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Abstract

Background Cancer stem-like cells (CSCs) play an important role in initiation and progression of aggressive cancers,
including esophageal cancer. Natural killer (NK) cells are key effector lymphocytes of innate immunity that directly
attack a wide variety of cancer cells. NK cell-based therapy may provide a new treatment option for targeting CSCs. In
this study, we aimed to investigate the sensitivity of human esophageal CSCs to NK cell-mediated cytotoxicity.

Methods CSCs were enriched from human esophageal squamous cell carcinoma cell lines via sphere formation
culture. Human NK cells were selectively expanded from the peripheral blood of healthy donors. gRT-PCR, flow
cytometry and ELISA assays were performed to examine RNA expression and protein levels, respectively. CFSE-labeled
target cells were co-cultured with human activated NK cells to detect the cytotoxicity of NK cells by flow cytometry.

Results We observed that esophageal CSCs were more resistant to NK cell-mediated cytotoxicity compared with

adherent counterparts. Consistently, esophageal CSCs showed down-regulated expression of ULBP-1, a ligand for

NK cells stimulatory receptor NKG2D. Knockdown of ULBP-1 resulted in significant inhibition of NK cell cytotoxicity
against esophageal CSCs, whereas ULBP-1 overexpression led to the opposite effect. Finally, the pro-differentiation
agent all-trans retinoic acid was found to enhance the sensitivity of esophageal CSCs to NK cell cytotoxicity.

Conclusions This study reveals that esophageal CSCs are more resistant to NK cells through down-regulation of
ULBP-1 and provides a promising approach to promote the activity of NK cells targeting esophageal CSCs.
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Background

Esophageal cancer has a high incidence, and ranks as the
sixth cause of cancer-related deaths worldwide largely
due to failure of early diagnosis and high potential of
metastases [1]. Esophageal squamous cell carcinoma
(ESCCQ) is the predominant subtype in certain Asian
countries, especially in China [2]. Although substan-
tial progress has been made in cancer treatments, the
5-year survival rate for ESCC remains low [3]. Cancer
stem-like cells (CSCs) or tumor-initiating cells have been
considered as the key mechanism for cancer formation,
progression, metastasis, and relapse [4, 5]. Increasing
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evidence suggests that CSCs contribute to poor progno-
sis and treatment failure for ESCC [6]. Thus, targeting
CSCs may be a promising strategy for the treatment of
ESCC[7].

Natural killer (NK) cells are cellular components of the
innate immune system that contribute to the immune
surveillance of tumors. NK cells can recognize and
directly eliminate target cells without prior immune sen-
sitization [8]. NK cell-based adoptive therapy showed
promising results in some types of blood cancers [9].
Recently, NK cells exhibit killing activity against CSCs
derived from a variety of solid tumors via the decreased
MHC class I molecules and the altered ligands for NK
cells [10, 11]. However, little is known about the suscepti-
bility of human esophageal CSCs to NK cells.

NK cells can distinguish self from non-self through
the engagement of various surface receptors that trigger
activating or inhibitory signals [12]. The natural cytotox-
icity receptors (NCR) are an important family of activat-
ing receptors which include NKp46, NKp44 and NKp30.
However, the tumor-associated ligands for NCR have yet
to be completely defined. NKG2D is another major acti-
vating receptor exclusively on NK cells and some T cells
[13]. NKG2D binds to several families of ligands, includ-
ing MHC I Chain-related molecules A and B (MICA/B)
and the UL16-binding proteins (ULBPs). NKG2D ligands
are rarely expressed on normal cells, but could be induced
in malignant or virus-infected cells. On the other hand,
NK cells also express multiple inhibitory receptors, such
as the killer cell immunoglobulin-like receptor (KIR) for
MHC class I molecules and recently identified TIGIT for
PVR [14].

The effector functions of NK cells are regulated by
the dynamic balance between activating and inhibi-
tory signals [12]. Many strategies have been proposed to
enhance the susceptibility of cancer cells to NK cell cyto-
toxicity. In this study, we demonstrate that CSCs derived
from ESCC spheres are more resistant to NK cell killing
through down-regulation of ULBP-1. All-trans retinoic
acid (ATRA) improved the anti-tumor activity of NK cells
against ESCC spheres by inducing sphere differentiation.
These findings reveal the immune escape of esophageal
CSCs from NK cell surveillance, providing a rationale for
combining ATRA treatment to overcome the resistance
of esophageal CSCs in response to NK cells.

Materials and methods

Cell lines and patient samples

Human ESCC cell lines KYSE510, TE1, KYSE450 and
KYSE70 were obtained from Cell Bank, Chinese Acad-
emy of Sciences (China). ESCC cell lines and human
myelogenous leukemia K562 cells were cultured in
RPMI-1640 medium, and human embryonic kidney
293T cells were cultured in Dulbecco’s modified Eagle’s

Page 2 of 11

medium (DMEM), in the presence of 10% fetal bovine
serum (FBS), 100 U/mL of penicillin, and 100 pg/mL
of streptomycin. All cells were maintained at 37°C in a
humid atmosphere with 5% CO,. Peripheral blood and
tumor tissues were obtained from healthy donors or
ESCC patients in the First Affiliated Hospital of Zheng-
zhou University, respectively.

Tumor sphere formation assay

KYSE510 and TE1 cells were incubated in serum-free
DMEM/F12 medium supplemented with 4 pg/mL hepa-
rin (Sigma, USA), B27 (1: 50, Gibco, USA), 20 ng/mL
human recombinant basic fibroblast growth factor (Pep-
rotech, USA), 20 ng/mL human recombinant epidermal
growth factor (Peprotech, USA), 100 U/mL penicillin,
and 100 pg/mL streptomycin in ultralow attachment
culture plates (Corning, USA) at a density of 4000 cells/
mL. After 5-7 days of culture, numbers of tumor spheres
(diameter>75 um) were counted under microscope. For
further analysis, the spheres were collected and enzy-
matically dissociated into single cells with the addition of
trypsin.

RNA extraction, cDNA synthesis, and quantitative PCR
(qPCR)

Total RNA was extracted from tumor spheres or adher-
ent cells using TRIzol reagent (TaKaRa, Japan). cDNA
was synthesized by reverse transcription from total RNA
using PrimerScript TM RT reagent Kit with gDNA Eraser
(TaKaRa, Japan). qPCR reactions were performed using
SYBR Green qPCR Master Mix (Roche, Germany). The
primers used in this study were synthesized by Sangong
Biotech (China) and listed in Additional file 1: Table S1.
GAPDH was used as a control to determine the relative
gene expression of target genes.

Preparation of human activated NK cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the peripheral blood of 20 healthy donors
by density gradient centrifugation using Ficoll-Paque
(Haoyang, China). The PBMCs were cultured with irradi-
ated K562 cells as feeder cells in GT-T551 H3 medium
(TaKaRa, Japan), supplemented with 5% heat-inactivated
autologous plasma, IL-2 (1000 IU/mL) (SL PHARM, Bei-
jing, China), penicillin (100 U/mL), and streptomycin
(100 pg/mL). The fresh medium was replaced every 2-3
days during the amplification. NK cells were harvested on
day 14 and analyzed by flow cytometry. To verify direct
NK cell-mediated cytotoxicity, NK cells were purified
from expanded or fresh NK cells by positive selection
using CD56 microbeads (Miltenyi Biotec, Germany).
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Flow cytometry

For surface staining, cells were washed in FACS buffer
(PBS supplemented with 2% FBS) and then incubated
with the indicated fluorescein-conjugated antibodies:
APC-conjugated anti-CD3, APC-Cy7-conjugated anti-
CD56, and PE-conjugated anti-CD107a. For intracel-
lular staining, cells were first stimulated with phorbol
myristate acetate (PMA, 50 ng/mL) and ionomycin (250
ng/mL) for 1 h, followed by the addition of protein trans-
port inhibitor brefeldin A (BFA) for 5 h. After surface
staining, the cells were then fixed with 4% paraformalde-
hyde and permeabilized with the permeabilization buffer
(Biolegend) before incubation with PE-Cy7-conjugated
anti-IFN-y, FITC-conjugated anti-granzyme-B antibod-
ies. Isotype control antibodies were used for non-specific
staining. Flow cytometric analysis was performed on
FACS Canto II flow cytometer. Data were analyzed with
the FlowJo software. Information of the antibodies were
listed in Additional file 2: Table S2.

Cytotoxicity assay

A flow cytometric assay was used to determine NK cell
activity. Target cells were stained with carboxyfluorescein
succinimidyl ester (CFSE) in serum-free medium at 37°C
for 15 min. Human activated NK cells were incubated
with CFSE-labeled target cells at different effector: target
(E: T) ratios for 6 h in 96-well U-bottom plates at 37°C
in a humidified 5% CO, incubator. Cell culture super-
natant was collected for cytokines detection. Cells were
then collected and stained with propidium iodide (PI).
The percentages for dead target cells were determined by
FACS Canto II flow cytometry. Specific lysis was calcu-
lated as the percentage of dead target cells with NK cells
— the percentage of dead target cells with medium alone.

In vivo xenograft model

Female nude mice aged 5 weeks were purchased from
Beijing Vital River Laboratory Animal Technology Co.
Ltd. (China) and housed in the SPF Laboratory Animal
Center of Zhengzhou University (China). KYSE510 cells
(5x10°) were subcutaneously injected into the flank of
each nude mouse (n=5 per group). On day 5 and 8, mice
were injected with human activated NK cells (5x107) or
PBS in the control group via tail vein. Tumor growth was
monitored twice a week. After 3 weeks of xenografting,
the mice were euthanized and the tumors were excised.
The animal study was performed under the guide-
lines of Zhengzhou University’s Animal Care and Use
Committee.

siRNA transfection

Human ULBP-1 siRNA and control siRNA were pur-
chased from Genepharma (China). The sequences
of siRNA targeting human ULBP-1 were shown in
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Additional file 3: Table S3. ESCC cell lines were trans-
fected with siRNAs using Lipofectamine 3000 (Thermo
Fisher Scientific), according to the manufacturer’s
instructions.

Lentiviral production and transduction

Lentiviral vectors containing human ULBP-1 or a non-
target control ShRNA were purchased from Genepharma
Company (China). To generate ULBP-1 overexpressing
cells, full-length cDNA of human ULBP-1 was ampli-
fied by PCR and cloned into the lentiviral vector pCDH-
EFla-GFP. DNA sequencing was performed to verify the
cloning quality. Lentivirus was generated by transfect-
ing 293T cells with lentiviral vectors, packaging plasmid
pxPAX2 and pMD2.G using Lipofectamine 3000. Lentivi-
ral supernatants were collected 2 days after transfection.
KYSE510 and TE1 cells were transduced with lentivirus
in the presence of polybrene (10 ug/mL). Transduced tar-
get cells were selected by puromycin or by flow cytom-
etry. The efficacy of silencing or overexpressing ULBP-1
was determined by qPCR analysis and flow cytometry.

Enzyme-linked immunosorbent assay (ELISA)

Interferon-y (IFN-y) levels were determined by an ELISA
kit (Biolegend, USA) according to the manufacturer’s
instructions. The data analysis was performed using the
Star Station software.

Statistical analysis
All data are shown as the means*standard deviation
(SD) from at least 2-3 independent experiments. Stu-
dent’s t-test was performed using GraphPad Prism 8
software. A p value of less than 0.05 was defined as statis-
tically significant.

Results

Characterization of cancer stem-like cells from ESCC cell
lines

To enrich CSCs, two human ESCC cell lines KYSE510
and TE1 were cultured with serum-free media in ultra-
low plates for 5-7 days to form tumor spheres (Fig. 1A).
We first assessed the stemness-related gene expression of
tumor spheres using qPCR assay. Both KYSE510 spheres
and TE1 spheres expressed higher levels of OCT4, KLF4,
Vimentin, Nanog and SOX2 than that of monolayer cells,
indicating the stemness properties of ESCC cells-derived
spheres (Fig. 1B).

The sensitivity of tumor cells to NK cell lysis is largely
related to the expression of ligands specific for NK cells
[15]. We next examined the expression of specific ligands
for NK activating or inhibitory receptors. Compared with
the monolayer counterparts, the expression of MICB and
ULBP-1 significantly decreased in both KYSE510 spheres
and TE1 spheres, and PVR remarkably decreased in TE1
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Fig. 1 Esophageal CSCs enriched from tumor spheres exhibit distinct NK cell ligands. (A) Two ESCC cell lines KYSE510 cells and TE1 cells were used in
tumor sphere formation assays to enrich CSCs. Scale bar: 500 pm. (B) gPCR was carried out to validate the expression of stemness-associated genes
in tumor spheres. (C) Flow cytometry analysis of selected NK cell ligands on tumor spheres. (D) Surface expression of MHC class | molecules were de-
tected by flow cytometry on tumor spheres. Data are shown as the mean £ SD. MFI, mean fluorescence intensity; ns, no significance. *p <0.01, **p <0.01,

***p<0.001

spheres (Additional file 4: Figure S1). The three different
ligands were further examined by flow cytometry, con-
firming the consistent decrease of ULBP-1 and PVR at
protein level (Fig. 1C). In addition, MHC class I expres-
sion was dramatically down-regulated following tumor
sphere formation (Fig. 1D). The results suggest that CSCs
derived from KYSE510 and TE1 spheres may exhibit
altered sensitivity to NK cell cytotoxicity.

Generation of activated human NK cells from peripheral
blood of healthy donors

Next, we generated the activated human NK cells from
the peripheral blood of healthy donors. After 14-day
culture, the majority of expanded NK cells developed a
CD56" ™8t phenotype (Fig. 2A). The expression of acti-
vating receptors NCR and NKG2D were significantly
increased after ex vivo expansion (Additional file 5: Fig-
ure S2). Additionally, the expanded NK cells expressed
high levels of CD107a and produced significant amounts
of IFN-y and granzyme B under PMA and ionomy-
cin stimulation (Fig. 2B). These data indicate that the
expanded human NK cells are fully functional.

Tumor spheres derived from ESCC cells exhibit significant
resistance to NK cell-mediated cytotoxicity

We then evaluated the susceptibility of tumor spheres to
allogeneic NK cells using a flow cytometry-based cyto-
toxicity assay. Both KYSE510 spheres and TE1 spheres
were less susceptible to NK cell-mediated lysis compared
with their adherent counterparts at various E: T ratios
(Fig. 3A and B). Thus, ESCC-derived CSCs may pos-
sess the potential to escape NK cell surveillance. This
resistance to NK cell-mediated killing is consistent with
the pronounced decrease of ligands for activating NK
receptors on esophageal tumor spheres, such as ULBP-1
(Fig. 1C). To further validate the sensitivity of ESCC
spheres to NK cells, we cultured NK cells with either
monolayer or sphere ESCC cells and assayed for cytokine
production. We observed a remarkable decrease of IFN-y
in NK cells cultured with tumor spheres at E: T ratios of
1:1 and 5:1, relative to monolayer ESCC cells (Fig. 3C).
Together, these results provide direct evidence that CSCs
derived from ESCC cells are resistant to NK cell-medi-
ated cytotoxicity.

It should be noted that a small fraction of T cells still
exists in our feeder cell expansion system of NK cells.
Typically, T cells recognize and Kkill target cells through
MHC class I-restricted presentation of specific antigens.
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Fig. 2 Ex vivo expansion of NK cells from peripheral blood of healthy donors. (A) The percentages of NK cells were analyzed by flow cytometry after 14
days of ex vivo expansion. (B) CD107a, IFN-y and granzyme B were analyzed in expanded NK cells upon stimulation with PMA and ionomycin. Data are

shown as the mean+SD. *p<0.05, **p <0.01

To verify the cytotoxicity of expanded NK cells, we puri-
fied the expanded NK cells using anti-CD56 magnetic
beads (Additional file 6: Figure S3A). Similarly, tumor
spheres were resistant to the cytotoxicity of expanded
and highly purified NK cells (Additional file 6: Figure
S3B). Finally, we further confirm the resistance of ESCC-
derived tumor spheres using isolated fresh NK cells
(Additional file 6: Figure S3C and D).

Considering the alteration of ligands for NK cell
receptors, the pronounced reduction of activating NK
cell receptor ligand ULBP-1 but not inhibitory NK cell
receptor ligands PVR and HLA class could explain the
resistance of CSCs to NK cell cytotoxicity. We further
confirmed the down-regulation of ULBP-1 in tumor
spheres derived from another two ESCC cell lines (Addi-
tional file 7: Figure S4A) and CSCs isolated from tumor
tissues of four ESCC patients (Additional file 7: Figure
S4B). Thus, we speculate that ULBP-1 is more likely a

possible mechanism responsible for the resistance of
esophageal CSCs to NK cells.

ESCC cells survived from co-incubation with NK cells show
the stemness features and down-regulation of ULBP-1

To characterize ESCC cells resistant to NK cytotoxicity,
we developed a transient co-culture system of NK cells
with ESCC cells. ESCC cells were plated and on the next
day activated NK cells were added at a E: T ratio of 1:1.
After 6 h of co-culture, NK cells were removed and the
remaining live ESCC cells were washed and then sub-
jected to sphere formation assays (Fig. 4A). Compared
to control ESCC cells, ESCC cells survived from NK cells
possess a higher ability to form tumor spheres (Fig. 4B).
Additionally, higher levels of stemness-associated mark-
ers (KLF4, OCT4) and EMT markers (ZEB1, ZEB2)
were observed in both KYSE510 cells and TE1 cells that
survived from NK cells (Fig. 4C). Notably, tumor cells
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Fig. 3 Esophageal CSCs derived from tumor spheres are more resistant to NK cell cytotoxicity. (A) Representative flow plots of apoptotic CSFE-labeled
KYSE510 cells (left panel) and TE1 cells (right panel) in a 6 h cytotoxicity assay with NK cells at different effector: target (E: T) ratios. (B) Summarized data
showing the cytotoxicity of NK cells against tumor sphere cells derived from KYSE510 and TET cells. (C) The release of IFN-y was assessed by ELISA assays
in culture supernatants of NK cells stimulated by tumor spheres derived from KYSE510 and TE1 cells, respectively. Data are shown as the mean=+SD; ns,

no significance. *p <0.05, **p <0.01, ***p <0.001

derived from surviving ESCC cells also expressed lower
levels of ULBP-1 mRNA (Fig. 4D) and ULBP-1 protein
(Fig. 4E). The results further support the hypothesis that
ESCC cells with stemness properties have the potential to
escape NK-mediated killing through down-regulation of
ULBP-1, a ligand for NK cell activating receptor NKG2D.
To reinforce clinical relevance, nude mice were sub-
cutaneously injected with KYSE510 cells and then intra-
venously treated with human activated NK cells twice.
Adoptive transfer of NK cells significantly inhibited
KYSE510 tumor growth in vivo (Additional file 8: Fig-
ure S5A and B). The qPCR analysis of tumor tissues con-
firmed higher expression of stemness-related genes in
tumor tissues from NK cell treatment group compared to
untreated group (Additional file 8: Figure S5C).

ULBP1 plays an important role in NK cell cytotoxicity
against ESCC cells

To investigate whether ULBP-1 is essential for lysis of
ESCC cells by NK cells, we transfected synthetic siR-
NAs against ULBP-1 (siULBP-1) into monolayer cul-
ture of KYSE510 cells. The mRNA level of ULBP-1 was
significantly decreased in the cells transfected with si-
ULBP-1 #1 in comparison with those transfected with
control siRNA (siCTRL) (Fig. 5A). The cytotoxic activity
of NK cells was substantially suppressed by knockdown

of ULBP-1 in KYSE510 cells (Fig. 5B), indicating that
loss of ULBP-1 protects KYSE510 cells from lysis by NK
cells. To further validate the functional role of ULBP-1,
we silenced ULBP-1 expression with lentivirus carrying
ULBP-1 shRNA (shULBP-1) in KYSE510 cells, verified by
qPCR and flow cytometry (Fig. 5C and D). Consistently,
stable knockdown of ULBP-1 significantly decreased
NK cell-mediated cytotoxicity against KYSE510 cells
(Fig. 5E). In addition, we established KYSE510 cells sta-
bly overexpressing ULBP-1 (oeULBP-1). The increased
expression of surface ULBP-1 was confirmed in KYSE510
cells by qPCR and flow cytometry (Fig. 5F and G). As
expected, NK cells exhibited more efficient cytotoxic-
ity against KYSE510 cells overexpressing ULBP-1 at
E: T ratios of 3:1 and 10:1 (Fig. 5H). We repeated the
above experiments using another ESCC cell line TE1
and observed similar results (Additional file 9: Figure
S6). These results strongly suggest that ULBP-1 plays an
important role in the killing of ESCC cell lines by NK
cells.

ULBP-1 is involved in the resistance of tumor spheres
derived from ESCC to NK cell cytotoxicity

The possible role of ULBP-1 in protecting tumor
spheres from NK cell lysis was explored in functional
assays. Indeed, ULBP-1 knockdown further decreased



Tang et al. Journal of Translational Medicine

(2024) 22:737

Page 7 of 11

A
no NK with NK KYSE 510 TE1
2 ..'W' 200 * p 200 ok
ey 8O A T v ® %0
... ‘\o\“\ tumor cells Q ..;". < .5150 %
-4 s n u—
‘. . Sphere(fgr[rjnaa;gn assay X = - : =~ :18: 100 - g 100 T
tumor cells %}774/ - L o' k -g 50 -g 50
o @ g —> = R E Z
L D ot P4
surviving tumor cells P & .': A ol 0 \& \b 0 + ‘J\‘
‘ Sensitive to NK killing . Resistant to NK killing (\oé S‘\&e Q°$ $\¢\(\é
C D
KYSE510 KYSE 510 KYSE510 — no NK isotype
g 157 mno NK . 15 R nomK 15000
Ke] . o ---- Wit isotype
% mm with NK @ _ P /\ — with NK = __
5 2 £1.0 | 2. 10000
8 53 3 L S
.% o . 0.5 o 8 Ay T 5000 *%
2 i =
> 0.0 0
LBP-1
SR v SR
& & ¢ &
TE1 TE1 — no NK isotype
c c 19 no NK 5000
k] S ----with NK isotype __
2 ] _ " — with NK < 4000
o 0o 210 b o
g = 5 ) o 3000
o 53 * 8 4 =
0 > A = 2000 *
2 €05 3 I =
= a VY [ . [T T
B o © A = 1000
K \
- 00 & D lanJLBI;A1 6 0
IR SR
¢ 8 N 3\‘@

Fig. 4 ESCC cells survived from co-incubation with NK cells show cancer stem-like and low ULBP-1 phenotypes. (A) ESCC cells were incubated with or
without NK cells for 6 h. After removal of NK cells by washing, the remaining tumor cells were subjected to sphere formation assays. (B) Representative
images (left panel) and summarized results (right panel) showing sphere formation efficiency of NK cells-treated ESCC cell lines (KYSE510 and TE1). Scale
bar: 500 um. In KYSE510 cells (upper panel) and TE1 cells (lower panel) survived from NK cells, the expression of stemness-associated genes (C), ULBP-1
mRNA (D) and ULBP-1 protein (E) were detected by gPCR and flow cytometry, respectively. Data are shown as the mean +SD. MFI, mean fluorescence

intensity. *p <0.05, **p <0.01, ***p < 0.001

the sensitivity of TE1 spheres to NK cell cytotoxicity
(Fig. 6A). The lowest level of ULBP-1 was identified
in spheres derived from TE1 shULBP1 cells (Fig. 6B).
On the other hand, ULBP-1 overexpression restored
the sensitivity of TE1 spheres to NK cell cytotoxicity
(Fig. 6C). This is likely due to the increase of ULBP-1
expression in TE1 spheres (Fig. 6D). Thus, ULBP-1
might be a key mechanism for ESCC tumor spheres to
escape NK cell lysis.

It has been reported that celecoxib (a selective
COX-2 inhibitor) upregulates ULBP-1 expression in
cancer cells, suggesting the role of COX-2 in inhibition
of ULBP-1 expression [16, 17]. Interestingly, COX-2
is involved in promoting CSCs-like activity [18].
Therefore, we investigated whether ULBP-1 down-
regulation is mediated by COX2 signaling in ESCC
CSCs. As expected, ESCC spheres expressed higher
level of COX-2, as compared to monolayer controls

(Additional file 10: Figure S7A). More importantly,
the treatment of a COX-2 inhibitor efficiently recov-
ered the ULBP-1 expression in ESCC CSCs (Additional
file 10: Figure S7B). The results indicate that increased
COX-2 expression is likely related to the down-regula-
tion of ULBP-1 in ESCC CSCs.

All-trans retinoic acid (ATRA) sensitizes ESCC-derived
tumor spheres to NK cell killing

Finally, we further validate the sensitivity of ESCC
tumor spheres to NK cell cytotoxicity through re-dif-
ferentiation assays. ATRA is a powerful agent to induce
differentiation of cancer stem cells [19]. To re-differen-
tiate cancer stem cells, KYSE510 or TE1 spheres were
treated with 10 uM ATRA for 48 h. The addition of
ATRA led to morphological disassociation of tumor
spheres (Fig. 7A) but had little impact on cell apoptosis
(Additional file 11: Figure S8A). The re-differentiation
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of KYSE510 or TE1 spheres were further confirmed by
decreased expression of stemness-related genes at the
mRNA level (Additional file 11: Figure S8B). Of note,
ATRA treatment caused KYSE510 or TE1 spheres to
be more sensitive to NK cell-mediated lysis (Fig. 7B),
suggesting the susceptibility of re-differentiated tumor
spheres to NK cells. Furthermore, increased expression
of ULBP-1 was observed in KYSE510 or TE1 spheres
after ATRA treatment, by qPCR and flow cytometry
(Fig. 7C and D). These results indicate that ATRA-
treated ESCC spheres are more sensitive to NK cell
cytotoxicity likely through up-regulation of ULBP-1.

restored the sensitivity to NK cell cytotoxicity through
ATRA-induced re-differentiation, providing a novel
therapeutic potential of targeting esophageal CSCs.

Although the concept of cancer stem cells has
been widely accepted, the model for study of esopha-
geal CSCs remains to be established. Several specific
markers have been used to identify and isolate CSCs
from various cancers, including CD133, CD44, CD90,
CD34, and ALDH1 [23-25]. In addition, isolation of
side population (SP) cells via exclusion of Hoechst
33,342 dye was discovered in 1996 [26]. From then on,
SP cells are regarded as a phenotype of stem cells and
have been isolated from both blood and solid tumors
[27, 28]. However, the phenotypes of CSCs are variable
and often affected by the tumor microenvironment.
The culture system of tumor spheres provides a conve-
nient and efficient method to enrich cancer cells with
stem-cell properties in many types of solid tumors,
including esophageal carcinoma [29]. It remains
poorly understood how the immune system recognizes
and attacks cancer stem cells. We examined several
stress-related ligands on the surface of ESCC-derived
tumor spheres. Our data indicate that down-regulation
of ULBP-1 may affect the sensitivity of ESCC CSCs to
NK cell surveillance.

Recently NK cell-based therapies have become
the new frontier of cancer treatment. However, the

Discussion

There is accumulating evidence that cancer stem
cells play a crucial role in esophageal cancer progres-
sion and treatment resistance [20]. NK cells are key
innate effector lymphocytes and represent an attrac-
tive strategy for cancer immunotherapy. In this study,
we investigated the sensitivity of human esophageal
CSCs to NK cell cytotoxicity. Sphere-forming cultures
have been widely used in the enrichment of cancer
stem cells [21, 22]. We have shown that tumor spheres
derived from two ESCC cell lines are less susceptible
to NK-mediated killing. Loss of ULBP-1 expression is
likely involved in the evasion of esophageal CSCs from
NK cell surveillance. ESCC-derived tumor spheres
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susceptibility of cancer stem cells to NK cells varies
considerably in different types of cancers. It has been
reported that melanoma stem cells defined by CD133
expression are more sensitive to NK cell-mediated
cytotoxicity than non-stem cells [30]. Similarly, CSCs
derived from bladder cancer [31], and liver cancer [32]
also were more susceptible to NK cells. In contrast,
breast cancer stem cells [33] and leukemic stem cells
[34] are more resistant to NK cell-mediated cytotoxic-
ity ex vivo. In this study, we demonstrated that ESCC-
derived spheres exhibit reduced responsiveness to NK
cells. We also showed that ESCC cells surviving from
NK cell killing display CSCs properties. Our results
further support the possibility of a tissue-specific con-
text to NK cell killing. Indeed, dissecting the sensitiv-
ity of CSCs derived from different tissues to NK cells
in the tumor microenvironment is of great scientific
importance and translational potential.

The cytotoxic function of NK cells depends on the
balance of signals delivered by activating and inhibi-
tory cell surface receptors. MHC class I molecules
are the most important ligands for inhibitory recep-
tors, whereas NKG2D and NCR are the major activat-
ing receptor [35, 36]. Previous studies revealed that
the higher susceptibility of CSCs to NK cell-mediated
killing is likely due to lower expression of MHC class
I and higher expression of NCR ligands in colorectal
cancer [37] or up-regulated NKG2D ligands in ovarian
cancer [38]. Similarly, different mechanisms contribute
to the resistance of CSCs to NK cell cytotoxicity. For
example, two NKG2D ligands, MICA and MICB, were
down-regulated in breast CSCs [33]. We identified a
significant loss of NKG2D ligand ULBP-1 in esopha-
geal CSCs. These reports highlight the significant role
of NKG2D ligands in anti-tumor immunity.

Induction of differentiation represents an attractive
strategy for eradication of cancer stem cells. ATRA is
a natural compound with pro-differentiating proper-
ties, and has achieved great success in the treatment
of acute promyelocytic leukemia by inducing the dif-
ferentiation of abnormal blasts to normal cells [39].
Recent studies have shown that ATRA also has anti-
tumor activities for solid tumors such as breast cancer
[40]. Similar to the previous reports [41], we found
that ATRA can induce differentiation of ESCC-derived
tumor spheres. More importantly, the re-differentiated
tumor spheres became more sensitive to NK cell lysis.
These results suggest that the combination of ATRA
and NK cell therapy may provide a potential approach
to eliminate esophageal CSCs. Further pre-clinical
studies are needed to validate the combination strat-
egy for the treatment of esophageal cancer.
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Conclusions

In this study, we demonstrate that ESCC-derived CSCs
were resistant to NK cell cytotoxicity, likely due to down-
regulation of ULBP-1 expression. In addition, ATRA
treatment can restore the sensitivity of ESCC-derived
CSCs to NK cells through induction of CSCs re-differen-
tiation. This study not only reveals the escape of ESCC-
derived CSCs from NK cell killing, but also provides a
combinatorial strategy for NK cell-based targeting of
esophageal CSCs.
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