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INTRODUCTION 
 

NK cells are cytotoxic lymphocytes, that can 

recognize and lyse tumor cells and virally infected 

cells without prior sensitization [1]. Human NK cells 

are identified by their CD16 and CD56 surface 

receptors, and are activated by several different 

cytokines [2, 3]. We have previously demonstrated 

that NK cells play a crucial role in limiting the 

survival and expansion of cancer stem-like cells 

(CSCs) via direct killing or the induction of 

differentiation, through their secreted IFN-γ and TNF-

α [4–6]. The functional state of NK cells is associated 

with infection and disease control and prognosis. NK 

cell dysfunction was found to be associated with the 

onset of autoimmune diseases [7]. Modulation of NK 

cell number or function impacts the overall immune 

system [8]. 

 

Aging was found to profoundly impact innate immunity 

[9]. Age-associated modulation in NK cell number, 

phenotype, and function was found to be directly 

attributed to several diseases and infections [10–13]. 

Decreased NK cell number and function were found to 

be associated with increased susceptibility to infection, 

cancer, autoimmune diseases, coronary heart diseases, 

liver fibrosis, and neurodegenerative diseases in 

elderly people [8, 14–17]. Levels of cytokines 

especially IFN-γ were found to be significantly lower 

in NK cells from older individuals [18]. NK cell 
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ABSTRACT 
 

Natural killer (NK) cells are known for their cytotoxic and cytokine secretion capabilities. The balance of 
activating and inhibitory receptors on their surface regulates NK cell function and survival. However, it is 
not fully understood how aging may modulate the levels of NK cell surface receptors ultimately affecting 
their interaction with other immune cells, especially with those known to activate and expand NK cells. 
Here, we report decreased levels of NK cells’ surface receptors, cytotoxic function, and cytokine secretion in 
aged donors (75-85 years) as compared to younger donors (21-25 years). We used our previously 
established methodology to expand and supercharge NK cells from young and older individuals using 
osteoclasts (OCs) and probiotic bacteria. Significantly lower levels of NK cell expansion and functional 
activation were seen in NK cells from 75-85-year-old donors when compared to younger donors’ NK cells. 
Surface receptors of OCs were also found to be decreased in 75-85-year-old donors compared to younger 
donors. In addition, OCs from 75-85-year-old donors induced lower levels of cell expansion and functional 
activation of NK cells when compared to OCs from younger donors. These findings illustrate defects in both 
peripheral blood-derived primary NK cells and OCs in older individuals; however, suppression appears to be 
more in NK cells when compared to OCs.  
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proliferation was found to decline in the elderly 

population [10]. Chuang Guo et al., have demonstrated 

that the CD52+ NK cells subset predominately 

accumulated in the elderly population and exhibited 

proinflammatory characteristics con-tributing to the 

spread of infections [19].  

 

In this study, we compared the phenotype, function, 

and expansion of NK cells from the young and older 

individuals. We have previously reported the 

methodology to activate and expand NK cells using a 

combination of osteoclasts (OCs) and probiotic 

bacteria [20–41]. In the current study, we compared 

the phenotype and function of OC-expanded NK cells 

of young and older donors using allogeneic and 

autologous OCs. We found lower expansion and 

functional activation in NK cells from older 

individuals using allogeneic young OCs or autologous 

OCs.  

 

RESULTS 
 

Suppression of surface receptors, cytotoxicity, and 

secretion of IFN-γ in NK cells of older human donors 

 

Lower surface expression of Nkp30, Nkp44. KIR2, 

KIR3, CD94, and NKG2D, and slightly higher  

surface expression of Nkp46 were observed in NK 

cells of 75-85 years donors when compared to donors 

of 21-25 years of age (Figure 1A). Nkp30, Nkp44, 

Nkp46 and NKG2D are activating receptors and 

KIR2, KIR3, CD94/NKG2A are inhibitory receptors. 

Balance of these activating and inhibitory receptors 

plays crucial role for NK cell for NK cell function. 

Indeed, imbalance or modulation of these receptors 

may result in the defective functional activity and cell 

expansion of NK cells.  When function of NK cells 

was assessed, NK cells from 75-85 years donors 

mediated lower cytotoxicity (Figure 1B and 

Supplementary Table 1A) and secreted lower  

amounts of IFN-γ (Figure 1C and Supplementary 

Table 1B) compared to NK cells of 21-25 years 

donors.  

 

Suboptimal cell expansion was observed in OC-

expanded NK cells of older donors compared to 21-

25 years donors 

 

To determine the extent of cell expansion and 

functional activation, we co-cultured NK cells with 

allogeneic OCs from young donors in the presence of 

probiotic bacteria. NK cells were treated with IL-2 and 

anti-CD16 mAbs for 18 hours followed by co-culture 

with OCs in the presence of probiotic bacteria sAJ2 as 

described in our previous publications [4, 36, 42]. NK 

cells from 75-85 years donors showed significantly 

decreased levels of cell expansion (Figure 2A and 

Supplementary Figure 1A). We have also observed 

previously that the small number of contaminants of T 

cells in purified population of NK cells from cancer 

patients can also expand during supercharging of  

the NK cells [28, 36]. Here, we determined  

the subpopulations of CD16+CD56+ NK cells, 

CD3+CD16+CD56+ NKT cells, CD3+ T cells, 

CD3+CD4+ T cells, and CD3+CD8+ T cells within 

the expanding NK cell cultures from the elderly 

individuals. (Figure 2B–2E and Supplementary Figure 

1B–1L). No significant differences were seen in 

percentages and counts of NKT cells when compared 

between 75-85-year-old donors and 21-25-year-old 

donors expanding NK cell cultures (Supplementary 

Figure 1B–1D). Significantly lower percentages and 

decreased counts of NK cells (Figure 2B and 

Supplementary Figure 1E, 1F), and higher percentages 

and counts of T cells, CD3+CD4+ T cells, and 

CD3+CD8+ T cells (Figure 2C–2E and Supplementary 

Figure 1G–1L) were observed in NK cell expanding 

cultures of 75-85 years donors when compared to 21-

25 years donors. 
 

Suppressed cytotoxicity and secretion of IFN-γ was 

observed in OC-expanded NK cells of older age 

donors compared to 21-25 years donor 
 

NK cells of 75-85 years donors and 21-25 years 

donors were cultured with allogeneic OCs (23-25 

years donors) as described in Figure 2. OC-expanded 

NK cells from 75-85 years donors showed 

significantly decreased levels of NK cell-mediated 

cytotoxicity (Figure 3A, 3B and Supplementary Table 

2), and secretion of IFN-γ (Figure 3C, 3D and 

Supplementary Figure 2) compared to those of 21-25 

years donors. 
 

Suppressed surface receptor ligands on osteoclasts of 

75-85 years donors 
 

We analyzed OCs surface ligands that interact with NK 

cell receptors during NK and OCs interaction. Reduced 

expression of MHC class I, CD54, KIR2, KIR3, 

KLRG1 and MIC A/B were observed on osteoclasts 

from older age donors. Reduced expression levels  

of MHC-class I, CD54, KIR2, KIR3, KLRG1,  

and MICA/B on osteoclasts from old age donors 

(Supplementary Figure 3).  
 

Osteoclasts from older individuals induced lower 

levels of cell expansion in NK cells 
 

The co-cultures of IL-2+anti-CD16 mAbs treated NK 

cells and OCs in the presence of probiotic bacteria were 
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performed. NK cells and OCs were co-cultured in a 

criss-cross manner in these experiments (Figure 4). OCs 

from old age donor induced lower levels of cell 

expansion in NK cells both from young and old-age 

donors. (Figures 4A, 5A). When we determined NK and 

T cells populations in expanding NK cells, the lower 

levels of NK cell population (Figures 4B, 5B) and 

increased levels of T cell population (Figures 4C, 5C) 

were seen in the presence of old age donor-derived 

OCs.  

Osteoclasts from older individuals induced lower 

levels of activation in NK cells 

 

Next, we compared NK cell-mediated cytotoxicity and 

secretion level of IFN-y in IL-2+anti-CD16 mAbs 

treated NK cells co-cultured with OCs either from 

young or old age donors in the presence of probiotic 

bacteria. NK cells and OCs from young and old age 

donors were co-cultured in criss-cross manner. NK 

cells both from young-age and old-age donors 

 

 

 
Figure 1. Decreased levels of surface receptors, cytotoxicity, and IFN-γ secretions in NK cells from older donors. PBMCs-

derived NK cells from 21-25 years and 75-85 years donors were used to determine the surface expression levels of Nkp30, Nkp44, Nkp46, 
KIR2, KIR3, CD94, and NKG2D using flow cytometric analysis (one of three representative experiments is shown in the figure) (A). NK cells 
were left untreated or were treated with IL-2 (1000 U/ml) or with a combination of IL-2 (1000 U/ml) and anti-CD16 mAbs (3 µg/ml) for 18 
hours before they were used as effectors in standard 4-hour 51Cr release assay against OSCSCs (n=3, B). The lytic units 30/106 cells were 
determined using the inverse number of NK cells required to lyse 30% of OSCSCs X 100. NK cells left untreated ot treated with IL-2 (1000 
U/ml) or with a combination of IL-2 (1000 U/ml) and anti-CD16 mAbs (3 µg/ml) for 18 hours before the supernatants were harvested to 
determine IFN-γ secretion using single ELISA (n=3, C). *(p-value 0.01-0.05). 
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Figure 2. OCs induced lower levels of cell expansion in old-age donor NK cells. Osteoclasts (OCs) were generated as described in 

the Materials and Methods section. NK cells (0.5x106 cells/ 2ml) were treated with a combination of IL-2 (1000 U/ml) and anti-CD16mAbs (3 
g/ml) for 18 hours before they were co-cultured with OCs and probiotic bacteria sAJ2 (1:2:4: OCs:NK:sAJ2). NK cells were counted on days 6, 
9, 12, 15, 18, 21, and 25, the day 0 counts were 0.5x106 cells/2 ml, and 0.5x106 cells/2 ml were cultured every 3 days (n=27, A). CD16+CD56+ 
NK cells, number of NK cells, and NK cells per one million of total expanding cells (B), CD3+ T cells, number of T cells, and T cells per one 
million of total expanding cells (C), CD3+CD4+ T cells, number of CD4+ T cells, and CD4+ T cells per one million of total expanding cells (D), 
CD3+CD8+ T cells, number of T cells, and CD8+ T cells per one million of total expanding cells (E), were determined on days 6, 9, 12, 15, 18, 
21, and 25 (n=27). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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expressed lower levels of NK cell-mediated 

cytotoxicity (Figure 6A, 6B and Supplementary 

Figures 4A, 4B, 5A, 5B) and decreased secretion 

levels of IFN-γ (Figure 6C, 6D and Supplementary 

Figures 4C, 4D, 5C, 5D) in the presence of old age 

donor-derived OCs. 

 

DISCUSSION 
 

We have long been aware of the decrease in NK cell 

function in elderly individuals [8, 14–16], however,  

the details of such a decrease have not been investigated 

clearly. In this paper, we present a number of factors 

that distinguish the status of NK cells from young  

and old individuals. Such differences may be the 

cornerstone of many diseases including cancer which is 

more prevalent in older individuals than the young 

population. In addition, this study may reveal potential 

targets that can be used in order to improve or even 

reverse the deficiencies seen in the NK cells of older 

individuals. As shown in other studies [8, 14–16] we 

also show that there are significant differences in NK 

function between young and aged individuals (Figure 

1B, 1C). In addition, the levels of OC-induced NK 

expansion in older individuals are much less due to the 

faster expansion of T cells. This is similar to what we 

saw with the NK cells from cancer patients [36]. In 

accordance with a lower function of NK cells in aged 

individuals we also see a decrease in the activation 

markers on NK cells from aged individuals, similar to 

those seen in cancer patients [36] (Figure 1A). We saw 

a significant drop in the cytotoxic function of NK cells 

after expansion from aged individuals, however, this did 

not completely correlate with the decrease in IFN-γ 

 

 

 

Figure 3. OCs induced lower levels of activation in old-age donor NK cells. Osteoclasts (OCs) were generated as described in the 

Materials and Methods section. NK cells and OCs co-culture was performed as described in Figure 2. NK cell-mediated cytotoxicity against 
OSCSCs was determined on days 9 and 15 using a standard 4-hour 51Cr release assay. The lytic units 30/106 cells were determined using the 
inverse number of NK cells required to lyse 30% of OSCSCs x 100 (A). Lytic units per 1 % NK cells were determined based on the percentages 
of CD16+/CD56+ NK cells in the cultures obtained by flow cytometric analysis (B). The supernatants were harvested from the cultures on days 
6, 9, 12, 15, 18, 21, and 25 to determine IFN-γ secretion using single ELISA (C), and the levels were adjusted based on per million of NK cells 
(D). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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Figure 4. Old-age donor-derived OCs induced lower levels of cell expansion in NK cells. Osteoclasts (OCs) were generated as 

described in the Materials and Methods section. NK cells (0.5x106 cells/ 2ml) were treated with a combination of IL-2 (1000 U/ml) and anti-
CD16mAb (3µg/ml) for 18 hours before they were co-cultured with criss-cross OCs in the presence of probiotic bacteria sAJ2 (1:2:4: 
OCs:NK:sAJ2). NK cells were counted on days 6, 9, 12, 15, 18, 21, and 25, the day 0 counts were 0.5x106 cells/2 ml, and 0.5x106 cells/2 ml 
were cultured every 3 days (n=7, A). Number of NK cells, and NK cells per one million of total expanding cells (B) and the number of T cells, 
and T cells per one million of total expanding cells (C) were determined on days 6, 9, 12, 15, 18, 21, and 25 (n=27). ****(p-value <0.0001), 
***(p-value 0.0001-0.001). 
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secretion (Figure 3). The level of decrease in the IFN-γ 

secretion on average was less in aged individuals when 

compared to those of the cytotoxic functions. These 

differences could be that the cytotoxicity is very 

specific to NK targets whereas IFN-γ secretion can also 

be triggered by the T cells.  

 

We have previously established the role of osteoclasts 

(OCs) in the greater expansion of NK cells coined as 

supercharged NK cells [36]. To understand whether the 

OCs from either young or old donors have differential 

effects on the expansion of NK cells, we assessed the 

phenotype and function of OCs and studied the potential 

contribution of these cells to the decrease in NK 

function of aged individuals as compared to young 

people. In general, we observed decreases in different 

surface markers of OCs in aged individuals when 

compared to young individuals (Supplementary Figure 

3). When the levels and function of NK cells were 

assessed between the OCs from the aged individuals vs. 

young individuals with the NK cells obtained from 

young people, there was a decrease on average in the 

numbers of NK cells in samples containing the old 

individuals' OCs with the young donors’ NK cells, 

however, this decrease was not substantial (Figures 4, 

5). Similar trends were observed when NK cells from 

old individuals were cultured either with young or old 

individuals’ OCs. In contrast, NK cells from young or 

old individuals cultured with different OCs substantially 

decreased NK cell numbers. Thus, these experiments 

show that NK cells contribute to the defect more than 

the OCs from young and old individuals. Similar trends 

were observed when IFN-γ secretion was considered in 

the co-cultures of the same NK cells with OCs from the 

young and old individuals, however, such differences 

were not obvious when cytotoxicity was considered 

(Figure 6 and Supplementary Figures 4, 5). Again, the 

differences in cytotoxicity and IFN-γ secretion were 

 

 

 

Figure 5. Older individual-derived OCs induced lower levels of cell expansion in NK cells. Osteoclasts (OCs) were generated as 

described in the Materials and Methods section. NK cells (0.5x106 cells/ 2ml) were treated with a combination of IL-2 (1000 U/ml) and anti-
CD16mAb (3µg/ml) for 18 hours before they were co-cultured with criss-cross OCs in the presence of probiotic bacteria sAJ2 (1:2:4: 
OCs:NK:sAJ2). NK cells were counted on days 6, 9, 12, 15, 18, 21, and 25, the day 0 counts were 0.5x106 cells/2 ml, and 0.5x106 cells/2 ml 
were cultured every 3 days (n=27, A). CD16+CD56+ NK cells, number of NK cells, and NK cells per one million of total expanding cells (B) and 
CD3+ T cells, number of T cells, and T cells per one million of total expanding cells (C) were determined on days 6, 9, 12, 15, 18, 21, and 25 
(n=27). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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substantial when different NK cells (either from young or 

old) were considered with OCs, indicating that NK cells 

contribute to the defect more than OCs. These 

experiments are very complex; however, they indicate 

that any kind of treatment or intervention should be at the 

level of NK cells. Therefore, NK cells from young 

individuals when given to older individuals may 

substantially improve the NK function in the older 

individuals. Such experiments should wait for future 

investigations. When designing effective therapeutic 

strategies for the treatment of cancer, in an allogeneic 

system, NK cells from young individuals should yield 

much better results when cultured with young osteoclasts 

when compared to those from older individuals. It also 

appears that as individuals age, the levels of different 

surface receptors both on NK cells and OCs diminish, 

likely contributing to the decline of NK cell numbers and 

function. At present, it is unclear why the NK cells and 

OCs decrease the levels of important receptors and 

ligands on the surface of cells from old individuals, and 

what could be done to restore their levels. Strategies to 

prevent the loss of receptors or restore the levels 

utilizing genetic engineering, blocking inhibitory 

receptors or immunotherapeutics such as checkpoint 

inhibitors and NK cell therapy etc. should be effective in 

restoring the numbers and the function of NK cells in 

older individuals, and likely prevent the initiation and 

progression of cancer and other chronic diseases. 

 

For a long time, it was speculated that NK cells were 

important for longevity. The optimal function of NK 

cells plays a key role in protecting the elderly population 

from infections, cancer, autoimmune diseases, and 

neurogenerative diseases. Reduced NK cell function at 

 

 

 

Figure 6. Older individual-derived OCs induced lower levels of activation in NK cells. Osteoclasts (OCs) were generated as 

described in the Materials and Methods section. NK cells and OCs co-culture was performed as described in Figures 2, 5. NK cell-mediated 
cytotoxicity against OSCSCs was determined on days 9 and 15 using a standard 4-hour 51Cr release assay. The lytic units 30/106 cells were 
determined using the inverse number of NK cells required to lyse 30% of OSCSCs x 100 (A). Lytic units per 1 % NK cells were determined 
based on the percentages of CD16+CD56+ NK cells in the cultures obtained by flow cytometric analysis (B). The supernatants were harvested 
from the cultures on days 6, 9, 12, 15, 18, 21, and 25 to determine IFN-γ secretion using single ELISA (C), and the levels IFN-γ pg/ml were 
adjusted based on per million of cells (D). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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older age contributes to the onset or spread of these old 

age-related health problems [8, 14–16]. Alzheimer’s 

disease, several cancers, inflammatory diseases like 

arthritis, bone disorders like osteoporosis, cardiovascular 

issues, atherosclerosis, eye diseases, and age-related 

macular degeneration are common after 65 years of age 

[43]. NK cells are important immune cells to fight against 

these age-related illnesses, and they directly play a 

crucial role in activating adaptive immune cells 

ultimately maintaining healthy immune system in old 

age. We now understand why NK cells may have such a 

crucial role in imparting a long life to individuals. Our 

recent studies demonstrated that infusion of supercharged 

NK cells to older individuals was able to increase and 

maintain the percentages of NK cells in the peripheral 

blood for an extended period of time (manuscript in 

prep). Therefore, sNK cells have the ability to reverse 

inactivation and loss of autologous NK cells in older age 

individuals, by offering a therapeutic potential to 

decrease disease induction in older age individuals. 

 

MATERIALS AND METHODS 
 

Cell lines, reagents, and antibodies  

 

Oral squamous carcinoma stem cells (OSCSCs) were 

isolated from patients with tongue tumors at UCLA, and 

are used as NK cell target to determine NK cell-

mediated cytotoxicity [4, 44–46]. NK cells and 

OSCSCs were cultured in RPMI 1640 (Invitrogen by 

Life Technologies, Carlsbad, CA, USA), supplemented 

with 10% fetal bovine serum (FBS) (Gemini Bio-

Products, West Sacramento, CA, USA). Recombinant 

IL-2 was obtained from NIH-BRB. Anti-CD16 mAbs, 

antibodies used for flow cytometer, and ELISA kits for 

IFN-γ were purchased from Biolegend (San Diego, CA, 

USA). Chromium-51 was purchased from PeproTech 

(Cranbury, NJ, USA).  

 

Purification of human NK cells and monocytes 

 

Written informed consents, approved by UCLA 

Institutional Review Board (IRB), were obtained from 

healthy individuals, and all procedures were approved by 

the UCLA-IRB. Peripheral blood was separated using 

ficoll-hypaque centrifugation, after which the white, 

cloudy layer, containing peripheral blood mononuclear 

cells (PBMCs) was harvested. NK cells and monocytes 

were negatively selected from PBMCs using the 

EasySep® Human NK cell enrichment and EasySep® 

Human monocytes enrichments kits, respectively, 

purchased from Stem Cell Technologies (Vancouver, 

BC, Canada). Purified NK cells and monocytes were 

stained with anti-CD16 and anti-CD14, respectively, to 

measure purity using flow cytometric analysis. Samples 

showing greater than 95% purity were used for the study. 

Generation of osteoclasts and expansion of NK  

cells 
 

To generate osteoclasts (OCs), monocytes were cultured 

in alpha-MEM media supplemented with M-CSF (25 

ng/mL) and RANKL (25 ng/mL) for 21 days, media was 

replenished every three days. Human purified NK cells 

were activated with rh-IL-2 (1000 U/ml) and anti-CD16 

mAb (3 µg/ml) for 18-20 hours before they were co-

cultured with OCs and probiotic bacteria sAJ2 

(OCs:NK:sAJ2; 1:2:4) in RPMI 1640 medium containing 

10% FBS. Probiotic bacteria, AJ2 is a combination of 

eight different strains of gram-positive probiotic bacteria 

(Streptococcus thermophiles, Bifidobacterium longum, 

Bifidobacterium breve, Bifidobacterium infantis, 
Lactobacillus acidophilus, Lactobacillus plantarum, 

Lactobacillus paracasei and Lactobacillus bulgaricus) 

elected for their superior ability to induce optimal 

secretion of both pro-inflammatory and anti-

inflammatory cytokines in NK cells [4]. The medium was 

refreshed every three days with RPMI containing rh-IL-2 

(1500 U/ml).  
 

Surface staining  
 

Staining was performed by labeling the cells with 

antibodies as described previously [47–49]. Flow 

cytometric analysis was performed using Beckman 

Coulter Epics XL cytometer (Brea, CA, USA) and 

results were analyzed in the FlowJo vX software, 

(Ashland, OR, USA).  
 

Enzyme-linked immunosorbent assays (ELISAs)  
 

Single ELISAs were performed as previously described 

[49]. To analyze and obtain the cytokine and chemokine 

concentration, a standard curve was generated by either 

two- or three-fold dilutions of recombinant cytokines 

provided by the manufacturer.  
 
51Cr release cytotoxicity assay 

 

The 51Cr release cytotoxicity assay was performed as 

previously described [50]. Briefly, different ratios 

effectors (NK cells) and 51Cr–labeled target cells 

(OSCSCs) were incubated for four hours. After this, the 

supernatants were harvested from each sample, and the 

released radioactivity was counted using the gamma 

counter. The percentage specific cytotoxicity was 

calculated as follows:  
 

Experimental cpm spontaneous cpm
%cytotoxicity

Total cpm spontaneous cpm

−
=

−
 

Lytic units (LU) 30/106 are calculated by using the 

inverse of the number of NK cells needed to lyse 30% 

of OSCSCs ×100.  
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Statistical analysis 

 

Prism-9 software was used for statistical analysis. An 

unpaired or paired, two-tailed Student’s t-test was 

performed for experiments with two groups. One-way 

ANOVA with a Bonferroni post-test was used to 

compare different groups for experiments with more 

than two groups. Duplicate or triplicate samples were 

used for assessment, and “n” donates the number of 

donors or samples used. The following symbols 

represent the levels of statistical significance within 

each analysis: ****(p-value <0.0001), ***(p-value 

0.0001-0.001), **(p-value 0.001-0.01), *(p-value 0.01-

0.05). 

 

Abbreviations 

 
NK: Natural killer; Ocs: Osteoclasts; CSCs: Cancer 

stem-like cells; CD: Cluster of differentiation; IFN-γ: 

Interferon-gamma; TNF: Tumor necrosis factor; 

OSCSCs: Oral squamous carcinoma stem cells; IL: 

Interleukin; PBMCs: Peripheral blood mononuclear 

cells; KIR: Killer cell immunoglobulin like receptors; 

sNK: Super-charged NK. 

 

AUTHOR CONTRIBUTIONS 
 

AJ was the principal investigator, obtained the funding, 

designed the study, and wrote the manuscript along with 

KK. KK performed all the experiments, analyzed the 

results, and wrote the manuscript.  

 

ACKNOWLEDGMENTS 
 

The authors acknowledge the technical help of Jessica 

Cook. 

 

CONFLICTS OF INTEREST 
 

The authors declare that the research was conducted in 

the absence of any commercial or financial relationships 

that could be construed as a potential conflict of interest. 

 

ETHICAL STATEMENT AND CONSENT 
 

All procedures of this study were approved by the 

UCLA Institutional Review Board (IRB#11-000781). 

Written informed consents were obtained from healthy 

individuals involved in this s study. 

 

FUNDING 
 
NIH-NIDCR RO1-DE022552; RO1 DE12880; UCLA 

Academic senate grant and School of Dentistry Seed 

grant. 

REFERENCES 
 
1. Moretta A, Marcenaro E, Parolini S, Ferlazzo G, 

Moretta L. NK cells at the interface between innate 
and adaptive immunity. Cell Death Differ. 2008; 
15:226–33. 

 https://doi.org/10.1038/sj.cdd.4402170 
PMID:17541426 

2. Perera Molligoda Arachchige AS. Human NK cells: From 
development to effector functions. Innate Immun. 
2021; 27:212–29. 

 https://doi.org/10.1177/17534259211001512 
PMID:33761782 

3. Poli A, Michel T, Thérésine M, Andrès E, Hentges F, 
Zimmer J. CD56bright natural killer (NK) cells: an 
important NK cell subset. Immunology. 2009; 
126:458–65. 

 https://doi.org/10.1111/j.1365-2567.2008.03027.x 
PMID:19278419 

4. Bui VT, Tseng HC, Kozlowska A, Maung PO, Kaur K, 
Topchyan P, Jewett A. Augmented IFN-γ and TNF-α 
Induced by Probiotic Bacteria in NK Cells Mediate 
Differentiation of Stem-Like Tumors Leading to 
Inhibition of Tumor Growth and Reduction in 
Inflammatory Cytokine Release; Regulation by IL-10. 
Front Immunol. 2015; 6:576. 

 https://doi.org/10.3389/fimmu.2015.00576 
PMID:26697005 

5. Lanier LL. NK cell recognition. Annu Rev Immunol. 
2005; 23:225–74. 

 https://doi.org/10.1146/annurev.immunol.23.021704.
115526 PMID:15771571 

6. Chovatiya N, Kaur K, Huerta-Yepez S, Chen PC, Neal A, 
DiBernardo G, Gumrukcu S, Memarzadeh S, Jewett A. 
Inability of ovarian cancers to upregulate their MHC-
class I surface expression marks their aggressiveness 
and increased susceptibility to NK cell-mediated 
cytotoxicity. Cancer Immunol Immunother. 2022; 
71:2929–41. 

 https://doi.org/10.1007/s00262-022-03192-7 
PMID:35507102 

7. Yang Y, Day J, Souza-Fonseca Guimaraes F, Wicks IP, 
Louis C. Natural killer cells in inflammatory 
autoimmune diseases. Clin Transl Immunology. 2021; 
10:e1250. 

 https://doi.org/10.1002/cti2.1250  
PMID:33552511 

8. Camous X, Pera A, Solana R, Larbi A. NK cells in healthy 
aging and age-associated diseases. J Biomed 
Biotechnol. 2012; 2012:195956. 

 https://doi.org/10.1155/2012/195956  
PMID:23251076 

807

https://doi.org/10.1038/sj.cdd.4402170
https://pubmed.ncbi.nlm.nih.gov/17541426
https://doi.org/10.1177/17534259211001512
https://pubmed.ncbi.nlm.nih.gov/33761782
https://doi.org/10.1111/j.1365-2567.2008.03027.x
https://pubmed.ncbi.nlm.nih.gov/19278419
https://doi.org/10.3389/fimmu.2015.00576
https://pubmed.ncbi.nlm.nih.gov/26697005
https://doi.org/10.1146/annurev.immunol.23.021704.115526
https://doi.org/10.1146/annurev.immunol.23.021704.115526
https://pubmed.ncbi.nlm.nih.gov/15771571
https://doi.org/10.1007/s00262-022-03192-7
https://pubmed.ncbi.nlm.nih.gov/35507102
https://doi.org/10.1002/cti2.1250
https://pubmed.ncbi.nlm.nih.gov/33552511
https://doi.org/10.1155/2012/195956
https://pubmed.ncbi.nlm.nih.gov/23251076


www.aging-us.com 11 AGING 

9. Solana R, Pawelec G, Tarazona R. Aging and innate 
immunity. Immunity. 2006; 24:491–4. 

 https://doi.org/10.1016/j.immuni.2006.05.003 
PMID:16713963 

10. Gounder SS, Abdullah BJ, Radzuanb NE, Zain FD, Sait 
NB, Chua C, Subramani B. Effect of Aging on NK Cell 
Population and Their Proliferation at Ex Vivo Culture 
Condition. Anal Cell Pathol (Amst). 2018; 
2018:7871814. 

 https://doi.org/10.1155/2018/7871814 
PMID:30175033 

11. Qi C, Liu Q. Natural killer cells in aging and age-related 
diseases. Neurobiol Dis. 2023; 183:106156. 

 https://doi.org/10.1016/j.nbd.2023.106156 
PMID:37209924 

12. Brauning A, Rae M, Zhu G, Fulton E, Admasu TD, 
Stolzing A, Sharma A. Aging of the Immune System: 
Focus on Natural Killer Cells Phenotype and Functions. 
Cells. 2022; 11:1017. 

 https://doi.org/10.3390/cells11061017 
PMID:35326467 

13. Le Garff-Tavernier M, Béziat V, Decocq J, Siguret V, 
Gandjbakhch F, Pautas E, Debré P, Merle-Beral H, 
Vieillard V. Human NK cells display major phenotypic 
and functional changes over the life span. Aging Cell. 
2010; 9:527–35. 

 https://doi.org/10.1111/j.1474-9726.2010.00584.x 
PMID:20477761 

14. Solana R, Campos C, Pera A, Tarazona R. Shaping of 
NK cell subsets by aging. Curr Opin Immunol. 2014; 
29:56–61. 

 https://doi.org/10.1016/j.coi.2014.04.002 
PMID:24792889 

15. Hak Ł, Myśliwska J, Więckiewicz J, Szyndler K, 
Trzonkowski P, Siebert J, Myśliwski A. NK cell 
compartment in patients with coronary heart disease. 
Immun Ageing. 2007; 4:3. 

 https://doi.org/10.1186/1742-4933-4-3 
PMID:17488493 

16. Fasbender F, Widera A, Hengstler JG, Watzl C. 
Natural Killer Cells and Liver Fibrosis. Front 
Immunol. 2016; 7:19. 

 https://doi.org/10.3389/fimmu.2016.00019 
PMID:26858722 

17. Li X, Li C, Zhang W, Wang Y, Qian P, Huang H. 
Inflammation and aging: signaling pathways and 
intervention therapies. Signal Transduct Target Ther. 
2023; 8:239. 

 https://doi.org/10.1038/s41392-023-01502-8 
PMID:37291105 

18. Hazeldine J, Lord JM. The impact of ageing on 
natural killer cell function and potential 

consequences for health in older adults. Ageing Res 
Rev. 2013; 12:1069–78. 

 https://doi.org/10.1016/j.arr.2013.04.003 
PMID:23660515 

19. Guo C, Wu M, Huang B, Zhao R, Jin L, Fu B, Wang P, 
Wang D, Zheng M, Fang J, Wei H, Qu K, Ni F. Single-
cell transcriptomics reveal a unique memory-like NK 
cell subset that accumulates with ageing and 
correlates with disease severity in COVID-19. 
Genome Med. 2022; 14:46. 

 https://doi.org/10.1186/s13073-022-01049-3 
PMID:35501841 

20. Kaur K, Chen PC, Ko MW, Mei A, Senjor E, 
Malarkannan S, Kos J, Jewett A. Sequential therapy 
with supercharged NK cells with either 
chemotherapy drug cisplatin or anti-PD-1 antibody 
decreases the tumor size and significantly enhances 
the NK function in Hu-BLT mice. Front Immunol. 
2023; 14:1132807. 

 https://doi.org/10.3389/fimmu.2023.1132807 
PMID:37197660 

21. Sadeghi S. Chapter 14 - Combination of NK cell 
immunotherapy with chemotherapy and radiation 
enhances NK cell therapy and provides improved 
prognosis in cancer patients and in humanized BLT 
mouse model system, in NK Cells in Cancer 
Immunotherapy: Successes and Challenges, A. Jewett 
and Y. Fong, Editors. 2023, Academic Press. 301–20. 

22. Senjor E. Chapter 1 - Multifaceted nature of natural 
killer cells: Potential mode of interaction and shaping 
of stem cells, in NK Cells in Cancer Immunotherapy: 
Successes and Challenges, A. Jewett and Y. Fong, 
Editors. 2023, Academic Press. 3–25. 

23. Ko MW. Chapter 13 - Diagnostic methods to assess the 
numbers, phenotype, and function of primary and 
engineered NK cells: Methods to predict prognosis and 
treatment outcome, in NK Cells in Cancer 
Immunotherapy: Successes and Challenges, A. Jewett 
and Y. Fong, Editors. 2023, Academic Press. 281–97. 

24. Kaur K, Ko MW, Chen F, Jewett A. Defective NK cell 
expansion, cytotoxicity, and lack of ability to 
differentiate tumors from a pancreatic cancer patient 
in a long term follow-up: implication in the progression 
of cancer. Cancer Immunol Immunother. 2022; 
71:1033–47. 

 https://doi.org/10.1007/s00262-021-03044-w 
PMID:34559307 

25. Kaur K, Safaie T, Ko MW, Wang Y, Jewett A. ADCC 
against MICA/B Is Mediated against Differentiated Oral 
and Pancreatic and Not Stem-Like/Poorly 
Differentiated Tumors by the NK Cells; Loss in Cancer 
Patients due to Down-Modulation of CD16 Receptor. 
Cancers (Basel). 2021; 13:239. 

808

https://doi.org/10.1016/j.immuni.2006.05.003
https://pubmed.ncbi.nlm.nih.gov/16713963
https://doi.org/10.1155/2018/7871814
https://pubmed.ncbi.nlm.nih.gov/30175033
https://doi.org/10.1016/j.nbd.2023.106156
https://pubmed.ncbi.nlm.nih.gov/37209924
https://doi.org/10.3390/cells11061017
https://pubmed.ncbi.nlm.nih.gov/35326467
https://doi.org/10.1111/j.1474-9726.2010.00584.x
https://pubmed.ncbi.nlm.nih.gov/20477761
https://doi.org/10.1016/j.coi.2014.04.002
https://pubmed.ncbi.nlm.nih.gov/24792889
https://doi.org/10.1186/1742-4933-4-3
https://pubmed.ncbi.nlm.nih.gov/17488493
https://doi.org/10.3389/fimmu.2016.00019
https://pubmed.ncbi.nlm.nih.gov/26858722
https://doi.org/10.1038/s41392-023-01502-8
https://pubmed.ncbi.nlm.nih.gov/37291105
https://doi.org/10.1016/j.arr.2013.04.003
https://pubmed.ncbi.nlm.nih.gov/23660515
https://doi.org/10.1186/s13073-022-01049-3
https://pubmed.ncbi.nlm.nih.gov/35501841
https://doi.org/10.3389/fimmu.2023.1132807
https://pubmed.ncbi.nlm.nih.gov/37197660
https://doi.org/10.1007/s00262-021-03044-w
https://pubmed.ncbi.nlm.nih.gov/34559307


www.aging-us.com 12 AGING 

 https://doi.org/10.3390/cancers13020239 
PMID:33440654 

26. Jewett A. Chapter 6 - Novel strategies to expand 
supercharged NK cells with augmented capacity to 
withstand inactivation by tumors, in Successes and 
Challenges of NK Immunotherapy, B. Bonavida and A. 
Jewett, Editors. 2021, Academic Press. 101–19. 

27. Kaur K, Ko MW, Chen PC, Breznik B, Senjor E, Wong P, 
Wang Y, Chovatiya N, Jewett A. Probiotics in Health 
and Disease: Distinct Roles of Different Strains in 
Natural Killer Cell Activation and Regulation. Crit Rev 
Immunol. 2021; 41:1–19. 

 https://doi.org/10.1615/CritRevImmunol.2021037163 
PMID:34347999 

28. Kaur K, Ko MW, Ohanian N, Cook J, Jewett A. 
Osteoclast-expanded super-charged NK-cells 
preferentially select and expand CD8+ T cells. Sci Rep. 
2020; 10:20363. 

 https://doi.org/10.1038/s41598-020-76702-1 
PMID:33230147 

29. Jewett A, Kos J, Kaur K, Safaei T, Sutanto C, Chen W, 
Wong P, Namagerdi AK, Fang C, Fong Y, Ko MW. 
Natural Killer Cells: Diverse Functions in Tumor 
Immunity and Defects in Pre-neoplastic and Neoplastic 
Stages of Tumorigenesis. Mol Ther Oncolytics. 2019; 
16:41–52. 

 https://doi.org/10.1016/j.omto.2019.11.002 
PMID:31930165 

30. Jewett A, Kos J, Kaur K, Turnsek TL, Breznik B, Senjor E, 
Wong P, Nguyen KY, Ko MW. Multiple Defects of 
Natural Killer Cells in Cancer Patients: Anarchy, 
Dysregulated Systemic Immunity, and 
Immunosuppression in Metastatic Cancer. Crit Rev 
Immunol. 2020; 40:93–133. 

 https://doi.org/10.1615/CritRevImmunol.2020033391 
PMID:32749091 

31. Kaur K, Kozlowska AK, Topchyan P, Ko MW, Ohanian 
N, Chiang J, Cook J, Maung PO, Park SH, Cacalano N, 
Fang C, Jewett A. Probiotic-Treated Super-Charged 
NK Cells Efficiently Clear Poorly Differentiated 
Pancreatic Tumors in Hu-BLT Mice. Cancers (Basel). 
2019; 12:63. 

 https://doi.org/10.3390/cancers12010063 
PMID:31878338 

32. Jewett A, Kos J, Fong Y, Ko MW, Safaei T, Perišić Nanut 
M, Kaur K. NK cells shape pancreatic and oral tumor 
microenvironments; role in inhibition of tumor growth 
and metastasis. Semin Cancer Biol. 2018; 53:178–88. 

 https://doi.org/10.1016/j.semcancer.2018.08.001 
PMID:30081230 

33. Kaur K, Topchyan P, Kozlowska AK, Ohanian N, Chiang 
J, Maung PO, Park SH, Ko MW, Fang C, Nishimura I, 

Jewett A. Super-charged NK cells inhibit growth and 
progression of stem-like/poorly differentiated oral 
tumors in vivo in humanized BLT mice; effect on tumor 
differentiation and response to chemotherapeutic 
drugs. Oncoimmunology. 2018; 7:e1426518. 

 https://doi.org/10.1080/2162402X.2018.1426518 
PMID:29721395 

34. Kaur K, Nanut MP, Ko MW, Safaie T, Kos J, Jewett A. 
Natural killer cells target and differentiate cancer stem-
like cells/undifferentiated tumors: strategies to 
optimize their growth and expansion for effective 
cancer immunotherapy. Curr Opin Immunol. 2018; 
51:170–80. 

 https://doi.org/10.1016/j.coi.2018.03.022 
PMID:29653339 

35. Kaur K, Chang HH, Cook J, Eibl G, Jewett A. Suppression 
of Gingival NK Cells in Precancerous and Cancerous 
Stages of Pancreatic Cancer in KC and BLT-Humanized 
Mice. Front Immunol. 2017; 8:1606. 

 https://doi.org/10.3389/fimmu.2017.01606 
PMID:29255459 

36. Kaur K, Cook J, Park SH, Topchyan P, Kozlowska A, 
Ohanian N, Fang C, Nishimura I, Jewett A. Novel 
Strategy to Expand Super-Charged NK Cells with 
Significant Potential to Lyse and Differentiate Cancer 
Stem Cells: Differences in NK Expansion and Function 
between Healthy and Cancer Patients. Front Immunol. 
2017; 8:297. 

 https://doi.org/10.3389/fimmu.2017.00297 
PMID:28424683 

37. Kozlowska AK, Kaur K, Topchyan P, Jewett A. Novel 
strategies to target cancer stem cells by NK cells; 
studies in humanized mice. Front Biosci (Landmark Ed). 
2017; 22:370–84. 

 https://doi.org/10.2741/4489  
PMID:27814619 

38. Kozlowska AK, Kaur K, Topchyan P, Jewett A. Adoptive 
transfer of osteoclast-expanded natural killer cells for 
immunotherapy targeting cancer stem-like cells in 
humanized mice. Cancer Immunol Immunother. 2016; 
65:835–45. 

 https://doi.org/10.1007/s00262-016-1822-9 
PMID:27034236 

39. Breznik B. Chapter 16 - Natural killer cells in the 
treatment of glioblastoma: Diverse antitumor 
functions and potential clinical applications, in NK Cells 
in Cancer Immunotherapy: Successes and Challenges, 
A. Jewett and Y. Fong, Editors. 2023, Academic Press. 
335–67. 

40. Breznik B. P06.07.A Natural killer cells lyse 
glioblastoma stem cells and increase their sensitivity to 
chemotherapy. Neuro Oncol. 2022; 24(Suppl 2):ii39.  

 https://doi.org/10.1093/neuonc/noac174.131 

809

https://doi.org/10.3390/cancers13020239
https://pubmed.ncbi.nlm.nih.gov/33440654
https://doi.org/10.1615/CritRevImmunol.2021037163
https://pubmed.ncbi.nlm.nih.gov/34347999
https://doi.org/10.1038/s41598-020-76702-1
https://pubmed.ncbi.nlm.nih.gov/33230147
https://doi.org/10.1016/j.omto.2019.11.002
https://pubmed.ncbi.nlm.nih.gov/31930165
https://doi.org/10.1615/CritRevImmunol.2020033391
https://pubmed.ncbi.nlm.nih.gov/32749091
https://doi.org/10.3390/cancers12010063
https://pubmed.ncbi.nlm.nih.gov/31878338
https://doi.org/10.1016/j.semcancer.2018.08.001
https://pubmed.ncbi.nlm.nih.gov/30081230
https://doi.org/10.1080/2162402X.2018.1426518
https://pubmed.ncbi.nlm.nih.gov/29721395
https://doi.org/10.1016/j.coi.2018.03.022
https://pubmed.ncbi.nlm.nih.gov/29653339
https://doi.org/10.3389/fimmu.2017.01606
https://pubmed.ncbi.nlm.nih.gov/29255459
https://doi.org/10.3389/fimmu.2017.00297
https://pubmed.ncbi.nlm.nih.gov/28424683
https://doi.org/10.2741/4489
https://pubmed.ncbi.nlm.nih.gov/27814619
https://doi.org/10.1007/s00262-016-1822-9
https://pubmed.ncbi.nlm.nih.gov/27034236
https://doi.org/10.1093/neuonc/noac174.131


www.aging-us.com 13 AGING 

41. Breznik B, Ko MW, Tse C, Chen PC, Senjor E, Majc B, 
Habič A, Angelillis N, Novak M, Župunski V, Mlakar J, 
Nathanson D, Jewett A. Infiltrating natural killer cells 
bind, lyse and increase chemotherapy efficacy in 
glioblastoma stem-like tumorospheres. Commun Biol. 
2022; 5:436. 

 https://doi.org/10.1038/s42003-022-03402-z 
PMID:35538218 

42. Tseng HC, Kanayama K, Kaur K, Park SH, Park S, 
Kozlowska A, Sun S, McKenna CE, Nishimura I, Jewett 
A. Bisphosphonate-induced differential modulation of 
immune cell function in gingiva and bone marrow in 
vivo: role in osteoclast-mediated NK cell activation. 
Oncotarget. 2015; 6:20002–25. 

 https://doi.org/10.18632/oncotarget.4755 
PMID:26343372 

43. Li Z, Zhang Z, Ren Y, Wang Y, Fang J, Yue H, Ma S, 
Guan F. Aging and age-related diseases: from 
mechanisms to therapeutic strategies. 
Biogerontology. 2021; 22:165–87. 

 https://doi.org/10.1007/s10522-021-09910-5 
PMID:33502634 

44. Tseng HC, Arasteh A, Paranjpe A, Teruel A, Yang W, 
Behel A, Alva JA, Walter G, Head C, Ishikawa TO, 
Herschman HR, Cacalano N, Pyle AD, et al. Increased 
lysis of stem cells but not their differentiated cells by 
natural killer cells; de-differentiation or 
reprogramming activates NK cells. PLoS One. 2010; 
5:e11590. 

 https://doi.org/10.1371/journal.pone.0011590 
PMID:20661281 

45. Tseng HC, Bui V, Man YG, Cacalano N, Jewett A. 
Induction of Split Anergy Conditions Natural Killer Cells 
to Promote Differentiation of Stem Cells through Cell-
Cell Contact and Secreted Factors. Front Immunol. 
2014; 5:269. 

 https://doi.org/10.3389/fimmu.2014.00269 
PMID:24995006 

46. Tseng HC, Inagaki A, Bui VT, Cacalano N, Kasahara N, 
Man YG, Jewett A. Differential Targeting of Stem Cells 
and Differentiated Glioblastomas by NK Cells. J Cancer. 
2015; 6:866–76. 

 https://doi.org/10.7150/jca.11527  
PMID:26284138 

47. Jewett A, Cavalcanti M, Bonavida B. Pivotal role of 
endogenous TNF-alpha in the induction of functional 
inactivation and apoptosis in NK cells. J Immunol. 1997; 
159:4815–22. 

 PMID:9366406 

48. Jewett A, Bonavida B. Interferon-alpha activates 
cytotoxic function but inhibits interleukin-2-mediated 
proliferation and tumor necrosis factor-alpha secretion 
by immature human natural killer cells. J Clin Immunol. 
1995; 15:35–44. 

 https://doi.org/10.1007/BF01489488  
PMID:7759599 

49. Jewett A, Bonavida B. Target-induced inactivation and 
cell death by apoptosis in a subset of human NK cells. J 
Immunol. 1996; 156:907–15. 

 PMID:8558016 

50. Jewett A, Wang MY, Teruel A, Poupak Z, Bostanian Z, 
Park NH. Cytokine dependent inverse regulation of 
CD54 (ICAM1) and major histocompatibility complex 
class I antigens by nuclear factor kappaB in HEp2 
tumor cell line: effect on the function of natural killer 
cells. Hum Immunol. 2003; 64:505–20. 

 https://doi.org/10.1016/s0198-8859(03)00039-9 
PMID:12691701 

  

810

https://doi.org/10.1038/s42003-022-03402-z
https://pubmed.ncbi.nlm.nih.gov/35538218
https://doi.org/10.18632/oncotarget.4755
https://pubmed.ncbi.nlm.nih.gov/26343372
https://doi.org/10.1007/s10522-021-09910-5
https://pubmed.ncbi.nlm.nih.gov/33502634
https://doi.org/10.1371/journal.pone.0011590
https://pubmed.ncbi.nlm.nih.gov/20661281
https://doi.org/10.3389/fimmu.2014.00269
https://pubmed.ncbi.nlm.nih.gov/24995006
https://doi.org/10.7150/jca.11527
https://pubmed.ncbi.nlm.nih.gov/26284138
https://pubmed.ncbi.nlm.nih.gov/9366406
https://doi.org/10.1007/BF01489488
https://pubmed.ncbi.nlm.nih.gov/7759599
https://pubmed.ncbi.nlm.nih.gov/8558016
https://doi.org/10.1016/s0198-8859(03)00039-9
https://pubmed.ncbi.nlm.nih.gov/12691701


www.aging-us.com 14 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 

 

 

 

 
 

  

811



www.aging-us.com 15 AGING 

 

 

 
 

812



www.aging-us.com 16 AGING 

 
 

 
 

 

813



www.aging-us.com 17 AGING 

 
 

 

 

814



www.aging-us.com 18 AGING 

 

 

 

 

 

815



www.aging-us.com 19 AGING 

 

 

Supplementary Figure 1. OCs induced lower levels of cell expansion in old-age donor NK cells. Osteoclasts (OCs) were generated 

as described in the Materials and Methods section. NK cells (0.5x106 cells/ 2ml) were a combination of IL-2 (1000 U/ml) and anti-CD16mAb 
(3µg/ml) for 18 hours before they were co-cultured with OCs and sAJ2 (1:2:4: OCs:NK:sAJ2). NK cells were counted on days 6, 9, 12, 15, 18, 
21, and 25, day 0 counts were 0.5x106 cells/2 ml, and 0.5x106 cells/2 ml were cultured every 3 days (A). CD3+CD16+CD56+ NKT cells, and the 
number of NKT cells (B–D), CD16+CD56+ NK cells and the number of NK cells (E, F), CD3+ T cells and the number of T cells (G, H), CD3+CD4+ T 
cells and the number of CD4+ T cells (I, J), CD3+CD8+ T cells and the number of CD8+ T cells (K, L), were determined counted on days 6, 9, 12, 
15, 18, 21, and 25  in expanding cells. 
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Supplementary Figure 2. OCs induced lower levels of increased IFN-γ secretion in old-age donor NK cells. Osteoclasts (OCs) 

were generated as described in the Materials and Methods section. NK cells and OCs co-culture was performed as described in 
Supplementary Figure 1. The supernatants were harvested from the cultures on days 6, 9, 12, 15, 18, 21, and 25 to determine IFN-γ secretion 
using single ELISA. 

 

 

 

Supplementary Figure 3. Reduced surface receptor expressions on old age Ocs. Osteoclasts (OCs) were generated as described in 

the Materials and Methods section. The surface markers MHC-class I, CD54, KIR2, KIR3, KLRG1, and MICA/B were determined on OCs using 
flow cytometric analysis (one of two representative experiments is shown in the figure). 
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Supplementary Figure 4. Old-age donor-derived OCs induced lower levels of activation in NK cells. Osteoclasts (OCs) were 

generated as described in the Materials and Methods section. NK cells (0.5x106 cells/ 2ml) were a combination of  IL-2 (1000 U/ml) and anti-
CD16mAb (3µg/ml) for 18 hours before they were co-cultured with criss-cross OCs and sAJ2 (1:2:4: OCs:NK:sAJ2). NK cell-mediated 
cytotoxicity against OSCSCs was determined on days 9 and 15 using a standard 4-hour 51Cr release assay. The lytic units 30/106 cells were 
determined using the inverse number of NK cells required to lyse 30% of OSCSCs x 100 (A). Lytic units per 1 % NK cells were determined 
based on the percentages of CD16+/CD56+ NK cells in the cultures obtained by flow cytometric analysis (B). The supernatants were harvested 
from the cultures on days 6, 9, 12, 15, 18, 21, and 25 to determine IFN-γ secretion using single ELISA (C), and the levels were adjusted based 
on per million of cells (D). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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P-values of Supplementary Figure 5 
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Supplementary Figure 5. Old-age donor-derived OCs induced lower levels of activation in NK cells. Osteoclasts (OCs) were 

generated as described in the Materials and Methods section. NK cells and OCs co-culture was performed as described in Fig. S4. NK cell-
mediated cytotoxicity against OSCSCs was determined on days 9 and 15 using a standard 4-hour 51Cr release assay. The lytic units 30/106 cells 
were determined using the inverse number of NK cells required to lyse 30% of OSCSCs x 100 (A). Lytic units per 1 % NK cells were determined 
based on the percentages of CD16+CD56+ NK cells in the cultures obtained by flow cytometric analysis (B). The supernatants were harvested 
from the cultures on days 6, 9, 12, 15, 18, 21, and 25 to determine IFN-γ secretion using single ELISA (C), and the levels IFN-γ pg/ml were 
adjusted based on per million of cells (D). ****(p-value <0.0001), ***(p-value 0.0001-0.001). 
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Supplementary Tables 
 

Supplementary Table 1. Decreased levels of cytotoxicity, and IFN-γ secretions in NK cells from an 
older donor 

Supplementary Table 1A 

 Exp # 1 Exp # 2 Exp # 3 

LU 30/106 cells 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 

Untreated NK 46 19 34 21 54 31 

NK + IL-2 120 76 143 109 133 127 

NK + IL-2 + anti-CD16 mAbs 24 19 87 48 63 51 

 

Supplementary Table 1B 

 

NK cells were left untreated or were treated with IL-2 (1000 U/ml) or with a combination of IL-2 (1000 U/ml) 
and anti-CD16 mAbs (3 µg/ml) for 18 hours before they were used as effectors in standard 4-hour 51Cr 
release assay against OSCSCs (n=3, A). The lytic units 30/106 cells were determined using the inverse number 
of NK cells required to lyse 30% of tumors X 100. NK cells left untreated ot treated with IL-2 (1000 U/ml) or 
with a combination of IL-2 (1000 U/ml) and anti-CD16 mAbs (3 µg/ml) for 18 hours before the supernatants 
were harvested to determine IFN-γ secretion using single ELISA (n=3, B).  

 

Supplementary Table 2. OCs induced lower levels of cytotoxic activity in old-age donor NK cells 

Supplementary Table 2A 

 

 Exp # 1 Exp # 2 Exp # 3 

LU 30/106 cells 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 

Day 12 344 42 423 86 412 71 

Day 30 357 26 256 38     

 

Supplementary Table 2B 

 

 Exp # 1 Exp # 2 Exp # 3 

LU 30/106 cells/  1 NK % 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 

Day 12 4.4444444 1.5 4.752809 1.4827586 4.9638554 1.0441176 

Day 30 4.890411 1.8571429 2.7526882 1.4074074 na na 

Osteoclasts (OCs) were generated as described in the Materials and Methods section. NK cells and OCs co-
culture was performed as described in Figure S1. NK cell-mediated cytotoxicity against OSCSCs was 
determined on days 9 and 15 using a standard 4-hour 51Cr release assay. The lytic units 30/106 cells were 
determined using the inverse number of NK cells required to lyse 30% of OSCSCs x 100 (A). Lytic units per 1 % 
NK cells were determined based on the percentages of CD16+/CD56+ NK cells in the cultures obtained by flow 
cytometric analysis (B).  

 

 Exp # 1 Exp # 2 Exp # 3 

IFN-γ (pg/ml) 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 21-25 yrs 75-85 yrs 

Untreated NK 54 46 48 39 33 61 

NK + IL-2 128 97 176 106 159 127 

NK + IL-2 + anti-CD16 mAbs 199.88 142.55 302 139 263 181 
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