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Abstract

Mesenchymal stem cells (MSCs) possess an immunoregulatory capacity and are a therapeutic target for many inflammation-related diseases.
However, the detailed mechanisms of MSC-mediated immunosuppression remain unclear. In this study, we provide new information to partly
explain the molecular mechanisms of immunoregulation by MSCs. Specifically, we found that A20 expression was induced in MSCs by inflam-
matory cytokines. Knockdown of A20 in MSCs resulted in increased proliferation and reduced adipogenesis, and partly reversed the suppressive
effect of MSCs on T cell proliferation in vitro and inhibited tumour growth in vivo. Mechanistic studies indicated that knockdown of A20 in MSCs
inhibited activation of the p38 mitogen-activated protein kinase (MAPK) pathway, which potently promoted the production of tumour necrosis
factor (TNF)-a and inhibited the production of interleukin (IL)-10. Collectively, these data reveal a crucial role of A20 in regulating the
immunomodulatory activities of MSCs by controlling the expression of TNF-a and IL-10 in an inflammatory environment. These findings pro-
vide novel insights into the pathogenesis of various inflammatory-associated diseases, and are a new reference for the future development of
treatments for such afflictions.
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Introduction

Mesenchymal stem cells (MSCs) can be found in nearly all tissues,
including muscle, adipose, umbilical cord, dental pulp and bone
marrow [1–3]. Mesenchymal stem cells are defined as self-renewing
multi-potent non-haematopoietic progenitor cells capable of differen-
tiating into tissue-specific cell types, including those of bone,
cartilage, muscle, adipose and other tissue types [4, 5].

Many studies have found that MSCs possess immunoregulatory
capabilities and are thus a therapeutic target for many inflammation-
related diseases [6–12]. Previous research has indicated that various
molecules such as transforming growth factor b [13], prostaglandin
E2 (PGE2) [13, 14], indoleamine 2,3-dioxygenase (IDO) [15, 16],

suppressor of cytokine signalling 1 [17], programmed death-ligand 1
(PD-L1) [18] and inducible nitric oxide synthase (iNOS) [19, 20]
secreted by MSCs mediate their immunosuppressive effects, whereas
other studies have reported that cell-to-cell contact is the major
mechanism of MSC-mediated immunosuppression [21, 22]. These
discrepancies may be as a result of interspecies variation. For exam-
ple, mouse and rabbit MSCs utilize iNOS, which leads to the suppres-
sion of STAT5 phosphorylation in T cells and the induction of immune
cell apoptosis, whereas human and monkey MSCs use IDO, which
leads to the degradation of tryptophan along the kynurenine pathway
and the inhibition of T cell receptor-induced proliferation [23, 24].
Despite these findings, the detailed mechanisms of MSC-mediated
immunosuppression remain unclear.

A20, also known as tumour necrosis factor-a-induced protein 3
(TNFAIP3), is an ubiquitin-modifying enzyme that has amino-terminal
deubiquitinating activity mediated by its ovarian tumour domain, and
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has a carboxy-terminal zinc finger domain that supports E3 ubiquitin
ligase activity. The up-regulation of A20 can be induced by TNF-a
[25] and other proinflammatory cytokines via cytokine receptor
engagement [26], which subsequently negatively regulates the NF-jB
[27, 28] or MAPK [29] pathways. Previous research has shown that
expression of A20 by immune cells, such as dendritic cells (DCs) and
macrophages, maintains immune homeostasis and prevents autoim-
mune diseases [30]. Although A20 is believed to be an effective
anti-inflammatory and immunosuppressive protein in many cell types,
little is known about the function of A20 in MSCs. As MSCs and A20
are both critical negative regulators of inflammation, we hypothesized
that A20 plays a role in the immunoregulatory functions of MSCs, and
this was investigated herein.

Materials and methods

Ethics statement

This study was conducted in strict accordance with national guidelines
for the use of animals in scientific research, and was approved by the

Animal Care and Use Committee of the Beijing Institute of Basic Medical

Sciences (approval number BMS-1104139).

Mice

Male C57BL/6 mice (6–8 weeks old) were purchased from the Labora-

tory Animal Center, Academy of Military Medical Sciences, Beijing,
China, and were maintained in a specific pathogen-free mouse facility.

Cell culture

Primary murine MSCs derived from murine bone marrow were isolated

and cultured as we previously described [31]. C3H/10T1/2, Clone 8 cells

(ATCC, Manassas, VA, USA), a murine bone marrow-derived mesenchy-
mal cell line isolated from C57BL/6 mice, were cultured in minimal

essential medium (MEM) with 2-mM L-glutamine, 1.5-g/l sodium bicar-

bonate, 100-U/ml penicillin, 100-U/ml streptomycin and 10% foetal

bovine serum (FBS). B16-F0 cells (ATCC), a murine melanoma cell line
isolated from C57BL/6, were cultured in DMEM supplemented with 10%

FBS. All cells were cultured in a humidified atmosphere with 5% CO2 at

37°C.

Lentiviral vector transduction

Lentivirus targeting mouse A20 (50-CAAAGCACUUAUUGACAGA-30) and
the corresponding control virus were purchased from Genechem

(Shanghai, China). 1 9 105 C3H/10T1/2 cells were seeded in six-well

plates in serum- and antibiotic-free MEM the day before transduction.

After 24 hrs, C3H/10T1/2 cells were transduced with lentivirus express-
ing murine A20 shRNA (shA20 C3 MSCs) or control lentivirus (shCTRL

C3 MSCs) in the presence of 10 lg/ml polybrene (Santa Cruz Biotech-

nology, Dallas, TX, USA) for 6 hrs. Transduced cells were selected with
puromycin (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of

5 lg/ml for 48 hrs.

Flow cytometric analysis

For surface molecule staining, cells were harvested with 0.25% tryp-

sin and stained for 30 min. at 4°C. Antibodies against mouse CD45,
CD105, CD44, IA/IE, CD11b, CD31, Sca-1, CD29, intercellular cell

adhesion molecule (ICAM), vascular cell adhesion molecule (VCAM)

and PD-L1 were purchased from BioLegend (San Diego, CA, USA).

After washing three times in PBS, cells were fixed in 1%
paraformaldehyde. Data were collected from 50,000 events for each

sample with a BD FACSCalibur (BD Biosciences, San Jose, CA, USA),

and date were analysed with FlowJo software version 7.6 (TreeStar,

Ashland, OR, USA).

Proliferation assay

Cell proliferation was measured with immunofluorescent staining of

incorporated bromodeoxyuridine (BrdU) with a commercially available

kit (BD Biosciences) according to the manufacturer’s instructions.

Briefly, cells were seeded at a density of 1 9 105/well in six-well plates,
10 lM BrdU was added and then the cells were incubated for 1.5–
3 hrs before following the recommended staining protocol.

Differentiation assay

To induce adipogenic differentiation, MSCs were cultured in DMEM sup-

plemented with 10% FBS, 1-lM dexamethasone, 200-lM indomethacin,
0.5-lM 3-isobuty1-1-methyl-xanthine and 10-lg/ml insulin in 24-well

plates for 10 days. Osteogenic differentiation was induced in DMEM

supplemented with 10% FBS, 0.1-lM dexamethasone, 100-lM ascor-

bate-2 phosphate and 10-mM b-glycerophosphate in 24-well plates for
2 weeks. Adipogenic and osteogenic induction were assayed with Oil

Red O and alkaline phosphatase (ALP) staining, respectively as previ-

ously described [17]. All reagents used in the MSC differentiation assay
were purchased from Sigma-Aldrich.

Carboxy fluorescein diacetate succinimidyl ester
labelling

Spleen cells were prepared as a single cell suspension, and dead cells

were removed by density gradient centrifugation. CD3+ T cells were
selected with a CD3e MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach,

Germany), and then labelled with 5-lM carboxy fluorescein diacetate

succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) for 7 min. at
room temperature in the dark with gentle vortexing every 2 min. Cell

labelling was terminated by adding 4–5 volumes of cold complete

media. After washing, the spleen cells were stimulated with 50 ng/ml

phorbol myristate acetate (PMA) and 1 lg/ml ionomycin (Sigma-
Aldrich), and co-cultured with shCTRL MSCs or shA20 MSCs for

48 hrs. CD3+ T cell proliferation was measured by the reduction in CFSE

fluorescence intensity via flow cytometry.
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Detection of cytokines and NO

Mesenchymal stem cells were stimulated with IFN-c and TNF-a for 12 hrs
or at indicated time points, and PGE2 and interleukin (IL)-10 secretion

were measured by ELISA (eBioscience, San Diego, CA, USA). Nitric oxide

was detected with a modified Griess reagent (Sigma-Aldrich). NO3 was

converted into NO2 by nitrate reductase, and then NO2 production was
measured by a modified Griess reagent kit (Sigma-Aldrich).

qRT-PCR analysis

For qRT-PCR analysis, total RNA was isolated from MSCs with TriPure

(Roche, Indianapolis, IN, USA) then reverse transcribed into cDNA by a

reverse transcriptase kit (Toyobo, Osaka, Japan) according to the manu-
facturer’s protocol. qRT-PCR was then performed with a SYBR Green

PCR kit (Toyobo) on the Mx3005p system (Agilent Technologies, Santa

Clara, CA, USA) to determine the expression levels of the genes of

interest. Primer pairs were as follows: mouse b-actin: forward 50-CTTCC
GCCTTAATACTTC-30 and reverse 50-AAGCCTTCATACATCAAG-30; mouse

A20: forward 50-ACCATGTTTGAAGGGTACTG-30 and reverse 50-GGCTACC
TGTGTAGTTCGAG-30; mouse TNF-a: forward 50-GATGGGTTGTACCTTGT
CTACT-30 and reverse 50-CTTTCTCCTGGTATGAGATAGC-30; mouse IL-

10: forward 50-CCAAGCCTTATCGGAAATGA-30 and reverse 50-TCTCACC
CAGGGAATTCAAA-30; mouse ALP: forward 50-GGGCAATGAGGTCACAT
CCA-30 and reverse 50-GTGGTTCACCCGAGTGGTAG-30; mouse Osterix:
forward 50-ACTCATCCCTATGGCTCGTG-30 and reverse 50-GGTAGGGAGC
TGGGTTAAGG-30; mouse peroxisome proliferator-activated receptor-c
(PPAR-c): forward 50-TTGATTTCTCCAGCATTTCT-30 and reverse 50-
GCACTTTGGTATTCTTGGAG-30; mouse aP2: forward 50-AAGGTGAAGAG-
CATCATAACCCT-30 and reverse 50-TCACGCCTTTCATAACACATTCC-30.
qRT-PCR was performed with the following conditions: 95°C for 3 min.;

40 cycles: 95°C for 15 sec., 60°C for 15 sec., 72°C for 15 sec.; fol-

lowed by melting curve analysis.

Western blot analysis

Protein samples prepared in SDS sample buffer were boiled and sepa-

rated on 12% SDS-polyacrylamide gel, and then the proteins were

transferred to a 0.45-lm polyvinylidene fluoride blotting membranes.

The membranes were then incubated with primary antibodies against
the proteins of interest in blocking solution, washed and then incubated

with HRP-conjugated secondary antibodies. Finally, an enhanced chemi-

luminescence substrate (Thermo Fisher, Waltham, MA, USA) was added

to the membranes prior to film exposure to detect the proteins accord-
ing to manufacturer instructions.

Analysis of in vivo tumour growth

B16-F0 murine melanoma cells were expanded in DMEM supplemented with

10% FBS. Each mouse was subcutaneously injected into the right posterior

flank with 5 9 105 B16-F0 cells in 100-lL PBS, with or without co-injection
of shCTRL MSCs or shA20 MSCs (1 9 106 cells/mouse), and PBS alone

served as a control. Tumour growth was measured every 2 days, and

tumour volume was calculated by the following formula: tumour vol-

ume = 0.5 9 width2 9 length. Mice were killed 13 days later when

tumours began to hinder mobility, and the tumours were subsequently
excised and weighed. Each experimental group included at least four mice.

Statistical analysis

All data were analysed with Prism 5.0 software (GraphPad Software,

CA, USA) and are presented as the mean � S.D. Statistical significance

was assessed by unpaired two-tailed Student’s t-tests. P values less
than 0.05 were considered significant.

Results

Inflammatory cytokines induce A20 expression in
MSCs

A20 transcription has been shown to be up-regulated in various anti-
gen-presenting cells by numerous stimuli, such as TNF-a, IFN-c and
IL-1b. To investigate the possible role of A20 in MSC-mediated
immunosuppression, we analysed the expression of A20 mRNA and
protein following cytokine stimulation in MSCs from murine bone
marrow and the C3H/10T1/2 murine MSC cell line, which has been
utilized in several in vitro and in vivo studies [17, 32]. Specifically, to
assess the ability of inflammatory cytokines to induce A20 expression
in MSCs, we added increasing concentrations of IFN-c and TNF-a to
MSCs for 24 hrs or 5 ng/ml IFN-c and TNF-a for 6, 12 and 24 hrs.
qRT-PCR and Western blot analyses revealed that A20 expression
was increased significantly in a dose-dependent manner in both bone
marrow–derived MSCs and C3H/10T1/2 (Fig. 1A–C). In addition, A20
expression was also highly responsive to stimulation with inflamma-
tory cytokines at a set concentration of 5 ng/ml at the various time
points (Fig. 1D–F).

Collectively, these results indicate that A20 mRNA and protein
expression increase under inflammatory conditions in both murine
bone marrow–derived MSCs and the C3H/10T1/2 murine MSC cell
line. Considering that we observed similar responses between bone
marrow MSCs and the MSC cell line to inflammatory factors, and that
the latter is more readily available for in vitro and in vivo studies while
reducing the number of animals required, all subsequent experiments
were performed with the C3H/10T1/2 MSC cell line, which are here-
after referred to as C3 MSCs.

A20 knockdown does not affect MSC morphology
or phenotypic characteristics

As both the qRT-PCR and Western blot analyses revealed that there
was a significant increase in A20 expression induced by inflammatory
factors, we hypothesized that A20 is involved in regulating the
immunosuppressive capacity of MSCs. Therefore, a lentivirus encod-
ing A20 shRNA was used to silence A20 expression in mouse C3
MSCs, and the resulting effects were examined. Specifically, cells
were transduced with a control lentivirus (shCTRL C3 MSCs) or
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lentivirus encoding for A20 shRNA (shA20 C3 MSCs), and the qRT-
PCR results showed a significant decrease in A20 expression after
transduction with the lentivirus containing A20 shRNA (Fig. 2A).

We next assessed the morphological and phenotypic characteris-
tics of shCTRL C3 MSCs and shA20 C3 MSCs. Both groups exhibited

strong adherence and spindle-shaped morphology (Fig. 2B). In
addition, flow cytometry results showed that there was no significant
difference in cell size between the experimental and control groups
(Fig. 2C). The transduced MSCs were then analysed for cell surface
molecule expression, and were found to express the MSC markers

A B C

D E F

Fig. 1 Inflammatory cytokines induce A20 expression in MSCs. MSCs (A) and C3H/10T1/2 (B and C) were treated with 0, 2, 5 and 10 ng/ml IFN-c
and TNF-a for 24 hrs. A20 mRNA and protein levels were examined by qRT-PCR and Western blot analysis. MSCs (D) and C3H/10T1/2 (E and F)
were treated with 5 ng/ml IFN-c and TNF-a for 0, 6, 12 and 24 hrs, and mRNA and protein expression levels were determined by qRT-PCR and

Western blot analysis, respectively.

A

D

B C

Fig. 2Morphological and phenotypic characterization of C3 MSCs after A20 knockdown. (A) qRT-PCR analysis of A20 mRNA levels with or without
A20 knockdown. (B) Morphology and (C) size of cultured shCTRL C3 MSCs and shA20 C3 MSCs were analysed by microscopy and flow cytometry.

(D) Cell surface markers were analysed by flow cytometry, **P < 0.01. All experiments were repeated three times.
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Sca-1, CD105, CD29 and CD44, but were negative for the
haematopoietic and endothelial markers CD45, CD11b, CD31 and
MHC class II (Fig. 2D). These results indicate that C3 MSCs exhibited
similar morphology and immunophenotype with or without A20
knockdown.

Impaired adipogenic differentiation of MSCs with
A20 knockdown

Next, we analysed the effect of A20 knockdown on C3 MSC prolif-
eration at different time points. In the proliferation assay, BrdU is

incorporated into the DNA of proliferating cells and then detected
with anti-BrdU fluorescent antibodies, and 7AAD is coupled with
BrdU staining to analyse the cell-cycle phase by flow cytometry.
Our results showed that there was a significantly higher proportion
of shA20 C3 MSCs in S phase and a lower proportion in G0/G1
phase compared with those of shCTRL C3 MSCs (Fig. 3A). As pre-
viously reported, MSCs can differentiate into adipocytes and osteo-
blasts in vitro when cultured under appropriate conditions [17,
31]. Our results showed that A20 knockdown did not influence
osteogenic differentiation of either shCTRL C3 MSCs or shA20 C3
MSCs (Fig. 3B and D). However, compared with that of shCTRL
C3 MSCs, adipogenic differentiation was dramatically reduced in

A B

C

D

Fig. 3 Proliferation and differentiation capacities of shCTRL C3 MSCs and shA20 C3 MSCs. (A) BrdU incorporation coupled with 7AAD staining was

analysed by flow cytometry. C3 MSCs were cultured in (B) osteogenic or (C) adipogenic differentiation medium for 14 days, and stained with ALP

(bar = 100 lm) or Oil Red O (bar = 50 lm). (D) C3 MSCs cultured in osteogenic or adipogenic medium for the indicated times were analysed for
ALP, Osterix, PPAR-c and aP2 by qRT-PCR, **P < 0.01.
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shA20 C3 MSCs (Fig. 3C). This reduction in adipogenesis was fur-
ther observed through analysis of PPAR-c and aP2 mRNA expres-
sion levels (Fig. 3D).

A20 knockdown attenuates the
immunosuppressive capacity of MSCs in vitro
and in vivo

We next examined the immunosuppressive capacity of C3 MSCs fol-
lowing A20 knockdown in vitro and in vivo. Because A20 is a well-
known immunosuppressive molecule, we hypothesized that shA20 C3
MSCs would exhibit immune-enhancing activity. To investigate this
hypothesis, CD3+ T cells were labelled with CFSE, stimulated with
PMA and ionomycin, and then co-cultured with C3 MSCs. Changes in
CFSE signals were then measured via flow cytometry to monitor T cell
proliferation. We found that T cell proliferation was inhibited by
shCTRL C3 MSCs as indicated by a slower reduction in CFSE fluores-
cence intensity. As expected, shA20 C3 MSCs partially reversed this
immunosuppressive effect on T cell proliferation, as there was a fas-
ter reduction in CFSE fluorescence intensity for shA20 C3 MSCs than
was observed for shCTRL C3 MSCs (Fig. 4). To further investigate
this observation, we used an in vivo mouse melanoma tumour model.
Specifically, B16-F0 cells were subcutaneously injected into the right
posterior flanks of C57BL/6 mice with co-injections of shCTRL C3
MSCs, shA20 C3 MSCs or PBS. Thirteen days later, mice co-injected
with shCTRL C3 MSCs exhibited a 1.9-fold greater tumour volume
and 1.8-fold greater tumour weight compared with those of mice co-
injected with PBS (Fig. 5A–C). However, in mice co-injected with
shA20 C3 MSCs, we observed only 0.45- and 0.61-fold increases in
tumour volume and weight, respectively, compared those of PBS-co-
injected control mice (Fig. 5A–C). Overall, these data indicate that
there is a role for A20 as an immunosuppressive attenuator of C3
MSCs, for when A20 was knocked down, the immunosuppressive
effect of MSCs was attenuated.

TNF-a and IL-10, but not ICAM, VCAM, PD-L1,
nitric oxide or PGE2 attenuate the
immunosuppressive capacity of shA20 C3 MSCs

Many molecules such as ICAM-1, VCAM-1, PD-L1, PGE2 and nitric
oxide have been described to have major roles in MSC-mediated
immunosuppression. To investigate the mechanism by which A20
reverses the immunosuppressive capacity of MSCs, we treated shCTRL
or shA20 C3 MSCs with IFN-c and TNF-a at increasing concentrations
or left them untreated. We then evaluated the expression of ICAM-1,
VCAM-1 and PD-L1 by flow cytometry, and the production of PGE2
and nitric oxide by ELISA and a Griess reaction, respectively. We found
that ICAM-1, PD-L1, PGE2 and nitric oxide were up-regulated in C3
MSCs stimulated with IFN-c and TNF-a in a dose-dependent manner,
with no differences observed between shCTRL C3 MSCs and shA20 C3
MSCs (Fig. 6A and C–E). No significant changes in VCAM-1 expression
were observed with or without stimulation (Fig. 6B). We then com-
pared the mRNA levels of representative inflammatory cytokines
between shCTRL C3 MSCs and shA20 C3 MSCs by qRT-PCR. Without
stimulation, both shCTRLC3 MSCs and shA20 C3 MSCs exhibited low
levels of TNF-a and IL-10 production (Fig. 7A and B). With stimulation,
TNF-a mRNA was induced in shCTRL C3 MSCs at a lower level than

A

B

Fig. 4 A20 knockdown attenuates immunosuppressive capacity of C3

MSCs in vitro. CFSE-labelled CD3+ T cell was cultured alone (A) or co-
cultured with different numbers of C3 MSCs (B) in RPMI 1640 complete
medium supplemented with PMA (50 ng/ml) and ionomycin (1 lg/ml)

for 48 hrs. Cells were subjected to flow cytometry for T cell prolifera-

tion as detected by the CFSE signal.
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that in shA20 C3 MSCs (Fig. 7A). Conversely, IL-10 mRNA and protein
were induced in shCTRL C3 MSCs at a significantly higher level com-
pared with that in shA20 C3 MSCs (Fig. 7B). Taken together, these
results indicate the unique effects of A20 on the inhibition of TNF-a and
promotion of IL-10 production in C3 MSCs.

The MAPK pathway is involved in A20-induced
immunosuppression

Next, we investigated which pathway was involved in the regulation of
TNF-a and IL-10 expression in MSCs. The MAPK pathway is one of
the major intracellular signalling cascades and is activated by many
stimuli, including IFN-c and TNF-a. Therefore, we examined the
MAPK pathway in C3 MSCs with and without A20 knockdown, and
found that A20 knockdown inhibited the phosphorylation of p38
MAPK. Both shCTRL and shA20 C3 MSCs exhibited phosphorylation
of p38 MAPK within 15 min. after IFN-c and TNF-a stimulation, but
surprisingly, p38 activation was rapidly inhibited within 30 min. in

shA20 C3 MSCs (Fig. 7C). This finding reveals a possible role of A20
in the regulation of p38 MAPK signalling. Collectively, these data sug-
gest that shA20 C3 MSCs have inhibited activation of the p38 MAPK
pathway, which may lead to enhanced TNF-a and decreased IL-10
production.

Discussion

Mesenchymal stem cells are present in nearly all tissues and can dif-
ferentiate into various specialized cell types. The immunosuppressive
ability of MSCs has been studied both in vitro and in vivo over the
last few years, but the detailed mechanisms of their immunosup-
pression remain controversial. The results of this study reveal for
the first time that A20 plays an important role in the immunomodu-
latory capacity of MSCs.

A20 is a ubiquitin-modifying enzyme and is expressed by virtu-
ally all cell types, including macrophages, DCs and B cells, but has
different functions in different cell types [33, 34]. Here, we found

A

B C

Fig. 5 A20 knockdown inhibits tumorigenesis in vivo. (A) Representative tumours photographed 13 days after C57BL/6 mice were injected with PBS,

shCTRL C3 MSCs or shA20 C3 MSCs. (B) On day 0, 5 9 105 B16-F0 cells in 100-ll PBS were injected subcutaneously into the right posterior
flanks, with or without co-injection of shCTRL C3 MSCs or shA20 C3 MSCs (1 9 106 cells). Tumour growth was measured at 2-day intervals, and

tumour volume was calculated. (C) Thirteen days later, all mice were killed and tumours were sectioned and weighted. Each treatment group

included four mice, and data are representative of three independent experiments, **P < 0.01.
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that shA20 MSCs exhibit an enhanced proliferative capacity as has
been demonstrated for other immune cells, which is possibly as a
result of increased expression of NF-jB-dependent, anti-apoptotic
proteins. Dorronsoro et al. reported that A20 is a key regulator in
human adipogenesis [35]. In this study, we showed that the adi-
pogenic differentiation capacity was dramatically decreased in
shA20 C3 MSCs.

In spite of its function on many immune cells, such as DCs, T
cells and B cells; however, whether A20 plays a role in MSC-mediated
immunosuppression remained unknown. Several molecules such as
ICAM-1, VCAM-1, PD-L1 and nitric oxide have been proposed in the
mechanisms of immunosuppression by mouse MSCs, and although
our results were in agreement with those of prior studies [18, 19, 36],
these factors cannot explain the differences in immunomodulation
between control and A20 knockdown MSCs observed herein. Specifi-
cally, the results of this study revealed that MSCs with A20 knock-
down exert anti-tumorigenic effects as documented in a melanoma
tumour model. In vitro, we found that A20 attenuated the MSC-
mediated immunosuppressive effects on T cell proliferation by inhibit-

ing IL-10 and inducing TNF-a. Interleukin-10 is a key inhibitor of
inflammatory responses that regulates the production of cytokines
such as TNF-a, and IL-10 expression can be induced by p38 MPAK
pathway activation in macrophages [37–39]. Here, we further demon-
strated that A20 knockdown inhibited the activation of p38 MAPK,
promoted the production of TNF-a, decreased the production of IL-10
and partly reversed the immunosuppressive effects of MSCs.

In recent years, there have been many conflicting reports on the
immunomodulatory effect of MSCs [40, 41], as MSCs have complex
immune modulating activities. Thus, a new paradigm has been pro-
posed for MSCs, in which MSC1 is classified as pro-inflammatory
and MSC2 as immunosuppressive [42, 43]. When with cancer cells,
MSC1-treated groups showed higher levels of pro-inflammatory fac-
tors, whereas MSC2-treated groups had marked increases in anti-
inflammatory factors including IL-10 [21, 23, 42, 43]. Considering
that the detailed mechanisms of MSC-mediated immunosuppression
remain unclear, our results herein may offer possible guidance on the
conflict in that MSC1 may have a lower expression of A20, which
could reverse the immunosuppressive effect on T cell proliferation.

A

D E

B C

Fig. 6 A20 knockdown showed no significant effect on ICAM-1, VCAM-1, PD-L1, PGE2 or nitric oxide expression. ShCTRL C3 MSCs and shA20 C3
MSCs were cultured with or without stimulation with 5 ng/ml IFN-c and TNF-a. 12 hrs later, the expression of (A) ICAM-1, (B) VCAM-1 and (C) PD-
L1 were analysed by flow cytometry. (D) Nitric oxide production was measured by Griess assay. (E) PGE2 production was measured by ELISA.
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Conclusions

This study revealed that A20 knockdown in MSCs reduced MSC-
mediated immunosuppression of T cell proliferation in vitro and
reversed MSC-mediated immunosuppression against tumour cells
leading to decreased tumour growth in vivo. Our results further
demonstrated the crucial role of A20 in MSC-mediated expression of
TNF-a and IL-10 in an inflammatory environment. Hence, this study
provides new insights into the molecular mechanisms of immunoreg-
ulation by MSCs and provides a target for future clinical treatments.
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