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Introduction: Hepatocellular carcinoma (HCC) is the most common primary

liver cancer and is the fourth-leading cause of all cancer-related deaths around

the world. Liver transplantation, surgery, and local ablation are curative therapies

for early-stage HCC. However, post-treatment outcomes can vary based on

histopathologic stage. Poorly-differentiated HCC are associated with higher

rates of tumor progression and lower overall survival compared to well-

differentiated HCC after therapy. In this study, we aimed to characterize the

cancer stem cell (CSC) profile of histopathologically-proven well and poorly-

differentiated HCCs in an in-vitro environment. We characterized the stem-like

profile of each type of HCC based on their surface markers and susceptibility to

NK cell-mediated cytotoxicity.

Methods: Flow cytometry was used to quantify differential expression of MHC-

class I, CD54, and CD44 between well- and poorly-differentiated HCCs. Primary

untreated NK cells, IL-2 stimulated primary NK cells, and supercharged (sNK)

cell-mediated cytotoxicity was assessed against well- and poorly-differentiated

HCCs. IFN-g supernatant from each respective NK cell experimental arm was

also used to induce differentiation of HCCs. Finally, we characterized the

temporal NK effector cell cytotoxicity using real-time quantitative analysis of

imaging and impedance (eSight study).

Results: Poorly-differentiated HCCs demonstrated low surface expression of

MHC-class I and CD54, and high expression of CD44. Treatment of NK cells

secreted IFN-g or IFN-g cytokine induced differentiation in HCCs. Poorly-

differentiated HCCs in comparison to well-differentiated HCC were more

susceptible to NK cell-mediated cytotoxicity in primary NK cells, IL-2

stimulated primary NK cells, and sNK cells. sNK cells induced significantly

higher cytotoxicity against well-differentiated HCCs in comparison to

untreated or IL-2-stimulated primary NK cells. These findings were

recapitulated with real-time quantitative imaging analysis.
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Conclusions: Poorly-differentiated HCCs were found to have surface marker

patterns of CSCs, making them highly susceptible to NK cell-based

immunotherapy. NK-cell based therapy can potentially be leveraged as a

neoadjuvant or adjuvant therapy in poorly-differentiated HCCs. Supercharged

NK cells, which can be rapidly expanded to therapeutic levels, are uniquely

capable of lysing both poorly- and well-differentiated HCCs. This finding

suggests that sNK cells not only exhibit enhanced features against NK cells’

targets but also are capable of activating T cells to induce cytotoxicity against

well-differentiated HCCs with high expression of MHC class I.
KEYWORDS

hepatocellular carcinoma, NK cells therapy, stem-like cancer cells, immunotherapy,
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Introduction

Hepatocellular carcinoma (HCC) is the most common form of

primary liver cancer worldwide and continues to rise in incidence

from increasing rates of non-alcoholic steatohepatitis and hepatitis B

and C (1). The Barcelona Clinic Liver Cancer (BCLC) staging criteria

provides a framework for treating HCC based on a combination of

disease stage, liver function, and the patient’s performance status (2).

For early-stage HCC, liver transplantation remains the only curative

option that simultaneously treats both the liver tumor and the

underlying cirrhosis. However, liver transplant outcomes are not

only influenced by underlying patient comorbidities and surgical

technique, but also the grade of their respective histopathologic HCC

disease. Multiple prior studies have shown that liver transplant

recipients with poorly-differentiated HCCs in their native liver had

significantly lower overall disease-free and overall survival rates (3, 4).

This trend has also been seen in patients undergoing surgical

resection and percutaneous thermal ablation, where more poorly

differentiated HCCs were similarly associated with suboptimal

outcomes (5, 6). As a result, there has been increasing interest in

identifying features of tumor differentiation prior to treatment to help

optimize post-treatment outcomes.

The stage of tumor differentiation is primarily diagnosed on

surgical resection or liver explant histopathology. Well-

differentiated tumors have differentiation markers that are similar

to those seen in normal tissue of the background liver, whereas

poorly differentiated markers lack these respective “self” markers.

The downregulation or upregulation of specific differentiation

markers can be grouped together and associated with cancer stem

cell (CSC) traits (7). These CSC traits refer to specific stem-cell-like

features of self-renewal and differentiation, behaviors that play a key

role in tumor metastasis and post-treatment recurrence. Given their

association with cancer aggressiveness, identifying these markers is

an area of active investigation, with low MHC-class I and high

CD44 being noted as potential markers of liver CSCs (8–11).

Normally, the immune system can control the CSC population by

identifying and eliminating tumor cells with CSC differentiation

markers. However, altered tumor microenvironments can dampen
02
the immune response and aid in the growth of CSCs and

subsequent cancer propagation. This is particularly true with

HCC, of which greater than 90% grow under conditions of

chronic inflammation (8). Consequently, while immune

surveillance can identify nascent transformed CSCs via the innate

and adaptive immune response, its efficacy may be compromised in

the setting of chronic inflammation. The continuous reciprocal

communication between liver CSCs and infiltrating immune cell

population ultimately facilitates immune evasion of the tumor.

An important link between markers of stemness in tumor biology

is that they have been hypothesized to be preferentially susceptible to

natural killer (NK) cell-based therapy (12–15). NK cells are an

essential component of innate immunity that do not require

antigen priming or MHC-mediated interactions with target tumor

cells. NK cell activity is modulated by germline-encoded surface

receptors that bind to multiple activating or inhibitory ligands and

co-receptors. Because of their MHC-independence, NK cells have

become a major vehicle for novel cell-based immunotherapies. With

over half of the lymphocytes in the human liver comprising of NK

cells, it has been noted that peripheral and intrahepatic NK cell

population can serve as a biomarker to predict HCC patient clinical

outcomes (16). Patients with decreased expression of MHC-class I

chain-related protein A (MICA) in their HCC tissue had shorter

disease free and overall survival compared to patients with HCC

samples with preserved MHC-class I expression (17).

NK-cell based immunotherapy has been hypothesized to have

strong potential in treating solid tumors, but there are still challenges

in its successful translation to human trials. NK cells are limited in

number within peripheral blood and require functionalization in an

in-vitro environment to persist in the tumor microenvironment (18,

19). Furthermore, NK cells have been difficult to expand to levels

needed for cell-based therapies (20). A novel expansion methodology

using a combination of osteoclasts (OCs) and probiotic bacteria have

been leveraged to generate highly activated “supercharged”NK (sNK)

cells (21). These sNK cells have demonstrated strong anti-tumor

activity both in-vitro and in-vivo against poorly-differentiated CSCs of

solid tumors such as oral squamous cell carcinoma, pancreatic cancer,

and melanoma (15, 22–24) (manuscript in prep.).
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Poorly differentiated HCCs have been known to be aggressive

and difficult to treat with conventional surgery or ablation. NK-cell

based immunotherapy of HCC presents a unique opportunity for

therapy in this underserved population, especially given the fact that

NK cells can attack poorly differentiated cells with downregulated

MCH-class I molecules. The goal of this study was to evaluate the

CSC profile of human well- and poorly-differentiated HCC cell lines

in an in-vitro environment. Characterization of the stem-like profile

of each type of HCC was validated based on their surface markers

and their susceptivity to NK cell-mediated cytotoxicity using

primary untreated NK cells, primary IL-2 stimulated NK cells,

and sNK cells.
Materials and methods

Cell lines, reagents, and antibodies

RPMI 1640 supplemented with 10% fetal bovine serum (FBS)

(Gemini Bio-Products, CA), 2% of 100X antibiotic/antimycotic

solution (Cytiva, MA), 1% of 100mM sodium pyruvate (Gibco,

CA), and 1% of 100X MEM non-essential amino acids (Gibco, CA)

was used to culture NK cells. Oral squamous carcinoma stem cells

(OSCSCs) and oral squamous cell carcinoma (OSCCs), which

served as cancer stem and non-stem control groups, respectively,

were extracted from patients with tongue tumors at the University

of California, Los Angeles (UCLA) (15, 24–26). The OSCSCs and

OSCCs were maintained in RPMI 1640 medium (Gibco,

ThermoFisher, CA) supplemented with 10% fetal bovine serum

(FBS) (Gemini Bio-Products, CA), 2% of 100X antibiotic/

antimycotic solution (Cytiva, MA), 1.4% of 100mM sodium

pyruvate (Gibco, CA), and 1.4% of 100X MEM non-essential

amino acids (Gibco, CA). The cell lines HepG2 and SNU-423

were procured from the American Type Culture Collection

(ATCC) and were cultured in DMEM and RPMI 1640 medium

(Gibco, ThermoFisher, CA) respectively and both were

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

Products, CA) and 2% of 100X antibiotic/antimycotic solution

(Cytiva, MA). Recombinant IL-2 was obtained from Hoffman La

Roche (NJ, USA). The Lymphoprep and NK enrichment kit were

acquired from Stemcell Technologies (Cambridge, MA). Antibodies

used for flow cytometry were: CD44, CD54, MHC- class I, CD3,

CD16, CD56 and CD45; all of which were purchased from

Biolegend (San Diego, CA). Chromium-51 (51Cr) was purchased

from PerkinElmer (Waltham, MA). Heated, supernatant-treated,

and wildtype OSCSCs, OSCCs, HepG2, and SNU-423 cells were

washed with 1X PBS once after being detached from the culture dish

with 0.25% Trypsin-EDTA (Gibco, ThermoFisher, CA).
Surface marker analysis using
flow cytometry

For surface marker analysis, all cells were washed twice using

ice-cold PBS+1%BSA. Predetermined optimal concentrations of
Frontiers in Immunology 03
specific human monoclonal antibodies were added to 1 x 104 cells

in 100 μl of cold PBS+1%BSA, and were incubated on ice for 30 min

in a dark room. Thereafter, cells were washed in cold PBS+1%BSA

and brought to 200 μl with PBS+1%BSA. Flow cytometry data was

analyzed using an Attune NxT flow cytometer (ThermoFisher) with

Attune NxT software v5.2.0. Data were analyzed using FlowJo

(v10.7) software.
Purification of NK cells from human
peripheral blood

Written informed consent was obtained from healthy blood

donors, approved by the UCLA-IRB (IRB#11-000781). Peripheral

blood was separated by differential centrifugation (Lymphoprep

Density Gradient Medium, Stemcell Technologies, Vancouver). The

cloudy white buffy coat containing peripheral blood mononuclear

cells (PBMCs) was collected, washed, and resuspended in RPMI

1640 supplemented with 10% FBS. NK cells were isolated from

PBMCs using the Human NK Cell Enrichment Kit (Stemcell

Technologies, Vancouver) by negative selection. The isolated NK

cells were then stained with anti-CD45, anti-CD16, anti-CD56, and

anti-CD3 antibodies to measure cell purity by flow cytometry

analysis. Purified NK cells were cultured in RPMI 1640 medium

supplemented with 10% FBS (Gemini BioProducts, CA), 2%

antibiotics/antifungals (Cytiva, MA), 1% sodium pyruvate (Gibco,

CA), and 1% non-essential amino acid MEM (Invitrogen, Life

Technologies, CA). All NK cells used in the experiments had a

purity above 90%.
Generation of supercharged NK (sNK) cells

The method to generate sNK cells has been described in-depth

in a previous paper (21). Briefly, purified human NK cells were

activated with rh-IL-2 (5000 IU/ml) and anti-CD16 mAbs (3 ug/ml)

for 18-20 hours, and then co-cultured with osteoclasts (OCs) and

sonicated AJ2 (combination of 8 different strains of gram-positive

probiotic bacteria) in an NK: OCs: sAJ2 mixture in a 2:1:4 ratio (24,

27). The medium was renewed with RPMI supplemented with rhIL-

2 (2000 IU/mL) every three days.
Primary NK and sNK cells’ supernatant
collection and tumor cell differentiation

Primary NK cells were activated using either rh-IL-2 (5000 U/

mL) alone or rh-IL-2 (5000 U/mL) with anti-CD16 mAbs (3 mg/
mL) for 48 hours prior to supernatant collection. For sNK cells, the

supernatant was harvested on day 14 of culture to measure the levels

of IFN-g using ELISA. The volume of supernatant used was based

on a pre-determined amount of IFN-g needed previously required

to induce differentiation of SNU-423 and HepG2. On day 0, 3 x 105

tumor cells were cultured in 2 mL of media within each well of a 6-

well plate. The tumor cells were treated with either the supernatant
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of IL-2-treated primary NK, IL-2+anti-CD16 mAbs-treated

pr imary NK, sNK, or recombinant hu-IFN-g , us ing

concentrations of either 100 pg/mL or 10 ng/mL IFN-g for two

days. On day 6, the tumor cells were rinsed with 1X PBS, detached,

and were used for surface marker analysis using flow cytometry.
NK cell-mediated cytotoxicity against HCC
cell lines using chromium release assay

The 51Cr release cytotoxicity assay was performed as previously

described (27). Briefly, a serial 2-fold dilution was created to make
Frontiers in Immunology 04
an E:T ratio of 5:1 starting with 5 x 104 NK effector cells. 51Cr–

labeled OSCC, OSCSCs, HepG2, and SNU-423 cells were incubated

together for four hours. Afterwards, the supernatants were

harvested from each sample, and the released radioactivity was

counted for each using the gamma counter. The percentage specific

cytotoxicity was calculated as follows:

%cytotoxicity =
Experimental cpm − spontaneous cpm

Total cpm − spontaneous cpm

LU 30/106 was calculated by using the inverse of the number of

effector NK cells needed to lyse 30% of tumors ×100.
B

C D

E F

A

FIGURE 1

HCC immunologic stem profile correlates with the grade of histopathologic differentiation. (A) Microscopy of poorly-differentiated HCC (SNU-423) and well-
differentiated HCC (HepG2), seen in the left two panels. These poorly- and well-differentiated HCC cell lines were compared against previously established
poorly-differentiated oral squamous stem-like cells and well-differentiated oral squamous cell carcinoma, respectively. (B) Poorly-differentiated HCC (SNU-
423) had a significantly shorter doubling time compared to well-differentiated HCC (HepG2) (30.7 ± 2.0 vs 57.5 ± 5.9 hours; p<0.0001). OSCSCs similarly had
a shorter doubling time compared to OSCSC (31.5 ±3.9 vs 37.5 ±1.7 hours; p<0.01). (C) Poorly-differentiated HCCs (SNU-423) exhibited immunologic stem-
profiles, with lower levels of MHC-I and CD54, as well as higher levels of CD44 compared to well-differentiated HCC (HepG2). (D) When subtracting out the
IgG control florescence, SNU-423 had significantly lower fluorescence in MHC-I (34.4 ± 28.7 vs 92.5 ± 8.5%; p=0.008) and CD54 (26.5 ± 24.6 vs 98.6
±1.5%; p=0.001) compared to HepG2. SNU-423 also demonstrated significantly higher expression of stem cell marker CD44 (95.5 ± 5.1 vs 2.8 ± 1.3%;
p<0.0001). (E) This trend was seen in the oral squamous cell carcinoma stem cells (OSCSC) and oral squamous cell carcinoma (OSCC), where OSCSC had
lower expression of MHC-I and CD54, and higher expression of CD44. (F) OSCSC showed significantly lower fluorescence contribution of MHC-I and CD54,
and higher contribution of CD44. These trends confirm that poorly-differentiated HCC have similar immunologic stem-profiles as previously characterized
stem-like tumors. The following symbols represents the level 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).
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Monitoring in-vitro NK cell-mediated killing
of cells

NK cell-mediated killing was measured via the xCELLigence

RTCA eSight platform. HCC cell lines were seeded at a density of

1x104 cells/100 mL using the same growth medium and left to

incubate for 24 hours to facilitate attachment. Primary NK cells

were isolated from healthy donors as described above. HCC cell

lines and OSCSCs were treated with primary untreated NK cells, rh-

IL-2 (5000 U/mL) alone, or rh-IL-2 (5000 U/mL) with anti-CD16

mAbs (3 mg/mL) stimulated primary NK cells, and sNK cells.

Incubation with each type of NK-cell therapy was monitored over

the course of the experiment via quantitative analysis of imaging

and impedance. The impedance-based xCELLigence technology

utilizes proprietary microplates (E-Plates View 96) embedded

with gold biosensors at the bottom of each well, which serve to

non-invasively quantify cell behavior. Over the course of an
Frontiers in Immunology 05
experiment, the biosensors quantitatively measured cell metrics

such as proliferation, adhesion strength, changes in morphology,

migration, and differentiation. For impedance and cell viability

measurements, the cell index and percent cytolysis were

calculated every 15 minutes and images were acquired every hour

over the course of 85 hours. Percent cytolysis was defined as [1-

Normalized cell index (treatment group)/Normalized cell index

(control group)]x100. Cell indices less than zero were interpreted as

total cell death from effector cell cytotoxicity.

Statistical analyses

Differences among treatment groups were analyzed using

Student’s t-test for normally distributed variables. A p-value

of<0.05 was considered statistically significant. Statistical analysis

was performed using GraphPad Prism v.9 (GraphPad Software Inc).

The following symbols represents the level of statistical significance
B C

A

FIGURE 2

NK cell cytotoxicity against well-differentiated and poorly-differentiated HCC. (A) Supercharged NK (sNK) cells are a rapidly-expanded type of NK cell that is
characterized by higher levels of growth and functional activation. In this graph, sNK cells have a cell population that is 140x higher compared to IL-2
activated NK cells (5.73 x 106 sNK cells vs 4.3 x 104 IL-2 activated NK cells at day 12) (Kaur et al. Front. Immunol. 2023; CC BY 4.0). Note the rapid upward
growth rate of sNK cells compared to both peripheral NK and IL-2 stimulated NK cells, of which both rapidly decline after plating. (B) Primary NK cells were
confirmed to have higher levels of activity against poorly-differentiated HCC (SNU-423) compared to well-differentiate HCC (HepG2) (20.6 ± 3.0 vs 0.5 ± 1.1
LU30/106 cells; p=0.013) via chromium assay. This trend was amplified in the IL-2 activated NK cells (NK+IL-2) where there was preferentially higher levels of
cytotoxicity in SNU-423 compared to HepG2 (50.2 ± 1.1 vs 11.4± 0.7 LU30/106 cells; p<0.001). As expected, IL-2 activated NK cells had increased activity
against both HepG2 and SNU-423 compared to peripheral NK cells alone (left) Supercharged NK cells exhibit higher activity levels against both HepG2 and
SNU-423, with preferential activity toward SNU-423 (382.6 ± 6.7 vs 261.7 ± 11.1 LU30/106 cells; p=0.006). Note that sNK cell activity is several times higher
when compared to IL-2 stimulated NK cells with SNU-423 (382.6 ± 6.7 vs 50.2 ± 1.1 LU30/106 cells; p<0.001) and HepG2 (261.7 ± 11.1 vs 11.4 ±0.7 LU30/
106 cells; p<0.001) (right). (C) The escalating cytotoxicity from peripheral NK to IL-stimulated NK and supercharged NK cells is recapitulated in the oral
squamous cell carcinoma (OSCC) and oral squamous cell stem cell (OSCSC) lines, with preferential activity against OSCSC due to stem features. The
following symbols represents the level of statistical significance within each analysis: *** (p-value 0.0001-0.001), **(p-value 0.001-0.01), *(p-value 0.01-0.05).
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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).
Results

HCC immunlogic stem profile
corresponded to the grade of
histopathologic differentiation based on
cell growth and surface markers

Prior studies have demonstrated differences between CSCs and

differentiated tumors based on surface markers (MHC-class I,

CD54 and CD44) and their growth rate in-vitro (15, 22, 24, 25,

28–30). In this study, the stem-like profile of poorly-differentiated

HCCs and oral squamous stem-like carcinoma (OSCSCs) were

compared against well-differentiated HCCs and oral squamous cell

carcinoma (OSCCs), respectively (Figure 1A). Poorly-differentiated

HCCs (SNU-423) had significantly shorter doubling time compared

to well-differentiated HCCs (HepG2), a trend that is also seen when

comparing OSCSCs against OSCCs (Figure 1B). Poorly-

differentiated HCCs (SNU-423) in comparison to well-

differentiated HCCs (HepG2) exhibited lower MHC-class I and

CD54, and higher CD44 surface expression levels (Figures 1C, D).

OSCSCs, when compared to OSCCs, had exhibited a similar trend,

with lower MHC-class I and CD54, and higher CD44 surface

expression levels (Figures 1E, F).
Frontiers in Immunology 06
Supercharged NK cells expanded at higher
rates and mediated higher levels of
cytotoxicity against both CSCs and well-
differentiated HCC tumors in comparison
to primary untreated and IL-2 activated
NK cells

CSCs have been shown to be more susceptible to NK cell-

mediated cytotoxicity compared to their well-differentiated

counterparts (15, 22, 24, 25, 28–30). However, primary NK cells

are difficult to expand in-vitro to levels required for cell-based

therapy. Supercharged NK (sNK) cells exhibit uniquely high

expansion rates and potent anti-tumor function compared to

primary NK cells (21, 31). Cell expansion rates were compared

between untreated primary or IL-2 stimulated primary NK cells,

and sNK. sNK cells were noted to have the highest cell expansion

rate with a peak sNK cell population that was greater than 140-fold

higher compared to IL-2 activated NK cells (Figure 2A). In terms of

the number of expanded cells, based on fold expansion from a prior

study, sNK cells were able to be expanded to >1 million-fold after 31

days (21). No substantial apoptosis was observed during the study,

with 4% PI-positive sNK cells after 36 days. However, sNK cells

required stimulation with osteoclasts at day 36 and 60 to continue

its rate of expansion. sNK cells also demonstrated a different

phenotype compared to IL-2 stimulated NK cells, with higher

expression of activating receptors Nkp30, Nkp44, Nkp46, KIR3,

CD94 and NKG2D. Over the course of their expansion sNK cells
B

C D

A

FIGURE 3

IFN-g from peripheral IL-2 stimulated NK and supercharged NK cells are able to induce differentiation of HCC cells. (A) The addition of IFN-g to SNU-423
showed an increase in MHC-I and CD54 expression, markers that are seen in more well-differentiated tumors. This trend was similar to what was seen with
IFN-g from sNK, demonstrating the capability of both IL-2 stimulated NK and sNK to cause differentiation of tumors. Differentiation of tumors via
upregulation of MHC-I and CD54 can potentially help them become more recognizable by the adaptive immune system and TCR-mediated activity. (B) The
addition of IFN-g from various types of NK cells to HepG2 caused a slightly lower expression of MHC-I that was not significant, and no difference in CD54
expression. (C) Incubation of SNU-423 at a 100x fold increase in concentration using rhIFN-g demonstrates upregulation of MHC-I and CD54, but these
elevations were not significantly different compared to what was seen with IFN-g from IL-2 and sNK. (D) Incubation of HepG2 in similar conditions showed
slightly higher expression of MHC-I but otherwise no significant change in CD-54 expression.
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showed an initial decrease in proportion of CD3-CD56+ cells but

eventually returned to baseline by day 21 (21, 32).

As expected, both untreated and IL-2 activated primary NK

cells induced higher cytotoxicity against poorly-differentiated HCCs

(SNU-423) compared to the well-differentiated HCC (HepG2)
Frontiers in Immunology 07
(Figure 2B). sNK cells also induced significantly higher levels of

NK cell-mediated cytotoxicity against SNU-423 compared to

HepG2 (Figure 2B). Notably these levels were 7-fold and 23-fold

higher compared to IL-2 stimulated NK cells for both SNU-423 and

HepG2, respectively. OSCSCs, serving as a poorly-differentiated
B

C

D

A

FIGURE 4

Tracking temporal activity of NK effector cell cytotoxicity. (A) Quantitative analysis of cell growth using real-time imaging assay (xCELLigence RTCA
eSight platform) compares cell growth with each type of NK cell treatment. Cells were plated for 24 hours and then exposed to NK cell treatments
for 60 additional hours (total of 84 hours). (Left) Cell index of SNU-423 tumor control (cyan) and pNK cells (red) were not significantly different from
each other at 24 and 48 hours (3.13 ± 0.55 vs 2.77 ±0.18; p = 0.099 and 5.85 ±1.44 vs 4.96 ±0.50; p= 0.287, respectively). IL-2 stimulated NK cells
(green) and supercharged NK (sNK) (pink) cells demonstrated lower cell index compared to SNU-423 control and pNK cells across the length of the
entire experiment. IL-2 stimulated NK cells had a cell index of 0.98 ± 0.42 and 0.32 ± 0.32 at 24 and 48 hours, respectively. sNK-treated SNU-423
had significantly lower cell index compared to IL-2 stimulated NK cells throughout the study period (-0.24 ±0.19 vs 0.98 ±0.42; p=0.002) at 24
hours, 48 (-0.35 ±0.09 vs 0.32 ±0.32; p=0.007) and 60 hours (-0.37 ±0.09 vs 0.12 ±0.18; p=0.0028), consistent with higher activity level and
cytotoxicity. (Right) Percent cytolysis quantifies amount of cell death. sNK cells had a faster and more complete level of SNU-423 death over the
course of the experiment. (B) Microscopy demonstrating SNU-423 cell death in IL-2 stimulated NK and sNK cells at the end of the study (84 hours).
(C) (Left) Cell index graph illustrating limited activity of IL-2 stimulated NK cells against HepG2. In contrast, sNK cells retained strong activity against
HepG2, causing a significantly lower cell index compared to IL-2 stimulated NK cells at 24 and 48 hours (0.94 ± 0.09 vs 1.26 ±0.07; p = 0.001 and
0.88 ± 0.09 vs 1.79 ± 0.33; p= 0.002, respectively). (Right) sNK reached near complete cytolysis immediately after incubation in HepG2 compared
with IL-2 stimulated NK cells. (D) Microscopy demonstrating HepG2 cell death in IL-2 stimulated NK and sNK cells compared to control tumor and
peripheral NK cells at the end of the study.
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tumor comparison, were lysed at higher levels by untreated and IL-2

stimulated primary NK cells in comparison to OSCCs. And

similarly, sNK cells conveyed a higher NK cell-mediated

cytotoxicity against both OSCSCs and OSCCs in comparison to

primary untreated or IL-2 activated NK cells (Figure 2C).

Supplementary Figure 1 shows NK effector cell cytotoxicity

against poorly- and well-differentiated HCCs at different E:T ratios.
IFN-g mediated modulation of MHC-class I
and CD54 on HCCs

CSCs/poorly differentiated tumors have been shown to undergo

further differentiation via NK cell-secreted IFN-g or rh-IFN-g (24,
25). To extrapolate this trend to HCCs, SNU-423 and HepG2 were

treated with primary IL-2 stimulated NK cell- and sNK cell- derived

supernatant containing 100 pg/mL IFN-g. The addition of IL-2

stimulated primary NK cells and sNK cells derived supernatants

was able to consistently upregulate MHC-class I and CD54 in

poorly-differentiated HCC (SNU-423), confirming decreased

stem-like profile and likely increased susceptibility to TCR-based

recognition (Figure 3A). Increased surface expression of MHC-class

I and CD54 was also seen when well-differentiated HCC (HepG2)

were treated with IL-2 stimulated primary NK cells and sNK cells

derived supernatants (Figure 3B). Incubation of the SNU-423 at a

100x fold increase in IFN-g concentration at 10 ng/mL of rhIFN-g
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showed upregulation of MHC-class I and CD54, similar to what was

previously seen with IL-2 stimulated NK and sNK cells derived

supernatants (Figure 3C). Incubation of HepG2 with 10 ng/mL of

resulted in increased surface expression levels of MHC-class I and

CD54 on HepG2 (Figure 3D).
Temporal NK effector cell cytotoxicity
profile recapitulated in eSight study

Quantitative analysis of both imaging and impedance of each

cell line after incubation with NK effector cells are shown in

Figure 4. After plating the HCC cells at the bottom of the E-Plate

for 24 hours, primary untreated NK cells, IL-2 activated primary

NK cells, and sNK cells were added to the HCC cells and monitored

for an additional 60 hours, for a total of 84 hours (Figure 4A). Cell

index of the SNU-423 control and tumor with primary untreated

NK cells were not significantly different from each other at 24 and

48 hours after plating. Both primary IL-2 stimulated NK cells and

sNK cells had significantly lower cell index compared to tumor

alone and tumor with primary untreated NK cells at 24 and 48

hours. Qualitatively, after cell plating there was a steady decrease in

cell index at 24 and 48 hours with the primary IL-2 stimulated NK

cells compared to baseline. sNK cells showed a similar trend in

activity but with faster cytotoxic action compared to primary IL-2

stimulated NK cells. sNK cells also showed significantly higher rate
B

C D

A

FIGURE 5

Side by side comparison of targeted tumors with (A) IL-2 stimulated primary NK cells and their respective (B) percent cytolysis between the poorly
differentiated HCC (red), well-differentiated HCC (blue) and OSCSC (poorly differentiated stem-like cancer control). IL-2 stimulated NK cells
demonstrated increasing levels of activity (decreasing cell index and increased percent cytolysis) in the poorly differentiated cells (SNU-423 and
OSCSC), compared to the well-differentiated HCC (HepG2). (C) sNK cells have a quicker response compared to IL-2 stimulated NK across all levels
of differentiation (SNU-423, HepG2, and OSCSC) in terms of both normalized cell index and (D) percent cytolysis. Note the more rapid decrease in
cell index and near instantaneous increase in percent cytolysis in the sNK group compared to the IL-2 stimulated primary NK cells. Unlike IL-
stimulated primary NK cells, sNK cells were able to also demonstrate strong activity against well-differentiated HCC (HepG2), at a rate similar to the
poorly-differentiated HCC.
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of cell death compared to primary IL-2 stimulated NK

cells (Figure 4B).

With HepG2, there was a comparable trend, albeit to a lower

degree compared to SNU-423 (Figure 4C). Primary IL-2 stimulated

NK cells showed significantly increased activity, evidenced by lower

cell index at 24 and 48 hours compared to primary untreated NK

exposed cells, although to a lesser degree compared to SNU-423.

This was especially pronounced at the later time points of the

experiment, where the cell index was significantly less at 60 hours in

the sNK cells compared to the primary IL-2 stimulated NK cells

(Figure 4D). Direct comparisons between primary IL-2 stimulated

NK cells and sNK cell treatments in SNU-423 and HepG2 are

shown in Figure 5. Primary IL-2 stimulated NK cells showed more

activity against SNU-423 compared to HepG2, with similar

cytotoxicity compared to stem-like OSCSC. sNK cells

demonstrated significantly faster and more activity against both

types of HCC cell lines.
Discussion

The therapeutic role of NK cells in HCC therapy is an active

area of investigation due to its direct modulation by the

immunosuppressive nature of the tumor microenvironment. NK

cells in HCC patient are known to be defective and have low

capacity to target poorly differentiated tumor cells (16). Prior

studies have established that activated primary NK cells are able

to selectively target pancreatic tumors based on morphological and

histopathological staging, and effectively lyse CSCs/poorly

differentiated pancreatic tumors (33). The extent of NK cell-

mediated killing has been found to be lower in moderately

differentiated tumors and only minimally in well-differentiated

tumors (22, 32). The selective lysis of pancreatic tumors by NK

cells was strongly associated with higher expression of CD44, and

no or low expression of CD54 and MHC-class I on CSCs/poorly

differentiated histopathology. Conversely, lower expression of

CD44 and higher expressions of CD54 and MHC-class I were

mainly seen in well-differentiated tumors, leading to lower levels of

NK cell cytotoxicity (22, 32). NK cells have also been shown to also

target other well-known stem cells, including human mesenchymal

stem cells, dental pulp stem cells, embryonic stem cells and induced

pluripotent stem cells (15, 29, 34). While heterogeneity is expected

within CSCs, tumors classified as CSCs/poorly differentiated tumors

in general have been noted to have lower MHC-class I expression

and the higher levels of recognition and subsequent lysis by the

primary activated NK cells compared to well-differentiated

tumors (15).

In this study, we investigated the stage of histopathologic stage

of differentiation of HCCs and correlated it with its level of NK cell-

mediated cytotoxicity. We showed that in-vitro HCCs on opposite

ends of histopathologic differentiation also exhibited opposite levels

of stem-like cell markers respectively. CSCs/poorly-differentiated

HCCs (SNU-423) recapitulated the surface marker profile seen in

other stem-like solid tumors, namely low expression of MHC-class I

and CD54, and high expression of CD44, and they were
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subsequently found to be susceptible to primary activated NK

cells. HepG2 cells, which exhibited the surface marker phenotype

of well-differentiated tumors, had correspondingly much less lysis

by primary activated NK cells.

Due to the defective nature of NK cells in cancer patients, there

is an unmet need for a treatment strategy that can eliminate the

CSCs/poorly differentiated HCCs. To that end, we have developed a

strategy to augment the survival and function of NK cells in tumor

microenvironment using sNK cells. Traditionally, NK cells target

CSCs via two pathways 1) direct NK-cell mediated killing, and 2)

induced target tumor differentiation through secreted IFN-g and

TNF-a (24). sNK cells amplify both of these pathways by exhibiting

significantly higher levels of cytotoxicity and cytokine secretion in

comparison to primary activated NK cells, and this behavior was

confirmed in this study against the poorly-differentiated HCC (21).

The precise mechanisms for the higher levels of cytotoxicity in sNK

cells compared to IL-2 stimulated NK cells remain an area of active

investigation (21, 22, 24, 32). Briefly, granule release, particularly

granzyme B, has been noted to increase in sNK cells, as well as their

regulators such as cystatin F and Cathepsin C (manuscript in prep)

(32). Thus, short-term sNK cell cytotoxicity is likely mediated

through granzyme B and potentially through other granules in

sNK cells, while long-term surveillance and destruction likely

relates to increased sNK expressing death receptors such as TNF-

a, Fas-L and Trail binding to death receptors on tumor cells. The

second mechanism of action of sNK cells relating to tumor

differentiation is based on the fact that poorly-differentiated

HCCs with low MHC-I expression have theoretically been able to

escape MHC-based antigen presentation. However, with respect to

sNK-based cytokine secretion of IFN-g, there is a potential pathway
to now upregulate MHC-I in the poorly-differentiated HCC, leading

to MHC-based antigen presentation and recognition and

subsequent T cell activation (35, 36). Altogether, these findings

suggest that NK-cell based immunotherapy can leverage this two-

pronged approach to effectively treat poorly-differentiated HCC.

Another unique attribute of sNK cells noted in this study was their

ability to also lyse well-differentiated HCCs with high MHC-class I

expression. This feature makes sNK cells an exquisitely potent

therapeutic modality because they not only target CSCs/poorly

differentiated tumors, but can also lyse tumors that participate in

the MHC-class I antigen presentation pathway, a function

historically associated with CD8+ T cytotoxicity. Therefore, this

study suggests that sNK cells have the augmented cytotoxicity

profile of traditional NK cells, and can also carry the functions of

CD8+ T cells. Future investigations of cell-based therapies should

focus on characterizing such immune cells that can simultaneously

leverage both innate and adaptive cytotoxicity pathways.

There are many key advantages to using NK cells for HCC

immunotherapy. NK cells do not require specific antigen

sensitization expressed on an HLA allotype. This minimizes the

risk for tumor antigen mutations or tumor escape variants that lead

to immunotherapy resistance. Secondly, NK cells are readily

isolated and expanded ex-vivo, allowing for use in adoptive or

allogeneic cell therapies. Lastly, NK cells have comparatively shorter

lifespan compared to clonally-expanded T cells, which decreases the
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risk for off-target effects. Along with these advantages, however,

multiple challenges remain with using NK cell therapy. While the

short lifespan is desirable to with regards to minimizing side effects,

NK cell therapies still need to persist long enough for a therapeutic

effect. IL-2 stimulated NK cells have increased levels of function but

are difficult to expand to the levels needed for cellular therapy. The

expansion process is highly dependent on in-vivo cytokine support,

which may be difficult to maintain in a systemic environment.

However, this may be facilitated with catheter-directed techniques

that are already being used in HCC patients. NK cells in HCC

patients are also known to be defective compared to healthy

controls, meaning that existing ex-vivo expansion methods may

not be adequate. Allogeneic supercharged NK cells may provide a

potential solution. Lastly, NK cells may also have difficulty in

surviving and penetrating the HCC tumor microenvironment.

This challenge may also be overcome through the use of sNK

cells since it has been shown that they have increased survival,

penetration and lysis of glioblastoma tumors, in addition to image-

guided needle or transcatheter delivery directly into the tumor

microenvironment (37).

NK cells have shown great potential in eliminating target cells in

standard in-vitro cytotoxicity assays. However, their efficacy in

three-dimensional tumor models have been shown to be reduced

due to a 6-fold decrease in motility (38). Interventional radiology

techniques using intra-arterial catheter-directed approaches offers a

potential solution to improve localization. Early stage HCCs are

already being treated using image-guided techniques such as

transarterial chemoembolization or radioembolization. Leveraging

these techniques for NK cell therapies allows for direct injection of

cytokine support and direct targeting of the tumor via

hypervascular anatomy associated with HCCs. Thermal ablation,

either using radiofrequency or microwave energy also offers a

promising heat-based synergy with NK cell therapy. Given the

limited success of monotherapy with systemic primary NK cell

therapy, it is likely that future studies targeting HCC will require

combination or neoadjuvant therapies to maximize its potential.

There are some limitations of this study that need to be taken

into consideration. First, while the HepG2 cell line has historically

been utilized as a well-differentiated HCC cell line, there are

controversies with its origin being potentially from a

hepatoblastoma (39). However, given that its histopathologic

phenotype retains most of the metabolic and immunologic

functions of normal hepatocytes and has similar mutations to

HCC, the HepG2 model remains a suitable model for a well-

differentiated HCC. The second limitation is that we only

evaluated a single cell line of each type of differentiation. While

there are other cell lines available, most are also poorly-

differentiated HCCs. Thus, these two lines were selected to

represent the opposite sides of the differentiation spectrum.

Successful clinical translation will also require additional in-vitro

studies specifically looking at mechanism of cytotoxicity between

sNK cells and HCCs. For example, quantification of interactions of

NK cell receptors and ligands can facilitate effective design of

targeted NK cell-based therapies, especially if sNK cells will be
Frontiers in Immunology 10
combined with thermal ablation or transarterial liver directed

therapies. Finally, these results need to be confirmed in an in-vivo

model with a true HCC tumor microenvironment to confirm

its efficacy.

In conclusion, poorly-differentiated HCC cell lines

recapitulated the stem-like profile seen in other poorly-

differentiated solid tumors. Poorly-differentiated HCCs were more

susceptible to activated primary NK cell- and supercharged NK cell-

based therapies. The success of in-vitro NK cell therapy against

HCC can be translated in an in-vivo model, potentially using

targeted needle-based or catheter-based delivery that are already

part of the HCC treatment armamentarium.
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Górnkicka B, et al. Impact of tumor characteristic on the outcome of liver
transplantation in patients with hepatocellular carcinoma. Transplant Proc (2009) 41
(8):3135–7. doi: 10.1016/j.transproceed.2009.08.016

4. Tamura S, Kato T, Berho M, Misiakos EP, O'Brien C, Reddy KR, et al. Impact of
histological grade of hepatocellular carcinoma on the outcome of liver transplantation.
Arch Surg (2001) 136(1):25–30. doi: 10.1001/archsurg.136.1.25
5. Kim SH, Lim HK, Choi D, Lee WJ, Kim SH, Kim MJ, et al. Percutaneous

radiofrequency ablation of hepatocellular carcinoma: effect of histologic grade on
therapeutic results. AJR Am J Roentgenol (2006) 186(5 Suppl):S327–33. doi: 10.2214/
AJR.05.0350
6. Lu Z, Sun Z, Liu C, Shi X, Li R, Shao W, et al. Prognostic nomogram for

hepatocellular carcinoma with radiofrequency ablation: a retrospective cohort study.
BMC Cancer (2021) 21(1):751. doi: 10.1186/s12885-021-08505-0
7. Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, et al. An

embryonic stem cell-like gene expression signature in poorly differentiated aggressive
human tumors. Nat Genet (2008) 40(5):499–507. doi: 10.1038/ng.127
8. Sia D, Villanueva A, Friedman SL, Llovet JM. Liver cancer cell of origin, molecular

class, and effects on patient prognosis. Gastroenterology (2017) 152(4):745–61. doi:
10.1053/j.gastro.2016.11.048
9. Ho DW, Tsui YM, Sze KM, Chan LK, Cheung TT, Lee E, et al. Single-cell

transcriptomics reveals the landscape of intra-tumoral heterogeneity and stemness-
related subpopulations in liver cancer. Cancer Lett (2019) 459:176–85. doi: 10.1016/
j.canlet.2019.06.002
10. Huang CF, Wang SC, Chang WT, Yeh ML, Huang CI, Lin ZY, et al. Lower

protein expression levels of MHC class I chain-related gene A in hepatocellular
carcinoma are at high risk of recurrence after surgical resection. Sci Rep (2018) 8
(1):15821. doi: 10.1038/s41598-018-34155-7
11. DhatChinamoorthy K, Colbert JD, Rock KL. Cancer immune evasion through

loss of MHC class I antigen presentation. Front Immunol (2021) 12. doi: 10.3389/
fimmu.2021.636568
12. Luna JI, Grossenbacher SK, Murphy WJ, Canter RJ. Targeting cancer stem cells

with natural killer cell immunotherapy. Expert Opin Biol Ther (2017) 17(3):313–24. doi:
10.1080/14712598.2017.1271874

13. Codony-Servat J, Rosell R. Cancer stem cells and immunoresistance: clinical
implications and solutions. Transl Lung Cancer Res (2015) 4(6):689–703. doi: 10.3978/
j.issn.2218-6751.2015.12.11

14. Tallerico R, Todaro M, Franco SD, Maccalli C, Garofalo C, Sottile R, et al.
Human NK cells selective targeting of colon cancer-initiating cells: a role for natural
cytotoxicity receptors and MHC class I molecules. J Immunol (2013) 190(5):2381–90.
doi: 10.4049/jimmunol.1201542

15. 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. PloS One (2010) 5(7):e11590.
doi: 10.1371/journal.pone.0011590
16. Kawarabayashi N, Seki S, Hatsuse K, Ohkawa T, Koike Y, Aihara T, et al.

Decrease of CD56(+)T cells and natural killer cells in cirrhotic livers with hepatitis C
may be involved in their susceptibility to hepatocellular carcinoma. Hepatology (2000)
32(5):962–9. doi: 10.1053/jhep.2000.19362
17. Zhang J, Xu Z, Zhou X, Zhang H, Yang N, Wu Y, et al. Loss of expression of

MHC class I-related chain A (MICA) is a frequent event and predicts poor survival in
patients with hepatocellular carcinoma. Int J Clin Exp Pathol (2014) 7(6):3123–31.
18. Shin MH, Kim J, Lim SA, Kim J, Kim SJ, Lee KM. NK cell-based
immunotherapies in cancer. Immune Netw (2020) 20(2):e14. doi: 10.4110/
in.2020.20.e14
19. Liu S, Galat V, Galat4 Y, Lee YKA, Wainwright D, Wu J. NK cell-based cancer

immunotherapy: from basic biology to clinical development. J Hematol Oncol (2021) 14
(1):7. doi: 10.1186/s13045-020-01014-w

20. Myers JA, Miller JS. Exploring the NK cell platform for cancer immunotherapy.
Nat Rev Clin Oncol (2021) 18(2):85–100. doi: 10.1038/s41571-020-0426-7

21. 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

22. Kaur K, Kozlowska AK, Topchyan P, Ko MW, Ohanian N, Chiang J, et al.
Probiotic-treated super-charged NK cells efficiently clear poorly differentiated
pancreatic tumors in Hu-BLT mice. Cancers (Basel) (2019) 12(1):63. doi: 10.3390/
cancers12010063

23. 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

24. Bui VT, Tseng HC, Kozlowska A, Maung PO, Kaur K, Topchyan P, et al.
Augmented IFN-g and TNF-a 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

25. 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

26. 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

27. 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

28. 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

29. 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

30. 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
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. Kaur K, Chen P-C, Ko M-W, Mei A, Senjor E, Malarkannan S, et al. Sequential
therapy with supercharged NK cells with either chemotherapy drug cisplatin or anti-
PD-1 antibody decreases the tumor size and significantly enhances the NK function in
Hu-BLT mice. Front Immunol (2023) 14:1132807. doi: 10.3389/fimmu.2023.1132807
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1284669/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1284669/full#supplementary-material
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1016/j.jhep.2021.11.018
https://doi.org/10.1016/j.transproceed.2009.08.016
https://doi.org/10.1001/archsurg.136.1.25
https://doi.org/10.2214/AJR.05.0350
https://doi.org/10.2214/AJR.05.0350
https://doi.org/10.1186/s12885-021-08505-0
https://doi.org/10.1038/ng.127
https://doi.org/10.1053/j.gastro.2016.11.048
https://doi.org/10.1016/j.canlet.2019.06.002
https://doi.org/10.1016/j.canlet.2019.06.002
https://doi.org/10.1038/s41598-018-34155-7
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1080/14712598.2017.1271874
https://doi.org/10.3978/j.issn.2218-6751.2015.12.11
https://doi.org/10.3978/j.issn.2218-6751.2015.12.11
https://doi.org/10.4049/jimmunol.1201542
https://doi.org/10.1371/journal.pone.0011590
https://doi.org/10.1053/jhep.2000.19362
https://doi.org/10.4110/in.2020.20.e14
https://doi.org/10.4110/in.2020.20.e14
https://doi.org/10.1186/s13045-020-01014-w
https://doi.org/10.1038/s41571-020-0426-7
https://doi.org/10.3389/fimmu.2017.00297
https://doi.org/10.3390/cancers12010063
https://doi.org/10.3390/cancers12010063
https://doi.org/10.1080/2162402X.2018.1426518
https://doi.org/10.3389/fimmu.2015.00576
https://doi.org/10.3389/fimmu.2014.00269
https://doi.org/10.3389/fimmu.2014.00269
https://doi.org/10.7150/jca.11527
https://doi.org/10.1016/S0198-8859(03)00039-9
https://doi.org/10.1016/S0198-8859(03)00039-9
https://doi.org/10.7150/jca.15989
https://doi.org/10.7150/jca.5519
https://doi.org/10.4049/jimmunol.156.3.907
https://doi.org/10.4049/jimmunol.156.3.907
https://doi.org/10.18632/oncotarget.4755
https://doi.org/10.3389/fimmu.2023.1132807
https://doi.org/10.3389/fimmu.2023.1284669
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chiang et al. 10.3389/fimmu.2023.1284669
33. Kaur K, Kozlowska AK, Topchyan P, Ko MW, Ohanian N, Chiang J, et al.
Probiotic-treated super-charged NK cells efficiently clear poorly differentiated
pancreatic tumors in Hu-BLT mice. Cancers (2020) 12(1):63.

34. Jewett A, TsengHC, Arasteh A, Saadat S, Christensen RE, CacalanoNA.Natural killer cells
preferentially target cancer stem cells; role ofmonocytes in protection againstNK cellmediated lysis
of cancer stem cells. Curr Drug Delivery (2012) 9(1):5–16. doi: 10.2174/156720112798375989

35. Taylor BC, Balko JM. Mechanisms of MHC-I downregulation and role in
immunotherapy response. Front Immunol (2022) 13. doi: 10.3389/fimmu.2022.844866

36. Kaur K, Ko M-W, 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/s41598-020-76702-1
Frontiers in Immunology 12
37. Majc B, Novak M, Kopitar-Jerala N, Jewett A, Breznik B. Immunotherapy of
glioblastoma: current strategies and challenges in tumor model development. Cells
(2021) 10(2):265. doi: 10.3390/cells10020265

38. Miller JS, Rooney CM, Curtsinger J, McElmurry R, McCullar V, Verneris MR,
et al. Expansion and homing of adoptively transferred human natural killer cells in
immunodeficient mice varies with product preparation and in vivo cytokine
administration: implications for clinical therapy. Biol Blood Marrow Transplant
(2014) 20(8):1252–7. doi: 10.1016/j.bbmt.2014.05.004

39. Arzumanian VA, Kiseleva OI, Poverennaya EV. The curious case of the HepG2
cell line: 40 years of expertise. Int J Mol Sci (2021) 22(23):13135. doi: 10.3390/
ijms222313135
frontiersin.org

https://doi.org/10.2174/156720112798375989
https://doi.org/10.3389/fimmu.2022.844866
https://doi.org/10.1038/s41598-020-76702-1
https://doi.org/10.3390/cells10020265
https://doi.org/10.1016/j.bbmt.2014.05.004
https://doi.org/10.3390/ijms222313135
https://doi.org/10.3390/ijms222313135
https://doi.org/10.3389/fimmu.2023.1284669
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Characterizing hepatocellular carcinoma stem markers and their corresponding susceptibility to NK-cell based immunotherapy
	Introduction
	Materials and methods
	Cell lines, reagents, and antibodies
	Surface marker analysis using flow cytometry
	Purification of NK cells from human peripheral blood
	Generation of supercharged NK (sNK) cells
	Primary NK and sNK cells’ supernatant collection and tumor cell differentiation
	NK cell-mediated cytotoxicity against HCC cell lines using chromium release assay
	Monitoring in-vitro NK cell-mediated killing of cells
	Statistical analyses

	Results
	HCC immunlogic stem profile corresponded to the grade of histopathologic differentiation based on cell growth and surface markers
	Supercharged NK cells expanded at higher rates and mediated higher levels of cytotoxicity against both CSCs and well-differentiated HCC tumors in comparison to primary untreated and IL-2 activated NK cells
	IFN-&gamma; mediated modulation of MHC-class I and CD54 on HCCs
	Temporal NK effector cell cytotoxicity profile recapitulated in eSight study

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


