: STEM CELLS

" TRANSLATIONAL MEDICINE

TISSUE-SPECIFIC PROGENITOR AND STEM CELLS

aPeking University People’s
Hospital, Peking University
Institute of Hematology,
Beijing, People’s Republic of
China; PBeijing Key
Laboratory of Hematopoietic
Stem Cell Transplantation,
Beijing, People’s Republic of
China; “Collaborative
Innovation Center of
Hematology, Peking
University, Beijing, People’s
Republic of China

Correspondence: Xiao-hui Zhang,
Ph.D., Peking University People’s
Hospital, Peking University
Institute of Hematology, No. 11
Xizhimen South Street, Xicheng
District, Beijing, People’s
Republic of China. Telephone:
86-10-8832-4577; E-Mail:
zhangxh100@sina.com; or Xiao-
jun Huang, Ph.D., Peking
University People’s Hospital,
Peking University Institute of
Hematology, No. 11 Xizhimen
South Street, Xicheng District,
Beijing, People’s Republic of
China. Telephone: 86-10-8832-
4577; E-Mail: xijhrm@medmail.
com.cn

Received November 21, 2015;
accepted for publication May 13,
2016; published Online First on
July 28, 2016.

©AlphaMed Press
1066-5099/2016/$20.00/0

http://dx.doi.org/
10.5966/sctm.2015-0360

STEmM CELLS TRANSLATIONAL MEDICINE 2016;5:1631-1643 www.StemCellsTM.com

Platelet-Derived Growth Factor-BB Protects
Mesenchymal Stem Cells (MSCs) Derived From
Immune Thrombocytopenia Patients Against
Apoptosis and Senescence and Maintains
MSC-Mediated Immunosuppression
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ABSTRACT

Immune thrombocytopenia (ITP) is characterized by platelet destruction and megakaryocyte dys-
function. Mesenchymal stem cells (MSCs) from ITP patients (MSC-ITP) do not exhibit conventional
proliferative abilities and thus exhibit defects in immunoregulation, suggesting that MSC impair-
ment might be a mechanism involved in ITP. Platelet-derived growth factor (PDGF) improves
growth and survival in various cell types. Moreover, PDGF promotes MSC proliferation. The aim
of the present study was to analyze the effects of PDGF-BB on MSC-ITP. We showed that MSC-
ITP expanded more slowly and appeared flattened and larger. MSC-ITP exhibited increased apopto-
sis and senescence compared with controls. Both the intrinsic and extrinsic pathways account for
the enhanced apoptosis. P53 and p21 expression were upregulated in MSC-ITP, but inhibition of
p53 with pifithrin-ae markedly inhibited apoptosis and senescence. Furthermore, MSCs from ITP
patients showed a lower capacity for inhibiting the proliferation of activated T cells inducing reg-
ulatory T cells (Tregs) and suppressing the synthesis of anti-glycoprotein (GP)Illb-llla antibodies.
PDGF-BB treatment significantly decreased the expression of p53 and p21 and increased survivin
expression in MSC-ITP. In addition, the apoptotic rate and number of senescent cells in ITP MSCs
were reduced. Their impaired ability for inhibiting activated T cells, inducing Tregs, and suppressing
the synthesis of anti-GPllb-llla antibodies was restored after PDGF-BB treatment. In conclusion, we
have demonstrated that PDGF-BB protects MSCs derived from ITP patients against apoptosis, se-
nescence, and immunomodulatory defects. This protective effect of PDGF-BB is likely mediated via
the p53/p21 pathway, thus potentially providing a new therapeutic approach for ITP. STem CELLS
TRANSLATIONAL MEDICINE 2016;5:1631-1643

SIGNIFICANCE

Immune thrombocytopenia (ITP) is characterized by platelet destruction and megakaryocyte dys-
function. Platelet-derived growth factor (PDGF) improves growth and survival in various cell types
and promotes mesenchymal stem cell (MSC) proliferation. PDGF-BB protects MSCs derived from
ITP patients against apoptosis, senescence, and immunomodulatory defects. This protective effect
of PDGF-BB is likely mediated via the p53/p21 pathway, thus potentially providing a new therapeutic
approach for ITP.

INTRODUCTION

Immune thrombocytopenia (ITP) is an autoimmune
disorder characterized by antibody-mediated
platelet destruction [1]. The pathogenesis of ITP
is complicated and involves increased platelet de-
struction and impaired platelet production due to
the breakdown of self-tolerance [2]. Abnormal po-
larization between T helper (Th)1 cells and Th2 cells

in the peripheral blood has been considered to play
an important role in the pathogenesis of ITP [3]. In
addition, decreased levels and functional defects of
regulatory T cells (Tregs) are involved in the break-
down of self-tolerance in ITP [4, 5]. Recently, mesen-
chymal stem cells (MSCs) have been documented to
be important immunoregulators because they have
potent immunosuppressive effects, regulating both
adaptive and innate immune responses [6].
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MSCsresidinginthe bone marrow have long been believed
to participate in regulating the balance between hemato-
poietic stem cell self-renewal and differentiation [7]. In addi-
tion to their self-renewal and multidifferential potential,
MSCs play crucial roles in immune modulatory functions
[8]. Previous large-scale studies have demonstrated the im-
munosuppressive potential possessed by MSCs. MSCs can
inhibit both T- and B-lymphocyte proliferation and activa-
tion [9, 10] and reduce the expression of costimulatory mole-
cules among antigen-presenting cells [11]. Furthermore, in
vitro studies have shown that MSCs themselves trigger the
generation of Tregs, which can negatively regulate immune
reactions [12].

In the process of elucidating the pathogeneses of autoim-
mune diseases, several studies have reported functional im-
pairment of MSCs in patients diagnosed with systemic lupus
erythematosus [13], rheumatoid arthritis [14], and aplastic
anemia [15], and its use is being explored in the setting of au-
toimmune disorders. In accordance with these autoimmune
diseases, MSCs in ITP patients have also been verified to have
reduced proliferative capacity and to have lost their immuno-
suppressive function. Pérez-Simoén et al. demonstrated that
bone marrow MSCs (BM-MSCs) from patients with chronic
ITP showed impaired proliferative capacity and less ability
to inhibit activated T-cell proliferation compared with cells
from normal controls [16]. Furthermore, a study by Zhang
et al. also confirmed the defectiveness of BM-MSCs in pa-
tients with chronic ITP, as evidenced by an increased apopto-
tic cell rate, an impaired ability to proliferate, and defective
immune-inhibiting potential and Treg-inducing ability [17]. It
has been universally acknowledged that the production of au-
toantibodies is the main pathogenic event in the development
of ITP; however, few reports are currently available on whether
MSCs could affect the generation of antiplatelet antibodies. As
an important immunomodulatory cell subset, MSCs have been
proposed to play an important role in immune modulation.
Therefore, the observed defects in the BM-MSCs might consti-
tute an underlying mechanism in the pathogenesis of ITP. The
defectsin MSCs might also constitute an important targetin the
treatment of ITP.

Platelet-derived growth factor (PDGF) isoforms are impor-
tant mitogens for different types of mesenchymal cells, and
these isoforms stimulate the proliferation, survival, and differ-
entiation of cells [18]. PDGF-BB is a dimeric protein of approxi-
mately 30 kDa, which belongs to the PDGF/vascular endothelial
growth factor family. It can activate both a- and B-PDGF receptors
to elicit multiple biological functions. PDGF-BB can protect various
cell types from apoptosis and can induce cell cycle and proliferation
[19, 20]. However, whether PDGF-BB can correct the defects in MSCs
remains unknown.

In the present study, we assessed the role of PDGF-BB in
MSCs isolated from ITP patients. We found that MSC-ITP ex-
hibited enhanced apoptosis and senescence and an impaired
capacity for immunosuppression, which could suggest the
possible involvement of MSCs in the pathogenesis of ITP.
We demonstrated that PDGF-BB is capable of protecting ITP MSCs
against apoptosis and senescence by modulating the p53/p21
pathway and restoring their immunosuppressive capacity, thus
indicating the potential therapeutic utility of PDGF-BB in pa-
tients with ITP.

©AlphaMed Press 2016

MATERIALS AND METHODS

Patients

BM samples were obtained from 35 patients with newly diag-
nosed ITP who met the previously reported criteria [21], and
31 age- and sex-matched healthy donors were included as normal
controls. The body mass index distribution (range) was similar be-
tween the ITP patients and the healthy donor (control) individu-
als. All the patients and controls provided consent to participate
in the study, which was approved by the Ethics Committee of the
Peking University People’s Hospital and conducted in accordance
with the Declaration of Helsinki.

Isolation, Expansion, and Characterization of MSCs

Bone marrow mononuclear cells from the patients and normal
controls were isolated by Ficoll gradient and cultured in Dul-
becco’s modified Eagle’s medium (Thermo Fisher Scientific
Life Sciences, Waltham, MA, http://www.thermofisher.com),
with 10% defined fetal bovine serum (Thermo Fisher Scientific
Life Sciences), and 100 U/ml penicillin/streptomycin. The cul-
tures were maintained at 37°C in a 5% CO, incubator, and the
medium containing nonadherent cells was replaced every
3-4 days of the culture period. When the cultures reached
80% confluence, the cells were detached using 0.25% trypsin-
EDTA. The cells were seeded in flasks at 1 X 10° cells per
25 cm? and cultured for another 4-5 days to obtain the next
passage of MSCs.

To confirm the human MSC phenotype, plastic adherent
cells were analyzed for the expression of surface-specific anti-
gens using flow cytometry (supplemental online Fig. 1) [22]. The
cells were stained with the following fluorescein isothiocyanate
(FITC)-conjugated, allophycocyanin (APC)-conjugated, peridi-
nin chlorophyll protein (PerCP)-conjugated or phycoerythrin
(PE)-conjugated monoclonal antibodies: CD14, CD19, CD34,
CD45, CD105, CD90, CD73, and human leukocyte antigen
(HLA)-DR. The FITC-, PE-, APC-, and PerCP-conjugated isotypes
were used as negative controls. The analysis was performed us-
ing a flow cytometry machine (Beckman Coulter Inc., Brea, CA,
http://www.beckmancoulter.com). The capacity of the MSCs
to differentiate along osteogenic, chondrogenic, and adipo-
geniclineages was assessed (supplemental online Fig. 2), as de-
scribed previously [22], using commercially available kits
(osteogenesis differentiation kit, chondrogenesis differentia-
tion kit, and adipogenesis differentiation kit [Thermo Fisher
Scientific Life Sciences]), according to the manufacturer’s in-
structions. After 21 days, osteogenic differentiation was deter-
mined by the deposition of mineral nodules, which was detected
using alizarin red S staining. Adipogenesis was measured by the
accumulation of lipid-containing vacuoles using Oil Red O staining.
Chondroblast differentiation was demonstrated using Alcian
blue staining.

Cell Proliferation Assay

The MSC proliferation assay was performed using the Cell Count-
ing Kit-8 (CCK-8) assay kit (Dojindo Molecular Technologies, Inc.,
Rockville, MD, http://www.dojindo.com), according to the man-
ufacturer’s protocol. Generally, cells were seeded onto 96-well
cell culture cluster plates at a concentration of 2 X 10* cells per
well in volumes of 100 ul and grown overnight. Cell Counting
Kit-8 reagents were added to a subset of wells and incubated for

STEM CELLS TRANSLATIONAL MEDICINE

9T0Z ‘T€ Jequisoa( Uo 14IenoX N oxuer Ag /Bio'sssidpsiieyd e wis|powsis//:dny wouy papeojumod


http://www.thermofisher.com
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0360/-/DC1
http://www.beckmancoulter.com
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0360/-/DC1
http://www.dojindo.com
http://stemcellstm.alphamedpress.org/

Zhang, Feng, Wang et al.

1633

2 hours at 37°C, and the absorbance of the samples was measured
using an enzyme-linked immunosorbent assay plate reader at a
wavelength of 450 nm.

Cell Morphological Changes
4’,6-Diamidino-2-phenylindole (DAPI) dye (Sigma-Aldrich, St.
Louis, MO, http://www.sigmaaldrich.com) was used to assess
the morphological cell changes (supplemental online Fig. 3).
MSCs were fixed for 30 minute in phosphate-buffered saline
(PBS) containing 1% glutaraldehyde at room temperature and
then washed twice with PBS and exposed to 5 mg/ml DAPI for
30 minutes at room temperature. The cells were observed with
a fluorescence microscope.

Senescence-Associated 3-Galactosidase Assay

MSCs from ITP patients and normal controls were passaged in-
to six-well culture plates at a density of 5 X 10* cells per well.
After 24 hours, asenescence-associated 3-galactosidase assay
was performed as described in the assay instructions (Cell
Biolabs, Inc., San Diego, CA, http://www.cellbiolabs.com). In
brief, the cells were washed twice with PBS and fixed into
the wells using 1 ml of 1X fixing solution per well. Next, the
cells were incubated at room temperature for 15 minutes.
After washing with PBS, the cells were incubated in freshly
prepared senescence-associated (-galactosidase detection
solution at 37°C without CO, and were protected from the
light for approximately 18 hours. The percentage of senescent
cells was obtained by counting the number of blue-stained
cells and the total cells per field under a light microscope
(supplemental online Fig. 4).

Cell Cycle Analysis

For cell cycle analysis, cultured cells were collected and fixed
in 70% ethanol for 30 minutes. After washing with PBS and
then treating with RNase A (50 pug/ml in PBS; Sigma-Aldrich)
for 30 minutes, the cells were incubated with propidium iodide
(50 wg/ml; Sigma-Aldrich) for 15 minutes and were analyzed
using a flow cytometry machine (Beckman Coulter, Inc.).

Annexin V

Apoptosis was determined by detecting phosphatidylserine
exposure on the cell plasma membrane with the fluorescent dye
from an Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich)
according to the manufacturer’s protocols. In brief, the cells were
harvested and washed in ice-cold PBS, resuspended in 300-ml
binding buffer, and incubated with 5 ml of Annexin V-FITC solu-
tion for 30 minutes at 4°C in dark conditions. This step was fol-
lowed by further incubation with 5 ml of propidium iodide for
5 minutes. Next, the samples were immediately analyzed by flow
cytometry (Beckman Coulter, Inc.). Approximately 5 X 10> cells
were analyzed in each sample.

Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (MMP) was determined
using the JC-1 Mitochondrial Membrane Potential Assay Kit
(Beyotime Institute of Biotechnology, Beijing, China, http://
www.bio-equip.cn). JC-1 exists predominantly in the mono-
meric form in cells with depolarized mitochondria and fluo-
resces green at 490 nm. Cells with polarized mitochondria
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predominantly contained JC-1 in an aggregated form and
fluorescence reddish-orange. In brief, MSCs were seeded onto
six-well plates. After experimental treatment, the cells were
washed twice with PBS. Next, 1 ml of staining dye per well (cul-
ture medium, JC-1 working dye ata 1:1 ratio) was added, and the
cells were incubated at 37°C for 20 minutes. The cells were
washed twice with cold JC-1 staining buffer and examined under
a fluorescence microscope.

Western Blotting

The cells were washed twice with ice-cold PBS and extracted
in lysis buffer (Sigma-Aldrich) for 45 minutes on ice. Equal
amounts of protein were separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and electrophoreti-
cally transferred to polyvinylidene difluoride membranes. The
membranes were then blocked with Tris buffered saline Tween
(TBST) containing 5% nonfat dry milk for 1 hour. The mem-
branes were then incubated overnight with monoclonal anti-
bodies against B-cell lymphoma 2 (Bcl-2; catalog no. 2870;
Cell Signaling Technology, Danvers, MA, http://www.cellsignal.
com), Bcl-2-associated X protein (Bax; catalog no. ab32503;
Abcam, Cambridge, UK), caspase-3 (catalog no. 9665; Cell Signal-
ing Technology), caspase-9 (catalog no. ab32539; Abcam), factor-
associated suicide (Fas; catalog no. ab126821; Abcam), Fas
ligand (FasL; catalog no. ab87023; Abcam), caspase-8 (catalog
no. ab181580; Abcam), p21 (catalog no. 2947; Cell Signaling
Technology), p53 (catalog no. 2527; Cell Signaling Technology),
and survivin (catalog no. 2808; Cell Signaling Technology). The
antibodies against Bcl-2, caspase-3, p21, p53, and survivin were
purchased from Cell Signaling Technology. The remaining anti-
bodies were purchased from Abcam. The membranes were then
washed with TBST and incubated with horseradish peroxidase-
conjugated rabbit anti-mouse secondary antibody for 1 hour.
The blots were developed using an enhanced chemilumines-
cence kit. To assay the distribution of the p53 and p21 proteins,
the cytoplasmic and nuclear proteins from cultured cells were
prepared using NE-PER nuclear and cytoplasmic extraction re-
agents (Pierce Chemical Co., Dallas, TX), respectively. B-Tubulin
was used as the internal control for the cytoplasmic and nuclear
proteins. The cytoplasmic and nuclear fractions were used for
Western blot analysis, as described previously (supplemental
online Figs. 5-7). The relative protein expression was normal-
ized to B-tubulin.

Immunofluorescence Assay

MSCs were washed once with PBS and fixed in 4% paraformalde-
hyde for 15 minutes. After permeabilization and blocking, they
were incubated with fluorescein isothiocyanate-conjugated phal-
loidin. The stained cells were then observed under a fluorescent
microscope.

T-Lymphocyte Proliferation Assays and Analysis of Tregs
by Coculture With BM-MSCs

Peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll density gradient centrifugation from venous blood obtained
from 2 healthy subjects. CD4+ T cells isolated from the PBMCs
of normal controls were purified using positive selection with a
CD4+ T-cell isolation kit [16, 23] (MicroBeads; Miltenyi Biotec,
Bergisch Gladbach, Germany). Purified T lymphocytes (2 X 10° per
well) were cocultured with MSCs (2 X 10* per well) in 96-well
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plates at a ratio of 10:1 in 0.2 ml of Roswell Park Memorial Insti-
tute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin/
streptomycin triplicate with or without mitogen-induced stimula-
tion by phytohemagglutinin (PHA). On day 3, T lymphocytes were
pulsed for 16 hours with 0.5 mCi [3H]-thymidine. These cells were
harvested onto glass-fiber filter paper and dried, and the incorpo-
rated [3H]-thymidine was measured using a liquid scintillation
counter. Data are expressed as the mean counts per minute of
triplicate samples. The supernatants were collected to analyze
Th1 and Th2 cytokine release analysis (interferon [IFN]-y and in-
terleukin [IL]-4, and IL-10, respectively) performed by enzyme-
linked immunosorbent assay (ELISA; Mabtech, Cincinnati, OH,
http://www.mabtech.com). For the analysis of Tregs by coculture
with MSCs, MSCs were seeded at 2 X 10* cells per well in triplicate
in 96-well plates. Purified CD4+ T cells (2 X 10° per well, at a ratio
of 1:10 MSC/CD4+ T cells) were cultured in RPMI 1640 medium
supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml
penicillin/streptomycin. After 5 days of coculture, nonadherent
cells were harvested and evaluated for the proportion of Tregs
present by flow cytometry using PE-Cy7-conjugated anti-CD4,
PE-conjugated anti-CD25, and antigen-presenting cell-conjugated
anti-Foxp3 (all from BD Biosciences, Franklin Lakes, NJ, http://
www.bdbiosciences.com) antibodies.

Detection of IgG Anti-GPllb-llla Antibodies in the In Vitro
Coculture System

An in vitro assay was conducted to analyze the effect of MSCs
on IgG anti-GPlIb-llla antibody synthesis by PBMCs, as previously
described [24, 25]. In brief, PBMCs (2 X 10° per well) were cocul-
tured with MSCs (2 X 10* per well) in complete medium in 96-well
plates with antigen (trypsin-digested GPIlb-llla) in the presence of
pokeweed mitogen (1 mg/ml) for 10 days. The levels of IgG anti-
GPllb-llla antibody in undiluted culture supernatants were mea-
sured using an anti-GPlIb-llla ELISA, as previously described.

Statistical Analysis

The data are expressed as the mean = SD and were analyzed with
the commercially available statistical software package SPSS,
version 13.0 (SPSS, Chicago, IL, http://ibm.com). One-way anal-
ysis of variance with Sidak’s multiple comparison correction was
used to compare the mean in the T-cell proliferation assay and
Tregs induction assay and the detection of anti-GPllb-llla anti-
body, IL-4, IL-10, and IFN-vy. The t test was applied in the remain-
ing comparisons. Statistical significance was defined as p < .05.

RESULTS

MSC-ITP Showed Increased Apoptosis and Senescence

Bone marrow-derived MSCs were successfully isolated, and the
culture was expanded from all 25 ITP patients and 21 controls.
Flow cytometry analysis demonstrated that MSCs from both
healthy donors and ITP patients expressed CD105, CD73, and
CD90 and lacked expression of CD14, CD19, CD34, CD45, and
HLA-DR. MSCs displayed similar differentiation ability toward os-
teoblasts, adipocytes, and chondroblasts in vitro after inductive
conditions. As shown in Figure 1A, MSCs from the controls
(MSC-control) expanded and acquired spindle shape morphology
during culture. In contrast, MSCs from the ITP patients (MSC-ITP)
expanded more slowly and appeared larger and flattened. Only a
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few acquired the typical morphology during culture. Further-
more, CCK-8 assays showed a lower proliferative capacity among
MSC-ITP compared with MSC-control (Fig. 1B). The apoptosis of
MSCs was morphologically determined using DAPI staining. As
shown in Figure 1C, MSC-control had normal round and regular
nuclei. In contrast, fragmentation and condensation of the nuclei,
which are characteristic of apoptotic cells, were observed in MSC-
ITP. We further assessed the apoptotic cell rate using Annexin V.
As shown in Figure 1D, the rate of apoptosis was higherin the MSC-
ITP group than in the MSC-control group (20.92% = 5.73% vs.
0.27% * 0.43%; p < .01). The MSC-ITP cells showed increased
senescence, as demonstrated by senescence (3-galactosidase
staining (23.50 + 7.35 vs. 7.50 = 5.23; p < .01) (Fig. 1E). Flow
cytometry showed an increase in Go/G; cells in the MSC-ITP
(81.74% =+ 1.41% vs. 73.19% = 5.05%; p < .05) (Fig. 1F). These
defects were consistently observed at passage 5 and could not
be recovered in culture.

MSC-ITP Exhibited Impaired Mitochondrial Function
and Death Receptor Pathway

The mitochondrion is one of the key regulators of apoptosis. To
investigate the changes in mitochondrial functions during the ap-
optosis of MSC-ITP, the MMP, Bcl-2/Bax ratio, and caspase-9 and
caspase-3 activation were measured. MSC-control exhibited
reddish-orange staining, indicative of coupled mitochondria with
anormal MMP (Fig. 2A). In contrast, MSC-ITP developed a diffuse
green staining pattern, representative of a reduced MMP (Fig.
2A). Furthermore, at the protein level, a decreased Bcl-2/Bax ratio
(p <.01), increased caspase-9 activation (p < .05), and increased
caspase-3 activation (p < .05) (Fig. 2B) were confirmed by West-
ern blot analysis of MSC-ITP compared with MSC-control. We next
explored whether the death receptor pathway was involved in
the apoptosis of MSCs. More activation of caspase-8 was de-
tected by Western blot analysis in MSC-ITP (p < .05) (Fig. 2C). Si-
multaneously, the expression of Fas (p < .05) and FasL (p < .05)
was significantly higher in MSC-ITP than in normal controls at the
protein level (Fig. 2C).

The p53/p21 Pathway Plays an Important Role in
Apoptosis and Senescence of MSC-ITP

P53 is a critical mediator of cell survival in response to stimulation
by several factors. In the present study, we found that the expres-
sion of p53 (p <.05) and p21 (p < .05) (Fig. 3A) had increased and
the expression of survivin (p < .01) (Fig. 3A) was decreased in
MSC-ITP. To further assess the role of the p53/p21 pathway in
the apoptotic progress of MSC-ITP, the p53/p21 pathway was
inhibited with the p53 inhibitor pifithrin-a (PFT-a). Treatment
with PFT-a markedly inhibited the expression of p53 and p21 in
MSC-ITP (Fig. 3B). In addition, PFT-« exerted a protective effect
on MSC-ITP, as demonstrated by the decreased apoptosis and se-
nescence in MSC-ITP. Improved nuclear morphology was observed
in MSC-ITP with p53 inhibition (Fig. 3C). Also, PFT-a reduced the
apoptotic rate at a concentration of 50 g/l (2.91% *+ 1.61% vs.
15.92% * 1.05%, p < .01) (Fig. 3D). Senescence in MSC-ITP was
reversed with PFT-« treatment, as evidenced by the significantly
decreased number of senescent cells (8.00 * 3.85 vs. 22.00 *
8.37; p < .05) (Fig. 3E) and Go/G; cells (73.49% *+ 2.86% vs.
82.26% *+ 1.47%; p < .05) (Fig. 3F). Moreover, treatment with
PFT-a ameliorated the depolarization of MMP in MSC-ITPs as indi-
cated by the change from green to orange fluorescence with JC-1
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Figure 1. Mesenchymal stem cells (MSCs) from ITP patients showed increased apoptosis and senescence. (A): Morphology of MSCs from con-
trol (MSC-control) and ITP patients (MSC-ITP) under a light microscope (magnification X200; scale bars = 200 um). (B): The growth curves of
MSC-control (n=8)and MSC-ITP (n=8) at passage two. MSC-ITP grew progressively slower compared with controls. (C): 4’,6-Diamidino-
2-phenylindole staining showed increased fragmentation and condensation of the nuclei of MSC-ITP (control, n = 16; ITP, n = 16; magnifica-
tion X 400; scale bars = 100 wm). White arrows indicate the fragmented and condensed nuclei of apoptotic cells. (D): Increased apoptotic cell
rate of MSC-ITP determined by flow cytometry (control, n = 16; ITP, n = 16). (E): The number of SA-B-positive cells obviously increased in the
MSC-ITP (control, n = 16; ITP, n = 16; magnification X 200; scale bars = 200 wm). (F): Cell cycle determined by flow cytometry. MSCs showed
a greater fraction in quiescence of the Gy/G; phase in ITP patients (control, n = 16; ITP, n = 16). The MSCs used in each assay were at passage
three (except for the Cell Counting Kit-8 assay). *, p < .05; **, p < .01. Error bars indicate SD. Abbreviations: ITP, immune thrombocytopenia;
n, number of unique donors in each group; SA-B, senescence-associated 3-galactosidase.

staining (Fig. 3G). Western blot analysis showed that the Bcl-2/Bax
ratio was upregulated (Fig. 3H; p < .01). Caspase-9 and caspase-3
activation was downregulated with the presence of PFT-« (Fig. 3H;
p < .05). Treatment with PFT-« also decreased Fas, FasL, and
caspase-8 expression in MSC-ITP at the protein level (Fig. 31; p <.05).

P53 and p21 Were Mainly Localized in the Nuclear
Fraction of MSC-ITP

Recent studies have found that proteins and their functions are
based on subcellular localization. The p53 and p21 proteins, which
accumulate in the nuclei, are necessary for cell cycle arrest. In our
study, using immunofluorescence staining, we observed that p53
(Fig.4A) and p21 (Fig. 4B) were mainly localized in the nuclei of the
MSC-ITPs. In contrast, lower levels were found in the cytoplasm of
the MSC-ITP than in that of the MSC-control. To further detect the
expression of these proteins, we used separation of the nuclei and
cytoplasm and Western blot analysis. We found that p53 and p21
were expressed more in the nuclei of the MSC-ITP than in the nor-
mal controls (Fig. 4C, 4D). These results suggest that the effects
of p53 and p21 on MSC-ITP might be based on their subcellular
localization.

MSC-ITP Exhibited an Impaired Capability of Inhibiting
T-Cell Proliferation, Inducing Tregs, and Suppressing
Anti-GPllb-llla Antibodies

To evaluate the immunomodulatory effect of MSCs on T cells,
we stimulated T cells with PHA in the presence of MSCs from
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healthy donors versus ITP. As shown in Figure 5A, PHA-
induced T-cell proliferation was inhibited by MSCs from both
ITP patients (p < .01) and normal controls (p < .01). However,
the capacity of MSC-ITP in suppressing T-lymphocyte prolifer-
ation was significantly lower than that of the MSC-control
(p < .01). Previous studies have suggested that MSCs could in-
duce T cells with a regulatory phenotype when cocultured with
CD4+Tcells, and the decreased levels and functional defects of
Tregs have been shown to participate in the breakdown of self-
tolerance in ITP. We next investigated the Treg-inducing func-
tion of MSCs from ITP patients and normal controls. As shown
in Figure 5B, a significantincrease occurred inthe proportion of
CD4+CD25+Foxp3+ Tregs in CD4+ T cells cocultured with BM-
MSCs from both groups compared with CD4+ T cells cultured
alone. However, the proportion of CD4+CD25+Foxp3+ Tregs
in the patient group was significantly lower than that in the
control group (Fig. 5B; p < .01). Additionally, ELISA showed
that MSCs from both groups significantly inhibited the expres-
sion of IFN-7y (Fig. 5C) and enhanced the expression of IL-4 (Fig.
5D) and IL-10 (Fig. 5E). However, less IFN-y and more IL-4 and
IL-10 were detected in the coculture system in the MSC-control
group compared with the MSC-ITP group. The production of
antiplatelet antibodies has been regarded as the main patho-
genic mechanism of ITP. We next evaluated whether MSCs
could inhibit the production of anti-GPllb-Illa antibody. As
shown in Figure 5F, coculture with the MSCs from healthy
donors significantly reduced the absorbance of anti-GPllb-llla
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Figure 2. Mitochondria and the death receptor pathway were involved in excessive apoptosis of mesenchymal stem cells (MSCs) from ITP
patients (MSC-ITP). (A): JC-1 staining showed decreased mitochondrial membrane potential in MSC-ITP (control, n = 6; ITP, n = 6; magnification
X400; scale bars = 100 wm). MSCs from control subjects showed reddish-orange staining indicative of polarized mitochondria predominantly
containing JC-1in an aggregated form. MSC-ITP exhibited green staining, indicating depolarized mitochondria with a monomeric form of JC-1. A
decreased Bcl-2/Bax ratio, increased cleaved caspase-9, -8, and -3 (B), and increased expression of Fas and FasL (C) were detected by Western
blot (control, n=8; ITP, n = 8). The MSCs used in each assay were at passage three. *, p < .05; **, p < .01. Error bars indicate SD. Abbreviations:
Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; Fas, factor-associated suicide; FasL, Fas ligand; ITP, immune thrombocytopenia; n,

number of unique donors in each group.

antibody in the supernatant compared with the culture of
PBMCs alone in the presence of digested GPllb-llla (p < .01).
Coculture with the MSCs from ITP patients resulted in a rela-
tively lower amount of anti-GPllb-Illa antibodies, but the dif-
ference did not reach statistical significance. These data
suggest that MSC-ITP might play a dysfunctional role in
immunoregulation.

PDGF-BB Treatment Protected MSC-ITP From Apoptosis
and Senescence by Downregulating p53 Expression and
Restored the Immunomodulatory Effects

Because PDGF-BB has been demonstrated to prevent apoptosisin
various types of cells, we examined whether PDGF-BB protected
MSCs from apoptosis and senescence. Third-passage MSCs
were treated with PDGF-BB at a concentration of 50 ng/ml
for 24 hours. PDGF-BB showed a favorable protective effect
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on MSC-ITP. As shown in Figure 6A, the morphology of the
nuclei was improved, and the apoptotic rate of MSC-ITPs
was downregulated (2.76% * 4.02% vs. 15.92% * 1.05%;
p < .05) (Fig. 6B) by treatment with PDGF-BB. Senescence in
MSC-ITP was reversed with PDGF-BB treatment, as evidenced
by the significantly decreased number of senescent cells
(5.30 = 2.50vs. 22.00 * 8.37; p < .05) (Fig. 6C) and Go/G; cells
(73.49% * 2.86% vs. 82.26% *+ 1.47%; p < .05) (Fig. 6D) in
MSC-ITP. Given that the p53/p21 pathway was involved in
mediating the apoptosis and senescence of MSC-ITP, we next
explored whether PDGF-BB exerted protective effects by reg-
ulating the p53/p21 pathway. The results showed that PDGF-
BB significantly decreased the expression of p53 and p21 and
increased the expression of survivin at the protein level (Fig.
6E). PDGF-BB also partly reversed the abnormal subcellular
localization of p53 (Fig. 6F) and p21 (Fig. 6G) in MSC-ITP. Given
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Figure 3. P53 participated in the process of increased apoptosis and senescence of mesenchymal stem cells (MSCs) from ITP patients (MSC-
ITP). (A): Western blot (control, n = 8; ITP, n = 8) showed that expression of p53 and p21 was increased and the expression of survivin was
decreased in MSC-ITP. (B): The p53 inhibitor, PFT-«, markedly inhibited the expression of p53 and p21 in MSC-ITP (n = 4). P53 inhibition down-
regulated apoptosis, as evidenced by morphological nuclear changes (n = 8; magnification X400; scale bars = 100 um) (C) and the decreased
apoptosis rate (n = 8) (D). Inhibiting p53 expression reduced the senescence-associated [3-galactosidase staining-positive cells (n = 8; magni-
fication X 200; scale bar =200 um) (E) and Go/G; cells (n = 8) (F). (G): PFT-« treatment prevented decreased mitochondrial membrane potential
in MSC-ITP, as shown by the change from green to orange staining of JC-1 (n = 6; magnification X400; scale bars = 100 um). Decreased Bcl-2/Bax
ratio, activation of caspase-9, -8, and -3 (H) and increased expression of Fas, FasL, and caspase-8 (I) in MSC-ITP, detected by Western blot, were
ameliorated by PFT-a treatment (n = 4). The MSCs used in each assay were at passage three. *, p < .05; **, p < .01. Error bars indicate SD.
Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; Fas, factor-associated suicide; FasL, Fas ligand; ITP, immune throm-
bocytopenia; n, number of unique donors in each group; PFT-, pifithrin-«.
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that the excess apoptosis and senescence was reversed, we
next evaluated whether the impaired immunosuppression ca-
pacity was restored in PDGF-BB-treated MSC-ITP. After cocul-
ture of CD4+ T cells with PDGF-BB-treated MSC-ITP, the T-cell
proliferation induced by PHA was significantly reduced (Fig.
5A; p < .01) and the number of Tregs was increased (Fig. 5B;
p < .01) compared with coculture with MSC-ITP. After PDGF-
BB treatment, the capacity of MSC-ITP to inhibit the production
of anti-GPIlb-llla antibodies was restored (Fig. 5F; p < .05).
These results indicate that PDGF-BB can reverse the defect
of MSC-ITP in vitro.

DISCUSSION

In the present study, we have presented evidence on increased
apoptosis and senescence and the impaired immunomodula-
tory capacity of MSC-ITP. We also demonstrated that PDGF-BB
attenuated apoptosis and senescence via the p53/p21 pathway
and restored the immunomodulatory capacity of MSCs derived
from ITP patients, thus providing new insight into the pathogen-
esis of ITP.

ITP is characterized by platelet destruction within the
spleen and megakaryocyte destruction in the bone marrow
[1]. Autoantibodies induced by the polarization of Thl and T-
cell cytotoxicity resulted in excessive platelet destruction and
suppressed platelet production [26]. Animbalance between im-
mune stimulation and regulation indicated by abnormal regu-
latory T cells was involved in the pathogenesis of ITP [4, 27].
MSCs have been documented to display not only stem cell mul-
tipotency [28] but also robust immunosuppressive properties
[29]. MSCs from healthy individuals could inhibit the conversion
of Th2 to Thl by increasing IL-4 and decreasing IFN-vy levels in
effector T cells [30] and inducing the generation of regulatory
Tcells[31]. However, MSCs from ITP patients were found to lose
their conventional proliferation capacity and thus were de-
fective in immunoregulation [16, 17]. Also, in either an animal
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model or human ITP patients, the transplantation of MSCs de-
rived from bone marrow or the umbilical cord has improved
platelet production and attenuated megakaryocyte dysfunc-
tion by reversing the shift in the Th1/Th2 cytokine balance
[32-35], suggesting that MSC impairment might be involved
in the pathogenesis of ITP.

MSCs from ITP patients have been shown to have less pro-
liferative capacity and a higher rate of apoptosis; however, the
mechanism for these abnormalities remains unknown. In the
present study, we not only investigated the enhanced apopto-
sis and senescence of MSCs from ITP patients, we also explored
the underlying molecular changes that give rise to deficiencies
in the proliferation and survival of MSC-ITP. Apoptosis and se-
nescence are two mechanisms that prevent replication when
cells undergo irreversibly accumulated damage [36]. Cellular
senescence is an irreversible form of cell cycle arrest that pre-
vents the proliferation of damaged cells or cells that have sur-
passed their capacity to proliferate [37]. Apoptosis, also called
programmed cell death, is a cell-autonomous mechanism that
relies on the pathway-controlled activation of caspasesand nu-
cleases, leading to the death of injured cells without affecting
neighboring cells [38]. The intrinsic pathway of apoptosis reg-
ulates the activity of the Bcl-2 family proteins that control the
integrity of the mitochondrial membrane [39]. The release of
proapoptotic factors from the mitochondria, such as cyto-
chrome C, into the cytoplasm promotes the activation of the
initiator caspase-9, which in turn activates effector caspases,
such as caspase-3 and caspase-7 [40]. The extrinsic pathway re-
lies on the activation of death receptors, which promote the
recruitment and activation of initiator caspase-8 via adaptor
proteins, such as the Fas-associated death domain. Strong
caspase-8 activity can directly activate effector caspases
[41]. Pérez-Simon et al. found that caspase-9 was overex-
pressed in MSCs from ITP patients compared with controls
[16]. Given this indication, we also detected the molecular
changealongtheintrinsicapoptosis pathway. We found not
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Figure 5. MSCs from ITP patients showed impaired immunosuppressive properties. (A): Effects of MSCs on PHA-induced T-cell prolif-
eration. Data expressed as the absorbance at 450 mm (n = 10). (B): The proportion of CD4+CD25+Foxp3+ Tregs in CD4+ T cells cocultured
with MSCs or CD4+T cells cultured alone detected by flow cytometry (n = 10). (C): Determination of IFN-yin coculture system by enzyme-
linked immunosorbent assay (ELISA; n = 10). (D): Determination of IL-4 in coculture system by ELISA (n = 10). (E): Determination of IL-10
in coculture system by ELISA (n = 10). (F): Effect of MSCs on the antigen (digested GPIlb-llla)-induced IgG anti-GPllb-Illa antibody pro-
duction by PBMCs. IgG anti-GPIIb-1lla antibody levels in undiluted culture supernatants were measured by anti-GPllb-1lla ELISA, and
the data are presented as absorbance (n = 10). The MSCs used in each assay were at passage three. *, p < .05; **, p < .01. Error bars
indicate SD. Abbreviations: GP, glycoprotein; IFN-v, interferon-v; IL, interleukin; ITP, immune thrombocytopenia; MSCs, mesenchymal
stem cells; PBMCs, peripheral blood mononuclear cells; PDGF, platelet-derived growth factor; PHA, phytohemagglutinin; Tregs, regu-

latory T cells.

only excessive apoptosis of MSC-ITP but also the specific path-
way by which apoptosis was regulated. MSC-ITP showed a
decreased Bcl-2/Bax ratio, resulting in decreased MMP and
consequently activating caspase-9 and caspase-3, indicating
the activation of the mitochondrial pathway. Moreover, the
death receptor pathway was involved in upregulated apoptosis
in MSC-ITP, as demonstrated by increased Fas and FasL expres-
sion and caspase-8 activation. These results showed that both
intrinsic and extrinsic pathways are involved in excessive apo-
ptosis of MSC-ITP.

Recently, it was shown that p53 plays animportant regulatory
role in both apoptosis and senescence [42]. It senses DNA damage
and, in response, induces and promotes senescence or apoptosis
in the case of extensive damage [43, 44]. It has been reported that
cell cycle progression is regulated by cyclins and cyclin-dependent
kinase (CDK), such as cyclin E and CDK2, and this regulation is neg-
atively inhibited by p53 and the CDKinhibitor p21, atarget gene of
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the p53 protein [45]. It has been confirmed that overexpression of
p53 causes the arrest of cell growth [46]. At the same time, p53
acts at multiple levels of the intrinsic and extrinsic pathways
through the induction of multiple apoptotic target genes and
through transcription-independent mechanisms [47, 48]. To in-
vestigate whether p53 participates in the apoptosis and senes-
cence of MSC-ITP, p53 and p21 expression was measured at
the protein level. The findings revealed upregulation of p53
and p21in MSC-ITP. Blocking p53 with PFT-a reversed senescence
and ameliorated apoptosis by suppressing both intrinsic and ex-
trinsic pathways. The results indicated that the p53 pathway is re-
sponsible for the enhanced apoptosis and senescence in MSC-ITP
(Fig. 7A).

Activation of autoreactive CD4+ T cells on recognition of
GPIlb-llla peptides presented by antigen-presenting cells is a
critical step for triggering and maintaining the pathogenic anti-
platelet autoantibody response [26]. In the present study, we
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Figure 6. PDGF-BB treatment reversed the excessive apoptosis and senescence of mesenchymal stem cells (MSCs) from ITP patients
(MSC-ITP) by regulating the p53/p21 pathway. PDGF-BB mitigated the apoptosis and senescence of MSC-ITP, as demonstrated by mor-
phological nuclear changes (n = 8; magnification X400; scale bars = 100 um) (A), flow cytometry (n = 8) (B, D), and SA-B staining (n = 8;
magnification X 200; scale bars =200 um) (C). (E): PDGF-BB treatment decreased the protein expression of p53and p21 and increased the
expression of survivinin MSC-ITP (n =4). The abnormal subcellular localization of p53 (F) and p21 (G) in MSC-ITP was reversed by PDGF (n =
4). Decreased Bcl-2/Bax ratio, activation of caspase-9 and -3 (H) and increased expression of Fas, FasL, and caspase-8 (1) in MSC-ITP, de-
tected by Western blot, were reversed by PDGF treatment (n = 4). The MSCs used in each assay were at passage three. *, p < .05; **,p <
.01. Error bars indicate SD. Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; Fas, factor-associated suicide; FasL,
Fas ligand; ITP, immune thrombocytopenia; n, number of unique donors in each group; PDGF, platelet-derived growth factor; SA-S, se-
nescence-associated 3-galactosidase.

found that MSCs from ITP patients have a defect in inhibiting secretes cytokines IL-4 and IL-10 [49, 50]. Significantly upregu-
T-cell activation and inducing Tregs, consistent with the findings lated IFN-vy levels are indicative of a Thl-predominant immune
from previous studies [16]. Unbalanced Th1/Th2 activity was response, also known as Thl polarization. Thl polarization is
demonstrated via cytokine secretion profiles in previous studies closely related to the clinical outcome of ITP [50, 51]. MSCs from
of ITP patients. Thl secretes cytokines IL-2 and IFN-y, and Th2 both patients with ITP and normal controls enhanced protein IL-4
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and IL-10 expression, and IFN-y expression was reduced. MSC-
ITP was defective in promoting IL-4 and IL-10 secretion and
inhibiting IFN-y secretion compared with that of the healthy
controls. These dataindicate that MSCs lose theirimmunomod-
ulatory ability, which is needed for maintaining the immune
balance. Because ITP is characterized by the production of
autoantibody against targeted antigens, we further assessed
whether these defects in MSCs could affect the production of
antiplatelet antibodies. As expected, MSCs from healthy indi-
viduals were able to suppress the production of anti-GPllb-
Illa antibodies in the in vitro coculture system, but the MSCs
from ITP patients showed a weaker capacity in this respect,
providing a stronger indication that the functional defects of
MSC-ITP could possibly be involved in the pathogenesis of
ITP. Because the impairment of MSCs, including excess apopto-
sis and senescence and defects in immunoregulation, might
play a role in the development of ITP, correcting the defects
of MSCs could represent a potential alternative therapeutic
approach for the treatment of ITP.

PDGF isoforms and PDGF receptors have important functions
in the regulation of growth and survival of various cell types [52].
It was demonstrated that PDGF treatment potently ameliorated
photoreceptor degeneration via the suppression of apoptotic
pathways [53]. Fingas et al found that myofibroblast-derived
PDGF-BB could promote survival signaling in cholangiocarcinoma
cells [54]. Vantler et al. showed that PDGF-BB had the capacity to
protect cardiomyocytes from apoptosis and to improve the con-
tractile function of engineered heart tissue [19]. Moreover, the
potential of PDGF to induce proliferation in MSCs has been docu-
mented in a variety of studies [55]. Sotoca et al. showed that PDGF
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efficiently promoted proliferation and maintained the multipo-
tency of healthy human MSCs [56]. The potential of PDGF to
induce proliferation in MSCs was further confirmed by the upre-
gulation of proliferation- and cell cycle-related genes [57]. Consid-
ering that PDGF is a potent growth-promoting factor for MSCs,
we assessed whether PDGF could alleviate apoptosis and senes-
cence in patients with ITP. We found that PDGF-BB could mitigate
the apoptosis and senescence of MSC-ITP by downregulating
p53 expression and consequently maintain the immunomodula-
tory effects.

CONCLUSION

We have shown that MSC-ITP display enhanced senescence
and apoptosis and defects in immunoregulation, which could
implicate the possible involvement of MSCs in the pathogene-
sis of ITP. We demonstrated that PDGF-BB is capable of pro-
tecting MSCs derived from ITP patients against apoptosis
and senescence by inhibiting the p53/p21 pathway and main-
taining the immunosuppression capacity, indicating that PDGF-
BB could serve as a novel potential therapeutic alternative
for ITP.
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