
Yang et al. Stem Cell Research & Therapy          (2024) 15:366  
https://doi.org/10.1186/s13287-024-03979-8

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Stem Cell Research & Therapy

Intracellular osteopontin potentiates 
the immunosuppressive activity 
of mesenchymal stromal cells
Wanlin Yang1,2†, Min Jin1,3†, Yuting Gu1,3, Xiaonan Zhao4, Lingqiao Zhu4, Shan He4, Hui Wang2, Xinyuan Ding5, 
Bei Wang6, Tingwang Jiang1, Yichuan Xiao6, Guoqiang Zhou1,5*, Jiefang Huang1,5* and Yanyun Zhang1,4,6*    

Abstract 

Introduction  Mesenchymal stromal cell (MSC)-based cell therapy is a promising approach for various inflamma-
tory disorders based on their immunosuppressive capacity. Osteopontin (OPN) regulates several cellular functions 
including tissue repair, bone metabolism and immune reaction. However, the biological function of OPN in regulating 
the immunosuppressive capacity of MSCs remains elusive.

Objectives  This study aims to highlight the underlying mechanism of the proinflammatory cytokines affect the ther-
apeutic ability of MSCs through OPN.

Methods  MSCs in response to the proinflammatory cytokines were collected to determine the expression profile 
of OPN. In vitro T-cell proliferation assays and gene editing were performed to check the role and mechanisms of OPN 
in regulating the immunosuppressive capacity of MSCs. Inflammatory disease mouse models were established 
to evaluate the effect of OPN on improving MSC-based immunotherapy.

Results  We observed that OPN, including its two isoforms iOPN and sOPN, was downregulated in MSCs upon proin-
flammatory cytokine stimulation. Interestingly, iOPN, but not sOPN, greatly enhanced the immunosuppressive activity 
of MSCs on T-cell proliferation and thus alleviated the inflammatory pathologies of hepatitis and colitis. Mechanisti-
cally, iOPN interacted with STAT1 and mediated its deubiquitination, thereby inducing the master immunosuppressive 
mediator inducible nitric oxide synthase (iNOS) in MSCs. In addition, iOPN expression was directly downregulated 
by activated STAT1, which formed a negative feedback loop to restrain MSC immunosuppressive capacity.

Conclusion  Our findings demonstrated that iOPN expression modulation in MSCs is a novel strategy to improve 
MSC-based immunotherapy.
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Introduction
Mesenchymal stromal cells (MSCs) are adult progeni-
tor cells that have attracted much attention for their 
ability to regulate inflammatory processes [1, 2]. Stud-
ies have shown that proinflammatory cytokines, such as 
tumor necrosis factor (TNF)-α, interferon (IFN)-γ and 
interleukin (IL)-1, can activate MSCs, allowing them to 
exhibit immunosuppressive functions and thus alleviat-
ing inflammation [1, 3]. Our previous work demonstrated 
that treatment with MSCs inhibited the infiltration, 
activation and proliferation of CD4+ T cells by induc-
ing a subset of regulatory dendritic cells to alleviate liver 
damage [4]. Moreover, MSCs also act directly on T cells 
by recruiting activated T cells and inhibiting the activa-
tion and proliferation of them through the production of 
nitric oxide (NO), indoleamine 2,3-dioxygenase, prosta-
glandin E2, transforming growth factor-β and heme oxy-
genase to alleviate the severity of inflammatory diseases 
[5, 6].

Proinflammatory cytokines activate MSCs, which 
allows them to exert their immunomodulatory func-
tions. However, in this process, these proinflammatory 
cytokines also have adverse effects on MSCs. For exam-
ple, Shi and colleagues observed that the expression 
of Mir-155 in MSCs was upregulated after stimulation 
by inflammatory factors. This elevated Mir-155 level 
was found to diminish the immunosuppressive capa-
bilities of MSCs [7]. Our previous studies also showed 
that inflammatory factors promoted the generation of 
autophagy in MSCs, and inhibition of autophagy can 
improve the immunosuppressive function of MSCs and 
the therapeutic effect of MSCs on experimental autoim-
mune encephalomyelitis model animals [8]. In addition, 
IFN-γ plus TNF-α could promote the apoptosis of MSCs, 
which inhibited their therapeutic effects on bone repair 
[9]. Thus, a better understanding of the mechanisms by 
which the inflammatory microenvironment regulates 
the immunosuppressive capacity and survival of MSCs is 
needed to guide the future clinical use of MSCs.

Osteopontin (OPN), also known as early T lymphocyte 
activation 1 protein, is a phosphorylated glycoprotein 
that exists in bone, kidney, blood vessels and other tis-
sues [10]. In early studies, OPN was considered a secre-
tory protein (sOPN), mainly serving as a cytokine in the 
matrix that had diverse biological functions [11]. Recent 
studies have found that OPN can also be maintained 
inside the cytosol or the nucleus, and this form is defined 
as intracellular OPN (iOPN) [12]. These two forms 
are transcribed by the same RNA segment, but selec-
tive translation exists in the translation process. Both 
sOPN and iOPN play important roles in cell adhesion, 
migration, immunity and differentiation, but the regu-
latory mechanisms are different. sOPN can recognize 

its receptors (mainly integrins V3 and CD44) and acti-
vate downstream signaling, such as NF-κB and PI3K/
AKT, while iOPN is usually recruited near intracellular 
receptors, such as TLR9, and interacts with the adaptor 
molecule MyD88 as its effector, promoting the transcrip-
tion of downstream genes and the production of inflam-
matory cytokines in immune-mediated diseases [13]. In 
MSCs, OPN was found to have effects on differentiation 
[14]. In view of the different effects of sOPN and iOPN 
on immunity and MSCs, it is necessary to study the regu-
latory effect of OPN, especially its different forms, on the 
immunosuppressive function of MSCs.

In the present study, we found that OPN was down-
regulated by activated STAT1 in MSCs upon proinflam-
matory cytokine stimulation. We further identified that 
iOPN, but not sOPN, was essential for the immunosup-
pressive activity of MSCs by promoting STAT1-induced 
expression of inducible nitric oxide synthase (iNOS). 
Accordingly, overexpression of iOPN greatly promoted 
the therapeutic efficacy of MSCs in alleviating inflam-
matory diseases. Therefore, our study demonstrates a 
novel mechanism in restraining the immunosuppressive 
capacity of MSCs through the inhibition of iOPN under 
inflammatory conditions.

Materials and methods
Reagents and mice
Recombinant murine IFN-γ (CAT# 315-05) and 
TNF-α (CAT# 315-01A) were purchased from Pepro-
Tech (Rocky Hill, USA). Antibodies against GAPDH 
(CAT# 2118, RRID: AB_561053), NF-κB p65 (CAT# 
8242, RRID:AB_10859369), phospho-NF-κB p65 
(CAT# 3033, RRID:AB_331284), STAT1 (CAT# 
14994, RRID:AB_2737027), phospho-STAT1 (Tyr701) 
(CAT# 7649, RRID:AB_10950970), IκBα (CAT# 4814, 
RRID:AB_390781), phospho-IκBα (CAT# 2118) and 
ubiquitin (CAT# 3936, RRID: RRID:AB_331292) were 
purchased from Cell Signaling Technology (Dan-
vers, Massachusetts, USA). Antibodies against iNOS 
(CAT# ab178945, RRID:AB_2861417) and recombinant 
mouse osteopontin protein (CAT# ab281820) were pur-
chased from Abcam (San Francisco, USA). Antibod-
ies against OPN (CAT# AF808, RRID:AB_2194992) 
and OPN neutralizing antibodies (CAT# 441-OP) were 
purchased from R&D Systems (Minnesota, USA). Anti-
bodies against c-Myc (CAT# sc-40, RRID:AB_627268) 
and c-Myc-HRP (CAT# sc-40-HRP) were from Santa 
Cruz (California, USA). Antibodies against HA (CAT# 
2013819) were purchased from Roche (Natley, New 
Jersey, USA). Antibodies for Alexa Fluor 488 donkey 
anti-goat IgG (CAT# A-11055, RRID:AB_2534102) and 
Alexa Fluor 647 goat anti-rabbit IgG (CAT# A27040, 
RRID:AB_2536101) were from Thermo Fisher Scientific 
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(Waltham, Massachusetts, USA). L-NMMA (CAT# 
S7920) and fludarabine (CAT# S1491) were purchased 
from Selleckchem (Houston, USA). Antibodies against 
Flag (A8592, RRID:AB_439702), ConA (CAT# L7647) 
and Griess (CAT# 23479) reagents were purchased from 
Sigma‒Aldrich (St Louis, MO, USA). Female WT and 
OPN−/− C57BL/6 mice (8–10 weeks old) were purchased 
from the Shanghai Laboratory Animal Center of the Chi-
nese Academy of Sciences and maintained under specific 
pathogen-free conditions in the vivarium of Shanghai 
Institute of Nutrition and Health, Chinese Academy of 
Sciences. Sample sizes of all experiments were predeter-
mined by calculations derived from our experience. No 
sample was excluded from the analyses. Animals were 
not randomly assigned during collection, but the strain, 
sex, and age of the mice were the same, and the data anal-
ysis was single masked. Investigators were not blinded to 
the group allocation during the experiment and outcome 
assessment. The number of replicates were indicated in 
each figure legend. All mice were housed in SPF-rated 
cages.

Cells
Murine bone marrow MSCs were isolated as previously 
described [8]. Briefly, murine MSCs were generated from 
the bone cavity of femurs and tibias of 3- to 4-week-old 
C57BL/6 mice. The cells were cultured in DMEM-low 
glucose containing 10% FBS, 2  mM L-glutamine and 
1% penicillin‒streptomycin (all from Life Technologies, 
Carlsbad, California, USA). A single-cell suspension of 
bone marrow cells was seeded in 100 mm culture dishes, 
nonadherent cells were removed after 24  h, and the 
medium was replenished every 2  days. Cells were used 
at the 9–16th passages. ‘Stemness’ of murine MSCs was 
determined by their expression of specific cell surface 
markers and by their capability to differentiate into adi-
pocytes, osteoblasts, and chondrocytes. The MSCs used 
in each experiment were paired and at the same passage. 
293T cells were purchased from ATCC (Manassas, USA).

Quantitative real‑time polymerase chain reaction (PCR)
TRIzol (Life Technologies) was added to mice tissues or 
MSCs for extraction of RNA. The collected tissues should 
be homogenized with homogenizer. Samples can be 
stored at − 80 °C before extraction. Total RNA extracted 
with TRIzol was tested by NanoDrop (Thermo Scientific) 
for the assessment of RNA quality and quantity. And then 
RNA was reverse-transcribed into cDNA with a reverse 
transcription kit from TaKaRa (Tokyo, Japan). Quantita-
tive PCR was performed using FastStart Universal SYBR 
Green Master Kit (Roche) on an ViiA 7 Real-Time PCR 
System (Applied Biosystems). The reaction protocol used 
was 95  °C 5  min, 35 cycles with 95  °C 15  s, 60  °C 60  s, 

and 72 °C 5 min. β-actin, which was recommended as the 
reference gene in both software analysis and literature 
review, was used as an internal control to normalize for 
differences in the amount of total RNA in each sample. 
Primers are listed in Table 1.

Immunoblotting and immunoprecipitation
Cells were harvested and lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (Beyotime, Haimen, China) con-
taining phenylmethylsulfonyl fluoride (PMSF) (Beyotime) 
for 30 min on ice. Lysates were clarified by centrifugation 
at 15,000 × g for 30 min. The protein concentration of the 
supernatant fraction was determined by the Bradford 
assay (Thermo Fisher Scientific, New Hampshire, USA). 
Protein samples were diluted in 4 × sodium dodecyl sul-
fate (SDS) loading buffer (TaKaRa), heated to 100 °C for 
5 min and fractionated in a 10% SDS–polyacrylamide gel. 
Proteins were electroblotted onto polyvinylidene fluo-
ride and incubated for 1 h in 5% bovine serum albumin 
in phosphate-buffered saline (PBS) or nonfat dry milk 
dissolved in PBS containing 0.1% Tween-20 (PBST) at 
room temperature. The blotted membranes were incu-
bated with primary antibodies diluted 1000-fold over-
night at 4  °C, extensively washed in PBST, incubated 

Table 1  Quantitative real-time PCR primers

Name Sequence

β-actin forward 5′-TGT​CCA​CCT​TCC​AGC​AGA​TGT-3′
β-actin reverse 5′-AGC​TCA​GTA​ACA​GT-CCG​CCT​AGA-3′
OPN forward 5′-AGC​AAG​AAA​CTC​TTC​CAA​GCAA-3′
OPN reverse 5′-GTG​AGA​TTC​GTC​AGA​TTC​ATCCG-3′
iNos forward 5′-TGG​AGC​GAG​TTG​TGG​ATT​GT-3′
iNos reverse 5′-GGG​TCG​TAA​TGT​CCA​GGA​AGTA-3′
IL-4 forward 5′-GGT​CTC​AAC​CCC​CAG​CTA​GT-3′
IL-4 reverse 5′-GCC​GAT​GAT​CTC​TCT​CAA​GTGAT-3′
TNF-α forward 5′-GGT​CTG​GGC​CAT​AGA​ACT​GA-3′
TNF-α reverse 5′-CAG​CCT​CTT​CTC​ATT​CCT​GC-3′
IFN-γ forward 5′-TGA​GCT​CAT​TGA​ATG​CTT​GG-3′
IFN-γ reverse 5′-AGG​CCA​TCA​GCA​ACA​ACA​TA-3′
IL-17a forward 5′-CAA​ACA​CTG​AGG​CCA​AGG​AC-3′
IL-17a reverse 5′-CGT​GGA​ACG​GTT​GAG​GTA​GTC-3′
Sox9 forward 5′-GAG​CCG​GAT​CTG​AAG​ATG​GA-3′
Sox9 reverse 5′-GCT​TGA​CGT​GTG​GCT​TGT​TC-3′
Col2 forward 5′-ACC​TTG​GAC​GCC​ATG​AAA​-3′
Col2 reverse 5′-GTG​GAC​AGT​AGA​CGG​AGG​AA-3′
Aggrecan forward 5′-CCT​GCT​ACT​TCA​TCG​ACC​CC-3′
Aggrecan reverse 5′-AGA​TGC​TGT​TGA​CTC​GAA​CCT-3′
T-bet forward 5′-AGC​AAG​GAC​GGC​GAA​TGT​T-3′
T-bet reverse 5′-GGG​TGG​ACA​TAT​AAG​CGG​TTC-3′
hnRNP-A/B forward 5′-CAG​GGT​AGT​TGA​GCC​AAA​ACG-3′
hnRNP-A/B reverse 5′-TTC​CAG​ACT​GCC​TAT​CGG​TAA-3′
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with horseradish peroxidase (HRP)-conjugated second-
ary antibody (Cell Signaling Technology, Boston, USA) 
diluted 5000-fold for 1  h at room temperature, and 
washed again with PBST. The blotting membranes were 
developed with chemiluminescent reagents (Millipore, 
Billerica, MA, USA) according to the instructions pro-
vided by the manufacturer. For immunoprecipitation, 
the indicated antibody was added to the cell lysates and 
incubated at 4 °C on a shaker overnight after preclear, fol-
lowed by pulling down the desired protein with Protein 
A/G magnetic beads (HY-K0202, Med ChemExpress, 
New Jersey, USA). The precipitated proteins were boiled 
with SDS loading buffer and assessed by immunoblotting.

Overexpression and siRNA transfection
Full-length mouse iOPN cDNA was synthesized by Gen-
script (Nanjing, China). These cDNAs were subcloned 
into pcDNA3.1 vectors containing an N-terminal Myc 
epitope tag. Murine MSCs or 293T cells were trans-
fected with pcDNA3.1 or pcDNA3.1 containing iOPN 
by using Lipofectamine 2000 (Life Technologies). Full-
length mouse STAT1-pcDNA3.0 containing Flag was 
also synthesized. siRNA oligonucleotides were purchased 
from GenePharma (Shanghai, China) and transfected 
into mouse MSCs with Lipofectamine RNAiMAX rea-
gent (13,778, Invitrogen, California, USA) following the 
manufacturer’s protocol. The effects of transfection were 
tested by immunoblotting or quantitative real-time PCR 
analysis.

Immunofluorescence
MSCs were seeded into 12-well plates with lysine-coated 
slides and stimulated with TNF-α and IFN-γ for 24  h. 
The cells were fixed with 4% paraformaldehyde, permea-
bilized with 0.1% (vol/vol) Triton X-100 (T9284, Sigma‒
Aldrich, Missouri, USA), blocked with 2% BSA (sc-2323, 
Santa Cruz, USA), and incubated with anti-OPN anti-
body overnight. Cells were washed with PBST and incu-
bated with fluorescent secondary antibody and DAPI. For 
the OPN and STAT1 colocalization assay, murine MSCs 
and 293T cells were fixed with 4% paraformaldehyde and 
permeabilized with Triton X-100, followed by blocking 
with bovine serum albumin (Roche, Basel, Switzerland) 
at room temperature for 1 h and incubation with specific 
primary antibodies at 4 °C overnight. After washing with 
PBS 3 times, secondary antibodies labeled with different 
fluorescence were added and incubated for 2 h. Confocal 
microscopy (ZEISS Cell Observer) was used to examine 
the slides, and images were obtained.

In vitro T‑cell proliferation assay
Murine MSCs with different treatments were irradiated 
with 30 Gy from a 137 Cs source as previously described 

[8] to inactivate MSCs by inhibiting their prolifera-
tion while preserving their immunosuppressive capac-
ity and then seeded into 48-well plates. Freshly isolated 
splenocytes (4 × 105 cells/well) from C57/BL6 mice were 
labeled with 5  μM carboxyfluorescein diacetate succin-
imidyl ester (CFSE, Thermo Fisher Scientific, MA, USA), 
cocultured with murine MSCs for 3 days in the presence 
of mouse anti-CD3/CD28 antibodies (eBiosciences, San 
Diego, CA, USA), and then collected for flow cytometric 
analysis on a fluorescence-activated cell sorting (FACS) 
Calibur flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA).

Griess assay
Fifty microliters of culture supernatant fraction of differ-
ent treated murine MSCs and standards were added to 
a flat bottomed 96-well plate, and then 50  μL of Griess 
reagent (Sigma) was added. The absorbance at 540  nm 
was read after incubation for 15 min in the dark at room 
temperature, and the NO concentrations were calculated.

ConA‑induced inflammatory liver injury in mice
Male C57BL/6 mice (8–10  weeks old) were intrave-
nously injected with ConA in PBS at 20 mg/kg to induce 
inflammatory liver injury. Murine Vector-MSCs (control 
group) and iOPN-MSCs (1 × 106) were intravenously 
administered to mice immediately after ConA injection. 
Isoflurane was used as an inhaled anesthetic at a concen-
tration of 2–3% to induce mice anesthesia 8 h after ConA 
injection. Blood was sampled from mice eyes. Mice were 
euthanized by cervical dislocation. Mice serum, spleens 
and liver tissues were sampled. Liver histological sec-
tions fixed in 4% paraformaldehyde were stained with 
hematoxylin and eosin. Liver MNCs were purified by a 
Percoll gradient, while spleen MNCs were purified by a 
Ficoll gradient, and both MNCs were stained with anti-
CD4, CD25 and CD69 (eBiosciences) for 30 min at 4 °C 
in staining buffer and then analyzed by flow cytometry 
on a FACSCalibur flow cytometer. For T-cell prolifera-
tion analysis in  vivo, 1  mg BrdU (Cat. No. 559619, BD 
Biosciences) in 100 μL PBS was intraperitoneally injected 
into mice. The mice were euthanized 2  h after BrdU 
administration, and immune cell suspensions from livers 
or spleens were prepared for flow cytometric analysis.

Inflammatory bowel disease in mice
Male C57BL/6 mice (8–10  weeks old) were given 2.5% 
(W/V) DSS drinking water, followed by fresh DSS drink-
ing water on Days 3 and 5. Intestinal damage in mice was 
observed on Days 7 and 9. Murine Vector-MSCs (con-
trol group) and iOPN-MSCs (1 × 106) were intravenously 
administered to mice every 2 days. Mice were euthanized 
by cervical dislocation, and colon tissues and MLNs were 
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isolated on Day 10. Colon histological sections fixed in 
4% paraformaldehyde were stained with hematoxylin 
and eosin. Colon MNCs and MLNs were purified by a 
Percoll gradient, and both MNCs were stained with anti-
CD4, LY6G and F4/80 (eBiosciences) for 30 min at 4 °C in 
staining buffer and then analyzed by flow cytometry on a 
FACS Calibur flow cytometer (BD Biosciences).

TUNEL assay
Collected liver tissues were routinely embedded in OCT 
compound and then stored at -80 ℃. For the TUNEL 
assay, apoptotic cells were detected using a TUNEL 
Apoptosis Detection Kit (Alexa Fluor 488, Cat. No. 
40307ES60, YEASEN Biotechnology, Shanghai, China) 
according to the manufacturer’s instructions.

Induction and detection of murine MSC proliferation 
and apoptosis
Murine MSCs were treated with IFN-γ plus TNF-α 
(10  ng/mL) for 24  h. For proliferation analysis, the 
medium was removed, and the cells were treated with 
new FBS-free medium followed by the addition of CCK-8 
solution (Dojindo Laboratories, Mashikimachi, Kamima-
shiki gun Kumamoto, Japan). After 2  h, BioTEK (Win-
ooski, VT) was used to record the absorbance at 450 nm. 
For apoptosis analysis, cells were stained with annexin 
V and propidium iodide (BD Biosciences) according to 
the manufacturer’s protocol and then analyzed by flow 
cytometry.

RNA‑sequencing analysis
Total RNA was extracted from TNF-α (10  ng/mL) plus 
IFN-γ (10 ng/mL)-stimulated or unstimulated MSCs and 
subjected to RNA-sequencing analysis by Shanghai Bio-
technology Corporation Tech Solutions. The Affymetrix 
Mouse 430 2.0 chip was used in the project. Slides were 
scanned by GeneChip® Scanner 3000 (Cat#00-00212, 
Affymetrix, Santa Clara, CA, US) and Command Con-
sole Software 3.1 (Affymetrix, Santa Clara, CA, US) with 
default settings. Raw data were normalized by MAS 5.0 
algorithm, Gene Spring Software 11.0 (Agilent technolo-
gies, Santa Clara, CA, US). Significantly differentially 
expressed genes were acquired by setting a threshold 
with corrected p < 0.005 and log2 ≤  − 1.5 or log2 ≥ 1.5, 
and are presented as heatmaps. The correlation analysis 
was conducted using the R package Hmisc, employing 
Spearman’s rank correlation coefficient. Gene correlation 
heatmap was plotted by the R package heatmap.

Flow cytometry
For surface marker staining, the collected cell suspen-
sions from mouse tissues were stained with the indicated 
antibodies for 30  min and subjected to flow cytometry 

analyses. For the intracellular staining of iNOS, MSCs 
were fixed and permeabilized by fixation/permeabi-
lization buffer (Cat. No. 00-5523, eBioscience) before 
staining. An antibody against iNOS (Cell Signaling Tech-
nology) was incubated for 30  min, and the secondary 
antibody labeled with fluorescence was added after wash-
ing the cells. MSCs were analyzed by flow cytometry 
after 30 min.

Chromatin immunoprecipitation (ChIP) assay
Chromatin of MSCs (1 × 107) was prepared using the EZ-
ChIP Chromating Immunoprecipitation Kit (Cat. No. 
17-371, Millipore, MA, USA) according to the instruc-
tions provided by the manufacturer. Chromatin was 
immunoprecipitated using anti-p-STAT1 or respective 
IgGs. ChIP-enriched and input DNA were extracted by a 
PCR Cleanup Kit (Cat. No. AP-PCR-500G, Axygen, Cali-
fornia, USA) and analyzed by quantitative real-time PCR, 
with the inputs as the internal control. Three kinds of 
primers for the ChIP assay were provided according to the 
motif as follows: Opn-2667, sense 5′-cctcctcgagttagaa-
gagcgt-3′ and antisense 5′-cattctaactcccaagtgccacac-3′; 
mouse Opn-2697, sense 5′-ctgctttgcagaattgctccca-3′ and 
antisense 5′-cattctaactcccaagtgccacac -3′; Opn-2743, 
sense 5′-gctggtatgagtgtaggaagagggaa-3′ and antisense 
5′-cattctaactcccaagtgccacac-3′. Regions of the OPN pro-
moter used for the ChIP assay ranged from − 5000 bp to 
the TSS.

Statistical analysis
All data are shown as the mean ± SEM from at least three 
independent experiments. Significant differences were 
evaluated using one-way ANOVA or the Mann–Whitney 
U test with GraphPad Prism (version 9.0, GraphPad Soft-
ware) and Statistical Package for Social Science software 
(version 22.0, SPSS). Values of p less than 0.05 were con-
sidered significant. Sample sizes of all experiments were 
predetermined by calculations derived from our experi-
ence. Test samples were assayed in replicates. To provide 
measures of reproducibility, three replicates per sample 
of the assay was considered for our analysis.

Results
iOPN, but not sOPN, is critical for the immunosuppressive 
capacity of MSCs
The expression of OPN was dramatically reduced in 
MSCs after stimulation with different doses of IFN-γ 
plus TNF-α (Fig. 1a, b). We further measured the expres-
sion of the two forms of OPN separately. The data also 
showed that the protein expression level of iOPN was 
decreased in MSCs treated with IFN-γ plus TNF-α in a 
dose-dependent manner (Fig. 1c). In addition, the secre-
tion of sOPN by MSCs in the cell culture supernatant 
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was decreased, indicating that sOPN protein expression 
levels were also decreased after inflammatory stimulation 
(Fig. 1d). We next examined whether OPN expression in 
MSCs was downregulated in inflammatory disease. We 
employed a ConA-induced liver injury mouse model, and 
GFP-labeled MSCs were injected into mice via the tail 
vein (Fig. 1e). The downregulated iOPN expression in the 
GFP-MSCs of liver injury mice sorted by flow cytometry 
was confirmed (Fig.  1e–h). Volcanic map showed that 
OPN was one of the genes whose expression was down-
regulated after inflammatory stimulation in MSCs (Fig. 
S1). These data collectively suggested that the expression 
of OPN, including iOPN and sOPN, was dramatically 

downregulated in MSCs under inflammatory conditions 
both in vitro and in vivo.

We then examined whether OPN could affect the 
immunosuppressive capacity of MSCs. MSCs from wild-
type (WT) mice were isolated and cultured as previously 
described [8]. OPN-knockout (OPN−/−) was applied to 
further investigate the function of OPN in MSCs. The 
knockout efficiency in OPN−/−-MSCs was confirmed 
(Fig. S2a). We found that OPN deficiency had no effect on 
the surface marker expression of MSCs (Fig. S2b). How-
ever, OPN-deficiency promoted adipogenic differentia-
tion and inhibited osteogenic differentiation of MSCs as 
previously reported [14] (Fig.  S2c). The chondrogenesis 

Fig. 1  OPN expression was downregulated in MSCs under inflammatory conditions. a MSCs were treated with TNF-α plus IFN-γ at the indicated 
concentration for 24 h. Images were collected by a Zeiss fluorescence microscope. Scale bar: 20 μm. b and c Murine MSCs were treated with IFN-γ 
plus TNF-α at the indicated concentration for 24 h, and mRNA and protein of MSCs were collected. OPN expression was determined at the mRNA 
and protein levels by quantitative real-time PCR and immunoblotting analysis. Full-length blots are presented in Additional file 1: Fig. 1c. d sOPN 
in the culture medium of MSCs treated with IFN-γ plus TNF-α at the indicated concentration for 24 h was tested by enzyme-linked immunosorbent 
assay. e–h MSCs with CFSE staining were administered intravenously to mice with ConA-induced liver damage. The mice were euthanized after 8 h, 
and the mononuclear cells in mouse lungs were collected. OPN expression in GFP+ mononuclear cells was evaluated by flow cytometry (f), 
quantitative real-time PCR (g) and immunoblotting analysis (h) (naïve: n = 5, ConA: n = 5). Full-length blots are presented in Additional file 1: Fig. 1h. 
The results are representative of three to six independent experiments. Values are shown as the mean ± SEM and statistical significance is indicated 
as *P < 0.05 and **P < 0.01
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ability was also weakened in OPN−/−-MSCs compared 
with WT-MSCs (Fig.  S2c). Next, to better simulate the 
complex and chaotic immune microenvironment in 
the body, WT-MSCs and OPN−/−-MSCs were cocul-
tured with splenocytes to evaluate the difference in 
their immunosuppressive capacity. Interestingly, WT-
MSCs suppressed T-cell division more efficiently than 
OPN−/−-MSCs in a dose-dependent manner (Fig.  2a). 
However, adding a specific monoclonal antibody neu-
tralized sOPN or exogenous OPN in the culture medium 
of WT- MSCs, and T-cell proliferation was not affected 
(Fig.  2b). The results also revealed that T-cell prolifera-
tion was not affected when OPN−/−-MSCs were supple-
mented with sOPN (Fig. 2c). In addition, the neutralizing 
antibody or exogenous OPN had no effects on MSC pro-
liferation and apoptosis with proinflammatory cytokine 
stimulation (Fig. S3a, b). The addition of exogenous OPN 
to the culture supernatant did not reverse the impaired 
proliferation and apoptosis of OPN−/−-MSCs (Fig.  S3c, 
d). These results suggested that sOPN did not affect 
the immunosuppression, proliferation and apoptosis of 
MSCs.

In contrast, iOPN overexpressing MSCs dramatically 
enhanced their immunosuppressive effects on T-cell pro-
liferation (Figs. S3e and 2d). It was also found that iOPN 
overexpression promoted proliferation and inhibited 
apoptosis of MSCs (Fig.  S3f, g). These results suggested 
that the decreased immunosuppression of OPN−/−-MSCs 
is dependent on the lack of iOPN but not sOPN.

iOPN promotes MSC‑mediated immunosuppression 
in inflammatory diseases
Next, we investigated whether iOPN overexpression 
enhanced the immunosuppressive capacity of MSCs 
in  vivo. ConA-induced liver injury and inflammatory 
bowel disease (IBD) are well-established murine models 
of immune-mediated inflammatory disease in humans, 
which are considered more eligible for the study of 
pathophysiology of human hepatitis and colitis. Both 

models are common animal models for studying the 
effect of MSCs in treating inflammatory diseases [15, 16]. 
iOPN-MSCs were intravenously administered to treat 
ConA-induced acute liver damage (Fig. 3a). As expected, 
compared to Vector-MSCs, iOPN-MSCs significantly 
alleviated inflammation-induced liver damage, exhibit-
ing a dramatic reduction in serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) levels 
(Fig.  3b). Histological examination showed less infiltra-
tion of mononuclear cells and centrilobular necrosis in 
the liver sections of iOPN-MSC-treated mice than in 
those treated with Vector-MSCs (Fig.  3c). Moreover, 
there was less hepatocyte apoptosis in the livers of ConA-
induced liver damage mice treated with iOPN-MSC 
(Fig.  3d). Remarkably, the serum protein levels of key 
proinflammatory cytokines, such as TNF-α, IFN-γ, IL-4, 
and IL-17, were significantly reduced in iOPN-MSC-
treated mice with liver damage compared with Vector-
MSC-treated mice (Fig. 3e). Homoplastically, we induced 
another inflammatory disease mouse model, IBD, and 
treated the mice with Vector-MSCs and iOPN-MSCs 
(Fig.  3f ). The results showed that iOPN-MSCs signifi-
cantly decreased the weight loss (Fig. 3g) and the disease 
activity index (DAI) (Fig. 3h) and increased the length of 
colon (Fig.  3i) in IBD model mice compared to Vector-
MSC-treated mice. In addition, iOPN-MSCs effectively 
alleviated colon damage and decreased intestinal inflam-
matory infiltration (Fig.  3j). The levels of proinflamma-
tory cytokines in the mouse colon, such as IFN-γ, TNF-α, 
IL-17, and IL-4, were also reduced in iOPN-MSC-treated 
IBD mice (Fig. 3k).

To determine the mechanisms by which iOPN-MSCs 
alleviated ConA-induced acute liver injury, changes 
within T lymphocyte populations in the liver and spleen 
were examined. Compared with Vector-MSC treatment, 
administration of iOPN-MSCs significantly reduced 
the percentages and absolute numbers of CD4+ T cells 
in the spleens and livers of ConA-induced liver damage 
mice (Fig. S4a). We further observed the bioactivities of 

Fig. 2  iOPN in MSCs, but not sOPN, inhibited T-cell proliferation. a Irradiated MSCs or OPN−/−-MSCs were cocultured with CFSE-labeled splenocytes 
for 3 days in the presence of anti-CD3/CD28 antibodies at the indicated ratios. CD8+ T cells and CD4+ T cells were collected for proliferation 
analysis by flow cytometry at the end of coculture. The percentages of proliferating T cells are shown. b MSCs treated with neutralizing antibody 
against OPN or replenished with sOPN for 24 h. Cells were irradiated and then cocultured with CFSE-labeled splenocytes for 3 days in the presence 
of anti-CD3/CD28 antibodies at the indicated ratios. CD4+ T cells and CD8+ T cells were collected for proliferation analysis by flow cytometry 
at the end of coculture. c Recombinational sOPN was added to the medium of OPN−/−-MSCs for 24 h. WT-MSCs and OPN−/−-MSCs were irradiated 
and then cocultured with CFSE-labeled splenocytes for 3 days in the presence of anti-CD3/CD28 antibodies at the indicated ratios. CD4+ T cells 
and CD8+ T cells were collected for proliferation analysis by flow cytometry at the end of coculture, and the percentages of proliferating T cells 
are shown. d Irradiated Vector-MSCs or iOPN-MSCs were cocultured with CFSE-labeled splenocytes for 3 days in the presence of anti-CD3/CD28 
antibodies at the indicated ratios. CD8+ T cells and CD4+ T cells were collected for proliferation analysis by flow cytometry at the end of coculture, 
and the percentages of proliferating T cells are shown. The results are representative of three to six independent experiments. Values are shown 
as the mean ± SEM and statistical significance is indicated as *P < 0.05 and **P < 0.01. ns = no significance

(See figure on next page.)
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T cells in mice upon MSC-treatment in the pathogenesis 
of ConA-induced acute liver injury. Mononuclear cells 
derived from spleens and livers were isolated for further 
analyses. There was a considerably lower percentage of 
BrdU-positive CD4+ T cells in the liver and spleen of 

iOPN-MSC-treated mice with liver damage, indicating 
that iOPN-MSCs could inhibit T-cell proliferation in vivo 
(Fig. S4b). Accordingly, iOPN-MSCs markedly downreg-
ulated the expression of activation markers such as CD25 
and CD69 in CD4+ T cells compared with Vector-MSCs 

Fig. 2  (See legend on previous page.)
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Fig. 3  iOPN improved therapeutic effects of MSCs on ConA-induced acute liver damage and inflammatory bowel disease. Animals were divided 
into four groups: naïve, disease, Vector-MSCs-treated and iOPN-MSCs-treated groups. a–e Mice were intravenously injected with ConA (20 mg/kg); 
untreated, Vector-MSCs and iOPN-MSCs were transfused immediately (n = 5 per group). Eight hours later, liver and serum samples were collected. 
a Schematic diagrams of ConA-induced inflammatory liver injury. b Serum levels of ALT and AST were measured. c Hematoxylin and eosin 
staining of liver sections. d Hepatocyte apoptosis was determined by TUNEL staining. e Levels of serum IFN-γ, TNF-α, IL-4 and IL-17 were measured 
by enzyme-linked immunosorbent assay. f–k Mice were fed DSS, untreated, Vector-MSCs and iOPN-MSCs were transfused every two days (n = 5 
per group). f Schematic diagrams of IBD. g Body weight changes are shown as the percentage of the initial weight of WT mice treated with DSS. 
h The DAI score of mice was calculated by observing the symptoms of fecal thinness and bleeding on Day 10. i The mice were dissected on Day 
10, representative colonic specimens were observed, and the colonic length was measured. j The colon tissues of mice were collected on Day 10. 
HE staining was performed for histopathological examination of the colon. k The levels of IFN-γ, TNF-α, IL-4 and IL-17 in the colon were measured 
by quantitative real-time PCR. Representative pictures are shown. The results are representative of three to six independent experiments. Values are 
shown as the mean ± SEM and statistical significance is indicated as *P < 0.05, **P < 0.01 and ***P < 0.001
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(Fig.  S4c). The effects of MSCs on immune cell subsets 
in IBD model mice were also evaluated. The percentage 
and number of CD4+ T cells in the colon and mesenteric 
lymph nodes (MLNs) were decreased in iOPN-MSC-
treated mice compared with Vector-MSC-treated mice 
(Fig.  S4d). Moreover, the percentages of neutrophils 
and macrophages were decreased in the colons of mice 
treated with iOPN-MSCs (Fig.  S4e). Thus, overexpres-
sion of iOPN enhanced the treatment effect of MSCs on 
inflammatory diseases.

iOPN is essential for the induction of iNOS in MSCs
The immunosuppressive activity of MSCs is depend-
ent on immunosuppressive mediators such as iNOS and 
IL-10 to inhibit T-cell proliferation [1]. To determine 
the mechanisms underlying iOPN-mediated regulation 
of MSC immunosuppression, iOPN was overexpressed 
in MSCs and then stimulated with IFN-γ plus TNF-α 
to evaluate the expression of these immunosuppres-
sive factors. The results revealed that iOPN overexpres-
sion in MSCs significantly upregulated iNOS expression 
at both the mRNA and protein levels (Fig.  4a, c, e–g). 
Accordingly, the levels of NO, a downstream product of 
iNOS in murine MSCs and an effector of immunosup-
pression, were significantly increased in the supernatant 
fraction of iOPN-MSCs stimulated with inflammatory 
cytokines (Fig.  4h). In addition, compared with WT-
MSCs, OPN−/−-MSCs exhibited downregulated iNOS 
expression and less NO in the supernatant of the culture 
medium after IFN-γ plus TNF-α stimulation (Fig. 4b, d, e 
and h). Gene correlation heatmap also indicated that the 
gene expression of OPN and iNOS were positively corre-
lated in MSCs (Fig. S5). Furthermore, a functional study 
showed that LNMMA, an inhibitor of iNOS, reversed the 
enhanced suppressive effects of iOPN-MSCs on T-cell 
proliferation and liver and intestinal damage (Fig. 4i–k). 
Altogether, these data collectively suggested that iOPN 

overexpression could enhance the immunosuppressive 
capacity of MSCs through upregulation of iNOS.

iOPN promotes STAT1 protein stability
NF-κB and STAT1 are essential for IFN-γ plus TNF-α-
induced iNOS expression. As shown in Fig.  5a, iOPN 
overexpression in MSCs dramatically promoted the 
phosphorylation of STAT1 at Tyr701 after IFN-γ plus 
TNF-α stimulation. However, the phosphorylation of 
NF-κB p65 and IκBα was slightly different between 
iOPN-MSCs and Vector-MSCs (Fig.  5b). In contrast, 
OPN deficiency inhibited the activation of STAT1 and 
had little effect on the phosphorylation of NF-κB p65 
and IκBα (Fig.  5c, d). In addition, iNOS expression was 
downregulated when the STAT1 inhibitor was added to 
iOPN-MSCs (Fig.  5e–g). Furthermore, the immunosup-
pressive effect of iOPN-MSCs on T-cell proliferation was 
impaired after STAT1 activity was inhibited (Fig.  5h). 
These results suggested that iOPN upregulates iNOS 
expression by activating the STAT1 pathway, thereby 
improving MSC immunosuppression.

We next examined how iOPN modulated STAT1 activ-
ity. To define the targets regulated by iOPN, we per-
formed coimmunoprecipitation (co-IP) experiments. We 
found that iOPN bound to the STAT1 protein either in a 
293T cell overexpression system (Fig. 6a) or in MSCs with 
or without inflammatory stimulation (Fig. 6b). The inter-
action of these two proteins was further supported by 
immunofluorescence analysis. GFP-iOPN and red fluo-
rescent protein-STAT1 were colocalized in the cytoplasm 
and nucleus in 293T cells and MSCs (Fig.  6c). Previous 
studies have demonstrated that OPN can regulate protein 
polyubiquitination and degradation [17, 18], which sug-
gested that we should investigate whether iOPN regulates 
STAT1 ubiquitination in MSCs. We found that STAT1 
polyubiquitination was increased, especially after 12  h 
of inflammatory stimulation in MSCs (Fig. 6d). In addi-
tion, OPN deletion promoted the polyubiquitination of 

Fig. 4  iOPN upregulated iNOS expression to promote the immunosuppressive capacity of MSCs. a–h Vector-MSCs and iOPN-MSCs or WT-MSCs, 
OPN−/−-MSCs and iOPN-OPN−/−-MSCs were treated with TNF-α plus IFN-γ as indicated for 24 h. Protein, mRNA and cells were collected. a and b 
Expression of Opn and Nos2 was measured by quantitative real-time PCR. c and d Expression of Opn and iNOS was measured by immunoblotting 
analysis. Full-length blots are presented in Additional file 1: Fig. 4c and d. f Murine OPN−/−-MSCs were transfected with pcDNA3.1-Vector 
or pcDNA3.1 containing iOPN, and OPN expression was measured by immunoblotting analysis. Full-length blots are presented in Additional file 1: 
Fig. 4f. e, g The expression of iNOS in MSCs was determined by flow cytometry. h The concentration of nitric oxide (NO) in the culture supernatant 
was determined by Griess assay. i iOPN-MSCs were pretreated with the iNOS inhibitor LNMMA for 12 h. Irradiated MSCs were cocultured 
with CFSE-labeled splenocytes for 3 days in the presence of anti-CD3/CD28 antibodies at the indicated ratios. CD4+ T cells and CD8+ T cells were 
collected for proliferation analysis by flow cytometry at the end of coculture. j and k Mice were intravenously injected with ConA or fed DSS, 
untreated, Vector-MSCs, or iOPN-MSCs were transfused every 2 days. LNMMA was intraperitoneally injected into the iOPN-MSC-treated group (n = 5 
per group). Serum levels of ALT and AST were measured (j). Representative colonic specimens were observed, and the colonic length was measured 
(k). The results are representative of three to six independent experiments. Values are shown as the mean ± SEM and statistical significance 
is indicated as *P < 0.05, **P < 0.01 and ***P < 0.001

(See figure on next page.)
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STAT1, while iOPN overexpression inhibited STAT1 pol-
yubiquitination in MSCs (Fig. 6e). To confirm the effects 
of degradation of STAT1 by iOPN, we cotransfected Flag-
STAT1 and different doses of Myc-iOPN into 293 T cells 
and found that the transfected amount of iOPN led to 
even less readily detectible ubiquitination (Fig. 6f ). Col-
lectively, these data demonstrated that iOPN interacts 

with STAT1 and inhibits its degradation, which contrib-
utes to increased NO production in MSCs.

IFN‑γ‑activated STAT1 inhibits OPN expression in MSCs
To determine how OPN was inhibited upon inflam-
matory stimulation, IFN-γ or TNF-α alone was used 
to stimulate MSCs. The data showed that only IFN-γ 

Fig. 4  (See legend on previous page.)
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significantly inhibited OPN expression in MSCs (Fig. 7a, 
b). Furthermore, we found that the neutralizing anti-
body against IFN-γ reversed the expression of iOPN, 
while the neutralizing antibody against TNF-α could not 

induce proinflammatory cytokine stimulation (Fig.  7c). 
These results indicated that IFN-γ, but not TNF-α, led 
to OPN downregulation in MSCs. Studies have reported 
that hnRNP-A/B proteins and T-bet can modulate OPN 

Fig. 5  iOPN promoted STAT1-mediated immunosuppression in MSCs. a–d Vector-MSCs and iOPN-MSCs or WT-MSCs and OPN−/−-MSCs were 
treated with or without TNF-α plus IFN-γ (10 ng/mL) for the indicated times. Cells were harvested, and OPN, NF-κB p65, STAT1, IKBα, phosphorylation 
of NF-κB p65, phosphorylation of STAT1 at Tyr701 and phosphorylation of IKBα were analyzed by immunoblotting analysis. Full-length blots are 
presented in Additional file 1: Fig. 5a-d. e–g Vector-MSCs and iOPN-MSCs were stimulated with TNF-α plus IFN-γ (10 ng/mL) for 12 h. The STAT1 
inhibitor fludarabine (Flu, 2 μM) was then added to the culture medium of Vector-MSCs and iOPN-MSCs. The expression of iNOS was determined 
by quantitative real-time PCR (e), immunoblotting analysis (f) and flow cytometry (g). Full-length blots are presented in Additional file 1: Fig. 5f. h 
Vector-MSCs and iOPN-MSCs were pretreated with DMSO or fludarabine (Flu, 2 μM) for 6 h and then irradiated and cocultured with CFSE-labeled 
splenocytes activated by anti-CD3/CD28 antibodies for 3 days at a ratio of 1:20. CD4+ T cells and CD8+ T cells were stained for proliferation analysis 
by flow cytometry at the end of coculture, and the percentages of proliferating T cells are shown. The results are representative of three to six 
independent experiments. Values are shown as the mean ± SEM and statistical significance is indicated as *P < 0.05, **P < 0.01 and ***P < 0.001
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expression in murine macrophages and T cells [19, 20]. 
Therefore, we tested whether IFN-γ inhibited OPN 
expression in MSCs by regulating hnRNP-A/B or T-bet. 
The results revealed that the expression of both hnRNP-
A/B and T-bet was upregulated in MSCs after IFN-γ 
stimulation (Fig. S6a). However, knockdown of hnRNP-
A/B or T-bet in MSCs could not restore the expression of 
OPN in MSCs under inflammation (Fig. S6b, c). Interest-
ingly, when a STAT1 inhibitor was added, the expression 
of iOPN in MSCs was recovered under inflammatory 
stimulation (Fig.  7d, 7e). As expected, the JAK/STAT1 
protein inhibited iOPN luciferase activity in 293T cells 
(Fig. 7f ). Since phosphorylated STAT1 enters the nucleus 
to promote the transcription of target genes, we hypoth-
esized that phosphorylated STAT1 binds to the promoter 

regions of OPN to regulate OPN expression. ChIP assays 
identified that there was a strong enrichment of STAT1 
in the promoter regions (− 5000 bp to TSS, transcription 
start site) of OPN in MSCs after inflammatory stimula-
tion (Fig. 7g, h), whereas there was little STAT1-binding 
DNA of the OPN promoter in control MSCs (Fig.  7h). 
These results established that OPN is a direct target that 
is silenced by IFN-γ-activated STAT1 in MSCs.

As summarized in Fig. 7i, our studies reveal that iOPN 
positively regulated the immunosuppressive capacity 
of MSCs. When activated by IFN-γ, iOPN was down-
regulated by activating STAT1 signaling, which further 
increased the ubiquitination of STAT1, thereby reducing 
the master immunosuppressive mediator iNOS in MSCs. 
NO was then decreased and T-cell proliferation was 

Fig. 6  iOPN promoted STAT1 deubiquitination. a 293T cells were transfected with Myc-iOPN expression plasmid together with expression 
plasmid of Flag-STAT1 or Vector-STAT1, followed by IP with anti-Myc antibody and western blot with anti-Flag antibody or adverse. Input, 
western blot of whole-cell lysate with the indicated antibodies. b MSCs were treated with or without TNF-α plus IFN-γ (10 ng/mL) for 24 h, 
followed by IP with anti-STAT1 antibody and western blot with anti-OPN antibody, IP with anti-OPN antibody and western blot with anti-STAT1 
antibody. Input, western blot of whole-cell lysate with the indicated antibodies. c Fluorescent images of 293T cells transfected with Myc-iOPN 
together with Flag-STAT1. Nuclei, Myc-iOPN and Flag-STAT1 were labeled with DAPI (blue), antibody to Myc tag (green) and antibody to Flag 
tag (red), respectively. d MSCs were stimulated with TNF-α plus IFN-γ (10 ng/mL) for different periods of time, followed by immunoprecipitation 
with anti-STAT1 antibody and then blotted with anti-ubiquitin antibody. Next, lysates were immunoblotted with different antibodies, followed 
by band visualization. e Vector-MSCs and iOPN-MSCs or WT-MSCs and OPN−/−-MSCs were treated with or without TNF-α plus IFN-γ at the indicated 
concentration for 24 h, followed by immunoprecipitation with anti-STAT1 antibody and then blotted with the anti-Ubiquitin antibody. The lysates 
were immunoblotted with different antibodies. f 293T cells transfected with the indicated plasmids were subjected to immunoprecipitation 
with anti-Flag antibody and then blotted with anti-HA antibody. Input, western blot of whole-cell lysate with the indicated antibodies. The data are 
representative of three biological replicates. All Full-length blots are presented in Additional file 1: Fig. 6a,b and d–f
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enhanced. Thus, the reduced iOPN in MSCs after IFN-γ 
stimulation impaired the immunosuppressive capacity of 
MSCs.

Discussion
MSCs are adult stem cells that play a role in immu-
noregulation, which suggests that MSCs have important 

Fig. 7  iOPN was downregulated by IFN-γ-induced activation of STAT1 in MSCs. a and b Murine MSCs were treated with IFN-γ or TNF-α 
at the indicated concentration for 24 h. mRNA and protein of MSCs were collected. OPN expression was determined at the mRNA and protein 
levels by quantitative real-time PCR and immunoblotting analysis. Full-length blots are presented in Additional file 1: Fig. 7a. c Neutralizing 
antibodies against IFN-γ, TNF-α or both were added to the medium of MSCs stimulated with IFN-γ or TNF-α. OPN expression was determined 
by immunoblotting analysis. Full-length blots are presented in Additional file 1: Fig. 7c. d–e The STAT1 inhibitor fludarabine (Flu, 2 μM) was added 
to the culture medium of MSCs with TNF-α plus IFN-γ (10 ng/mL) for 24 h. The expression of OPN and phosphorylation of STAT1 at Tyr701 
were determined by immunoblotting analysis (d). Full-length blots are presented in Additional file 1: Fig. 7d. The mRNA expression of OPN 
was determined by quantitative real-time PCR (e). f iOPN luciferase activity in 293 T cells transfected with luciferase reporter and indicated 
expression vectors. g Schematic representation showing a conserved STAT1-binding motif located in the promoter region of OPN genes 
between − 2,895 and − 2,910 bp. h Enrichment of p-STAT1 at the promoter of OPN was analyzed by ChIP-PCR. i Working model of the regulation 
of iOPN on the immunosuppressive capacity of MSCs. The results are representative of three to six independent experiments. Values are shown 
as the mean ± SEM and statistical significance is indicated as *P < 0.05, **P < 0.01 and ***P < 0.001. ns = no significance
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research value and broad clinical application prospects 
in the treatment of a variety of inflammatory diseases. 
However, the mechanisms regulating the immunosup-
pressive capacity of MSCs are still poorly understood. We 
previously elucidated that autophagy occurred in MSCs 
in an inflammatory microenvironment, and inhibition 
of autophagy could improve the immunosuppression of 
MSCs to enhance their therapeutic effects on inflam-
matory diseases [8]. Here, we found that iOPN plays 
an essential role in the immunosuppression of MSCs 
induced by inflammatory factors. Our data showed that 
in response to IFN-γ, OPN was inhibited in MSCs, as 
manifested by increased phosphorylated STAT1 at the 
mRNA and protein levels. OPN depletion impaired, 
while iOPN overexpression effectively enhanced, the 
immunosuppression of MSCs on the proliferation of T 
cells by regulating the expression of iNOS, thus improv-
ing the therapeutic effects of MSCs on inflammatory 
diseases.

OPN belongs to the small integrin-binding ligand 
N-linked glycoprotein family. Recent studies have found 
that OPN plays important roles in immune responses 
and is involved in the pathogenesis of a wide variety of 
diseases [21–25]. For example, OPN production by DC 
subsets is emerging as a crucial mechanism of regula-
tion in inflammatory bowel disease and has started to 
be exploited as a therapeutic target [26]. Moreover, OPN 
is also expressed in bone marrow stromal cells, nega-
tively regulating the stem cell pool size and the function 
of hematopoietic stem cells [27, 28]. It was clarified that 
sOPN had effects on MSC osteogenic and adipogenic 
differentiation [14], but the effect of sOPN and iOPN 
on MSC immunosuppressive capacity was not clear. We 
identified that sOPN and iOPN expression was downreg-
ulated in MSCs by stimulation with the proinflammatory 
cytokines IFN-γ plus TNF-α. OPN exists as two isoforms: 
iOPN and sOPN. Opn mRNA has the canonical AUG 
translation initiation site and an alternative translation 
initiation site [13]. Compared with the translation initia-
tion of iOPN, sOPN has an N-terminal signal sequence 
that regulates OPN secretion into the extracellular space 
[13].

Intervening with OPN by gene knockout, we first found 
that OPN positively regulated the immunosuppressive 
capacity of murine MSCs, characterized by decreased 
iNOS levels in murine MSCs. Thus, OPN knockout can-
not distinguish the effects of iOPN or sOPN on MSC 
function. Neutralizing antibodies and exogenous OPN 
were used to exclude the impact of sOPN on MSC immu-
nosuppression capacity in our study. iOPN overexpres-
sion was performed to confirm the impact of iOPN on 
MSC immunosuppression capacity. We observed that 
iOPN, but not sOPN, enhanced the immunosuppression 

capacity of MSCs by enhancing NO expression levels and 
promoting the survival of MSCs. The sources of sOPN 
in the inflammatory disease microenvironment are var-
ied. Autocrine or paracrine sOPN binds to its receptors 
on immune cells and promotes the immune response by 
activating the phosphorylation of downstream signal-
ing molecules, which in turn promote the proliferation, 
activation, and cytokine production, and suppresses the 
apoptosis, of immune cells [29]. Based on our results, dis-
sociative sOPN in the disease microenvironment has no 
effect on MSC immunosuppression.

Since we have found that iOPN can affect the immu-
nosuppression of MSCs in  vitro, we employed ConA-
induced inflammatory liver injury and IBD mouse 
models, two well-established models induced by acute 
immune responses, in which T lymphocytes are identi-
fied as the major effector cells [30, 31]. Several studies 
have reported that human tonsil and murine adipose 
tissue-derived MSCs can ameliorate the development of 
ConA-induced liver injury and IBD. Han et al. first found 
that murine bone morrow MSCs had no effect on this 
acute inflammatory disease model, while interleukin-
17-pretreated MSCs exhibited enhanced therapeutic 
effects [32]. In the present study, untreated MSCs had 
poor therapeutic effects on ConA-induced liver injury, 
while iOPN-MSCs notably alleviated this inflammatory 
disease and IBD, further supporting the immunosuppres-
sive function of MSCs. The high standard deviations were 
observed in our data, which mainly exists in Fig. 3. The 
variability could be due to the biological diversity within 
sample group in mice. In addition, potential errors in 
the measurement errors cannot be excluded. To address 
these issues, suggestions could be adopted in future stud-
ies such as by increasing sample size, improving experi-
mental design, or using more precise measurement 
techniques. Despite the high variability in our study, it 
does not affect the statistical significance of our results. 
We came to a solid conclusion that overexpression of 
iOPN enhanced the treatment effect of MSCs on inflam-
matory diseases after three repetitions of the experiment.

Various regulatory mechanisms contribute to MSC-
mediated immunosuppression. Among them, the immu-
nosuppressive molecules produced by themselves were 
essential for the immunosuppressive effects of MSCs, 
which subsequently led to the inhibition of T-cell pro-
liferation [33]. The majority of immunosuppressive mol-
ecules produced by inflammatory factor-activated MSCs 
are iNOS, indoleamine 2,3-dioxygenase, prostaglandin 
E2, and heme oxygenase [5]. We found that overexpres-
sion of iOPN further increased cytokine-induced NO 
production in murine MSCs, and inhibition of iNOS 
by L-NMMA markedly abolished the enhanced immu-
nosuppressive capacity of iOPN-overexpressing MSCs. 
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Thus, iNOS plays an important role in iOPN-mediated 
modulation of murine MSC immunosuppression. MSCs 
also exert their immunosuppressive effects on innate 
immune cells such as B cells, DCs, and macrophages. 
For B cells, MSCs can block their cell cycle and down-
regulate the expression of chemokine receptors to inhibit 
B-cell proliferation and migration [34, 35]. Similarly, the 
proliferation, cytokine secretion, cell maturation and 
activation of DCs and macrophages are also suppressed 
by MSCs with inflammatory stimulation [36, 37]. In our 
study, the percentage of neutrophils and macrophages in 
the colon was decreased dramatically after iOPN-MSC 
treatment, and the molecular mechanisms through which 
iOPN affects the immunosuppression of innate immune 
cells by MSCs are still not clear.

Our results further revealed the molecular mechanisms 
underlying iOPN-mediated regulation of iNOS expres-
sion to promote immunosuppression of MSCs. STAT1 
and NF-κB signaling are critical for IFN-γ-induced iNOS 
expression in macrophages and MSCs [38, 39]. The acti-
vation of STAT1 or NF-κB is involved in the induction 
of OPN expression, while OPN can in turn inhibit the 
activation of STAT1 to suppress the expression of tar-
get genes [40]. In this study, we found that the level and 
duration of STAT1 phosphorylation were significantly 
increased in iOPN-MSCs, resulting in enhanced activa-
tion of STAT1 signaling to upregulate iNOS expression 
in murine MSCs. Moreover, we found that the activation 
of NF-κB signaling, another pathway essential for iNOS 
expression, was not essential for the enhanced immuno-
suppressive capacity of iOPN-MSCs. In addition, after 
inhibition of STAT1 signaling using a specific inhibitor 
in MSCs, the upregulated expression of iNOS, its pro-
duction of NO, and decreased T-cell proliferation result-
ing from overexpression of iOPN were abolished. These 
results suggested that iOPN-mediated immunosuppres-
sion of MSCs was dependent on the activation of STAT1.

iOPN was identified to function as an adaptor molecule 
to facilitate the formation of a receptor cluster or associ-
ate with signaling molecules, resulting in protein kinase 
activation. It is interesting and necessary to discover the 
substrate proteins undergoing regulation in iOPN-medi-
ated increased activation of STAT1. Under the stimulus 
of extracellular signals, signaling molecules can be modi-
fied after translation, including phosphorylation, acetyla-
tion, methylation and ubiquitination [41]. Among them, 
there is synergistic crosstalk between phosphorylation 
and ubiquitination to precisely regulate intracellular sig-
nal transduction pathways, which play important roles in 
regulating cell function [42, 43]. Our results showed that 
STAT1 polyubiquitination was increased, especially after 
12  h of inflammatory stimulation in MSCs. The results 
also revealed that iOPN interacted with STAT1 and that 

overexpression of iOPN decreased the ubiquitination 
of STAT1 in MSCs. We hypothesized that the iOPN-
mediated enhanced levels of activated STAT1 resulted 
indirectly from decreased degradation. iOPN alone does 
not have the ability to modulate protein ubiquitination. 
STAT1 polyubiquitination is regulated by E3 ligases, such 
as RNF220 and TRIM6 [44, 45]. Thus, iOPN may recruit 
deubiquitinating enzymes to stabilize STAT1 or prevent 
the E3 ligase from binding to STAT1 in MSCs.

MSCs are activated to exert their immunomodula-
tory effects after stimulation with IFN-γ in the presence 
of one (or more) other cytokine(s), including TNF-α, 
IL-1α or IL-1β. The critical role of IFN-γ and its receptor 
IFN-γR in this process has been demonstrated in experi-
ments with antibodies against IFN-γ or IFN-γR, as well 
as in MSCs deficient in IFN-γR1 [33, 46]. Our report 
indicated that IFN-γ-activated STAT1, but not TNF-α, 
led to OPN inhibition in MSCs, which further suggested 
the major role of IFN-γ among inflammatory cytokines in 
regulating the immunosuppressive capacity of MSCs. It 
was also found that iOPN interacted with and mediated 
the deubiquitination of STAT1, which forms a negative 
feedback loop to restrain the immunosuppressive capac-
ity of MSCs.

Conclusion
Our study showed that inflammation downregulated 
iOPN expression, which weakened the immunosup-
pressive ability of MSCs. iOPN positively regulated the 
immunosuppressive capacity of MSCs by upregulating 
the expression of iNOS, thereby improving their thera-
peutic effects on ConA-induced inflammatory liver 
injury and IBD. The present study provides a new inter-
vention target to improve the clinical therapeutic efficacy 
of MSCs in T-cell-mediated inflammatory disorders.
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