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Abstract

Objective In order to identify specific mesenchymal
stromal cell (MSC) populations with enhanced ther-
apeutic efficacy, we evaluated the functional changes
associated with the stable expression of CD200, which
is associated with immune regulatory function and
osteogenic differentiation, in human bone marrow-
derived MSCs (CD200/MSCs).

Results We detected significantly greater osteogen-
esis and chondrogenesis in CD200/MSCs than in
mock-transfected MSCs. In addition, the immune

Hye Joung Kim and Kyoung-Woon Kim have contributed
equally to this work.

H. J. Kim - Y.-R. Kwon - Y.-J. Kim
Laboratory of Hematological Disease and Transplant
Immunology, Seoul, Korea

H. J. Kim - K.-W. Kim - Y.-R. Kwon -

B.-M. Kim - Y.-J. Kim

Department of Hematology, Convergent Research
Consortium for Immunologic Disease, Seoul, Korea

Y .-J. Kim (IX))

Catholic Blood and Marrow Transplantation Center,
Seoul St. Mary’s Hospital, College of Medicine, The
Catholic University of Korea, 222 Banpo-Daero, Seocho-
Gu, Seoul 06591, Korea

e-mail: yoojink @catholic.ac.kr

Y.-J. Kim
Leukemia Research Institute, College of Medicine, The
Catholic University of Korea, Seoul, Korea

regulatory function of MSCs in mixed lymphocyte
reactions was enhanced by CD200 gene transfection.
In CD200/MSCs, the secretion of inflammatory
cytokines, i.e., IL-6 and IL-8, was reduced, and levels
of the anti-inflammatory factors IL-10, FOXP3, and
indoleamine 2,3-dioxygenase 1 were -elevated.
Finally, CD200 transfection increased the stemness
of MSCs, as evidenced by greater colony numbers in
colony-forming unit fibroblast assays and analyses of
NANOG and OCT-4 expression.

Conclusions These results suggest that CD200/
MSCs have therapeutic applications, and further in-
depth research should focus on the development of a
clinically applicable cell-based therapeutic strategy.

Keywords Adipogenesis - CD200 -
Chondrogenesis - Immune regulation - Mesenchymal
stromal cells - Osteogenesis

Introduction

Mesenchymal stromal cells (MSCs) have self-renewal
capacity and the potential for multi-lineage differen-
tiation into adipocytes, chondrocytes, and osteocytes
(Salem et al. 2010). Based on their therapeutic
potential for tissue repair, early studies focused on
the use of MSCs in the field of regenerative medicine
(Suh et al. 2017). As subsequent studies have shown
that MSCs produce a number of immune-related
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molecules and possess immuno-modulatory and anti-
inflammatory properties, many recent studies have
focused on their use in the treatment of various
immune disorders (Dazzi et al. 2012).

Despite their many advantages for clinical appli-
cations, such as easy preparation and low immuno-
genicity, MSCs are functionally heterogeneous and
vary with respect to therapeutic efficacy at the level of
individual cells. These limitations may be associated
with a particular donor or source, culture conditions,
epigenetic reprogramming, senescence, and cryop-
reservation (Kim et al. 2015). Several studies have
examined methods to improve the therapeutic poten-
tial of MSCs. In one such study, key functional
regulatory genes were overexpressed via gene trans-
fection. MSC-mediated tissue repair was enhanced by
the overexpression of hepatocyte growth factor in a rat
model of radiation-induced liver damage (Zhang et al.
2014). In addition, researchers have forced the
expression of specific genes related to immune
regulation to improve the immunomodulatory func-
tion of MSCs in various models, e.g., IFN-y in a mouse
model of inflammatory colitis (Chen et al. 2015), IL-
10 in a mouse model of acute graft-versus-host disease
(Min et al. 2007), TGF-p in an autoimmune diabetes
model (Daneshmandi et al. 2017), and IL-4 in a mouse
autoimmune encephalomyelitis model (Payne et al.
2012). These studies have shown that MSCs can be
specifically optimized to enhance their therapeutic
efficacy for particular uses.

CD200, a membrane glycoprotein that belongs to
the immunoglobulin superfamily, is a potential new
marker of bone marrow-derived MSCs and may help
discriminate MSCs from hematopoietic cells
(Delorme et al. 2008). In addition to its role as a
specific marker for native MSCs, CD200 has been
studied owing to its immunomodulatory properties.
CD200-positive MSCs, which interact with CD200R-
positive cells, can initiate immunosuppressive signal-
ing that leads to anti-inflammatory effects via the
downregulation of several immune cell functions (Lee
et al. 2006). Additionally, recent studies have shown
that CD200-positive MSCs exhibit elevated osteo-
genic differentiation potential (Rostovskaya et al.
2012). Based on these collective observations, the
selection of CD200-positive MSCs should be consid-
ered for therapeutic approaches. However, as the
frequency of CD200-positive MSCs varies widely,
with a mean of 37.7 &+ 13% (range 23—-63.4%) of total
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MSCs (Pontikoglou et al. 2016), an alternative strat-
egy for modifying MSCs to stably and maximally
express CD200 may be a more effective strategy than
the selection of naturally occurring CD200-positive
MSCs.

In this study, we transfected human bone marrow-
derived MSCs to express CD200 and then assessed
their multi-lineage differentiation potential and
immunoregulatory functions. As the expression of
CD200 decreases after the adipogenic and osteogenic
induction of MSCs (Delorme et al. 2008), we also
assessed changes in MSC stemness following the
forced induction of CD200 expression.

Materials and methods
Preparation and characterization of MSCs

Human MSCs (Catholic MASTER Cells, passage 2)
were procured from the Catholic Institute of Cell
Therapy (Seoul, Korea) and maintained in DMEM
supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin solution. Cells were main-
tained at 37 °C in a humidified atmosphere of in 5%
CO,. Immunophenotypic analysis of CD73, CD90,
CD14, CD34, CD45, CD105, and HLA-DR expres-
sion (antibodies from BD Biosciences, San Jose, CA,
USA) was performed by flow cytometry in the
expanded MSCs. The samples were analyzed using a
BD™ LSR 1I Flow Cytometer (BD Biosciences), and
data were analyzed using FlowJo (version 7.6.1). This
study was approved by the Institutional Review Board
of the Catholic University of Korea.

Construction of CD200 expression plasmids
for transfection

The coding region of human CD200 from the CD200
Human cDNA OREF Clone (Origene, Rockville, MD,
USA) was amplified by polymerase chain reaction
(PCR) (Table 1) and cloned into the pEGFP-C1
expression vector (Takara Bio, Shiga, Japan). To
increase the cloning efficiency, a sticky 5’ end and
blunt 3’ end were created. The PCR primers used for
cloning included enzyme sites at the 5" and 3’ ends of
the CD200 coding sequence. After PCR, the insert was
prepared using EcoRI and BamHI (Takara Bio). The 3’
end was digested with EcoRI, and then T7 polymerase
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Table 1 Primers used for
real-time PCR

Primer

Sequence (5" — 3')

CD200 (for cloning)
F
R
CD200 (for confirmation)
F
R
COL2A1

F forward, R reverse

CGAATTCATGCCCTTCTCTCATCTGTC
CGGATCCCTCCTGCTTTTCTCTTGTGT

TGAAAGAAAGGCGCTGCACA
GCAGGCTGGATTACAACCCC

CCGAATAGCAGGTTCACGTACA
CGATAACAGTCTTGCCCCACTT

TTACTTACACCCCGCCAGTC
TATGGAGTGCTGCTGGTCTG

TGCACTGCCTATGAGCACTT
TGATGTCAAAGGAATGCGAG

CAGAAAAACAACTGGCCGAA
GGCCTGATTGTTCCAGGATT

GTATTCAGCCAAACGACCATC
CTGGTTCGCTTTCTCTTTCG

CACATGGCCTCCAAGGAGTAA
GTACATGACAAGGTGCGGCTC

(Takara Bio) was used to blunt the end. The prepared
vector and insert were ligated using the Takara
Ligation Kit (Takara Bio) and transformed into cells
to obtain the corresponding clones. PCR products
were verified by DNA sequencing (Bioneer, Daejeon,
Korea).

Electroporation and confirmation of transfection
efficiency

Subconfluent MSCs were harvested, resuspended in a
buffer provided by the manufacturer at a density of
3 x 10° cells/mL, and mixed with 0.5 pg of the
constructed plasmids. Then, cells were electroporated
with a Microporator (Thermo Fisher Scientific, Rock-
ford, MD, USA) using the program recommended by
the manufacturer: two pulses of 1400 V. MSCs were
transfected with pEGFP-C1 without the interposed
genes (mock/MSCs) or with CD200 (CD200/MSCs).
Gene transfection efficiency was assessed using a

fluorescence microscope and a BD™ LSR 1II flow
cytometer 72 h after gene transfection. CD200 gene
expression was assessed by real-time PCR using
CD200 primers (Table 1).

Multi-lineage differentiation of MSCs

Chondrogenic, osteogenic, and adipogenic differenti-
ation were induced as described previously (Kim et al.
2016; Xu et al. 2017). Cell differentiation status was
then assessed by safranin-O, alkaline phosphatase
(ALP) substrate, and Oil Red O staining, respectively.
Real-time PCR and western blotting were performed
to evaluate the mRNA and protein expression levels,
respectively, of type II collagen, RUNX2, and PPAR-
v (Table 1). The blots were assayed using an enhanced
chemiluminescence detection system (Amersham
Biosciences, Piscataway, NJ, USA) (Xu et al. 2017).
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ThO differentiation conditions and T cell
suppression assay

Peripheral blood mononuclear cells (PBMCs) were
prepared from heparinized blood by Ficoll-Hypaque
(GE Healthcare, Milwaukee, WI, USA) density-gra-
dient centrifugation and cultured as described previ-
ously (Alvarez-Lara et al. 2004). CD4+ T cells were
isolated from PBMCs from healthy individuals using a
monoclonal anti-human CD4 antibody conjugated to
MicroBeads (Miltenyi Biotech, Bergisch Gladbach,
Germany). The purities of the T cell subsets were >
95%, as determined by flow cytometry (data not
shown). For the T cell suppression assay, CD4+ T
cells (2 x 105) were incubated with anti-CD3 (1 mg/
mL) and anti-CD28 (1 mg/mL) (BD Biosciences),
along with MSCs (2 x 10%), mock/MSCs (2 x 10%),
or CD200/MSCs (2 x 10°) for 48 h. CD4+ T cell
proliferation was examined by adding [*H]-thymidine
(1 mCi/well; GE Healthcare) to the cultures, followed
by incubation for 8 h. [*H]-thymidine incorporation
was measured using a liquid B-scintillation counter
(Beckman Coulter, Brea, CA, USA).

T cells (2 x 10°) were then stimulated with anti-
CD3 (1 mg/mL) and T cell-depleted, irradiated anti-
gen-presenting cells in the presence or absence of
MSCs (2 x 10%), mock/MSCs (2 x 10%), or CD200/
MSCs (2 x 10%). The purity of all T-cell subsets was
> 95%, as determined by flow cytometry analysis
(data not shown). Isolated effector cells were > 95%
pure. For the T cell suppression assay, CD4+ effector
T cells (1 x 10°) were co-cultured with T-cell-
depleted, irradiated  antigen-presenting  cells
(1 x 105), anti-CD3 antibody (1 mg/mL), and MSCs
(2 x 10*), mock/MSCs (2 x 10?), or CD200/MSCs
(2 x 10%) for 3 days. The proliferation of CD4+ T
cells was examined by adding [*H]-thymidine (1 1Ci/
well; GE Healthcare) to the cultures, followed by
incubation for 8 h. [*H]-thymidine incorporation was
measured using a liquid B-scintillation counter (Beck-
man Coulter).

Enzyme-linked immunosorbent assay

Levels of IL-6 and IL-8 were measured in the culture
supernatants of mock/MSCs and CD200/MSCs using
sandwich enzyme-linked immunosorbent assays (ELI-
SAs; R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s instructions. Absorbance
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was measured at 405 nm using an ELISA microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

Stemness analysis

For colony-forming unit fibroblast (CFU-F) assays,
MSCs were seeded in a culture plate at a density of
1 x 10° cells/plate in MethoCult™ (STEMCELL
Technologies, Vancouver, Canada), which was chan-
ged every 2-3 days. After culture for 14 days under
standard conditions, cells were fixed with ice-cold
methanol and stained with 0.3% crystal violet. Visible
colonies were then counted. Real-time PCR and
western blotting were performed to evaluate the
mRNA and protein expression levels of NANOG
and OCT-4 (Table 1).

Statistical analyses

All quantitative data are expressed as group means and
standard deviations. Statistical analyses were per-
formed with the Mann—Whitney U-test using SPSS
software (SPSS, Chicago, IL, USA; http://www.spss.
com). P <0.05 was considered statistically
significant.

Results

Efficiency of CD200 gene transfection
and changes in CD200 expression

We confirmed vector transfection using fluorescence
microscopy 72 h after CD200 gene transfection
(Fig. 1a). Although CD200/MSCs appeared more
spread out, microscopy confirmed that there was no
change in cell morphology (Fig. 1b). Transfection
efficiency was 85% in mock/MSCs and 79% in
CD200/MSCs (data not shown). After gene transfec-
tion, CD200 expression increased approximately
715-fold in CD200/MSCs compared to levels in
FACS-sorted native CD200-positive MSCs (Fig. 1c).

Chondrogenic, osteogenic, and adipogenic
differentiation of CD200/MSCs

We assessed the chondrogenic, osteogenic, and adi-
pogenic differentiation of CD200/MSCs based on
safranin-O, ALP substrate, and Oil Red O staining,
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Fig. 1 Assessment of CD200 gene transfection efficiency.
MSCs were transfected with the pEGFP-C1 and pEGFP-C1/
CD200 vectors. Transfection efficiency was assessed by
fluorescence microscopy (a). The morphology of transfected

respectively. CD200/MSCs were compared with
mock/MSCs to verify differentiation capacity, and
non-transfected MSCs were used to control for any
potential effects of transfection. CD200/MSCs exhib-
ited enhanced chondrogenic and osteogenic differen-
tiation compared to those of mock/MSCs, whereas
adipogenic differentiation was unaltered in CD200/
MSCs (Fig. 2a). Each differentiation process is asso-
ciated with the expression of a key regulator, i.e., type
IT collagen for chondrogenic differentiation, RUNX2
for osteogenic differentiation, and PPAR-y for adi-
pogenic differentiation. Type II collagen expression in
CD200/MSCs was 5.2-fold higher and RUNX2 expres-
sion was 7.5-fold higher than the corresponding
expression levels in  mock/MSCs  (Fig. 2b,
P < 0.001). In contrast, the 1.2-fold increase in
PPAR-y expression was not statistically significant
(Fig. 2b). The protein expression results were similar
to the gene expression results (Fig. 2c). These results
show that transfection of MSCs with CD200 increased
chondrogenic and osteogenic, but not adipogenic,
differentiation.

MSCs was observed using a microscope (b). Real-time PCR was
used to confirm CD200 gene expression in CD200-sorted MSCs
and CD200/MSCs (c)

Protective effect of CD200/MSCs against T cell-
or inflammatory cytokine-induced inflammation

We observed significantly higher transcript levels of
IL10 (2.1-fold), FOXP3 (2.7-fold), and indoleamine
2,3-dioxygenase (IDO, 2.1-fold) in CD200/MSCs
compared to levels in MSCs (Fig. 3a). CD200/MSCs
suppressed the proliferation of ThO cells to a greater
extent than MSCs or mock/MSCs in mixed lympho-
cyte reactions (Fig. 3b). Levels of IL-6 and IL-8
measured after 48 h of incubation were significantly
lower in CD200/MSCs than in MSCs or mock/MSCs
(Fig. 3c). These results suggest that CD200 overex-
pression enhanced the immunomodulatory function of
MSC:s, as shown by their effective suppression of ThO
cell activation and inflammatory cytokine production.

Enhancement of MSC stemness by CD200
transfection

Next, we assessed whether these increases in differ-
entiation ability and the immunomodulatory functions
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Fig. 2 Multi-lineage differentiation of MSCs after CD200 gene
transfection. Cells were stained with safranin-O, ALP substrate,
and Oil Red O to assess chondrogenic, osteogenic, and
adipogenic differentiation, respectively (a). Real-time PCR
(b) and western blotting (c¢) were used to analyze the expression

of MSCs induced by CD200 transfection were asso-
ciated with changes in MSC stemness. According to
the results of a CFU-F assay, CFU counts were at least
twofold higher in CD200/MSCs (74.6 £ 4.2) than in
mock/MSCs (30.3 +3.2) or MSCs (24.3 £ 2.1)
(Fig. 4a, P < 0.01). We did not observe differences
between the control MSCs and mock/MSCs. To
determine whether this increase in stemness was
related to changes in the expression levels of NANOG
and OCT-4, we performed real-time PCR and western
blotting. NANOG and OCT4 transcript levels were 5.1
times (P < 0.001) and 3.9 times (P < 0.05) higher,
respectively, in CD200/MSCs than in mock/MSCs
(Fig. 4b). Similar changes were also observed at the
protein level (Fig. 4c). These results suggest that
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of type II collagen, RUNX2, and PPAR-y to assess chondro-
genic, osteogenic, and adipogenic differentiation, respectively.
*P < 0.05, **P < 0.01 versus MSCs, *P < 0.05, *#P < 0.01
versus mock/MSCs

CD200 is not only a marker of MSCs but also a key
regulator of MSC stemness.

Discussion

The expression of CD200 in MSCs is heterogeneous
(Pontikoglou et al. 2016); accordingly, we developed a
system to promote the high, stable expression of
CD200. We observed marked improvements in the
chondrogenic and osteogenic differentiation of
CD200/MSCs but found no significant difference in
adipogenic ability. Our osteogenic differentiation
results are similar to those reported by Lee et al.,
who found that CD200 enhances calvarial osteoblast
formation (Lee et al. 2006), and the results of other
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were determined by real-time PCR (a). The suppressive effect of
MSC:s transfected with CD200 on effector ThO cell proliferation
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studies showing that CD200 mediates improvements
in osteogenesis. In addition, CD200 is a predictive
marker for low adipogenic capacity in adipose- or
bone marrow-derived MSCs (Rostovskaya et al.
2012). With regard to chondrogenesis, we found a
positive correlation between CD200 transfection and
Type II collagen expression; such a relationship was
not observed by Pontikoglou et al. (2016), though
these authors did not perform chondrogenic differen-
tiation assays. Additional in-depth studies are neces-
sary to reveal the relationship between CD200
expression and chondrogenic differentiation.

CD200 plays a crucial role in controlling autoim-
munity, inflammation, and adaptive immune
responses. The binding of CD200 to CD200 receptors
suppresses mast cell degranulation by inhibiting
MAPK signaling pathways (Zhang et al. 2004), and
the production of IL-13, TNF-a, IFN-a, and IL-17 is
also reduced by CD200—CD200R engagement (Cher-
winski et al. 2005). The addition of a CD200-Fc fusion
protein to mixed leukocyte reactions decreases the
production of IL-B and increases that of IL-10.
Furthermore, MSCs with high CD200 expression
inhibit TNF-o and have immunosuppressive proper-
ties under clinical conditions (Pietild et al. 2012).
Thus, our experimental results using CD200-trans-
fected MSCs confirm the critical role of CD200 in
MSC-mediated immune regulation and suggest the
need for further in vivo validation of CD200/MSCs as
a potential immunosuppressive cell therapy.

As multi-lineage differentiation capacity is associ-
ated with stemness and as stemness is elevated in
CD200-positive MSCs (Delorme et al. 2008), we
investigated whether the enhanced differentiation
capacity and immune regulatory effects of CD200/
MSCs were related to stemness. We observed
enhanced stemness in CD200/MSCs, consistent with
a previous report indicating a relationship between
CD200 expression and stemness in follicular stem
cells (Mohanty et al. 2013). These results highlight the
role of stemness in CD200-mediated improvements in
the selective differentiation of and immune regulation
by CD200/MSCs. However, the present study is
limited by its focus on functional analyses; future
studies should explore the mechanisms linking stem-
ness and CD200 expression.

This is the first study to confirm the effects of
CD200 overexpression on MSC immunomodulation
and differentiation, with the objective of maximizing
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the therapeutic potential of CD200-positive MSCs.
Our results suggest that the improvement in MSC
function following CD200 transfection may be asso-
ciated with the acquisition of stemness, though further
research is necessary to firmly establish this link. Our
findings also suggest the potential application of
CD200/MSCs as a therapeutic tool, and thus further
research geared toward clinical applications is
warranted.
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