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Abstract

The immunomodulatory property of mesenchymal stem cells (MSCs) has been previously reported. Still it is unclear if this
property can be affected by the cell origin and cell quality. Using primary MSCs expanded from bone marrow (BM-MSCs)
and adipose tissue (AD-MSCs) of mice, we investigated whether the immunomodulatory property of MSCs varied with
cell origin and cell quality (early- vs. late-passaged BM-MSCs). BM-MSCs (p1) and AD-MSCs (p1) had a typical spindle
shape, but morphological changes were observed in late-passaged BM-MSCs (p6). A pathway-focused array showed that
the expression of chemokine/cytokine genes varied with different cell origins and qualities. By co-culturing with spleen
mononuclear cells (MNC) for 3 days, the expression of CD4 was suppressed by all types of MSCs. By contrast, the expres-
sion of CD8 was suppressed by BM-MSCs and increased by AD-MSCs. The expression ratio of CD206 to CD86 was at a
comparable level after co-culture with AD-MSCs and BM-MSCs, but was lower with late-passaged BM-MSCs. AD-MSCs
highly induced the release of IL6, IL-10 and TGF- in culture medium. Compared with early-passaged BM-MSCs (pl),
late-passaged BM-MSC:s (p6) released less TGF-f. Our data suggests that the immunomodulatory properties of MSCs vary
with cell origin and cell quality and that BM-MSCs of good quality are likely the optimal source of immunomodulation.
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Background Methods
Mesenchymal stem cells (MSCs) are a population of undiffer- ~ Animals

entiated cells that were first isolated from human bone marrow
and defined by their ability to adhere to plastic surfaces when
cultured under standard conditions [1]. Because of their immu-
nomodulatory properties [2, 3], scientists have used MSCs not
only for tissue/organ regeneration but also for the treatment
of autoimmune diseases. Studies on the secretory profile of
human MSCs have confirmed the secretion of many cytokines,
including TGF, IL6, VEGF, IDO, HGF and IL10 [4-9].

MSCs have been isolated from many species, including rats
and mice, with different success rates [10, 11]. BM-MSCs
isolation is a challenging process due to low yield, contami-
nation by haemopoietic cells and the tendency of the cells to
differentiate in the absence of differentiation culture conditions
[10, 12]. MSCs have been isolated from other tissues, includ-
ing adipose tissue, dental pulp, heart and brain [13-16], but
adipose tissue has many promising characteristics including
easy accessibility and high yield [17].

MSC:s can inhibit the proliferation of T lymphocytes, impair
dendritic cell maturation and polarize macrophages toward
the M2 type [18-20]. However, some studies have reported
an immunostimulatory function [21]. These immunomodu-
latory properties could be due to direct cell-to-cell contacts,
cytokines secretion or by a combination of both mechanisms
[9].Previous studies have compared different MSCs and
revealed different immunomodulatory capacity. They showed
that adipose tissue-derived MSCs had a stronger inhibitory
effect and that umbilical cord matrix-derived MSCs had little
effect on B and NK cells [22]. MSCs from different tissues
have been tested for the treatment of inflammatory and immu-
nological disorders and showed a therapeutic effect in many
autoimmune disease models, such as inflammatory bowel dis-
ease, multiple sclerosis and graft versus host reaction (GVHR)
[23,24].

Unfortunately, systematic evaluation of different kinds
of MSCs in immunomodulation are lacking where different
source, age and quality of cells could impact their immune
properties [25]. Although the therapeutic effect is promising, it
is unclear how the biological characteristics and immunomod-
ulatory properties of MSCs will change with variation in cell
origin and cell quality. Here, we compare the immunomodula-
tory properties of MSCs from two different origins, bone mar-
row (BM) and adipose tissue (AD), and two different qualities,
early-passaged (p1) and late-passaged (p6) BM-MSCs.
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Adult (10-12-week-old) male C57BL/6 mice (CLEA Japan,
Inc.) were used for this study.

Isolation and culture of AD-MSCs

Mice were anaesthetized and epididymal fat was isolated
through a midline incision. Isolated fat was digested at 37°C
in Hanks buffered salt solution (HBSS) containing 100 U/
ml collagenase (collagenase I, Gibco) for 60 min. After add-
ing DMEM (Dulbecco’s modified eagle’s medium) media
and centrifugation, the pellet was suspended in RBC lysis
buffer. After centrifugation and filtration through 100 um
and 40 um nylon filter mesh, isolated cells were suspended
in medium and plated in 10 cm tissue culture plates, and
cultured at the presence of 10% foetal bovine serum (FBS)-
containing DMEM. The dish was incubated at 37°C in a 5%
CO, incubator for 4 days, and then non-adherent cells were
removed. The cells were observed daily under an inverted
phase-contrast microscope and were passaged after 80-90%
confluence. The culture media was changed every 4 days.

Culture of BM-MSCs

Mouse BM-MSCs pl were provided from the NIH-funded
research at Scripps Research Institute (Scripps, Florida,
USA) [26]. Cells were suspended in medium, plated in
10 cm tissue culture plates, and cultured in Minimum Essen-
tial Medium (MEM-a) in the presence of 10% foetal bovine
serum (FBS), 100 units/ml penicillin G and 10 pg/ml strep-
tomycin. Mouse BM-MSCs p6 were commercially available
(#MUBMX-01001-Cyagen, Santa Clara, CA, USA). Cells
were suspended in medium, plated in 10 cm tissue culture
plates, and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) in the presence of 10% foetal bovine serum (FBS),
100 units/ml penicillin G and 10 pg/ml streptomycin. The
dish was incubated at 37°C in a 5% CO, incubator. The cells
were observed daily under an inverted phase-contrast micro-
scope and were passaged after 80-90% confluence. The cul-
ture media was changed every 4 days.

Flow cytometric characterization of MSCs

MSCs were detached using Trypsin-EDTA (Gibco) and
counted. The cells were pelleted by centrifugation for 5 min
at 400xg and washed twice with FACS buffer. Then, the
cells were stained with fluorescein isothiocyanate (FITC)-
conjugated rat anti-mouse CD34(RAM34), CD106 (429),
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CD90(53-2.1), and MHC-II class (I-A) (NIMR-4) and phy-
coerythrin (PE)-conjugated rat anti-mouse CD44(IM7),
CD105 (MJ7/18) and CD45(30-F11) at 4 °C for 30 min.
All antibodies were purchased from eBioscience. The cells
stained with FITC rat anti-mouse IgG(eBR2a) or PE rat
anti-mouse IgG (eBR2a) were considered as negative con-
trols. The cells were pelleted and washed twice with PBS
(phosphate buffer saline). Then, fluorescence-activated cell
sorting (FACS) analysis was performed on a FACS Callibur
cytometry (Becton Dickinson, San Jose, CA, USA) using
Cell Quest software.

Mouse chemokine and cytokine RT2 Profiler™ PCR
array

To analyse gene expression, equal amount of total RNA was
isolated from cells of three independent experiment using
ISOGEN 1II (#317-07361, NIPPON GENE) and mixed
together. The concentration of RNA was determined using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific), and 2 pg of RNA was used to generate cDNA using
the RT2 First Strand Kit (#330401, SABiosciences, a Qiagen
Company). The mouse chemokine and cytokine RT2 Pro-
filer™ PCR array was used according to the manufacturer’s
instructions (#PAMM-150Z, SABiosciences). This PCR
array profiled the expression of 84 chemokine and cytokine
genes. The fold change of expression was calculated using
the SABiosciences web-based data analysis program.

MSCs and mononuclear cells co-culture

We collected splenocytes from the spleens of mice. Briefly,
mice were sacrificed and spleens were removed in RPMI
(Roswell Park Memorial Institute) medium supplemented
with 10% FBS, 100 units/ml penicillin G and 10 pg/ml strep-
tomycin. To collect the mononuclear cells, we pressed the
minced spleen tissues through a 100 pum filter into a 50-ml
tube. After the gradient, red blood cells were removed by re-
suspending the cell pellet in erythrocyte lysis buffer (eBio-
science) for 5 min.

For co-culture, MSCs were plated in complete DMEM
media in a 24 well culture dish. When they reached 80%
confluency, 2 X 10° mononuclear cells were added to com-
plete RPMI media. MSCs and mononuclear cells were co-
cultured for 3 days.

Flow cytometric analysis of mononuclear cells

Isolated cells were washed with FACS buffer. Next, cells
were stained with primary rat anti-mouse CD4 (GK1.5) and
CD8a (53-6.7) (eBioscience) for 20 min at 4 °C. Then, the
cells were washed twice and stained with fluorescein iso-
thiocyanate (FITC)-conjugated donkey anti-rat secondary

antibody. Fluorescein isothiocyanate—conjugated second-
ary antibody (eBioscience) was used as the isotype control.
After staining, cells were washed with FACS buffer and ana-
lysed using a FACS Calibur flow cytometer.

ELISA

Conditioned media and co-culture supernatant were col-
lected after 3 days of co-culture. Mononuclear cells were
stimulated with 1 pg/ml phytohaemagglutinin (eBioscience).
The mouse TGFf-1, IL6 and IL10 ELISA kits (R&D Sys-
tems) were used to measure the levels of TGFf-1, IL6 and
IL10 in the conditioned medium and co-culture supernatant.

Immunocytochemistry

To evaluate the cell senescence the cells were fixed in 100%
acetone for 10 min. After blocking, the cells were incu-
bated with rabbit polyclonal anti-mouse telomerase reverse
transcriptase-C-terminal antibody (#ab183105-Abcam)
and followed by anti-rabbit Alexa Fluor 546 secondary
antibodies(#A-11035-ebioscience). To detect the mac-
rophages in mononuclear cells after MSCs coculture, cells
were fixed with 4% PFA (paraformaldehyde). After block-
ing, cells were incubated with primary antibodies against
CD206 (#Q2HZ94-R&D System) and CD86 (GL1-eBiosci-
ence) and followed by FITC fluorescence-conjugated sec-
ondary antibodies(#A-21208-ebioscience). The cell nuclei
were labelled with DAPI [(4',6-diamidino-2-phenylindole)].
Positively stained cells were counted and viewed by confocal
laser scanning microscopy (FV10i-LIV, Olympus), and digi-
tal images were acquired using FV10-ASW software (Olym-
pus) with a 60-fold magnification lens. Ten fields per sec-
tion were randomly selected for quantitative counting. The
results represent data from three independent experiments.

Cell proliferation assay

Cells were seeded in 96-well culture plates at a density
of 1x10* cells per well and cultured overnight. Prolifera-
tion assay was performed using the Cell Proliferation Kit
I (MTT) (#11465007001, Roche Life Science). Briefly,
MTT was added and incubated for 4 h then the formation of
formazan from MTT was stopped by adding solubilisation
solution, and the absorbance of formazan was measured at
570 nm using a microplate reader.

Statistical analysis
All the results are presented as the mean + SEM. Statisti-

cal significance was determined by Student’s t-test JMP®,
Version 13.0 IMP®, Version 13.0. SAS Institute Inc., Cary,
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NC, USA). Differences were considered significant when
P<0.05.

Results
Morphologic and phenotypic characteristics of MSCs

We isolated AD-MSCs pl from the adipose tissues of
12-week-old mice and expanded BM-MSCs pl (gift from
Professor Donald G. Phinney, Scripps Institute, USA) and
BM-MSCs p6 (commercially available). We found no gross
morphological changes between AD-MSCs and BM-MSCs.
Both cell types were plastic-adherent and had an elongated
spindle shape. Characteristically, early-passaged cells MSCs
(pl) acquired a flat shape and their proliferative capacity
significantly decreased, as we measured it by MTT assay
(Online Resource 1). On the other side, late-passaged cells
(p6) retain its spindle shape and its proliferative capacity
(Fig. 1a). We evaluated the cell senescence by immunostain-
ing with telomerase reverse transcriptase (TERT). Although
the proliferative capacity of early-passaged cells decreased,
their expression of TERT was significantly higher than late-
passaged cells (Online Resource 2).

The investigation of the surface expression of seven mol-
ecules (CD105, CD90, CD44, CD106, HLA-DR, CD45,
CD34) showed that MSCs were poor/negative for haemo-
poeitic cell markers (CD45 and HLA-DR), highly/moder-
ately positive for CD44 and CD106 and moderately/poor
positive for CD34, CD90. Although early passaged cells
were moderately positive for CD105, late passaged ones
were negative (Fig. 1b).

Expression of chemokine/cytokine genes in MSCs

We investigated the expression of 84 chemokine and
cytokine genes by mouse RT? Profiler ™ PCR array. The
dot-plot graphs showed that the expression of these genes in
MSCs was different depending on cell origin (Fig. 2a) and
cell quality (Fig. 2b).

Among the genes differently expressed over twofold
between different cell origins (AD-MSCs vs. BM-MSCs
pl), there was a threefold increase in //6 expression, 36-fold
increase in colony stimulating factor 2 (Csf2) and 21-fold
increase in tumour necrosis factor receptor superfamily
member 13b (Tnfsf13b) in AD-MSCs versus BM-MSCs.
AD-MSCs and BM-MSCs varied in the expression of many
chemokine genes, including Ccl5, Ccl7, Cxcl9 and Cxcli2
(Fig. 2¢).
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Fig. 1 Effect of cell origin and cell quality on cell morphology and
phenotypic characteristics. a The growth of cells was observed under
a microscope (X40, scale bars 200 pm). b Flow cytometry analysis
of CD45, HLA-DR, CD34, CD44, CD90, CD105, and CD106. AD-
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MSCs: adipose mesenchymal stem cells. BM-MSCs: bone marrow
mesenchymal stem cells. pl: passage one. p6: passage six. Blue line
represents isotype control



Molecular Biology Reports (2019) 46:1157-1165

1161

o

AD-MSCs vs. BM-MSC p1 ¢

Fold change
=

Downregulated

Log 10 (AD-MSCs 2”-Delta CT)

Log 10 (BM-MSCs pl 2*-Delta CT)

=3

BM-MSCs p6 vs. BM-MSC p1

Fold change

Downregulated

Log 10 (BM-MSCs p6 2"-Delta CT)

Log 10 (BM-MSCs p1 2”-Delta CT)

Fig. 2 Differential expression of chemokine and cytokine genes. Yel-
low circles represent upregulated genes with more than a twofold
change, whereas the blue circles represent downregulated genes with
more than a twofold change. a The dot-plot graph of AD-MSCs pl
versus BM-MSCs pl. b The dot-plot graph of BM-MSCs p6 ver-
sus BM-MSCs pl. ¢ Fold changes in chemokine and cytokine genes

Among the genes differently expressed over twofold
between different cell qualities (BM-MSCs p6 versus BM-
MSCs pl), Tgfp2 was overexpressed 17-fold in early- ver-
sus late-passaged BM-MSCs. Furthermore, tumour necrosis
factor receptor superfamily member 11B (Tnfrsfl11b) was
overexpressed 1200-fold in early- versus late-passaged cells.
Other immunomodulatory cytokines and chemokine genes
were overexpressed in late-passaged cells, such as Ccl5,
Cxcli0, Lta and Mif. However, the expression of 1I-6 was
detected at a comparable level between early- and late- pas-
saged BM-MSCs (Fig. 2d).

In vitro assessments of the immunomodulatory
properties of MSCs

AD-MSCs and BM-MSCs were co-cultured with spleen
mononuclear cells (MNC) for 3 days, and then CD4" and
CD8* cells were measured by flow cytometry. BM-MSCs
significantly decreased CD4" and CD8™ cells (p < 0.005 for
CD4" and p <0.05 for CD8"). However, AD-MSCs sig-
nificantly decreased CD4" cells and increased CD8™ cells

AD-MSCs vs. BM-MSCs pl

Tnfrsfl1b
Tnfsf11
Vegfa

Tgfb2
B2m

BM-MSCs p6 vs. BM-MSCs pl

expression of AD-MSCs P1 versus BM-MSCs pl. d Fold changes in
chemokine and cytokine genes expression of BM-MSCs p6 and BM-
MSCs pl. AD-MSCs: adipose mesenchymal stem cells. BM-MSCs:
bone marrow mesenchymal stem cells, pl: passage one, p6: passage
six

(p <0.05 for CD4* and p <0.005 for CD8") (Fig. 3a, b,
Online Resource 3).

Both early- and late-passaged cells decreased the percent-
age of CD4" and CD8" cells significantly (p < 0.05), but
early passaged cell were more potent suppressor for CD4*
and CD8* cells than late passaged ones (p <0.005) (Fig. 3a,
b).

The immunohistochemistry assessment of macrophages
after 3 days co-culture showed that early-passaged cells
shifted the immune response toward the M2 phenotype,
while late-passaged ones shifted the immune response
toward the M1 phenotype (p <0.05) (Fig. 4a, b).

We performed ELISA assays for three immunosuppres-
sive cytokines: TGFp, IL10 and IL6. We first measured the
levels of the three cytokines after mononuclear cell stimula-
tion with phytohaemagglutinin (PHA); then we measured
them in the conditioned media and co-culture supernatant
after 3 days of co-culture and under stimulation with PHA.
IL6 was in conditioned media and the co-culture superna-
tant of MSCs and increased significantly under co-culture
conditions (p <0.0005). The increased level of IL6 in the
co-culture supernatant was more significant in AD-MSCs

@ Springer
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Fig. 3 Effect of cell quality and cell origin on CD4* and CD8* mono-
nuclear cells. a Flow cytometry analysis of CD4" after 3 days’ co-
culture with MSCs. b Flow cytometry analysis CD8" after 3 days’
co-culture with MSCs. *p <0.05 versus MNC, 'p <0.005 versus BM-
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MSCs p6, ¥p <0.0005 versus BM-MSCs pl, paired t test. AD-MSCs:
adipose mesenchymal stem cells, BM-MSCs: bone marrow mesen-
chymal stem cells, pl: passage one, p6: passage six, MNC: mononu-
clear cell control. All data represent mean +SEM
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polarization. a Representative 3
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Fig.5 Effect of cell quality and cell origin on immunomodula-
tory cytokines. ELISA assay of conditioned media and co-culture
supernatant after PHA stimulation and 3 days of co-culture. a IL6,
b TGEp, ¢ IL10. *p<0.05 versus CM, "p <0.0005 versus BM-MSCs

@ Springer

MNC__AD-MSCs BM-MSCs pl BM-MSCsp6 0 " MNGC

AD-MSCs BM-MSCs p1 BM-MSCs p6
@=3) (n=4) =) (=) 0=3) (n=4)

p6, Fp<0.005 versus BM-MSCs pl, paired ¢ test. AD-MSCs: adipose
mesenchymal stem cells, BM-MSCs: bone marrow mesenchymal
stem cells, pl: passage one, p6: passage six, CM: conditioned media,
MNC: mononuclear cells. All data represent mean +SEM
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than BM-MSCs (p <0.005) and in early-passaged cells
(p<0.0005 vs. p6) (Fig. 5a). TGFp was in conditioned media
and the co-culture supernatant of MSCs but it increased after
co-culture with AD-MSCs (p <0.05) and decreased after co-
culture with late passaged cells (p <0.05) (Fig. 5b). IL10
was only detected in conditioned media and the co-culture
supernatant of AD-MSCs and it increased significantly in
co-culture conditions (p < 0.05) (Fig. 5c).

Discussion

Although MSCs have promising therapeutic effects, poor
clinical outcomes [27] have been reported. The lack of
standardization of cells leads to variable and inconsistent
results. In this study, we investigated MSCs from two differ-
ent sources BM and AD and two different passages early and
late-passaged cells. Consistent with other studies [28-30],
we showed that BM-MSCs and AD-MSCs varied in their
surface phenotypes and that although the cell surface makers
for human MSCs have been well established by international
society of cellular therapy [31], there is no consensus on the
cell surface makers for mouse MSCs. Characteristically, cell
quality has a dramatic effect on cell morphology. Unlike
late-passaged cells, early-passaged ones showed a decrease
in the proliferation capacity with repeated subculture [32].

We were interested to know how much the cell origin and
the cell quality could change the cellular profile of immuno-
cytokines and to what degree this change could affect immu-
nological cells. The gene expression array of AD-MSCs
revealed a 32-fold upregulation of Csf2. We suggested that
Csf2 released from AD-MSCs increased the proliferation of
macrophages and monocytes, which in turn released IL10.
Previous studies suggested that monocytes were induced to
release IL10 by hepatocyte growth factor (HGF) secreted
from MSCS [33-36]. AD-MSCs secreted more IL6 and
less TGFf than BM-MSCs, which was consistent with array
results that showed a threefold increase in 1l6 gene expres-
sion and a 23-fold decrease in Tfgh2 gene expression in AD-
MSCs versus BM-MSCs. AD-MSCs showed the upregula-
tion of /I123a, which was mainly immunostimulatory, and the
downregulation of Tnfrsfl1b, which is an important inhibitor
of the transcription of many immune-related genes [37].

In this study, the gene expression array of AD-MSCs
showed a 21-fold increase in Tnfsfl13b, which is a B-cell
activating factor, so we supposed that the increased per-
centage of CD8* cells after co-culture with AD-MSCs
could be attributed to B lymphocyte activation. Although
the effect of MSCs on B lymphocytes is controversial [38,
39], some studies reported the expression of CD8 markers
on B lymphocytes in some diseased conditions and after
in vitro activation [40, 41]. It was reported that both AD
and BM-MSCs induce macrophage polarization toward

the M2 phenotype [42], and in another study, it was found
that aged MSCs were less effective inducers of M2 mac-
rophages than young MSCs [43], but no study has investi-
gated the effect of the prolonged passage of MSCs on mac-
rophage polarization. Here, we found that late-passaged
cells were less effective inducers of M2 macrophages as
well as less effective suppressors of CD4* and CD8™ cells.

Although the proliferative capacity of early-passaged
cells significantly decreased, they were more potent immu-
nosuppressors than late-passaged cells. Late-passaged
cells downregulated many immunosuppressive genes:
Tnfrsfl1b was downregulated 1200-fold in p6 versus pl,
Tgfb2 was downregulated 17-fold, and leukocyte inhibi-
tory factor (Lif) was downregulated 31-fold.

This study is limited by variable sources of MSCs; unfor-
tunately, BM-MSCs isolated in our lab were highly con-
taminated with haemopoietic cells, which could affect down-
stream analysis (Online Resource 4). Therefore, we used
immunodepleted BM-MSCs pl obtained from NIH-funded
research at The Scripps Research Institute. We tried to
expand BM-MSCs and AD-MSCs, but passaged cells were
low in quantity and quality so we used commercially avail-
able BM-MSCs p6 which indeed had decreased telomerase
reverse transcriptase activity (TERT) in comparison with p1
cells (Online Resource 2). Although it will be interesting to
know the inhibitory effect of MSCs derived from other tis-
sues, we only used BM and AD for our study because It was
more feasible. In vivo replication of the results was difficult
due to low cell yield and low proliferative capacity.

In conclusion, we demonstrated that not only the cell
phenotype but also the immunomodulatory properties of
MSCs are largely affected by the cell origin and cell qual-
ity, which could be reflected in clinical outcomes. In vivo
and detailed immunological studies of MSCs from differ-
ent origins and passages will help to unify the cell sources
and passages. Efforts to isolate homogenous MSC popula-
tions should focus not only on phenotypic characteristics
but also on functional characteristics. These functional
variations must be taken into consideration in trials to
optimize MSC-based therapy.
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