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Abstract
Osteoclasts (OCs) and dendritic cells (DCs) induce expansion and functional activation of NK and T cells. When comparing 
OCs with DC-induced activation in NK cells, OCs induced significantly higher cell expansion and functional activation of 
NK cells as compared to DCs, either from healthy individuals or those obtained from cancer patients. However, no differences 
could be seen in the levels of cell expansion and functional activation in T cells activated by OCs or DCs, either from healthy 
individuals or those from cancer patients. OCs selectively expanded and activated CD8 + T cells, whereas DCs expanded 
and activated CD4 + T cells. In addition, both allogeneic and autologous OCs induced similar levels of cell expansion and 
functional activation of NK and T cells. Together, these findings highlighted the essential roles of OCs in expanding and 
activating the cytotoxic effectors of NK, and CD8 + T cells, and demonstrated several differences when compared to the 
effect of DCs.
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Abbreviations
DCs	� Dendritic cells
IFN-γ	� Interferon-gamma
MHC	� Major histocompatibility complex
NK cells	� Natural killer cells
OCs	� Osteoclasts
OSCSCs	� Oral squamous cancer stem cells
PBMCs	� Peripheral blood mononuclear cells
rhIL-2	� Recombinant human IL-2

Introduction

Osteoclasts (OCs) are primarily known for their role in 
bone breakdown or resorption. Natural killer (NK) and T 
cells are among the large populations of lymphocytes in 

peripheral blood mononuclear cells (PBMCs). NK cells 
originate from bone marrow and are known to regulate the 
functions of other immune cells by producing key cytokines 
and chemokines [1, 2]. NK cell-mediated cytotoxicity results 
in the lysis of transformed or infected cells, and also NK 
cells limit tumor growth/metastasis and viral infections 
[3]. Decreased numbers and cytotoxic activity of NK cells 
result in poor prognosis in cancer patients [4–9]. T cells 
mediate adaptive cellular immunity [10, 11]. CD8 + T cells 
play a significant role in immune surveillance and defense 
against infections and cancer [12, 13]. Increased number of 
tumor-infiltrating CD8 + T cells are associated with posi-
tive responses to standard chemotherapeutic regimens and 
patient survival [14–17]. CD4 + T cells mediate effector 
function via secreted cytokines [17]. CD4 + and CD8 + T 
cells mediated adaptive cellular immunity closely collabo-
rate with the innate immune system [10, 11]. It was found 
that NK cells can activate and induce the proliferation of T 
cells through direct cell–cell contact [18–20]. The immu-
noregulatory function of NK cells plays a role in killing 
chronically activated leukocytes [21–24] and eliminating 
activated autologous CD4 + T cells [24–26].

We have previously explored the immunomodulatory 
function of OCs and demonstrated the role of OCs in the 
modulation of NK cells, and T cells [27–32]. OCs were 
found to play a crucial role in the expansion and functional 
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activation of NK cells and CD8 + T cells [29, 30, 33, 34]. 
Since OCs preferentially expand CD8 + T cells, OC-induced 
expanded T cells expressed decreased ratios of CD4 + to 
CD8 + T cells [30]. We previously have shown differences 
between dendritic cells (DCs)-induced expanded NK and 
T cells [30]. OCs induced higher expansion and func-
tional activation of NK cells compared to DCs, preferen-
tially expanded CD8 + T cells, whereas, DCs preferentially 
expanded CD4 + T cells [30]. The mechanisms governing 
the differential expansion of NK and T cells by OCs and 
DCs are still under investigation. These findings suggest that 
OCs are the best feeder cells to prepare NK and CD8 + T 
cell-based immunotherapies. To date, NK and CD8 + T cell-
based immunotherapies are among the leading standards in 
cancer therapeutics [35, 36].

This study explores the differences between OCs and 
DCs-induced expansion and functional activation of NK and 
T cells. We compared the NK and T cell expansion and func-
tional activation induced by healthy individual and cancer 
patient-derived OCs and DCs. In addition, we observed that 
similar levels of expansion and functional activation were 
induced in both NK and T cells using allogeneic or autolo-
gous healthy individual-derived OCs. Finally, we demon-
strated that OCs expand and activate CD8 + T cells higher 
when compared to CD4 + T cells, whereas DC expands and 
activates CD4 + T cells higher when compared to CD8 + T 
cells.

Materials and methods

Cell lines, reagents, and antibodies

RPMI 1640 supplemented with 10% fetal bovine serum 
(FBS) (Gemini Bio-Product, CA, USA) was used to culture 
human NK cells and T cells. Alpha-MEM (Life Technolo-
gies, CA, USA) supplemented with 10% FBS was used 
for osteoclast (OCs) and dendritic cell (DCs) cultures. 
M-CSF, anti-CD16 mAb, and flow cytometric antibodies 
were purchased from Biolegend, CA, USA. RANKL, GM-
CSF, and IL-4 were purchased from PeproTech, NJ, USA, 
and recombinant human IL-2 was obtained from Hoffman 
La Roche (NJ, USA). Human anti-CD3/CD28 was pur-
chased from Stem Cell Technologies, Vancouver, Canada. 
Probiotic bacteria, AJ2 is a combination of eight differ-
ent strains of gram-positive probiotic bacteria selected for 
their superior ability to induce optimal secretion of both 
pro-inflammatory and anti-inflammatory cytokines in NK 
cells [37]. RPMI 1640 supplemented with 10% FBS was 
used to re-suspend AJ2. Oral squamous carcinoma stem 
cells (OSCSCs) were isolated from patients with tongue 
tumors at UCLA [38–41]. OSCSCs were cultured in RPMI 
1640 (Life Technologies, CA, USA) supplemented with 

10% fetal bovine serum (FBS) (Gemini Bio-Product, CA, 
USA). Human ELISA kits for IFN-γ were purchased from 
Biolegend (San Diego, CA).

Purification of human NK cells, T cells, 
and monocytes

Written informed consents were obtained from healthy 
donors and cancer patients as approved by the UCLA Insti-
tutional Review Board (IRB), all procedure were approved 
by UCLA-IRB and all methods were carried in accord-
ance with UCLA-IRB guidelines and regulations. Periph-
eral blood mononuclear cells (PBMCs) were isolated from 
peripheral blood as described before [42]. Briefly, PBMCs 
were obtained after Ficoll-hypaque centrifugation and were 
used to isolate NK cells, T cells, CD4 + T cells, CD8 + T 
cells, and monocytes using the EasySep® Human NK cell, 
EasySep® Human T cell, EasySep® Human CD4 T, and 
EasySep® Human CD8 T cell, EasySep® Human mono-
cytes enrichments kits, respectively, purchased from Stem 
Cell Technologies (Vancouver, BC, Canada). Isolated NK 
cells, T cells, CD4 + T cells, CD8 + T cells, and monocytes 
were stained with anti-CD16, anti-CD3, anti-CD4, anti-
CD8, anti-CD14 antibodies, respectively, to measure the 
cell purity using flow cytometric analysis.

Generation of human OCs and DCs

To generate 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. OCs were tested using TRAP staining to confirm 
multinucleated cells as described previously [27]. Mono-
cytes were cultured in alpha-MEM media supplemented 
with GM-CSF (150 ng/mL) and IL-4 (50 ng/mL) for 7 days 
to generate DCs.

Sonication of probiotic bacteria (AJ2)

AJ2 bacteria were weighed and re-suspended in RPMI 1640 
medium containing 10% FBS at a concentration of 10 mg/
ml. The bacteria were thoroughly vortexed, then sonicated 
on ice for 15 s at 6 to 8 amplitudes, sonicated samples were 
then incubated for 30 s on the ice, the cycle was repeated 
for five rounds. After every five rounds of sonication, we 
checked each sample under the microscope until at least 80% 
of bacterial walls were lysed. It was determined that approxi-
mately 20 rounds of sonication/incubation on ice were nec-
essary to achieve complete sonication. Finally, the sonicated 
AJ2 (sAJ2) was aliquoted and stored at −80˚C until use.
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Expansion of NK cells and T cells

Human purified NK cells were activated with rh-IL-2 (1000 
U/ml) and anti-CD16 mAbs (3 µg/ml) for 18–20 h before 
they were co-cultured with feeder cells (OCs or DCs) and 
sAJ2 (OCs:NK:sAJ2 or DCs:NK:sAJ2; 1:2:4) in RPMI 1640 
medium containing 10% FBS. The medium was refreshed 
every three days with RPMI containing rh-IL-2 (1500 U/ml). 
Purified human T cells were activated with rh-IL-2 (100 U/
ml) and anti-CD3 (1 µg/ml)/anti-CD28 (3 µg/ml) for 18–20 h 
before they were co-cultured with OCs or DCs and sAJ2 
(OCs:T:sAJ2 or DCs:T:sAJ2; 1:2:4) in RPMI 1640 medium 
containing 10% FBS. The culture media was refreshed with 
rh-IL-2 (150 U/ml) every three days.

Enzyme‑linked immunosorbent assays (ELISAs)

Single ELISAs and multiplex assays were performed as pre-
viously described [42]. To analyze and obtain the cytokine 

and chemokine concentration, a standard curve was gener-
ated by either two- or three-fold dilution of recombinant 
cytokines provided by the manufacturer.

51Cr release cytotoxicity assay

The 51Cr release assay was performed as described previ-
ously [43]. Briefly, different numbers of effector cells were 
incubated with 51Cr–labeled target cells. After a 4-h incu-
bation period, 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:

% Cytotoxicity =
Experimental cpm − spontaneous cpm

Total cpm − spontaneous cpm

Fig. 1   OCs induced higher cell expansion and functional activa-
tion in NK cells compared to DCs. OCs and DCs were generated as 
described in Materials and Methods. NK cells from healthy individu-
als (1 × 106 cells/ml) were treated with a combination of IL-2 (1000 
U/ml) and anti-CD16mAb (3  µg/ml) for 18  h before they were co-
cultured with autologous OCs or DCs in the presence of sAJ2 at 1:2:4 
ratios (DCs or OCs:NK:sAJ2). The expanding cells were counted on 
days 6, 9, 12, 15, 18, and 22 using microscopy (n = 18) (A, E). NK 
cells were co-cultured with OCs or DCs as described in Fig. 1A, the 
supernatants were harvested on days 6, 9, 12, 15, 18, and 22 of the 
co-cultures, and the amounts of IFN-γ secretion were determined 

using single ELISA (n = 18) (B, F). The amounts of IFN-γ secre-
tion shown in Fig.  1B and F were assessed based on 1 × 106 cells 
(n = 18) (C, G). NK cells were co-cultured with OCs or DCs as 
described in Fig. 1A and cytotoxicity of day 9 and 15 expanded cells 
was determined using a standard 4-h 51Cr release assay against OSC-
SCs. Effector-to-target (E:T) ratios were 2.5:1, 1.25:1. 0.65:1, and 
0:1, and duplicate samples were used for each ratio. The Lytic units 
(LU) 30/10.6 cells were determined using the inverse number of NK 
cells required to lyse 30% of OSCSCs × 100 (n = 6) (D, H). ****(p 
value < 0.0001), ***(p value < 0.001), **(p value 0.001–0.01), *(p 
value 0.01–0.05)
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LU 30/106 is calculated by using the inverse of the num-
ber of effector cells needed to lyse 30% of tumor target cells 
X100.

Statistical analyses

All statistical analyses were performed using the Graph-
Pad Prism-8 software. An unpaired or paired, two-tailed 
student’s t-test was performed for the statistical analysis 
of 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. (n) denotes 
the number of human donors or mice for each experimen-
tal condition. Duplicate or triplicate samples were used in 
the in vitro studies for assessment. The following symbols 

represent the levels of statistical significance within each 
analysis: ***(p-value < 0.001), **(p-value 0.001–0.01), *(p 
value 0.01–0.05).

Results

Increased levels of cell expansion, cytotoxicity, 
and IFN‑γ secretion in OC‑activated NK cells 
in comparison to DC‑activated NK cells

To assess whether OCs and DCs induced different levels 
of cell expansion and functional activation in NK cells, we 
cultured NK cells from healthy individuals either alone or 
with OCs or DCs. When we counted the NK cells, a signifi-
cantly increased level of cell expansion was observed in NK 

Fig. 2   Both OCs and DCs from cancer patients induced lower cell 
expansion and functional activation in NK cells compared to healthy 
individual OCs and DCs, respectively. OCs and DCs were gener-
ated 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 h before they 
were co-cultured with allogeneic healthy individuals and cancer 
patients’ OCs or DCs in the presence of sAJ2 at 1:2:4 ratios (DCs or 
OCs:NK:sAJ2). The expanding cells were counted on days 6, 9, 12, 
15, 18, and 22 using microscopy (A, E). NK cells were co-cultured 
with OCs or DCs as described in Fig. 2A, the supernatants were har-

vested on days 9 and 25 of the co-cultures, and the amounts of IFN-γ 
secretion were determined using single ELISA (B, F). The amounts 
of IFN-γ secretion shown in Fig.  2B and F were assessed based on 
1 × 106 cells (C, G). NK cells were co-cultured with OCs or DCs 
as described in Fig.  2A and cytotoxicity of day 9 and 15 expanded 
cells was determined using a standard 4-h 51Cr release assay against 
OSCSCs. Effector-to-target (E:T) ratios were 2.5:1, 1.25:1. 0.65:1, 
and 0:1, and duplicate samples were used for each ratio. The Lytic 
units (LU) 30/10.6 cells were determined using the inverse number of 
NK cells required to lyse 30% of OSCSCs × 100 (D, H). *(p value 
0.01–0.05)
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cells cultured with OCs compared to those cultured alone or 
with DCs (Fig. 1A, E). Cytokine secretion assay revealed 
significantly higher levels of IFN-γ in media harvested from 
NK cells and OCs co-culture compared to media from NK 
cells alone or NK cells and DCs cultures (Figs. 1B, C, F, G 
and S1). Also, NK cells cultured with OCs displayed signifi-
cantly higher levels of NK cell-mediated cytotoxicity against 
oral squamous cancer stem-like cells (OSCSCs) compared 
to NK cells cultured alone or with DCs (Figs. 1D, 4H). 
Reduced surface expression of NK cell receptor ligands was 
seen on the surface of DCs compared to OCs (Fig. S2), this 
could be one of the mechanisms for reduced DCs induced 
activation in NK cells.

Cancer patient‑derived OCs and DCs exhibited 
decreased potential to induce cell expansion 
and functional activation in NK cells

We cultured the healthy individuals’ NK cells with healthy 
individuals’ or pancreatic cancer patients’ derived OCs and 
DCs (allogeneic). The stage IV pancreatic cancer patient was 

a 53-year-old female with metastatic pancreatic adenocarci-
noma (PDAC). She received several different chemothera-
peutic drugs in various combinations over two years which 
included 12 cycles of Folfirinox, and anti-IL6R antibody 
therapy twice before her samples were used in this study. 
Healthy individuals with no medical history of cancer were 
age and gender-matched as cancer patients. Decreased levels 
of cell expansion (Fig. 2A, E), IFN-γ secretion (Figs. 2B–C, 
F–G, and S3), and NK cell-mediated cytotoxicity (Fig. 2D, 
H) were seen in NK cells cultured with patient-derived 
OCs and DCs in comparison to healthy donor-derived OCs 
and DCs, respectively. Reduced NK cell receptors on pri-
mary and OC-expanded NK cells (Figs. S4–S5), and their 
ligands on OCs’ surface were observed in cancer patient 
OCs (Fig. S6). These results indicated functional defects in 
cancer patient-derived NK cells, OCs, and DCs to induce 
optimal levels of cell expansion and activation in NK cells.

Fig. 3   Autologous or allogeneic OCs from healthy individuals 
induced similar levels of cell expansion and functional activation in 
NK cells. 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  h before they were co-cultured with either autolo-
gous or allogeneic healthy individual derived OCs in the presence 
of sAJ2 at 1:2:4 ratios (OCs:NK:sAJ2). The expanding cells were 
counted on days 6, 9, 12, 15, 18, and 22 using microscopy (n = 24) 
(A, E). NK cells were co-cultured with OCs as described in Fig. 3A, 
the supernatants were harvested on days 6, 9, 12, 15, 18, and 22 of 

the co-cultures, and the amounts of IFN-γ secretion were determined 
using single ELISA (n = 24) (B, F). The amounts of IFN-γ secretion 
shown in Fig. 3B and F were assessed based on 1 × 106 cells (n = 24) 
(C, G). NK cells were co-cultured with OCs as described in Fig. 3A 
and cytotoxicity of day 9 and 15 expanded cells was determined using 
a standard 4-h 51Cr release assay against OSCSCs. Effector-to-target 
(E:T) ratios were 2.5:1, 1.25:1. 0.65:1, and 0:1, and duplicate sam-
ples were used for each ratio. The Lytic units (LU) 30/10.6 cells were 
determined using the inverse number of NK cells required to lyse 
30% of OSCSCs × 100 (n = 8) (D, H). ****(p value < 0.0001), ***(p 
value < 0.001), **(p value 0.001–0.01), *(p value 0.01–0.05)
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Similar levels of cell expansion and functional 
activation induced by allogeneic or autologous OCs

To determine whether OC-induced activation in NK cells 
is donor-dependent, we cultured the NK cells from healthy 
individuals with either autologous or allogeneic healthy 
individual-derived OCs. Similar levels of cell expansion 
(Fig. 3A, E), IFN-γ secretion (Fig. 3B, C, F, G), and NK 
cell-mediated cytotoxicity (Fig. 3D, H) were observed in 
NK cells cultured with either autologous or allogeneic OCs.

Not much difference was seen in the levels of cell 
expansion or IFN‑γ secretion in T cells activated 
with OCs or DCs

Next, we analyzed OCs vs. DCs-induced cell expansion and 
functional activation in T cells. T cells from healthy individ-
uals were cultured with OCs or DCs, and no detectable dif-
ferences were seen in the levels of cell expansion (Fig. 4A, 
D), and IFN-γ secretion (Fig. 4B, C, E, F) in T cells in the 
presence of OCs vs. DCs. These results suggested that both 

OCs and DCs exhibit similar levels of potential to induce 
activation in T cells. OC-expanded T cells showed increased 
percentages of CD8 + T cells, whereas DC-expanded T cells 
showed increased percentages of CD4 + T cells (Fig. S7).

Function inhibition in T cells from cancer patients 
was not significantly revered in the presence 
of either OCs or DCs

Cancer patients’ T cells represent memory type phenotype, 
increased surface expression of activated T cell markers, 
and decreased surface expression of naïve T cell markers 
were seen in cancer patient T cells (Fig. S8). Also, we 
found decreased cell expansion and IFN-γ secretion in T 
cells from cancer patients compared to those from healthy 
individuals (Fig. 5). To determine if we can reverse this 
inhibited T cell function, we cultured T cells from healthy 
individuals and cancer patients with healthy allogeneic 
OCs and DCs. Inhibition of cell expansion and function 
of T cells was not revered by either OCs or DCs (Fig. 5). 
We next compared autologous vs. allogeneic OCs-induced 

Fig. 4   Both OCs and DCs from healthy individuals induced almost 
similar levels of cell expansion and function activation in T cells. 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 h before they were co-cultured with healthy individu-
als’ OCs or DC and sAJ2 at a ratio of 1:2:4 (OCs or DCs:T:sAJ2). 
On days 6, 9, 12, and 15, the T cells were counted using microscopy 

(n = 12) (A, D). T cells were treated and cultured as described in 
Fig. 4A and D. The supernatants were harvested on days 6, 9, 12, and 
15, and the levels of IFN-γ secretion were determined using a single 
ELISA (n = 12) (B, E). Amounts of IFN-γ secretion shown in Fig. 4B 
and E were assessed based on 1 × 10.6 cells (n = 12) (C, F). ****(p 
value < 0.0001), ***(p value < 0.001), **(p value 0.001–0.01), *(p 
value 0.01–0.05)
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activation in healthy individual and cancer patients derived 
T cells, and no significant differences were seen in allo-
geneic or autologous OCs induced activation in T cells 
(Fig. 6). When we cultured healthy individual T cells with 
either autologous or allogeneic healthy individual-derived 
OCs. No significant differences were observed in the lev-
els of cell expansion (Fig. 7A, D) and IFN-γ secretion 
(Fig. 7B, C, E, F) in T cells activated by either autologous 
or allogeneic OCs.

OCs preferentially expand and activate CD8 + T cells

CD4 + T cells and CD8 + T cells from healthy individu-
als were cultured with healthy individuals’ OCs or DC. A 
slightly higher level of cell expansion was seen in CD8 + T 
cells alone compared to CD4 + T cells alone (Fig. 8A, D). 
Both OCs and DCs were found to induce higher expansion 
of CD8 + T cells compared to CD4 + T cells, however, OCs 
in comparison to DCs induced higher expansion of CD8 + T 
cells (Fig. 8A, D). We then compared the secretion of IFN-γ 
by CD4 + T and CD8 + T cells alone or in the presence of 
OCs or DCs. We observed higher levels of IFN-γ in CD4 + T 
alone compared to CD8 + T cells alone, and similar levels of 

Fig. 5   Both OCs and DCs from healthy individuals induced lower 
levels of cell expansion and function activation in cancer patient-
derived T cells in comparison to T cells from healthy individuals. 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 h before they were co-cultured 
with healthy individuals’ OCs or DC and sAJ2 at a ratio of 1:2:4 

(OCs or DCs:T:sAJ2). On days 6, 9, 12, and 15, the T cells were 
counted using microscopy (n = 8) (A, D). T cells were treated and 
cultured as described in Fig. 5A and D. The supernatants were har-
vested on days 6, 9, 12, and 15, and the levels of IFN-γ secretion were 
determined using a single ELISA (n = 8) (B, E). Amounts of IFN-γ 
secretion shown in Fig.  5B and E were assessed based on 1 × 10.6 
cells (n = 8) (C, F). **(p value 0.001–0.01), *(p value 0.01–0.05)
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increase in the secretion levels of IFN-γ were seen by DCs in 
both CD4 + and CD8 + T cells (Fig. 8B, C, E, F). However, 
OCs induced significantly increased levels of IFN-γ secre-
tion in CD8 + T cells compared to CD4 + T cells, and also 
OCs-activated CD8 + T cells secreted higher IFN-γ com-
pared to DCs-activated CD8 + T cells (Fig. 8B–C, E–F).

Discussion

There are ample reports on DCs since these cells are respon-
sible for activating T cells in an antigen-specific manner 
through peptide processing and presentation. However, we 
are just starting to appreciate the significance of OCs in 
activating immune function. In addition, we do not know 
whether there are significant differences between DCs and 
OCs on immune activation per cell basis. In this paper, we 
determined the function of OCs and DCs against NK and T 
cells in the setting of both autologous and allogeneic systems 

Fig. 6   OCs from cancer patients induced lower levels of cell expan-
sion and function activation in both cancer patient and healthy 
individual-derived T cells in comparison to OCs from healthy indi-
viduals. T cells (1 × 106 cells/ml) from healthy individuals and can-
cer patients were treated with a combination of IL-2 (100 U/ml) and 
anti-CD3 (1  µg/ml)/CD28mAb (3  µg/ml) for 18  h before they were 
co-cultured with healthy individuals’ or cancer patients’ OCs and 

sAJ2 at a ratio of 1:2:4 (OCs:T:sAJ2). On days 6, 9, 12, and 15, the T 
cells were counted using microscopy (A, D). T cells were treated and 
cultured as described in Fig. 6A and D. The supernatants were har-
vested on days 6, 9, 12, and 15, and the levels of IFN-γ secretion were 
determined using a single ELISA (B, E). Amounts of IFN-γ secretion 
shown in Fig. 6B and E were assessed based on 1 × 10.6 cells (C, F). 
**(p value 0.001–0.01), *(p value 0.01–0.05)
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to assess which population is superior in activating NK and 
T cells.

When determining the function of NK cells against both 
OCs and DCs it is apparent that OCs have a superior abil-
ity to activate NK cells compared to DCs on per cell basis. 
OCs not only increase the expansion of NK cells but are 
also capable of increasing the function of NK cells which 
surpasses those mediated by the DCs. Although OCs can 
also increase the expansion and activation of patient-derived 
NK cells, the levels remain inferior to those obtained in 
the culture of healthy donor NK cells with healthy donor 
OCs. Both NK cells and OCs from patients have defects 
which is reflected in the decreased activation when either 
NK cells or OCs from patients were used as compared to 

those of healthy individuals [33]. A similar effect is seen 
by patient-derived DCs when compared to DCs isolated 
from healthy individuals, indicating defects in patient NK 
or OCs and DCs. We have previously shown that OCs from 
patients have lower levels of activating receptors, therefore, 
the defect could be at the levels of the expression of such 
receptors and ligands that are responsible for the activation 
of NK cells (Fig. S6) [33]. This receptor-ligand interaction 
contributes to OCs-induced activation in NK cells via cell-
to-cell contact. We attempted to expand NK cells using the 
supernatant from OCs but we failed to achieve higher levels 
of NK cell expansion and functional activation indicating 
that cell-to-cell interaction is crucial for NK cell stimulation 
by OCs (manuscript in press). Next, we assessed whether 

Fig. 7   Autologous or allogeneic OCs from healthy individu-
als induced similar levels of expansion and functional activation 
in T cells. 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 h before they were co-cultured with 
healthy individuals’ autologous or allogeneic OCs and sAJ2 at a ratio 
of 1:2:4 (OCs:T:sAJ2). On days 6, 9, 12, and 15, the T cells were 

counted using microscopy (n = 8) (A, D). T cells were treated and 
cultured as described in Fig. 7A and D. The supernatants were har-
vested on days 6, 9, 12, and 15, and the levels of IFN-γ secretion were 
determined using a single ELISA (n = 8) (B, E). Amounts of IFN-γ 
secretion shown in Fig.  7B and E were assessed based on 1 × 10.6 
cells (C, F). ****(p value < 0.0001), ***(p value < 0.001), **(p value 
0.001–0.01), *(p value 0.01–0.05)
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there are differences in the activation of NK cells if either 
autologous or allogeneic OCs were used. The data indicates 
that no significant differences could be ascertained when 
either autologous or allogeneic OCs were used to activate 
NK cells.

When the functions of T cells were compared to NK cells, 
several important factors could be observed. First, both OCs 
and DCs were capable of activating T cells, similar to those 
seen by the NK cells. However, unlike NK cells no signifi-
cant differences could be seen between the activating capac-
ity of OCs compared to DCs. Patient T cells cultured with 
either OCs or DCs mediated lower activation when com-
pared to T cells obtained from healthy individuals cultured 
with OCs or DCs. The decrease in T cell activation was 
less than that seen with the NK cells, therefore, it appears 

that T cells are less inactivated in the patients when com-
pared to NK cells. Autologous and allogeneic OCs medi-
ated similar levels of T cell activation similar to NK cells. 
When activating CD4 + T cells or CD8 + T cells with OCs, 
only CD8 + T cells were able to expand, and increase func-
tion when compared to CD4 + T cells, whereas DCs acti-
vated both CD4 + T and CD8 + T cells to similar extents. 
Therefore, it appears that cytotoxic cells such as NK cells 
and CD8 + T cells are preferentially activated significantly 
by the OCs. Whether OCs have been specialized to derive 
preferentially the activation of cytotoxic cells should await 
future investigation. Such findings are very important since 
one can derive the activation of helper or cytotoxic T cells 
and NK cells depending on whether OCs or DCs are used 
for the activation. Since T cells are inactivated less in cancer 

Fig. 8   OCs preferentially expand and activate CD8 + T cells. CD4 + T 
cells and CD8 + T cells (1 × 106 cells/ml) from healthy individu-
als were treated with a combination of IL-2 (100 U/ml) and anti-
CD3 (1  µg/ml)/CD28mAb (3  µg/ml) for 18  h before they were co-
cultured with healthy individuals’ OCs or DC and sAJ2 at a ratio of 
1:2:4 (OCs or DCs:T:sAJ2). On days 6, 9, 12, and 15, the CD4 + T 
and CD8 + T cells were counted using microscopy (n = 12) (A, D). 

CD4 + and CD8 + T cells were treated and cultured as described in 
Fig. 8A and D. The supernatants were harvested on days 6, 9, 12, and 
15, and the levels of IFN-γ secretion were determined using a single 
ELISA (n = 12) (B, E). Amounts of IFN-γ secretion shown in Fig. 8B 
and E were assessed based on 1 × 10.6 cells (n = 12) (C, F). ****(p 
value < 0.0001), ***(p value < 0.001), **(p value 0.001–0.01), *(p 
value 0.01–0.05)
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patients, one can design a strategy to use autologous T cells 
for engineering purposes and allogeneic NK cells to avoid 
graft vs. host disease (GVHD).

At the moment it is not clear whether OCs similar to DCs 
are able to present peptide antigens to specifically activate 
antigen specific T cells. OCs have in general lower levels 
of MHC class I and class II [27] and they will likely acti-
vate MHC class I and II expression at lower levels when 
activated as compared to DCs [44]. However, it has been 
shown that cross-presentation by OCs induces FOXP3 in 
CD8 + T cells [45]. The authors observed increases in IL-2, 
IL-6, and IFN-γ as well as the increase in proliferation of 
CD8 + T cells in OT-I transgenic mice in the presence of 
ovalbumin (OVA) [45]. In another study the authors dem-
onstrated that OCs can function as antigen-presenting cells 
and activate both CD4 + and CD8 + T cells in an MHC-class 
I restricted fashion [46]. Therefore, this aspect of OCs has 
received relatively less attention in recent years. Whether 
there are quantitative and qualitative differences between 
antigen presentation between OCs and DCs, will require 
careful future investigations. However, one thing is clear 
OCs have a predilection to activate killer immune effectors, 
whereas DCs activate both CD4 and CD8 + T cells (Figs. 1, 
8). These differences may have a significant physiological 
implication since DCs and OCs are found in different niches 
in tissues.

We have previously shown that NK cells target CD4 + T 
cells and result in the expansion of CD8 + T cells [30]. 
Whether CD4 + T cells have in general lower survival 
capability even in the presence of OCs awaits future 
investigations.

Since OCs are found in the bone marrow and the bone 
microenvironment, their ability to increase and activate 
CD8 + T cells could have an important physiological func-
tion in the remodeling of the bone. Indeed, it is possible that 
the bone-resorbing ability of OCs could be directly through 
OCs and indirectly through the activation of CD8 + T cells 
to eliminate dead and dying osteocytes in order to maintain 
a balance of bone formation and bone resorption.

Overall, our data demonstrates several important dif-
ferences between the activating capacity of OCs and DCs 
on NK and T cells. One can leverage such differences to 
specifically activate certain subpopulations of T and NK 
cells to deliver effective function in cancer or other auto-
immune diseases. Indeed, we have leveraged the activating 
capacity of OCs on NK cells to engineer supercharged NK 
cells which were shown to have significant tumor-killing 
capability by decreasing the size and the volume of tumors 
in vitro and in vivo in humanize-BLT mouse model sys-
tems [34, 47, 48], in addition to their use in cancer patients 
(manuscript submitted).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00262-​025-​03956-x.

Author contributions  KK performed experiments, performed data 
analysis, prepared all the figures, performed the literature search, and 
wrote the manuscript. AJ obtained the funding, designed the study, and 
prepared the manuscript.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest   The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Fildes JE, Yonan N, Leonard CT (2008) Natural killer cells and 
lung transplantation, roles in rejection, infection, and tolerance. 
Transpl Immunol 19(1):1–11

	 2.	 Farag SS, Caligiuri MA (2006) Human natural killer cell devel-
opment and biology. Blood Rev 20(3):123–137

	 3.	 Wolf NK, Kissiov DU, Raulet DH (2023) Roles of natural killer 
cells in immunity to cancer, and applications to immunotherapy. 
Nat Rev Immunol 23(2):90–105

	 4.	 Burke S et al (2010) New views on natural killer cell-based 
immunotherapy for melanoma treatment. Trends Immunol 
31(9):339–345

	 5.	 Larsen SK, Gao Y, Basse PH (2014) NK cells in the tumor 
microenvironment. Crit Rev Oncog 19(1–2):91–105

	 6.	 Nolibe D, Poupon MF (1986) Enhancement of pulmonary metas-
tases induced by decreased lung natural killer cell activity. J Natl 
Cancer Inst 77(1):99–103

	 7.	 Imai K et al (2000) Natural cytotoxic activity of peripheral-blood 
lymphocytes and cancer incidence: an 11-year follow-up study of 
a general population. Lancet 356(9244):1795–1799

	 8.	 Harning R, Koo GC, Szalay J (1989) Regulation of the metastasis 
of murine ocular melanoma by natural killer cells. Invest Ophthal-
mol Vis Sci 30(9):1909–1915

	 9.	 Coca S et al (1997) The prognostic significance of intratumoral 
natural killer cells in patients with colorectal carcinoma. Cancer 
79(12):2320–2328

	10.	 Shaw SY et al (2013) Selective modulation of autophagy, innate 
immunity, and adaptive immunity by small molecules. ACS Chem 
Biol 8(12):2724–2733

https://doi.org/10.1007/s00262-025-03956-x
http://creativecommons.org/licenses/by/4.0/


	 Cancer Immunology, Immunotherapy (2025) 74:127127  Page 12 of 12

	11.	 Pant H et al (2013) Accumulation of effector memory CD8+ T 
cells in nasal polyps. Am J Rhinol Allergy 27(5):e117–e126

	12.	 Koh C-H et al (2023) CD8 T-cell subsets: heterogeneity, functions, 
and therapeutic potential. Exp Mol Med 55(11):2287–2299

	13.	 Zanetti M (2015) Tapping CD4 T cells for cancer immuno-
therapy: the choice of personalized genomics. J Immunol 
194(5):2049–2056

	14.	 Seo AN et al (2013) Tumour-infiltrating CD8+ lymphocytes 
as an independent predictive factor for pathological complete 
response to primary systemic therapy in breast cancer. Br J Can-
cer 109(10):2705–2713

	15.	 Hadrup S, Donia M, Thor Straten P (2013) Effector CD4 and 
CD8 T cells and their role in the tumor microenvironment. Cancer 
Microenviron. 6(2):123–33

	16.	 Kim ST et al (2013) Tumor-infiltrating lymphocytes, tumor char-
acteristics, and recurrence in patients with early breast cancer. Am 
J Clin Oncol 36(3):224–231

	17.	 Luckheeram RV et al (2012) CD4⁺T cells: differentiation and 
functions. Clin Dev Immunol 2012:925135

	18.	 Assarsson E et  al (2004) NK cells stimulate proliferation of 
T and NK cells through 2B4/CD48 interactions. J Immunol 
173(1):174–180

	19.	 Zingoni A et al (2004) Cross-talk between activated human NK 
cells and CD4+ T cells via OX40-OX40 ligand interactions. J 
Immunol 173(6):3716–3724

	20.	 Gerosa F et al (2002) Reciprocal activating interaction between 
natural killer cells and dendritic cells. J Exp Med 195(3):327–333

	21.	 Crouse J et al (2015) NK cells regulating T cell responses: mecha-
nisms and outcome. Trends Immunol 36(1):49–58

	22.	 Crome SQ et al (2013) Natural killer cells regulate diverse T cell 
responses. Trends Immunol 34(7):342–349

	23.	 Zingoni A et al (2012) NKG2D and DNAM-1 activating receptors 
and their ligands in NK-T cell interactions: role in the NK cell-
mediated negative regulation of T cell responses. Front Immunol 
3:408

	24.	 Pallmer K, Oxenius A (2016) Recognition and Regulation of T 
Cells by NK Cells. Front Immunol 7:251

	25.	 Nielsen N et al (2012) Cytotoxicity of CD56(bright) NK cells 
towards autologous activated CD4+ T cells is mediated through 
NKG2D, LFA-1 and TRAIL and dampened via CD94/NKG2A. 
PLoS ONE 7(2):e31959–e31959

	26.	 Noval Rivas M et al (2010) NK cell regulation of CD4 T cell-medi-
ated graft-versus-host disease. J Immunol 184(12):6790–6798

	27.	 Tseng HC et  al (2015) Bisphosphonate-induced differential 
modulation of immune cell function in gingiva and bone marrow 
in vivo: role in osteoclast-mediated NK cell activation. Oncotarget 
6(24):20002–20025

	28.	 Kozlowska AK et  al (2016) Adoptive transfer of osteoclast-
expanded natural killer cells for immunotherapy targeting cancer 
stem-like cells in humanized mice. Cancer Immunol Immunother 
65(7):835–845

	29.	 Kaur K et al (2017) 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 8:297

	30.	 Kaur K et al (2020) Osteoclast-expanded super-charged NK-
cells preferentially select and expand CD8+ T cells. Sci Rep 
10(1):20363

	31.	 Boyce BF, Schwarz EM, Xing L (2006) Osteoclast precursors: 
cytokine-stimulated immunomodulators of inflammatory bone 
disease. Curr Opin Rheumatol 18(4):427–432

	32.	 Mansour A, Wakkach A, Blin-Wakkach C (2017) Emerging 
roles of osteoclasts in the modulation of bone microenvironment 
and immune suppression in multiple myeloma. Front Immunol 
8:954–954

	33.	 Kaur K et al (2019) Probiotic-treated super-charged NK cells effi-
ciently clear poorly differentiated pancreatic tumors in Hu-BLT 
mice. Cancers (Basel). https://​doi.​org/​10.​3390/​cance​rs120​10063

	34.	 Kaur K et  al (2018) Super-charged NK cells inhibit growth 
and progression of stem-like/poorly differentiated oral tumors 
in vivo in humanized BLT mice; effect on tumor differentia-
tion and response to chemotherapeutic drugs. Oncoimmunology 
7(5):e1426518

	35.	 Tomala J et al (2009) In vivo expansion of activated naive CD8+ 
T cells and NK cells driven by complexes of IL-2 and anti-IL-2 
monoclonal antibody as novel approach of cancer immunotherapy. 
J Immunol 183(8):4904–4912

	36.	 Tanaka J et al (2004) Differential expression of natural killer 
cell receptors (CD94/NKG2A) on T cells by the stimulation of 
G-CSF-mobilized peripheral blood mononuclear cells with anti-
CD3 monoclonal antibody and cytokines: a study in stem cell 
donors. Transplant Proc 36(8):2511–2512

	37.	 Bui VT et al (2015) Augmented IFN-gamma and TNF-alpha 
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 6:576

	38.	 Tseng HC et al (2010) Increased lysis of stem cells but not their 
differentiated cells by natural killer cells; de-differentiation or 
reprogramming activates NK cells. PLoS ONE 5(7):e11590

	39.	 Tseng HC et al (2014) Induction of split anergy conditions natural 
killer cells to promote differentiation of stem cells through cell-
cell contact and secreted factors. Front Immunol 5:269

	40.	 Tseng HC et al (2015) Differential targeting of stem cells and 
differentiated glioblastomas by NK Cells. J Cancer 6(9):866–876

	41.	 Bui VT et al (2015) 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 Immu-
nol. https://​doi.​org/​10.​3389/​fimmu.​2015.​00576

	42.	 Jewett A, Bonavida B (1996) Target-induced inactivation and cell 
death by apoptosis in a subset of human NK cells. J Immunol 
156(3):907–915

	43.	 Jewett A et al (2003) Cytokine dependent inverse regulation of 
CD54 (ICAM1) and major histocompatibility complex class I anti-
gens by nuclear factor kappaB in HEp2 tumor cell line: effect on 
the function of natural killer cells. Hum Immunol 64(5):505–520

	44.	 Neefjes J et al (2011) Towards a systems understanding of MHC 
class I and MHC class II antigen presentation. Nat Rev Immunol 
11(12):823–836

	45.	 Buchwald ZS et al (2012) Osteoclast activated FoxP3+ CD8+ 
T-cells suppress bone resorption in vitro. PLoS ONE 7(6):e38199

	46.	 Li H et al (2010) Cross talk between the bone and immune sys-
tems: osteoclasts function as antigen-presenting cells and activate 
CD4+ and CD8+ T cells. Blood 116(2):210–217

	47.	 Kaur K et al (2020) Probiotic-treated super-charged NK cells effi-
ciently clear poorly differentiated pancreatic tumors in Hu-BLT 
mice. Cancers 12(1):63

	48.	 Kaur K et al (2023) Sequential therapy with supercharged NK 
cells with either chemotherapy drug cisplatin or anti-PD-1 anti-
body decreases the tumor size and significantly enhances the NK 
function in Hu-BLT mice. Front Immunol. https://​doi.​org/​10.​
3389/​fimmu.​2023.​11328​07

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/cancers12010063
https://doi.org/10.3389/fimmu.2015.00576
https://doi.org/10.3389/fimmu.2023.1132807
https://doi.org/10.3389/fimmu.2023.1132807

	Distinct profiles of osteoclast and dendritic cell-mediated expansion and functional activation of NK and T cells
	Abstract
	Introduction
	Materials and methods
	Cell lines, reagents, and antibodies
	Purification of human NK cells, T cells, and monocytes
	Generation of human OCs and DCs
	Sonication of probiotic bacteria (AJ2)
	Expansion of NK cells and T cells
	Enzyme-linked immunosorbent assays (ELISAs)
	51Cr release cytotoxicity assay
	Statistical analyses

	Results
	Increased levels of cell expansion, cytotoxicity, and IFN-γ secretion in OC-activated NK cells in comparison to DC-activated NK cells
	Cancer patient-derived OCs and DCs exhibited decreased potential to induce cell expansion and functional activation in NK cells
	Similar levels of cell expansion and functional activation induced by allogeneic or autologous OCs
	Not much difference was seen in the levels of cell expansion or IFN-γ secretion in T cells activated with OCs or DCs
	Function inhibition in T cells from cancer patients was not significantly revered in the presence of either OCs or DCs
	OCs preferentially expand and activate CD8 + T cells

	Discussion
	References




