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The dysfunction of natural killer (NK) cells has been increasingly reported in malignancies, especially in solid tumours.
Mesenchymal stem cells (MSCs) exhibit pleiotropic functions that include mediating immune cell exhaustion which is
implicated in cancer progression. However, the association of MSCs derived from gastric cancer (gastric cancer mesenchymal
stem cells: GCMSCs) with the dysfunction of NK cells remains poorly understood. In this study, we demonstrated that
GCMSCs effectively contributed to the exhaustion of NK cells through the release of soluble factors. Furthermore, passivation of
the antitumour effect in NK cells was closely associated with their dysfunctional state. The GCMSC-conditioned medium
prevented the frequency and effector function of infiltrating NK cells in tumour-bearing mouse models, thus promoting tumour
growth. Mechanistically, mammalian target of rapamycin (mTOR) signalling, a critical regulator of cellular metabolism that
mediates the function of immune cells, was inhibited in NK cells treated with GCMSCs. However, the checkpoint receptor PD-1
was still present at minimal levels with or without GCMSCs. The study results revealed that GCMSCs contributed to
dysfunctional NK cells involved at least partially in the inhibition of mTOR signalling, suggesting potential directions for NK

cell-based cancer immunotherapy.

1. Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed
cancer and the fourth leading cause of cancer death world-
wide [1]. Despite major advances in surgical procedures
and other therapies, the overall 5-year survival rate for GC
remains less than 30% in most countries [2]. The develop-
ment and progression of GC are influenced by the crosstalk
between a tumour and the host immune system [3]. Clinical
trials targeting immune checkpoints, such as the PD-1/PD-
L1 inhibitory axis, have reported outstanding results for var-
ious tumours. However, the objective response rate in GC
was only 15% [4]. Therefore, developing an in-depth under-
standing of the underlying mechanism of immune escape
during GC development and progression is essential.
Natural killer (NK) cells are potent cytotoxic innate
immune cells with established roles in immune surveillance

against tumour cells and viral infection [5]. Many tumour
types exhibit a high incidence of major histocompatibility
complex (MHC) loss or low neoantigen burden [6], render-
ing tumour cells refractory to recognition by CD8" T cells.
Unlike CD8" T cells, NK cells prefer to mediate non-MHC-
restricted killing of tumour cells, which makes them attrac-
tive for cancer therapy. Mounting evidence in human cancer
studies suggests that NK cell frequency, infiltration, and
function improve patient survival [7-9]. One study demon-
strated that the percentage of gastric tumour-infiltrating
NK cells was negatively correlated with tumour size, inva-
sion, overall survival, lymph node and distant metastasis,
and neural invasion status [10]. Another report revealed that
the efficacy of PD-1 and PD-L1 blockade relies on the antitu-
mour activity of NK cells [11]. In addition, blockade of the
checkpoint receptor TIGIT prevents NK cell exhaustion
and elicits potent antitumour immunity [12].
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Numerous studies have demonstrated that infiltrating
NK cells in malignancies, especially in solid tumours, showed
dampened function and changed phenotype [13, 14]. The
efficacy of strategies based on NK cells for treating solid
tumours remains unsatisfactory [15], indicating the critical
restriction of NK cell activity in the immunosuppressive
tumour microenvironment (TME). Bian et al. demonstrated
that tumour cell metabolically impair T-cell function and
tumour immunity by outcompeting T cells for methionine
[16]. Tumour and tumour-associated cells produce and
secrete various immunosuppressive factors to inhibit NK cell
activation, including interleukin (IL)-6, IL-10, transforming
growth factor-B (TGF-p), and prostaglandin E2 (PGE2)
[17]. Another study showed that lactate and low pH in the
TME reduced the cytotoxic activity of NK cells, leading to
decreased tumour killing ability [18]. An increasing number
of studies have demonstrated that the TME causes tumour-
infiltrating NK cell dysfunction through multiple mecha-
nisms, leading to tumour immune escape.

Mesenchymal stem cells (MSCs) are one of the key cell
components of the TME [19]. Our previous studies have
demonstrated that MSCs derived from GC tissues
(GCMSCs) upregulated PD-L1 expression in GC cells, result-
ing in tumour escape [20]. In addition, MSCs possess sys-
temic  immunoregulatory and  immunosuppressive
properties and influence both adaptive and innate immune
responses directly or through the secretion of soluble mole-
cules [21-24]. We determined that GCMSCs exhibited
immunosuppressive potential and increased the proportion
of regulatory T cells in peripheral blood mononuclear cells
(PBMC:s) [25]. Researchers have also paid extensive attention
to the effect of MSCs on NK cells. One experiment confirmed
that MSCs derived from human lung cancer can cause NK
cell dysfunction through PGE2 [26], and bone marrow-
derived MSCs enhanced the function of NK cells and
increased the release of perforin and granzymes [27]. This
result suggested that MSCs from various tissues may exhibit
various regulatory functions.

The effect of MSCs from GC on NK cells remains unclear.
To address this research gap, we comprehensively and rigor-
ously explored the effects of GCMSCs on NK cell activity. We
identified a marked reduction in the effector function mole-
cules and cytotoxicity against tumour cells of NK cells after
treatment with GCMSCs. Furthermore, the frequency with
which infiltrating NK cells were identified in subcutaneous
tumours in mice and their function were both significantly
reduced in vivo. Our observations provide insights into the
responses of GCMSCs to cancer growth and how they indi-
rectly blunt NK cell activity.

2. Materials and Methods

2.1 Mice. NOD/ShiLt]Gpt-Prkdcem26Cd52112r-
gem26Cd22/Gpt (NCG mice; age: 4-8 weeks) were pur-
chased from Nanjing GemPharmatech. All mice were bred
in a special pathogen-free facility for use according to the
guidelines for experimental animals at the Jiangsu Univer-
sity. All experiments were approved by the Animal Care
and Use Committee of Jiangsu University.
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2.2. Cell Lines and Cell Culture. The human GC cell lines
HGC-27 and MKN-45 were purchased from the Chinese
Academy of Sciences Type Culture Collection Committee
Cell Bank (Shanghai, China) and were cultured in RPMI-
1640 (Biological Industries) with 10% foetal bovine serum
(FBS, Biological Industries). NK92 was gifted by BinZhou
Medical University in Shandong and cultured in SuperCul-
tureTM L-500 (SL51903, DAKEWE) with 10% FBS and IL-
2 (100 IU/ml, PeproTech). All cells were maintained at 37°C
in a 5% CO, incubator.

GCMSCs were isolated from GC tissues, which were
obtained from GC patients who underwent operations at
the Affiliated People’s Hospital of Jiangsu University (Zhen-
jiang, Jiangsu, China). The research was approved by the
Ethics Committee of Jiangsu University. GCMSCs were iso-
lated as previously described [28] and were cultured in
MEM-ALPHA medium (Biological Industries, Israel) sup-
plemented with 10% FBS.

2.3. Multilineage Differentiation Potential of MSCs. Primary
GCMSC:s were cultured in 12-well plates with MSC medium
supplemented with 10% FBS. For induction of osteogenic
and adipogenic differentiation, GCMSCs were cultured until
80% confluence was reached, after which they were treated
with the MSC Osteo-Staining kit (C37C00150, VivaCell BIO-
SCIENCES) and MSC Adipo-Staining kit (C37A00150, Viva-
Cell BIOSCIENCES). After 2 weeks of culture, the cells were
fixed and stained with oil red O (adipocytes) and Alizarin red
S (osteocytes). Calcium deposition and the lipid droplet for-
mation in the cells were determined through microscopy.

2.4. Animal Models. NCG mice were intraperitoneally trans-
planted with 1x 107 healthy human PBMCs. After 7 days,
flow cytometry was performed to determine the proportion
of human CD45" cells to lymphocytes in whole blood. Mice
with more than 25% of hCD45" cells to lymphocytes in blood
were selected. These mice were then injected with 1x 10°
HGC-27 cells subcutaneously, and this was followed by an
injection of GCMSC-CM the next day. The GCMSC-CM
was dosed to paratumour every other day for 14 days.
Tumour growth was monitored and measured using a caliper
every other day. Tumour volume was calculated as 0.5 x
length x width x width. The mice were euthanised when
tumours grew to larger than 1000 mm’. After euthanasia,
tumours were removed and mechanically dissociated to a size
as small as possible in RPMI-1640. A single-cell suspension
was isolated by dissociating the tumour tissue in the presence
of collagenase IV (C1860, Solarbio) and DNAse I (D8070,
Solarbio) for 1h. The suspension was then strained through
a 50pum filter. The collected cells were used for flow
cytometry.

2.5. NK Cell Isolation. PBMCs from healthy donors were sep-
arated through Ficoll density gradient centrifugation.
Enriched NK cells were isolated from the PBMCs using
MACS bead (Miltenyi Biotec), and conjugated CD56 anti-
body labelled mononuclear cells were separated from unla-
belled cells through a column in the presence of a magnetic
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field. Freshly isolated NK cells were immediately used or cul-
tured in L500 medium.

2.6. Flow Cytometry and Antibodies. Cells were prepared in a
single-cell suspension and washed with phosphate-buffered
saline. After incubation with FcR Blocking Reagent (miltenyi,
130-059-901) for 10 min, NK cells were stained with fluores-
cence antibodies for 30 min at 4°C. The following antibodies
were used in this research (all antibodies from BioLegend
unless otherwise indicated): FITC-conjugated antibody to
human CD3 (300306), CD56-PE (304606), CD107a-APC
(328620), PD-1-APC (BD Pharmingen, 558694), Perforin-
APC (353311), IFEN-y-APC (502512), CFSE, and PI (BD
Pharmingen). GCMSCs were assessed for membrane expres-
sion of selected markers by using CD19-FITC, CD29-PE,
CD34-FITC, CD45-FITC, CD90-PE, and CD105-PE anti-
bodies (all antibodies above from eBioscience). For intracel-
lular cytokine staining, NK cells were stimulated for 5h
with a 2 ul/ml cell stimulation cocktail (plus protein trans-
port inhibitors) (eBioscience) containing phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, and monensin.
Then, cells were stained for surface markers, fixed, and per-
meabilised with eBioscience FoxP3 fixation buffer according
to the manufacturer’s instructions. The fixed cells were then
stained with perforin, CD107a, and IFN-y.

2.7. Cytotoxicity Assay. NK cells were collected following
treatment with GCMSC-CM. Then, CFSE-labelled target
cells (HGC-27, MKN-45) were cocultured with the collected
NK cells at different effector to target ratios (1:1,5:1, 10:1,
and 20:1) at 37°C in a 5% CO, incubator for 6 h. For sponta-
neous death control, the CFSE-labelled target cells were cul-
tured alone under the same conditions. Then, PI was
added, and lysed cells (CFSE* PI") were identified through
flow cytometry.

2.8. Proliferation Assay. NK cells were seeded (2 x 10 cells/-
well) in a 96-well. Following treatment with GCMSC-CM for
48h, CCK-8 solution (Beyotime Biotechnology) was added
to each well. After a 2h incubation, the absorbance of the
experimental and control wells was measured at 450 nm with
an automatic microplate reader (BioTek, Winooski, VT,
USA).

2.9. Apoptosis Assay. The NK92 cells were treated with
GCMSC-CM. In this series of experiments, the included con-
trols were cultured using two mixed nutrient solutions
(SuperCultureTM L-500 and MEM-ALPHA medium) at a
ratio of 1:1. Apoptotic rates were evaluated 48 h after the
treatment. In accordance with the manufacturer’s recom-
mendations (BD Pharmingen), 5 x 10° cells were collected
in each tube and 1 ml of annexin V binding buffer was added,
followed by thorough mixing. Subsequently, 5 ul of annexin
V-FITC was added. After mixing, the tube was incubated
in the dark at 4°C for 15 min, after which 10 ul of PI was
added. Immediately after, flow cytometry analysis was per-
formed (Beckman Coulter).

2.10. Western Blotting. Whole-cell extracts of NK and
GCMSC cells were prepared with RIPA buffer containing

protease and phosphatase inhibitors (KeyGEN BioTECH).
SDS-PAGE gels were used to resolve the cell lysates, and pro-
teins on gel were transferred to PVDF membranes (Milli-
pore, Germany); this was followed by blockade with 5%
skimmed milk for 1 h at room temperature. Membranes were
incubated with primary antibodies against TGF-f3, S6/p-S6,
GAPDH, and f-actin (all antibodies from Abcam) overnight
at 4°C. Protein bands were developed through chemilumines-
cence autoradiography.

2.11. Statistical Analysis. Data are presented as the mean +
standard error of the mean. Significance between two groups
was determined using the two-tailed paired ¢ test in Prism 7
(GraphPad). Other statistics are shown in figure legends. A
paired t test was used to analyse the differences in NK cell
function with and without GCMSC treatment. An unpaired
t test was used to analyse the difference in infiltration of
NK cells in tumours in mice. The Kruskal-Wallis H test
was used to analyse differences in tumour growth in vivo.
Statistical parameters are presented in the legend of each fig-
ure. P < 0.05 was considered significant.

3. Results

3.1. Characterisation of MSCs Isolated from Patients with GC.
The phenotypic and functional features of MSCs isolated
from dissociated GC tissues were verified. On day 14, long
spindle-shaped fibroblastic cells were observed on MSCs that
adhered to the plastic surface (Figure 1(a)). After induction
in the conditioned medium, the GCMSCs underwent differ-
entiation to osteocytes and adipocytes in vitro (Figure 1(b)).
In addition, antibody staining was performed for flow cytom-
etry. GCMSCs were positive for CD105, CD90, and CD29
but lacked the expression of CD19, CD34, and CD45
(Figure 1(c)).

3.2. GCMSCs Effectively Attenuated the Degranulation Ability
of NK Cells In Vitro. Given the immunosuppressive potential
of MSCs in the TME, we explored the relationship between
GCMSCs and NK cells. Enriched NK cells (CD56"% cells)
from the peripheral blood of healthy donors were cocultured
with GCMSCs for 48h, after which degranulation ability
(CD107a expression) was assessed through flow cytometry.
The results revealed that NK cells from different donors dis-
played similar but minimal levels of CD107a expression, and
the levels were more reduced in the presence of GCMSCs
than in the control (Figures 2(a)-2(d)), which suggests that
GCMSCs weakened the degranulation function of NK cells.
We then found that GCMSCs more strongly suppressed
degranulation  following  activation by  MKN-45
(Figure 2(e)). Another analysis revealed that GCMSCs inhib-
ited degranulation for a long coculture time but could not
induce higher PD-1 expression levels in NK cells
(Figure 2(f)). A similar finding for suppression by GCMSC
was also confirmed in NK92 cells (Figures 2(g)-2(h)). To fur-
ther confirm this phenomenon, NK92 cells were cocultured
with GCMSCs or HGC-27 separately or in combination.
GCMSCs effectively reversed the activation of NK92 by GC
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FiGure 1: Characterisation of GCMSC. (a) Representative image of GCMSC. (b) Osteogenic differentiation (Alizarin red S, 200x) and
adipogenic differentiation (Oil red O, 200x). (¢) GCMSC markers (CD19, CD29, CD34, CD45, CD90, and CD105) were analysed through

flow cytometry.

cells (Figure 2(i)). These results revealed that treatment with
GCMSCs attenuated the degranulation ability of NK cells.

3.3. GCMSCs Significantly Induced an Exhaustion State in
NK Cells in an Indirect Manner. NK cells were treated with
supernatant derived from GCMSCs (GCMSC-CM). The
degranulation ability (CD107a expression) of NK92 cells
was significantly reduced compared with control groups

(Figures 3(a)-3(b)), whereas NK cells from healthy donors
exhibited slightly lower expression (Figure 3(c)). Given the
homology and safety of animal experiments, we focused on
the influence of GCMSCs on NK cells through the secretion
of soluble factor. We determined that GCMSC-CM could
not effectively promote or inhibit the proliferation potential
of NK92 cells (Figure 3(d)). In addition, NK92 cells treated
with GCMSC-CM were stained with annexin V and PI for
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FIGURE 2: GCMSCs directly attenuated the degranulation ability of NK cells. (a) FCM gating strategy for enriched NK cells (CD56") from the
peripheral blood of healthy donors. (b) Representative histograms of CD107a in freshly isolated NK cells. (c) NK cells cocultured with or
without GCMSCs at a 1:1 ratio for 48h were analysed through flow cytometry for CD107a expression. (d) Quantification of CD107a
expression in NK cells shown in (c). Data are presented as mean + SEM. Paired ¢ test, *P < 0.05. (e) Analysis of CD107a+ NK cells.
Production of CD107a in response to GCMSCs followed by stimulation with MKN-45 for 5h was measured. (f) Enriched NK cells
cocultured with MKN-45 cells with or without GCMSC for 7 days. Representative histograms of CD107a and PD-1 are shown. (g) NK92
cells cocultured with GCMSCs for 48 h. Representative histograms of CD107a are shown. (h) Quantification of CD107a expression. Data
are presented as mean + SEM. Paired ¢ test, **P <0.01. (i) NK92 cells cocultured with HGC-27 and/or GCMSCs. Representative

histograms of CD107a in NK92 cells are shown.

apoptosis assay through flow cytometry. The results revealed
that GCMSC-CM could not significantly induce apoptosis
compared with the control (Figure S1A-1B). Next, other
markers associated with degranulation and cytokine
production of NK cells were characterised. Consistent with
previous results, the expression of perforin and IFN-y was
inhibited after treatment with GCMSC-CM, suggesting
impaired degranulation and reduced cytokine production in
NK cells (Figures 3(e)-3(g)). These results indicated that
GCMSCs indirectly induced a dysfunctional state in NK
cells without affecting their proliferation potential.

To further assess the effector functions of NK cells, their
cytotoxicity was examined. When cocultured with MKN-45

cells, NK92 cells treated with GCMSC-CM exhibited signifi-
cantly attenuated cytotoxicity compared with untreated cells
(Figures 4(a)-4(b)). Similar results were noted for NK cells in
the PBMC:s of healthy donors (Figures 4(c)-4(d)), confirm-
ing the attenuated cytotoxicity of NK cells. In addition, we
found that the expression of the known immunosuppressive
cytokine TGF-p increased in NK cells following treatment
with GCMSC-CM (Figure 4(e)), which may have affected
the antitumour potential of other immune cells and further
weakened antitumour immunity in the TME. These results
comprehensively indicated that NK cells treated with
GCMSC-CM also exhibited a diminished cytotoxicity ability
against tumour.



Stem Cells International

Control GCMSC-CM 50 - *
200 200 =
xX
2 40 -
§ 30
43.28% 34.76% g ]
Z 20 -
100 - 100 A §
§ 5 10 4
U U
0 - T
Control GCMSC-CM
0 0
102 10° 10* 10° 102 100 10 10°
CD107a
(a) (b)
3.0K - 0.8 -
Control i GCMSC-CM
1.2K - ns
] 3 0.6
- E -
2.0K - 900 § o4
2.97% ] 2.54% g
2 600 2 0.2 -
51.0 K 1
300 0.0 - -
] Control GCMSC-CM
0 T T T T T T 0 T T T T T
10 10° 10* 10° 10? 10° 10* 10°
CD107a
(c) (d)
Control GCMSC-CM
300 4 300 -
200 200 -
=
=
o
o]
50.29% 37.57%
100 100 4
0 0
100 10> 10° 10* 10° 10 10t 100 100 10* 10° 10°
———> Perforin Perforin
| 300
200 | 200
=
=
o
o]
17.91% 6.79%
100 7 100 4
0 0
10t 102 10° 10* 10° 10° 10 102 10° 10 10° 10°
——————> IFNy
(e)

Ficure 3: Continued.



Stem Cells International

- 4 Isotype
200 S £
1 g 17.91% Control
3
& 6.79% GCMSC-CM1
] | =
£ 100 + g 6.86% GCMSC-CM2
5 ]
10.69% GCMSC-CM3
1 10.45% GCMSC-CM4|
(Y ot S W — i ———
10! 102 100 10 10° 10! 10° 10° 107
IEN-y
[ Isotype
[l Control
B ccMsc+cM
60 -
— * 5000 - *
g
= 40 4 o 4000
3 g
N
o) = _
é 5 3000 —
- 5
£ 20 4 <= 2000 4
S )
8 = 1000 4
Ay
0 - . 0 - .
Control GCMSC-CM Control GCMSC-CM
15 ka 5000 -
g 4000 —
T 10 A iy
& & 3000 -
9 -
= S
—— = 2000
. 5 4 [
- =
Z 1000 -
0 - y 0 - .
Control GCMSC-CM Control GCMSC-CM

FIGURE 3: GCMSC-CM effectively induced an exhaustion state in NK cells. (a) NK92 cells treated with GCMSC-CM for 48 h were analysed
through flow cytometry for CD107a. (b) Quantification of the percentage of positive cells shown in (a). (c) Analysis of CD107a expression in
NK cells isolated from healthy donors cultured with or without GCMSC-CM through flow cytometry. (d) Quantification of the effect of
GCMSC-CM on NK cell proliferation by CCKS. (e, f) Representative FCM plot of the indicated molecules in NK92 cells treated with
GCMSC-CM. Results are representative of three independent experiments. (g) Quantification of the percentage and mean fluorescence
intensity (MFI) of the indicated molecules shown in (e, f). (b, d, and g) Data are shown as mean + SEM. A paired ¢ test was used for

comparisons. *P < 0.05, **P < 0.01.

3.4, GCMSC-Treated NK Cells Exhibited Attenuated
Antitumour Activity In Vivo. To evaluate the antitumour
potential of NK cells treated with GCMSC-CM in vivo, we
assessed their ability to kill GC cells in a mouse xenograft
tumour model. Mice (NCG) were administered with human
PBMC cells to mimic the human immune system. The mice
with more than 25% of human CD45" cells to lymphocytes

in whole blood were selected and were injected with
HGC-27 cells subcutaneously; this was followed by a sub-
cutaneous injection of GCMSC-CM the next day. A dose
of GCMSC-CM was administered every other day for 14
days to influence the NK cells (Figures 5(a) and 5(b)).
Tumour growth was monitored every other day. PBMC
exhibited  significantly  higher antitumour activity
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FIGURE 4: Attenuated cytotoxicity of NK cells after treatment with by GCMSC-CM. (a) Cytotoxicity against MKN-45 targets by NK92 cells
previously treated with or without GCMSC-CM. Representative FCM plot of PI expression in target cells. (b) Six-hour cytotoxicity assay of
NK92 cells against MKN-45 cells. Cytotoxicity of NK92 against MKN-45 cells at the indicated ratios (NK cells/target cells) (left).
Quantification of the cytotoxicity assay at a ratio of 1:1 (right). (c) Cytotoxicity against HGC-27 target cells by NK cells derived from
healthy donors. Representative FCM plot of PI expression in target cells. (d) Six-hour cytotoxicity against HGC-27 cells of NK cells
pretreated with GCMSC-CM. Cytotoxicity of NK cells against HGC-27 cells at the different ratios (left). Quantification of the cytotoxicity
assay at the indicated ratios (right). (e) NK 92 cells were treated with GCMSC-CM for 48 h, and TGF-f expression was evaluated through

immunoblotting.

compared with the GCMSC-CM group (Figure 5(c)),
which suggests that the antitumour function of immune
cells in PBMC was suppressed. We also investigated the
frequency and number of infiltrating human NK cells
(hCD3°CD56"cells). The frequency and degranulation
ability (CD107a) of the infiltrating NK cells were signifi-
cantly attenuated as evidenced by flow cytometry
(Figures 5(d) and 5(e)), which indicates that the suppres-
sion of the antitumour function of immune cells in
PBMCs by the supernatant likely depends on NK cells.
Together, these results confirm that GCMSC-CM can
dampen the antitumour potential of NK cells in an indi-
rect manner in vivo.

3.5. GCMSCs May Contribute to the Exhaustion of Infiltrating
NK Cells in Human GC. To investigate the function and fre-
quency of NK cells in human GC, mRNA expression was
analysed using the ONCOMINE database (http://www
.oncomine.org). The mRNA expression of CD56 was signifi-
cantly higher in normal gastric tissues than in GC tissues
(Figure S2A) [29], which was consistent with our results
obtained from limited clinical samples (Figure S2B). Based
on the TNM stage classification of GC, the data from the
database revealed that the proportion of NK cells decreases
gradually along with tumour progression (Figure S2C) [30].
We collected 244 human GC samples from The Cancer
Genome Atlas (TCGA) database and analysed the overall
survival of CD56 in GC patients; the results revealed that
higher CD56 expression did not mean longer or better
overall survival (Figure S2D). These results suggested an
exhaustion and decreased frequency of NK cells in human
GC. To explore the effect of GCMSCs on NK cells in
human GC, we performed regression analysis between
GCMSC markers and CD56. The analysis of data from
TCGA database showed that GCMSC markers have a direct
linear correlation with CD56 (Figure S2E), which further
verified the potential interaction between NK cells and
GCMSCs in humans. These results indicated that GCMSCs
likely contribute to the dysfunction and decreased
frequency of infiltrating NK cells even in human GC with
tumour progression.

3.6. Attenuated Effector Function in NK Cells Is Partly
Mediated by mTOR Signalling. Cellular metabolism is critical
to immune cell function. We investigated whether the reduc-
tion in NK cell function by GCMSCs depended on mTOR
signalling, a key regulator of cellular metabolism. We deter-
mined that mTOR signalling activity was downregulated in
GCMSC-CM-treated NK92 cells, as indicated by a decreased
level of phosphorylated S6 (p-S6; Figure 6(a)). In addition,
treatment with rapamycin (rapa) alone, an inhibitor of
mTORI, significantly diminished the effector function of
NK92 cells, as indicated by reduced levels of CD107a and
perforin (Figures 6(b)-6(d)). To further verify whether
mTOR signalling plays a critical role in the exhaustion of
NK cells treated with GCMSCs, we evaluated the effector
function after treatment with GCMSC-CM and/or rapa. We
observed that either GCMSC-CM or rapa effectively down-
regulated the effector molecules, and the degranulation abil-
ity was further decreased under treatment with a
combination of GCMSC-CM and rapa (Figure 6(c)). This
result indicated that GCMSCs attenuate NK cell function at
least partially through mTOR signalling.

TGF-p, a known immunosuppressive factor of NK cell
function, is produced by GCMSCs. Moreover, when cocul-
tured with NK92 cells, GCMSCs expressed high levels of
TGE-B (Figure 6(e)). These results suggest that GCMSCs
may influence NK cell function in more than one way.

4. Discussion

In humans, infiltrating NK cells in tumours influence disease
progression and patient survival, and a higher frequency of
NK cells often indicates better overall survival [31]. In solid
tumours, however, tumour-infiltrating NK cells frequently
exhibit a dysfunctional state [12, 32, 33]. One study demon-
strated that the percentages and numbers of tumour-
infiltrating NK cells were in a functional impairment state
and were decreased in human GC [10]. We obtained the
same results in a single cell suspension of human GC tissue
through flow analysis (Figure S2). Tumour cells evade NK
cell-mediated surveillance by  developing  an
immunosuppressive microenvironment in which NK cell
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dysfunction is caused by the crosstalk between NK cells and
tumour, stromal, and immune cells.

As a critical component in the TME, MSCs can effectively
promote the initiation and promotion of many types of
tumours [34]. MSCs participate in the immune modulation
of the TME and promote tumour immune escape [19]. They
have also been reported to participate in immune regulation
and to exert immunosuppressive effects on T cells. We ques-
tioned whether GCMSCs were also involved in the functional
regulation of NK cells. Galland et al. demonstrated that lung
tumour-derived MSCs effectively reduce NK cell function
and modulate NK phenotype through soluble factors
in vitro [26]. However, considering the heterogeneity of
TME among various types of tumours, MSCs may have dif-
ferent effects on NK cells. To our knowledge, this is the first
investigation of the effect of GC-derived MSCs on NK cells.

In the present study, GCMSCs significantly attenuated
the degranulation ability (CD107a) of NK cells isolated from
the peripheral blood of healthy donors. Moreover, NK92 cells
treated with GCMSCs showed a similarly impaired state.
These results suggest that GCMSCs are likely to be a key fac-

tor influencing NK cell dysfunction in the TME. To further
confirm this phenomenon, we cocultured tumour cells with
GCMSCs and NK cells to simulate the TME, and the results
revealed that tumour cells can further activate NK cells, but
this activation can be reversed by GCMSCs. These results
indicate that GCMSCs effectively limit the antitumour
immunity of NK cells in vitro. When treated with GCMSC-
CM, both degranulation and cytokine production (CD107a,
perforin, and IFN-y) were significantly attenuated compared
with the untreated group either in peripheral blood NK cells
or NK92 cells. Furthermore, NK cells pretreated with
GCMSC-CM exhibited significantly lower cytotoxicity
against tumour cells, indicating that GCMSCs can inhibit
NK cell function by secreting soluble factors. Studies have
reported the elevated expression of TGF-f, indoleamine-2,
3-dioxygenase, and PGE2, which suppress immune cell func-
tion, in the TME [35, 36]. Whether the immunosuppressive
effect of GCMSCs contributed to these factors remains to
be confirmed.

We found that GCMSCs cocultured with NK cells
expressed higher levels of TGF-f compared with GCMSCs
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alone, suggesting that TGF- 8 may be a critical factor inhibit-
ing NK cell function. Unexpectedly, we found that GCMSCs
can also upregulate the level of TGF-f in NK cells, which
contributed to the formation of a systemic immunosuppres-
sive microenvironment. Moreover, cellular metabolism plays
a critical role in regulating the function of immune cells [37,
38], but data on the ability of MSCs to dampen NK cell activ-
ity via impaired metabolism are scarce. Also unexpectedly,
the mTOR signalling of NK cells after GCMSC-CM treat-
ment was significantly inhibited, and simultaneously, the
effector function of NK cells after rapa treatment was signif-
icantly weakened, which indicates that dampened NK cell
function is at least partially due to the inhibition of mTOR.
However, our results indicated that after mTOR is inhibited
by rapa, the degranulation ability (CD107a) of NK cells was
turther impaired by GCMSC-CM, suggesting that mTOR is
not the only pathway through which GCMSCs affect NK
cells. Considering the strong immunomodulatory properties
of MSCs through ligand-receptor binding in a cell contact-
dependent manner or through the secretion of various solu-
ble factors [39], GCMSCs attenuate NK cell function through
various mechanisms. Immunotherapy targeting the PD-
1/PD-L1 inhibitory axis elicited long-term remission in a
broad spectrum of cancers [11]. Moreover, PD-1 expression
on human NK cells has recently been reported in several can-
cer indications, including GC [40-42]. However, our results
revealed that PD-1 levels in freshly isolated peripheral blood
NK cells are minimal, indicating that the NK cells recruited
into the tumour are educated by the TME. GCMSCs could
not upregulate the PD-1 level in NK cells in vitro, which
was consistent with the finding of minimal PD-1 expression
in mouse and human NK cells under multiple conditions
[43]. A more thorough understanding of the expression of
inhibitory markers is critical to advance the clinical applica-
tion of NK immunotherapy.

Finally, regarding subcutaneous tumours in mice, we
selected the immune system of mice reconstituted with
healthy human PBMC cells. Our results indicated that
GCMSC-CM drastically reduced the frequency of infiltrating
NK cells as well as attenuated their degranulation ability,
which might also contribute to tumour growth. Moreover,
the lower frequency tumour infiltrating NK cells may be a
consequence of either a decreased capacity of NK cells to
migrate from the peripheral blood or enhanced apoptosis of

NK cells that infiltrate tumours. NK cells have been reported
to be sensitive to H,O,-induced apoptosis [44]. The results of
the present study indicate that GCMSC-CM cannot induce
the proliferation or apoptosis of NK cells in vitro. However,
the GCMSC-CM treatment group exhibited a decreased
number of infiltrating NK cells, which means that GCMSCs
effectively influenced the infiltration of NK cells. Moreover,
studies have reported that MSCs affect the function of effec-
tor T cells. Our previous research found that GCMSCs could
upregulate PD-L1 expression in tumor cells, which resulted
in the resistance of tumor cells to CD8" T cells cytotoxicity
[20]. Therefore, whether GCMSC:s also affect T cells and lead
to tumour immune escape remains unclear, which is the lim-
itation of our research. This study focused more on the crit-
ical role of dampened NK cells involved in immune escape.

5. Conclusions

In summary, our findings provide a new framework for
understanding the relationship between GCMSCs and NK
cells in GC. In the present study, GCMSCs reduced the fre-
quency and function of GC-infiltrating NK cells, resulting
in the immune escape of GC cells. A more in-depth investiga-
tion of the target of GCMSCs affecting NK cells is urgently
needed. Overall, restoring the function of NK cells by block-
ing the crosstalk between NK cells and GCMSCs as well as
through checkpoint blockade therapy could be a useful strat-
egy for preventing GC immune escape.
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Supplementary Figure 1: GCMSC-CM could not effectively
induce NK92 cell apoptosis. (a) Effects of GCMSC-CM on
NK92 apoptosis. Representative FCM plot of indicated mol-
ecules in NK92 cells. (b) Quantification of the percentage of
apoptotic cells shown in (a). Supplementary Figure 2:
GCMSCs were involved in the exhaustion of infiltrating NK
cells in human gastric cancer. (a) CD56 expression (NK cells)
of GC tissues and adjacent normal gastric tissues (ONCO-
MINE database). Paired two-tailed ¢ test, ****P < 0.0001.
(b) Representative FCM plot of NK cells (CD3°CD56") in
gastric cancer tissues (intratumoral (IT) regions) and corre-
sponding adjacent normal tissues (peritumoral (PT) regions)
from three different patients. (c) Correlation between CD56
expression and gastric cancer stage (TNM); T: tumor; N:
node (regional lymph node); M: metastasis. Patients who
were in more advanced stages tended to express lower
CD56 expression (ONCOMINE database). (d) Survival of
low and high expression of CD56 in gastric cancer patients.
Mantel-Cox test. (e) Correlation analysis between GCMSC
markers (CD90 and CD105) and CD56 expression in GC tis-
sues (Supplementary Materials). (Supplementary Materials)

References

[1] H. Sung, J. Ferlay, R. L. Siegel et al., “Global cancer statistics
2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries,” CA: A Cancer
Journal for Clinicians, vol. 71, no. 3, pp. 209-249, 2021.

[2] C. Allemani, H. K. Weir, H. Carreira et al., “Global surveillance
of cancer survival 1995-2009: analysis of individual data for
25,676,887 patients from 279 population-based registries in
67 countries (CONCORD-2),” Lancet, vol. 385, no. 9972,
pp. 977-1010, 2015.

[3] L. Apetoh, M. J. Smyth, C. G. Drake et al., “Consensus nomen-
clature for CD8(+) T cell phenotypes in cancer,” Oncoimmu-
nology, vol. 4, no. 4, 2015.

[4] L.Yang, X. Z. Dong, X. X. Xing, X. H. Cui, L. Li, and L. Zhang,
“Efficacy and safety of anti-PD-1/anti-PD-LI antibody therapy
in treatment of advanced gastric cancer or gastroesophageal
junction cancer: a meta-analysis,” World Journal of Gastroin-
testinal Oncology, vol. 12, no. 11, pp. 1346-1363, 2020.

[5] K.]J. Malmberg, M. Carlsten, A. Bjérklund, E. Sohlberg, Y. T.
Bryceson, and H. G. Ljunggren, “Natural killer cell-mediated
immunosurveillance of human cancer,” Seminars in Immunol-
ogy, vol. 31, pp. 20-29, 2017.

[6] N. Aptsiauri, T. Cabrera, A. Garcia-Lora, M. A. Lopez-Nevot,
F. Ruiz-Cabello, and F. Garrido, “MHC class I antigens and
immune surveillance in transformed cells,” International
Review of Cytology, vol. 256, pp. 139-189, 2007.

[7] M. Gil and K. E. Kim, “Interleukin-18 is a prognostic bio-
marker correlated with CD8(+) T cell and natural killer cell
infiltration in skin cutaneous melanoma,” Journal of clinical
medicine, vol. 8, no. 11, p. 1993, 2019.

Stem Cells International

[8] B.Li, Y. Jiang, G. Li, G. A. Fisher Jr., and R. Li, “Natural killer
cell and stroma abundance are independently prognostic and
predict gastric cancer chemotherapy benefit,” JCI Insight,
vol. 5, no. 9, 2020.

[9] J. Cursons, F. Souza-Fonseca-Guimaraes, M. Foroutan et al.,
“A gene signature predicting natural killer cell infiltration
and improved survival in melanoma patients,” Cancer Immu-
nology Research, vol. 7, no. 7, pp. 1162-1174, 2019.

[10] L. S. Peng, J. Y. Zhang, Y. S. Teng et al., “Tumor-associated
monocytes/macrophages impair NK-cell function via TGFf1
in human gastric cancer,” Cancer Immunology Research,
vol. 5, no. 3, pp. 248-256, 2017.

[11] J. Hsu, J. J. Hodgins, M. Marathe et al., “Contribution of NK
cells to immunotherapy mediated by PD-1/PD-L1 blockade,”
Journal of Clinical Investigation, vol. 128, no. 10, pp. 4654
4668, 2018.

[12] Q. Zhang, J. Bi, X. Zheng et al., “Blockade of the checkpoint
receptor TIGIT prevents NK cell exhaustion and elicits potent
anti-tumor immunity,” Nature Immunology, vol. 19, no. 7,
pp. 723-732, 2018.

[13] S. Platonova, J. Cherfils-Vicini, D. Damotte et al., “Profound
coordinated alterations of intratumoral NK cell phenotype
and function in lung carcinoma,” Cancer Research, vol. 71,
no. 16, pp. 5412-5422, 2011.

[14] Y. Lavin, S. Kobayashi, A. Leader et al., “Innate immune land-
scape in early lung adenocarcinoma by paired single-cell anal-
yses,” Cell, vol. 169, no. 4, pp. 750-765.e17, 2017.

[15] G.Nayyar, Y. Chu, and M. S. Cairo, “Overcoming resistance to
natural killer cell based immunotherapies for solid tumors,”
Frontiers in Oncology, vol. 9, 2019.

[16] Y. Bian, W. Li, D. M. Kremer et al., “Cancer SLC43A2 alters T
cell methionine metabolism and histone methylation,” Nature,
vol. 585, no. 7824, pp. 277-282, 2020.

[17] G. M. Konjevi¢, A. M. Vuleti¢, K. M. Mirja¢i¢ Martinovi¢,
A. K. Larsen, and V. B. Juri8i¢, “The role of cytokines in the
regulation of NK cells in the tumor environment,” Cytokine,
vol. 117, pp. 30-40, 2019.

[18] Z. Husain, Y. Huang, P. Seth, and V. P. Sukhatme, “Tumor-
derived lactate modifies antitumor immune response: effect
on myeloid-derived suppressor cells and NK cells,” Journal of
Immunology, vol. 191, no. 3, pp. 1486-1495, 2013.

[19] Y. Shi, L. Du, L. Lin, and Y. Wang, “Tumour-associated mes-
enchymal stem/stromal cells: emerging therapeutic targets,”
Nature Reviews. Drug Discovery, vol. 16, no. 1, pp- 35-52,2017.

[20] L. Sun, Q. Wang, B. Chen et al., “Gastric cancer mesenchymal
stem cells derived IL-8 induces PD-LI expression in gastric
cancer cells via STAT3/mTOR-c-Myc signal axis,” Cell Death
& Disease, vol. 9, no. 9, p. 928, 2018.

[21] M. Najar, G. Raicevic, E. Crompot et al., “The immunomodu-
latory potential of mesenchymal stromal cells: a story of a reg-
ulatory network,” Journal of Immunotherapy, vol. 39, no. 2,
pp. 45-59, 2016.

[22] P. Mattar and K. Bieback, “Comparing the immunomodula-
tory properties of bone marrow, adipose tissue, and birth-
associated tissue mesenchymal stromal cells,” Frontiers in
Immunology, vol. 6, 2015.

[23] S. Zhao, R. Wehner, M. Bornhduser, R. Wassmuth,
M. Bachmann, and M. Schmitz, “Immunomodulatory proper-
ties of mesenchymal stromal cells and their therapeutic conse-
quences for immune-mediated disorders,” Stem Cells and
Development, vol. 19, no. 5, pp. 607-614, 2010.


https://downloads.hindawi.com/journals/sci/2021/9989790.f1.pdf

Stem Cells International

(24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

A. Greenbaum, Y. M. Hsu, R. B. Day et al., “CXCL12 in early
mesenchymal progenitors is required for haematopoietic
stem- cell maintenance,” Nature, vol. 495, no. 7440, pp. 227-
230, 2013.

M. Wang, B. Chen, X. X. Sun et al,, “Gastric cancer tissue-
derived mesenchymal stem cells impact peripheral blood
mononuclear cells via disruption of Treg/Th17 balance to pro-
mote gastric cancer progression,” Experimental Cell Research,
vol. 361, no. 1, pp. 19-29, 2017.

S. Galland, J. Vuille, P. Martin et al., “Tumor-derived mesen-
chymal stem cells use distinct mechanisms to block the activity
of natural killer cell subsets,” Cell Reports, vol. 20, no. 12,
pp. 2891-2905, 2017.

M. Najar, M. Fayyad-Kazan, N. Meuleman, D. Bron,
H. Fayyad-Kazan, and L. Lagneaux, “Mesenchymal stromal
cells of the bone marrow and natural killer cells: cell interac-
tions and cross modulation,” J Cell Commun Signal, vol. 12,
no. 4, pp. 673-688, 2018.

X. Xu, X. Zhang, S. Wang et al., “Isolation and comparison of
mesenchymal stem-like cells from human gastric cancer and
adjacent non-cancerous tissues,” Journal of Cancer Research
and Clinical Oncology, vol. 137, no. 3, pp. 495-504, 2011.

J. Cui, Y. Chen, W. C. Chou et al., “An integrated transcrip-
tomic and computational analysis for biomarker identification
in gastric cancer,” Nucleic Acids Research, vol. 39, no. 4,
pp. 1197-1207, 2011.

C. H. Ooi, T. Ivanova, J. Wu et al., “Oncogenic pathway com-
binations predict clinical prognosis in gastric cancer,” PLoS
Genet, vol. 5, no. 10, 2009.

K. Liu, K. Yang, B. Wu et al., “Tumor-infiltrating immune cells
are associated with prognosis of gastric cancer,” Medicine (Bal-
timore), vol. 94, no. 39, 2015.

J. Ni, X. Wang, A. Stojanovic et al., “Single-cell RNA sequenc-
ing of tumor-infiltrating NK cells reveals that inhibition of
transcription factor HIF-1a unleashes NK cell activity,” Immu-
nity, vol. 52, no. 6, pp- 1075-1087.€8, 2020.

J. Cong, X. Wang, X. Zheng et al.,, “Dysfunction of natural
killer cells by FBP1-induced inhibition of glycolysis during
lung cancer progression,” Cell metabolism, vol. 28, no. 2,
Pp. 243-255.¢5, 2018.

S.J. Turley, V. Cremasco, and J. L. Astarita, “Immunological
hallmarks of stromal cells in the tumour microenvironment,”
Nature Reviews: Immunology, vol. 15, no. 11, pp. 669-682,
2015.

M. Hasmim, Y. Messai, L. Ziani et al., “Critical role of tumor
microenvironment in shaping NK cell functions: implication
of hypoxic stress,” Frontiers in Immunology, vol. 6, 2015.

J. Baginska, E. Viry, J. Paggetti et al., “The critical role of the
tumor microenvironment in shaping natural killer cell-
mediated anti-tumor immunity,” Frontiers in Immunology,
vol. 4, 2013.

K. L. O'Brien and D. K. Finlay, “Immunometabolism and nat-
ural killer cell responses,” Nature Reviews: Immunology,
vol. 19, no. 5, pp- 282-290, 2019.

C. M. Gardiner, “NK cell metabolism,” Journal of Leukocyte
Biology, vol. 105, no. 6, pp. 1235-1242, 2019.

C. D. Hu, Y. Kosaka, P. Marcus, I. Rashedi, and A. Keating,
“Differential immunomodulatory effects of human bone
marrow-derived mesenchymal stromal cells on natural killer
cells,” Stem Cells and Development, vol. 28, no. 14, pp. 933-
943, 2019.

(40]

[41]

(44]

17

P. M. Lanuza, C. Pesini, M. A. Arias, C. Calvo, A. Ramirez-
Labrada, and J. Pardo, “Recalling the biological significance
of immune checkpoints on NK cells: a chance to overcome
LAG3, PD1, and CTLA4 inhibitory pathways by adoptive
NK cell transfer?,” Frontiers in Immunology, vol. 10, 2019.

F. Vari, D. Arpon, C. Keane et al., “Immune evasion via PD-
1/PD-L1 on NK cells and monocyte/macrophages is more
prominent in Hodgkin lymphoma than DLBCL,” Blood,
vol. 131, no. 16, pp. 1809-1819, 2018.

Y. Liu, Y. Cheng, Y. Xu et al., “Increased expression of pro-
grammed cell death protein 1 on NK cells inhibits NK-cell-
mediated anti-tumor function and indicates poor prognosis
in digestive cancers,” Oncogene, vol. 36, no. 44, pp. 6143-
6153, 2017.

S. J. Judge, C. Dunai, E. G. Aguilar et al, “Minimal PD-1
expression in mouse and human NK cells under diverse condi-
tions,” Journal of Clinical Investigation, vol. 130, no. 6,
pp. 3051-3068, 2020.

S. Izawa, K. Kono, K. Mimura et al., “H,O, production within
tumor microenvironment inversely correlated with infiltration
of n(dim) NK cells in gastric and esophageal cancer: possible
mechanisms of NK cell dysfunction,” Cancer Immunology,
Immunotherapy, vol. 60, no. 12, pp. 1801-1810, 2011.



	Gastric Cancer Mesenchymal Stem Cells Inhibit NK Cell Function through mTOR Signalling to Promote Tumour Growth
	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. Cell Lines and Cell Culture
	2.3. Multilineage Differentiation Potential of MSCs
	2.4. Animal Models
	2.5. NK Cell Isolation
	2.6. Flow Cytometry and Antibodies
	2.7. Cytotoxicity Assay
	2.8. Proliferation Assay
	2.9. Apoptosis Assay
	2.10. Western Blotting
	2.11. Statistical Analysis

	3. Results
	3.1. Characterisation of MSCs Isolated from Patients with GC
	3.2. GCMSCs Effectively Attenuated the Degranulation Ability of NK Cells In Vitro
	3.3. GCMSCs Significantly Induced an Exhaustion State in NK Cells in an Indirect Manner
	3.4. GCMSC-Treated NK Cells Exhibited Attenuated Antitumour Activity In Vivo
	3.5. GCMSCs May Contribute to the Exhaustion of Infiltrating NK Cells in Human GC
	3.6. Attenuated Effector Function in NK Cells Is Partly Mediated by mTOR Signalling

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

