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ORIGINAL RESEARCH
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ABSTRACT
Therapeutic role of NK cells in solid tumors was challenged previously even though their role in
hematological malignancies has clearly been established. Furthermore, functions and numbers of NK cells
are greatly suppressed in oral cancer patients necessitating effective future NK immunotherapeutic
strategies to aid in the control of disease. The humanized-BLT (hu-BLT) mice were used to implant stem-
like/undifferentiated oral tumors to study the role of super-charged NK cells with and without feeding
with AJ2 probiotic bacteria. Implanted CSC/undifferentiated tumors resected from NK-injected mice
exhibited differentiated phenotype, grew slowly, and did not cause weight loss, whereas those from
tumor-bearing mice without NK-injection remained relatively more stem-like/poorly-differentiated, grew
faster, and caused significant weight loss. Moreover, in vitro NK-differentiated tumors were sensitive to
chemotherapeutic drugs, and when implanted in the oral-cavity grew no or very small tumors in mice.
When NK-mediated differentiation of tumors was blocked by IFN-g and TNF-a antibodies before
implantation, tumors grew rapidly, remained stem-like/poorly-differentiated and became resistant to
chemotherapeutic drugs. Loss of NK cytotoxicity and decreased IFN-g secretion in tumor-bearing mice in
PBMCs, splenocytes, bone marrow derived immune cells and enriched NK cells was restored by the
injection of super-charged NK cells with or without feeding with AJ2. Much greater infiltration of CD45C

and T cells were observed in tumors resected from the mice, along with the restored secretion of IFN-g
from purified T cells from splenocytes in NK-injected tumor-bearing mice fed with AJ2 probiotic bacteria.
Thus, super-charged NK cells prevent tumor growth by restoring effector function resulting in
differentiation of CSCs/undifferentiated-tumors in hu-BLT mice.

KEYWORDS
Differentiation; BLT-NSG; IFN-
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Introduction

Significant challenges remain in finding effective therapeutic
modalities to eliminate oral cancer.1,2 It has been shown that
cancer stem cells (CSCs)/undifferentiated tumors are the cause
of relapse, metastasis and resistance of tumors to chemo- and
radiotherapy.3-5 CSCs/undifferentiated tumors evade host
immunity through absence or downregulation of MHC class I
(MHC-I).6 Lower/no expression of MHC-I on head and neck
on cancer cells correlates positively with disease progression
and therapeutic unresponsiveness7,8; therefore, growth and
expansion of CSCs/undifferentiated tumors with no or low
expression of MHC-I could be the reason for the limited suc-
cess of T cell-based immunotherapies, however, such tumors
remain targets of NK cells.7,9,10 It has been shown that freshly
isolated tumor infiltrating NK cells or NK cells from peripheral
blood of cancer patients are defective in both number and func-
tion.11-13 The density of NK cells is lower in oral tumors graded

as poor prognostic group compared to those in good prognostic
group.11

We have shown previously that Oral Squamous Carcinoma
Stem Cells (OSCSCs) express CD44high EpCAMhigh CD26high

CD166low CD338C oral stem cell markers14,15 and are targets of
NK cell-mediated cytotoxicity, and trigger IFN-g secretion,
whereas their differentiated counterpart, Oral Squamous Cell Car-
cinoma (OSCCs), are more resistant and trigger no or lower IFN-
g secretion by the NK cells.16 We have also shown that NK cells
play a significant role in tumor differentiation by providing critical
signals via secreted cytokines and direct cell-cell contact.15 We
have recently demonstrated that NK-differentiated CSCs/undiffer-
entiated tumors are resistant to NK cell-mediated cytotoxicity and
trigger lower cytokine secretion from the NK cells.17 Such effects
mediated by NK cells are shown to aid in decreasing growth, inva-
sion and metastasis of undifferentiated tumors. Recently, several
humanized mouse models have been developed, with the
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humanized BLT (hu-BLT) mouse model being one of the best
preclinical models that exhibits a full repertoire of interactions
that occur between the tumor, its environment and the immune
system.18,19

In this paper, we demonstrate that CSCs/undifferentiated
tumor cells isolated from oral tumor patient can give rise to
solid tumors in hu-BLT mice, in the presence of a reconstituted,
competent T and B cells. We also demonstrate that injection of
super-charged NK cells in vivo decreases tumor growth by
selection and differentiation of CSCs/undifferentiated tumors.
Furthermore, NK-differentiated tumors become susceptible to
chemotherapeutic drugs. Accordingly, we propose that com-
bining autologous or allogeneic super-charged NK cell immu-
notherapy with chemotherapy may represent an effective
strategy for treating patients with oral tumors.

Results

Single injection of super-charged NK cells inhibited OSCSCs
tumor growth, and significantly improved health of the
mice

Hu-BLT mice were generated and human OSCSCs were
implanted in the floor of the mouth of NSG and hu-BLT
mice (Fig. 1A and 1B) and weight loss was monitored on
a weekly basis (Fig. 1C). Single injection of super-charged
NK cells resulted in lower weight loss of mice implanted
with OSCSCs (Fig. 1C). Mice implanted with OSCSCs and
injected with NK cells did not exhibit morbidity, and were
able to intake food; whereas mice with oral tumors in the
absence of NK injection became morbid, had complica-
tions in ingesting food due to growing tumors (data not

Figure 1. Single injection of super-charged NK cells with/without feeding AJ2 inhibited tumor growth in hu-BLT mice. Hu-BLT mice were generated as described in Mate-
rials and Methods, and shown in figure (A). Hu-BLT and NSG mice were implanted orthotopically with 1 £ 106 human OSCSCs into the floor of the mouth, and after 7–
10 days a group of hu-BLT mice were injected with 1.5 £ 106 super-charged NK cells through tail vein, and mice were monitored for disease progression. Another group
of hu-BLT mice were fed with AJ2 probiotic bacteria 5 billion/day every 48 hours 2 weeks prior to the implantation of OSCSCs and after implantation of the tumors in the
presence and absence of NK injection until the experiments were terminated (B). Weight loss was monitored by weighing the mice on a weekly basis. One of 3 represen-
tative experiments is shown in this figure (C). Upon termination of the experiment, mice were sacrificed, and the pictures of tumors were taken after resection (D), and
weighed (n D 4) (E). Mice were implanted with human OSCSCs and injected with NK cells and fed with AJ2, as shown in Fig. 1B, and the tumors were resected and
weighed post mortem (n D 4) (F). PBMCs were isolated from hu-BLT mice and humans and surface expression of human CD3 (n D 5) (G), CD4 (n D 5) (H), CD8 (n D 5) (I),
CD19 (n D 3) (J) and CD16 (nD 5) (K) were determined within CD45C immune cells using antibody staining followed by flow cytometric analysis.
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shown) and exhibited rapid weight loss (Fig. 1C). Interest-
ingly, tumor-bearing hu-BLT mice without NK injection
had less weight loss when compared to tumor-bearing
NSG mice, indicating that reconstituted human immune
cells were able to limit tumor growth slightly but not effi-
ciently (Fig. 1C). Therapeutic effect of NK injection in hu-
BLT mice was also seen when the tumor sizes were com-
pared after tumor resection. Tumors from tumor-bearing
hu-BLT mice without NK injection were much larger than
those of NK-injected tumor-bearing hu-BLT mice (Fig. 1D
and 1E). Tumor weights remained substantially less in NK
or NK-injected/AJ2 fed mice (Fig. 1F), in comparison to
the large tumors, which were formed in tumor-bearing
mice that did not receive NK treatment (Fig. 1D–1F). In
addition, in agreement with the weight loss data tumor-

bearing hu-BLT mice without NK injection had slightly
smaller tumors when compared to tumor-bearing NSG
mice, indicating that reconstituted human immune cells
were able to limit tumor growth slightly but not efficiently
(data not shown).

Hu-BLT mice exhibited greater than 96%-99% reconsti-
tution with hCD45C immune cells in BM, spleen and
peripheral blood when considering contaminating mouse
CD45C immune cells (Fig. S1). The profile of CD3CT cells
(Fig. 1G), CD3CCD4CT cells (Fig. 1H) and CD3CCD8CT
cells (Fig. 1I) in peripheral blood of hu-BLT mice resem-
bled that of human peripheral blood; however, the per-
centage of B cells was slightly higher (Fig. 1J) while
percentage of NK cells was less (Fig. 1K) in hu-BLT mice
compared to humans.

Figure 1. (Continued).
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Loss of NK cytotoxicity and IFN-g secretion in tumor-
bearing mice within all tissue compartments, and
restoration with NK injection and/or feeding AJ2 and anti-
PD1 injection

Tumor-bearing mice exhibit lower NK-mediated cytotoxicity in
splenocytes (Fig. 2A), BM-derived immune cells (Fig. 2B), PBMCs

(Fig. 2C), and CD3C-depleted splenocytes (Fig. 2D). NK-injected
tumor-bearing mice, both alone and in combination with feeding
AJ2 exhibited elevated NK cytotoxicity in all tissue compartments,
with the highest increase observed in mice fed AJ2, injected with
NK cells and anti-PD1 antibody (Figs. 2A-2C). When T cells were
depleted from the splenocytes by CD3C positive selection kit, simi-
lar profiles of NK cytotoxicity could be seen in CD3C-depleted sple-
nocytes as observed in Fig. 2A (Fig. 2D). Splenocytes (Fig. 2E and
Table S1), BM-derived immune cells (Fig. 2F), PBMCs (Fig. 2G),
and CD3C T cells from splenocytes (Fig. 2H) of tumor-bearing hu-
BLT mice secreted lower IFN-g. Injection of anti-PD1 antibody in
combination with NK cells and AJ2 either had no or decreased
effect on IFN-g secretion in all tissue compartments when com-
pared to NK and AJ2 groups (Fig. 2E–2G). NK-injected tumor-
bearing mice showed elevated IFN-g secretion within all tissue
compartments, with the highest increase observed when mice were
also fed AJ2 (Figs. 2E–2H). When T cells were depleted from the
splenocytes by CD3C positive selection kit, the tumor-bearing mice
that received NK injection had the highest increase in IFN-g secre-
tion as compared to tumor-bearing mice in the absence of NK
injection, or NK injected non-tumor bearing control mice (Fig. 2I).

Increased proportions of CD3CCD8CT cells in various tissue
compartments when hu-BLT mice were injected with NK
cells and fed AJ2

Increased proportions of CD3C or CD3CCD8CT cells were seen
in BM (Fig. 3A), spleen (Fig. 3B) and blood (data not shown) of
mice injected with NK cells alone or in combination with AJ2
feeding (Table S2 and S3). When considering the percentages
of T cells at the time of sacrifice, PBMCs, spleen and BM exhib-
ited higher percentages of CD3C T cells, and BM exhibited an
elevation in HLADRCCD11BC immune subset in tumor-bear-
ing mice injected with NK cells alone or in combination with
AJ2 feeding (Table S2). Percentages of CD3C T cells and
CD3CCD8CT cells increased in tumor-bearing mice injected
with NK cells alone or in combination with AJ2 feeding when
BM and splenocytes were cultured (Table S3). Similarly, tumors
dissociated from tumor-bearing mice injected with NK and/or

Figure 2. Injection of super-charged NK cells with/without feeding AJ2 restored
and increased IFN-g secretion and cytotoxic function of NK-cells in blood, spleen,
BM, enriched-NK cells, and purified CD3CT cells in tumor-bearing hu-BLT mice.
Hu-BLT mice were implanted with human OSCSCs and injected with NK cells, and
fed AJ2 as described in Fig. 1B, and a week after NK cell injection mice were
injected with anti-PD1 (50 mg/mice) via tail-vein injection. Following sacrifice,
spleen (n D 5) (A), BM (n D 5) (B) and peripheral blood (n D 5) (C) were collected,
single cell suspensions were prepared from each tissue and (1 £ 106 cells/ml for
spleen and BM and 0.7 £ 106 cells/ml for PBMCs) were treated with IL-2 (1000 U/
ml) for 7 days. NK enriched cells were isolated from splenocytes, and (1 £ 106

cells/ml) were treated with IL-2 (1000 U/ml) for 7 days (n D 3) (D). Cytotoxicity
assays were performed using standard 4-hour 51Cr release assay against OSCSCs,
and the LU 30/106 cells were determined using inverse number of cells required to
lyse 30% of OSCSCs x100. Splenocytes (n D 5) (E), BM cells (n D 5) (F), PBMCs (n D
5) (G) at (1 £ 106 cells/ml for spleen and BM and 0.7 £ 106 cells/ml for PBMCs)
were each treated with IL-2 (1000 U/ml), and positively selected CD3CT cells (n D
4) from the splenocytes at 1 £ 106 cells/ml were treated with IL-2 (100 U/ml) (H),
T cell depleted splenocytes were cultured at 1£106 cells/ml and treated with IL-2
(1000 U/ml) for 7 days, after which the supernatants were harvested and the levels
of IFN-g were determined using specific ELISAs (I). Fold changes in IFN-g secretion
in each tissue from each group of mice were determined over those obtained
from mice injected with OSCSCs alone (E-H).
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fed AJ2 demonstrated elevated levels of CD3CT cells at the time
of sacrifice (Table S4).

NK injection and/or feeding AJ2 inhibit growth and
progression of stem-like oral tumors, and differentiate
CSCs in vivo in hu-BLT mice

Tumor cells from NSG (Figs. 4A and S2A) and hu-BLT mice with-
out NK injection grew rapidly, whereas those with NK cells did not
grow or grew very slowly (Figs. 4A–4C and S2A-S2C). Similarly,
tumors from hu-BLT mice implanted with NK supernatant-differ-
entiated tumors did not grow (Fig. S2B and 4C), and blocking
tumor differentiation with the combination of anti-IFN-g and anti-
TNF-a antibodies before implantation restored tumor growth in
vivo (Figs. S2B, 4B and 4C). Tumor growth was less in NK-injected
mice fed AJ2 in comparison to NK alone-injected mice (Figs. S2C
and 4C), and both were substantially less than those which only
received oral tumor implantation (Figs. S2C and 4C). Nine to 11-
fold more hCD45C immune cells infiltrated in tumors of tumor-
bearing mice injected with NK cells when compared to tumor alone
mice (Fig. 4D). The percentages of epithelial cells expressing surface
EpCAM in tumors were approximately 5-fold higher from tumor-
bearing mice without NK injection when compared to NK-injected
tumor-bearing mice (Fig. S2D).

Significantly higher IFN-g secretion was obtained from tumors
of tumor-bearing mice injected with NK cells at different days of
cultures when compared to those from tumor-bearing hu-BLT or
NSG mice (Fig. 4E). Expression of CD54 and MHC-I were higher
on tumors obtained from NK-injected tumor-bearing mice as
compared to hu-BLT and NSG mice, which only received tumors
(Fig. 4F). Tumors from NK-injected tumor-bearing mice in the
absence and presence of feeding with AJ2 were highly resistant to
NK cell-mediated cytotoxicity when compared to tumors from

tumor-bearing mice without NK injection demonstrating their
differentiated phenotype (Fig. S2E and Figs. 4G and 4H). When
NK-mediated differentiation of tumor cells was blocked with anti-
IFN-g and anti-TNF-a antibodies before implantation, the sus-
ceptibility of tumors to NK cell-mediated cytotoxicity was restored
(Fig. 4H). Oral tumors from hu-BLT mice injected with NK cells
secreted relatively less VEGF when secretion were set at 100% in
tumor-bearing mice and the extent of decrease were assessed in
NK injected tumor-bearing mice (Fig. 4I).

Tumors from NK-injected hu-BLT mice had higher levels of
hCD45C infiltrating lymphocytes, and the highest increase was
seen in those which were injected with NK cells and fed with AJ2
(Fig. 4J). The majority of infiltrating CD45C immune cells were
CD3CT cells with CD4CT cell subsets having moderately higher
proportions than CD8C T cells, and demonstrating CD3CCD56C

CD16C NKT subsets. When tumors were treated with IL-2, the
high intensity CD4, CD8 and CD16/CD56 surface expression,
which were down-regulated during interaction with tumors, was
restored (Fig. S2F).

Sera from peripheral blood of NK-injected tumor-bearing
hu-BLT mice exhibited increased IFN-g secretion as well as
other cytokines/chemokines/growth factors and ligands when
compared to those from tumor-bearing hu-BLT mice without
NK cells, and, in particular, IFN-g secretion was further
enhanced by feeding mice AJ2 (Fig. 5A-5C and Table S5).

Cis-diamminedichloridoplatinum(II) (CDDP) or Paclitaxel
with and without N-acetylsysteine (NAC) induce significant
cell death in OSCSCs differentiated with IL-2Canti-
CD16mAb treated NK supernatant

Differentiation of OSCSCs with NK supernatants resulted in sig-
nificant susceptibility of tumors to CDDP (Fig. 6A). Similarly,

Figure 3. Single injection of super-charged NK cells with/without AJ2 feeding increased numbers of CD8CT cells in hu-BLT mice. Hu-BLT mice were implanted with
OSCSCs and injected with NK cells, and fed with AJ2, as described in Fig. 1B, and the percentages of human CD8C T cells within BM cells (n D 3) (A) and splenocytes
(nD 3) (B) were determined using antibody staining followed by flow cytometric analysis.
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Figure 4. Single injection of super-charged NK cells with/without AJ2 feeding in hu-BLT mice mediated in vivo tumor differentiation, increased IFN-g secre-
tion and mobilized increased numbers of human immune cells to the tumors, and resulted in decreased ex-vivo tumor growth. Hu-BLT and NSG mice were
implanted with OSCSCs and injected with NK cells, as described in Fig. 1B. Following sacrifice, oral tumors were harvested, and single cell suspensions were
prepared and the same numbers of cells (total of 3 £ 106 cells at 1 £ 106 cells/ml) from each group were cultured at day 0. On day 10 supernatants
were removed and attached tumor cells were counted, and for subsequent cultures the numbers in each group were adjusted to those obtained from NK
injected mice since they expanded the least numbers of tumors. On days 10, 14, 19 and 20 the total numbers of ex-vivo expanding tumor cells were deter-
mined in each group. One of several representative experiments is shown in this figure (A). Hu-BLT mice were implanted with OSCSCs or in vitro NK-differ-
entiated-OSCSCs (diff-OSCSCs), or NK-differentiated-OSCSCs treated with antibodies against IFN-g and TNF-a to block differentiation, followed by NK
injection in hu-BLT mice as described in Fig. 1B. Following sacrifice, oral tumors were dissociated, and single cells were prepared and cultured at (total of 3
£ 106 cells at 1 £ 106 cells/ml), and the numbers of expanding tumor cells were determined as described in Fig. 4A. One of several representative experi-
ments is shown in this figure (B). Hu-BLT mice were implanted with OSCSCs or diff-OSCSCs, or diff-OSCSCs treated with antibodies against IFN-g and TNF-a,
and injected with NK cells and/or fed with AJ2 as described in Fig. 1B. Following sacrifice, oral tumors were harvested and cultured and the numbers of
expanding tumor cells were determined as described in Fig. 4A (n D 7) (C). Hu-BLT and NSG mice were implanted with OSCSCs, followed by NK injection
in hu-BLT mice as described in Fig. 1A. Oral tumors were harvested, and single cell suspensions were prepared. The percentages of infiltrating hu-CD45C

immune cells within the non-attached cells at day 12 of culture were determined using antibody staining followed by flow cytometric analysis. One of three
representative figures is shown in this figure (D). Oral tumors from hu-BLT and NSG mice were cultured as described in Fig. 4A and treated with IL-2
(1000 U/ml), and their supernatants were harvested on days shown in the figure and the levels of IFN-g were determined using ELISA. One of several repre-
sentative figures is shown in this figure (E). Expression of human CD54 and MHC-I were assessed on day 10 of oral tumor cultures from hu-BLT and NSG
mice using flow cytometric analysis after staining with their respectiv antibodies. One of several representative experiments is shown in this figure (F).
Purified NK cells (1 £ 106 cells/ml) from the peripheral blood of the healthy human donor were left untreated or treated with IL-2 (1000 U/ml) for 18 hours
before they were added to 51Cr labeled OSCSCs cultured from the resected tumors of different experimental groups of hu-BLT mice, and compared it to the
cultures of OSCSCs maintained in the lab at various effector to target ratios. NK cell-mediated cytotoxicity was determined using a standard 4-hour 51Cr
release assay. LU30/106 cells were determined as described in the Materials and Methods (n D 4) (G and H). Oral tumor cells from hu-BLT mice as described
in Fig. 4A were treated with IL-2 (1000 U/ml), and supernatants were harvested after 3 and 7 days and the levels of VEGF secretion were determined using
specific ELISAs. The decrease in VEGF secretion by tumors obtained from NK-injected animals (n D 6) were calculated based on the amounts obtained from
OSCSCs alone injected mice (I). Infiltrating percentages of hu-CD45C immune cells within the oral tumors dissociated from different experimental groups of
hu-BLT mice as described in Fig. S2C were determined using flow cytometric analysis after staining with antibody. One of several representative experiments
is shown in this figure (J).
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Paclitaxel mediated higher cell death of NK-supernatants differen-
tiated OSCSCs, and NAC significantly increased Paclitaxel-medi-
ated cell death (Fig. 6B). Blocking NK-mediated differentiation of
OSCSCs with anti-IFN-g and anti-TNF-a antibodies substantially

decreased cell death induced by CDDP or paclitaxel with and
without NAC (Fig. 6B). Treatment of OSCCs, patient-derived dif-
ferentiated oral tumor cells, with CDDP or paclitaxel and NAC
exhibited higher cell death (Fig. S3A-S3B).

Figure 4. (Continued).
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Monocytes and osteoclasts from NK-injected tumor-
bearing mice had greater ability to activate NK cells when
compared to those from tumor-bearing mice in the
absence of NK injection

NK cells from NK injected tumor-bearing mice and NK super-
natant-differentiated tumor-bearing mice when cultured with
autologous monocytes had significantly augmented cytotoxicity
(Fig. 7A) and IFN-g secretion (Fig. 7B) when compared to those
implanted with undifferentiated tumors in the absence of NK

cell injection. Blocking NK-mediated differentiation of tumors
through the addition of antibodies to TNF-a and IFN-g before
implantation decreased cytotoxicity (Fig. 7A), and IFN-g secre-
tion (Fig. 7B) of the NK cells. We then generated OCs from BM-
derived monocytes of hu-BLT mice and cultured with allogeneic
NK cells from healthy human donors to study the extent of NK
cells expansion. NK cells expansion (Fig. 7C), and IFN-g secre-
tion (Fig. 7D and 7E) were augmented in NK-injected tumor-
bearing mice or NK supernatant-differentiated tumor-bearing
mice when compared to those obtained from tumor-bearing

Figure 5. Single injection of super-charged NK cells with/without AJ2 feeding in tumor bearing mice restored and increased cytokine, chemokine and growth factor
secretions within serum obtained from peripheral blood of hu-BLT mice. Serum from peripheral blood was obtained as described in the Materials and Methods section
and multiplex arrays were performed to determine secretion of IFN-g , one of the four representative figure is shown here (A). Fold changes of IFN-g were determined
based on the values obtained from control hu-BLT mice (n D 5) (B). Multiplex arrays were used to determine cytokines, chemokines, and growth factor secretion in sera
obtained from the peripheral blood (C).
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mice without NK injection (Fig. 7C-7E). Thus, monocytes and
osteoclasts from NK injected tumor-bearing mice had greater
ability to activate NK cells than those from tumor-bearing mice
in the absence of NK injection.

Discussion

The therapeutic role of NK cells in hematological malignancies
have previously been clearly demonstrated by several groups,
however, their effect in solid tumors have been found to be subop-
timal in limiting tumor growth by existing strategies.20-25 We have
recently established an NK activating strategy with superb tumor-
targeting function, which we coined as super-charged NK cells,
and used successfully to target several solid tumors in in vitro and
in mouse models.26-28 We have shown that NK cells serve as effec-
tors of selection and differentiation of oral tumors,29-31 glioblasto-
mas,32 pancreatic tumors and lung tumors.33 These two functions
of NK cells are mediated by two distinct stages of NK maturation,
namely cytotoxic (CD16CCD56C) and split-anergized (CD16dim/

¡CD56C/CC) NK cells respectively, resulting in differentiation,
increased expression of MHC class I on tumor cells, and subse-
quent promotion of T cell activation.34-36 The combination of
IFN-g and TNF-a secreted by NK cells is important for lysis of
target cells, whereas IFN-g is primarily responsible for the differ-
entiation of tumors.37 IFN-g, and to a lesser extent TNF-a, are
responsible for limiting tumor growth through differentiation as
evidenced by an increased expression of differentiation antigens
MHC-I, CD54 and B7H1.37 As shown in this report, tumor differ-
entiation by IFN-g and TNF-a released from NK cells renders
tumors susceptible to chemotherapeutic drugs CDDP and Pacli-
taxel since the addition of antibodies to IFN-g and TNF-a, which
blocks NK cell-mediated tumor differentiation, restores CSC/
undifferentiated tumor resistance to chemotherapy drugs.

To demonstrate in vivo relevance of our in vitro findings,
oral CSCs were implanted in the oral mucosa of hu-BLT and

NSG mice and tumor generation in the presence and absence
of tail-vein injection of super-charged NK cells was studied.
Single delivery of potent super-charged NK cells after oral
tumor implantation was found to decrease the size of tumors
and prevent weight loss of mice when compared to either NSG
or hu-BLT tumor-bearing mice without NK injection.

Oral tumors from NK-injected mice remained very small in
size and demonstrated approximately 3 to 9-fold more human
CD45C infiltrating immune cells, exhibiting significantly higher
amounts of IFN-g secretion in all time points tested when com-
pared to those obtained from tumor-bearing mice without NK
injection. When tumors were dissociated, and equal numbers
of tumors were cultured from each group of mice, little to no
tumor growth was observed from tumor-bearing mice injected
with NK cells, whereas large numbers of tumor growth were
obtained from NSG or hu-BLT mice injected with oral tumors
without NK injection.

Oral tumors from NK-injected mice exhibited significant
resistance to NK cell-mediated cytotoxicity and increased
expression of MHC-I, CD54 and B7H1, demonstrating their
differentiated phenotype. Whereas those from tumor-bearing
hu-BLT and NSG mice without NK injection were highly sus-
ceptible to NK cell-mediated cytotoxicity, and had no/low
expression of differentiation antigens, demonstrating mainte-
nance of their stem-like phenotype in the absence of NK
cells.29,33 These results indicated that IFN-g secretion by NK
cells and/or NK activated CD3C T cells are crucial for the main-
tenance of tumor differentiation, for the inhibition of tumor
growth.

To determine whether in vitro NK-differentiated tumors
grow in vivo, we differentiated tumors with NK cell superna-
tants and equal numbers of tumors, non-differentiated or NK
supernatant-differentiated tumors were implanted in the oral
mucosa. Since our in vitro results demonstrated that differenti-
ation is primarily due to the dual functions of IFN-g and

Figure 6. CDDP or Paclitaxel with and without NAC induce significant cell death in OSCSCs differentiated with NK-supernatants and not in poorly-differentiated tumors.
Highly purified NK cells were treated with the combination of IL-2 (1000 U/ml) and anti-CD16mAb (3mg/ml) for 18 hours, after which the NK supernatants were added to
OSCSCs in the presence of anti-TNF-a (1:100) and anti-IFN-g (1:100) for a period of 5 days. Thereafter, OSCSCs were detached and treated with/without Cisplatin for 18–
24 hours. The viability of OSCSCs was then determined using PI staining and flow cytometric analysis. One of 3 representative experiments is shown in this figure (A).
OSCSCs were treated with the supernatants from NK cells as described in Fig. 6A. Afterwards, tumors were detached and treated with/without NAC (20 nM) for 24 hours,
followed by treatment with Paclitaxel for 18–24 hours. OSCSCs viability was determined by PI staining and flow cytometric analysis. One of 3 representative experiments
is shown in this figure (B).
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TNF-a, we also differentiated stem-like tumors with NK super-
natants in the presence of antibodies to IFN-g and TNF-a, and
implanted the same numbers of tumors as CSCs/undifferenti-
ated tumors to hu-BLT mice. Very few tumors grew from NK
supernatant-differentiated tumors, whereas those differentiated

in the presence of NK supernatants with antibodies to IFN-g
and TNF-a or implanted with CSCs/undifferentiated tumors
grew and proliferated significantly and were susceptible to NK
cell-mediated cytotoxicity, demonstrating their stem-like/
undifferentiated phenotype. Similarly, few tumors grew from

Figure 7. Monocytes or osteoclasts from tumor-bearing mice injected with super-charged NK cells or implanted with only NK-differentiated OSCSC-tumors induced signif-
icantly more IFN-g from autologous or allogeneic NK-tumor co-cultures when compared to those of tumor-alone implanted mice with NK cells. Hu-BLT mice were
implanted with OSCSCs and injected with NK cells, and fed AJ2 as described in Fig. 1B. After sacrifice, NK cells from splenocytes and monocytes from BM cells were iso-
lated, as described in Material and Methods section. Autologous NK cells were left untreated or treated with IL-2 (1000 U/ml) in combination with monocytes (NK:mono-
cytes, 2:1) and at day 7 after the co-culture, NK cells were used as effector cells in a standard 4-hour 51Chromium release assay against OSCSCs. The LU 30/106 cells were
determined using inverse number of NK cells required to lyse 30% of the target cells X100 (A). Autologous NK cells were left untreated or treated with IL-2 (1000 U/ml)
or with the combination of IL-2 (1000 U/ml) and LPS (100 ng/ml) in the absence and presence of monocytes (NK:monocytes, 2:1) for 7 days, after which the supernatants
were harvested and IFN-g secretion were determined using single ELISA (B). OCs were generated from purified hu-BLT monocytes, as described in Material and Methods
section. Purified allogeneic NK cells from healthy human donors were pre-treated with IL-2 (1000 U/ml) and anti-CD16mAb (3 mg/ml) for 18 hours and then cultured
with hu-BLT-OCs in the presence of sAJ2 (NK:OCs:sAJ2, 2:1:4). After culture, numbers of NK cells in the culture were counted on day 5, 8, 12 and 15 using microscopy (C).
The supernatants were harvested from cultures on days 5, 8, 12 and 15 and the IFN-g secretion was determined using single ELISA (D). The levels of IFN-g obtained from
ELISA were determined in 1 £ 106 cells using cell counts from Fig. 7C (E).
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NK-injected tumor-bearing mice, and those, which grew, were
highly resistant to NK cell-mediated cytotoxicity exhibiting
their differentiated phenotype. Higher numbers of tumor infil-
trating NK cells and T cells were found in different tissue com-
partments including tumors in NK-injected tumor-bearing
mice, and those with NK-differentiated tumors. These experi-
ments demonstrated that NK-mediated differentiation limits
tumor growth, increases differentiation antigens on tumors and
induces tumor resistance to NK cell-mediated cytotoxicity,
thereby potentially facilitating in vivo activation of T cells.

Hu-BLT mice contain lower frequencies of NK cells with
decreased function in their peripheral blood as compared to
healthy humans, which could be one reason why stem-like/
poorly differentiated oral tumors are easily implantable in these
mice. In addition, NK-injected tumors contain higher percen-
tages of CD3C T cells, indicating the significance of NK cells in
recruiting T cells to the tumor microenvironment.26 The reason
for decreased human-NK cell frequency in Hu-BLT mice is not
known at present but it could be due to targeting of the mouse
tissues and/or down-modulation of key NK receptors used to
identify NK cells, in addition to previously hypothesized
decline in hu-IL-15 secretion in these mice.38 Indeed, when NK
cells were stained with the red dye and injected to the BLT-hu
mice, even though lower frequencies of CD16/CD56 expressing
NK cells were observed, higher frequencies of red cells were
obtained.28

OCs or monocytes from NK-injected tumor-bearing mice
or from NK-differentiated oral tumor recipients increased
allogeneic and autologous NK cell expansion respectively
more than OCs or monocytes from tumor-bearing mice
without NK injection. Differences between the magnitude of
allogeneic and autologous NK suppression when interacting
with OCs vs. monocytes respectively, indicate more severe
inhibition of NK cells due to the combined defects in both
NK and monocytes, whereas less NK suppression is seen
when the defect is only in OCs. Thus, the results presented
in this paper demonstrate the significance of super-charged
NK cells in treatment and prevention of CSCs growth and
expansion in a relevant human pre-clinical model. In addi-
tion, the mechanism of inhibition of tumor growth was
found to be dependent on the selection and differentiation
of tumors initiated by the NK cells.

Materials and methods

Cell lines, reagents, and antibodies

RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS)
(Gemini Bio-Products, CA) was used for the cultures of
immune cells. OSCSCs and OSCCs were dissociated and grown
from the tongue tumors of patients at UCLA,29 and were cul-
tured with RPMI 1640 supplemented with 10% FBS. Recombi-
nant human IL-2 was obtained from NIH-BRB. Flow
cytometry antibodies used in this study were obtained from
Biolegend (San Diego, CA). Monoclonal anti-TNF-a and
monoclonal anti-IFN-g antibodies were either obtained from
commercial sources or prepared in our laboratory and 1:100
dilution was found to be the optimal concentration to use for
blocking experiments as described previously.37

Purification of human NK cells and monocytes

Written informed consents approved by UCLA Institutional
Review Board (IRB) were obtained and all procedures were
approved by UCLA-IRB. PBMCs from healthy human donors
were isolated, and NK cells and monocytes were purified using
isolation kits obtained from Stem Cell Technologies, as
described before.39,40 The purity of NK cells and monocyte
populations was found to be 95% or higher, respectively, based
on the flow cytometric analysis.

Probiotic bacteria

AJ2 is a combination of 8 different strains of gram-positive probi-
otic bacteria (Streptococcus thermophiles, Bifidobacterium longum,
Bifidobacterium breve, Bifidobacterium infantis, Lactobacillus aci-
dophilus, Lactobacillus plantarum, Lactobacillus casei, and Lacto-
bacillus bulgaricus) used to induce differentiation of stem cells
and are selected for their superior ability to induce optimal secre-
tion of both pro-inflammatory and anti-inflammatory cytokines
in NK cells. In addition, each strain was grown, and specific colo-
nies were selected after three rounds of sub-cloning based on the
ability to withstand environmental pressures such as temperature
and acidity.37

Generation of osteoclasts and expansion of super-charged
human and hu-BLT-derived NK cells

Purified monocytes were cultured in alpha-MEM medium
containing M-CSF (25 ng/ml) and RANKL (25 ng/ml) for
21 days, or otherwise specified. Medium was refreshed every
3 days with fresh alpha-MEM containing M-CSF and RANKL.
Human purified and hu-BLT enriched NK cells were activated
with IL-2 (1000 U/ml) and anti-CD16mAb (3 ug/ml) for 18–
20 hours before they were co-cultured with osteoclasts and son-
icated AJ2. The culture media was refreshed with IL-2 every
three days as described previously.26 Since ex-vivo expanded
NK cells with osteoclasts and sAJ2 had superior cytotoxicity
and IFN-g secretion when compared to other expansion meth-
odologies, and survived for a longer period, they were called
super-charged NK cells.26 For sonication, AJ2 was weighed and
re-suspended in RPMI 1640 Medium containing 10% FBS at a
concentration of 10 mg/ml. The bacteria were thoroughly vor-
texed, then sonicated on ice for 15 seconds, at 6 to 8 ampli-
tudes. Sonicated samples were then incubated for 30 seconds
on ice. After every five pulses, a sample was taken to observe
under the microscope until at least 80 percent of cell walls were
lysed. It was determined that approximated 20 rounds of soni-
cation/incubation on ice, were conducted to achieve complete
sonication. Finally, the sonicated samples (sAJ2) were aliquoted
and stored in a -80 degrees Celsius freezer until use.

Analysis of human oral cancer cell growth in
immunodeficient and humanized mice

Animal research was performed under the written approval of
the UCLA Animal Research Committee (ARC) (2012-101-
13A). Humanized-BLT (hu-BLT; human bone marrow/liver/
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thymus) mice were prepared in our core facility as previously
described.18,41

In vivo growth of oral tumors was done by orthotopically
implanting tumor cells into 8–10 weeks-old NSG mice or hu-
BLT mice in the floor of the mouth. Mice were anesthetized
using isoflurane and tumor cells were then transferred by direct
injection in the floor of mouth with 10ml HC Matrigel (Corn-
ing, NY, USA). 7 to 10 days after the surgery mice received
1.5 £ 106 super-charged NK cells via tail vein. Mice were fed
AJ2 (5 billion bacteria/dose), began feedings one or two weeks
before tumor implantation and were fed every 48 hours,
throughout the experiment. Mice were euthanized when signs
of morbidity were evident. Oral tumors, BM, spleen and
peripheral blood were harvested.

Dissociation and culture of cells from tissues of hu-BLT and
NSG mice

To prepare a single cell suspension of mouse tissues for subse-
quent analyses, animals were sacrificed BM, spleen, peripheral
blood and oral tumor were obtained. The oral tumor was
immediately cut into 1 mm3 pieces and placed into a digestion
buffer containing 1 mg/ml collagenase II (for fat tissue), 10 U/
ml DNAse I, and 1% bovine serum albumin in DMEM and
incubated for 20 minutes at 37�C oven on a 150 rpm shaker.
After digestion, the sample was filtered through a 40 mm cell
strainer and centrifuged at 1500 rpm for 10 minutes at 4�C.
The pellet was re-suspended in DMEM and cells counted. Sin-
gle cell suspensions from BM and spleen were obtained by
digesting tissues, as described previously.40 PBMCs were
obtained using ficoll-Hypaque centrifugation of heparinized
blood specimens. The buffy coat containing PBMCs, were har-
vested, washed and re-suspended in RPMI 1640 medium.

Purification of NK cells, CD3T cells, and monocytes from
hu-BLT mice

CD3C T cells were isolated from hu-BLT splenocytes using pos-
itive T cells selection kit (Stem-Cell Technologies), and the cells
depleted of T cells were used as NK-enriched cells; NK cells
from hu-BLT mice were isolated using the human CD56C posi-
tive selection kit (Stem-Cell Technologies, Canada). Monocytes
from hu-BLT mice were isolated from BM cells using human
CD14 positive selection kit (eBioscience, San Diego, CA).

ELISA

Single ELISAs were performed, as described previously.39 To
analyze and obtain the cytokine and chemokine concentration,
a standard curve was generated by either two or three-fold dilu-
tion of recombinant cytokines provided by the manufacturer.

Surface Staining and cell death assays

Staining was performed by labeling the cells with antibodies or
propidium iodide, as described previously.39,42,43 The cells were
washed twice with ice-cold PBS containing 1% BSA. Predeter-
mined optimal concentrations of specific human monoclonal
antibodies were added to 1 £ 104 cells in 50 ml of cold-BSA

and cells were incubated on ice for 30 min. Thereafter cells
were washed in cold PBS-BSA and brought to 500 ml with PBS-
BSA. For cell death assay 1 £ 104 cells in 50 ml of cold-BSA
were stained with 8 mg/ml propidium iodide and cells were
incubated on ice for 10 min, and brought to 500 ml with PBS-
BSA. Flow cytometry analysis was performed using Beckman
Coulter Epics XL cytometer (Brea, CA) and results were ana-
lyzed in FlowJo vX software (Ashland, OR).

51Cr release cytotoxicity assay

The 51Cr release assay was performed, as described previ-
ously.44 Briefly, different numbers of effector cells were incu-
bated with 51Cr–labeled target cells. After a 4-hour incubation
period the supernatants were harvested from each sample and
counted for released radioactivity using the gamma counter.
The percentage specific cytotoxicity was calculated as follows:

% Cytotoxicity D Experimental cpm -- spontaneous cpm

Total cpm -- spontaneous cpm

LU 30/106 is calculated by using the inverse of the number of
effector cells needed to lyse 30% of tumor target cells £100.

Stem cell differentiation with NK cell supernatants

NK cells were treated with a combination of anti-CD16 mono-
clonal antibody (3mg/ml) and IL-2 (1,000 U/ml) for 18 hours
before supernatants were removed and used for differentiation
experiments. The amounts of IFN-g produced by activated NK
cells were measured with IFN-g ELISA (Biolegend, CA, USA).
OSCSCs were differentiated with gradual daily addition of
increasing amounts of NK cell supernatants. On average, to
induce differentiation, a total of 3,500 pg of IFN-g containing
supernatants were added for 4 days to induce differentiation
and resistance of OSCSCSs to NK cell-mediated cytotoxicity.
Afterwards, target cells were washed with 1xPBS, detached and
used for experiments as described previously.30

Statistical analysis

An unpaired, two-tailed student t-test was performed for the
statistical analysis. One-way ANOVA with a Bonferroni post-
test was used to compare different groups. (n) denotes the
number of mice used for the experiment. For cytotoxicity and
cytokine analysis either duplicate or triplicate samples were
used 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).
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