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Abstract

Synovial mesenchymal stem cells (MSCs) are a candidate cell source for cartilage and

meniscus regeneration. If we can proliferate synovial MSCs more effectively, we can

expand clinical applications to patients with large cartilage and meniscus lesions. TNFα is a

pleiotropic cytokine that can affect the growth and differentiation of cells in the body. The

purpose of this study was to examine the effect of TNFα on proliferation, chondrogenesis,

and other properties of human synovial MSCs. Passage 1 human synovial MSCs from 2

donors were cultured with 2.5 x 10−12~10−7 g/ml, 10 fold dilution series of TNFα for 14 days,

then the cell number and colony number was counted. The effect of the optimum dose of

TNFα on proliferation was also examined in synovial MSCs from 6 donors. Chondrogenic

potential of synovial MSCs pretreated with TNFα was evaluated in 6 donors. The expres-

sions of 12 surface antigens were also examined in 3 donors.2.5 ng/ml and higher concen-

tration of TNFα significantly increased cell number/dish and cell number/colony in both

donors. The effect of 25 ng/ml TNFα was confirmed in all 6 donors. There was no significant

difference in the weight, or amount of glycosaminoglycan and DNA of the cartilage pellets

between the MSCs untreated and MSCs pretreated with 25 ng/ml TNFα. TNFα decreased

expression rate of CD 105 and 140b in all 3 donors. TNFα promoted proliferation of synovial

MSCs with increase of cell number/ colony. Pretreatment with TNFα did not affect chondro-

genesis of synovial MSCs. However, TNFα affected some properties of synovial MSCs.

Introduction

Synovial mesenchymal stem cells (MSCs) are a candidate cell source for regenerative medicine

of cartilage and menisci due to their high chondrogenic ability [1–3]. In clinical situations,

transplantation of autologous synovial MSCs for 10 patients with a symptomatic single carti-

lage lesion of the femoral condyle in the knee joints was effective in terms of MRI, qualitative

histologic findings, and Lysholm score [4]. We are currently performing a clinical study to
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investigate whether transplantation of autologous synovial MSCs promotes meniscus healing

after degenerative meniscus injury [5–7]. In these clinical studies, we cultured autologous

synovial MSCs for 14 days and prepared about 50 million synovial MSCs for transplantation.

If we can proliferate synovial MSCs more effectively, we can expand clinical applications to

osteoarthritis with several large cartilage and meniscus lesions.

Tumor necrosis factor (TNF) α was first identified and characterized according to the abil-

ity to induce the regression of tumors in animals [8, 9]. TNFα is a pleiotropic cytokine that can

affect the growth, differentiation, and metabolism of virtually every nucleated cell type in the

body [10]. TNFα is involved in systemic inflammation and its expression is also associated

with pathologies, such as rheumatoid arthritis [11, 12]. TNFα induces proliferation of synovial

fibroblasts derived from rheumatoid arthritis [13]; however, it is unknown whether TNFα pro-

motes proliferation of synovial MSCs.

The effect of TNFα on chondrogenesis still remains controversial. Wehling et al. reported

that TNFα inhibited chondrogenesis of human bone marrow MSCs through NF-κB-depen-

dent pathways [14]. Contrarily, Michal et al. showed that TNFα did not impair the chondro-

genic differentiation of bone marrow MSCs [15]. If TNFα can promote proliferation of

synovial MSCs while maintaining chondrogenic ability, TNFα will be useful for regenerative

medicine for cartilage and menisci with synovial MSCs. The purpose of this study was to

examine the effect of TNFα on proliferation, chondrogenesis, and other properties of human

synovial MSCs.

Materials and methods

The present study was approved by the Medical Research Ethics Committee of Tokyo Medical

and Dental University (No.2121) and full written informed consent was obtained from all

patients.

Human synovial MSCs

Human synovial tissue was harvested during total knee arthroplasty from knee joints of 14

patients with osteoarthritis. Synovium was digested with 3 mg/ml collagenase (Sigma-Aldrich,

St. Louis, MO) at 37˚C for 3 hours. Then, nucleated cells were cultured at a clonal density in

150 cm2 culture dishes (Nunc, Rochester, NY) in 20 ml α-minimum essential medium

(αMEM: Thermo Fisher Scientific, Inc., Waltham, MA) containing 10% fetal bovine serum

(FBS: Thermo Fisher Scientific, Inc., Waltham, MA) and 1% antibiotic-antimycotic (Thermo

Fisher Scientific) for 14 days.

Effect of TNFα on proliferation of synovial MSCs

Passage 1 synovial MSCs derived from 2 donors were plated at 104 cells/60cm2 on 8 dishes,

and cultured with 2.5 x 10−12~10−7 g/ml, 10 fold dilution series of TNFα (R&D Systems, Min-

neapolis, MN) or without TNFα for 14 days. Four dishes were stained with crystal violet to

count the total number of cell colonies. Only colonies greater than 2 mm in diameter or dis-

tinctly stained colonies were counted. Synovial MSCs were harvested from the other 4 dishes

and cell number/dish was counted with a hemocytometer.

To calculate cell number/colony, cell number/dish were counted from 4 dishes (dish A,

dish B, dish C, dish D), and colony number/dish were counted from 4 additional dishes (dish

E dish F, dish G, dish H). To calculate cell number/colony, cell number of dish A/colony num-

ber of dish E, cell number of dish B/colony number of dish F, cell number of dish C/colony

number of dish G, and cell number of dish D/colony number of dish H were calculated respec-

tively. Then average and standard deviation in cell number/colony (n = 4) were determined.

TNFα promotes proliferation of synovial MSCs
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Passage 1 synovial MSCs derived from 6 donors were also plated at 104 cells/60cm2 dish on

8 dishes, and cultured with 25 ng/ml TNFα or without TNFα for 14 days. The colony number/

dish, cell number/dish, and cell number/colony were analyzed similarly.

Differentiation

Passage 1 synovial MSCs derived from 6 donors were plated at 104 cells/60cm2 with 25 ng/ml

TNFα or without TNFα and cultured for 14 days. Then, 250,000 synovial MSCs pretreated

with or without TNFα were placed in a 15 ml polypropylene tube (Becton Dickinson, Franklin

lakes, NJ) and centrifuged at 450 x g for 10 minutes. The pellets were cultured for 21 days in

400 μl chondrogenic medium including 1μg/ml BMP-7 (OP-1, Stryker Biotech, Hopkinton,

MA), 10 ng/ml transforming growth factor-β3 (R&D Systems), 100nM dexamethasone, 50 ng/

ml ascorbate-2-phosphate, 40μl/ml proline, 100μl/ml pyruvate, and 50 mg/ml ITS + Premix

(Becton Dickinson). The size, weight glycosaminoglycan (GAG) and DNA of the pellets were

evaluated. Each pellet was digested in 1 ml papain buffer at 60˚C for 24 hours. Fifty ul of the

supernatant was added to 500 μl Blyscan Dye Regent (Blyscan Glycosaminoglycan Assay Kit:

Biocolor, Carrickfergus, UK) and reacted on a mechanical shaker for 30 minutes. The

unbound dye solution was removed by carefully inverting and draining the tubes. Five

hundred μl dissociation reagent was added and the bound dye was released into the solution.

Two hundred μl aliquots of each sample was transferred to the wells of a 96 well plate. The

absorbance was measured by spectrophotometer at 656 nm. Each pellet was digested in 1 ml

papain buffer at 60˚C for 24 hours. Genomic DNA was extracted using phenol-chloroform

(Thermo Fisher Scientific, Waltham, MA) and quantitated by microplate reader absorbance at

260 nm. The pellets were also evaluated histologically by safranin-o staining.

For adipogenesis and calcification, passage 1 synovial MSCs were plated at 104 cells/60cm2

with 25 ng/ml TNFα or without TNFα and cultured for 14 days. Then, those cells were cul-

tured in the adipogenic medium containing 0.5mM isobutyl-methylxanthine (Sigma-Aldrich),

100nM dexamethasone, 50mM indomethacin (Wako, Tokyo, Japan), calcification medium

containing 1nM dexamethasone, 20mM β-glycerol phosphate (Wako), and 50mg/mL ascor-

bate-2-phosphate without TNFα for 21 days. The dishes were stained with 0.003% oil red-o

solution for adipogenesis and with 0.5% alizarin red solution for calcification.

Surface proteins

Passage 1 synovial MSCs of 3 patients were plated at 104 cells/60cm2 dish and maintained in

the presence or absence of 25 ng/ml TNFα for 14 days. MSC-related surface antigen expression

was investigated by a flow cytometer (FACS Verse, BD Bioscience, CA). Ten million passage 2

cells were suspended and incubated in 50 μl of staining buffer (PBS supplemented with 2%

FBS and 5mM EDTA) containing antibodies against cell surface antigens for 30 minutes at

4˚C. Cells were rinsed and suspended in 0.7 ml of staining buffer for analysis. Data were ana-

lyzed by FACSuite software (BD Bioscience). The analysis was performed on samples from 3

donors. The list of antibodies employed in this experiment is displayed in S1 Table.

Statistical analysis

Statcel 3 (OMS publishing Inc, Saitama, Japan) was used for statistical analyses. Analyses of

variance (ANOVA) followed by the Tukey-Kramer test was used for assessing the effect of the

different concentrations of TNFα on proliferation of synovial MSCs. The Wilcoxon signed-

ranks test was used for assessing the effect of 25 ng/ml TNFα on proliferation of synovial

MSCs and chondrogenesis.

TNFα promotes proliferation of synovial MSCs
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Results

Effect of the different concentrations of TNFα on proliferation of synovial

MSCs

First of all, the effect of the different concentrations of TNFα on colony formation and prolif-

eration of synovial MSCs was examined (Fig 1A). Apparently, the addition of TNFα made col-

ony formation more obviously dose-dependent in 2 donors (Fig 1B). Quantification analyses

demonstrated that 2.5 ng/ml and higher concentration of TNFα significantly increased cell

number/dish (Fig 1C). The most effective concentration was 25 ng/ml in donor 1 and 250 ng/

ml in donor 2. TNFα did not affect colony number/dish. Cell number/colony was significantly

higher at 2.5 ng/ml and and at higher concentrations of TNFα in both donors. Among 2.5, 25,

250 ng/ml TNFα, 25 ng/ml TNFα was selected for further analyses.

Effect of 25 ng/ml TNFα on proliferation of synovial MSCs

Next, the effect of 25 ng/ml TNFα on colony formation and proliferation of synovial MSCs

was examined in the other 6 donors (Fig 2A). 25 ng/ml TNFα made colony formation more

noticeable in all 6 donors (Fig 2B). The representative cell colony was larger and consisted of

higher density of spindle shaped cells in synovial MSCs treated with TNFα (Fig 2C). Quantifi-

cation analyses demonstrated that 25 ng/ml TNFα increased cell number/dish and cell num-

ber/colony in all 6 donors (Fig 2D). TNFα did not affect colony number/dish.

Differentiation potentials of synovial MSCs pretreated with TNFα
For comparison of chondrogenic potential of synovial MSCs pretreated with or without 25 ng/

ml TNFα, those cells were pelleted and cultured in the chondrogenic medium without TNFα
for 21 days (Fig 3A). Macroscopically and histologically, no obvious differences were shown

between the control group and TNFα group, though some individual differences existed (Fig

3B). Quantification analyses showed no significant differences of diameter and weight of the

cartilage pellets between both groups (Fig 3C). There were no significant differences in the

amount of glycosaminoglycan (GAG) per pellet, DNA per pellet, and GAG /DNA of the carti-

lage pellets between the groups (S1 Fig).

For comparison of adipogenic and calcification potential of synovial MSCs pretreated with

or without TNFα, those cells were cultured in the adipogenic and calcification medium with-

out TNFα for 21 days (Fig 4A). No obvious differences were shown between the control group

and TNFα group for adipogenesis (Fig 4B) and calcification (Fig 4C).

Surface antigen expression of synovial MSCs treated with TNFα
For surface antigen expression, synovial MSCs were cultured with or without 25 ng/ml TNFα
for 14 days and analyzed by flow cytometry in 3 donors (Fig 5A). TNFα did not affect expres-

sion rate of CD44, 73, and 90, while TNFα obviously decreased expression rate of CD 105 and

140b in all 3 donors. Expression rates of the other markers that we examined were relatively

low in the cells irrespective of treatment of TNFα (Fig 5B).

Discussion

In this study, we demonstrated that TNFα promoted proliferation of synovial MSCs. TNFα
did not increase colony number but increased cell number/colony. Pretreatment with TNFα
did not affect chondrogenesis of synovial MSCs. This is the first report showing the effect of

TNFα on synovial MSCs.

TNFα promotes proliferation of synovial MSCs
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Fig 1. The effect of the different concentrations of TNFα on proliferation of synovial MSCs. (A) Experimental design.

Passage 1 human synovial MSCs were plated at 104 cells/60cm2 dish and cultured with the different concentrations of TNFα for

14 days. Colony number was counted from 4 dishes stained with crystal violet and cell number was measured after harvesting

from other 4 dishes. (B) Representative dishes stained with crystal violet (2 donors). (C) Cell number/dish, colony number/dish,

and cell number/colony. Average values with standard derivation are shown (*p<0.05 by Tukey-Kramer test).

https://doi.org/10.1371/journal.pone.0177771.g001
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Fig 2. The effect of 25 ng/ml TNFα on proliferation of synovial MSCs. (A) Experimental design. Synovial

MSCs were cultured with 2.5 x 10-8g/ml TNFα or without TNFα (Control) for 14 days. (B) Representative dishes

stained with crystal violet (6 donors). (C) Representative cell colonies stained with crystal violet. Cell number/dish,

colony number/dish, and cell number/colony. Average values are shown (n = 6, *p<0.05 by Wilcoxon signed-ranks

test).

https://doi.org/10.1371/journal.pone.0177771.g002
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Fig 3. Comparison of chondrogenic potential of synovial MSCs pretreated with or without TNFα. (A) Experimental

design. Synovial MSCs pretreated with 25 ng/ml TNFα or without TNFα (Control) were harvested, pelleted, and cultured in

the chondrogenic medium without TNFα for 21 days. (B) Macroscopic and histological features of cartilage pellets. For

histology, the sections were stained with safranin-o (C) Diameter and weight of the cartilage pellets. Average values are

shown (n = 6, *p<0.05 by Wilcoxon signed-ranks test).

https://doi.org/10.1371/journal.pone.0177771.g003
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As for the mechanism of how TNFα proliferated synovial MSCs, we speculated as follows

according to the previous reports. TNFα stimulates the NF-kB pathway as a key regulator [16–

18]. Though NF-κB is inhibited by IkB in a steady state, on the stimulation of TNFα, IkB is

phosphorylated and the inhibitory effect of IkB decreases, which leads to the activation of the

NF-κB pathway [19, 20]. NF-κB also regulates cyclin D1, which induces the cell cycle [21, 22].

In our study, 2.5 ng/ml and the higher concentration of TNFα significantly promoted pro-

liferation of synovial MSCs. According to the previous reports in which the proliferative effect

of TNFα was examined, the effective concentration was 25 ng/ml in synovial fibroblasts [13],

10 ng/ml in bone marrow MSCs [23], 4–10 ng/ml in neural stem cells [24], 10 ng/ml in cardiac

Fig 4. Comparison of adipogenic and calcification potential of synovial MSCs pretreated with or without TNFα. (A)

Experimental design. Synovial MSCs were pretreated with 25 ng/ml TNFα or without TNFα (Control) for 14 days, then the medium

was changed and the cells were cultured in adipogenic medium or calcification medium for further 21 days. (B) Representative cells

stained with oil red-o for adipogenesis. (C) Representative cells stained with alizarin red for calcification.

https://doi.org/10.1371/journal.pone.0177771.g004
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Fig 5. Surface antigen expression of synovial MSCs treated with TNFα. (A) Experimental design.

Synovial MSCs were cultured with or without TNFα (Control) for 14 days for flow cytometry analysis. (B)

Surface epitope expression. Average values are shown (n = 3).

https://doi.org/10.1371/journal.pone.0177771.g005

TNFα promotes proliferation of synovial MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0177771 May 18, 2017 9 / 15

https://doi.org/10.1371/journal.pone.0177771.g005
https://doi.org/10.1371/journal.pone.0177771


fibroblasts [25], and 25 ng/ml in leiomyoma cells [26], The effective concentration of TNFα
for those cells was similar or close to ours.

We demonstrated that TNFα increased cell number/colony. TNFα obviously increased the

size and the cell density of the colonies. As far as we investigated, the effects of TNFα on cell

colonies were not mentioned at all in the previous reports.

To calculate cell number/colony, both cell number/dish and colony number/dish could not

be counted simultaneously in the same dish. Therefore, cell number/dish was counted from 4

dishes (dish A, dish B, dish C, dish D), and colony number/dish were counted from another 4

dishes (dish E, dish F, dish G, dish H). Then, cell number of dish A/colony number of dish E,

cell number of dish B/colony number of dish F, cell number of dish C/colony number of dish

G, cell number of dish D/colony number of dish H were calculated respectively. Finally, aver-

age and standard deviation in cell number/colony (n = 4) were determined. We were con-

cerned about combination-dependent variability in cell number/colony, therefore we

examined all of the combinations of dishes for Donor 1 for the case of 2.5 x 10−8 g/ml TNFα
(Fig 1C). Using each combination the number remained 24 (= 4P4), and both the average num-

ber and standard deviation in each combination were similar (S2 Fig).

In this study, TNFα did not affect colony number, indicating that TNFα did not affect the

survival rate of synovial MSCs after adhesion. Although Wolfgang et al. reported that TNFα
activated the expression of adhesion molecules such as vascular cell adhesion molecule-1

(VCAM-1) and migration [23], our experiments indicated that TNFα did not change the adhe-

sive capacity of synovial MSCs to dishes that we used.

In our experimental conditions, the colony forming rate was quite low. This is because ini-

tial plating cell density was high. We plated 10,000 cells/dish because we required sufficient

numbers of cells to examine the chondrogenic potentials of the MSCs. According to our previ-

ous reports, the colony forming rate of synovial MSCs decreased with higher initial cell seeding

density due to colony-to-colony contact inhibition [2, 27, 28]. If the initial cell density was

lower, the colony forming rate would have increased similar to our previous reports.

Pretreatment with TNFα did not affect chondrogenesis of synovial MSCs. Wehling et al.

reported that the chondrogenic differentiation of bone marrow MSCs by pellet formation was

inhibited by 10 ng/ml TNFα involving the NF-κB pathway [14]. On the other hand, Michal

et al. reported that 10 ng/ml TNFα did not impair the chondrogenic differentiation of bone

marrow MSCs by 3D high-density culture [15]. For these studies dealing with bone marrow

MSCs, TNFα was added into chondrogenic medium, while for our current study, synovial

MSCs were pretreated with TNFα and TNFα was not added in the chondrogenic medium.

Therefore, the two methods with bone marrow MSCs are totally different from ours.

TNFα did not affect expression rate of CD44, 73, and 90, while TNFα obviously decreased

expression rate of CD 105 and 140b in all 3 donors. CD105, also known as endoglin, is a type I

membrane glycoprotein located on cell surfaces and is part of the TGFβ receptor complex. Fan

et al. recently reported that the CD105 positive subpopulation of synovial MSCs had higher

gene expressions of aggrecan, type II collagen and Sox9 as compared to those in CD105 nega-

tive cells [29]. This result was different from ours because their and our methods are different.

CD140b is known as PDGF receptor β. The PDGF family consists of 5 different isoforms, 4

homodimers (AA, BB, CC, DD) and 1 heterodimer (AB). Also, PDGF receptors consist of 2

homodimers (α/α, β/β) and 1 heterodimer (α/β). PDGF-AA activates only PDGF receptor α/

α, PDGF-AB activates both PDGF receptor α/α and PDGF receptor α/β, and PDGF-BB acti-

vates all PDGF receptors [30]. These suggest that decreased expression of PDGF receptor β
may lead to inhibition of proliferation of synovial MSCs through the PDGF signaling system,

but the results were opposite. The TNFα signaling system overcame the decrease expression of

PDGF receptor β for proliferation of synovial MSCs.

TNFα promotes proliferation of synovial MSCs
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In our surface antigen analyses, the expression of CD34 was around 25% in synovial MSCs

in the control group, though CD34 is known as a hematopoietic surface marker. The Interna-

tional Society for Cellular Therapy (ISCT) has proposed a set of standards to define MSCs, one

of which was that the expression of CD34 was less than 2% [31]. In this statement, “these crite-

ria will probably require modification as new knowledge unfolds” was noted, and there are

recently increasing reports of CD34 positive MSCs derived from adipose tissue [32]. Accord-

ing to Lin et al., MSCs derived from adipose tissue are generally positive for CD34, and CD34

expression is lost in culture because CD34 is localized to the intima and adventitia of blood

vessels in adipose tissue [33]. The expression of CD34 in synovial MSCs has not been fully

investigated. We previously divided synovial tissue samples into 2 parts, one for histologic

assessment and the other for the isolation of synovial MSCs. The number of blood vessels, by

histological analysis, were correlated with the number of synovial MSCs, loosely indicating

that one of the origins for synovial MSCs was blood vessels [34]. This concept was also advo-

cated by Caplan et al [35]. These suggests that CD34 positive synovial cells can be regarded as

MSCs in our current study.

In this study, we propose three limitations. Firstly, we do not know whether the addition

of TNFα into the chondrogenic induction medium affects the chondrogenic potential of

synovial MSCs, because TNFα was removed during chondrogenic induction. We can only

conclude that pretreatment with TNFα did not affect the chondrogenic ability of synovial

MSCs.

Secondly, our chondrogenic medium contained 1 μg/ml BMP7 which could have affected

the TNFα effect on the chondrogenic potential of synovial MSCs. In vitro cartilage formation

by bone marrow MSCs was first described by Johnstone et al; the medium used in their stud-

ies contained 10 ng/ml TGFβ without BMPs [36]. However, intensive investigations have

shown that TGFβ alone did not fully differentiate MSCs into cartilage. The addition of BMP6

increased the wet weight of cartilage pellets by 10-fold, and they were stained more extensively

for proteoglycans [37, 38]. Also, BMP2 and BMP4 promoted in vitro cartilage formation by

bone marrow MSCs [39]. Furthermore, in an examination of the optimal combination of

cytokines for in vitro cartilage formation by synovial MSCs, the combination of BMP2 and

TGFβ was demonstrated to be the best among those assessed [40]. These findings indicate

that TGFβ alone is not sufficient to differentiate MSCs into fully mature cartilage. In our cur-

rent study we used BMP7 due to its availability in our laboratory. We previously examined

the dose effect of BMP7 on in vitro cartilage formation of synovial MSCs and 1 μg/ml BMP7

formed the largest cartilage pellets, therefore, 1μg/ml BMP7 was used in this study as well as

in other such studies [7, 27, 41, 42].

Thirdly, for clinical applications, TNFα could be useful because it is able to promote the

proliferation of synovial MSCs and does not affect chondrogenesis. However, we found that

TNFα decreased the surface expression of CD 105 and 140b, indicating that TNFα may

affect some less obvious properties of MSCs. TNFα is known as an inflammatory cytokine,

which is enriched in rheumatic joints, and induces cell apoptosis and tissue degeneration.

The TNFα level in the synovial fluid of rheumatoid arthritis patients is around 300 pg/ml [43].

In our study, to increase the proliferation of synovial MSCs, TNFα is effective at 25 ng/ml,

which is approximately 100 times higher than in the synovial fluid of rheumatoid arthritis

patients. Before its clinical application, we will require further investigations as to the

effectiveness and safety of synovial MSCs pretreated by TNFα for cartilage and meniscus

regeneration.

In conclusion, TNFα promoted proliferation of synovial MSCs while maintaining chondro-

genic differentiation potential.
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Supporting information

S1 Table. Antibodies employed in this experiment.

(TIF)

S1 Fig. Comparison of glycosaminoglycan (GAG) and DNA of synovial MSCs pretreated

with or without TNFα. (A) Experimental design. Synovial MSCs pretreated with 25 ng/ml

TNFα or without TNFα (Control) were harvested, pelleted, and cultured in the chondrogenic

medium without TNFα for 21 days, then GAG and DNA were evaluated. (B) GAG/pellet,

DNA/pellet, GAG/DNA. Average values with standard derivation are shown (n = 6). There

were no significant differences between two experimental conditions.

(TIF)

S2 Fig. Calculation of cell number/colony. Cell number/colony in each possible combination.

To calculate cell number/colony, cell number/dish was counted from 4 dishes (dish A, dish B,

dish C, dish D), and colony number/dish was counted from another 4 dishes (dish F, dish G,

dish H, dish I). Then, the cell number of dish A/colony number of dish F, cell number of dish

B/colony number of dish G, cell number of dish C/colony number of dish H, and cell number

of dish D/colony number of dish I were calculated respectively. Finally, the average and stan-

dard deviation in cell number/colony (n = 4) was determined. To examine the combination-

dependent variability in cell number/colony, all of the combinations of dishes in Donor 1 for

2.5 x 10−8 g/ml TNFα (Fig 1C) were calculated.

(TIF)

Acknowledgments

We would like to thank Dr. Makoto Tomita for his assistance in statistical analyses and Dr.

Benjamin L Larson for English editing.

Author Contributions

Conceptualization: MS IS.

Data curation: MS KT IS.

Formal analysis: MS KT IS HK.

Funding acquisition: IS KK.

Investigation: MS KT IS.

Methodology: MS KT.

Project administration: TM IS HK.

Resources: MS KT IS.

Supervision: TM IS.

Validation: MS KT IS.

Visualization: MS MM KK IS.

Writing – original draft: MS IS.

Writing – review & editing: MS MM KK IS.

TNFα promotes proliferation of synovial MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0177771 May 18, 2017 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177771.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177771.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177771.s003
https://doi.org/10.1371/journal.pone.0177771


References
1. Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, Sekiya I. Comparison of rat mesenchymal

stem cells derived from bone marrow, synovium, periosteum, adipose tissue, and muscle. Cell Tissue

Res. 2007; 327(3):449–62. Epub 2006/10/21. https://doi.org/10.1007/s00441-006-0308-z PMID:

17053900.

2. Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem cells derived from various

mesenchymal tissues: superiority of synovium as a cell source. Arthritis Rheum. 2005; 52(8):2521–9.

Epub 2005/07/30. https://doi.org/10.1002/art.21212 PMID: 16052568.

3. Koga H, Muneta T, Nagase T, Nimura A, Ju YJ, Mochizuki T, et al. Comparison of mesenchymal tis-

sues-derived stem cells for in vivo chondrogenesis: suitable conditions for cell therapy of cartilage

defects in rabbit. Cell Tissue Res. 2008; 333(2):207–15. Epub 2008/06/19. https://doi.org/10.1007/

s00441-008-0633-5 PMID: 18560897.

4. Sekiya I, Muneta T, Horie M, Koga H. Arthroscopic Transplantation of Synovial Stem Cells Improves

Clinical Outcomes in Knees With Cartilage Defects. Clinical orthopaedics and related research. 2015;

473(7):2316–26. Epub 2015/05/01. https://doi.org/10.1007/s11999-015-4324-8 PMID: 25925939;

5. Horie M, Sekiya I, Muneta T, Ichinose S, Matsumoto K, Saito H, et al. Intra-articular Injected synovial

stem cells differentiate into meniscal cells directly and promote meniscal regeneration without mobiliza-

tion to distant organs in rat massive meniscal defect. Stem cells (Dayton, Ohio). 2009; 27(4):878–87.

Epub 2009/04/08. https://doi.org/10.1634/stemcells.2008-0616 PMID: 19350690.

6. Hatsushika D, Muneta T, Horie M, Koga H, Tsuji K, Sekiya I. Intraarticular injection of synovial stem

cells promotes meniscal regeneration in a rabbit massive meniscal defect model. Journal of orthopaedic

research: official publication of the Orthopaedic Research Society. 2013; 31(9):1354–9. Epub 2013/04/

19. https://doi.org/10.1002/jor.22370 PMID: 23595964.

7. Hatsushika D, Muneta T, Nakamura T, Horie M, Koga H, Nakagawa Y, et al. Repetitive allogeneic intra-

articular injections of synovial mesenchymal stem cells promote meniscus regeneration in a porcine

massive meniscus defect model. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society.

2014; 22(7):941–50. Epub 2014/05/06. https://doi.org/10.1016/j.joca.2014.04.028 PMID: 24795274.

8. Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, Williamson B. An endotoxin-induced serum factor

that causes necrosis of tumors. Proceedings of the National Academy of Sciences of the United States

of America. 1975; 72(9):3666–70. Epub 1975/09/01. PMID: 1103152;

9. Green S, Dobrjansky A, Carswell EA, Kassel RL, Old LJ, Fiore N, et al. Partial purification of a serum

factor that causes necrosis of tumors. Proceedings of the National Academy of Sciences of the United

States of America. 1976; 73(2):381–5. Epub 1976/02/01. PMID: 54919;

10. Aggarwal BB, Natarajan K. Tumor necrosis factors: developments during the last decade. European

cytokine network. 1996; 7(2):93–124. Epub 1996/04/01. PMID: 8688493.

11. Bertolini DR, Nedwin GE, Bringman TS, Smith DD, Mundy GR. Stimulation of bone resorption and inhi-

bition of bone formation in vitro by human tumour necrosis factors. Nature. 1986; 319(6053):516–8.

Epub 1986/02/06. https://doi.org/10.1038/319516a0 PMID: 3511389.

12. Redlich K, Hayer S, Ricci R, David JP, Tohidast-Akrad M, Kollias G, et al. Osteoclasts are essential for

TNF-alpha-mediated joint destruction. The Journal of clinical investigation. 2002; 110(10):1419–27.

Epub 2002/11/20. https://doi.org/10.1172/JCI15582 PMID: 12438440;

13. Casnici C, Lattuada D, Tonna N, Crotta K, Storini C, Bianco F, et al. Optimized "in vitro" culture condi-

tions for human rheumatoid arthritis synovial fibroblasts. Mediators Inflamm. 2014; 2014:702057. Epub

2014/12/31. https://doi.org/10.1155/2014/702057 PMID: 25548436;

14. Wehling N, Palmer GD, Pilapil C, Liu F, Wells JW, Muller PE, et al. Interleukin-1beta and tumor necrosis

factor alpha inhibit chondrogenesis by human mesenchymal stem cells through NF-kappaB-dependent

pathways. Arthritis Rheum. 2009; 60(3):801–12. Epub 2009/02/28. https://doi.org/10.1002/art.24352

PMID: 19248089;

15. Jagielski M, Wolf J, Marzahn U, Volker A, Lemke M, Meier C, et al. The influence of IL-10 and TNFalpha

on chondrogenesis of human mesenchymal stromal cells in three-dimensional cultures. Int J Mol Sci.

2014; 15(9):15821–44. Epub 2014/09/11. https://doi.org/10.3390/ijms150915821 PMID: 25207597;

16. Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell. 2002; 109 Suppl:S81–96. Epub 2002/

05/02. PMID: 11983155.

17. Karin M, Lin A. NF-kappaB at the crossroads of life and death. Nature immunology. 2002; 3(3):221–7.

Epub 2002/03/05. https://doi.org/10.1038/ni0302-221 PMID: 11875461.

18. Li Q, Verma IM. NF-kappaB regulation in the immune system. Nature reviews Immunology. 2002; 2

(10):725–34. Epub 2002/10/03. https://doi.org/10.1038/nri910 PMID: 12360211.

TNFα promotes proliferation of synovial MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0177771 May 18, 2017 13 / 15

https://doi.org/10.1007/s00441-006-0308-z
http://www.ncbi.nlm.nih.gov/pubmed/17053900
https://doi.org/10.1002/art.21212
http://www.ncbi.nlm.nih.gov/pubmed/16052568
https://doi.org/10.1007/s00441-008-0633-5
https://doi.org/10.1007/s00441-008-0633-5
http://www.ncbi.nlm.nih.gov/pubmed/18560897
https://doi.org/10.1007/s11999-015-4324-8
http://www.ncbi.nlm.nih.gov/pubmed/25925939
https://doi.org/10.1634/stemcells.2008-0616
http://www.ncbi.nlm.nih.gov/pubmed/19350690
https://doi.org/10.1002/jor.22370
http://www.ncbi.nlm.nih.gov/pubmed/23595964
https://doi.org/10.1016/j.joca.2014.04.028
http://www.ncbi.nlm.nih.gov/pubmed/24795274
http://www.ncbi.nlm.nih.gov/pubmed/1103152
http://www.ncbi.nlm.nih.gov/pubmed/54919
http://www.ncbi.nlm.nih.gov/pubmed/8688493
https://doi.org/10.1038/319516a0
http://www.ncbi.nlm.nih.gov/pubmed/3511389
https://doi.org/10.1172/JCI15582
http://www.ncbi.nlm.nih.gov/pubmed/12438440
https://doi.org/10.1155/2014/702057
http://www.ncbi.nlm.nih.gov/pubmed/25548436
https://doi.org/10.1002/art.24352
http://www.ncbi.nlm.nih.gov/pubmed/19248089
https://doi.org/10.3390/ijms150915821
http://www.ncbi.nlm.nih.gov/pubmed/25207597
http://www.ncbi.nlm.nih.gov/pubmed/11983155
https://doi.org/10.1038/ni0302-221
http://www.ncbi.nlm.nih.gov/pubmed/11875461
https://doi.org/10.1038/nri910
http://www.ncbi.nlm.nih.gov/pubmed/12360211
https://doi.org/10.1371/journal.pone.0177771


19. Chen Z, Hagler J, Palombella VJ, Melandri F, Scherer D, Ballard D, et al. Signal-induced site-specific

phosphorylation targets I kappa B alpha to the ubiquitin-proteasome pathway. Genes & development.

1995; 9(13):1586–97. Epub 1995/07/01. PMID: 7628694.

20. Sen R, Baltimore D. Inducibility of kappa immunoglobulin enhancer-binding protein Nf-kappa B by a

posttranslational mechanism. Cell. 1986; 47(6):921–8. Epub 1986/12/26. PMID: 3096580.

21. Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS Jr. NF-kappaB controls cell growth and

differentiation through transcriptional regulation of cyclin D1. Molecular and cellular biology. 1999; 19

(8):5785–99. Epub 1999/07/20. PMID: 10409765;

22. Bargou RC, Emmerich F, Krappmann D, Bommert K, Mapara MY, Arnold W, et al. Constitutive nuclear

factor-kappaB-RelA activation is required for proliferation and survival of Hodgkin’s disease tumor cells.

The Journal of clinical investigation. 1997; 100(12):2961–9. Epub 1998/01/31. https://doi.org/10.1172/

JCI119849 PMID: 9399941;

23. Bocker W, Docheva D, Prall WC, Egea V, Pappou E, Rossmann O, et al. IKK-2 is required for TNF-

alpha-induced invasion and proliferation of human mesenchymal stem cells. J Mol Med (Berl). 2008; 86

(10):1183–92. Epub 2008/07/05. https://doi.org/10.1007/s00109-008-0378-3 PMID: 18600306.

24. Widera D, Mikenberg I, Elvers M, Kaltschmidt C, Kaltschmidt B. Tumor necrosis factor alpha triggers

proliferation of adult neural stem cells via IKK/NF-kappaB signaling. BMC Neurosci. 2006; 7:64. Epub

2006/09/22. https://doi.org/10.1186/1471-2202-7-64 PMID: 16987412;

25. Venkatachalam K, Venkatesan B, Valente AJ, Melby PC, Nandish S, Reusch JE, et al. WISP1, a pro-

mitogenic, pro-survival factor, mediates tumor necrosis factor-alpha (TNF-alpha)-stimulated cardiac

fibroblast proliferation but inhibits TNF-alpha-induced cardiomyocyte death. The Journal of biological

chemistry. 2009; 284(21):14414–27. Epub 2009/04/03. https://doi.org/10.1074/jbc.M809757200 PMID:

19339243;

26. Nair S, Al-Hendy A. Adipocytes enhance the proliferation of human leiomyoma cells via TNF-alpha

proinflammatory cytokine. Reproductive sciences (Thousand Oaks, Calif). 2011; 18(12):1186–92.

Epub 2011/11/19. https://doi.org/10.1177/1933719111408111 PMID: 22096007;

27. Segawa Y, Muneta T, Makino H, Nimura A, Mochizuki T, Ju YJ, et al. Mesenchymal stem cells derived

from synovium, meniscus, anterior cruciate ligament, and articular chondrocytes share similar gene

expression profiles. Journal of orthopaedic research: official publication of the Orthopaedic Research

Society. 2009; 27(4):435–41. Epub 2008/11/01. https://doi.org/10.1002/jor.20786 PMID: 18973232.

28. Ichinose S, Muneta T, Koga H, Segawa Y, Tagami M, Tsuji K, et al. Morphological differences during in

vitro chondrogenesis of bone marrow-, synovium-MSCs, and chondrocytes. Laboratory investigation; a

journal of technical methods and pathology. 2010; 90(2):210–21. Epub 2009/12/17. https://doi.org/10.

1038/labinvest.2009.125 PMID: 20010853.

29. Fan W, Li J, Wang Y, Pan J, Li S, Zhu L, et al. CD105 promotes chondrogenesis of synovium-derived

mesenchymal stem cells through Smad2 signaling. Biochemical and biophysical research communica-

tions. 2016; 474(2):338–44. Epub 2016/04/25. https://doi.org/10.1016/j.bbrc.2016.04.101 PMID:

27107692.

30. Nimura A, Muneta T, Koga H, Mochizuki T, Suzuki K, Makino H, et al. Increased proliferation of human

synovial mesenchymal stem cells with autologous human serum: comparisons with bone marrow mes-

enchymal stem cells and with fetal bovine serum. Arthritis Rheum. 2008; 58(2):501–10. Epub 2008/02/

02. https://doi.org/10.1002/art.23219 PMID: 18240254.

31. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal criteria for

defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position

statement. Cytotherapy. 2006; 8(4):315–7. Epub 2006/08/23. https://doi.org/10.1080/

14653240600855905 PMID: 16923606.

32. Sousa BR, Parreira RC, Fonseca EA, Amaya MJ, Tonelli FM, Lacerda SM, et al. Human adult stem

cells from diverse origins: an overview from multiparametric immunophenotyping to clinical applications.

Cytometry Part A: the journal of the International Society for Analytical Cytology. 2014; 85(1):43–77.

Epub 2014/04/05. https://doi.org/10.1002/cyto.a.22402 PMID: 24700575.

33. Lin CS, Xin ZC, Deng CH, Ning H, Lin G, Lue TF. Defining adipose tissue-derived stem cells in tissue

and in culture. Histology and histopathology. 2010; 25(6):807–15. Epub 2010/04/09. PMID: 20376787.

https://doi.org/10.14670/HH-25.807

34. Nagase T, Muneta T, Ju YJ, Hara K, Morito T, Koga H, et al. Analysis of the chondrogenic potential of

human synovial stem cells according to harvest site and culture parameters in knees with medial com-

partment osteoarthritis. Arthritis Rheum. 2008; 58(5):1389–98. Epub 2008/04/29. https://doi.org/10.

1002/art.23418 PMID: 18438859.

35. Caplan AI, Correa D. The MSC: an injury drugstore. Cell stem cell. 2011; 9(1):11–5. Epub 2011/07/06.

https://doi.org/10.1016/j.stem.2011.06.008 PMID: 21726829;

TNFα promotes proliferation of synovial MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0177771 May 18, 2017 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/7628694
http://www.ncbi.nlm.nih.gov/pubmed/3096580
http://www.ncbi.nlm.nih.gov/pubmed/10409765
https://doi.org/10.1172/JCI119849
https://doi.org/10.1172/JCI119849
http://www.ncbi.nlm.nih.gov/pubmed/9399941
https://doi.org/10.1007/s00109-008-0378-3
http://www.ncbi.nlm.nih.gov/pubmed/18600306
https://doi.org/10.1186/1471-2202-7-64
http://www.ncbi.nlm.nih.gov/pubmed/16987412
https://doi.org/10.1074/jbc.M809757200
http://www.ncbi.nlm.nih.gov/pubmed/19339243
https://doi.org/10.1177/1933719111408111
http://www.ncbi.nlm.nih.gov/pubmed/22096007
https://doi.org/10.1002/jor.20786
http://www.ncbi.nlm.nih.gov/pubmed/18973232
https://doi.org/10.1038/labinvest.2009.125
https://doi.org/10.1038/labinvest.2009.125
http://www.ncbi.nlm.nih.gov/pubmed/20010853
https://doi.org/10.1016/j.bbrc.2016.04.101
http://www.ncbi.nlm.nih.gov/pubmed/27107692
https://doi.org/10.1002/art.23219
http://www.ncbi.nlm.nih.gov/pubmed/18240254
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.1002/cyto.a.22402
http://www.ncbi.nlm.nih.gov/pubmed/24700575
http://www.ncbi.nlm.nih.gov/pubmed/20376787
https://doi.org/10.14670/HH-25.807
https://doi.org/10.1002/art.23418
https://doi.org/10.1002/art.23418
http://www.ncbi.nlm.nih.gov/pubmed/18438859
https://doi.org/10.1016/j.stem.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21726829
https://doi.org/10.1371/journal.pone.0177771


36. Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU. In vitro chondrogenesis of bone marrow-

derived mesenchymal progenitor cells. Experimental cell research. 1998; 238(1):265–72. Epub 1998/

02/11. https://doi.org/10.1006/excr.1997.3858 PMID: 9457080.

37. Sekiya I, Vuoristo JT, Larson BL, Prockop DJ. In vitro cartilage formation by human adult stem cells

from bone marrow stroma defines the sequence of cellular and molecular events during chondrogen-

esis. Proceedings of the National Academy of Sciences of the United States of America. 2002; 99

(7):4397–402. Epub 2002/03/28. https://doi.org/10.1073/pnas.052716199 PMID: 11917104;

38. Sekiya I, Colter DC, Prockop DJ. BMP-6 enhances chondrogenesis in a subpopulation of human mar-

row stromal cells. Biochemical and biophysical research communications. 2001; 284(2):411–8. Epub

2001/06/08. https://doi.org/10.1006/bbrc.2001.4898 PMID: 11394894.

39. Sekiya I, Larson BL, Vuoristo JT, Reger RL, Prockop DJ. Comparison of effect of BMP-2, -4, and -6 on

in vitro cartilage formation of human adult stem cells from bone marrow stroma. Cell Tissue Res. 2005;

320(2):269–76. Epub 2005/03/22. https://doi.org/10.1007/s00441-004-1075-3 PMID: 15778851.

40. Shirasawa S, Sekiya I, Sakaguchi Y, Yagishita K, Ichinose S, Muneta T. In vitro chondrogenesis of

human synovium-derived mesenchymal stem cells: optimal condition and comparison with bone mar-

row-derived cells. Journal of cellular biochemistry. 2006; 97(1):84–97. Epub 2005/08/10. https://doi.org/

10.1002/jcb.20546 PMID: 16088956.

41. Suzuki S, Muneta T, Tsuji K, Ichinose S, Makino H, Umezawa A, et al. Properties and usefulness of

aggregates of synovial mesenchymal stem cells as a source for cartilage regeneration. Arthritis

research & therapy. 2012; 14(3):R136. Epub 2012/06/09. https://doi.org/10.1186/ar3869 PMID:

22676383;

42. Kondo S, Muneta T, Nakagawa Y, Koga H, Watanabe T, Tsuji K, et al. Transplantation of autologous

synovial mesenchymal stem cells promotes meniscus regeneration in aged primates. Journal of ortho-

paedic research: official publication of the Orthopaedic Research Society. 2016. Epub 2016/02/27.

https://doi.org/10.1002/jor.23211 PMID: 26916126.

43. Abe H, Sakai T, Ando W, Takao M, Nishii T, Nakamura N, et al. Synovial joint fluid cytokine levels in hip

disease. Rheumatology (Oxford, England). 2014; 53(1):165–72. Epub 2013/10/19. https://doi.org/10.

1093/rheumatology/ket334 PMID: 24136066.

TNFα promotes proliferation of synovial MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0177771 May 18, 2017 15 / 15

https://doi.org/10.1006/excr.1997.3858
http://www.ncbi.nlm.nih.gov/pubmed/9457080
https://doi.org/10.1073/pnas.052716199
http://www.ncbi.nlm.nih.gov/pubmed/11917104
https://doi.org/10.1006/bbrc.2001.4898
http://www.ncbi.nlm.nih.gov/pubmed/11394894
https://doi.org/10.1007/s00441-004-1075-3
http://www.ncbi.nlm.nih.gov/pubmed/15778851
https://doi.org/10.1002/jcb.20546
https://doi.org/10.1002/jcb.20546
http://www.ncbi.nlm.nih.gov/pubmed/16088956
https://doi.org/10.1186/ar3869
http://www.ncbi.nlm.nih.gov/pubmed/22676383
https://doi.org/10.1002/jor.23211
http://www.ncbi.nlm.nih.gov/pubmed/26916126
https://doi.org/10.1093/rheumatology/ket334
https://doi.org/10.1093/rheumatology/ket334
http://www.ncbi.nlm.nih.gov/pubmed/24136066
https://doi.org/10.1371/journal.pone.0177771

