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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
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Introduction and methods: In this study we report that sequential treatment of
supercharged NK (sNK) cells with either chemotherapeutic drugs or check-point
inhibitors eliminate both poorly differentiated and well differentiated tumors in-
vivo in humanized-BLT mice.

Background and results: sNK cells were found to be a unique population of
activated NK cells with genetic, proteomic, and functional attributes that are very
different from primary untreated or IL-2 treated NK cells. Furthermore, NK-
supernatant differentiated or well-differentiated oral or pancreatic tumor cell
lines are not susceptible to IL-2 activated primary NK cell-mediated cytotoxicity;
however, they are greatly killed by the CDDP and paclitaxel in in-vitro assays.
Injection of one dose of sNK cells at 1 million cells per mouse to aggressive CSC-
like/poorly differentiated oral tumor bearing mice, followed by an injection of
CDDP, inhibited tumor weight and growth, and increased IFN-y secretion as well
as NK cell-mediated cytotoxicity substantially in bone marrow, spleen and
peripheral blood derived immune cells. Similarly, the use of check point
inhibitor anti-PD-1 antibody increased IFN-y secretion and NK cell-mediated
cytotoxicity, and decreased the tumor burden in-vivo, and tumor growth of
resected minimal residual tumors from hu-BLT mice when used sequentially
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with sNK cells. The addition of anti-PDL1 antibody to poorly differentiated MP2,
NK-differentiated MP2 or well-differentiated PL-12 pancreatic tumors had
different effects on tumor cells depending on the differentiation status of the
tumor cells, since differentiated tumors expressed PD-L1 and were susceptible to
NK cell mediated ADCC, whereas poorly differentiated OSCSCs or MP2 did not
express PD-L1 and were killed directly by the NK cells.

Conclusions: Therefore, the ability to target combinatorially clones of tumors
with NK cells and chemotherapeutic drugs or NK cells with checkpoint inhibitors
at different stages of tumor differentiation may be crucial for successful
eradication and cure of cancer. Furthermore, the success of check point

inhibitor PD-L1 may relate to the levels of expression on tumor cells.
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Introduction

Cancer is the second leading cause of mortality globally (1, 2).
Because of limited efficacy, and undesirable toxicities of current
cancer therapies, there is an urgent need to improve the clinical
outcomes in cancer patients (3-5). Despite intense research and
improvement in therapeutic regimens, diagnosis of many cancers at
the later stages of the disease remains associated with poor
prognosis (2). With the rapid advances in the immunotherapy
approaches in cancer, there is now greater focus on development of
cell-based immunotherapies. More recently, clinical trials on cancer
immunotherapies have demonstrated that immunotherapy is an
effective treatment modality for many types of malignancies
including metastatic melanoma, lung cancer, and bladder cancer
(6-10). Effectors of the immune system are thought to shape the
survival and maturation of tumor cells and also in the elimination of
cancer. Hence, while surgery in combination with chemotherapy
and radiotherapy is considered a fundamental therapeutic strategy
and the standard of care in many solid tumors, immunotherapy
alone or in combination with other therapies is now playing an
important role in the treatment of various malignancies. The
ultimate goal of immunotherapies is to assist the immune system
to eradicate the cancer cells, and it appears that immunotherapy is
on the way to transform terminal cancer to perhaps a more
manageable chronic disease, and ultimately cure the patients from
the disease if underlying mechanisms of immune activation and
function are clearly delineated and the role of each immune subset
clarified in the shaping of the tumors (11).

Heterogeneity in tumor cells necessitates treatment strategies
which target all the different clones of tumor cells, and restores the
function of immune cells in patients to prevent recurrences and the
generation of new cancers. Thus, combinatorial treatments with
immunotherapy may be required to target tumor cells at different
stages of differentiation. We have shown in many previous publications
that natural killer cells (NK) cells target cancer stem cells (CSCs)/poorly
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differentiated tumors whereas well differentiated tumors are not
susceptible to primary NK cell effects, but they are susceptible to
CD8+ T cell function, chemotherapy, radiation and antibody therapy
(12). Not too many treatment strategies other than NK cells are capable
of targeting CSCs, or poorly differentiated tumors, primarily due to
their lack of or much lower expression of MHC-class I (13). We have
shown recently that cannabinoids are potentially other factors that can
target the CSCs/poorly differentiated oral and pancreatic tumors (14).
However, radiation (15-18) and chemotherapy (12, 16-19) were
unsuccessful in targeting CSCs. We have also shown that NK cell-
mediated ADCC was significantly higher against PD-L1 and MICA/B
expressing differentiated tumors as compared to their CSCs (20). It is
conceivable that CAR-T and CAR-NK cells generated to high
expressing surface receptors on CSCs/poorly differentiated tumors
can achieve similar outcomes as NK cells; however, down-
modulation or loss of those receptors on these cells may make these
CARSs ineffective and promote tumor growth and expansion, whereas
the more a cell mutates and loses surface receptors, the better it is
targeted by the NK cells (21). Indeed, NK cell-based clinical trials have
demonstrated not only the safety but also the efficacy in decrease in
tumor relapse rate (22-25).

NK cells mediate direct cytotoxicity as well as antibody-
dependent cellular cytotoxicity (ADCC) (26). Two effector
functions of NK cells that are crucial for the elimination of the
tumors are NK cell-mediated cytotoxicity and secretion of cytokines
which lead to direct killing of CSCs, and NK cell-mediated
differentiation of tumors respectfully (27). IFN-y and TNF-o
secreted by NK cells play a crucial role in differentiating CSCs/
undifferentiated tumors (28). We have shown previously that
differentiated tumors are favorable targets of chemotherapy, thus,
NK cells could assist chemotherapy in eradication of tumors (12,
29). Also, combining NK cell immunotherapy with checkpoint
inhibitors such as anti-PD1 have shown promising results (26, 30).

In this study, we demonstrate the differences between the
primary and supercharged NK cells (sNK) based on their
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genetics, proteomics and functional attributes, demonstrating the
uniqueness of sNK cells not only for their increased cycling and
significant rate of expansion, but also their superior function and
their unique transcriptional profile on single cell RNAseq analysis
level. The in-vivo studies revealed how the combination of sNK cells
with chemotherapy or sNK cells with anti-PD1 antibody reduce
tumor burden and either restore or increase IFN-y secretion, and
cytotoxic function of NK cells in various tissue compartments of
oral and pancreatic tumor-bearing humanized-BLT (hu-BLT) mice.
We also provide some underlying mechanisms governing such in
vivo observations in a series of in vitro studies.

Results

Unique attributes of supercharged NK cells
in comparison to primary NK cells

In our previous studies as well in this study, we demonstrate the
superior ability of osteoclasts (OCs) to condition NK cells for greater
expansion and heightened function (Figure S1) (31). Here, we
compared cell expansion, IFN-y secretion, and NK cell-mediated
cytotoxicity of untreated, IL-2 treated NK, IL-2+anti-CD16mAbs
treated NK, and IL-2+anti-CD16mAbs+sAJ2 treated NK cells with

10.3389/fimmu.2023.1132807

IL-2+anti-CD16mAbs+sAJ2+OCs treated NK cells, and found higher
cell expansion and increased function in the presence of OCs
(Figure 1). Probiotic bacteria, sAJ2 is a combination of 7-8 different
strains, and is prepared as described previously (32). Due to their
unusually high expansion rate and potent function, we coined IL-2
+anti-CD16mAbs+sAJ2+OCs treated NK cells as supercharged NK
(sNK) cells to differentiate them from all the other NK cell subsets that
we had tested in our laboratory throughout the last 30 years (28). To
further understand the differences between IL-2 treated primary NK
(NK+IL-2) cells and sNK cells, we performed single-cell RNA
sequencing. In the analysis of NK+IL-2 and sNK cells, we also
integrated untreated NK cells derived from donor PBMC to help
characterize the NK cell subsets. By studying untreated NK, NK+IL-2,
and sNK cells, we were able to identify 4 transcriptionally unique NK
cell clusters (Figure 2A). All 4 clusters have a consistent expression of
NK cell genetic markers (IL2RB, CD7, NKG7). Among the 4 clusters,
Cluster 1 has the highest expression of IL7R and NCAMI, resembling
the transcriptional signature of previously characterized CD56°"™ NK
cells (33). Cluster 3 has a comparably higher expression of genes related
to cytotoxicity (GZMB, PRFI) and FCGR3A, which are identified as the
genetic signature of cytotoxic CD56"™ NK cells. The gene expression
pattern of cluster 2 follows a subset of transitional NK cells between
CD56"" and CD56"™ NK cells. When the single-cell clusters are split
by the three conditions, cluster 4 is shown to be exclusive in untreated
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FIGURE 1

Osteoclasts induced higher cell expansion, increased cytokine secretion and cytotoxicity in NK cells in comparison to IL-2, IL-2+anti-CD16mAbs and IL-2
+anti-CD16mAb+sAJ2 treatments Osteoclasts (OCs) were generated as described in the Materials and Methods section. NK cells (0.5x10° cells/2ml) were
treated with a combination of IL-2 (1000 U/ml) and anti-CD16mAb (3pg/ml) for 18 hours before they were co-cultured with OCs and treated with sAJ2
(2:1:4: NK : OCs:sAJ2). NK cells were counted on days 6, 9, 12, 15, 18, and onwards until cells are expanding (Average: 24-36 days) (A, B). NK cells (0.5x10°
cells/2ml) were left untreated, or treated with IL-2 (1000 U/ml), or a combination of IL-2 (1000 U/ml) and anti-CD16mAb (3ug/ml), or a combination of IL-2
(1000 U/ml), anti-CD16mAb (3ug/ml), and sAJ2 (2:4;NK:sAJ2), or a combination of IL-2 (1000 U/ml), anti-CD16mAb (3ug/ml), sAJ2, and OCs (2:1:4: NK :
OCs:sAJ2). NK cells were counted on the days shown in the Figure (C), and the fold change based on the initial cell count of 0.5x10° cells/ 2 mL were
determined every 3 days as shown in the figure (D). NK cell-mediated cytotoxicity against oral squamous cell carcinoma stem cell line (OSCSCs) was
determined on the days shown in the figure using a standard 4-hour *'Cr release assay. The lytic units 30/10° cells were determined using the inverse
number of NK cells required to lyse 30% of OSCSCs x 100 (E). 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 (F). The supernatants were harvested from the cultures on the days shown in the Figure E to
determine IFN-y secretion using single ELISA, and the levels were adjusted based on the number of cells (G). Averages and std. dev of three independent
experiments are shown in Figure 1. ****(p value<0.0001), ***(p value 0.0001-0.001), **(p value 0.001-0.01), *(p value 0.01-0.05).
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FIGURE 2
OC-expanded supercharged NK cells exhibit higher levels of cytotoxic granules, increased cytotoxicity and augmented secretion of cytokines when
compared to primary activated NK cells. OCs were generated as described in the Materials and Methods section. NK cells (0.5x10° cells/ 2ml) from healthy
individuals were treated with a combination of IL-2 (1000 U/ml) and anti-CD16 mAbs (3 pg/ml) overnight before they were cultured with OCs and sAJ2 at
a ratio of 2:1:4 (NK:OCs:sAJ2). Untreated NK cells, IL-2 treated NK cells, and super-charged NK (sNK) cells are used to construct single-cell cDNA libraries
for sequencing. UMAP of all of the samples combined (A) or separated (B) are shown. Colors represent different UMAP clusters indicating genetically
distinct NK cell subsets. Western blot of protein expression of granzyme B, cathepsin C, and perforin-1in sNK vs. IL-2 treated primary NK cells derived
from the same donor is shown in figure (C). Loading control can be found in Figure S1A. Each cell is assigned a cell-cycle score based on gene markers of
different phases. The percentage of cells in each phase is represented in the bar-plot for untreated NK cells, IL-2 treated NK cells, and sNK cells (D).
SCENIC is used to analyze the regulon activity in each condition. Each row of the heatmap represents a regulon, with some highlighted in the box (E). On
day 14 of cultures, another set of NK cells were purified from healthy donors and were treated with IL-2 (1000 U/ml) overnight. Cytotoxicity of day 15 sNK
cells and overnight IL-2 treated primary NK cells was determined using standard 4-hour >!Cr release assay against OSCSCs (F), MP2 (G), and K562 (H). The
Lytic units (LU) 30/10° cells were determined using the inverse number of NK cells required to lyse 30% of OSCSCs (n=10) (F) or MP2 (n=5) x 100 (G) or
K562 (n=3) x 100 (H). Primary NK cells were treated with IL-2 as described in Figure 1F, and the supernatants were harvested from day 15 sNK cells or IL-2
treated primary NK cells after an overnight incubation and were used to determine IFN-y secretion using single ELISA. The amounts of IFN-y secretion
were adjusted based on 1 x 10 cells (n=10) (I). Primary NK cells were treated with IL-2 as described in Figure 1F, and the supernatants were harvested
from day 15 expanded sNK cells or IL-2 treated primary NK cells after an overnight incubation, and they were used to determine IFN-y (J) and TNF-a. (K)
using multiplex cytokine arrays (n=4). ****(p value<0.0001), ***(p value 0.0001-0.001), **(p value 0.001-0.01), *(p value 0.01-0.05).

NK cells (Figure 2B). We have also analyzed the expression of the main
effector molecules in NK cell cytotoxic granules: perforin-1, granzyme
B and cathepsin C (cathepsin C is responsible for the activation of
granzyme B) (32). A significantly higher expression of granzyme B and
cathepsin C in the presence of slightly decreased perforin was seen in
sNK cells in comparison to primary IL-2 treated NK cells (Figures 2C,
S2A). Through the cell-cycle score analysis on the single-cell RNA
sequencing result, a considerably higher amount of sNK cells is
assigned to the G2M phase, indicating a more active proliferation
program in the sNK cells compared to untreated and NK+IL-2 cells
(Figure 2D). Also, by performing SCENIC analysis on the sequencing
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data, a distinct regulon network is utilized in the sSNK cells compared to
either untreated or NK+IL-2 cells. Among the predicted regulon
activities, SNK cells have upregulated regulon activities associated
with NK cell survival (STAT2, IRF9) and effector functions (IRFI,
JUN, STAT1, HIF1A) (Figure 2E) (27, 34-37). When assessed NK cell-
mediated cytotoxicity of IL-2 treated primary NK and sNK cells against
oral squamous carcinoma stem cells (OSCSCs), Mia PaCa-2 (MP2),
and K562 cell lines, significantly higher cytotoxicity was mediated by
sNK cells in comparison to NK+IL-2 cells (Figures 2F-H). We also
observed higher secretion of IFN-y and TNF-a. by sNK cells in
comparison to primary NK cells treated with IL-2 (Figures 2I-K,
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S2B). These results exhibited higher anti-cancer activity of sNK cells in
comparison to primary activated NK cells.

Differentiated oral and pancreatic
tumors are more susceptible to
chemotherapeutic drugs in comparison
to their stem-like counterparts

Our previous findings have demonstrated that differentiated
tumors were more sensitive to chemotherapeutic drugs in
comparison to CSCs/poorly differentiated tumors (12). Here, we
determined the extent of cell death of oral cancer stem-like cells
(OSCSCs), NK-diff-OSCSCs, CSCs/poorly differentiated pancreatic
cancer MP2, and differentiated pancreatic cancer (PL12) and NK-
diff-MP2 with or without the treatments with chemotherapeutic drugs
cisplatin (CDDP) and paclitaxel (Figure 3). We observed higher cell
death induced by CDDP (Figures 3A, C, S3) and paclitaxel (Figures 3B,
D) against differentiated tumors in comparison to their CSCs/poorly
differentiated counterparts. Thus, differentiation of tumors by the NK
cells is an important step not only in curtailing the tumor growth, but
more importantly in the response to chemotherapy drugs.

sNK cell immunotherapy alone or in
combination with CDDP greatly inhibited
tumor growth in hu-BLT mice

We used humanized-BLT (hu-BLT) mice model to demonstrate
the efficacy of combinational treatment with sNK cells and
chemotherapy against human oral CSCs/poorly differentiated
tumors. Hu-BLT mice were generated by surgically implanting
pieces of human fetal liver and thymus tissues under the renal
capsule of NSG mice, followed by tail vein IV injection of same-
donor CD34" hematopoietic cells to support full reconstitution of
the human bone marrow (38-40). In this study, hu-BLT mice after
human immune cell reconstitution were surgically with human
OSCSCs in oral cavity followed by IV injections of sNK cells and
CDDP sequentially as depicted in Figure (Figure 4A). Upon
sacrifice, the tumors were harvested and weighed. sNK cells alone
or sNK cells combined with CDDP treated mice had smaller tumors
in comparison to untreated mice with tumor (Figure 4B). Next, we
dissociated tumors and recovered single cells to determine tumor
cell counts. Tumors from tumor implanted mice treated with sNK
cells alone or sNK cells combined with CDDP treated mice had
significantly lower numbers of tumor cells as compared to tumor
alone implanted mice (Figure 4C). When the same numbers of
dissociated tumor cells from hu-BLT mice were cultured,
significantly lower tumor cell expansion was seen in tumors from
sNK cells alone or sNK cells combined with CDDP treated mice as
compared to untreated tumors from tumor-bearing mice until day
14-19, after which the tumor growth rate gradually increased and at
day 30 the tumor cultures were terminated. Even though the levels
of tumor growth approached the levels seen with tumor alone
implanted mice, we could still see a higher decrease in tumor
growth with sSNK+CDDP group as compared to sNK group, and
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FIGURE 3

Increased susceptibility of differentiated oral and pancreatic tumor
cell lines to chemotherapeutic drugs in comparison to their stem-
like counterparts. OSCSCs were differentiated using supernatants
from IL-2 (1000 U/ml) and anti-CD16 mAbs (3ug/mL) treated
primary NK cells as described in Materials and Methods section.
OSCSCs, OSCCs and NK-diff-OSCSCs were treated with cisplatin
(60 pg/mL) for 18-20 hours, after which, the cells were stained
with propidium iodide (Pl) to determine percent cell death using
flow cytometric analysis (n=3) (A). OSCSCs and OSCCs were
treated with paclitaxel (40 pg/mL) for 18-20 hours, after which,
the cells were stained with Pl to determine percent cell death
using flow cytometric analysis (n=3) (B). MP2 cells were treated
with supernatants from IL-2 (1000 U/ml) and anti-CD16 mAbs
(3pg/mL) treated primary NK cells in order to induce
differentiation as described in the Materials and Methods section
MP2, PL12, and NK-diff-MP2 cells were treated with cisplatin (60
pg/mL) for 18-20 hours, after which, the cells were stained with Pl
to determine percentage of cell death using flow cytometric
analysis (n=3) (C). MP2 and PL12 tumor cells were treated with
paclitaxel (40 pg/mL) for 18-20 hours, after which, the cells were
stained with Pl to determine percent cell death using flow
cytometric analysis (n=3) (D). ***(p value 0.0001-0.001), **

(p value 0.001-0.01), *(p value 0.01-0.05).

both groups had on average less growth when compared to those
from tumor alone implanted mice (Figure 4D). When the
dissociated tumors of hu-BLT mice were used as targets for
primary IL-2 activated NK cells in Cr-release assay, tumors from
sNK cells alone or sNK cells combined with CDDP treated mice
were killed much less when compared to untreated tumor-bearing
mice (Figure 4E). In addition, there was statistically significant
differences in the resistance of tumor cells to NK cell-mediated
cytotoxicity dissociated from sNK+CDDP group as compared to
sNK group, and both these groups had highly significant decreases
in cytotoxicity when compared to those obtained from tumor alone
implanted hu-BLT mice (Figure 4E). Our previous studies have
demonstrated that CSCs/poorly-differentiated tumors grow at
higher rate and are excellent targets of NK cell-mediated
cytotoxicity, whereas differentiated tumors grow slow and are
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FIGURE 4

Cisplatin mediated decrease in tumor growth when used sequentially with sNK cell treatment in tumor implanted hu-BLT mice, and increased NK cell-
mediated cytotoxicity by immune effectors derived from spleen, bone marrow and peripheral blood. Hu-BLT mice were orthotopically implanted with 1 x
10° human OSCSCs into the floor of the mouth. One week after the tumor implantation, mice received supercharged NK (sNK) cells via tail-vein injection,
and one week after sNK cell injection, mice received CDDP (50 pg/mice) via tail vein injection. The disease progression was monitored for another week
(A). Hu-BLT mice were implanted with OSCSC tumors and were injected with sNK cells and CDDP sequentially as depicted in Figure 4A. At the end of
experiment, hu-BLT mice were sacrificed; the tumors were harvested and weighed (n=3) (B). Hu-BLT mice were implanted with OSCSC tumors and, were
injected with sNK cells and CDDP sequentially as depicted in Figure 4A. At the end of the experiment, hu-BLT mice were sacrificed; the tumors were
harvested, and the single-cells were obtained as described in the Materials and Methods section. Tumor cells were counted microscopically (n=3) (C).
Tumor cells were counted microscopically (n=3) (C). Hu-BLT derived tumors were cultured at 1.5 x 10°/ ml at the initiation of the cultures. On day 3,
unattached cells were removed and fresh media was added. Tumors were detached and counted on days 7, 10, 14, 19, 24, 27, and 30, each time 1 x 10°/
ml cells were cultured (n=3) (D). NK cells (1 x 10%/ml) from healthy human donors were treated with IL-2 (1000 U/mL) for 18 hours before they were
added to 'Cr labeled hu-BLT derived tumors at various effector to target ratios. NK-mediated cytotoxicity was determined using 4-hour >'Cr release
assay. The lytic units (LUs) 30/10°cells were determined using inverse number of NK cells required to lyse 30% of the tumor-cells x 100 (n=2 per each
experimental condition) (E). Hu-BLT mice were implanted with OSCSC tumors and were injected with sNK cells and CDDP sequentially as shown in
Figure 4A. At the end of the experiment, hu-BLT mice were sacrificed. Spleens, peripheral blood, and bone marrow were harvested and single cell
suspensions were obtained and cultured (1 x 106 /ml) with IL-2 (1000 U/ml) for 7 days. On day 7, the supernatants were harvested and the secretions of
IFN-y were determined using single ELISA (n=3) (F). Spleens, peripheral blood, and bone marrow cells were cultured (1 x 10° /ml) with IL-2 (1000 U/ml) for
7 days. On day 7, cells were used as effectors against OSCSCs using standard 4-hour >!Cr release assay. The Lytic units (LU) 30/10° cells were determined
using the inverse number of cells required to lyse 30% of OSCSCs x 100 (n=3) (G). ****(p value<0.0001), ***(p value 0.0001-0.001), **(p value 0.001-0.01),

*(p value 0.01-0.05).

resistant to NK cell-mediated cytotoxicity (13, 41-43). Results
shown in Figures 4D, E indicates that tumors from sNK cells
alone or sNK cells combined with CDDP treated mice exhibited
characteristics of differentiated tumors. In addition, when all the
floating immune cells were removed by changing the media from
tumor cultures throughout the days of 7-27 the differentiated nature
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of tumor cells grown from sNK cells or sNK in combination with
CDDP gradually reverted to their CSC/poorly differentiated tumors,
and their growth rate gradually increased and approached to those
grown from tumor alone implanted BLT mice (Figures 4D). We
have previously shown that reversion of NK differentiated tumors
occurs after two weeks in culture without immune cells, and it
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correlates with the decreased MHC class I expression on tumor
cells (44).

Sequential treatment with sNK cell
immunotherapy and CDDP exhibited
increased IFN-y secretion and NK cell-
mediated cytotoxicity by bone marrow,
PBMCs and splenocytes of hu-BLT mice

We then assessed IFN-y secretion and NK cell-mediated
cytotoxicity of splenocytes, peripheral blood and bone marrow
derived cells of tumor-bearing hu-BLT mice with or without
treatments. We observed suppression of both secretion of IFN-y
(Figures 4F, S4, S5A) and NK cell-mediated cytotoxicity (Figures 4G,
S5B) in tumor-bearing untreated mice in comparison to those obtained
from healthy mice without tumor implantation. Increase or restoration
of IFN-y secretion and NK cell-mediated cytotoxicity by bone marrow,
splenocytes and PBMCs were seen in sNK cell injected tumor-bearing
mice, and both these functions were further increased with the
combination of sNK cells and CDDP treatment of tumor implanted
mice when compared to those with tumor alone implanted mice
(Figures 4F, G, $4, S5). CDDP alone injected mice either did not
increase or increased slightly the secretion of IFN-vy in cells dissociated
from spleen, peripheral blood, and BM (Figure S4).

Differentiated tumors expressed higher
levels of PD-L1 and were more susceptible
to NK cell-mediated ADCC in the presence
of anti-PD-L1 as compared to their stem-
like counterparts

Our previous studies have shown that CSCs/poorly-
differentiated tumors are excellent targets of direct NK cell-
mediated cytotoxicity, whereas their differentiated counterparts
are significantly more resistant (13, 41-43). We have also shown
previously that differentiated tumors have higher surface expression
of MICA/MICB and are susceptible to ADCC mediated by the
primary NK cells in the presence of anti-MICA/MICB antibody,
even though NK cells are not able to kill these tumors directly (20).
Here, we evaluated NK cell-mediated cytotoxicity against untreated
stem-like (OSCSCs and MP2) and untreated or anti-PD-L1
antibody treated differentiated tumors (NK-Diff-OSCSCs, OSCCs,
NK-Diff-MP2, and PL12) (Figure 5A-F). We demonstrate that NK
cells mediated direct cytotoxicity of OSCSCs (Figure 5A) and MP2
(Figure 5D) tumors, whereas susceptibility to NK cell-mediated
cytotoxicity was substantially and significantly lower against NK-
diff-OSCSCs (Figures 5B, S6A), OSCCs (Figure 5C, S6A), NK-diff-
MP2 (Figures 5E, S6B), and PL12 (Figure 5F, S6B) tumors when
compared to OSCSCs and MP2 cells. NK cell-mediated cytotoxicity
was increased against anti-PDL1-treated NK-diff-OSCSCs (Figure
5B), OSCCs (Figure 5C), NK-dift-MP2 (Figure 5E), and PL12
(Figure 5F) tumors. In accordance, higher surface expression of
PD-L1 was seen on NK-diff-OSCSCs and OSCCs (Figure 5G) and
NK-diff-MP2 and PL-12 (Figure 5H) tumors in comparison to their
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stem-like counterparts. Differentiated tumors also expressed higher
surface expression of MHC-class I (Figures S7B, C). We also
assessed surface expression of PD-L1 on NK cells (Figure S7A).
The results indicated that both IL-2 and IL-2+anti-CD16mAb
treatment elevated the expression of PD-L1 on NK cells (Figure
S7A). Taken together, the data indicated that differentiated tumors
express higher PD-L1 on their surface, and treatment of these cells
with anti-PD-L1 antibody mediate ADCC in the presence of NK
cells. However, poorly differentiated tumors are devoid of this
surface antigen and therefore NK cells may become inactivated in
the presence of anti-PD-L1 antibody treatment since activated NK
cells exhibit PD-L1 on the surface.

Anti-PD1 antibody induced higher IFN-y
secretion from NK cells in the presence of
stem-like tumors in comparison to
differentiated tumors

We have previously demonstrated that NK cells secrete higher
levels of IFN-y when co-cultured with CSCs/poorly differentiated
tumors in comparison to differentiated tumors (42). In our current
study, we co-cultured stem-like/poorly differentiated (MP2 and
OSCSCs) and their differentiated counterparts (NK-Diff-MP2 and
NK-Diff-OSCSCs) with NK cells with or without anti-PD1 treatment
(Figures 6, S7). Lower secretion of IFN-y was found when NK cells
were co-cultured with NK-dift-OSCSCs (Figures 6A, S8) and NK-
dift-MP2 (Figure 6B) in comparison to the cultures with their stem-
like counterparts. Anti-PD1 treated NK cells without tumors showed
slightly increased levels of IFN-y secretion, however, the highest effect
of anti-PD1 treatment was seen when NK cells were co-cultured with
OSCSCs (Figures 6A, S8) or MP2 (Figure 6B) cells in comparison to
those co-cultured with their NK-differentiated counterparts.

sNK cell immunotherapy alone or in
combination with anti-PD1 antibody
inhibited tumor growth in hu-BLT mice
and significantly improved immune
function of hu-BLT mice

Hu-BLT mice were surgically implanted with human MP2
tumors followed by injections of sNK cells and anti-PD1
sequentially as depicted in Figure 7A. Upon sacrifice, the tumors
were harvested and weighed, and the results were compared to tumor
bearing mice in the absence of treatments. sNK cells alone or sNK
cells combined with anti-PD1 antibody injected mice had smaller
tumors in comparison to untreated tumor implanted mice
(Figures 7B, S9A). Anti-PDI1 antibody alone treated mice had
smaller tumors compared to untreated tumor-bearing mice but the
size was larger in comparison to either sNK treated or sNK + anti-
PD1 antibody treated group (Figure 7B). Tumors were then
dissociated and counted and the numbers were adjusted to 1.5X10°
per well. Tumor growth were slightly with anti-PD1 alone treatment,
and was much less with sNK cells alone or sNK cells combined with
anti-PD1 treatments when compared to untreated tumor implanted
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Differentiated tumors expressed higher levels of PD-L1 on their surface and were more susceptible to NK cell-mediated cytotoxicity when compared
to their stem-like counterparts in the presence of anti-PDLL. Purified NK cells (1x10° cells/ml) from healthy individuals were left untreated, or treated
with IL-2 (1000 U/ml), or treated with IL-2 (1000 U/ml) and anti-CD16 mAbs (3ug/mL) for 18 hours and were used as effectors in chromium release
assay. OSCSCs were differentiated using IL-2 (1000 U/ml) and anti-CD16 mAbs (3ug/mL) treated NK cell supernatants as described in Materials and
Methods section. OSCSCs (A), NK-differentiated-OSCSCs (B), and differentiated OSCCs (C), were labeled with 51Cr for an hour. NK-differentiated-
OSCSCs (B), and differentiated OSCCs (C), 51Cr-labeled tumor cells were then left untreated or treated with anti-PDL1 (5 pg/ml) for 30 minutes. The
unbound antibodies were washed away, and the cytotoxicity against the tumor cells was determined using a standard 4-hour 51Cr release assay.
The Lytic units (LU) 30/10° cells were determined using the inverse number of NK cells required to lyse 30% of tumors x 100 (n=3) (A—=C). The
surface expression of PD-L1 was analyzed on tumor cells using flow cytometry. IgG2 isotype control antibodies were used as controls (G). Purified
NK cells (1x10° cells/ml) from healthy individuals were left untreated, or treated with IL-2 (1000 U/ml) or treated with IL-2 (1000 U/ml) and anti-
CD16 mAbs (3ug/mL) for 18 hours and they were used as effectors in chromium release assay. MP2 cells were differentiated using IL-2 (1000 U/ml)
and anti-CD16 mAbs (3pg/mL) treated NK cell supernatants as described in Materials and Methods section. MP2 (D), NK-differentiated MP2 (E), and
differentiated PL12 (F) were labeled with 51Cr for an hour. NK-differentiated MP2 (E), and differentiated PL12 (F) 51Cr-labeled tumor cells were then
left untreated or treated with anti-PDL1 (5 ug/ml) for 30 minutes. The unbound antibodies were washed away, and the cytotoxicity against the
tumor cells was determined using a standard 4-hour 51Cr release assay. The Lytic units (LU) 30/10° cells were determined using the inverse number
of NK cells required to lyse 30% of tumors x 100 (n=3) (D, E, F). The surface expression of PD-L1 was analyzed on tumor cells using flow cytometry.

IgG2 isotype control antibodies were used as controls (H). ***(p value 0.0001-0.001), **(p value 0.001-0.01), *(p value 0.01-0.05).

mice (Figures 7C). When the same numbers of dissociated tumor
cells from hu-BLT mice were cultured, significantly lower tumor cell
expansion was seen in tumors from sNK cells alone or sNK cells
combined with anti-PD-1 antibody treated mice as compared to
those from untreated tumor-bearing mice until day 14-18, after
which the tumor growth rate gradually increased and approached
to those obtained from tumor alone implanted mice, and at day 27
the tumor cultures were terminated. Even though the levels of tumor
growth gradually approached the levels seen with tumor alone
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implanted mice at the days 18-24, we could still see a lower tumor
growth with sNK+anti-PD-1 antibody treated group as compared to
sNK treated group, and both groups had on average lower growth
when compared to those from tumor alone implanted mice
(Figures 7D, S9B). Tumors dissociated from anti-PD-1 antibody
group exhibited a lower rate of tumor growth when compared to
the tumor alone implanted group but the levels of tumor growth were
higher than those obtained from either the sNK treated or the SNK
+anti-PD-1 antibody treated group (Figures 7D, S8B). In addition,
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Increased IFN-vy secretion by NK cells in the presence of cancer stem cells and anti-PD1. OSCSCs were differentiated using IL-2 (1000 U/ml) and
anti-CD16 mAbs (3ug/mL) treated NK cell supernatants as described in the Materials and Methods section. NK cells of healthy individuals were
treated with IL-2 (1000 U/ml) for 18-20 hours before they were co-cultured with tumor cells (NK: tumors; 1:1), and treated with anti-PD1 (500 ng/
ml) antibody. On day 3 of co-culture, the supernatants were harvested and the secretion of IFN-y was determined using single ELISAs (A). MP2 cells
were treated with IL-2 (1000 U/ml) and anti-CD16 mAbs (3ug/mL) treated NK cell supernatants to induce differentiation as described in the Materials
and Methods section. NK cells of healthy individuals were treated with IL-2 (1000 U/ml) for 18-20 hours before they were added to tumor cells (NK
tumors; 1:1), and were treated with anti-PD1 (500 ng/ml) antibody. On day 3 of co-culture, the supernatants were harvested and the secretion of

IFN-y was determined using single ELISA (B). **(p value 0.001-0.01).

when all the floating immune cells were removed by changing the
media every three days from tumor cultures throughout the days of 7-
27 the differentiated nature of tumor cells grown from sNK cells or
sNK in combination with anti-PD-1 gradually reverted to their CSC/
poorly differentiated tumors, and their growth rate gradually
increased and approached to those grown from tumor alone
implanted BLT mice (Figure 7D).

Sequential treatment with sNK cells and
anti-PD1 augmented IFN-y secretion and
NK cell-mediated cytotoxicity by immune
cells of spleen, peripheral blood, and bone
marrow of tumor bearing hu-BLT mice

We observed suppression of both secretion of IFN-y
(Figures 7E, G, H, S10A, SI11A) and NK cell-mediated
cytotoxicity (Figures 7F, S10B, SI11B) in tumor-bearing hu-BLT
mice in comparison to those from healthy mice. Restoration or
increased IFN-y secretion and NK cell-mediated cytotoxicity were
seen in tumor-bearing mice injected with sNK cells alone or anti-
PD1 alone, and both of these functions were further increased with
the combination of sNK cells and anti-PD1 antibody injection in
tumor bearing mice (Figures 7E-H, S9, S10). It is important to note
that the levels of IFN-y secretion were comparable between sNK
cells treated mice and anti-PD-1 treated mice; however, the NK cell
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mediated cytotoxicity was much higher in sNK treated tumor
bearing mice than in the presence of anti-PD-1 treated tumor
bearing mice (Figures 7E-H, S10, S11). The combination of both
sNK and anti-PD-1 treatment significantly elevated IFN-y secretion
when compared to each treatment alone and increased cytotoxicity
more than those seen in the presence of sNK treatment alone
(Figures 7E-H, S10, S11). Taken together, these results indicated
that sequential treatment of sNK cells with anti-PD-1 antibody is
capable of increasing cytotoxic function in tumor-implanted hu-
BLT mice and significantly augmented the secreted IFN-y in
immune cells from bone marrow, spleen and peripheral blood.

Discussion

NK cells are indispensable for the treatment of cancer due to
their many important functions. We have come a long way in
understanding the mechanisms underlying activation and increased
function of NK cells, however, we still do not have a cure or even
successful treatment for aggressive cancers. Most problems stem
from not having the full understanding of NK function in cancer
patients, and many underlying mechanisms of NK cell function still
await clarifications. The mere fact that NK cells are specialized to
target CSCs/poorly differentiated aggressive tumors, should place
these cells at the top of any treatment strategies. Indeed, the
function of NK cells found to be compromised in many if not all
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FIGURE 7

Combination of sNK cells and anti-PD1 antibody halted the growth of MP2 tumors, and increased IFN-y secretion and cytotoxic function by
PBMCs, splenocytes and bone marrow derived immune cells from hu-BLT mice. Hu-BLT mice were orthotopically injected with 1 x 10° human
MP2 tumors in the pancreas. One week after the tumor implantation, mice received supercharged NK (sNK) cells via tail-vein injection, and one
week after sNK cell injection, mice received anti-PD1 (50 pg/mice) antibody via tail vein. The disease progression was monitored for another
week (A). Hu-BLT mice were implanted with MP2 tumors and were injected with sNK cells and anti-PD1 antibody as depicted in Figure 7A. At the
end of the experiment, hu-BLT mice were sacrificed and the tumors were harvested and weighed (n=3) (B). Hu-BLT mice were implanted with
MP2 tumors and were injected with sNK cells and anti-PD1 antibody as depicted in Figure 7A. At the end of the experiment, hu-BLT mice were
sacrificed and the tumors were harvested and single-cells were isolated as described in Materials and Methods section. Tumor cells were
counted microscopically (n=3) (C). Hu-BLT derived tumors were cultured at 0.15 x 10°/ml at the initiation of the tumor cultures, and the cell
growth were determined on the days shown in the Figure. Statistical analysis is shown for sNK or sNK+anti-PD1 antibody group vs. untreated
group (n=3) (D). Hu-BLT mice were implanted with MP2 tumors and, were injected with sNK cells and anti-PD1 antibody as depicted in

Figure 7A. At the end of the experiment, hu-BLT mice were sacrificed and the spleens, peripheral blood, and bone marrow were harvested, and
single cell suspensions were prepared and cultured in the presence of IL-2 (1000 U/ml) for 7 days. On day 7, the supernatants were harvested
and the secretion of IFN-y was determined using single ELISA (n=3) (E). Splenocytes, and peripheral blood and bone marrow derived immune
cells were cultured in the presence of IL-2 (1000 U/ml) for 7 days. On day 7, cells were used as effectors against OSCSCs using standard 4-hour
°ICr release assay. The Lytic units (LU) 30/10° cells were determined using the inverse number of cells required to lyse 30% of OSCSCs x 100
(n=3) (F). NK (G) and CD3+ T (H) cells were purified from the spleen and cultured in the presence of IL-2 (1000 U/ml for NK cultures; and100 U/
ml for T cell cultures) for 7 days. On day 7, the supernatants were harvested and the secretion of IFN-y was determined using single ELISA (n=3)
(G, H). ****(p value<0.0001), ***(p value 0.0001-0.001), **(p value 0.001-0.01), *(p value 0.01-0.05).
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cancer patients provide the rationale for the induction and
progression of cancer since NK cells eliminate the clones that
seed the cancer (28, 45, 46). In addition, loss of NK cell function
at the preneoplastic stage of tumorigenesis before the establishment
of pancreatic cancer is a testament to the crucial roles that NK cells
play in suppression of cancer (47, 48). Moreover, NK cells
differentiate tumors through the production of IFN-y and TNF-o
leading to decreased expansion and progression of cancer, in
addition to the conditioning of T cells to target tumor cells. In
this regard, sNK cells with exceptional expansion and functional
capabilities, select CD8+ T cells and expand their numbers and
function allowing the formation of memory/effector cells (45).
Indeed, successful eradication of cancer is partly dependent on
formation of tumor specific memory/effector CD8+ T cells, and
tumors infiltrated by CD8+ T cells were shown to have a much
better prognosis in patients (49). When comparing the function of
primary IL-2 activated NK cells or IL-2+anti-CD16mAb or IL-2
+anti-CD16mAb+sAJ2 treated NK cells with sNK cells, many
significant differences could be seen on genetic as well as protein
and functional levels (Figure 1 and manuscript in prep) (28).
Briefly, sNK cells are a unique population of NK cells with
completely distinct profiles from those of untreated and IL-2
treated NK cells at the RNA seq analysis at the single cell level
based on UMAP and regulon profiles, and in terms of cell cycle
analysis, granule content and functional capabilities (Figure 2).
When comparing to primary NK cells treated with different
treatment strategies (Figure 1A) or those cultured with K562 or
OSCSCs or MP2 or PBMCs (Figure S1), sNK cells proliferated up to
27-34 days, mediated much higher cytotoxicity and secreted much
higher levels of IFN-y whereas the primary NK cells after day 6 of
culture lost their expansion capability and had minimal function
(Figure 1). Having generated such a unique and potent population
of NK cells, we aimed at understanding their effect in combination
with other therapeutic modalities. Furthermore, by better
understanding sNK cell function, we were able to establish
combinatorial therapies to successfully treat cancer in hu-BLT
mice. In this regard, we demonstrated two different treatments
that can be combined with sNK cells not only restore or further
activate the NK cells but also provide a strategy to augment the
efficacy of the treatment with other treatment modalities to
successfully eradicate all different subpopulations of tumor cells in
the tumor microenvironment. In this case, we have previously
shown that NK cell-differentiated tumors become susceptible to
chemotherapeutic drugs (12). Indeed, treatment of tumor cells with
supernatants from sNK cells not only increased the differentiation
antigens such as MHC-class I, CD54, PDL-1 but it also curtailed
their growth and made the tumors susceptible to chemotherapeutic
drugs in in vitro experiments published previously and shown in
here (12) (Figures 3, S3, S6). Furthermore, combining sNK cell
treatment with chemotherapy drugs augmented the targetability of
tumor cells by the chemotherapeutic drugs in vivo, as evidenced by
the in vitro data. To validate our in vitro observations reported
previously and in here, and to test the premise that sSNK cells treated
tumors become targetable by the chemotherapeutic drugs in vivo,
we performed experiments in hu-BLT mice by first targeting and
differentiating tumors with sNK cells (Figure 4) (12) followed by the
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use of chemotherapy drugs to target the differentiated tumors. In
this paper, we showed that one dose of 1X10° sNK cell injection not
only kills but also differentiates tumors in tumor bearing hu-BLT
mice, allowing chemotherapy drugs to target the remaining tumors,
thereby decreasing the tumor load, and also augmenting the
secretion of IFN-y by the NK cells from humanized mice. Such
combinatorial treatments will establish a circular pattern in which
sNK cells will increase the effectiveness of chemotherapeutic drugs
in targeting tumors but also the chemotherapy drugs will increase
the function of sNK cells to target more tumors. Thus, these
treatment strategies should be able to remove the heterogenous
nature of tumor cells, allowing restoration of NK cell function in
cancer patients to prevent cancer recurrences. When tumors were
resected and single cells were prepared and cultured, tumors from
OSCSC implanted mice grew and proliferated at a much higher rate
than those cultured either from sNK injected or sNK+CDDP
treated tumor implanted mice (Figure 4D). Tumor growth was
much less in sNK and sNK+CDDP treated tumor implanted mice
until day 24 after which they started to increase their growth
potential and the growth rate became closer to the tumors
resected from tumor alone implanted mice. Coincided with
increase in tumor growth was the decrease in MHC-class I
expression on the tumor cells since the differentiated tumors were
not supplied by either sNK cells or their supernatants, therefore, the
tumors reverted to the poorly differentiated/CSC stage at the end of
cultures. The reversion could be due to de-differentiation of the
tumors or selection of tumors with CSCs/poorly differentiated
phenotype which has much lower MHC class I expression.
Indeed, in our previous paper we established that all the tumors
initially exhibited differentiated phenotype and later lost the
differentiation antigens and became poorly differentiated tumors
(12, 13). Thus, those results argued for the de-differentiation of
tumors rather than selection (13). In addition, when day 10 tumor
cultures were tested in cytotoxicity against fresh IL-2 activated
primary NK cells, those that were obtained from tumor implanted
and sNK or sNK+CDDP injected mice had much lower
susceptibility to NK cell mediated cytotoxicity when compared to
those cultured from tumor alone implanted mice, indicating the
increased differentiation and acquisition of MHC-class I antigens in
these cultures. Interestingly, in this assay we could see significant
differences in the decreases of cytotoxicity between sNK and sNK
+CDDP tumor cultures, indicating higher differentiation stage of
sNK+CDDP tumor cultures as compared to sNK tumor cultures
(Figure 4E) (13, 41-43). In agreement with our studies, previous
work from other labs demonstrated cisplatin mediated up-
regulation of NK cell cytotoxicity through suppression of AR, and
upregulation of ULBP-2 in the HCC tumor model (50). In addition,
Low-dose cisplatin administration prevented suppression of NK cell
activity in patients with gastrointestinal cancer (51). Finally, the use
of combination of cisplatin and natural killer cells overcame
cisplatin resistance in ovarian cancer (52).

Check-point inhibitors such as anti-PD-1 and anti-PD-L1 are
becoming standard of care for many cancers; however, even though
they work for certain cancer types and in certain cancer patients, not
all cancer patients benefit from such treatments. To increase the
effectiveness of both NK cells and anti-PD-1 therapy we sequentially
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we sequentially treated the tumor bearing hu-BLT mice with sNK
cells and anti-PD-1 therapy and found such treatment to not only
prevent and remove most of tumors from the mice but also it
augmented the function of immune cells by increasing the
secretion of IFN-y when both treatments were used in mice.
Indeed, anti-PD-1 treatment of NK cells in the presence of CSC/
poorly differentiated tumors augmented the secretion of IFN-y by the
NK cells, indicating that NK cells are capable of activation through
PD-1 surface receptors similar to those of T cells (Figures 6, 7G, S7).
Indeed, sequential treatment of tumor bearing hu-BLT mice with
sNK cells and anti-PD-1 antibody increased the release in IFN-y by
the immune effectors notably both the NK cells and T cells and halt
the tumor growth and expansion (Figures 7G, H). Similar to the in
vivo experiments with SNK+CDDP treatment, when tumors were
resected from the sNK+anti-PD-1 treated mice, and single cells were
prepared and cultured, tumors from MP2 implanted mice grew and
proliferated at a much higher rate than those cultured either from
sNK injected or sNK+anti-PD-1 treated and tumor implanted mice
(Figure 7D). Tumor growth was much less in sNK and sNK+ anti-
PD-1 treated and tumor implanted mice until day 18-24, after which
they started to increase their growth potential and the growth rate
became closer to the tumors resected from tumor alone implanted
mice at day 27. Coinciding with the increase in tumor growth was the
decrease in MHC-class I expression on the tumor cells since the
differentiated tumors were not supplied by either sNK cells or their
supernatants, therefore, the tumors reverted to the poorly
differentiated/CSC stage at the end of the cultures. The reversion
could be due to de-differentiation of the tumors or selection of tumors
with poorly differentiated/CSC phenotype as stated above. In
accordance with our studies, adoptive transfer of ex vivo IL-2-
activated NK cells combined with anti-PD-1 resulted in tumor
growth inhibition in a xenograft gastric cancer model (53). In
another study, PD-1 and PD-L1 blockade induced a strong NK cell
response that was found to be indispensable for the full therapeutic
effect of immunotherapy (54). In addition, the authors showed that
PD-1 was expressed on NK cells within transplantable, spontaneous,
and genetically induced mouse tumor models. Furthermore, PD-1
expression was higher on NK cells with a more activated phenotype
with no evidence of exhausted phenotype.

However, one has to take precaution in interpreting the in vivo data
because the heterogeneity of tumor cells in terms of their differentiation
stage may make the results very difficult to interpret. This could be one
reason why certain cancer patients are able to benefit from the check-
point inhibitors and yet others do not. For instance, the use of anti-PD-
L1 antibody can have completely different effect on NK cells depending
on the stage of differentiation of tumor cells, as seen in our study
(Figure 5). If competent NK cells have infiltrated tumors with a higher
fraction of CSCs/poorly differentiated tumors, they should be able to
eliminate these tumors in direct cytotoxicity (Figure 5). In addition,
higher expression of PD-L1 on tumor-activated NK cells may make
NK cells themselves to become susceptible to ADCC, and decrease in
the cytotoxic function of NK cells. On the other hand, if the tumor
phenotype is tilted towards a well-differentiated phenotype, this may
increase effectiveness of NK cells in mediating ADCC since tumor cells
will be upregulating PD-L1 and becoming susceptible to NK cell-
mediated ADCC effect, whereas such tumors are not, or are less
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susceptible to direct cytotoxicity by the primary NK cells as seen in
our studies (Figure 5). Therefore, when such therapies fail in patients,
one has to not only understand the nature of NK cells but also what
type of tumors NK cells are targeting.

Finally, in this paper we present two different combinatorial
therapies that will likely be successful in patients. There are many
others such as combination of NK cells with CD8+ T cells, NK cells
with radiotherapy, NK cells with virotherapy, NK cells with
bacterial therapy, etc. All of these different scenarios are under
investigation in our laboratory and should provide exciting
treatment strategies for cancer therapy in the future.

Materials and methods
Cell lines, reagents, and antibodies

Oral squamous carcinoma stem cells (OSCSCs) and oral
squamous cell carcinoma (OSCCs) were isolated from patients
with tongue tumors at UCLA (13, 42, 55). NK cells, OSCSCs, and
OSCCs were cultured in RPMI 1640 (Invitrogen by Life
Technologies, CA), supplemented with 10% fetal bovine serum
(FBS) (Gemini Bio-Products, CA). Recombinant IL-2 was obtained
from NIH-BRB. Antibodies to CD16 were purchased from
Biolegend (San Diego, CA). Antibodies used for flow cytometry —
IgG2, MHC-class I, and B7H1 (PD-L1) were purchased from
Biolegend (San Diego, CA). MIA PaCA-2 (MP2), PL12, and
Capan human pancreatic cancer cell lines were provided by Dr.
Nicholas Cacalano (UCLA, School of Medicine, CA, USA), and
were cultured in DMEM supplemented with 10% FBS. Cisplatin
and Paclitaxel were purchased from Ronald Reagan Pharmacy at
UCLA. ELISA Kkits for IFN-y were purchased from Biolegend (San
Diego, CA), and multiplex analysis kit was purchased from
Millipore (Billerica, MA). Propidium iodide (PI) and chromium-
51 was purchased from PeproTech (Cranbury, NJ, USA) and
Perken Elmer (Waltham, MA, USA), respectively. Chromium
Single cell 3’ Reagent kit v3, Cat#1000075 was purchased
from10X Genomics (Pleasanton, CA, 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 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 Kkits,
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.
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NK cell supernatant collection and stem
cell differentiation

Purified NK cells were activated with rh-IL-2 (1000 U/ml) and
anti-CD16 mAb (3 pg/ml) for 18-20 hours before the supernatant was
harvested, and was used in differentiation of OSCSCs, and MP2 cells.
The supernatant volume was determined based on IFN-y required, and
was accessed by ELISA specific to IFN-y. Differentiation of OSCSCs
and MP2 cells were conducted with an average total amount of 2000 pg
and 5000 pg, respectively, over the course of 5 days. On day 0, 1 x 10°
tumor cells were cultured, on day 1 unattached tumor cells were
removed and attached tumor cells were treated with NK cell
supernatants on days 1, 2, 3 and 4. On day 5, tumor cells were
rinsed with 1 X PBS, detached and used for experiments.

Generation of osteoclasts and
supercharged 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 pg/ml) for 18-20 hours before they were co-cultured
with OCs and sAJ2 (OCs : NK:sAJ2; 1:2:4) in RPMI 1640 medium
containing 10% FBS. Probiotic bacteria, AJ2 is a combination of seven
to eight different strains of gram-positive probiotic bacteria
(Streptococcus thermophiles, Bifidobacterium longum, Bifidobacterium
breve, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus
plantarum, Lactobacillus casei, and Lactobacillus bulgaricus) selected
for their superior ability to induce optimal secretion of both pro-
inflammatory and anti-inflammatory cytokines in NK cells (32). The
medium was refreshed every three days with RPMI containing rh-IL-2
(1500 U/ml).

Western blot analysis

Cells were washed twice with an ice-cold PBS and lysed in NP-40
lysis buffer supplemented with protease inhibitor cocktail
(APExXBIO). Lysates were centrifuged at 16000g at 4°C for 20
minutes to obtain post-nuclear cell fraction. Protein concentration
was determined with Pierce BCA protein assay kit (ThermoFisher
Scientific). Non-reducing SDS-PAGE was performed, and separated
proteins were transferred to nitrocellulose membrane. Membranes
were blocked for 1 hour in 5% non-fat dry milk in PBS. Membranes
were incubated in primary antibodies overnight at 4°C and HRP
conjugated secondary antibodies for 1h at room temperature. Bands
were visualized with Clarity Max Western ECL substrate (BioRad).
Images were acquired with ChemiDoc ML imaging System (Biorad).
The following primary antibodies were used: mouse anti-granzyme B
(sc-8022, Santa Cruz Biotechnology), mouse anti-cathepsin C (sc-
74590, Santa Cruz Biotechnology), mouse anti-perforin-1 (sc-136994,
Santa Cruz Biotechnology). We used anti-mouse HRP conjugated
secondary antibodies (405306 BioLegend). Stain free technology
(BioRad) was used for loading control.

Frontiers in Immunology

13

10.3389/fimmu.2023.1132807

Single-cell RNA sequencing

Single-cell RNA sequencing was performed using a 10X
Chromium machine. Single-cell cDNA libraries were prepared using
the 10X Chromium Single cell 3’ Reagent kit v3 and sequenced via
Nlumina Novaseq 6000 (Illumina) to a depth of around 30 thousand
reads per cell. Raw data from each sample were demultiplexed and
aligned to a custom reference genome (GRCh38), and UMI counts
were quantified using 10X Genomics CellRanger software (v3.0.0) with
default parameters. Single-cell clustering and cell-cycle scoring are
performed using the Seurat package (v3.0). Single-cell regulatory
network inference and clustering (SCENIC) is done by using the
SCENIC R package (1.2.0) with the hg38 database (https://
resources.aertslab.org/cistarget/).

Tumor implantation in hu-BLT mice

Animal research was performed under the written approval of
the UCLA Animal Research Committee (ARC) in accordance with
all federal, state, and local guidelines. Combined immunodeficient
NOD.CB17-Prkdescid/] and NOD.Cg-Prkdcscid I12rgtm1Wil/Sz]
(NSG lacking T, B, and NK cells) were purchased from Jackson
Laboratory. Humanized-BLT (hu-BLT; human bone marrow/liver/
thymus) mice were prepared on NSG background as previously
described (38, 56). To establish orthotopic tumors, mice were first
anesthetized with isoflurane in combination with oxygen, and 1 x
10° human OSCSCs and MP2 tumor cells suspended in 10 ul HC
Matrigel were then injected directly into the floor of their mouths
and pancreas, respectively. One week after tumor implantation mice
received 1 x 10° OC-expanded supercharged NK cells via tail vein
injection. One week after NK injections, mice received CDDP (50
pg/mice) or anti-PD1 (50 pg/mice) via tail vein injection. One week
later, mice were euthanized, and tumors, bone marrow, spleen, and
peripheral blood were harvested.

Cell isolation and cell cultures of tumors
and immune cells of hu-BLT mice

The oral and pancreatic tumors harvested from hu-BLT mice were
immediately cut into 1 mm? pieces and placed into a digestion buffer
containing 1 mg/ml collagenase II (oral tumor) or collagenase IV
(pancreatic tumor), 10 U/ml DNAse I, and 1% bovine serum albumin
(BSA) in DMEM media, and incubated for 20 minutes at 37°C oven on
a 150 rpm shaker. After digestion, the sample were filtered through 40
mm cell strainer and centrifuged at 1500 rpm for 10 minutes at 4°C.
The pellet was re-suspended in DMEM media and cells were counted.
To obtain single-cell suspensions from BM, femurs were cut at both
ends and flushed by using RPMI 1640 media; afterwards, BM cells were
filtered through a 40 um cell strainer. To obtain single-cell suspensions
from spleen, the spleens were minced, and the samples were filtered
through a 40 um cell strainer and centrifuged at 1500 rpm for 5
minutes at 4°C. The pellets were re-suspended in ACK buffer for 2-5
mins to remove the red blood cells followed by re-suspension in RPMI
media and centrifugation at 1500 rpm for 5 minutes at 4°C. PBMCs
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were isolated from peripheral blood using Ficoll-Hypaque
centrifugation of heparinized blood specimens. The buffy coats
containing PBMCs were harvested, washed, and re-suspended in
RPMI 1640 medium. Cells obtained from each tissue sample were
treated with IL-2 (1000 U/ml) and cultured in RPMI 1640 medium
containing 10% FBS for 7 days.

Surface staining and cell death analysis

Staining was performed by labeling the cells with antibodies as
described previously (43, 57, 58). The percentage of dead cells was
determined by propidium iodine (PI) (100 pg/ml) staining using
flow cytometric analysis. Flow cytometric analysis was performed
using Attune NXT flow cytometer (Thermo Fisher Scientific,
Waltham, MA) and FlowJo v10.4 (BD, Oregon, USA) were used
for analysis. For selected experiments Beckman Coulter Epics XL
cytometer (Brea, CA) was also used, and the results were analyzed
in the FlowJo vX software (Ashland, OR).

Enzyme-linked immunosorbent assays and
multiplex cytokine assay

Single ELISAs were performed as previously described (43). 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. For
multiple cytokine array, the levels of cytokines were determined
by multiplex assay, which was conducted as described in the
manufacturer’s protocol for each specified kit. Analysis was
performed using a Luminex multiplex instrument (MAGPIX,
Millipore, Billerica, MA), and data was analyzed using the
proprietary software (xPONENT 4.2, Millipore, Billerica, MA).

>ICr release cytotoxicity assay

The *'Cr release cytotoxicity assay was performed as previously
described (59). Briefly, different ratios of effectors and >1Cr-labeled
target cells were incubated for four hours. After which, 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

LU 30/10° was calculated by using the inverse of the number of
effector cells needed to lyse 30% of target cells x100.

Statistical analyses

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
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groups. Duplicate or triplicate samples were used for assessment. 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).

Data availability statement

The data presented in the study are deposited in the NCBI GEO
repository, accession number GSE226160.

Ethics statement

The studies involving human participants were reviewed and
approved by UCLA Institutional Review Board (IRB). The patients/
participants provided their written informed consent to participate
in this study. The animal study was reviewed and approved by
UCLA Animal Research Committee (ARC).

Author contributions

KK generated and analyzed data, wrote, reviewed and edited the
manuscript. P-CC, M-WK, AM, ES generated supporting data and
edited manuscript. SM, JK reviewed and edited manuscript. AJ
oversaw the studies, conceptualization of the report, reviewed and
edited the report, and acquired funding. All authors contributed to
the article and approved the submitted version.

Funding

This research was funded by the Slovenian Research Agency, grant
numbers P4-0127, J4-1776 to JK.

Conflict 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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1132807/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1132807/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1132807/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1132807
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kaur et al.

References

1. Fitzmaurice C, Allen C, Barber RM, Barregard L, Bhutta ZA, Brenner H, et al.
Global, regional, and national cancer incidence, mortality, years of life lost, years lived
with disability, and disability-adjusted life-years for 32 cancer groups, 1990 to 2015: A
systematic analysis for the global burden of disease study. JAMA Oncol (2017) 3
(4):524-48. doi: 10.1001/jamaoncol.2016.5688

2. Lo Russo G, Imbimbo M, Garassino MC. Is the chemotherapy era in advanced
non-small cell lung cancer really over? maybe not yet. Tumori (2016) 2016(3):223-5.
doi: 10.5301/t.5000479

3. Maroof H, Hassan ZM, Mobarez AM, Mohamadabadi MA. Lactobacillus
acidophilus could modulate the immune response against breast cancer in murine
model. J Clin Immunol (2012) 32(6):1353-9. doi: 10.1007/s10875-012-9708-x

4. Hassan Z. Anti-cancer and biotherapeutic potentials of probiotic bacteria. |
Cancer Sci Ther (2019) 11:009-13. doi: 10.4172/1948-5956.1000575

5. Gorska A, Przystupski D, Niemczura MJ, Kulbacka J. Probiotic bacteria: A
promising tool in cancer prevention and therapy. Curr Microbiol (2019) 76(8):939-
49. doi: 10.1007/500284-019-01679-8

6. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of
CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl | Med
(2020) 382(6):545-53. doi: 10.1056/NEJMo0al910607

7. Terranova-Barberio M, Pawlowska N, Dhawan M, Moasser M, Chien AJ, Melisko
ME, et al. Exhausted T cell signature predicts immunotherapy response in ER-positive
breast cancer. Nat Commun (2020) 11(1):3584. doi: 10.1038/s41467-020-17414-y

8. Chen EX, Jonker DJ, Loree JM, Kennecke HF, Berry SR, Couture F, et al. Effect of
combined immune checkpoint inhibition vs best supportive care alone in patients with
advanced colorectal cancer: The Canadian cancer trials group CO.26 study. JAMA
Oncol (2020) 6(6):831-8. doi: 10.1001/jamaoncol.2020.0910

9. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for
human cancer. Sci (New York N.Y.) (2015) 348(6230):62-8. doi: 10.1126/science.aaa4967

10. Sharma P, Allison JP. The future of immune checkpoint therapy. Science (2015)
348(6230):56-61. doi: 10.1126/science.aaa8172

11. Emens LA, Jonker DJ, Loree JM, Kennecke HF, Berry SR, Couture F, et al.
Cancer immunotherapy: Opportunities and challenges in the rapidly evolving clinical
landscape. Eur J Cancer (2017) 81:116-29. doi: 10.1016/j.ejca.2017.01.035

12. Kozlowska AK, Topchyan P, Kaur K, Tseng HC, Teruel A, Hiraga T, et al.
Differentiation by NK cells is a prerequisite for effective targeting of cancer stem cells/
poorly differentiated tumors by chemopreventive and chemotherapeutic drugs. J
Cancer (2017) 8(4):537-54. doi: 10.7150/jca.15989

13. Tseng HC, Arasteh A, Paranjpe A, Teruel A, Yang W, Behel A, et al. Increased
lysis of stem cells but not their differentiated cells by natural killer cells; de-
differentiation or reprogramming activates NK cells. PIoS One (2010) 5(7):e11590.
doi: 10.1371/journal.pone.0011590

14. Ko M-W, Breznik B, Senjor E, Jewett A. Synthetic cannabinoid WIN 55,212-2
inhibits growth and induces cell death of oral and pancreatic stem-like/poorly
differentiated tumor cells. Adv Cancer Biol - Metastasis (2022) 5:100043. doi:
10.1016/j.adcanc.2022.100043

15. Rycaj K, Tang DG. Cancer stem cells and radioresistance. Int | Radiat Biol
(2014) 90(8):615-21. doi: 10.3109/09553002.2014.892227

16. Chang JC. Cancer stem cells: Role in tumor growth, recurrence, metastasis, and
treatment resistance. Medicine (2016) 95(1 Suppl 1):520-s25. doi: 10.1097/
MD.0000000000004766

17. Steinbichler TB, Dudas ], Skvortsov S, Ganswindt U, Riechelmann H,
Skvortsova II, et al. Therapy resistance mediated by cancer stem cells. Semin Cancer
Biol (2018) 53:156-67. doi: 10.1016/j.semcancer.2018.11.006

18. Prieto-Vila M, Takahashi RU, Usuba W, Kohama I, Ochiya T. Drug resistance
driven by cancer stem cells and their niche. Int ] Mol Sci (2017) 18(12):2574. doi:
10.3390/ijms18122574

19. Kaur K, Topchyan P, Kozlowska AK, Ohanian N, Chiang J, Maung PO, et al.
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
(5):e1426518. doi: 10.1080/2162402X.2018.1426518

20. 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(2):239. doi: 10.3390/cancers13020239

21. Pan K, Farrukh H, Chittepu VCSR, Xu H, Pan C-x, Zhu Z. CAR race to cancer
immunotherapy: from CAR T, CAR NK to CAR macrophage therapy. J Exp Clin
Cancer Res (2022) 41(1):119. doi: 10.1186/s13046-022-02327-z

22. Ciurea SO, Schafer JR, Bassett R, Denman CJ, Cao K, Willis D, et al. Phase 1
clinical trial using mbIL21 ex vivo-expanded donor-derived NK cells after
haploidentical transplantation. Blood (2017) 130(16):1857-68. doi: 10.1182/blood-
2017-05-785659

23. Hallner A, Bernson E, Hussein BA, Ewald Sander F, Brune M, Aurelius J, et al.
The HLA-b -21 dimorphism impacts on NK cell education and clinical outcome of

Frontiers in Immunology

10.3389/fimmu.2023.1132807

immunotherapy in acute myeloid leukemia. Blood (2019) 133(13):1479-88. doi:
10.1182/blood-2018-09-874990

24. Bjorklund AT, Carlsten M, Sohlberg E, Liu LL, Clancy T, Karimi M, et al.
Complete remission with reduction of high-risk clones following haploidentical NK-
cell therapy against MDS and AML. Clin Cancer Res (2018) 24(8):1834-44. doi:
10.1158/1078-0432.CCR-17-3196

25. Ishikawa T, Okayama T, Sakamoto N, Ideno M, Oka K, Enoki T, et al. Phase I
clinical trial of adoptive transfer of expanded natural killer cells in combination with
IgG1 antibody in patients with gastric or colorectal cancer. Int J Cancer (2018) 142
(12):2599-609. doi: 10.1002/ijc.31285

26. Cichocki F, Bjordahl R, Gaidarova S, Mahmood S, Abujarour R, Wang H, et al.
iPSC-derived NK cells maintain high cytotoxicity and enhance in vivo tumor control in
concert with T cells and anti-PD-1 therapy. Sci Transl Med (2020) 12(568):568. doi:
10.1126/scitranslmed.aaz5618

27. Geary CD, Krishna C, Lau CM, Adams NM, Gearty SV, Pritykin Y, et al. Non-
redundant ISGF3 components promote NK cell survival in an auto-regulatory manner
during viral infection. Cell Rep (2018) 24(8):1949-1957 e6. doi: 10.1016/
j.celrep.2018.07.060

28. Kaur K, Cook J, Park SH, Topchyan P, Kozlowska A, Ohanian N, et al. 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. doi: 10.3389/fimmu.2017.00297

29. Nandi M, Pal S, Ghosh S, Chakraborty BC, Dey D, Baidya A, et al. CD8(+)CD28
(-) T cells: key cytotoxic players impacting disease pathogenesis in chronic HBV
infection. Clin Sci (Lond) (2019) 133(17):1917-34. doi: 10.1042/CS20190369

30. Benson DMJr., Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B, et al.
The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma effect: a
therapeutic target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood (2010)
116(13):2286-94. doi: 10.1182/blood-2010-02-271874

31. Tseng HC, Kanayama K, Kaur K, Park SH, Park S, Kozlowska A, et al.
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(24):20002-25. doi: 10.18632/oncotarget.4755

32. Bui VT, Tseng HC, Kozlowska A, Maung PO, Kaur K, Topchyan P, et al.
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 (2015)
6:576. doi: 10.3389/fimmu.2015.00576

33. Yang C, Siebert JR, Burns R, Gerbec ZJ, Bonacci B, Rymaszewski A, et al.
Heterogeneity of human bone marrow and blood natural killer cells defined by single-
cell transcriptome. Nat Commun (2019) 10(1):3931. doi: 10.1038/s41467-019-11947-7

34. Duncan GS, Mittrucker HW, Kagi D, Matsuyama T, Mak TW. The transcription
factor interferon regulatory factor-1 is essential for natural killer cell function in vivo. J
Exp Med (1996) 184(5):2043-8. doi: 10.1084/jem.184.5.2043

35. Gotthardt D, Sexl V. STATs in NK-cells: The good, the bad, and the ugly. Front
Immunol (2016) 7:694. doi: 10.3389/fimmu.2016.00694

36. Ni J, Wang X, Stojanovic A, Zhang Q, Wincher M, Buhler L, et al. Single-cell
RNA sequencing of tumor-infiltrating NK cells reveals that inhibition of transcription
factor HIF-1alpha unleashes NK cell activity. Immunity (2020) 52(6):1075-1087 e8.
doi: 10.1016/j.immuni.2020.05.001

37. Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, et al. SCENIC: single-cell regulatory network inference and
clustering. Nat Methods (2017) 14(11):1083-6. doi: 10.1038/nmeth.4463

38. Shimizu S, Hong P, Arumugam B, Pokomo L, Boyer J, Koizumi N, et al. A highly
efficient short hairpin RNA potently down-regulates CCR5 expression in systemic
lymphoid organs in the hu-BLT mouse model. Blood (2010) 115(8):1534-44. doi:
10.1182/blood-2009-04-215855

39. Vatakis DN, Bristol GC, Kim SG, Levin B, Liu W, Radu CG, et al. Using the BLT
humanized mouse as a stem cell based gene therapy tumor model. J Vis Exp (2012) 70):
e4181. doi: 10.3791/4181

40. 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 Immunology Immunotherapy (2016) 65(7):835-45. doi:
10.1007/s00262-016-1822-9

41. Jewett A, Man Y-G, Tseng H-C. Dual functions of natural killer cells in selection
and differentiation of stem cells; role in regulation of inflammation and regeneration of
tissues. J Cancer (2013) 4(1):12-24. doi: 10.7150/jca.5519

42. 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. doi: 10.3389/fimmu.2014.00269

43. Jewett A, Bonavida B. Target-induced inactivation and cell death by apoptosis in a
subset of human NK cells. J Immunol (1996) 156(3):907-15. doi: 10.4049/jimmunol.156.3.907

44. Tseng H. C,, Cacalano A., Jewett A. A. Tseng, H.C., N. Cacalano, and A. Jewett,
Split anergized Natural Killer cells halt inflammation by inducing stem cell

frontiersin.org


https://doi.org/10.1001/jamaoncol.2016.5688
https://doi.org/10.5301/tj.5000479
https://doi.org/10.1007/s10875-012-9708-x
https://doi.org/10.4172/1948-5956.1000575
https://doi.org/10.1007/s00284-019-01679-8
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1038/s41467-020-17414-y
https://doi.org/10.1001/jamaoncol.2020.0910
https://doi.org/10.1126/science.aaa4967
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1016/j.ejca.2017.01.035
https://doi.org/10.7150/jca.15989
https://doi.org/10.1371/journal.pone.0011590
https://doi.org/10.1016/j.adcanc.2022.100043
https://doi.org/10.3109/09553002.2014.892227
https://doi.org/10.1097/MD.0000000000004766
https://doi.org/10.1097/MD.0000000000004766
https://doi.org/10.1016/j.semcancer.2018.11.006
https://doi.org/10.3390/ijms18122574
https://doi.org/10.1080/2162402X.2018.1426518
https://doi.org/10.3390/cancers13020239
https://doi.org/10.1186/s13046-022-02327-z
https://doi.org/10.1182/blood-2017-05-785659
https://doi.org/10.1182/blood-2017-05-785659
https://doi.org/10.1182/blood-2018-09-874990
https://doi.org/10.1158/1078-0432.CCR-17-3196
https://doi.org/10.1002/ijc.31285
https://doi.org/10.1126/scitranslmed.aaz5618
https://doi.org/10.1016/j.celrep.2018.07.060
https://doi.org/10.1016/j.celrep.2018.07.060
https://doi.org/10.3389/fimmu.2017.00297
https://doi.org/10.1042/CS20190369
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.18632/oncotarget.4755
https://doi.org/10.3389/fimmu.2015.00576
https://doi.org/10.1038/s41467-019-11947-7
https://doi.org/10.1084/jem.184.5.2043
https://doi.org/10.3389/fimmu.2016.00694
https://doi.org/10.1016/j.immuni.2020.05.001
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1182/blood-2009-04-215855
https://doi.org/10.3791/4181
https://doi.org/10.1007/s00262-016-1822-9
https://doi.org/10.7150/jca.5519
https://doi.org/10.3389/fimmu.2014.00269
https://doi.org/10.4049/jimmunol.156.3.907
https://doi.org/10.3389/fimmu.2023.1132807
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kaur et al.

differentiation, resistance to NK cell cytotoxicity and prevention of cytokine and
chemokine secretion. Oncotarget (2015) 6(11):58947-59. doi: 10.18632/
oncotarget.3250

45. 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
(1):20363. doi: 10.1038/541598-020-76702-1

46. 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(5):1033-47. doi: 10.1007/s00262-021-03044-w

47. Kaur K, Chang HH, Topchyan P, Cook JM, Barkhordarian A, Eibl G, et al.
Deficiencies in natural killer cell numbers, expansion, and function at the pre-
neoplastic stage of pancreatic cancer by KRAS mutation in the pancreas of obese
mice. Front Immunol (2018) 9:1229. doi: 10.3389/fimmu.2018.01229

48. 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. doi: 10.3389/fimmu.2017.01606

49. van der Leun AM, Thommen DS, Schumacher TN. CD8(+) T cell states in
human cancer: insights from single-cell analysis. Nat Rev Cancer (2020) 20(4):218-32.
doi: 10.1038/s41568-019-0235-4

50. Shi L, Lin H, Li G, Sun Y, Shen J, Xu J, et al. Cisplatin enhances NK cells
immunotherapy efficacy to suppress HCC progression via altering the androgen
receptor (AR)-ULBP2 signals. Cancer Lett (2016) 373(1):45-56. doi: 10.1016/
j.canlet.2016.01.017

51. Ishikawa K, Shimoda K, Shiraishi N, Adachi Y, Kitano S. Low-dose cisplatin-5-
fluorouracil prevents postoperative suppression of natural killer cell activity in patients with
gastrointestinal cancer. Jpn J Clin Oncol (1998) 28(6):374-7. doi: 10.1093/jjc0/28.6.374

Frontiers in Immunology

16

10.3389/fimmu.2023.1132807

52. Choi SH, Jung D, Kim KY, An HJ, Park KS. Combined use of cisplatin plus
natural killer cells overcomes immunoresistance of cisplatin resistant ovarian cancer.
Biochem Biophys Res Commun (2021) 563:40-6. doi: 10.1016/j.bbrc.2021.05.066

53. Abdolahi S, Ghazvinian Z, Muhammadnejad S, Ahmadvand M, Aghdaei HA,
Ebrahimi-Barough S, et al. Adaptive NK cell therapy modulated by anti-PD-1 antibody in
gastric cancer model. Front Pharmacol (2021) 12:733075. doi: 10.3389/fphar.2021.733075

54. Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault MC, Trevino
TN, et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1
blockade. J Clin Invest (2018) 128(10):4654-68. doi: 10.1172/JCI99317

55. Tseng HC, Inagaki A, Bui VT, Cacalano N, Kasahara N, Man YG, et al.
Differential targeting of stem cells and differentiated glioblastomas by NK cells. J
Cancer (2015) 6(9):866-76. doi: 10.7150/jca.11527

56. Vatakis DN, Koya RC, Nixon CC, Wei L, Kim SG, Avancena P, et al. Antitumor
activity from antigen-specific CD8 T cells generated in vivo from genetically engineered
human hematopoietic stem cells. Proc Natl Acad Sci U.S.A. (2011) 108(51):E1408-16.
doi: 10.1073/pnas.1115050108

57. 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(10):4815-22. doi: 10.4049/jimmunol.159.10.4815

58. 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(1):35-44. doi: 10.1007/BF01489488

59. 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(5):505-20. doi: 10.1016/S0198-8859(03)
00039-9

frontiersin.org


https://doi.org/10.18632/oncotarget.3250
https://doi.org/10.18632/oncotarget.3250
https://doi.org/10.1038/s41598-020-76702-1
https://doi.org/10.1007/s00262-021-03044-w
https://doi.org/10.3389/fimmu.2018.01229
https://doi.org/10.3389/fimmu.2017.01606
https://doi.org/10.1038/s41568-019-0235-4
https://doi.org/10.1016/j.canlet.2016.01.017
https://doi.org/10.1016/j.canlet.2016.01.017
https://doi.org/10.1093/jjco/28.6.374
https://doi.org/10.1016/j.bbrc.2021.05.066
https://doi.org/10.3389/fphar.2021.733075
https://doi.org/10.1172/JCI99317
https://doi.org/10.7150/jca.11527
https://doi.org/10.1073/pnas.1115050108
https://doi.org/10.4049/jimmunol.159.10.4815
https://doi.org/10.1007/BF01489488
https://doi.org/10.1016/S0198-8859(03)00039-9
https://doi.org/10.1016/S0198-8859(03)00039-9
https://doi.org/10.3389/fimmu.2023.1132807
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	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
	Introduction
	Results
	Unique attributes of supercharged NK cells in comparison to primary NK cells
	Differentiated oral and pancreatic tumors are more susceptible to chemotherapeutic drugs in comparison to their stem-like counterparts
	sNK cell immunotherapy alone or in combination with CDDP greatly inhibited tumor growth in hu-BLT mice
	Sequential treatment with sNK cell immunotherapy and CDDP exhibited increased IFN-&gamma; secretion and NK cell-mediated cytotoxicity by bone marrow, PBMCs and splenocytes of hu-BLT mice
	Differentiated tumors expressed higher levels of PD-L1 and were more susceptible to NK cell-mediated ADCC in the presence of anti-PD-L1 as compared to their stem-like counterparts
	Anti-PD1 antibody induced higher IFN-&gamma; secretion from NK cells in the presence of stem-like tumors in comparison to differentiated tumors
	sNK cell immunotherapy alone or in combination with anti-PD1 antibody inhibited tumor growth in hu-BLT mice and significantly improved immune function of hu-BLT mice
	Sequential treatment with sNK cells and anti-PD1 augmented IFN-&gamma; secretion and NK cell-mediated cytotoxicity by immune cells of spleen, peripheral blood, and bone marrow of tumor bearing hu-BLT mice

	Discussion
	Materials and methods
	Cell lines, reagents, and antibodies
	Purification of human NK cells and monocytes
	NK cell supernatant collection and stem cell differentiation
	Generation of osteoclasts and supercharged NK cells
	Western blot analysis
	Single-cell RNA sequencing
	Tumor implantation in hu-BLT mice
	Cell isolation and cell cultures of tumors and immune cells of hu-BLT mice
	Surface staining and cell death analysis
	Enzyme-linked immunosorbent assays and multiplex cytokine assay
	51Cr release cytotoxicity assay
	Statistical analyses

	Data availability statement
	Ethics statement
	Author contributions
	Supplementary material
	References


