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Mesenchymal stem cells (MSC) are a kind of stromal cell within the tumor microenvironment. In our
research, MSC derived from acute myeloid leukemia patients' bone marrow (AML-MSC) and lung cancer
tissues (LC-MSC) as well as normal bone marrow-derived MSC (BM-MSC) cultured in conditioned me-
dium of Hela cells were found to have higher expressions of Toll-like receptor (TLR4) mRNA compared
with BM-MSC. The sorted TLR4-positive MSC (TLR4+ MSC) differed in cytokine (interleukin-6,

ﬁgg’ords" interleukin-8, and monocyte chemoattractant protein-1) secretion from those of unsorted MSC. MSC was
TLR4 reported to inhibit natural killer (NK) cell proliferation and function. In this research, we confirmed that
NK cells TLR4+ MSC aggravate this suppression. Furthermore, when TLR4 in the sorted cells were stimulated by

LPS or following blocked by antibody, the suppression on NK cell proliferation and cytotoxicity were
more intensive or recovered respectively. Compared to unsorted MSC, NKG2D receptor expression on NK
cells were also inhibited by TLR4+ MSC. These findings suggest that activation of TLR4 pathway is
important for TLR4+ MSC and MSC to obstruct anti-tumor immunity by inhibiting NK cell function,

Anti-tumor immunity

which may provide a potential stroma-targeted tumor therapy.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cancer-associated fibroblasts (CAF), an important cell type in
tumor stroma, is considered responsible for tumor progression by
inducing angiogenesis, recruiting bone marrow-derived endothe-
lial progenitor cells, and remodeling the extracellular matrix [1-3].
CAF is also expected to play a role in regulating immune cell
function. Recent studies have shown that CAF from human lung
cancer interact with T cells to enhance interferon (IFN)-c and
interleukin (IL)-17A secretion [4,5].

Natural killer (NK) cells, which are part of the innate immune
system, play a major role in defending a host against tumors [6].
CAF was recently reported to contribute to immunopathogenesis by
inhibiting NK cell function in co-culture experiments [7]. When NK
cells were co-cultured with CAF, the expressions of NK receptors
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(CD69, NKG2D, DNAM-1, NKp30, and NKp44) and cytolytic gran-
zyme B were suppressed. Meanwhile, tumor necrosis factor-o. (TNF-
o) and IFN-y production and cytotoxic activity were inhibited. In
contrast, normal skin fibroblasts had little effect on NK cell
phenotype and function [8].

Mesenchymal stem cells (MSC) are non-hematopoietic multi-
potent cells that may be isolated from bone marrow, adipose tissue,
and some other tissues [9,10]. As a kind of stromal cell in the tumor
microenvironment, MSC secrete cytokines and chemokines that
contribute to tumor growth and metastasis [11,12]. MSC-derived
monocyte chemotactic protein-1 (MCP-1) has been demonstrated
to promote breast cancer cell migration [13,14]. MSC isolated from
patients with breast cancer was demonstrated to promote MCF-7
cell proliferation and migration [15]. Also, MSC can inhibit the IL-
2-induced proliferation of un-activated NK cells [16].

Both MSC and CAF are stromal cells in the tumor microenvi-
ronment, and MSC can be induced to develop into CAF-like cells.
Given that both can promote tumor progression by suppressing NK
cell proliferation and activity, we are eager to investigate the po-
tential molecules that are responsible for the inhibitory effects.
Interestingly, Toll-like receptor (TLR4) mRNA expression was much
higher in MSC derived from different tumor tissues than that from
the bone marrow of healthy volunteers. The sorted TLR4-positive
MSC (TLR4+ MSC) from normal bone marrow has a stronger
inhibitory effect on NK cell proliferation and cytotoxicity, indicating
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that TLR4 may play an important role in MSC-mediated immuno-
suppression in the tumor microenvironment.

2. Materials and methods
2.1. Human subjects

Three patients with leukemia, three with lung cancer, and three
healthy volunteers were recruited in this study. All nine volunteers
provided written informed consent.

2.2. Cell culture

The human leukemia cell line K562 and human cervical carci-
noma cell line HeLa were purchased from American Type Culture
Collection and maintained in RPMI 1640 medium (Gibco, NY, USA)
supplemented with 10% fetal bovine serum (FBS; Hyclone, UT, USA).
Cells were all incubated at 37 °C in a humidified atmosphere con-
taining 5% CO,. Human MSC were isolated from the bone marrow of
the healthy volunteers (BM-MSC) and patients with acute myeloid
leukemia (AML-MSC) as well as from the patients' lung cancer
tissues (LC-MSC). MSC from different tissues were cultured in basic
o-minimum essential medium (2-MEM; Gibco) supplemented with
10% FBS.

Meanwhile, bone marrow MSC were also cultured in condi-
tioned medium of HeLa cells (CM"®1?) supplemented with 10% FBS
for 2—3 weeks, which we named CMHe*-MSC. To collect condi-
tioned medium, HeLa cells were cultured in complete Dulbecco's
MEM medium. When the cell confluence was about 90%, the cul-
ture medium was replaced by MSC basic 2-MEM. The 2-MEM su-
pernatant was collected 24 h later and centrifuged (1000 r/
min x 5 min) for harvesting of the conditioned medium.

2.3. Isolation and culture of NK cells

NK cells were isolated from healthy blood using a Ficoll-Paque
gradient and negative magnetic selection [17,18]. NK cell purity was
>90% as evaluated by a flow cytometry assay. Purified NK cells were
cultured in RPMI 1640 supplemented with 10% FBS containing
1000 U/mL IL-2.

When co-cultured, 6-well polycarbonate trans-well inserts
(8 um; Corning, NY, USA) were used. BM-MSC and TLR4+ MSC were
seeded in the lower compartment of the well with 5 x 10 cells/
well. After 6—8 h, NK cells were seeded in the upper insert with
5 x 10° cells/well. After co-culturing for 48 h, NK cells were har-
vested for the following experiments.

2.4. Immunophenotyping and flow cytometric assay

Flow cytometric analysis was performed to identify the immu-
nophenotype of TLR4+ MSC TLR4+ MSC (1.0 x 10° cells/sample)
were stained by fluorescein isothiocyanate (FITC) -conjugated anti-
human CD19 and CD34, and phycoerythrin (PE) -conjugated anti-
human CD45, CD73, CD90, CD105, CD11b, and HLA-DR antibodies
(Biolegend, CA, USA) for 30 min at room temperature. After being
washed twice by phosphate buffered saline (PBS), the cells were
analyzed by FACScan flow cytometry (Beckman FC500, CA, USA).
TLR4+ MSC were also assayed using an allophcocyanin (APC)-

cytotoxicity(%) =

conjugated anti-human TLR4 antibody (R&D Systems, MN, USA).
Similarly, NK cells were analyzed using an APC-conjugated anti
human NKG2D (Biolegend) antibody following the same protocol.

2.5. Adipogenic and osteogenic differentiation

MSCs were cultured in a 24-well plate in complete a-MEM
medium supplemented with adipogenic and osteogenic-inducing
agents (Sigma—Aldrich, MO, USA) at an initial cell density of
1 x 10% cells/well. After 2—3 weeks, cells were washed twice with
PBS and fixed by 4% paraformaldehyde at room temperature for
30 min. Oil-red-O or alkaline phosphatase staining was applied to
detect adipogenic and osteogenic differentiation.

2.6. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells using RNA isolation kits
(TRizol; Invitrogen, CA, USA). The isolated total RNA was reverse-
transcribed into cDNA using qPCR Reverse Transcriptase MIX Kit
(Toyobo, Osaka, Japan). The qPCR reactions were carried out using
the Fast SYBR Green PCR Master Mix (Applied Biosystems Inc., CA,
USA) on an ABI 7500 fast real-time PCR system (Applied Biosystems
Inc.). For normalization, threshold cycles (Ct-values) were
normalized to B-actin within each sample to obtain sample-specific
ACt values (ACt = Ctgene of interest—Ctp-actin)- The values of 2—AACt
were calculated to obtain fold expression levels,
AACt = (ACtiymor-Msc—ACtgm-MsC)-

where

2.7. Enzyme-linked immunosorbent assay (ELISA)

The quantitative determination of IL-6, IL-8, TNF-o. and MCP-1 in
the medium supernatant of MSC or TLR4+ MSC was tested using
commercial ELISA kits (Neobioscience, Shenzhen, China) according
to the manufacturer's protocols.

2.8. Cell proliferation assay

The cell proliferation assay was carried out using a cell counting
kit (CCK-8; DOJINDO, Kumamoto, Japan). After being co-cultured
with BM-MSC and TLR4+ MSC in trans-well inserts, NK cells
were transferred into a 96-well plate at a density of 2 x 10> cells per
well and 10 pL of CCK-8 was added to each well and incubated at
37 °C for 2 h. The OD4s5¢ of all samples was detected by a microplate
reader (Model 680; Bio-Rad, PA, USA).

2.9. Cytotoxicity assays

To determine NK cell cytotoxicity, the CytoTox 96 Nonradioac-
tive Cytotoxicity Assay (Promega, WI, USA) based on the calori-
metric detection of the released enzyme lactate dehydrogenase
(LDH) was used. After 48 h co-culture with MSC or TLR4+ MSC, NK
cells were collected and used as effectors in the cytotoxicity assays.
As target cells, K562 (5 x 103 cells/well) were co-cultured with NK
cells (5 x 10% cells/well) for 4 h at 37 °C in 96-well U-bottom plates.
The assay was performed according to the manufacturer's protocol.
All of the conditions were tested in quadruplicate. The absorbance
of the culture medium background and lysis solution was sub-
tracted and the percentage cytotoxicity was calculated as follows:

_ Experimental — Effector spontaneous — Target spontaneous

Target maximum — Target spontaneous
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2.10. Animal experiments

All animals used in this study were purchased from the Labo-
ratory Animal Center of the Academy of Military Medical Sciences
(Beijing, China). The animals were treated humanely and all of the
animal experimental procedures received approval from the Ani-
mal Use and Care Committee of the Beijing Institute of Radiation
Medicine.

Twenty-four 6-week-old female C57BL/6] mice were randomly
divided into three groups. Each group contained eight mice kept in
two cages. Mice in the three groups were administered physio-
logical saline (0.1 mL), MSC (2 x 106 cells suspended in 0.1 mL of
physiological saline), and TLR4+ MSC (2 x 10° cells suspended in
0.1 mL physiological saline) twice on day 1 and day 15 of the
treatment by intravenous injection. Four weeks later, blood was
collected from the retro-orbital sinus of each mouse and the pe-
ripheral blood mononuclear cells (PBMC) within it were harvested
using Red Blood Cell Lysis Buffer (Beyotime, Shanghai, China) ac-
cording to the manufacturer's instructions. The amounts of NK cells
in the PBMC were analyzed using an anti-DX5 antibody (Biolegend)
in a flow cytometric assay.

3. Results
3.1. Tumor-derived MSC had higher TLR4 expression

BM-MSC, AML-MSC, LC-MSC, and CMMe-MSC were isolated
and cultured. On real-time qPCR, the relative amounts of TLR4

significantly higher than that in BM-MSC (abbreviated as MSC in all
of the figures) (Fig. 1a). This finding led us to consider the rela-
tionship between TLR4 expression in MSC and tumor development.

3.2. TLR4 positive MSC maintained the same immunophenotype
and differentiation ability with unsorted MSC

To investigate the correlation between TLR4 expression in MSC
and tumor development, BM-MSC were sorted and TLR4+ MSC
were collected. As a precondition of sorting, the ratio of TLR4-
positive cells in BM-MSC was nearly 13.3% according to the flow
cytometry test result (Fig. 1c). After sorting and amplifying culture,
the ratio was increased to 79.6% and the mean fluorescence, which
represented the relative cellular TLR4 expression, was enhanced
from 13.6 to 34.3 (Fig. 1b, ¢).

MSC was defined by a series of surface markers and multiple
differentiation ability, including osteogenic and adipogenic differ-
entiation [19—23]. In our research, the surface makers of TLR4-+
MSC were tested by flow cytometry, revealing a coincidental
immunophenotype with unsorted MSC, which was positive
expression of CD90, CD73, and CD105 and negative expression of
CD45, CD19, CD34, CD11b, and HLA-DR (Fig. 2a). In addition, TLR4+
MSC maintained the same ability as unsorted MSC to differentiate
into osteogenic cells and adipogenic cells (Fig. 2b).

3.3. Cytokine expression of TLR4+ MSC is distinguished from MSC

ELISA was performed to detect the cytokine secretion of TLR4+

mRNA in the AML-MSC, LC-MSC, and CM"ela_MSC were MSC. As shown in Fig. 3a, IL-6 and IL-8 were secreted at lower levels
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Fig. 1. Analysis of Toll-like receptor 4 (TLR4) expression in mesenchymal stem cells (MSC) derived from different tissues and sorted TLR4+ MSC. (a) The relative amounts of
TLR4 mRNA in cells derived from patients with leukemia (AML-MSC), lung cancer tissues (LC-MSC) and human HeLa cervical cancer cells (CM"€4-MSC) were much higher than that
in bone marrow-derived MSC (BM-MSC). **p < 0.01 vs. the MSC group, ***p < 0.001 vs. the MSC group. (b) The mean fluorescence of the sorted TLR4+ MSC was 34.3, which
relatively represents cellular TLR4 expression, while the value of unsorted MSC was only 13.6. (c) The ratio of TLR4+ MSC was enhanced from 13.3% to 79.6% after sorting on flow

cytometry.



544 Y. Lu et al. / Biochemical and Biophysical Research Communications 464 (2015) 541—547

a
MSC TLR4+ MSC
8 8
283 |7 2
So M1 58 | M1
8% 88
& &
o o

102 10! 102 10% 104 102 10! 102 103 10%
CD34 FITC CD34 FITC

|

Counts
0 20 40 60 80

|

M1 M1

Counts
0 20 40 60 80

102 10! 102 10° 10%

102 10! 102 10% 10%
CD19 FITC CD1

D19 FITC

|

Counts
0 20 40 60 80

|

Counts
0 20 40 60 80

M1 M1

Counts
0 20 40 60 80

109 10! 102 103 104

102 10! 102 108 104
CD45 PE CD45 PE

T

Counts
0 20 40 60 80

|

Counts
0 20 40 60 80

M1 M1

Counts

0 20 40 60 80

102 10" 102 108 104

0 101 102 103 104
CD11b PE 10¥ 10" 10° 10% 10

CD11b PE

Osteogenic Differentiation

TLR4+ MSC

MSC TLR4+ MSC

M1

Counts
J

0 20 40 60 80

Counts
0 20 40 60 80

102 10! 102 103 10% 102 10" 102 10% 10%
CD73 PE CD73 PE
8 Q3
98- | 1n8 3
o £81 |7
2 ' W 5o Mi
E (8] 3
&3 &
o3 o 3

102 10" 102 103 104 102 10" 102 103 10%
CD90 PE CD90 PE

|

Counts
0 20 40 60 80

|

M1 M1

102 10! 102 10® 10%
105 PE CD105 PE

102 10" 102 10% 104
cD

|

Counts
0 20 40 60 80

M1

10% 10! 102 10° 10%
HLA-DR PE

10% 10! 102 10° 10%
HLA-DR PE

Adipogenic Differentiation

Fig. 2. Identification of immunophenotype and differentiation ability of TLR4+ MSC. (a) TLR4+ MSC positively express CD90, CD73, and CD105 and negatively expresses CD45,
CD19, CD34, CD11b, and HLA-DR, a finding in accordance with unsorted MSC. (b) TLR4+ MSC maintained the same ability with unsorted MSC to differentiate into osteogenic cells

and adipogenic cells.

by TLR4+ MSC with significant difference compared with unsorted
MSC. In contrast, MCP-1 was present at a much higher concentra-
tion in the culture supernatant of TLR4+ MSC. When MSC were
stimulated by lipopolysaccharide (LPS; 100 ng/mL), an agonist of
TLR4, the secretions of IL-6 and IL-8 were both greatly enhanced on
day 1 and their concentrations were preserved at higher levels than
the initial value for 4 days (Fig. 3b). Interestingly, the secretion
enhancement of the two cytokines was much more significant in
TLR4+ MSC, probably due to the enriched TLR4 expression (Fig. 3b).

However, the secretions of IL-6 and IL-8 by TLR4+ MSC decreased
quickly in the following 4 days, a finding that is quite different from
MSC.

3.4. TLR4+ MSC inhibit NK cell proliferation in vitro and in vivo
MSC and TLR4+ MSC were seeded in 6-well plates for co-

culturing with NK cells for 48 h using trans-well inserts. TLR4
blocking antibody (Invivogen, CA, USA) was added in one of the
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Fig. 3. Cytokine expression of TLR4+ MSC is distinguished from that of MSC. (a) IL-
6 and IL-8 were secreted at lower levels by TLR4+ MSC compared with MSC, whereas
MCP-1 was expressed at much higher concentrations in the culture supernatant of
TLR4+ MSC. **p < 0.01 vs. the MSC group, “***p < 0.001 vs. the MSC group. (b) Due to
the enrichment of TLR4 expression, the LPS-induced secretion enhancement of IL-6
and IL-8 was much more significant in TLR4+ MSC than in MSC.

TLR4+ MSC-plating wells. The normally cultured and co-cultured
NK cells in the inserts were then harvested to a 96-well plate for
a cell counting test. As a result, the NK cell proliferation was

suppressed by TLR4+ MSC. What's more, when TLR4 in the sorted
cells were activated exogenously by LPS for 48 h, the suppression
was more remarkable. When the TLR4 function was blocked, the
suppression on NK cell proliferation was recovered (Fig. 4a). Saline,
MSC, and TLR4+ MSC were intravenously injected into C57BL/6]
mice and PBMC were harvested from them 4 weeks later for flow
cytometry assay. As shown in Fig. 4b, the percentage of NK cells in
the PBMC was decreased in TLR4+ MSC—treated mice (7.3%)
compared with MSC-treated mice (8.8%). Based on these results,
TLR4+ MSC inhibit NK cell growth both in vitro and in vivo.

3.5. TLR4+ MSC inhibit NK cell NKG2D expression and cytotoxicity

MSC and TLR4+ MSC were seeded in 6-well plates for 48 h co-
culturing with NK cells using trans-well inserts. On flow cytom-
etry, NKG2D receptor expression on NK cells co-cultured with
TLR4+ MSC was decreased to 72%, whereas it was 81% and 76.6%
when co-cultured with unsorted MSC or normally cultured (Fig. 4c).
A cytotoxicity test was also performed. After co-culturing with MSC
or TLR4+ MSC, the NK cells were collected and co-cultured with
K562 cells to test for cytotoxicity using the CytoTox 96 Nonradio-
active Cytotoxicity Assay. As shown in Fig. 4d, the cytotoxicity of NK
cells cultured in TLR4+ MSC conditioned medium was suppressed
by nearly 27% compared with that of MSC conditioned medium.
When the co-cultured TLR4+ MSC were stimulated by exogenous
LPS for 48 h, the suppression of NK cell cytotoxicity was more
significant. However, when the TLR4 function was blocked, the
suppression on NK cell cytotoxicity was recovered. These results
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activated TLR4+ MSC in vitro. (b) The percentage of NK cells in mouse PBMC was decreased in TLR4-+ MSC-treated mice compared with MSC-treated mice. (c) On flow cytometry
assay, the expression NKG2D receptor on NK cells was decreased by TLR4+ MSC. (d) The cytotoxicity of NK cells to K562 cells was suppressed by TLR4+ MSC or TLR4 activated

TLR4+ MSC. *p < 0.05, **p < 0.01, ***p < 0.001.
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revealed that activation of TLR4-mediated signaling is crucial for
TLR4+ MSC to inhibit NK cell function.

4. Discussion

CAF, a group of stromal cells within the tumor microenviron-
ment, has attracted attention for its pro-tumorigenic potential. CAF
secretes various growth factors, including human growth factor
(HGF), transforming growth factor-f (TGF-), vascular endothelial
growth factor (VEGF), and NK4 [24—26], which result in tumor
growth. Moreover, it was proven to promote tumor invasion,
metastasis, and angiogenesis [27] and regulate inflammation and
extracellular matrix remodeling [28,29].

MSC, an important source of CAF, are recruited to the tumor
matrix to create myofibroblasts [30]. MSC may acquire the CAF
phenotype when cultured in conditioned medium of tumor cells
[31,32]. MSC inhibit PBMC migration toward tumor cells and pro-
tect them against immune clearance. Meanwhile, MSC inhibited NK
cell functions [33].

In our previous study, MSC derived from different tissues were
isolated and cultured. Interestingly, tumor-derived MSC (AML-MSC,
LC-MSC, or CMHel2_MSC) expressed higher levels of TLR4 mRNA
than BM-MSC. These findings led us to consider the significance of
TLR4 expression in MSC and its contribution to tumor
development.

TLR4 is thought to activate the immune response to clear
pathogenic microorganisms. It was reported that TLR4 activation in
tumor cells or MSC may promote prostate epithelial cell prolifera-
tion [34] or trigger immune defense. In a transgenic colitis-induced
colorectal cancer model, mice with LPS-TLR4 signal abrogation
were markedly protected against colon carcinogenesis [35].

In our study, the sorted TLR4-+ MSC more powerfully inhibited
NK cell function than unsorted cells as evidenced by inhibited NK
cell proliferation in vivo and in vitro. When NK cells were co-
cultured with TLR4+ MSC in the transwell system, NK cell cyto-
toxicity was decreased by 27%. Further evidently, when TLR4 in the
sorted cells were stimulated by LPS or blocked by antibody, the
suppression on NK cell proliferation and cytotoxicity were more
intensive or recovered, suggesting that TLR4 may play an important
role in the MSC-induced immunosuppression of NK cells.

On ELISA, IL-6 and IL-8 were secreted at lower levels by TLR4+
MSC than by MSC, whereas MCP-1 was secreted at a higher level.
We hypothesized that cytokine regulation may affect NK receptors
(CD69, NKG2D, DNAM-1, NKp30, and NKp44) or cytolytic granzyme
B and then inhibit NK cell cytotoxicity. In our research, the NKG2D
expression of NK cells was indeed reduced by TLR4+ MSC. The key
molecule and mechanism of this suppression will be investigated in
a future study.

Notably, the greatly enhanced secretion of IL-6 and IL-8 by LPS-
stimulated TLR4+ MSC was quickly decreased in the following 4
days (Fig. 3b), which is quite different from the lasting enhance-
ment of unsorted MSC. This result indicates that TLR4+ MSC are
easily imitated by and respond intensely to a pro-inflammatory
tumor microenvironment, thereby obstructing anti-tumor immu-
nity functions such as NK cell function inhibition.

In conclusion, TLR4 contributes greatly to the MSC-induced in-
hibition of NK cell function. This finding may provide a new option
for stroma-targeted tumor therapy.
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