cancer patients and healthy 

individuals’ PBMCs and treated with IL-2 alone or IL-2 in combination of anti-CD16 mAb or 

sAJ2. NK cells were cultured with either autologous or allogeneic monocytes at 1:1 ratio overnight 

before NK cell functions were measured. One representative experiment is shown in Fig. 2A-2C 

and compiled experiments are shown in Fig. 2D-2E. In general, NK cells from healthy individuals 

have higher cytotoxicity than those from cancer patients and the cytotoxicity is increased when 

co-cultured with monocytes from healthy individuals while the same observation was not seen 

when co-cultured with monocytes from cancer patients (Fig. 2A-2F).  

 

When treated with IL-2, cytotoxicity of NK cells from both cancer patient and healthy 

individual was decreased when co-cultured with monocytes obtained from cancer patient. There 

is significant higher cytotoxicity of NK cells from healthy individual than those from cancer 

patient when co-cultured with healthy monocytes than when co-cultured with patient’s monocytes. 

Even when co-culture with autologous monocytes, patient’s NK cells still has lower cytotoxicity 

than NK cells from healthy individuals (Fig. 2A). n the compiled data, there is no statistical 

significance of cytotoxicity between NK cells from cancer patients and healthy individuals in all 

culture condition (Fig. 2D).  

 

A significant higher cytotoxicity of NK cells from healthy individuals was observed across 

all culture groups within the treatment of IL-2 and anti-CD16 mAb. Notably, when co-cultured 

with autologous monocytes, the cytotoxicity of NK cells from healthy individual is higher when 

compared to those from cancer patients (Fig. 2B). When the experiments are compiled, the only 

difference was seen when healthy individuals’ NK cells were co-cultured with autologous 
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monocytes (Fig. 2E). These data suggested that with the treatment of anti-CD16 mAb, overall 

cytotoxicity of NK cells from cancer patients was decreased and their monocytes also failed to 

activate the cytotoxicity of either autologous or allogeneic NK cells.  

 

However, when treated with the combination of IL-2 and sAJ2, the cytotoxicity function 

of both cancer patients’ and healthy individuals’ NK cells was ameliorated, the only differences 

were seen when comparing NK cell with autologous monocytes and when both are co-cultured 

with monocytes from healthy individual. In either condition, cytotoxicity was increased when co-

cultured with monocytes from healthy individual in the representative experiment (Fig. 2C). In the 

compiled data, no differences were observed across all culture groups (Fig. 2F). Taken together, 

these results demonstrate that the cytotoxic function of NK cells of healthy individuals is only 

enhanced by autologous monocytes but not by those from cancer patients with the presence of 

anti-CD16 mAb. And the same observation was not seen in NK cells from cancer patients. 

Meanwhile, NK cell mediated cytotoxicity of both cancer patients and healthy individuals were 

increased when treated with the combination of IL-2 and sAJ2.  

 

Increased IFN-g secretion of healthy individuals’ NK cells when co-cultured with either 

autologous or allogeneic monocytes treated with the combination of IL-2 and/or anti-CD16 

mAb 

 

Other than cytotoxicity, one of the most critical functions of NK cells is IFN-g secretion, 

especially in cancer immunotherapy, since IFN-g had previously shown to be responsible for 

differentiate cancer stem cells (CSCs) and limiting the tumor growth as well as sensitizing CSCs 
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to chemotherapeutic therapies [30]. ELISpot assays were performed to determine the IFN-g 

secretion in single cell producing manner. In Figures 3A and 3B, NK cells and monocytes from 

both cancer patients and healthy individuals were isolated, co-cultured and treated with IL-2. 

Monocytes from healthy individuals showed significantly increased number of IFN-g producing 

NK cells from cancer patients when compared to those cultured alone or co-cultured with 

monocytes from cancer patients, whereas, monocytes from cancer patients did not increase the 

IFN-g producing cell numbers of cancer patient NK cells. On the other hand, for NK cells obtained 

from heathy donors, the numbers of IFN-g producing NK cells were both increased either co-

cultured with autologous or allogeneic monocytes (Figs. 3A and 3B). Notably, when NK cells 

were co-cultured with autologous monocytes, healthy individuals exhibited significant higher 

number of IFN-g producing cells (Fig. 3B).  

 

When treated with the combination of IL-2 and anti-CD16 mAb, the number of IFN-g 

producing cells of NK cells from cancer patients only increased by monocytes from healthy 

individuals but not by those from cancer patients (Figs. 3A and 3C). However, the IFN-g producing 

cell number of NK cells obtained from healthy individuals were increased by both monocytes from 

cancer patients and healthy individuals (Figs. 3A and 3C). Lastly, when treated with the 

combination of IL-2 and sAJ2, there is no differences among all culture groups (Figs. 3A and 3D), 

which might be due to the profound effect of sAJ2 on activating NK cells’ IFN-g production in 

general as shown in Figure 3E. These data indicate that when treated with the combination of IL-

2 and anti-CD16 mAb, cancer patients’ monocytes do not promote the secretion of NK cells from 

either cancer patients or healthy individuals as healthy monocytes do. Moreover, when treated with 

IL-2 and sAJ2, there is no difference seen all the treated groups which is possibly attributed to the 
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substantial effect of IL-2 and sAJ2 on increasing the IFN-γ secretion in all co-cultured groups (Fig. 

3E). 

 

We utilized ELISA and multiplex Luminex assay to evaluate IFN-γ secretion for total 

population. In ELISA, the level of IFN-γ secretion was measured and presented in the 

representative experiments (Figs. 4). A crisscross co-culture experiments of NK cells and 

monocytes with three different treatments were conducted as described above. NK cells from 

healthy individuals showed higher IFN-γ secretion than those from cancer patients when cultured 

alone or co-cultured with monocytes from healthy individuals, whereas, monocytes from cancer 

patients did not increase the IFN-γ secretion of NK cells from healthy individuals (Figs. 4A). In 

the combination of IL-2 and anti-CD16 mAb treated groups, there is a general increase in IFN-γ 

secretion when NK cells are co-cultured with monocytes from healthy individuals, whereas, 

monocytes from cancer patient did not mediate the same effect (Figs. 4B). Also, autologous co-

culture of healthy individuals significantly increased IFN-g secretion when compared to those from 

cancer patients (Fig. 4B). Monocytes obtained from healthy individuals were able to improve the 

IFN-g secretion of cancer patients’ NK cells more than monocytes from cancer patients to NK cells 

from healthy individuals (Fig. 4B). In brief, monocytes from cancer patients were not able to 

increase the IFN-γ secretion of NK cells from both cancer patient and healthy individuals with the 

presence of anti-CD16 mAb. 

 

When the culture is treated with the combination of IL-2 and sAJ2, the IFN-γ secretion was 

increased in both cancer patient and healthy individual (Figs. 4C). As seen in IL-2 and sAJ2 treated 

groups, the IFN-γ secretion of NK cells from cancer patient was increased when co-cultured with 
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monocytes from healthy NK cells when compared to those from cancer patients (Fig. 4C). Notably, 

there is no difference of the IFN-γ secretion when healthy individual’s NK cells are co-cultured 

with monocytes from either cancer patient or healthy individual (Fig. 4C). These observations 

were seen when using multiplex Luminex assay (Table 1). 

 

Collectively, these results demonstrated that NK cells from cancer patients showed lower 

IFN-γ secretion in general and their monocytes are lack of the ability to activate the IFN-γ secretion 

of NK cells from both cancer patients and healthy individuals in the presence of anti-CD16 mAb. 

However, with the treatment of IL-2 and sAJ2, monocytes from cancer patients were able to restore 

their function of activating the IFN-γ secretion level of NK cells from both cancer patients and 

healthy individuals. 

 

Supernatant from NK cell and monocyte co-culture of cancer patients showed less 

differentiation effect on tumor cells 

 

 As previously established, one of the crucial function of NK cells is to differentiate CSCs 

leading to slower tumor growth and therefore abrogate tumor metastasis [30, 47]. Here, we 

performed cancer stem cells (CSCs) differentiation experiment with the supernatants harvested 

from the NK cell and monocyte co-culture to investigate the differentiation ability of the secreted 

factors of NK cells from cancer patients and healthy individuals with the activation of monocytes. 

CD54 and MHC class I have been identified as surface markers for differentiation status. The 

increase of CD54 and MHC class I correlates to the differentiation status of tumor cells [16, 48].  
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Overall, supernatants from NK cells of healthy individual had higher induction of CD54 (Fig. 5A) 

and MHC class I (Fig. 5B). In IL-2 and anti-CD16 mAb treated group, it is obvious that the 

supernatants from patient autologous coculture had the least induction of CD54 and MHC class I 

and those from healthy individual autologous had the highest level of induction. In IL-2 and 

sonicated AJ2 treatment groups, the supernatants from both cancer patients and healthy individuals 

were able to induce high levels of CD54 and MHC class I expression when compared to IL-2 

treated groups (Figure 5A and 5B). Together with ELISA and ELISpot results, the limited in 

differentiation effect on CSCs by cancer patients’ NK cells, especially when co-cultured with 

autologous monocytes with the presence of anti-CD16 mAb, is likely the corollary of the lack of 

IFN-γ secretion. 

 

Down-regulation of CD16 expression on monocytes obtained from cancer patients 

 

 To further understand the mechanism contributes to the observation mentioned above, 

receptors on surface of monocytes were measured using flow cytometry. Monocytes freshly 

isolated from peripheral blood of cancer patients and healthy individuals and the expression of 

CD16 were analyzed within CD14+ population (Fig. 6A). There is no difference in the percentage 

of CD16 positive monocytes from cancer patients and healthy individuals (Fig. 6B), however, 

monocytes from cancer patients showed significantly lower level of mean channel fluorescence 

(MFI) of CD16 when compared to those from healthy individuals (Fig. 6C), which indicates that 

the expression of CD16 is lower on the surfaces of monocytes from cancer patients. 
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Discussion 

Previous studies from our laboratory and those of others have shown defects in NK 

function in cancer patients, however, the underlying mechanisms for such defects has not been 

clearly delineated, nor is it known whether other immune effectors that are known to activate NK 

cells are also defective in cancer patients. Therefore, in this paper, we show that NK cell 

cytotoxicity and induction of IFN-γ in PBMCs of cancer patients are significantly defective when 

compared to those obtained from healthy individuals. Although the defect can be seen in most 

activation signals including those treated with IL-2 only, the combination of IL-2 with anti-CD16 

mAb, IL-2 with anti-CD3/28 antibody or IL-2 with sAJ2, the most significant effect was seen in 

those treated with IL-2 and anti-CD16 mAb. The fewest differences could be seen in those treated 

with IL-2 and sAJ2. Due to the fact that we had previously seen down-modulation of CD16 on 

patient NK cells [49] and significant differences in the function of PBMCs when they were 

activated with IL-2 and anti-CD16 mAb, we undertook studies to understand the underlying 

mechanisms of the insufficient NK activation. We purified peripheral blood NK cells and studied 

their functions following co-cultures with autologous and allogeneic monocytes obtained from 

healthy individuals in the presence of IL-2 and anti-CD16 mAb activation, and compared the effect 

to those activated with IL-2 and sAJ2. As presented in the results section, the levels of cytotoxicity 

were decreased when patient or healthy NK cells were cultured in the presence of patient 

monocytes, as compared to healthy monocytes in a representative experiment. However, when we 

compiled the data from several donors, the differences became less significant, but the pattern was 

maintained in the presence of IL-2 treatment. This could be due to the variability seen between the 

donors and experimental procedures. Interestingly, treatment with sAJ2, unlike anti-CD16 mAb, 

maintained higher NK cell cytotoxicity in the patient and healthy NK cell cultures with both patient 
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and healthy monocytes. Healthy and patient NK cells in the presence of healthy monocytes 

generally had higher cytotoxicity, when compared to those cultured with patient monocytes and 

treated with IL-2 or IL-2 with anti-CD16 mAb. However, it is important to note that the 

experimental conditions were optimized to observe the differences between NK cultures with 

monocytes and not NK cells alone. Treatment with anti-CD16 mAb, but not sAJ2, induced split 

anergy in NK cells, leading to decreased cytotoxicity in the presence of increased IFN-γ secretion. 

Furthermore, sAJ2 treatment maintained or increased cytotoxicity, especially in patients’ NK cells 

with autologous and allogeneic monocytes. This could be due to internalization or shedding of 

CD16 receptors, when compared to TLR receptors. We have previously hypothesized and shown 

that decreases in CD16 receptor and inhibition of NK cell cytotoxicity could be a physiological 

programming for the selection and differentiation of the cells with which NK cells interact [5].  

Such physiological conditioning of NK cells are not only important for defense against infections, 

trauma and other insults, but also after the transformation of NK cells. By increasing differentiation 

of tumors, this transformation of NK cells can lead to low numbers of tumor cells, and also may 

induce vulnerability of these NK differentiated tumors to a number of other therapeutic strategies, 

such as chemotherapy, radiotherapy, checkpoint inhibitors and T cell mediated effects. The 

negative aspect of such NK conditioning is the potential lack of tumor cell lysing from NK cells. 

 

 When cultured with monocytes, NK cells also either decrease, maintain the same level, or 

in very few cases slightly increase the lysis of tumor cells, however, they always substantially 

increase the levels of induction and secretion of IFN-γ. Indeed, the only time an increase in NK 

cytotoxicity by monocytes was seen was when the co-cultures were treated with sAJ2, however 
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the differences were not statistically significant. Therefore, monocytes are also important effectors 

in inducing split anergy in NK cells, as a mechanism to drive differentiation in tumor cells.  

 

 Our results demonstrate that patient monocytes induced lower levels of IFN-γ spots, as 

well as secretion, when cultured with autologous and allogeneic NK cells in ELISpot assays. 

Monocytes from healthy individuals induced higher levels of IFN-γ spots in cultures with both 

autologous and allogeneic NK cells from patients. Therefore, monocytes obtained from healthy 

individuals were capable of increasing and restoring the IFN-γ induction of patient NK cells in IL-

2 or IL-2 and anti-CD16 mAb treated groups. Therefore, infusing allogeneic monocytes from 

healthy individuals to cancer patients could pose another strategy to increase patient NK cell 

function. Interestingly, treatment with sAJ2 was also able to increase and restore IFN-γ induction 

in patient NK cells cultured with autologous monocytes. On average, the differences between 

patient NK cells cultured with either healthy or patient monocytes and healthy NK cells cultured 

with patient and healthy monocytes when treated with sAJ2 were very slight when assessed using 

the ELISpot assay. 

 

We have previously established that differentiated OSCSC express higher levels of CD54, 

MHC class I, and B7H1, but lower levels of CD44 [47]. We have also shown that equivalent 

amounts of IFN-γ secreted from patients have much lower ability to increase differentiation of 

tumor cells, when compared to those obtained from healthy individuals. Thus, we sought to 

determine the functional ability of IFN-γ produced by NK cells in the presence and absence of 

autologous and allogeneic monocytes. Similar to the profiles obtained by ELISpot and ELISA, we 

saw significantly decreased levels in induction of CD54 and MHC class I by supernatants obtained 
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from patients, when compared to those from the healthy individuals. The addition of monocytes 

from healthy individuals to patient NK cells increased the levels of IFN-γ secretion and augmented 

the levels of differentiation in the OSCSCs. Patient monocytes, when added to healthy NK cells, 

decreased the levels of differentiation in the tumor cells, when compared to healthy NK cells 

cultured with autologous monocytes. Therefore, the decreased capacity to differentiate tumors 

should be regarded as one of the major causes of survival and expansion of poorly differentiated 

tumors in cancer patients. Furthermore, the restoration of IFN-γ function in patients is going to be 

indispensable in developing successful treatments for cancer patients. It should be noted that the 

loss of differentiation is much more severe when co-cultures of NK and monocytes were treated 

with IL-2 and anti-CD16 mAb, when compared to those treated with IL-2 with sAJ2. Thus, 

treatment with sAJ2 may partly serve to restore the loss in ability for patient IFN-γ to differentiate 

tumors. Whether the secreted IFN-γ in patients is complicated by its shed receptors or whether the 

IFN-γ is bound to an inhibitor to prevent their differentiation function requires future investigation.   

 

We next determined the levels of CD16 receptors on monocytes, and it was found that 

CD16 receptor expression was significantly decreased on the surface of patient monocytes, when 

compared to those of healthy individuals. Down-modulation and/or shedding of CD16 receptors 

from NK cells [49] compounded with the same effects in monocytes may present one of the 

underlying mechanisms for dysfunction in NK cells. Currently, we are in the process of delineating 

the role of such down-modulation in the functions of NK cells. 

 

We have previously found that monocytes are one of the major cell types in imparting 

resistance towards cell death in tumor cells [12], and therefore, increases in monocytes in the 
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absence of NK or CD8+ T cells in the tumor microenvironment may allow for monocytes to 

provide resistance to tumor cells as a product of their interaction. Since monocytes also provide 

increased survival for NK cells and increases in IFN-γ secretion from NK cells, the role of 

monocytes becomes very complex within the tumor microenvironment. If the number of 

monocytes rise in patients in the presence of decreased lymphocytes, this may be a troubling sign 

since the monocytes may end up aiding the tumors in survival instead of helping NK or CD8+ T 

cells to increase their respective functions. There should be further studies investigating the 

interaction of these immune cells in the tumor microenvironment to predict clinical outcome. 
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Figure legend 

 
Figure 1, PBMCs obtained from cancer patients showed lower NK cell mediated 

cytotoxicity, less spot counts of IFN-γ and lower IFN-γ secretion.  

PBMCs were isolated as described in Materials and Methods from cancer patients and healthy 

individuals and were left untreated or treated with a combination of IL-2 (1000 U/ml) and anti-

CD16 mAb (3 µg/ml), anti-CD3/28 antibody (25 µl/ml) or sAJ2 (PBMC:sAJ2, 1:20) for 18 hours 

before used in functional assays. NK cell mediated cytotoxicity of PBMCs was determined using 

standard 4-hour 51Cr release assay against OSCSCs. The lytic units (LU) 30/106 cells were 

determined using the inverse number of NK cells required to lyse 30% of OSCSCs ×100 (A and 

D). The number of cells secreting IFN-γ in the PBMCs were determined as spot counts using 

ELISpot assay (B and E). A value of 900 spot counts was assigned when it exceeds the limit of 

detection as too numerous to count (TNTC) as shown in red dots. Supernatants were harvested 

from PBMCs to determine IFN-γ secretion using single ELISA (C and F). A representative 

experiment is shown in (A-C) and data are presented as Mean±SD. Compile data is shown in (D-

E) and data are presented as Mean±SEM. Student t tests were performed. 

 

Figure 2, Co-cultured with autologous monocytes, but not monocytes from cancer patients, 

increased the cytotoxicity of NK cells from healthy individuals when treated with the 

combination of IL-2 and anti-CD16 mAb.  

NK cells and monocytes were isolated as described in Material and Methods from cancer patients 

and healthy individuals. NK cells and monocytes were treated with IL-2 (1000 U/ml) alone (A and 

D) or in combination with anti-CD16 mAb (3 µg/ml)(B and E) or sAJ2 (cells: sAJ2, 1:20)(C and 

F). A crisscross NK cells and monocyte experiment was performed. NK cell mediated cytotoxicity 
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were measured after 18 hours of co-culture using standard 4-hour 51Cr release assay against 

OSCSCs. The lytic units (LU) 30/106 cells were determined using inverse number of NK cells 

needed to lyse 30% of target cells OSCSCs ×100. A representative experiment is shown in (A-C) 

and data are presented as Mean±SD. Compile data is shown in (D-E) and data are presented as 

Mean±SEM. Student t tests were performed. 

 

Figure 3, Increased number of IFN-γ secreting NK cells from both cancer patient and healthy 

individuals when co-cultured with monocytes obtained from healthy individuals when 

treated IL-2 alone or in combination with anti-CD16 mAb.  

NK cells and monocytes were isolated as described in Material and Methods from cancer patients 

and healthy individuals. NK cells and monocytes were treated with IL-2 (1000 U/ml) alone (A and 

B) or in combination with anti-CD16 mAb (3 µg/ml)(A and C) or sAJ2 (cells: sAJ2, 1:20)(A and 

D). A crisscross NK cells and monocyte experiment was performed. After 18 hours of coculture, 

the number of IFN-γ secreting cells were determined using ELISpot assay as spot counts. The 

numbers of IFN-γ secreting cells of NK alone cultures across three treatments are re-graphed as 

shown in (E). A representative experiment is shown in (A). Compile data is shown in (B-E) and 

data are presented as Mean±SEM. Student t tests were performed (*, p<0.05; **, P<0.01; ***, 

P<0.001). 

 

Figure 4, Lower IFN-γ secretion in NK cells from cancer patients when co-cultured with 

autologous monocytes.  

NK cells and monocytes were isolated as described in Material and Methods from cancer patients 

and healthy individuals. NK cells and monocytes were treated with IL-2 (1000 U/ml) alone (A) or 
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in combination with anti-CD16 mAb (3 µg/ml)(B) or sAJ2 (cells: sAJ2, 1:20)(C). A crisscross NK 

cells and monocyte experiment was performed. After 18 hours of coculture, supernatants were 

harvested and used in single ELISA to measure IFN-γ secretion. A representative experiment is 

shown and data are presented as Mean±SD. 

 

Figure 5, Supernatants harvested from autologous cancer patient coculture showed less 

differentiation effect on OSCSCs when compared to those from healthy individuals when 

treated with IL-2 and anti-CD16 mAb 

OSCSC differentiation assay were conducted as described in Material and Method using the 

supernatants collected from NK cell and monocyte crisscross coculture experiment followed by 

assessing the expression of CD54 (A) and MHC class I (B) using flow cytometry to evaluate the 

induction of differentiation of OSCSCs. 

 

Figure 6, Monocytes obtained from cancer patients exhibited lower level of CD16 on the cell 

surfaces. 

Monocytes were isolated as described in Material and Method from cancer patients and healthy 

individuals and the surface expression of CD16 within CD14+ population were determined using 

flow cytometry. One representative experiment is shown in (A). Compiled experiments of % 

percentage and MFI are as shown in (B) and (C), respectively and data are presented as Mean±SD. 

Student t tests were performed. 
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CHAPTER 2 

Phenotypic and Functional Differences between Primary and Super-Charged 
NK cells 

 

Introduction  

 

Natural killer (NK) cells are one of the most essential effector cells in the immune system 

and are known for their cytotoxicity and regulation of both innate and adaptive immune functions 

through the release of a variety of pro- and anti-inflammatory cytokines and chemokines [1]. NK 

cells mediate direct cell lysis in response to the sum of activating and inhibitory signals received 

upon cell-cell interaction [2]. NK cells also form immune synapses to determine the status of the 

encountered cells. The loss of the self-identification molecule (MHC class I) on the cell surfaces 

triggers the NK cell mediated cytotoxic function and ultimately leads to the release of cytotoxic 

granules containing perforin and granzyme B, resulting in the induction of cell death and lysis of 

the target cells [3]. In addition to its cytotoxic functions, NK cells release cytokines, such as IFN-

γ and IFN-α, which serve to differentiate stem-like cells [4]. Our laboratory has previously 

identified various surface markers to determine the differentiation status of cells: CD44, CD54, 

B7H1 (PD-L1) and MHC class I. When stem-like cells are treated with the culture supernatant of 

NK cells, they are shown to exhibit a more differentiated profile, which features lower levels of 

CD44, higher levels of CD54, B7H1 and MHC class I [5]. 

 

With regards to their cytotoxic and cytokine secretion abilities, NK cells are considered to 

be essential in shaping the tumor microenvironment and in halting the progression of tumor. They 
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eliminate cancer stem cells through direct lysis, as well as differentiating malignant cells through 

cytokine secretion, leading to the curtailment of tumor [6]. Especially for their differentiation 

effect on tumor cells, which was reported to enhance the sensitive of tumor cells to 

chemotherapeutic drugs [7]. However, it was previously demonstrated that the functions of NK 

cells are ineffective in cancer patients as well as during pre-neoplastic and neoplastic stages in 

mice [8, 9]. NK cells in these circumstances have less cytotoxicity and do not secrete sufficient 

level of cytokines in the microenvironment. As a whole, these dysfunctions in NK cells are 

associated with increased cancer risk, higher changes of tumor establishment and metastasis, and 

poor prognosis for cancer patients. 

 

Due to the defectiveness of NK cell function, immunotherapy that is engineered to improve 

the function of NK cells in cancer patients is urgently needed. We have previously established a 

novel strategy to expand NK cells with potent abilities, deeming them “super-charged” NK cells. 

In this expansion process, primary NK cells are purified from the peripheral blood and treated with 

IL-2 and anti-CD16 monoclonal antibody (mAb) overnight before their co-culture with the feeder 

cells, osteoclasts and sonicated bacteria, sAJ2. Upon receiving the signals from cell-cell interaction, 

surface receptor crosslinking and cytokine stimulation, NK cells were shown to exhibit high 

proliferation rate, high cytotoxicity, and high cytokine secretion. Furthermore, these cells 

demonstrated great therapeutic potential in cancer immunotherapy though their ability to limit 

tumor growth and improve the immune system and efficacy of immunotherapy in oral and 

pancreatic tumor-bearing humanized BLT mice models [10]. 
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In this chapter, we discuss the phenotypic differences between primary and super-charged 

NK cells from various aspects, ranging from surface markers to functionalities. To further illustrate 

the characteristics of super-charged NK cells, proteomics was applied for a broader and more 

profound understanding that verified the observations seen in the functional assays. Lastly, we 

investigated the functions of NK cells after they encounter tumor cells to assess how the immune 

cells sustain their functions in the tumor microenvironment.  

 

Result 

Sub-aim 1: Phenotypic differences between primary and super-charged NK cells. Super-

charged NK cells  

 

Super-charged NK cells are bigger in size and more polymorphic under the microscope than 

primary NK cells. 

 

The most noticeable difference between culturing primary and super-charged NK cells is 

the change in morphology. Primary NK cells are usually rounded, but occasionally, one can see 

limited amount of irregular elongated cells when activated with IL-2 (Fig. 1A). At the beginning 

of the super-charging process, NK cells are observed to attach to the feeder cells, mature 

osteoclasts, layering at the bottom of cell culture plate and start to form clumps (Fig. 1B). After 5 

to 7 days of culturing, there are no feeder cells left in the culture and NK cells are elongated, with 

these cultured NK cells being more polymorphic and notably bigger in size than primary NK cells 

(Fig. 1C) under the microscope. From then on, super-charged NK cells start to expand in clumps 

either attach to the plate or float in the culture medium (Fig. 1D).   
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Super-charged NK cells express higher level of proliferation marker, activating and 

inhibitory receptors, activation markers and granzyme B than primary NK cells, except for 

CD16 and CD62L 

 

In addition to morphologic changes, super-charged NK cells exhibit a faster proliferation 

rate than primary NK cells, in terms of cell count fold expansion. A known proliferation marker, 

Ki-67, was measured through flow cytometry to assess the proliferation rate of primary and super-

charged NK cells. It was shown that the percentage of Ki-67 positive population and mean channel 

fluorescence (MFI) were both significantly higher in super-charged than primary NK cells when 

compared within the same donors (Fig. 2A) or among several donors (Fig. 2B).  

 

It is well known that NK cells behave in response to the sum of signals from the activating 

and inhibitory receptors on its cell surfaces. To further understand the difference between super-

charged and primary NK cells, several surface markers were measured using flow cytometry (Figs. 

2C-2J) and Table 1). Either percent positive population or mean channel fluorescence (MFI) 

showed that inhibitory and activating receptors, including NKG2D, KIR2, NKp44, NKp46, CD54 

were found higher in super-charged NK cells than those in primary NK cells (Figs. 2C-2G). On 

the other hand, CD62L was found to be higher in primary than super-charged NK cells (Figs. 2H). 

It is worth noting that when the NK cell identifying receptors, CD56 and CD16, were tested, CD56 

was higher in super-charged NK cells while CD16 expression was lower (Figs. 2I and 2J). 

Intracellular staining of granzyme B, which is one of the most important elements for NK cell in 

mediating cytotoxicity, also showed that it is more prominent in super-charged NK cells (Fig. 2K). 
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This data showed that, in general, super-charged NK cells have higher surface marker expression 

and are also in a more active status than primary NK cells.  

  

 

Sub-aim 2: Functional differences between primary and super-charged NK cells. Super-

charged NK cells possess higher cytotoxicity and more prominent cytokine and chemokine 

secretion ability than primary NK cells.  

 

Super-charged NK cells possess higher direct cytotoxicity than primary NK cells and their 

cytotoxicity does not decrease after treated with IL-2 and anti-CD16 mAb as primary NK 

cells. 

 

Super-charged and primary NK cells were treated with IL-2 or a combination of IL-2 and 

anti-CD16 mAb overnight before use in the 51Chromium release assay for cytotoxicity assessment. 

Super-charged NK cells exhibited higher cytotoxicity against oral squamous cancer stem cells than 

primary NK cells in either IL-2 alone (Fig. 3A) or IL-2 in combination with anti-CD16 mAb 

treatment (Fig. 3B). As previously reported, the cytotoxicity of NK cells decreases as a result of 

split anergy induced from the combination of IL-2 and anti-CD16 mAb. The fold decrease in 

cytotoxicity was calculated to evaluate whether split anergy effects would also be induced in super-

charged NK cells as it has been seen in the primary NK cells. As shown in Fig. 3C, the decrease 

in cytotoxicity of super-charged NK is not as prominent as it is in primary NK cells. Taken together, 

super-charged NK cells mediate greater cytotoxicity against cancer stem cells without a reduced 

functional proficiency that is seen in primary NK cells after treated with IL-2 and anti-CD16 mAb.  
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Super-charged NK cells mediate lower levels of antibody dependent cellular cytotoxicity 

than primary NK cells 

 

 We have shown that super-charged NK cells expressed less CD16 on their cell surfaces 

and the treatment of IL-2 and anti-CD16 mAb does not reduce the direct cytotoxicity of super-

charged NK cell. Here, we investigate one crucial function of CD16, antibody dependent cellular 

cytotoxicity (ADCC) of super-charged NK cells. Both primary and super-charged NK cells used 

were obtained from the same donor. Oral squamous cancer cells (OSCCs) were treated with 

MICA/MICB antibodies, cetaximab or left untreated before using in 51Chromium release assay 

with untreated, IL-2 treated and IL-2 and anti-CD16 mAb treated primary and super-charged NK 

cells. In untreated and IL-2 treated groups, primary NK cells mediated more cell death in antibody 

treated OSCCs than untreated tumor cells, whereas the same observation was not seen in IL-2 and 

anit-CD16 mAb treated group which is because the CD16 receptors on NK cells’ surface were 

blocked before they were co-cultured with tumor cells (Figs. 4A-4D). However, the same 

observation was not seen in super-charged NK cells. Among all three treatment groups, super-

charged NK cells did not mediate higher cytotoxicity to antibody-treated tumor cells (Figs. 4A-

4D). When ADCC-induced fold increases in Lu30/106 were calculated in cells, primary NK cells 

exhibited greater increase than super-charged NK cells (Fig. 4E).  In sum, super-charged NK cells 

did not mediate ADCC against anti-MICA/MICB or cetaximab treated OSCCs.  

 

Super-charged NK cells have higher IFN-γ secretion than primary NK cells in both total 

population and single cell manner. 
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 Besides mediating cytotoxicity against tumor cells, another crucial function for NK cells 

to halt the progression of cancer is through cytokine secretion. We have previously shown the 

importance of IFN-γ in differentiating cancer stem cells which can lead to slower tumor growth 

and sensitization of cancer cells to chemotherapeutic drugs. Therefore, it is essential to assess the 

IFN-γ secretion of primary and super-charged NK cells. For total population evaluation, the level 

of IFN-γ were tested in the supernatant of both primary and super-charged NK cells. A greater 

level of IFN-γ was detected in the supernatant from super-charged NK cells than those from 

primary NK cells (Figs. 5A and 5B). Then, Elispot was exploited to evaluate the IFN-γ secretion 

level in single cell manner of these two cell types. The number of IFN-γ secreting cells was 

substantially higher than primary NK cells in all treatment groups (Fig. 5C). Overall, super-

charged NK cells showed higher IFN-γ secretion than primary NK cells in total population and 

single cell manner. 

 

Super-charged NK cells secrete more cytokine and chemokine as well as are more 

polyfunctional than primary NK cells 

  

Other than IFN-γ, other cytokines and chemokines were determined between primary and 

super-charged NK cells. CD137 (4-1BB), a co-stimulatory receptor on NK cells was shown to be 

more abundant in the super-charged NK cell culture supernatant than in that of primary NK cells 

using ELISA (Fig. 6).  In addition, we exploited Luminex multiplex to determine the secretion 

profile of primary and super-charged NK cells. Super-charged NK cells exhibited higher levels of 

cytokine and chemokine secretion when compared to either IL-2 or IL-2 and anit-CD16 mAb 

treated primary NK cells. This trend was seen in 13 out of 15 cytokines and 4 out of 5 chemokines 
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tested, including GM-CSF, IFN-γ TNF-α, Franktalkine, IL-4, IL-5, IL-7, IL-8, IL-10, IL-12p70, 

IL-13, IL-17A, IL-21, IL-23, ITAC, MIP-1α and MIP-3α (Figs. 7A-7Q, Table 2). IL-2 and anti-

CD16 mAb treated primary NK cells exhibited higher secretion of IL-1β, IL-6 and MIP-1β than 

IL-2 treated primary NK cells and super-charged NK cells (Figs. 7R-7T).  

 

Other than the cytokine and chemokine secretion profiles in total population, we also 

investigated the cytokine and chemokine secretion on a single cell basis, using Isoplexis platform 

to further understand super-charged NK cells’ polyfunctionality in secretion, which is defined as 

the ability for cells to secrete more than one cytokine/chemokine/effector tested. Within the same 

treatment, super-charged NK cells exhibited more diverse secretions and were shown to be more 

polyfunctional cell subsets than primary NK cells (Fig. 8A). Also, there are higher percentages of 

the polyfunctional population in super-charged NK cells than in primary NK cells with the 

treatment of IL-2 and anti-CD16 mAb or sAJ2 (Fig. 8B). When polyfunctionality strength index 

(PSI) was calculated, super-charged NK cells also showed higher levels than primary NK cells, 

especially, when treated with IL-2 and anti-CD16 mAb (Fig. 8C). Collectively, these results 

suggest that super-charged NK cells possess a more comprehensive capacity in secreting cytokines, 

chemokines and other functional proteins. 

 

Supernatants obtained from super-charged NK cells induced higher levels of cell death and 

differentiation in tumor cells than those from primary NK cells.     

 

 We have previously shown that the supernatant from primary NK cells induce cell death 

in cancer stem cells. Thus, our findings led us to investigate the effects of the supernatant from 
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super-charged NK cells on both oral squamous cancer cells (OSCCs) and their poorly 

differentiated counterpart, oral squamous cancer stem cells (OSCSCs). Supernatants were 

collected from cell cultures of both primary and super-charged NK cells overnight after treatment 

with IL-2 (1000 U/ml). Oral cancer cells were treated with the supernatant at concentrations 

equivalent to 1×106 or 2.5×106 cells /ml of NK cells. Cell death and differentiation markers were 

subsequently evaluated using flow cytometry after 24 or 48 hours of treatment. Supernatants from 

both primary and super-charged NK cells showed induction of cell death in OSCCs and OSCSCs, 

however, the effect was shown to be more profound in OSCCS than OSCSCs after 24h (Fig. 9A) 

and 48 hours of treatment (Fig. 9B). Moreover, 2.5×106 cells/ml of super-charged NK cells culture 

supernatant induced the highest cell death, and there was a decreasing trend in cell death induction 

starting from the treatment of 2.5×106 cells/ml of super-charged NK cell culture supernatant, 

followed by 1×106 cells/ml of super-charged NK cell culture supernatant, 2.5×106 cells/ml and 

1×106 cells/ml of primary NK culture supernatant. (Figs. 9A and 9B) 

 

In addition to oral tumors, the effects of supernatant from primary and super-charged NK 

cells on PL12, well differentiated pancreatic cancer cells, and its counterpart, poorly differentiated 

pancreatic cancer stem cells, MP2, were also tested. Supernatants from NK cells induced cell death 

in PL12 and MP2; but unlike oral tumors, the cell death induction was more remarkable in MP2 

than PL12 cells (Figs. 9C and 9D). Also, the decreasing trend was only seen after 48 hours of 

treatment (Figs. 9C and 9D). These findings indicate that the supernatant from super-charged NK 

cells are richer in cytokines/chemokines, along with other functional proteins, which results in a 

greater induction of cell death in both oral and pancreatic cancer cells than supernatant from 

primary NK cells.  
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 Apart from cell death induction, differentiation induced by NK cell culture supernatants 

were assessed in both oral tumor cell lines after 24 and 48 hours of treatment. Levels of CD44, 

CD54, B7H1 (PD-L1) and MHC class I on the tumor cell surfaces were measured using flow 

cytometry. After treatment with NK cell supernatant, there was an overall decrease in CD44 (Fig. 

10A, whereas CD54 (Fig. 10B), B7H1 (Fig. 10C) and MHC class I (Fig, 10D) showed increases 

in OSCCs and OSCSCs after treatment with either NK cells’ supernatants at all concentrations and 

at both time points. There were greater effects seen in the expression of CD54 and B7H1 in 

OSCSCs than OSCCs. The same findings were observed in the pancreatic tumor cell lines, PL12 

and MP2. In both tumor cell line types, 2.5×106 cell/ml of super-charged NK cells’ supernatant 

had the most prominent effect on differentiating tumor cells, most notably on cancer stem cells 

followed by supernatants from 1×106 cell/ml of super-charged NK cells, 2.5×106 cell/ml of 

primary NK and 1×106 cell/ml of primary NK cells (Fig. 11). Collectively, these data demonstrate 

that the high abundance of cytokines, chemokines and functional proteins secreted by super-

charged NK cells are in concordance with their substantial effects in cell death induction and tumor 

cell differentiation. 

 

Although OC supernatant with or without sonicated OC mediated NK expansion showed 

comparable expansion rate and NK purity as standard OC mediated NK expansion, the 

functionalities of those are not as potent as standard OC-expanded NK cells. 

 

 To understand the mechanism which bestows the potent functionalities on NK cells, we 

modified the protocol for super-charging NK cells by using the sonicated OCs and the supernatant 
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of osteoclasts cell culture to render supporting molecules and cytokines and chemokines from 

osteoclasts, respectively. As shown in Figure 12A and 12B, the expansion rate and NK purity of 

these three culture conditions are comparable with one another. However, the functions of NK 

cells, both cytotoxicity and IFN-γ secretion, are not as enhanced when co-cultured with sonicated 

osteoclasts and/or the supernatant of osteoclasts cell culture (Fig. 12C-12E). These results indicate 

that albeit it might be sufficient to expand NK cells with sonicated OCs and/or the cytokines and 

chemokines secreted by OCs, to reach the greatest optimization of NK cell functions, osteoclasts 

are required as feeder cells. 

 

Sub-aim 3: Proteomics Analysis of primary and super-charged NK cells.  

 

Alteration of protein abundances in primary and super-charged NK cells and protein-

protein association using string analysis  

 

 To grasp a deeper understanding of how super-charged NK cells are superior to primary 

NK cells, we took a step further and investigated their respective changes in protein expression 

levels. Super-charged NK cells are generated as described in the Materials and Methods. Primary 

NK cells were purified freshly from peripheral blood of healthy donors. After treatment with IL-2 

(1000 U/ml), protein abundance was measured in primary and super-charged NK cells. Fold 

changes in the protein abundance of super-charged to primary NK cells across donors or within 

the same donors were calculated for measured proteins. When compared across different donors, 

there were 90 proteins that were higher and 21 that were lower in super-charged NK cells (Fig. 
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13A). On the other hand, when compared within the same donors, there were increases in the 

abundance of 271 proteins and decreases in 172 proteins in super-charged NK cells (Fig. 13B). 

  

 Only proteins that either increased or decreased in expression within super-charged NK 

cells from both cross donors and same donor datasets were selected for further analysis. Protein-

protein interactions between these proteins were analyzed using STRING analysis. Of all 43 

increased proteins (n=43), these were mostly involved in cell cycle processes (7/43), cellular 

metabolic processes (29/43) and immune system processes (14/43) (Fig. 14A). On the other hand, 

proteins whose expression decreased in super-charged NK cells (n=11) were relevant to regulated 

exocytosis (7/11), regulation of immune system processes (6/11) and actin cytoskeletons (6/11) 

(Fig. 14B). 

 

Changes in protein abundance correspond to the phenotypic and functional differences 

observed in primary and super-charged NK cells 

  

 Here, proteins with abundance alterations between primary and super-charged NK cells 

within the same donors were selected and categorized accordingly to their biological function and 

further analyzed. For cell proliferation, minichromosome maintenance protein complex (MCM) is 

known to be essential for genomic DNA replication, which was found mostly higher in super-

charged NK cells, but not in primary NK cells (Fig. 15A). Ki-67 expression was also increased in 

super-charged NK cells (Fig. 15A), which corresponds to the flow cytometric analysis described 

earlier (Figs. 2A and 2B). These results verified the observation seen in the cell culture process 
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that super-charged NK cells possess a higher proliferation rate than primary NK cells which 

ultimately leads to profound expansion in cell numbers. 

 

 Twelve cell surface clusters of differentiation (CDs) were also detected in the proteomics 

analysis. Seven of them are more abundant in super-charged NK cells than primary NK cells, and 

these CDs are known to be important in a variety of functions such as: host defense and immune 

response, co-stimulatory molecules (CD2 and CD48), cell activation, growth and motility (CD53 

and CD59), and in migration, adhesion and cell-cell interactions (CD44, CD63, CD97). CD36 was 

the only protein detected with higher abundance in primary cells rather than in super-charged NK 

cells (Fig. 15B). Although the exact activation makers were not measured using flow cytometry, 

these data still support the concept of the higher activation status of super-charged NK cells.  

 

In virtue of the substantial cytotoxic ability of super-charged NK cells, proteins known to 

be essential in the cytotoxicity were analyzed. Granzyme A, granzyme B, and granulysin, which 

are known as effector molecules in mediating cytotoxicity in granule exocytosis, were found to be 

more abundant in super-charged NK cells (Fig. 15C). Unexpectedly, cathepsin C, a key enzyme 

to activate granzyme B was found in lesser quantities in super-charged NK cells. Meanwhile, 

cystatin F (CST7), a cathepsin C-directed protease inhibitor, was also found to be elevated in 

super-charged NK cells (Fig. 15D). To address this inconsistent observation, protein kinetic assay 

of granzyme B was performed, in which the results showed that super-charged NK cells exhibited 

greater enzyme activity (data not shown). More studies still are needed to evaluate the biological 

activity or localization of cathepsin C and cystatin F for further clarification.   
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Given the evidence of high activation status in super-charged NK cells through activation 

makers, cytotoxicity and cytokine/chemokine profile as described above, important cytokine 

receptor downstream signaling pathways, specifically signal transducer and activator of 

transcription (STAT), were analyzed. In super-charged NK cells, there was shown to be elevated 

expression of STAT1 and STAT4, which are known to be crucial regulators of IFN-γ production 

and NK cell mediated cytotoxicity (Fig. 15C). In conclusion, proteomics analysis strongly 

supports the findings of phenotypic and functional differences between super-charged and primary 

NK cells. 

 

Sub-aim 4: Unlike primary NK cells, the functions of super-charged NK cells are not suppressed 

after encountering tumor. 

 

Super-charged NK cells showed less inactivation in cytotoxicity after co-cultured with 

tumor tissue than primary NK cells. 

 

 The cytotoxicity of untreated and IL-2 treated primary NK cells and super-charged NK 

cells were measured after co-cultured with oral tumor derived from humanized BLT mice or single 

cells of OSCSCs using for 51Chromium release assay. Percent killing to effector-target ratio (E:T 

ratio), lytic unit 30/106 cells (Lu30/106 cells) were presented. In general, super-charged NK cells 

showed higher cytotoxicity when compared to either untreated or IL-2 treated primary NK cells 

(Figs. 16A-16F). Untreated primary NK cells showed diminished cytotoxicity after co-cultured 

with tumor tissue and OSCSCs (Figs. 16A and 16D). For IL-2 treated primary NK cells, less 

cytotoxicity was seen when co-cultured with both tumor tissue and OSCSCs. Moreover, the 
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percent killing descended more drastically along with E:T ratio when co-cultured with tumor tissue 

than with OSCSCs (Figs. 16B and 16E). Whereas, there is no difference in cytotoxicity of super-

charged NK cells regardless of co-culture conditions (Fig. 16C and 16F). Percent decreased in 

Lu30/106 cells were calculated. In both tumor tissue and OSCSC co-culture condition, untreated 

primary NK cells exhibited the highest in % decrease in lytic unit 30, followed by IL-2 treated 

primary NK cells and super-charged NK cells (Fig. 16G and 16H). In brief, super-charged NK 

cells possess the highest cytotoxicity among the three groups of NK cells tested and their 

cytotoxicity is not inactivated after encountering tumor tissue or single cell culture as seen in 

primary NK cells.  

 

Increased IFN-γ secretion in IL-2 treated primary and super-charged NK cells after co-

cultured with tumor but not in untreated primary NK cells 

 

 
 In addition to cytotoxicity, IFN-γ secretion of NK cells is also evaluated after co-cultured 

with tumor tissue and OSCSCs using Elispot and ELISA. Untreated primary NK cells had the least 

IFN-γ secreting cells among all three types of NK cells with or without tumor co-culture (Figs. 

17A and 17B). There is an increase in IFN-γ secreting cells of IL-2 treated primary NK cells when 

co-cultured with OSCSCs when compared to those co-cultured with tumor tissue or without co-

cultured (Figs. 17A and 17C). Meanwhile, super-charged NK cells had the most IFN-γ secreting 

cells without any co-culture condition when compared with untreated or IL-2 treated primary NK 

cells. Also, numbers of IFN-γ secreting cells increased after co-cultured with tumor tissue or 

OSCSCs (Figs. 17A and 17D).  
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Collectively, these results showed that primary NK cells lose their cytotoxicity and increase 

their IFN-γ secretion after encountering tumor tissue or OSCSCs, which supports the concept of 

split anergy which was successfully demonstrated in vitro using the treatment of IL-2 and anti-

CD16 mAb. More importantly, it is noteworthy that super-charged NK cells not only did not lose 

their cytotoxicity but also exhibited greater IFN-γ secretion after co-cultured with tumor. Taken 

together, these data demonstrated that super-charged NK cells are not inactivated through tumor 

cells as primary NK cells.  
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Discussion 

 

The primary function of the cytoskeleton is to give the cell its shape, mechanical resistance 

to deformation and are important in cell physiology. The alternation of cytoskeleton abundance in 

cells changes cell morphology, motility and deformability. In this chapter, proteomics analysis 

revealed that there was a decrease of several cytoskeleton associated proteins in the super-charged 

NK cells, specifically vinculin (VCL), filamin A (FLNA), zyxin (ZYX). It has been shown that 

the decrease of vinculin (VCL) changed the cell morphology and enhanced cell spreading and 

growth in clumps [11, 12]. Gelsolin (GSN) and filamin A (FLNA) are known to be associated with 

the deformability of the cells [13, 14]. Zyxin-depleted cells showed spindle shape-like morphology 

[15]. Moreover, an increase in other cytoskeleton associated proteins, like stathmin (STMN1), 

which is a protein that prevents and promotes disassembly of microtubules, was also observed [16]. 

The variation of these proteins in super-charged NK cells from primary NK cells could be expected 

to alter cell morphology and behavior, which coincide with the elongation and irregular shape of 

super-charged NK cells and aggregation growth pattern observed in the culture. Aside from 

morphology and growth patterns, the modulation of cytoskeleton proteins also contributes to cell 

deformability, an essential process for cell proliferation. For example, overexpression of stathmin 

has been shown to facilitate cell proliferation in tumor cells [16], and filamin A is known to 

negatively regulate the cell proliferation in lung tumor cells [17]. The increase in stathmin and 

decrease in filamin A are in agreement with the fast proliferation rate seen in super-charged NK 

cells. Along with the increase of proteins associated with deformability contributing by the down-

modulation of cytoskeleton, there are other standard markers for cell proliferation were also 

elevated, such as proliferating cell nuclear antigen (PCNA), Ki-67 and minichromosome 
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maintenance (MCM). Of which, the increase of Ki-67 was confirmed with flow cytometric 

analysis. These observations tally with the fast proliferation rate of super-charged NK cells 

reported previously [10] and the capability of rapid expansion bestow large scale production of 

super-charged NK cells for cancer immunotherapy. 

 

There is evidence supporting that super-charged NK cells are more active in general than 

primary NK cells. First, NK cells functions are governed by the interplay between activating and 

inhibitory receptors [18]. Both inhibitory and activating receptors are found elevated in super-

charged NK cells, including NKG2D, KIR2, NKp44, NKp46 and CD54 (ICAM-1) along with the 

decrease of CD62L, which is commonly observed in activated immune cells [19, 20]. Secondly, 

in the proteomic analysis, super-charged NK cells showed more abundance of proteins involved 

in cell metabolism. What’s more, signal transducer and activator of transcription 4 (STAT4) was 

also shown higher in the super-charged NK cells, which is known to increase the cytotoxicity 

through the binding to the perforin gene promoter as well as cytokine secretion ability in response 

to IL-12 activation [21-23].  Lastly, it has been previously established that CD16 and CD56 are 

two surface receptors to distinguish subsets of NK cells: CD16+CD56dim as cytotoxic NK cells and 

CD16-CD56bright as regulatory NK cells [24, 25]. It is worth noting that super-charged NK cells 

exhibited higher CD56 and lower CD16 when compared to primary NK cells, which is similar to 

the tissue-associated NK cell profile or split anergy induced with the combination of IL-2 and anti-

CD16 mAb in vitro, which have higher cytokine secretion ability and less cytotoxic function [1, 

24].  
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Even though super-charged NK cells showed CD56brightCD16dim profile, which is supposed 

to behave similarly to split anergy NK cells, both flow cytometry and proteomic analysis revealed 

that super-charged NK cells contained higher level of granzyme B. Indeed, in chromium release 

assay, when activated with IL-2, super-charged NK cells exhibited much more profound 

cytotoxicity against stem-like oral tumor cells (oral squamous cancer stem cells, OSCSCs) when 

compared to primary NK cells. Interestingly, when attempting to induce split anergy in both 

primary and super-charged NK cells with the combination of IL-2 and anti-CD16 mAb, only 

primary NK cells showed the decrease in the cytotoxicity. Super-charged NK cells, on the other 

hand, still possess significant cytotoxic function against OSCSCs. Yet, proteomic analysis 

revealed that aside from granzyme B, cystatin F is also elevated in super-charged NK cells. 

Cystatin F is known to be indispensable in regulating NK cell mediated direct killing via 

perforin/granzyme B pathway through inhibiting the activity of cathepsin C, a convertase for 

granzyme B [26]. Unlike our findings here with elevated cystatin F in the super-charged NK cells, 

it was reported that increased cystatin F in the split anergized NK cells is responsible for the 

decrease of cytotoxic function [27]. It is possible that the detected cystatin F are not being 

transported into nucleus, where the regulatory function takes place, due to its glycosylation status 

[28]. However, due to the sample processing, it is hard to determine if the cystatin F seen in the 

super-charged NK cells is monomer or dimer and its glycosylation status. Further study on the 

both structure and activity of cystatin F needs to be explored by western blot or other kinetics 

assays to have a deeper understanding of the mechanisms behind the potent cytotoxic function of 

super-charged NK cells.  
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In addition to cytotoxicity, NK cells shape tumor microenvironment through cytokine and 

chemokine secretion in order to communicate with other immune cells as well as mediate 

differentiation of cancer stem cells, especially through secreted and membrane-bounded IFN-γ and 

TNF-α, respectively [1, 29-31]. Most importantly, as previously established, differentiation of 

cancer cells enhances the sensitivity of these cells to chemo- and radiotherapy [7, 32]. In both bulk 

and single cell analysis, super-charged NK cells exhibited greater IFN-γ secretion than primary 

NK cells. Moreover, multiplex analysis discovered that super-charged NK cells possess a more 

diverse secretion profile and single cell profiling demonstrated that super-charged NK cells are 

more polyfunctional than primary NK cells. Positively, in the functional assays, with the same 

number of NK cells to tumor cells, supernatants from super-charged NK cells were able to induce 

higher level of differentiation to both pancreatic and oral stem-like cancer cells, which indicates 

that the application of super-charged NK cells in the cancer immunotherapy is essential to lay the 

foundation for the success of chemo- and radiotherapy. Furthermore, supernatants from super-

charged NK cells induced higher levels of cell death in both pancreatic and oral tumor cells, which 

might result from the high levels of IFN-γ, TNF-α , or soluble FasL, which are known as 

mechanisms that NK cells mediate cell lysis [33, 34].  

 

In regard to the superb functions of super-charged NK cells, they were used as 

immunotherapy in tumor bearing humanized-BLT mice. In both oral and pancreatic tumor model, 

tumor derived from mice received super-charged NK cells showed limited growth ex vivo. 

Additionally, the treatment of super-charged NK cell injection enhances the frequency and the 

functions of CD8+ T cells as well as immune function of the mice in general, which illustrated the 

promising potential of super-charged NK cells in cancer immunotherapy [35, 36]. However, it has 
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been suggested that the functions of NK cells are inactivated after encountering tumor cells [37, 

38]. Therefore, functionality of super-charged NK cells after they come across target cells was 

evaluated. Interestingly, the cytotoxic function of super-charged NK cells remained the same 

despite co-cultured with tumor tissue or tumor cell culture while primary NK cells exhibited a 

major decrease in both scenarios. As mentioned earlier, the inactivation in cytotoxicity might be 

as a consequence of split anergy induction where NK cells lose their cytotoxic function but gain 

great secretion ability [29]. Due to the induction of split anergy is mediated by IL-2 and anti-CD16 

mAb, it is possible that super-charged NK cells are unable to become split anergized as their CD16 

was decreased on the cell surfaces, consequently no decrease in cytotoxicity after meeting target 

cells. Collectively, the abilities of super-charged NK cells, such as great expansion, superior 

cytotoxic function and cytokine secretion ability and not being inactivated by tumor cells bestow 

these cells great potential in immune cancer therapy. 
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Table 1. Surface receptor expression of super-charged NK cells compared to 
those of primary NK cells.  
Receptors % Percentage MFI Functionality 
KIR2 ↑ ↑ Inhibitory receptor 
NKG2D ↑ ns Activating receptor 
NKp44 ns ↑ Activating receptor 
NKp46 ↑ ns Activating receptor 
CD54 ↑ ↑ Migration 
CD62L ↓ ↓ Homing 
CD16 ↓ ↓ Fc receptor 
CD56 ↑ ↑  
Granzyme B ↑ ns Cytotoxic function 
↑: super-charged NK cells significantly higher than primary NK cells. 
↓: super-charged NK cells significantly lower than primary NK cells. 
ns: no significant difference between super-charged and primary NK cells. 

Table 2, Cytokine and chemokine secretion profile of primary and super-charged 
NK cells using multiplex Luminex  

 sNK > pNK   IL-2+αCD16 mAb pNK > sNK 

Cytokine GMCSF IL-10  IL-1β 
 IFN-γ IL-12p70  IL-6 
 TNF-α IL-13   

 Franktalkine IL-17A   

 IL-4 IL-21   

 IL-5 IL-23   

 IL-7    

     

Chemokine IL-8   MIP-1β 
 ITAC    
 MIP-1α    

 MIP-3α    

pNK: primary NK cells; sNK: super-charged NK cells 
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Figure Legend 

Figure 1. Morphology of NK cells are changed after the process of super-charging by 

osteoclasts.  

Primary NK cells were freshly isolated from PBMC (A). Multinucleated osteoclasts (OCs) were 

differentiated from peripheral blood derived monocytes for 21 days with M-CSF and RANK-L. 

IL-2+anti-CD16 mAb treated primary NK cells are attached to the osteoclasts after overnight co-

cultured with OCs (B). After 5 days of co-cultured, OCs can’t be seen in the culture and NK cells 

become bigger, elongated and irregular shaped as well as start to form clumps (C). At the prime 

expansion period (Day7 and after) for super-charged NK cells, they proliferate in both floating and 

attaching clumps in the cell culture (D). 

 

Figure 2. Super-charged NK cells exhibited higher proliferation marker, activating and 

inhibitory receptor and granzyme B than primary NK cells.  

Human NK cells were isolated from peripheral blood of healthy donors as described in Material 

and Methods. Ki-67 expression and other markers and protein of primary and super-charged were 

measured after 7 days treated with IL-2 (1000 U/ml) using flow cytometry analysis. Comparison 

of primary and super-charged NK from the same donor (A). Compiled data are shown in (B).  

Other surface markers and protein were also measured on both primary and super-charged NK 

cells. NKG2D (C), KIR2 (D), NKp44 (E), NKp46 (F), CD54 (G), CD62L (H), CD16 (I), CD56 

(J), Granzyme B (GZMB) (J).     

 

Figure 3, Super-charged NK cells showed superior cytotoxicity and less decrease in 

cytotoxicity when treated with IL-2+αCD16 mAb than primary NK cells. Primary NK cells 
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were freshly purified from PBMCs. Primary NK cells and super-charged NK cells were treated 

with IL-2 (A) and the combination of IL-2 and aCD16 mAb (B) overnight before the cytotoxicity 

was measured. 4-hour 51Cr release assay was performed to assess the cytotoxicity of both primary 

and super-charged NK cells. Fold decrease in decrease cells were calculated using Lu30/106 as 

shown in (C) (n=3) 

 

Figure 4, Primary NK cells mediate higher level of ADCC than expanded NK cells.  

NK cells were purified from healthy donors’ blood and expanded. After day 15 of expansion, 

primary NK cells were purified from the same donor (1×106 cells/mL) and were left untreated, 

treated with IL-2 (1,000 U.mL), and the combination of IL-2 (1,000 U/mL) and anit-CD16 mAb 

(3 µg/mL) for 18 hours. Super-charged NK cells (1×106 cells/mL) were also left untreated, treated 

with IL-2 (1,000 U.mL), and the combination of IL-2 (1,000 U/mL) and anit-CD16 mAb (3 µg/mL) 

for 18 hours. OSCCs were labeled with 51Cr, and left untreated or treated with anti-MICA/MICB 

antibody, or Cetaximab (5 µg/mL) for 30 minutes. The unbounded antibodies were washed and 

the cytotoxicity of Untreated (A), IL-2 (B) and combination of IL-2 and anti-CD16 mAb (C) of 

primary and super-charged NK cells against OSCCs untreated or treated with the antibody against 

MICA/MICB antibody or Cetaximab was determined using the stander 4 hours 51Cr release assay. 

(Fig. A-C are representative experiments). The percentage of cytotoxicity for the same experiment 

is shown in (D). ADCC induced fold increase in IL-2 treated primary and super-charged NK cells 

were calculated (E).  

 

Figure 5, Super-charged NK cells showed superior of IFN-g secretion than primary NK cells 

in total population and single cell manner.  



 86 

Primary NK cells were freshly purified from PBMCs. Primary NK cells and super-charged NK 

cells were treated with IL-2 for 48 hours before supernatant was collected. ELISA was used to 

determine the level of IFN-g. Bar graph (A), scatter plot (B) (n=7). Elispot was performed to 

determine the relative number of cell secreting IFN-γ shown as spot counts (C). TNTC: too 

numerous to count 

 

Figure 6, Super-charged NK cells showed superior of soluble CD137 (4-1BB) secretion than 

primary NK cells.  

Primary NK cells were freshly purified from PBMCs. Primary NK cells were treated with IL-2, 

IL-2 and αCD16 mAb or IL-2 and sAJ2 or being left untreated overnight. Super-charged NK cells 

were treated with IL-2 overnight. The supernatants were collected and ELISA was used to 

determine the level of soluble CD137. (n=2)  

 

Figure 7, Super-charged NK cells showed superior cytokines and chemokines secretion than 

primary NK cells.  

Primary NK cells were freshly purified from PBMCs and treated with IL-2 or the combination of 

IL-2 and anti-CD16 mAb overnight before the supernatants were collected. Supernatant of super-

charged NK cells were collected after being treated with IL-2 GM-CSF (A), IFN-γ (B), TNF-α 

(C), Franktalkine (D), IL-4 (Ε), IL-5 (F), IL-7 (G), IL-8 (H), IL-10 (I), IL-12p70 (J), IL-13 (K), 

IL-17A (L), IL-21 (M) and IL-23 (N), ITAC (O), MIP-1α (P), MIP-3α (Q), IL-1β (R), IL-6 (S) 

and MIP-1β (T). 

	

Figure 8, Super-charged NK cells are more polyfunctional than primary NK cells.  
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Both primary and super-charged NK were treated with IL-2 and anti-CD16 mAb or sAJ2 and PMA 

before using in the commercial IsoCode Chip to measure the cytokine and chemokine secretion 

profile in per cell basis. The polyfunctionality of NK cells are defined as 2 or more cytokines or 

chemokines secreted per cell. The overall profile of %NK cytokine secreting profile is shown as 

heatmap in (A) and as bar graph in (B). Polyfunctional strength index (PSI) is calculated as % 

polyfunctional cells multiplied by the intensity of the intensities of the secreted 

cytokines/chemokine (C). 

 

Figure 9, Supernatants from super-charged NK cells induced higher cell death in both oral 

and pancreatic tumor cells.  

Supernatants of both primary and super-charged NK cells (5×106 cells/mL) were collected after 

treated with IL-2 (1000 U/mL) overnight. Both oral (A, B) and pancreatic (C, D) tumor cells were 

treated with the supernatants at the quantity equals to 1×106 cells/mL or 2.5×106 cells/mL for 24 

hours (A, C) or 48 hours (B, D). 

 

Figure 10, Supernatants from super-charged NK cells induced higher differentiation oral 

tumor cells.  

Supernatants of both primary and super-charged NK cells (5×106 cells/mL) were collected after 

treated with IL-2 (1000 U/mL) overnight. Both OSCCs and OSCSCs were treated with the 

supernatants at the quantity equals to 1×106 cells/mL or 2.5×106 cells/mL for 24 hours. CD44 (A), 

CD54 (B), B7H1 (C) and MHC I (D) on the cell surfaces were measured to evaluate the 

differentiation of tumor cells using flow cytometry. One representative of three independent 

experiments is as shown. 
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Figure 11, Supernatants from super-charged NK cells induced higher differentiation 

pancreatic tumor cells.  

Supernatants of both primary and super-charged NK cells (5×106 cells/mL) were collected after 

treated with IL-2 (1000 U/mL) overnight. Both PL12 and MP2 were treated with the supernatants 

at the quantity equals to 1×106 cells/mL or 2.5×106 cells/mL for 24 hours. CD44 (A), CD54 (B), 

B7H1 (C) and MHC I (D) on the cell surfaces were measured to evaluate the differentiation of 

tumor cells using flow cytometry. One representative of three independent experiments is as shown. 

 

Figure 12, Super-charged NK cells expanded by OCs as feeder cells bestowed the most 

prominent functionalities of super-charged NK cells when compared to those expanded by 

sonicated osteoclasts (sOC) and/or supernatant from OC culture.  

NK cells are expanded with OCs, sOC or the combination of sOC with OC cell culture supernatant. 

The number of cells (A) and the NK cell purity (B) are monitored during the culture period using 

microscopy and flow cytometric analysis, respectively. Cytotoxicity (C) was measured using 4-

hour chromium release assay and percent decrease cytotoxicity compared to OC expanded NK 

cells were calculated (D). IFN-γ secretion of day6, 10 and 13 was measured using single ELISA 

(E). 

 

Figure 13, Protein abundance difference in primary and super-charged NK cells in volcano 

plot.  

2×106 cells of primary and super-charged NK cells were used for proteomic analysis. Red dots the 

fold change of protein abundance are of super-charged NK cells/primary NK cells is greater than 

2 and with statistic differences(n=90(A), 271(B), p<0.05)  and blue dots indicate the fold change 
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of protein abundance are of super-charged NK cells/primary NK cells less than 0.5 (n=21 (A), 172 

(B), p<0.05) with statistically significance (p<0.05). The comparison of primary and super-charged 

NK cells obtained from different donors is as shown in (A) and from same donors is as shown in 

(B). 

 

Figure 14, STRING analysis of protein-protein interaction of those are higher or lower in 

super-charged than primary NK cells.  

Proteins with two or more fold higher (A) or lower (B) in both inter- and intra- donors were 

selected. (n=43) STRING analysis were applied to analyze the protein-protein interaction and 

their functional network. 

 

Figure 15, Changes in protein abundance correspond to the phenotypic and functional 

differences observed in primary and super-charged NK cells.  

Proteins with abundance alterations between primary and super-charged NK cells within the same 

donors were selected and categorized accordingly to their biological function. Paired t test was 

performed to determine the statistical differences (n=4, *p<0.05, **p<0.01). Proteins associated 

with cell proliferation (A), cluster of differentiations (CDs) (B), cytotoxicity (C) and signaling 

molecule (D) are as shown. 

 

Figure 16, Super-charged NK cells showed less inactivation in cytotoxicity after co-culturing 

with tumor than primary NK cells.  

Primary NK were freshly isolated from PBMCs and were left untreated or treated with IL-2 (1000 

U/ml) overnight before co-culturing with tumor tissue or OSCSCs. 51Chromium release assay were 
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conducted to determine the cytotoxicity of NK cells. Percent killing to effector-target ratio of 

untreated (A) and IL-2 treated (B) primary NK cells and super-charged NK cells (C) are as shown. 

Lytic unit 30 per million cells were calculated to compare the cytotoxicity of untreated (D) and IL-

2 treated (E) primary NK cells and super-charged NK cells (F). Percent decreased in lytic unit 30 

were calculated for tumor tissue and OSCSCs co-cultures to evaluate the inactivation effect of 

tumor tissue (G) and OSCSCs (H) co-culture on NK cells. 

 

Figure 17, Increased IFN-γ secretion in IL-2 treated primary and super-charged NK cells 

after co-cultured with tumor but not in untreated primary NK cells.  

Primary NK were freshly isolated from PBMCs and were left untreated or treated with IL-2 (1000 

U/ml) overnight before co-culturing with tumor tissue or OSCSCs. Elispot and ELISA were 

conducted to determine the IFN-γ secretion. One set of representative Elispot result is shown in 

(A) and the compiled analysis of untreated (B) and IL-2 treated (C) primary NK cells and super-

charged NK cells (D) are as shown.  
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 GO-Term Description False Discovery Rate 
 GO:0022402 Cell cycle process (7) 0.0467 
 GO:0044237 Cellular metabolic process (29) 0.0413 
 GO:0002376 Immune system process (14) 0.0111 

Fig. 14A 
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 GO-Term Description False Discovery Rate 
 GO:0045055 Regulated exocytosis (7)   1.85×10-5 
 GO:0002682 Regulation of immune system process (6) 0.0466 
 GO:0015629 Actin cytoskeleton (6) 8.61×10-6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14B 
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CHAPTER 3 

 

Osteoclast-induced super-charged NK cells preferentially select and expand 
CD8+T cells; studies in humanized-BLT mice and cancer patients 

 

Introduction 

Tumor cells are known to decrease the numbers of NK and CD8+ T cells as well as 

suppressing their function [1-5]. Similar profiles of decrease in NK and CD8+ T cells have been 

seen in patients suffering from COVID-19 [6, 7]. The interconnectedness of these two important 

cytotoxic cells has not been clearly delineated previously even though correlations were seen in 

increased percentages of NK and CD8+ T cells in peripheral blood and in bone marrow (BM) of 

cancer patients in the presence of decrease in CD4+ T cells [8-12]. It is of particular interest to 

note that such profile is largely seen in the BM of multiple myeloma (MM) patients where 

osteoclasts (OCs) are found. OCs are largely known for their influence on the turnover rate of the 

bone. However, in recent years the role of OCs in the modulation of different immune effectors, 

in particular NK cells has received great attention [13-15]. Therefore, even though the classical 

function of OCs were long regarded as influencing the architecture of the bone, recent reports from 

our laboratory and those of the others have bestowed a well-deserved status to OCs as 

immunomodulatory effectors which their function go beyond their well-known role in bone 

remodeling [13-17].  

NK and T cells comprise a large portion of the lymphocyte population in peripheral blood 

mononuclear cells (PBMCs). NK cells are mainly known as the effectors of innate immunity due 

to their lack of antigen-specificity; however, this notion has been challenged in recent years [18-
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20]. Decreased peripheral blood lymphocyte infiltration and lower cytotoxic activity, particularly 

in NK cells, result in poor prognosis in cancer patients [21-26]. However, cancer-mediated 

immune suppression remains a complex and multifactorial problem. Various studies have shown 

that factors in the tumor microenvironment suppress NK cells by downregulating NK cell surface 

receptors [27-34]. Studies have shown that NK cells can activate and induce the proliferation of T 

cells through direct cell-cell contact [35, 36]; IL-2–activated NK cells can also directly induce the 

maturation of dendritic cells (DCs) and enhance their ability to stimulate allogeneic naive CD4+ T 

cells [37]. Several other studies have demonstrated the immunoregulatory roles which NK cells 

play in killing chronically activated leukocytes [38-41] and eliminating activated autologous 

CD4+ T cells [41-43].  

            CD4+ and CD8+ T cells mediate the adaptive cellular immunity, which closely collaborate 

with the innate immune system [44, 45]. CD8+ T cells spearhead the cellular immune responses 

that protect against tumors [46]. High levels of tumor-infiltrating CD8+ T cells are associated with 

complete responses to standard chemotherapeutic regimens [47], and the presence of 

CD8+ memory T cells is associated with patient survival [48, 49]. Increased T regulatory (Treg) 

cell infiltration into solid tumors is negatively associated with overall survival in cancer patients 

[50].  

          NK and CD8+ T cell-based immunotherapies are among the leading standards in cancer 

therapeutics [51, 52]. NK immunotherapies have been limited due to the low numbers of these 

cells in the peripheral blood and our inability to expand large numbers of functional NK cells with 

extended survival in patients. To overcome this problem, we previously introduced a novel NK 

expansion methodology using a combination of OCs and sonicated probiotic bacteria (sAJ2) to 

generate activated super-charged NK cells with the potential to kill and differentiate cancer stem 
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cells (CSCs) [15]. Later in the expansion process of NK cells by OCs we have also observed that 

this methodology led to the expansion of a very small population of contaminating T cells which 

were initially not detectable [15]. However, after many rounds of expansion a small population of 

CD8+ T cells was expanding in NK cultures which coincided with the lower ability of NK cells to 

lyse tumors [15]. Previous studies have also shown that NK cells can accelerate CD8+ T 

cell responses against viral infections, such as those caused by cytomegaloviruses [53, 54]. We 

have also uncovered the differences in the dynamics of NK cell expansion in healthy individuals 

and cancer patients [15].  

          In this study we sought to determine how NK and T cells differ in their numbers and 

responses in cancer patients and in healthy controls using our novel methodology to expand NK 

cells. In addition, we observed that OC-activated super-charged NK cells specifically expand 

CD8+ T cells, whereas DC-activated NK cells demonstrate a preference for the CD4+ T cell 

expansion. Our in-vitro study revealed how supercharged NK cells might affect the balance of T 

cell subsets, cytokine secretions, and cytotoxic activity of immune cells in various tissue 

compartments of the healthy and cancer-bearing hu-BLT mice. Finally, we demonstrated that 

super-charged NK cells lyse activated CD4+ T and not CD8+ T cells, thus selecting and 

preferentially expanding mostly effector memory CD8+ T cells through IFN-γ secretion. 
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Result 

Sub-aim 1: Decrease in functions of NK cells and less activation ability in osteoclasts in cancer 

patients. 

  

Allogeneic OC-mediated expansion, and augmented function of NK cells from cancer 

patients is greatly suppressed when compared to those of healthy individuals 

 

            To determine the extent of NK and T cell expansion and function, we expanded NK and T 

cells of cancer patients and healthy individuals using our expansion strategy as previously 

described [15]. Cancer patients’ NK cells showed significantly decreased levels of expansion (Fig. 

1A and 2E), and expanded NK cells exhibited significantly lower cytotoxicity (Fig. 1B and 2F), 

and IFN-γ secretion (Fig. 1C, 1D and 2G) when compared to those of healthy individuals. Cancer 

patients’ T cells exhibited similar decreases in expansion rate (Fig. 1E) and IFN-γ secretion (Fig. 

1F-1G).  

            To assess whether NK and T cells exhibit distinct expansion profiles, we cultured NK and 

T cells of healthy individuals in the presence and absence of OCs and found that T cells expanded 

faster than NK cells in the absence of OCs (Fig. 1H). However, OCs induced 2.6 to 4.5-fold and 

1.2 to 1.6-fold expansion in NK and T cells, respectively, when compared to those cultured in the 

absence of OCs (Fig. 1H). These results indicated that OCs induce higher expansion of NK cells 

when compared to T cells. T cells secreted significantly higher IFN-γ secretion in the absence of 

OCs while IFN-γ secretion in both NK and T cells exhibited comparable increases in the presence 

of OCs (Fig. 1I). 
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Cancer patients’ OCs induced lower cell expansion, IFN-γ secretion and cytotoxicity in NK 

cells when compared to healthy individuals’ OCs 

 

         To investigate the function of patients’ OCs, we cultured the healthy individuals’ NK cells 

with either autologous OCs or with patients’ OCs (allogeneic). Patients’ OCs were less capable of 

inducing NK cell expansion (Fig. 2A and 2E), cytotoxicity (Fig. 2D and 2F) and IFN-γ secretion 

(Fig. 2C, 2D and 2G). We next assessed the function of patient NK cells in the context of 

autologous OCs. Severe decreases in NK cell expansion, IFN-γ secretion, and cytotoxicity were 

observed when patients’ NK cells were cultured with autologous OCs (Fig. 2E-2G). These results 

indicated severe functional defects in both NK cells and OCs of cancer patients. 

 

Sub-aim 2: Osteoclast expanded NK cells preferentially expands CD8+ memory T cells while 

selectively lyse CD4+ T cells 

 

OC-induced T cell mediated expansion increased CD8+ T cells moderately when compared 

to OC-induced NK cell mediated expansion of CD8+ T cells 

            We next analyzed the surface phenotype of memory and naïve subpopulations of T cells, 

and observed increase in CD45RO+ cells (activated T cells) and decrease in CD45RA+ cells (naïve 

T cells) on cancer patients’ T cells (Fig. 3A). We also noted reduced surface expressions of CD62L, 

CD28, CCR7, and CD127 on cancer patients’ T cells (Fig. 3A). Moreover, percentages of CD4+ 

T cells were decreased with corresponding increase in the percentages of CD8+ T cells in cancer 

patients’ PBMCs (Fig. 3B). Accordingly, we observed decreased CD4+/CD8+ T cell ratios in 
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cancer patients’ PBMCs, suggesting an overall increase in the CD8+ T cell subset in cancer 

patients when compared to healthy individuals (Fig. 3C).  

We next cultured NK cells in the presence of healthy allogeneic OCs and determined the 

fractions of expanded CD4+ and CD8+ T cells within the expanded NK cells. No detectable T 

cells could be seen initially after NK cell purifications, however, after several rounds of NK cell 

expansions we were able to detect T cell expansion within the NK cells. The expanded T cells 

were primarily CD8+ T cells with no or very low levels of CD4+ T cells in cultures of expanded 

NK cells from both healthy individuals and cancer patients (Fig. 3D), and the relative CD4+/CD8+ 

T cell ratios remained similar between cancer patients and healthy individuals (Fig. 3E). However, 

it should be noted that the patients have higher percentages of CD8+ T cells than CD4+ T cells in 

their PBMCs when compared to those of healthy individuals (Fig. 3B-3E).  

When purified T cells were cultured with allogeneic healthy OCs, cancer patients but not 

healthy individuals exhibited higher percentages of CD8+ T cells with lower CD4+/CD8+ T cell 

ratios since the levels of CD8+ T cells were constitutively higher in cancer patients PBMCs in the 

absence of expansion (Fig. 3D-3E). Also, it should be noted that for the sake of comparison we 

chose to activate T cells by IL-2 and anti-CD3/CD28 signaling since NK cells were activated by 

IL-2 and anti-CD16 mAbs before they were cultured with OCs. Thus, NK and T cells were pre-

activated before their culture with OCs. We observed much higher percentages and numbers of 

CD8+ T cell expansion with no or very low remaining CD4+ T cells in OC-expanded NK cells, 

whereas OC-induced T cells expanded CD8+ T cells moderately with significant percentage of 

CD4+ T cells still remaining in the culture (Fig. 3D-3E).  
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Increased NK numbers and NK-mediated cytotoxicity by OC-expansion in comparison to 

DC-expansion; OCs preferentially expand CD8+ T cells whereas DCs preferentially expand 

CD4+ T cells in NK cells cultures 

           To assess whether the activation of NK cells by OCs vs. DCs differentially affects 

expansion profile and function, we cultured NK cells from healthy individuals either alone, with 

OCs, or with DCs. Significantly higher cell counts were observed in NK cells cultured with OCs 

in comparison to those cultured alone or with DCs (Fig. 4A). Next, we determined the 

subpopulations of CD16, and CD3 expressing cells within the NK cells cultured alone, or with 

OCs, or with DCs and counted the numbers of NK and T cells within total lymphocytes. 

Significantly higher NK cell counts (Fig. 4B) and lower T cell counts (Fig. 4C) were observed in 

the presence of OCs versus DCs. OC-expanded NK cells displayed significantly higher levels of 

cytotoxicity against oral squamous cancer stem-like cells (OSCSCs) (Fig. 4D-4E). Additionally, 

NK cells cultured with OCs secreted significantly higher levels of IFN-γ than those cultured with 

DCs (Fig. 4F).  

           In addition, we characterized the subpopulations of T cells expanded within the NK cell 

cultures with OCs or DCs and found that DCs preferentially expanded CD4+ T cells (Fig. 4G, 4I-

4J and 4M) whereas OCs favored the expansion of CD8+ T cells (Fig. 4H-4J and 4M). T cells 

expanded in NK cell cultures with OCs similar to those expanded by DCs did not express either 

killer cell lectin-like receptor G1 (KLRG1) or T cell immunoglobulin/mucin domain-containing 

protein 3 (TIM3), whereas they had similar levels of PD-1 (Fig. 4J). Thus, no significant levels of 

these check point inhibitors could be seen on T cells expanded by either OC- or DC-expanded NK 

cells (Fig. 4J). We also noticed slight differences in the expression levels of CD4, CD8, KLRG1, 

TIM3, and PD-1 in purified T cells cultured with OCs versus DCs in the absence of NK cells (Fig. 
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4K). T cells in NK+OC co-cultures expressed higher levels of CD45RO; lower levels of CD62L, 

CD28, CCR7, and CD127; and similar levels of CD44 when compared to NK+DCs co-cultures 

(Fig. 4L-4M). When purified T cells were expanded in the presence of OCs, we observed slightly 

higher levels of CD45RO and CD28; lower levels of CD62L and CCR7; and similar levels of 

CD127 and CD44 when compared to those expanded in the presence of DCs (Fig. 4L-4M).  

           Correspondingly, higher levels of cytokines and chemokine secretions were seen in NK 

cells in comparison to T cells when both were cultured with OCs (Fig. 4N-4Q). NK cells secreted 

higher levels MIP-1α, MIP-1β, sCD137, FasL, GM-CSF, IFN-γ, sFas, and perforin when 

compared to T cells (Fig. 4N-4P). CD8+ T cells sorted out from OC-expanded NK cells culture 

secreted higher levels of GM-CSF, sCD137, IFN-γ, FasL, IL-10, and TNF-α when compared to 

OC-expanded CD8+ T cells in the absence of NK cells (Fig. 4Q). 

 

OCs induce higher cell expansion and IFN-γ secretion in CD8+ T cells than in CD4+ T cells 

 

            OCs were found to induce higher expansion of CD8+ T cells in NK cultures when 

compared to those with purified T cells (Fig. 5A) or purified CD8+T cells (Fig. 5B). No significant 

differences in the degree of expansion could be seen when purified CD4+ and CD8+ T cells were 

treated with anti-CD3/CD28+IL-2 and cultured in the absence of OCs (Fig. 5C-5D). However, in 

contrast to CD4+ T cells, a continuous rise in the fold expansion of CD8+ T cells could be seen 

when the cells were treated with anti-CD3/CD28+IL-2 and cultured with OCs (Fig. 5C and 5E). 

Under the same experimental condition CD4+ T cell counts increase initially, but plateaued soon 

after, and then declined after day 12 of culture (Fig. 5E). We then compared the expansion and 

secretion of IFN-γ by the NK, CD4+ T, and CD8+ T cells after they were treated as described 
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above and cultured with OCs. Higher cell expansion (Fig. 5F) and IFN-γ secretion (Fig. 5G) could 

be observed in NK and CD8+ T cells as compared to CD4+ T cells.  

 

Increased CD8+ T cells, IFN-γ secretion, and cytotoxicity in various tissue compartments of 

oral tumor-bearing hu-BLT mice in response to NK cell immunotherapy 

 

            Hu-BLT mice were implanted with OSCSCs in the oral cavity and injected with OC-

expanded NK cells with potent cytotoxic and cytokine secretion capabilities. After 4-5 weeks, the 

mice were sacrificed and tissues were harvested and dissociated in order to obtain single-cell 

suspensions for analysis (Fig. 6A). We observed increased proportions of CD3+CD8+ T cells in 

the bone marrow (BM) (Fig. 6B), spleen (Fig. 6E), and peripheral blood (Fig. 6H) of tumor-

bearing mice injected with OC-expanded NK cells when compared to tumor-bearing mice injected 

with vehicle only or healthy non-tumor bearing mice. NK cell immunotherapy also augmented the 

IFN-γ secretion and NK cell-mediated cytotoxicity in BM (Fig. 6C and 6D), spleen (Fig. 6F and 

6G), and peripheral blood (Fig. 6I and 6J) in tumor-bearing mice. Increased secretion of IFN-γ 

(Fig. 6K), IL-6 (Fig. 6L), and ITAC (Fig. 6M) and decreased secretion of IL-8 (Fig. 6N) and GM-

CSF (Fig. 6O) were also seen in sera harvested from the peripheral blood of tumor-bearing mice 

injected with OC-expanded NK cells versus those injected with vehicle alone or non-tumor bearing 

mice injected with OC-expanded NK cells (Fig. 6K-6L). 

 

Sub-aim 3: OC expanded Super-charged NK cells contain the growth of T cells and 

preferentially expand CD8+ T cells while lysing CD4+ T cells. 

 
 



 119 

NK expansion with additional autologous CD4+ and CD8+ T cells showed the same 

expansion rate and NK cell functions while preferentially expand CD8+ T cells  

 

Primary NK cells were freshly isolated from healthy donor’s PBMCs and treated overnight 

with IL-2 and anti-CD16 mAb before co-cultures with feeder cells, osteoclasts, and sonicated 

probiotics, sAJ2, as previously reported. Additional CD4+ and CD8+ T cells were added into the 

NK expansion culture. Fresh medium and IL-2 were replenished every three days after the first 7 

days of culture. NK expansions with or without additional autologous CD4+ and CD8+ T cells 

showed comparable level of expansion, NK cell mediated cytotoxicity and IFN-γ secretion (Fig 

7A-7D). The purity of NK cells in the expansion was determined using flow cytometric analysis 

in the period of expansion. NK purity decreased drastically during the first 7-10 days in culture, 

and as the NK cells started to expand and increase in cell count, NK purity subsequently began to 

increase and returned to the original or higher purity after 10-15 days of culturing. The same 

observation was seen in either standard NK expansion or the expansion with additional autologous 

T cells (Fig. 7E).  

 The percentages of CD4+ and CD8+ T cells were measured using flow cytometric analysis 

during the expansion period, and the ratios of CD4+ or CD8+ T cells to total T cells were calculated. 

In the beginning stages of the expansion, there were more CD4+ T cells than CD8+ T cells (2:1), 

in the groups with additional autologous T cells. However, after the first 7 days of expansion, the 

percentage of CD8+ T cells was higher than CD4+ T cells in the culture, with or without additional 

autologous T cells (Fig. 7F). After 10-15 days of expansion, the levels of CD4+ T cells were 

almost extinguished in the culture, and CD3+ T cells were shown to be mostly of the CD8+ subset 
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(Fig. 7F). These findings indicate that NK cells retain their purity and preferentially expand CD8+ 

T cells in the expansion process, even with additional autologous T cells in the culture.  

 

No difference in sensitivity to cell death between CD4+ and CD8+ T cells.   

 

 Our findings prompted us to investigate the sensitivity to cell death of CD4+ and CD8+ T 

cells. Both CD4+ and CD8+ T cells were purified from PBMCs and treated with IL-2, the 

combination of IL-2 and anit-CD3/28 antibody, or were left untreated overnight before use. CDDP 

was used as a treatment to provide extra cellular stress to either subset of T cells to assess their 

sensitivity to cell death. No treatment or CDDP (0.5 µM) treated groups were conducted, and the 

cell numbers were examined on Days 1, 3 and 6 to quantify cell death in CD4+ and CD8+ T cells. 

There was no difference in cell number or cell number descending trend between CD4+ and CD8+ 

T cells across the experiment period with or without the presence of CDDP (Fig. 8). 

The same experiments were conducted using propidium iodide (PI) staining to detect cell 

death of CD4+ and CD8+ T cells using flow cytometric analysis. There was a slight increase in % 

cell death in CD8+ T cells in Day 3 and Day 6 in both no treatment and CDDP treated groups, but 

a statistically significant difference was not seen after statistical analysis (Fig. 9 and 10). These 

data suggest that neither CD4+, nor CD8+ T cells, are more vulnerable to cell death with or without 

the addition of CDDP.  

 

Super-charged NK cells preferentially target CD4+ T cells but not CD8+ T cells. 
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 To further understand the mechanism in which super-charged NK cells expand CD8+, but 

not CD4+ T cells, untreated and IL-2 treated primary NK cells and super-charged NK cells were 

used to determine whether NK cells lyse either subset of T cells through using target visualization 

assay (TVA). Both CD4+ and CD8+ T cells were isolated and treated overnight as previously 

described before used. Both untreated and IL-2 treated primary NK cells showed no or limited 

cytotoxicity against CD4+ and CD8+ T cells (Fig. 11A and 11B). Unlike primary NK cells, super-

charged NK cells exhibited notable cytotoxicity against IL-2 and anti-CD3/28 antibody-treated 

CD4+ T cells, but demonstrated no cytotoxicity against CD8+ T cells regardless of treatments (Fig. 

11C and 11D). Whereby, super-charged NK cells, but not primary NK cells, preferentially lyse 

activated CD4+ T cells.  

 Together, NK cells demonstrate greater expansion capabilities with the inclusion of 

additional autologous T cells, while retaining their purity. In addition, super-charged NK cells 

preferentially expand CD8+ T cells through selectively lyse activated CD4+ T cells. 

 

Sub-aim 4: Characteristics of super-charged NK expanded CD8+ T cells 

 

Super-charged NK cell expanded CD8+ T cells are shown to be memory T cells. 

 

 Given the distinguished functions and promising potential of super-charged NK cells in 

cancer immunotherapy, it is crucial to understand the characteristics of super-charged NK cell-

expanded CD8+ T cells. Several surface markers were measured on the surfaces of primary and 

super-charged NK-expanded CD8+ T cells using flow cytometric analysis. CD45RA+ was in 

higher levels in primary CD8+ T cells, (Fig. 12A) whereas CD45RO+ was higher in super-charged 
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NK-expanded CD8+ T cells (Fig. 12B), indicating that the majority of super-charged NK cell-

expanded CD8+ T cells are memory T cells. 

 More surface markers were tested to further categorize super-charged NK cell-expanded 

CD8+ T cells, including CD28, CD62L and PD-1. Both CD28 and CD62L were expressed at 

higher levels in primary CD8+ T cells than in super-charged NK cell-expanded CD8+ T cells (Fig. 

12C and 12D). On the other hand, PD-1 and CCR7 were greater expressed on the surface of super-

charged NK cell-expanded CD8+ T cells than in their primary counterparts (Fig. 12E and 12F). 

As illustrated in Fig. 13, central memory T cells are CD45RO+CCR7+CD28+CD62L+PD-

1+CD44+ and effector memory T cells are CD45RO+CCR7-CD28-CD62L-PD-1+CD44+++. 

Therefore, we propose that super-charged NK cell-expanded CD8+ T cells are mostly effector 

memory T cells, with a portion of them being central memory T cells. 

 

Cytokine secretion profile of super-charged NK cell expanded CD8+ T cells  

  
 In addition to phenotypes of super-charged NK cell expanded CD8+ T cells, we 

investigated the cytokines and chemokines secretion of super-charged NK cellex expanded, 

osteoclasts (OCs) expanded and primary CD8+ T cells using Luminex multiplex assay. Overall, 

primary NK cells exhibited the lowest secretion of all the cytokines and chemokines tested among 

all three cell types. Super-charged NK cells showed the highest levels of soluble FasL, granzyme 

B, TNF-α, GM-CSF, soluble CD137, IFN-γ and IL-10, whereas OCs expanded CD8 exhibited the 

highest levels of MIP-1α, IL-13, granzyme A, IL-4 and perforin (Table 1). These indicated that 

either super-charged NK cell expanded or OCs expanded CD8+ T cells have more superior 

cytokine/chemokine secretion ability than primary CD8+ T cells.   
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Discussion 

           The dynamics of NK cell mediated regulation and activation of CD4+ and CD8+ T cells 

have not been explored fully and are the subjects of this chapter. We have previously shown that 

NK functional inactivation and loss of numbers occurs at both the pre-neoplastic and neoplastic 

stages of pancreatic cancer due to the effects of both the KRAS mutation and high fat calorie diet 

[55-57]. In this chapter we also demonstrate that patients with pancreatic cancer as well as a few 

other cancers have severely suppressed NK functions. Both cytotoxicity and the ability to secrete 

IFN-γ are suppressed in patient NK cells. In addition, we also demonstrate that the percentages of 

NK, monocyte, and CD11b+ immune cells are increased in cancer patients, even though the total 

numbers of PBMCs are severely decreased. In addition, the percentages of CD3+ T cells and B 

cells are substantially decreased. Thus, although the percentages of NK cells are elevated in cancer 

patients, the function of NK cells are severely depressed, indicating a profound 

immunosuppression of NK cells from cancer patients. Even when NK cells were purified and 

expanded and super-charged by the use of OCs [15, 56, 57], the cells from cancer patients had 

much lower ability to expand and mediate cytotoxicity and secrete IFN-γ when compared to those 

expanded from healthy individuals. Thus, lower recovery of PBMCs from cancer patients could 

partly be due to the inability of different lymphocyte subsets such as NK cells to proliferate and 

expand when compared to those expanded from healthy individuals. Both primary and OC-

expanded NK cells from cancer patients are defective in their function, therefore, the defects 

observed in patients’ primary NK cells are dominant and are only moderately improved when these 

cells are expanded in the presence of allogeneic OCs [15]. Expansion of patients’ T cells as well 

as IFN-γ secretion from OC-expanded T cells are also decreased under different activation 
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conditions (Fig. 1E-1G). Cancer patients’ immune effectors demonstrated higher percentages of 

CD45RO and decreased percentages of CD62L surface expressions indicating the increased status 

of immune activation in vivo. This is also evident from the increased percentage of CD8+ T cells 

and decreased ratios of CD4/CD8 in patients (Fig. 3B-3C).  

Increased percentages of NK cells in cancer patients can be one reason why we see 

preferential increase in CD8+ T cells and lower ratios of CD4/CD8 T cells. Our studies indicate 

that NK cells are very important in the preferential expansion of CD8+ T cells. In particular, OCs 

are important in the expansion of NK cells as reported previously [15, 56, 57]. The majority of T 

cells expanded by the NK cells are CD8+ T cells, and similar profile of CD8+ T cell expansion by 

the NK cells is seen when NK cells are obtained from both healthy individuals and cancer patients 

indicating that NK cells are indispensable for the expansion of CD8+ T cells. Although OCs have 

some effect on the decreased ratios of CD4+ to CD8+ T cells in both healthy individuals’ and 

cancer patients’ T cells, the ratios are substantially decreased in the presence of NK cells indicating 

higher selection and expansion of CD8+ T cells and loss of CD4+ T cells by the expanded NK 

cells (Fig. 3E).  

Interestingly, significant differences are observed between DC-induced expansion of NK 

cells and OC-induced NK cell expansion. Whereas OC-induced expansion of NK cells increased 

CD8+ T cell expansion, DC-induced expansion of NK cells resulted in expansion of CD4+ T cells. 

At the moment, the mechanisms governing the differential expansion of CD4+ vs. CD8+ T cells 

by DC- vs. OC-expanded NK cells respectively are not fully understood. However, there is larger 

increases in percentages of CD45RO and a higher decrease in percentages of CD62L surface 

expressions in T cells expanded by OC-expanded NK cells than DC-expanded NK cells indicating 

increased activation of T cells by the NK cells (Fig. 4L).  
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It is possible that the higher activation signals by the OC-expanded NK cells are necessary 

for greater expansion of CD8+ T cells than CD4+ T cells. Indeed, OC-induced expansion of CD8+ 

T cells when total CD3+ T cells were used for expansion resulted in moderate increase in the 

expansion of CD8+ T cells and in the slight decline of CD4+ T cells (Fig. 3D and 5A). Therefore, 

signals from both OCs and NK cells appear to be important in expansion and activation of CD8+ 

T cells, although the effect of NK cells appears to be more dominant than OCs. In addition, NK 

cells expanded by OCs have greater cytotoxic activity than those expanded by the DCs potentially 

providing the mechanism for targeting of CD4+ T cells and sparing CD8+ T cells. In support of 

this observation we have also observed that NK cells differentially targeted activated CD4+ and 

CD8+ T cells (Fig 11). The OC-expanded NK cells as well as IL-2+anti-CD16mAb treated NK 

cells but less primary IL-2 activated NK cells were able to target activated CD4+ T cells (Fig. 11). 

Indeed, it has previously been shown that NK cells inhibit proliferation of CD4+ T cells under 

chronic antigen stimulation in the model of GVHD through Fas receptor and not perforin mediated 

killing, and that the lysis was mediated through the NKG2D ligand expression [43]. In agreement, 

CD56bright NK cells in comparison to CD56dim subset were found to have higher degranulation and 

lysis of activated CD4+ T cells [58]. CD56bright NK cells were previously shown by many 

laboratories to have higher secretion of cytokines in the presence of no or lower cytotoxicity 

similar to those found with IL-2+anti-CD16mAb treated NK cells which we have previously 

coined as split anergized NK cells [59, 60].  Therefore, it is possible that the underlying 

mechanisms of CD4+ T cell lysis is through their death receptors triggered by Fas ligand, TNF-a 

and TRAIL on NK cells [61]. Indeed, both split anergized NK cells [60] and OC-expanded NK 

cells have very high induction of Fas ligand and TNF-α (Table 1). However, since super-charged 

NK cells have also significantly higher granule content with potent cytotoxic function (manuscript 
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in prep), the granule mediated lysis of CD4+ T cells can’t be ruled out in our system at present. 

Furthermore, it was also shown that upon stimulation with antigen and co-stimulatory signals 

CD4+ T cells undergo activation induced cell death through Fas receptors whereas CD8+ T cells 

are rendered non-responsive but gain function when IL-2 is provided [61]. Therefore, there are 

clear differences between CD4+ and CD8+ T cell subsets in their susceptibility to cell death and 

mode of expansion. Thus, greater expansion of CD8+ T cells by both OCs and NK cells suggests 

increased selection as well as expansion of CD8+ T cells since NK cells select and also trigger 

expansion of CD8+ T cells. On the other hand, it appears that OCs will only aid moderately in 

expansion since these cells were not shown to have cytotoxic capability. Whether there are 

differences between the CD4 and CD8 T cells in the magnitude of expansion also requires further 

studies. 

 Although OCs were able to expand CD8+ T cells somewhat, the expansion of these cells 

were significantly accelerated in the presence of OC-expanded NK cells (Fig. 3D-3E and 5A-5B). 

Therefore, there could be potentially two different mechanisms of CD8+ T cell expansion by the 

OC-expanded NK cells. One mechanism is likely contributed by the OCs in the initial phases of 

expansion where there still remain some OCs in the NK cultures which could be approximately up 

until day 6 or maximum 9 of expansion with fewer or minor expansion of CD8+ T cells. By day 9 

no OCs are remaining in the culture of NK cells and therefore, there are only expanding super-

charged NK cells with more rapidly expanding CD8+ T cells. Thus, the second mechanism is 

contributed by the super-charged NK cells which are likely through targeting of remaining CD4+ 

T cells and selection of CD8+ T cells and activation of CD8+ T cells. Although there are significant 

numbers of CD4+ T cells remaining after OC-mediated expansion of T cells, in the presence of 

OC-expanded NK cells the majority if not all are primarily CD8+ T cells (Fig. 3D). At the moment 
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it is not clear how OCs contribute to the preferential expansion of CD8+ T cells. As for OC-

expanded NK mediated expansion of CD8+ T cells, a significantly higher activation of CD8+ T 

cells in terms of increased percentage of cells expressing CD45RO and lower percentage of cells 

expressing CD62L is seen with OC-expanded NK cells when compared to just OC activated T 

cells (Fig. 4L-4M), therefore, it is possible that either NK cells differentially target and kill 

activated CD4 cells and/or that activation induced cell death is higher in CD4+ T cells than it is in 

CD8+ T cells. The higher activation of CD8+ T cells by the NK cells in comparison to OC-induced 

CD8+ T cells is also seen when different cytokine levels were assessed (Fig. 4N-4Q). 

 The patients are found to have on average higher percentages of CD8+ T cells in their 

peripheral blood when compared to those obtained from healthy individuals (Fig. 3B-3C). When 

OC-derived from healthy individuals were used to expand both healthy and patient T cells, OC-

expanded T cells also demonstrated higher percentages of CD8+ T cell expansion from both 

healthy and patient derived T cells, which were higher than those seen from those obtained initially 

from the peripheral blood (Fig. 3B-3E). Thus, the higher expansion seen with patients’ OC-

expanded T cells is likely due to the higher frequencies of CD8+ T cells in the patients when 

compared to healthy individuals. Indeed, on average 1 percent primary CD8+ T cells when 

expanded by healthy OCs will give rise to 1.2 percent expanded CD8+ T cells by patient T cells, 

but that average is at 1.6 percent with T cells from healthy individuals, which is higher. Thus, anti-

CD3/CD28 activation and signaling through T cells augments the percentages of CD8+ T cells 

moderately, and the levels of expansion are less by patients’ CD8+ T cells when compared to 

CD8+ T cells expanded from healthy individuals (Fig. 3D-3E). In addition, OC-expanded NK cells 

expanded 2.73 percent CD8+ T cells from 1 percent of CD8+ T cells from healthy individuals, 

whereas from patients those percentages remained lower at 1.75 percent which on average is an 
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almost one percentage point difference (Fig. 3B-3E).  Thus, the extent of CD8+ T cell selection 

and expansion by OC-expanded NK cells is much higher in healthy individuals than those obtained 

from patients. Based on these results, it is evident that the selection and expansion of CD8+ T cells 

from both OC-expanded T and OC-expanded NK cells is significantly inferior by the patient cells 

when compared to those of healthy individuals.  

In a second series of experiments we determined the rate of OC mediated CD8+ T cell 

expansion from both healthy and cancer patients using autologous OCs.  Patients’ OCs had lower 

ability to expand autologous CD8+ T cells from OC-expanded T and NK cells and the percentages 

of expansion were much less when compared to CD8+ expansion from OC expanded T and NK 

cells from healthy donors in an autologous system. In addition, when the numbers of expanded 

NK cells and the levels of cytotoxicity and secretion of IFN-γ were assessed in an autologous 

system much lower levels of expansion, cytotoxicity and IFN-γ secretion could be observed from 

patient OC-expanded NK cells when compared to OC-expanded NK cells from healthy individuals 

(Fig. 2E-2G). As expected, using patient OCs for the expansion of NK cells from healthy 

individuals or healthy OCs with patient NK cells, we observed much lower expansion and function 

when compared to those obtained from OC-expanded NK cells in healthy individuals in an 

autologous system (Fig. 2). The lowest levels of expansion and function compared to the three 

groups mentioned above were seen when patient OCs were used to expand autologous NK cells, 

indicating that there are functional deficiencies in both NK and OCs from cancer patients, when 

compared to the function of both cell types from healthy individuals. Thus, these factors should be 

considered when designing immunotherapeutic strategies using autologous and allogeneic NK 

cells since even when one provides the best expansion and the highest quality of allogeneic NK 

cells to patients, the expansion and function of those NK cells will be short lived since the 
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supporting cells are also defective and will likely not provide the adequate signals for the continued 

expansion of NK cells. Indeed, when comparing the surface receptor expression between patient 

and healthy OCs, there is significant down-modulation of activating receptors which could be one 

reason why the patient OCs may not support the expansion of allogeneic or autologous NK and 

CD8+ T cells [56]. However, we also see a substantial decrease in MHC-class I inhibitory signals 

which should provide an activating signal due to decrease binding and inhibition of NK cells 

through MHC-class I inhibitory receptors. It appears that most receptors are down-modulated on 

the surface of patient OCs irrespective of whether they are activating or inhibitory ligands for the 

NK cells [56]. In this scenario it is possible that lack of activating ligands supersedes the effect of 

lack of inhibitory ligands since OCs from patients are not able to activate autologous NK cells.  

In agreement with our in vitro studies, injection of OC-expanded NK cells to tumor-bearing 

hu-BLT mice increased the numbers of CD8+ T cells in BM, spleen, and peripheral blood resulting 

in the increased levels of NK cell-mediated cytotoxicity as well as increased secretion of IFN-γ 

(Fig. 6B-6J). Increased levels of IFN-γ, IL-6, ITAC were also observed in the sera of tumor-

bearing hu-BLT mice injected with OC-expanded NK cells (Fig. 6K-6O).  

 Potential relevance of our observations could be seen in the studies reported with multiple 

myeloma (MM) patients. Indeed, these patients have multifocal neoplastic proliferation of 

monoclonal plasma cells in the bone marrow where significant numbers of OCs reside. It was 

shown that these patients had higher levels of NK and CD8+ T cells in both peripheral blood and 

bone marrow aspirates when compared to heathy controls [12]. It was also found that the ratio of 

CD4/CD8 was decreased in the patients and this decrease was co-related with an increase in human 

leukocyte antigen (HLA)-DR expression by CD8+ but not CD4+ T cells [62]. Moreover, it was 

noted that patients with long-term disease control exhibited an expansion of cytotoxic CD8+ T 



 130 

cells and natural killer cells [9]. T cell expansions in MM patients have a phenotype of cytotoxic 

T cells, with  expanded V-beta TCR populations having predominantly CD8+, CD57+, CD28- and 

perforin+ phenotype [11]. Although our observations are likely relevant to MM patients since they 

exhibit significant BM pathology, it is also likely that the mechanisms discussed in this chapter 

can also occur in patients who may sustain bone metastasis or have primary tumors inflicting bone. 

Prostate, breast, and lung cancers have predilection to metastasize to bone [63-66], although 

pancreatic and colon cancers can also metastasize to bone [67-70]. Whether these mechanisms are 

operational in osteoporosis or during non-metastatic bone pathologies should await future studies.   
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Table 1. Cytokines and chemokines secretion profile of super-charged NK cell expanded, osteoclast 
expanded and primary CD8+ T cells. 

 
 

 
 
 

 
 
 
 
 
 
  

 sFasL Granzyme B TNF-a GM-
CSF sCD137 IFNg IL-10 

CD8 sorted from 
expanding NK 3500 294000 6000 5500 1000 1796500 1000 

OC Expanded 
CD8 

1500 292000 3000 3500 500 1304000 500 

primary CD8 1000 56500 2000 500 0 359500 0 
Unit: pg/mL 

Table 1 continued, Cytokines and chemokines profile of super-charged NK cell expanded, 
osteoclast expanded and primary CD8+ T cells 

 MIP-1a IL-13 Granzyme A IL-4 Perforin 
CD8 sorted from expanding 
NK 31500 1500 1450500 4500 17000 

OC Expanded CD8 66000 2000 2747000 9000 25000 
primary CD8 4000 0 167000 0 3000 
Unit: pg/mL 

Table 1 continued, Cytokines and chemokines profile of super-charged NK cell expanded, 
osteoclast expanded and primary CD8+ T cells 

 MIP-1b sFas IL-5 IL-6 
CD8 sorted from expanding NK 135000 21000 500 0 
OC Expanded CD8 138500 21000 500 0 
primary CD8 38500 15500 0 0 
Unit: pg/mL  
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Figure Legend 
 
Figure 1: OC-expanded NK cells from cancer patients have much lower capacity to expand, 

mediate cytotoxicity, and secrete IFN-γ.  

NK cells from cancer patients and healthy individuals were expanded by OCs as described in 

Materials and Methods.  the numbers of lymphocytes were counted using microscopy (n=70) (A). 

And the cytotoxicity of day 15 cultured OC-expanded NK cells was determined using standard 4-

hour 51Cr release assay against OSCSCs (n=16) (B). Supernatants of the culture were collected on 

days 6, 9, 12 and 15 to determine IFN-γ secretion using single ELISA (n=63) (C). The amounts of 

IFN-γ secretion were analyzed based on 1×106 cells as shown in (D)(n=63). T cells (1×106 cells/ml) 

from healthy individuals and cancer patients were treated with a combination of IL-2 (100 U/ml) 

and anti-CD3 (1 µg/ml)/CD28mAb (3 µg/ml) for 18 hours before they were co-cultured with 

healthy individuals’ OCs and sAJ2 at a ratio of 1:2:4 (OCs:T:sAJ2). On days 6, 9, 12, and 15, the 

OC-expanded T cells were counted using microscopy; the cumulative cell counts from day 0 to 

day 15 are displayed in the figure (n=7) (E). The supernatants were harvested on days 6, 9, 12, and 

15, and the levels of IFN-γ secretion were determined using single ELISA (n=42) (F). Amounts of 

IFN-γ secretion shown in Fig. 1F were adjusted based on 1×106 cells (n=42) (G). NK cells and T 

cells were treated and cultured as described in Fig. 1A and Fig. 1E respectively. The cells were 

counted using microscopy on days 6, 9, 12, and 15; the cumulative cell counts from day 0 to day 

15 are displayed in the figure (n=10) (H). The supernatants of OC-expanded NK and T cells 

cultures were then harvested on days 6, 9, 12, and 15 and the amounts of IFN-γ secretion were 

determined using single ELISA; the cumulative levels of IFN-γ secretion from day 0 to day 15 are 

displayed in the figure (n=10) (I).  
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Figure 2: Unlike those from healthy individuals, OCs from Cancer patients induced 

decreased cell expansion, IFN-γ secretion and cytotoxicity in allogeneic NK cells obtained 

from healthy individuals. 

NK cells from healthy individuals were expanded by OCs from either cancer patients or healthy 

individuals. On days 6, 9, 12, 15, 18 and 22 of co-culture, the numbers of NK cells were counted 

using microscopy (n=12) (A). The culture supernatants were harvested on days 6, 9, 12, 15, 18 and 

22 to determine IFN-γ secretion using single ELISA (n=12) (B) and adjusted based on 1×106 cells 

(n=12) (C). Cytotoxicity of days 9 and 15 OC-expanded NK cells were determined using a 

standard 4-hour 51Cr release assay against OSCSCs (n=4) (D). NK cells (1×106 cells/ml) from 

healthy individuals and cancer patients were cultured alone or expanded with autologous OCs. On 

days 6, 9, 12, and 16 of co-culture, the numbers of NK cells were counted using microscopy (E). 

Cytotoxicity of days 9 and 15 cultured NK cells with or without autologous OCs were determined 

using a standard 4-hour 51Cr release assay against OSCSCs (n=4) (F). The supernatants were 

collected on days 6 and 12 to determine IFN-γ secretion using single ELISA (G). 

 
Figure 3: T cells from Cancer patients exhibit lower CD4+/CD8+ T cell ratio both in 

peripheral blood and after expansion. 

T cells purified from PBMCs of healthy individuals and cancer patients were analyzed for the 

surface expression of CD45RO, CD45RA, CD62L, CD28, CCR7, and CD127 using flow 

cytometry. IgG isotype control was used to assess non-specific binding. One of 12 representative 

experiments is shown in the figure (A). PBMCs isolated from the peripheral blood of healthy 

individuals and cancer patients were used to determine the surface expression of CD4 and CD8 

using flow cytometry, and the percentages of CD4+ and CD8+ T cells were determined within 
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CD3+ populations (n=12) (B), The ratio of CD4:CD8 is shown in the figure (n=12) (C). NK and 

T cells of healthy individuals and cancer patients were treated and co-cultured as described in Fig. 

1A and Fig. 1E respectively. On days 6, 9, 12, and 15 of co-culture, the surface expression of CD4 

and CD8 were analyzed by flow cytometry to obtain the percentages of CD4+ and CD8+ T cells 

within CD3+ populations (n=28) (D). The ratio of CD4:CD8 is shown in the figure (n=28) (E). 

  

Figure 4A-M: OC-expanded NK cells induced CD8+ T cell expansion whereas DC-expanded 

NK cells promote CD4+ T cell expansion. 

OCs and DCs were generated as described in Materials and Methods. NK cells from healthy 

individuals (1×106 cells/ml) were treated with a combination of IL-2 (1000 U/ml) and anti-

CD16mAb (3 µg/ml) for 18 hours before they were co-cultured with autologous DCs or OCs in 

the presence of sAJ2 at 1:2:4 ratios (DCs or OCs:NK:sAJ2). The expanding cells were counted on 

days 8, 11, 15, and 18 using microscopy (n=30) (A). NK cells were co-cultured with OCs or DCs 

as described in Fig. 4A, and the surface expressions of CD3, CD16, and CD56 were analyzed on 

days 8, 11, 15, and 18 using flow cytometry. The numbers of NK cells and T cells were determined 

using the percentages of CD16+ and CD3+ cells, respectively, within the total cells in Fig. 4A 

(n=30) (B, C). NK cells were co-cultured with OCs or DCs as described in Fig. 4A and cytotoxicity 

of day 15 expanded cells was determined using a standard 4-hour 51Cr release assay against 

OSCSCs. LU 30/106 cells were determined using the method described in Fig. 1B (n=12) (D). The 

surface expressions of CD16 were analyzed on day 15 using flow cytometry. The levels of the 

cytotoxicity was determined based on 1% of CD16+NK cells (n=12) (E). NK cells were co-

cultured with OCs or DCs as described in Fig. 4A; the supernatants were harvested on days 8, 11, 

15, and 18 of the co-cultures, and the amounts of IFN-γ secretion were determined using single 
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ELISA (n=12) (F). On days 8, 11, 15, 18, 22 and 25 of the co-cultures the surface expressions of 

CD3+CD4+ and CD3+CD8+ T cells were determined using flow cytometry, and the percentages 

were used to determine the total numbers of CD3+CD4+ and CD3+CD8+ cells within the total 

cells (n=12) (G, H).  the surface expressions of CD3, CD4, and CD8 were analyzed on days 8, 11, 

15, and 18 using flow cytometry. Percentages of CD4+ and CD8+ T cells within the CD3+ 

populations are shown in this figure (n=12) (I). The surface expressions of CD4, CD8, KLRG1, 

TIM3, and PD-1 were analyzed within CD3+ cells on day 27 of the co-cultures using flow 

cytometry (n=8) (J). T cells (1×106 cells/ml) from healthy individuals were treated with a 

combination of IL-2 (100 U/ml) and anti-CD3 (1 µg/ml)/CD28mAb (3 µg/ml) for 18 hours before 

they were co-cultured with autologous DCs or OCs in the presence of sAJ2 at 1:2:4 ratios (DCs or 

OCs:T:sAJ2). Surface expressions of CD4, CD8, KLRG1, TIM3, and PD-1 were analyzed within 

CD3+ cells on day 27 of the co-culture using flow cytometry (n=8) (K). Surface expressions of 

CD45RO, CD62L, CD28, CD44, CCR7, and CD127 were analyzed within CD3+ cells on day 12 

of the co-culture using flow cytometry (n=8) (L). The surface expressions of CD3, CD16, CD56, 

CD4, CD8, CD28, and CD62L were analyzed on day 12 of the co-culture using flow cytometry 

(n=8) (M). 

 

Figure 4N-Q: OC-mediated activation induced higher secretion of cytokines and chemokines 

from NK cells when compared to T cells.  

Freshly purified NK cells from the healthy individuals were treated and co-cultured. On day 12 of 

the co-culture; NK and NK-expanded CD8+ T cells were isolated from the expanded NK cells 

using the corresponding isolation kits. NK cells were treated with a combination of IL-2 (1000 

U/ml) and anti-CD16 mAb (3 µg/ml) and, CD8+ T cells were treated with IL-2 (100 U/ml) and 
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anti-CD3 (1 µg/ml)/CD28 mAb (3 µg/ml) for 18 hours. The supernatants were then harvested and 

were used to determine the levels of cytokines, chemokines, and growth factors using multiplex 

array kits. The amounts of all tested factors were adjusted based on 1 million cell counts and, the 

ratios of secretion between NK and CD8+ T cells (NK/CD8+ T cells) were determined and fold 

increase in the secreted levels for NK cells were determined (N). The supernatants were then 

harvested on day 6 of co-culture, and the levels of cytokines, chemokines, and growth factors were 

measured using multiplex array kits. Ratios of secretion between NK and T cells (NK/ T cells) 

were determined and fold increase in the secreted levels for NK cells were determined.  (O). The 

secreted levels shown in Fig. S4B were adjusted based on 1 million cell counts and, the ratios of 

secretion between NK and T cells (NK/ T cells) were determined and fold increase in the secreted 

levels for NK cells were determined (P). In a separate culture, freshly isolated CD8+ T cells 

purified from healthy individuals were treated with IL-2 (100 U/ml) and anti-CD3 (1 µg/ml)/CD28 

mAb (3 mg/ml) for 18 hours before they were cultured with OCs at a ratio of 1:2:4 

(OCs:CD8+T:sAJ2). On day 12, CD8+ T cells were isolated from OC-expanded NK cells. CD8+ 

T cells isolated from OC-expanded NK cells and those from OC-expanded CD8+ T cells were 

further treated with IL-2 (100 U/ml) and anti-CD3 (1 µg/ml)/CD28 mAb (3 mg/ml) and after 18 

hours of incubation, the supernatants were harvested from both CD8+ T cells cultures, and the 

levels of cytokines, chemokines, and growth factors were measured using multiplex array kits. 

Ratios of secretion between CD8+ T cells isolated from OC-expanded NK cells and OC-expanded 

CD8+ T cells were determined and fold increase in the secreted levels for CD8+ T cells isolated 

from OC-expanded NK cells were determined (Q). One of three representative experiments is 

shown here. 
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Figure 5: OC-induced activation increases CD8+ T cells.  

NK cells and T cells were purified from healthy individuals’ PBMCs and the surface expressions 

of CD3, CD16, and CD56 on freshly isolated NK cells (left panel) and of CD3, CD4 and CD8 on 

freshly isolated T cells (upper right panel) were determined using flow cytometry. NK cells were 

treated and co-cultured with OCs and sAJ2 as described in Fig. 1A (middle right panel), and T 

cells were treated and co-cultured with OCs and sAJ2 as described in Fig. 1E (lower right panel). 

Surface expressions of CD3, CD4, and CD8 were analyzed on day 12 of the co-culture using flow 

cytometry (A). NK cells were treated and co-cultured with OCs and sAJ2 as described in Fig. 1A 

(left bar). Freshly purified CD8+ T cells (1×106 cells/ml) from healthy individuals were treated 

with a combination of IL-2 (100 U/ml) and anti-CD3 (1 µg/ml)/CD28mAb (3 µg/ml) for 18 hours 

before they were co-cultured with OCs and sAJ2 at 1:2:4 ratios (OCs:CD4T or CD8T:sAJ2) (right 

bar). On days 6, 9, 12 and 15 of the co-cultures, the surface expressions of CD3+CD8+ T cells 

were determined using flow cytometry, and the percentages were used to determine the numbers 

of CD8+ T cells within the total cells. Fold expansion for each time point is shown in the figure 

(n=4) (B). Freshly purified CD8+ T cells and CD4+ T cells (1×106 cells/ml) from healthy 

individuals were treated with a combination of IL-2 (100 U/ml) and anti-CD3 (1 

µg/ml)/CD28mAb (3 µg/ml) for 18 hours before they were co-cultured with sAJ2 (T:sAJ2; 1:2) or 

with OCs and sAJ2 at 1:2:4 ratios (OCs:CD4T or CD8T:sAJ2). On days 6, 12, 15, and 19 of co-

culture, the expanded cells were counted using microscopy (n=20) (C). Purified CD8+ T cells and 

CD4+ T cells were treated and co-cultured with sAJ2 as described in Fig. 5C. On days 6, 12, 15 

and 19 of co-culture, the expanded cells were counted using microscopy. Fold expansion for each 

time point is shown in the figure (D). Freshly purified CD8+ T cells and CD4+ T cells were treated 

and co-cultured with sAJ2 and OCs as described in Fig. 5C. On days 6, 12, 15 and 19 of co-culture, 
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the expanded cells were counted using microscopy. Fold expansion for each time point is shown 

in the figure (E). NK cells were treated and co-cultured with OCs as described in Fig. 1A. CD8+ 

T cells and CD4+ T cells were treated as described in Fig. 5C. On days 6, 9, 12 and 15 of co-

culture, the expanded cells were counted using microscopy. The numbers of OC-expanded NK, 

OC-expanded CD4+ T and OC-expanded CD8+ T cells were subtracted from the number of non-

OC-expanded control cells and the fold expansions were determined by dividing the resulting 

value by the initial input cells (n=6) (F). NK cells were treated and co-cultured with OCs as 

described in Fig. 1A. CD8+ T cells and CD4+ T cells were treated as described in Fig. 5C. The 

supernatants were harvested from the co-cultures on days 6, 9, 12, and 15 and the secretions of 

IFN-γ were determined using single ELISA, and the values were adjusted based on a million 

lymphocytes (n=3) (G). 

  

Figure 6: OC-expanded NK cell immunotherapy increased CD8+ T cells, IFN-γ secretion, 

and NK cell-mediated cytotoxicity in BM, spleen, and peripheral blood of hu-BLT mice.  

Hu-BLT mice were orthotopically injected with 1×106 human OSCSCs into the floor of the mouth. 

One to two weeks after the tumor implantation, mice received OC-expanded NK cells via tail-vein 

injection. The disease progression and weight loss were monitored for another 3-4 weeks (n=3) 

(A). Hu-BLT mice were implanted with OSCSC tumors and were injected with NK cells as 

depicted in Fig. 6A. At the end of experiment, hu-BLT mice were sacrificed; the spleens, BM, and 

peripheral blood were harvested; and single cell suspensions were obtained and cultured as 

described in the Materials and Methods. Surface expressions of CD3 and CD8 were analyzed on 

day 7 of BM cultures (n=3) (B), spleen cultures (n=3) (E), and PBMC cultures (n=2) (H) using 

flow cytometry. The supernatants were harvested from the cultures on day 7 of BM culture (n=3) 
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(C), spleen culture (n=3) (F), and PBMC culture (n=2) (I), and the secretions of IFN-γ were 

determined using single ELISA. Cytotoxicity of day 7 cultured BMs (n=3) (D), spleens (n=3) (G), 

and PBMCs (n=2) (J) were determined against OSCSCs using standard 4-hour 51Cr release assay. 

LU 30/106 cells were determined using the method described in Fig. 1B. Reconstituted hu-BLT 

mice were injected with 1 × 106 human OSCSCs into the floor of the mouth. One to two weeks 

later, hu-BLT mice were intravenously injected with 1.5 × 106 OC-expanded NK cells. Disease 

progression was monitored for another 3-4 weeks, after which mice were sacrificed. Peripheral 

blood was collected in heparin-free vials post-mortem by cardiac puncture, and serum samples 

were harvested as described in Supplementary Materials and Methods, and analyzed for IFN-γ (K), 

IL-6 (L), ITAC (M), IL-8 (N), and GM-CSF (O) secretions using multiplex arrays. One of the 

three representative experiments is shown in here. 

 

Figure 7, NK expansion with additional autologous CD4+ and CD8+ T cells showed the same 

expansion rate as well as comparable NK functions. NK cells were freshly isolated from healthy 

donor’s PBMCs and treated with IL-2 (1000 U/ml) and anti-CD16 mAb (3 µg/ml) overnight before 

co-culturing with feeder cells, osteoclasts, and sonicated probiotic bacteria, sAJ2. Autologous 

CD4+ and CD8+ T cells were isolated and were added into the purified NK cells for co-culture. 

Cell number were counted on days 6, 10, 13 and 15 using microscopy (A). Cytotoxicity of 

expanded NK cells was assessed using chromium release assay (B) IFN-γ secretion of expanded 

NK cell culture was determined on day6, 10 and 13 (C). NK purity was determined using flow 

cytometric analysis during the culture period (D). CD4+ and CD8+ T cells are measured and 

analyzed with CD3+ population (total T cell population) as shown in (without additional CD3 (E); 

with additional CD3 (F). (n=3) 
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Figure 8, There is no difference in cell number between CD4+ and CD8+ T cells among all 

treatment groups. CD4+ and CD8+ T cells are isolated from PBMCs and treated with IL-2, the 

combination of IL-2 and anit-CD3/28 antibody or being left untreated overnight before using in 

the experiment. No treatment (A) and CDDP (0.5 µM)(B) were conducted to evaluate the cell 

death of CD4+ and CD8+ T cells. Cell number were counted for 6 days to determine the viable 

cell number in the culture.  

 

Figure 9, No difference in % cell death between CD4+ and CD8+ T cells. CD4+ and CD8+ T 

cells are isolated from PBMCs and being left untreated (A, B), treated with IL-2 (C, D), the 

combination of IL-2 and anit-CD3/28 antibody (E, F) overnight before using in the experiments. 

Propidium iodide staining was used to evaluate the % cell death using flow cytometric analysis. 

One representative experiment is as shown in (A, C, and E) and compiled experiments are shown 

in (B, D, and F) 

  

Figure 10, There is no difference of cell death between CD4+ and CD8+ T cells when treated 

with CDDP. CD4+ and CD8+ T cells are isolated from PBMCs and being left untreated (A, B), 

treated with IL-2 (C, D), the combination of IL-2 and anit-CD3/28 antibody (E, F) overnight 

before CDDP (0.5µM) was added to the cell culture. Propidium iodide staining was used to 

evaluate the % cell death using flow cytometric analysis. One representative experiment is as 

shown in (A, C, and E) and compiled experiments are shown in (B, D, and F) 

  

Figure 11, Primary NK cells show no or limited cytotoxicity against both CD4+ and CD8+ T 

cells among all treated groups. CD4+ and CD8+ cells were isolated from PBMCs and were left 
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untreated, treated with IL-2 or treated with IL-2 and anti-CD3/28 antibody overnight before using 

in TVA. Primary NK cells were isolated from PBMCs and both primary and super-charged NK 

cells were left untreated or treated with IL-2 overnight before using in the TVA as effector cells. 

Lytic unit 30/106 cells or Lytic unit 30/107 were calculated to evaluate the cytotoxicity of NK cells 

to CD4+ or CD8+ T cells. Compiled data for untreated (A) and IL-2 treated (B) primary NK cells 

are as shown. One representative experiment of super-charged nK cells is as shown in (C). A scatter 

plot of lytic unit 30/107 cells of three independent experiments is shown in (D)  

  

Figure 12, Super-charged NK cell expanded CD8 exhibited central memory T cell profile. 

Primary CD8+ T cells are freshly isolated from PBMC of healthy donors and super-charged NK 

cell expanded CD8 were obtained from super-charged NK cell culture. Both cells were treated 

with IL-2 (1000 U/ml) overnight before using for flow cytometry. CD45RA (A) CD45RO (B), 

CD28 (C), CD62L (D), PD-1 (E) and CCR7 (F) 

 

Figure 13. Scheme of surface markers expression on T cells at different stage. Changes of 

surface markers on the surface of T cells across different stage are obtained from three publications 

and as illustrated.  
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Super-charged NK cells 
preferentially target CD4+ T cells 
rather than CD8+ T cells in TVA.  

A scatter plot of lytic unit 30 per 
10

7
 cells of three experiments is 

shown in (A). One representative 
experiment is shown in (B).  
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CONCLUSION 

 In this study, we identified that CD16 as a potential target for cancer immunotherapy. Also, 

we demonstrated how NK cells regulate inflammation by their secretion capability and presented 

the evidence of super-charged NK cells activating CD8+ T cell by preferentially expanding and 

enhancing their cytokine and chemokine secretion ability in the process of NK expansion. 

Furthermore, it showed that super-charged NK cells mediate greater tumor differentiation by their 

supernatants and are capable of targeting CD4+ T cells to possibly limit Treg population and 

eliminating suppressive monocytes. Lastly, we provided the evidence of super-charged are 

superior than primary NK cells and are not inactivated after encountering tumor cells. 
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FUTURE DIRECTION 

 It is of pivotal importance to explore the strategies to stabilize the level of CD16 on the cell 

surfaces of NK cells and monocytes either through the increase expression of CD16 receptor on 

the cell surfaces using viral vectors or prevent the shedding of CD16 from the cell surfaces with 

pharmaceutical treatments, such as ADAM17 inhibitor. Moreover, as elucidated, PD-1 is up-

regulated in super-charged NK expanded CD8+ T cells, it would be essential to measure the level 

of CTLA-4, which is also a known immune checkpoint, on their cell surfaces as another potential 

treatments in combination with NK immunotherapy. Lastly, it would be crucial to expand the study 

of super-charging NK cells and investigate the mechanism of which super-charged NK cells 

preferentially expand CD8+ T cells by using IFN-γ antibody to determine the role of IFN-γ in 

maintenance of CD8+ T cells by super-charged NK cells. 

 




