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Toll-like receptor 9 agonist stimulation enables osteogenic
differentiation without altering the immune status
of umbilical cord mesenchymal stem cells
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Abstract. Mesenchymal stem cells (MSCs) possess three
characteristics critical to tissue regeneration; multipotency,
low immunogenicity and an undifferentiated status, providing
plasticity. However, increasing evidence has indicated that
induction of an immune response in vivo can injure and reject
MSC-based tissues. Toll-like receptors (TLRs) are a family
of pathogen-associated pattern recognition receptors, which
are important in bridging the innate and adaptive immune
responses. TLRs have been demonstrated to exhibit important
MSC biological regulatory functions in previous studies. To
confirm the role of TLRO in the immune status maintenance
of MSCs isolated from umbilical cords, the present study
performed assessments to detect agonist effects. Following
addition of the TLR9 agonist, CpG, to an umbilical cord
mesenchymal stem cell (UCMSC) culture medium, a number
of methods were used to detect the changes in the biological
function of the UCMSCs. Reverse transcription-quantitative
polymerase chain reaction indicated increased levels of
pro-inflammatory molecules and decreased expression levels
of stem cell markers following exposure to the TLR9 agonist.
However, flow cytometry revealed that activation of TLR9 had
no effect on the proliferation of peripheral blood leukocytes
or the expression of surface markers. The present study also
identified that CpG-oligodeoxynucleotide promoted MSC
osteogenic differentiation, while inhibiting MSC proliferation
and migration. These results indicated that TLRs and their
ligands may serve as regulators of MSC proliferation and
differentiation, and affect the maintenance of MSC multipo-
tency.
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Introduction

Adult mesenchymal stem cells (MSCs) can be used as an inno-
vative tool in cell-based therapy for degenerative disorders,
chronic inflammatory and autoimmune diseases, and allograft
rejection. MSCs have been isolated from several different
tissues, including bone marrow, adipose, neuronal, amni-
otic, placental and Wharton's jelly of the umbilical cord (1).
Self-regeneration and multi-lineage potential for differen-
tiation are essential characteristics of MSCs (2). The low
expression levels of co-stimulatory molecules, including CD80,
CD86 and CDA40, is another important feature of MSCs. The
fourth important feature is that MSCs inhibit the activation,
proliferation and function of immune cells, including T-cells,
B-cells, natural killer-cells and antigen-presenting cells (3).
These features render MSCSs an attractive cell-based thera-
peutic tool for developmental defects, degenerative diseases
and mesodermal tissue injury, including bone, cartilage and
muscle injury (4-11). However, the results of previous clinical
trials investigating MSCs have not been encouraging, and one
explanation for this is the recognition of MSCs in vivo by the
host immune system, leading to injury and a marked reduction
in activity (12,13).

Toll-like receptors (TLRs) are a family of pathogen-asso-
ciated pattern recognition receptors, which are important in
the induction of effective immune responses. The conserved
pathogen-derived components and endogenous ligands, also
termed ‘danger signals’ activate TLRs (14). Distinct microbial
products from bacteria, viruses and fungi are recognized by
11 TLR subfamilies in human cells. Among these, TLR9
recognizes CpG-DNA from bacteria and DNA viruses (15).
MSCs express TLRs and elicit a number of biological functions
in MSCs. Activation of TLR3 and TLR4 in MSCs isolated
from adipose tissue increases osteogenic differentiation
without impairing the immunogenic and immunosuppressive
properties of MSCs (16). In addition, the migration of MSCs
increases under activation by TLR8 and TLRY (17).

At present, the sourcing of MSCs for clinical trials relies
primarily on bone marrow, which is inherently limited
by the invasive collection procedure for bone marrow
MSCs (BMMSCs), and by their reduced self-renewal
and proliferative abilities (18). Clinical trials have
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demonstrated the safe and beneficial application of UCMSC
treatment in graft, vs. host-disease and systemic lupus erythe-
matosus (2,19,20). In the present study MSCs were isolated
from umbilical tissue and stimulated with the TLR9 agonist,
CpG-oligodeoxynucleotide (CpG-ODN), in order to determine
whether activation of the TLR9 pathway affects the immune
status and biological functions of UCMSCs. Co-culturing
UCMSCs with peripheral blood leukocytes (PBLs) was used to
measure the proliferation of PBLs following TLRY activation.
Flow cytometry was conducted to determine whether activation
of the TLRY pathway could increase the expression of CD80
and CD86. Antibody array and reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR) were performed
to assay the secretion of cytokines in the supernatant, and to
determine the mRNA expression levels of immune-associated
molecules in the presence of a TLRY agonist.

Materials and methods

Isolation and culture of human UCMSCs. UCMSCs were
purchased from the Sichuan Umbilical Cord Blood Stem Cell
Bank (Chengdu, China). The cells were cultured in an incu-
bator at 37°C, with 5% CO, and saturated humid air, and the
medium was replaced three times each week. Once the cell
density exceeded 70%, TrypLE Express (Gibco-BRL, Grand
Island, NY, USA) was used to digest the cells, following which
the cells were subcultured. The present study was approved
by the ethics committee of West China Hospital, Sichuan
University (Chengdu, China).

Immunofluorescence assay. The cells were seeded onto cover-
slips and fixed with neutral-buffered formalin for 15 min.
The cells were then permeabilized in 0.1% Triton X-100 for
10 min and incubated with monoclonal antibodies against
stage-specific embryonic antigen 4 (SSEA-4; cat. no. Ab16287,
Abcam Cambridge, UK). Immunofluorescence analysis was
then performed and the immunostained cells were visualized
using a Bio-Rad A1SI laser confocal microscope (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Stimulation of MSCs using TLR9 agonists. The TLRO reagent,
CpG (Hycult Biotech, Inc., Plymouth Meeting, PA, USA), was
dissolved in DMSO at a storage concentration of 25 mg/ml.
This was added to the UCMSC culture medium at 5 yg/ml, the
final stimulation concentration, following which the UCMSCs
were then seeded into a 6-well plate at 1.5x10° concentration
in 2 ml of the medium.

Co-cultivation with peripheral blood leukocytes. Following
the provision of informed consent, human peripheral blood
leukocytes (PBLs) were acquired from two healthy donors
(aged 25 and 26 years-old; male) and were labeled with
carboxyfluorescein succinimidyl ester. The UCMSCs were
co-cultured with the labeled PBLs (1:106) for 72 h at 37°C, and
cells were collected to detect the proliferation of PBLs using
fluorescence-activated cell sorting (FACS; FC500 Cytomics;
Beckman Coulter, Inc., Brea, CA, USA).

Flow cytometric analysis. To detect the surface markers of
the MSCs, CD80, CD86, HLA-E, CD90, CD59 and CD29
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(eBioscience, San Diego, CA, USA) were used. The UCMSCs
treated with the TLR9 agonist and the control group were
collected following 72 h stimulation at room temperature and
incubated with specific antibodies for 30 min at room tempera-
ture. The cells were then analyzed using flow cytometry, gating
cells according to fluorescence intensity, also performed in the
control group.

RT-gPCR. Total RNA was extracted from confluent UCMSCs
using TRIzol® reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA), and reverse-transcribed using a ReverTraAce
gPCR RT kit (FSQ-101; Toyobo, Co. Ltd., Kagoshima, Japan)
to synthesize cDNA under the following conditions: 65°C for
5 min, 37°C for 15 min and 98°C for 5 min. RealMaster mix
(SYBR Green; FP202; Tiangen Biotech, Co., Ltd., Beijing,
China) was used to perform qPCR on 500 ng cDNA under
the following cycling conditions: 95°C for 30 sec, 40 cycles at
95°C for 30 sec, 58°C for 30 sec and 72°C for 30 sec, followed
by a melt curve between 55 and 95°C in 0.5°C increments and
10 sec intervals. Primers for IL-1§, IL-6, IL-8, L-10, IL-12,
IL-16, IFN-a, IFN-B, IFN-y, TGF-f, TNF-a, iNOS, IP-10,
MCP-1, MIP-1a,, MIP-18, RANTES, MCP-3, P53, c-myc, cdc2,
TCAM-1, Selectin-E, VCAM-1, CCL21, CCL24, CCL26 and
GAPDH were used. The primer sequences were synthesized
by Tsingke Biotech Company (Chengdu, China).

Antibody chip array. From the two groups of UCMSCs, the
supernatant was collected following 4 h stimulation, according
to the manufacturer's instructions of the RayBio Human
Antibody Array C Series 1000 (RayBiotech Norcross, GA,
USA), and the expression of proteins were analyzed.

Assessment of the effects of TLR activation on proliferation
and migration of human UCMSCs. According to the manu-
facturer's instructions, a Cell-Light EAU Apollo 567 in vitro
kit (RiboBio, Guangzhou, China) was used to assess UCMSC
proliferation. The immunostained cells were visualized
using a Bio-Rad A1S1 laser confocal microscope (Bio-Rad
Laboratories, Inc.). UCMSC migration was examined using
a Transwell assay/modified Boyden chamber. Briefly, 1x10°
cells were seeded on the upper chamber in 1% serum-free
Dulbecco's modified Eagle's medium (DMEM,; Invitrogen Life
Technologies), with or without the agonists. DMEM (100 ml)
supplemented with 10% fetal bovine serum (Invitrogen,
Waltham, MA, USA) was added to the lower chamber.
Subsequently, non-migratory cells were removed from the
upper chamber, and the migratory cells were visualized
using a Leica inverted microscope (DM4000B) after staining
with crystal violet, and Leica Application Suite Advanced
Fluorescence software (Leica Microsystems, Inc., Buffalo
Grove, IL, USA).

Western blot analysis. The cells were harvested with 200 pl
radioimmunoprecipitation assay lysis buffer (25 mM Tris-HCl
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
and 0.1% SDS), supplemented with a protease inhibitor
(Sigma-Aldrich, St. Louis, MO, USA), following which the
immunoreactive protein was detected using electrochemilu-
minescence on an X-ray film. Using ImageJ 1.48u software
(National Institutes of Health, Bethesda, MD, USA), the



%ﬁ SPANDIDOS
'3,‘ PUBLICATIONS

resulting autoradiographs were scanned and quantified.
The primary antibodies used for western blotting were as
follows: Rabbit monoclonal CD29 (1:1,000; cat. no. 1798-1;
Epitomics, Burlingame, CA, USA), rabbit monoclonal
mitogen-activated protein kinase (MAPK)-p38 (1:1,000;
cat. no. 1544-1; Epitomics) rabbit monoclonal B-catenin
(1:5,000; cat. no. 1247-1; Epitomics) and mouse monoclonal
GAPDH (1:2,000; cat. no. ab8245; Abcam).

Evaluation of UCMSC differentiation in vitro. To analyze
UCMSC differentiation, conditioned media specific for
chondrocytes (cat. no. A10071-01; Gibco-BRL), osteo-
cytes (cat. no. A10072-011; Gibco-BRL) and adipocytes
(cat. no. A10070-01; Gibco-BRL) were added to induce
osteogenic and adipogenic differentiation of hUCMSCs. The
two groups were treated with Oil Red O (Baso Diagnostics,
Inc., Zhuhai, China) staining, Alizarin red staining
(MeiLianShengWu, Shanghai, China) and safranine staining
(Shanghai Kayon Biotechnology Co., Ltd., Shanghai, China)
respectively after 3, 10 and 14 days to detect adipogenesis,
osteogenesis and chondrogenesis.

Statistical analysis. Data are expressed as the mean + standard
error of the mean and were analyzed using SPSS 16.0 software
(SPSS, Inc., Chicago, IL, USA). One-way analysis of variance
was used for multiple comparisons, followed by a Dunnett's
test to analyze the significance between two groups. P<0.05
was considered to indicate a statistically significant difference.

Results

TLRY ligand-regulated secretion of immunogenicity
molecules. UCMSCs were stimulated by the TLR9-specific
ligand CpG in order to detect changes in immune-associated
molecule expression. From the UCMSCs treated with TLR9
agonist for varied durations (4, 12, 24, 72 and 120 h), mRNA
was isolated, which was assayed using RT-qPCR. The data
indicated an increase following TLR9 exposure of several
important expressed cytokines and chemokines, including
mucosa-associated epithelial chemokine, thymus-expressed
chemokine, Leuk, nuclear factor-xB, monocyte chemoat-
tractant protein 2, transforming growth factor (TGF-f3) and
other important immune factors (Fig. 1A). In addition, TLR9
stimulation markedly inhibited the expression of specific stem
cell markers, and certain important tumor-associated factors
were also induced by CpG.

TLRY ligand leads to activation of downstream signal
molecules. To examine downstream signaling capabilities, the
UCMSCs were stimulated between 4 and 120 h with TLR9
ligands and the results were assessed using western blot
analysis. Several important kinase signal proteins, including
[(-catenin and CD29, as well as two members of the MAPK
family, P38, were assessed. Treatment with the TLR9 agonist
appeared to enhance the protein level of CD29, particularly
at 24 and 72 h post-stimulation (Fig. 1A). Previous studies
have confirmed that phosphorylated signal transducer and
activator of transcription 3, as the downstream signal pathway
of interleukin (IL)-6 (16), MAPK-P38 and -catenin decreases
at different intervals. In MAPK detection in the present study,
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one important member, p38, exhibited no significant variation
following TLRO stimulation. This observation is significantly
different from that of a previous study, which reported that
the protein level of MAPK is promoted by TLR agonist treat-
ment (17). The present study also found that the protein level
of B-catenin first decreased at the 12- and 24-h intervals, but
increased at 72 h (Fig. 1B). This suggested that treatment with
the TLR9 agonist treatment did not affect these pathways.

Proliferation of PBL in co-culture with UCMSCs remains
unchanged in the presence of TLR9 agonist. A number of
ongoing clinical trials are based on the observation that MSCs
can inhibit immune response (21). Therefore, the present study
assessed whether this function of MSCs is compromised
following addition of the TLRY agonist. Initially, human PBLs
were labelled with carboxyfluorescein succinimidyl ester
(CFSE; Multiscience, Hangzhou, China) and co-cultured with
UCMSCs, with or without TLRO activation. The proliferation
of PBLs was measured 72 h after co-culture, based on CFSE
dilution. These experiments revealed that PBL proliferation
did not vary significantly in the presence of the TLR9 agonist,
compared with those without TLR9 ligands (Fig. 2A). The
expression of co-stimulatory molecules in the UCMSCs
exhibited almost no change in response to the TLRY agonist
(Fig. 2B). Therefore, the present results suggested that one of
the mechanisms by which MSCs are not rejected or injured
in vivo is their contact with TLRO ligands. Antibody measure-
ment confirmed the variation of secreted proteins (Fig. 2C),
which were observed in Fig. 1.

TLR9 ligand CpG-ODN enables osteoblast differentiation of
UCMSCs. To examine the effect of TLR9 on UCMSC differ-
entiation, TLRY agonist was added to the culture medium, as
UCMSCs were induced by the conditioned medium to differen-
tiate into osteocytes, chondrocytes and adipocytes. Osteocyte
differentiation was detected, following supplementation of
the cell culture media with osteogenic inducing medium via
Alizarin red staining. Adipogenic differentiation, induced
by adipogenic medium, appeared under Oil red O staining.
UCMSCs grown in culture with chondrocyte-inducing media
resulted in chondrogenic differentiation, which was detected
by safranine. As shown in Fig. 3, the presence of the TLR9
agonist in the osteogenic medium markedly enhanced the level
of calcium deposition, compared with conditioned medium
without CpG, particularly 10 and 14 days after differentiation.
The control groups exhibited no marked differences in the
presence of CpG in adipogenic and chondrogenic media (data
not shown).

TLR9Y activation inhibits hUCMSC proliferation and migra-
tion. The Cell-Light EAU Apollo 567 In Vitro kit and the
transwell/modified Boyden chamber were used to investigate
the proliferation and migration of UCMSCs in the present
study. The data suggested that proliferation and migration were
inhibited following stimulation by the TLRO ligands (Fig. 4).

Discussion

MSCs have multiple functions and are considered to be impor-
tant in prospective cell-based therapies. Understanding the
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Figure 1. Detection of variations in gene expression and the expression of downstream signaling molecules and relative protein levels. (A) Gene expression
levels were assessed using reverse transcription-quantitative polymerase chain reaction and (B) protein levels were detected using western blot analysis.
The data are expressed as the mean + standard error of the mean. "P<0.05, vs. control. MSCs, mesenchymal stem cells; TLR9, Toll-like receptor 9; MAPK,
mitogen-activated protein kinase; TGF, transforming growth factor; VEGF, vascular endothelial growth factor; NF, nuclear factor; MEC, mucosa-associated
epithelial chemokine; TECK, thymus-expressed chemokine; MCP-2, monocyte chemoattractant protein 2; IFN, interferon; IL, interleukin; TNF, tumor
necrosis factor.
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Figure 2. Co-culture of PBLs and MSCs. (A) Expression of co-stimulator and markers. PBL proliferation was not significantly altered in the presence of a TLR9
agonist. (B) Co-culture of PBLs and UCMSCs. The expression of co-stimulatory molecules exhibited almost no change in response to treatment with a TLR9 ago-
nist. (C) Cytokine/chemokine secretion in culture medium. Data are expressed as the mean + standard error of the mean. ‘P<0.05, vs. negative group. UCMSCs,
umbilical cord mesenchymal stem cells; PBL, peripheral blood leukocyte; MSCs, mesenchymal stem cells; Negative, untreated MSCs; TLR, Toll-like receptor.

factors and mechanisms, which regulate their ability to differ-
entiate, self-renew, induce injury repair and suppress ongoing
immune responses are crucial, and may allow the manipula-
tion of MSCs for therapeutic use (22). However, several studies
have suggested detrimental outcomes (23). Observations from
human and animal studies have demonstrated the elimina-
tion of the majority of MSCs within a few days of infusion,
indicating unknown host mechanisms of MSC recognition
and rejection (24). Several other studies have also confirmed
that MSCs alter immune status and cause immune responses,
inducing the rejection and injury of MSCs (25-27).

TLRs are important in bridging innate and adaptive
immune systems by recognizing conserved components from
invasive pathogens (15). As UCMSCs have attracted increased
attention in MSC-based therapy, the molecular details of the
TLR agonist response are critical for improving controlled and
desirable clinical outcomes. During cell therapy, engrafted
MSCs may encounter molecular infectious agents, either in
the blood circulation or in peripheral tissues, resulting in TLR
activation. Numerous endogenous ligands of TLR, including
heat shock protein (HSP)-60, HSP-70, heparin sulfate, fibro-
nectin extra domain A, hyaluronan, oxidized LDL, uric acid,
myeloid-associated proteins 8 and 14, intracellular components
of fragmented cells, eosinophil-derived neurotoxin and human
defensin-3 have been identified (28). These endogenous TLR

ligands regulate the biological function of UCMSCs through
endogenous stimuli during inflammation and tissue repair in
the microenvironments of tissue injury and cell necrosis (29).
An important aspect, which has not been previously inves-
tigated in detail is the activation and modulation of MSC
activity by these danger signals.

Although a previous study indicated that TLRs have no
effect on the immunogenicity of BMMSCs, the immunoge-
nicity of TLRs in UCMSCs remains to be elucidated. The
effect of the activation of TLRY on the function of MSCs
has been confirmed in a previous study (30). In the present
study, functional TLRO ligands were expressed in UCMSCs,
and their activation by CpG-ODN regulated MSC function,
including cytokine release, multi-lineage differentiation,
proliferation and migration.

MSCs are important in migration, expansion, apoptosis
and immunomodulatory activities through the secretion of
numerous growth factors, cytokines and chemokines (31). The
present study demonstrated that stimulation of TLR9 ligands
in UCMSC:s elevated the secretion of pro-inflammatory cyto-
kines (IL-1p, IL-8, IL-9, interferon (IFN)-vy, IFN-p, TGF-3
and tumor necrosis factor-a), excluding IL-6 and IL-12.
Several important stem cell markers (Nanog, Nestin, OCT4
and TP63) were also markedly inhibited upon TLR9 stimula-
tion.
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MSCs possess an increased tendency to enhance tumor  molecules, including vascular endothelial growth factor
sphere formation and tumor initiation (1). Interactions between  (VEGF), IL-6, phosphatase and tensin homolog (PTEN) and
MSCs and tumor cells involve MSC secretion of signaling  CCLs, which stimulate various signaling pathways, particularly



those associated with cell growth and apoptotic regulation in
tumor cells (24). Similar to a previous study, the present study
demonstrated that, in the presence of TLRY, detection of gene
expression revealed upregulated secretion by tumor-initiation
genes (PTEN, proliferating cell nuclear antigen, [3-catenin and
VEGF). The observation thatTLR9 activation-induced the
expression of pro-inflammatory factors led to the hypothesis
that exposure of UCMSCs to TLR9 agonists may increase
the immunogenicity of UCMSCs. Therefore, co-cultures of
PBLs and UCMSCs were performed in the present study to
identify whether TLRY increased the proliferation of PBLs. To
measure the expression of co-stimulatory molecules, CD8O0,
CD86 and HLA-II, FACS was also performed. The results
revealed a negative effect of TLR9 on the immune status
of UCMSCs. One basic characteristic of UCMSCs are their
differentiation ability. As a previous study indicated, human
AD-MSCs osteogenic differentiation increases in response
to LPS and peptidoglycan activation, whereas CPG-ODN
impairs differentiation (29). The results of the present study
indicated that the presence of a TLR9 agonist enabled osteo-
genic differentiation.

The results of the present study demonstrated for the
first time, to the best of our knowledge, TLRY regulation
of immune status and biological function. Several paths
of evidence were pursued. Firstly, TLR9 was observed to
increase the expression of pro-inflammatory molecules and
decrease the expression of stem cell markers. Subsequently,
the marked effects of TLR9 agonist treatment on UCMSCs
were observed to inhibit proliferation and migration. Finally,
the differentiation results confirmed that the TLR9 agonist
increased osteoblast differentiation capability. In conclu-
sion, the present study provided a novel observation of
TLR9 mediating immune modulator response via UCMSCs,
critical to MSC-based therapy design. As UCMSCs are
attracting more attention as a replacement for BMMSCs,
another important aspect of the present study is that MSCs
isolated from umbilical tissue were used. Understanding
how factors and mechanisms regulating biological functions,
including differentiation, self-renewal and involvement in
immune responses may allow the manipulation of UCMSCs
for clinical use.

The present study critically implicated TLR9 as a vital
modulator in UCMSC function, including differentiation,
proliferation and migration. Further characterization of
TLRO-activated UCMSCs using in vivo experimental systems
is required to establish the physiological role of TLRs in the
regulation of UCSMC function.
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