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Thalidomide corrects impaired mesenchymal stem cell function in
inducing tolerogenic DCs in patients with immune thrombocytopenia
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Thalidomide (THD) is an immunomodulatory agent used to treat immune-mediated
diseases. Immune thrombocytopenia (ITP) is an autoimmune disorder in which

¢ The impaired function of
MSCs in proliferation ability
and in inducing tolerogenic
DCs may play a role in the
pathogenesis of ITP.

e The effect of THD in
correcting dysfunctions
of MSCs may suggests a
therapeutic potential of THD
in ITP patients.

impaired mesenchymal stem cells (MSCs) are potentially involved. We demonstrated
that MSCs in ITP patients had reduced proliferative capacity and lost their immuno-
suppressive function, which could be corrected with THD treatment. According to the
gene profile, the downregulation of caspase-8 and caspase-10, and upregulation of
oct3/4 and tgf-B1, may be associated with THD modulation. Dendritic cells (DCs)
played an important role in mediating the inhibitory activity of MSCs. To study the
functional alteration of DCs elicited by MSCs, we sorted DCs after incubation with
MSCs and performed T-lymphocyte reaction assays. The THD-modulated MSCs from
ITP patients induced mature DCs to become tolerogenic DCs, whereas unmodulated
MSCs had no effect. The induction of tolerogenicity in DCs by MSCs was dependent
on the expression of TIEG1 in DCs. The study reveals the inability of MSCs from ITP
patients to induce tolerogenic ability in DCs. THD could restore the regulatory effect
of MSCs on DCs. These findings will help us understand the pathogenesis of ITP, and with appropriate safeguards, THD may

benefit patients with ITP. (Blood. 2013;122(12):2074-2082)

Introduction

Thalidomide (THD) was first introduced as a nonbarbiturate sedative-
hypnotic drug in West Germany in the 1950s, but was withdrawn
worldwide in 1961 due to its potential for teratogenesis. Presently,
THD is used as an immunomodulatory agent' to treat immune-
mediated diseases.>™ In particular, Falco et al successfully managed
immune thrombocytopenia (ITP) with THD in a patient with multiple
myeloma.’ ITP is an autoimmune hemorrhagic disorder in which
both T and B cells are involved.®® Recently, Perez-Simon et al found
impaired proliferative and functional capacity of mesenchymal stem
cells (MSCs) in patients with ITP.!° Although a low dose of dexa-
methasone favors MSC expansion in vitro, it could impair immuno-
suppression of MSCs on peripheral blood mononuclear cells
(PBMCs).'! Tt is not suitable for MSCs to be pretreated with dexa-
methasone when they are to be used to treat immunologic disease.""
Whether THD could correct the defects in MSCs remains unknown.

MSCs are stem cells with differentiation potential,'* and play
a distinguished role in immune tolerance.'> MSCs can inhibit the
activation and proliferation of T and B lymphocytes,'*'> and have
inhibitory effects on dendritic cells (DCs).'®"'® Particularly, Zhang et al

reported that mouse MSCs induce DCs into a novel regulatory
population.'® Previous studies suggested that the immunosup-
pression of MSCs was attributed to the disconnection between
T cells and antigen-presenting cells (APCs)'? or that they act as
veto cells themselves.?>?! Additional research reported that in
the presence of MSCs, APCs could be transformed into regulatory
APCs and inhibit T-cell activation.”? Several studies found that
interleukin-10 (IL-10) and transforming growth factor—-31 (TGF-f31)
were involved in the differentiation of the regulatory DC phenotype.>
Whether MSCs from ITP patients could induce APCs into regulatory
APCs has not yet been determined.

Here we demonstrate that MSCs from ITP patients had a reduced
proliferative capacity and had lost the ability to induce mature DCs
(mDCs) into tolerogenic DCs, which could be corrected with THD
treatment. The downregulation of caspase-8 and caspase-10, and
upregulation of oct3/4 and tgf-31 may explain the modulatory effects
of THD on MSCs. The THD-modulated MSCs (THD-MSCs) could
regulate mDCs by downregulating the expression of costimulating
factors and IL-12 expression and by upregulating IL-10, TGF-31,
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Table 1. Primer sets and genes included in qPCR
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Name Forward primer Reverse primer

oct3/4 5'-GCTCCTGAAGCAGAAGAGGA-3' 5'-GCTGAACACCTTCCCAAAGA-3'
c-myc 5'-GGAACGAGCTAAAACGGAGCT-3' 5'-GGCCTTTTCATTGTTTTCCAACT-3'
kif4 5'-CCAATTACCCATCCTTCCTG-3’ 5'-CGATCGTCTTCCCCTCTTTG-3'
tgf-p1 5'-CTAATGGTGGAAACCCACAACG-3’ 5'-TATCGCCAGGAATTGTTGCTG-3'
p27 5'-CTGCAACCGACGATTCTTCTACT-3’ 5'-GGGCGTCTGCTCCACAGA-3’

p16 5'-CATAGATGCCGCGGAAGGT-3' 5'-CCCGAGGTTTCTCAGAGCCT-3'
caspase-8 5'-TTTCTGCCTACAGGGTCATGC-3' 5'-TGTCCAACTTTCCTTCTCCCA-3’
caspase-10 5'-GCTTCCCAAAACTGAAATGACC-3’ 5'-CCTTGATACGACTCGGCTTCC-3'
gapdh 5'-GCACCGTCAAGGCTGAGACC-3’ 5'-TGGTGAAGACGCCAGTGGA-3’

and indoleamine 2,3-dioxygenase (IDO) expression. MSCs induced
mDCs into TIEG1-dependent tolerogenic DCs. The results provide a
general evaluation of THD and THD-MSCs, and a potential therapeutic
option for ITP patients.

Materials and methods

Patients and controls

Thirty-seven newly diagnosed primary ITP patients (24 females and 13 males;
age range 16-77 years, median 45 years; platelet count range 0-23 X 10°/L,
median 6 X 10°/L) were enrolled in this study (supplemental Table 1,
available on the Blood website). The diagnosis of ITP patients was based on
previously reported criteria.>* All patients were free from any ITP-specific
therapy, including glucocorticosteroids or intravenous immunoglobulin G,
within at least 3 months. Twelve samples of venous blood and 9 samples of
bone marrow (BM) from healthy donors were used as controls (11 females
and 10 males; age range 19-47 years, median 30 years; platelet count range
156-264 X 10°/L, median 189 X 10%L). This study was approved by the
Medical Ethical Committee of Qilu Hospital, Shandong University, and was
conducted in accordance with the Declaration of Helsinki.

Thalidomide

THD (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) to form a stock solution of 20 mg/mL, which was kept
for up to 1 week.

Cells

MSCs were isolated and cultured from BM of ITP patients (MSC [ITP])
and healthy controls (MSC [control]) as previously described, '’ with minor
modifications. The MSCs were maintained in MesenPRO RS medium
(Invitrogen). Once the third passage was reached, the MSCs were frozen
routinely in 10% DMSO and 90% fetal calf serum (FCS; Hyclone). The
phenotypes of MSCs (CD34, CD45, CD73, CD90, and CD105) before and
after modulation with THD (0.5 pg/mL) were determined as described
previously,>>?® with minor modifications (supplemental Figure 1).
PBMCs were isolated from the venous blood by Ficoll density gradient
separation. Either CD4" T or CD14™ cells were isolated by positive selection
with anti-CD4 or anti-CD14 micromagnetic beads (Miltenyi Biotec) from
PBMCs. The purities of CD4™ and CD14* were >98% by flow cytometry
(data not shown). For carboxyfluorescein diacetate succinimidyl ester (CFSE;
Sigma-Aldrich) labeled CD4™ T-cell generation, CD4™ T cells were labeled
with CFSE at a concentration of 5 uM for 10 minutes at 37°C. The labeling
reaction was quenched by adding cold FCS and incubating for 5 minutes on
ice. The cells were washed 3 times with RPMI 1640 culture medium with 10%
FCS prior to being added to cocultures. For mDC generation, CD14" cells
were plated in 6-well culture plates (Corning) in RPMI 1640 culture medium
(Invitrogen) with 10% FCS, 1000 U/mL granulocyte-macrophage colony
stimulating factor (R&D Systems) and 1000 U/mL IL-4 (R&D Systems) for
5 days. Cultures were incubated at 37°C in a 5% CO, atmosphere. To activate

DCs, lipopolysaccharides (1 pwg/mL; Sigma-Aldrich) were added to the plates
prior to culture for an additional 2 days. By day 7, >90% of the cells were
CD14-CD11b*CD80"HLA-DR" mDCs (supplemental Figure 2). For
THD-MSC preparation, MSCs from ITP patients were preincubated for
3 days in RPMI 1640 culture medium containing 10% FCS plus 0.5 pwg/mL
THD in humidified air in 5% CO, at 37°C. For tolerogenic DCs, mDCs were
cocultured with either MSCs (control) or THD-MSCs (ITP), in a 1:1
(MSC:mDC) ratio, for 3 days in RPMI 1640 culture medium supplemented
with 10% FCS. The cocultured cells were washed off with 0.1% trypsin. The
tolerogenic DCs (MSC [control]-DCs and THD-MSC [ITP]-DCs) were
purified using anti-HLA-DR micromagnetic beads (Miltenyi Biotec).

MSC proliferation assays

At passage 4, 1 X 10° MSCs per well were cultured in triplicate in a
96-well plate (Corning) and incubated in humidified air in 5% CO, at 37°C.
After adherence, these cells were treated with THD at concentrations
of 0 (commensurable DMSO), 0.05, 0.1, 0.5, 1, 5, 10, and 50 pg/mL. The
proliferation assay was assessed on day 3 using the Cell Counting Kit-8
(CCKS; Beyotime) according to the manufacturer’s recommendations.

Apoptosis and cell-cycle analysis

Briefly, 5 X 10° of MSCs (ITP, cultured in commensurable DMSO) or THD-
MSCs (ITP, cultured in 0.5 pg/mL THD) were harvested and stained with
Annexin V-fluorescein isothiocyanate/7-amino-actinomycin D (Annexin
V/7-AAD; Beyotime) or with propidium iodide (Sigma-Aldrich) according
to the manufacturer’s recommendations. Data acquisition was performed on
a flow cytometer (FACSCalibur; Becton Dickinson; or Gallios; Beckman
Coulter).

Microarray analysis

As described previously,”” microarray analysis was conducted on THD-MSCs
(ITP, cultured in 0.5 pg/mL THD) and MSCs (ITP, cultured in commensurable
DMSO) for 12 hours from 3 independent patients with ITP. The abundance
of messenger RNA (mRNA) transcripts was measured using the 35k human
Genome Array (CapitalBio Corp) representing 39 600 transcripts and ~25 100
genes. The data were analyzed using the Molecule Annotation System (MAS
3.0, http://bioinfo.capitalbio.com/mas3/) (supplemental Methods).

Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen) from MSCs (ITP/
control) and THD-MSCs (ITP/control), cultured in commensurable DMSO or
in 0.5 pg/mL THD for 12 hours. The method was described in detail in the
supplemental Methods. The primer sets and genes included in quantitative
polymerase chain reaction (QPCR) were listed in Table 1.

MSC inhibition assays

After labeling with CFSE, CD4" T cells (1 X 10° per well) or phorbol
myristate acetate (PMA) preactivated CD4" T cells were cultured alone or
cocultured with 1 X 10* per well MSCs (control), MSCs (ITP), or THD-MSCs
(ITP), respectively, in the presence or absence of mDCs (1 X 10%/well), in flat-
bottom 96-well plates (Corning) containing 200 wL of RPMI 1640 culture

%20z AeN 80 uo 3sanb Aq ypd ¥ /02/62889€ L/¥L0Z/CL/ZZ | /spd-alo1e/po0|q/Au"suoneDligndyse//:diy woly papeojumoq


http://bioinfo.capitalbio.com/mas3/

2076 MAetal

medium with 10% FCS and 50 U/mL recombinant human IL-2 (thIL-2; R&D
Systems) in triplicate. The cell ratios were referred from previous studies.”®
All cells were incubated in humidified air in 5% CO, at 37°C for 3 days and
then collected for fluorescence-activated cell sorter (FACS) analysis.

Tolerogenic DC inhibition assays

After coculture with MSCs (control), MSCs (ITP), or THD-MSCs (ITP),
the MSC-DCs were sorted using anti-HLA-DR immunomagnetic beads
(Miltenyi Biotec). CFSE-labeled allogeneic CD4™ T cells (1 X 10° per well)
were cocultured with PMA, mDCs, MSC (control)-DCs, MSC (ITP)-DCs,
THD-MSC (ITP)-DCs, MSC (control)-DCs + PMA, MSC (ITP)-DCs +
PMA, THD-MSC (ITP)-DCs + PMA, MSC (control)-DCs + mDCs, MSC
(ITP)-DCs + mDCs, or THD-MSC (ITP)-DCs + mDCs, respectively. All
DCs (mDCs or MSC-DCs) were from the same person in each separate ex-
periment. The cocultured cells were in a 10:1:1 ratio (T cell:mDC:MSC-DC).
All cells were cultured in flat-bottom 96-well plates (Corning) containing 200 L
of RPMI 1640 culture medium with 10% FCS and 50 U/mL rhIL-2 (R&D
Systems) in triplicate and incubated for 3 days in humidified air in 5% CO, at
37°C. The cells were then collected for FACS analysis.

Cytokine production

CD4™ T cells (1 X 10° per well), mDCs (1 X 10* per well), and MSCs (1 X 10*
per well) were cultured alone or in combination. The levels of IL-4, IFN-y,
IL-12, IDO, TGF-B, and IL-10 in cultural supernatants were assayed by
enzyme-linked immunosorbent assay (ELISA) (CUSABIO Biotech Co)
after 3 days.

FACS analysis

Cell staining was performed using fluorescein isothiocyanate— or phycoerythrin-
conjugated anti-CD80 and anti-CD86 (BD Pharmingen) monoclonal antibodies.
The cells were incubated with monoclonal antibodies for 30 minutes in the
dark at room temperature. The isotype IgG of same species origin was used as
a control. Data acquisition was performed on a flow cytometer (FACS-
Calibur; Becton Dickinson; or Gallios; Beckman Coulter).

Lentivirus interference

TIEG1 small hairpin RNA (shRNA) (h) lentiviral particles and control ShARNA
lentiviral particles were purchased from Santa Cruz Biotechnology. Prior to
viral infection, the mDCs (1 X 10 cells per well) were cultured in a 24-well
plate in optimal medium (Invitrogen) with 10% FCS without antibiotics,
supplemented with 5 pg/mL polybrene. The mDCs were then infected with
prepared virus (20 pL per well), and incubated in humidified air in 5% CO, at
37°C overnight. The infected mDCs were maintained in 1 mL of RPMI 1640
culture medium containing 10% FCS (without Polybrene) until required for
the mixed lymphocyte culture assays. The interference efficiency was >80%
as analyzed by real-time PCR and western blot (data not shown).

Statistical analysis

Data were expressed as median with interquartile range. The statistical
significance of differences observed between unmodulated, THD-modulated,
and control groups was determined using the Mann-Whitney U test. Dif-
ferences between MSCs (ITP) and THD-MSCs (ITP) or MSCs (control) and
THD-MSCs (control) were determined using the Wilcoxon matched-pairs
test. The minimal level of significance was P < .05.

Results

THD has potent ability to increase MSC proliferation in
ITP patients

To investigate the effects of THD on proliferation of MSCs, we
analyzed MSCs from ITP patients and healthy controls using CCK8
proliferative assays. As shown in Figure 1A, THD with concentration
gradients from 0.1 pg/mL to 10 pg/mL could stimulate the proliferation
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of MSCs (ITP) in a dose-dependent manner. Yet for all patients,
higher THD concentrations (>10 pwg/mL) would lead to an opposite
result. Based on our data, 0.1 pg/mL THD was the minimal effective
concentration in ITP group. In clinics, an adult receiving an oral dose
of 100 or 200 mg per day will attain a plasma concentration of
0.343 pg/mL (range, 0.05-1.45 pg/mL) or 0.875 pg/mL (range,
0.19-2.09 wg/mL), respectively.?® So, 0.5 wg/mL THD was selected
in our research. In the remaining panels of Figure 1, the concentration
of THD was 0.5 pg/mL. To further evaluate the mechanism we per-
formed apoptosis and cell-cycle analysis. As shown in Figure 1B, the
proliferation of MSCs from both ITP patients and healthy controls
could be promoted after 0.5 wg/mL THD modulation. There were
less cells entered into S + G2 phases in the MSC (ITP) group com-
pared with those in MSCs (control). After THD modulation, the fre-
quency of cellsin S and G2 phases was increased in THD-MSCs (ITP)
(Figure 1C). The apoptosis analysis of MSCs showed there was no
significant difference of Annexin-V*/7-AAD™ cells between pa-
tients and healthy controls, and THD modulation could decrease the
apoptosis rate both in patients and in controls (Figure 1D).

Analysis of global gene expression in MSCs before and after
modulation with THD in vitro

To further define the molecular changes in MSCs induced by THD,
we performed microarray analysis. Differentially expressed genes
indexed by Gene Ontology (Go) biological process of MSCs were
shown in the Gene Expression Omnibus database under accession
number GSE44948; enrichment for variants was associated with
DNA-dependent regulation of transcription, cell cycle, mitosis, DNA
replication, cell proliferation, apoptosis, regulation of cell growth, and
regulation of apoptosis, etc. Combining with previous research,'*-3*-32
we selected several genes associated with cell proliferation, apoptosis
and cell cycle, including p27, p16, caspase-8, caspase-10, klf4, c-myc,
oct3/4, and tgf-B1 which may be associated with THD modulation.
As shown in Figure 2A-B, the expression of caspase-8 and caspase-10
was downregulated in THD-MSCs (ITP), while there was no sig-
nificant difference between MSCs (control) and THD-MSCs
(control). The expression of c-myc was downregulated in both
THD-MSCs (ITP) and THD-MSCs (control) (Figure 2C). The
expression of oct3/4 and tgf-B1 was upregulated in THD-MSCs
(ITP), while there was no obvious change between MSCs (control)
and THD-MSC:s (control) (Figure 2D-E). The expression of klf4 and
p27 was upregulated or downregulated, respectively, while there was
no obvious change between MSCs (ITP) and THD-MSCs (ITP)
(Figure 2F-G). There was no obvious change of p/6 either in MSCs
(control) or in MSCs (ITP) before and after modulated with THD
(Figure 2H). We confirmed the downregulation of caspase-8 and
caspase-10, and upregulation of oct3/4 and tgf-B1, after THD
modulation was specific for MSC (ITP) and explained the THD-
induced increase in MSC proliferation, as well as their potentially
ability to induce tolerogenic DCs.

THD-MSCs from ITP patients could induce mDCs into a
tolerogenic DC population

We postulated that MSCs in ITP patients may lose their immuno-
suppressive ability which could be increased after modulation with
THD. To confirm the malfunction of MSCs (ITP), CFSE-labeled
CD4™" T cells were stimulated by allogeneic mDCs or PMA in the
presence or absence of MSCs (control), MSCs (ITP) or THD-MSCs
(ITP). The data demonstrated that mDCs and PMA significantly
stimulated T-cell proliferation (Figure 3A). When MSCs (control)
or THD-MSCs (ITP) were added to mDC cocultures in the absence
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Figure 1. Effects of THD on proliferative responses of MSCs. The effects of THD on proliferative responses of MSCs were assayed using the Cell Counting Kit-8, cell-cycle, and
apoptosis assays. The MSCs (control) represent MSCs from healthy controls. The THD-MSCs (control) represent the THD-modulated MSCs from controls. The MSCs (ITP)
represent the MSCs from ITP patients without THD modulation. The THD-MSCs (ITP) represent the THD-modulated MSCs from ITP patients. (A) Administration of THD in
concentration gradients between 0.1 pg/mL and 10 ng/mL stimulated the proliferation of MSCs (ITP) in a dose-dependent manner. Each box and whiskers denotes the optical
density (OD) value in 1 independent experiment of 4 ITP patients. (B) THD corrected the lower proliferation of MSCs from ITP patients. Each dot denotes the OD value in 1
independent experiments. Statistical results represent median with interquartile range from 9 healthy controls and 18 ITP patients. (C) Cell cycle of MSCs (control), THD-MSCs
(control), MSCs (ITP) and THD-MSCs (ITP). Each dot denotes the frequency of cells in S/G2 phase. Statistical results represent median with interquartile range from 6 healthy
controls and 9 ITP patients. (D) Apoptosis of MSCs (control), THD-MSCs (control), MSCs (ITP), and THD-MSCs (ITP). Each dot denotes the frequency of Annexin V*/7-AAD™ cells.
Statistical results represent median with interquartile range from 9 healthy controls and 9 ITP patients. Differences between 2 groups were compared using the Mann-Whitney Utest.

*P < .05; P <.01.

of PMA, they inhibited T-cell proliferation, whereas the addition
of MSCs (ITP) had no inhibitory effect (Figure 3A). Notwith-
standing, THD-MSCs (ITP) were unable to prevent T-cell prolif-
eration activated in the presence of PMA. The data also showed
that addition of mDCs to the coculture system alleviated T-cell
proliferation. We also assayed the levels of IL-4, IFN-vy, IDO, and
IL-12 in culture supernatants (Figure 3B-E). When CD4™" T cells
and mDCs were cocultured with THD-MSCs (ITP), the level of IL-4
and IDO was higher while the IFN-y level was lower than that
cocultured with MSCs (ITP) or without MSCs. There was no
significant difference in IL-12 level between cultures with THD-
MSCs (ITP) or with MSCs (ITP), though in both cases it was lower
than that without any MSCs. These data indicated that the MSCs
from ITP patients had lost their regulatory capacity, which could
be increased by THD modulation. After coculture with MSCs, the
mDCs may have tolerogenic rather than stimulatory effects and
play an important role in mediating the inhibitory activity of
MSCs.

To further assess whether the MSC-regulated mDCs (MSC-
DCs) were functionally tolerogenic, the mDCs were sorted using
immunomagnetic beads after incubation with MSCs. Allogeneic
CD4™ T cells were then cocultured with the MSC-DCs and mDCs
from the same individual at a 10:1:1 ratio. As shown in Figure 3F,
the mDCs regulated by MSCs from healthy controls suppressed the
proliferation of T lymphocytes, whereas the mDCs regulated by
MSC:s from ITP patients did not. However, the inhibitory capacity
of mDCs was increased when they were incubated with THD-
modulated ITP MSCs. We also investigated whether the inhibitory
effect of these tolerogenic DCs was strong enough to silence the
lymphocytes activated by PMA. The data demonstrated that mDCs
regulated by MSCs from ITP patients, healthy controls, or THD-
modulated MSCs were unable to inhibit T-cell proliferation. These
results further confirmed that the MSCs from ITP patients had lost the
ability to induce tolerogenicity in mDCs. Although the tolerogenic
mDCs could not prevent T-cell proliferation activated by PMA, they
did block the allogeneic mDC-activated T-cell proliferation.
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Figure 2. The downregulation of caspase-8 and caspase-10, and upregulation of oct3/4 and tgf-B1in MSCs (ITP) upon THD modulation. Expression levels of MSCs
pre- or postexposed to 0.5 pg/mL THD for 12 hours from 8 ITP patients and 9 healthy controls. Each dot denotes the relative quantity of caspase-8, caspase-10, c-myc, oct3/4, kif4,
tgf-B1, p27, and p16 (panels A-H, respectively). Statistical results represent median with interquartile range. Differences between MSCs (ITP) and THD-MSCs (ITP) or MSCs
(control) and THD-MSCs (control) were determined using the Wilcoxon matched-pairs test. *P < .05; **P < .01.

Furthermore, we conducted phenotypic analysis of the mDCs
cocultured with MSCs from healthy controls, from ITP patients or
THD-modulated MSCs. As shown in Figure 3G-H, MSCs from ITP
patients failed to downregulate CD80 and CD86 expression in

mDCs, while MSCs from healthy controls significantly inhibited the
expression of these costimulatory factors. Accordingly, THD-MSCs
also downregulated the expression of CD80 and CD86 in mDCs.
Since IL-10 and TGF-B1 are potent immunosuppressive cytokines
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Figure 3. The THD-modulated MSCs induced A *x B
mDCs into tolerogenic DCs in patients with 2.0+ —_— .
ITP. (A) The inhibitory effect of MSCs on lympho- o TT e 1603 .
cyte proliferation. CFSE-labeled allogeneic CD4* L -
T cells (1 x 10° per well) were stimulated with
PMA (1 wg/mL) or mDCs (1 X 10* per well) and
cocultured in the absence (—) or presence (+) of
1 X 10* per well MSCs (control, n = 9), MSCs (ITP,
n =9), or THD-MSCs (ITP, n = 9). After 3 days, the
cells were collected and the division index was 0.5
analyzed via FACS. Each bar denotes the division
index of different conditions. Statistical results
represent median with interquartile range. (B-E) 0.0-
The inhibitory effect of MSCs on cytokine secretion. ";m
CD4" Tcells (1 x 10° perwell), mDCs (1 X 10*per  mpcs
well), and MSCs (1 X 10 per well) were cultured ~ MSCsicontrol)
alone or in combination with MSCs (ITP, n = 16) or f:g:fgzimp)_
THD-MSCs (ITP, n = 16) as indicated. The levels of
IL-4, IFN-y, IDO, and IL-12 in the culture superna- C 250 -
tant were determined using ELISA after 3 days’
culture. Each dot denotes the level of IL-4, IFN-y, 200 * 8
IDO, and IL-12. Statistical results represent median
with interquartile range. (F) The tolerogenic effect
of MSC-DCs on T-cell proliferation. After coculture
with MSCs (control, n = 9), MSCs (ITP, n = 9), or
MSCs (ITP, n = 9) modulated by THD, the MSC- -
DCs were sorted using anti-HLA-DR immunomag- 504 | - :. Ogo 2 ey
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secreted by APCs, we tested whether these cytokines play a role in  inhibitory property of DCs is related to DC maturation state and
tolerogenic DC-mediated inhibition. As shown in Figure 3I-J, the TGF-B1 or IL-10 cytokine production. Taken together, the study
levels of IL-10 and TGF-B1 in the culture supernatants of THD-  demonstrated that the regulatory ability of MSCs from ITP patients
MSCs (ITP) and mDCs were higher than those of mDCs alone or  could be regained upon THD modulation. After coculture with MSCs,
mDCs plus MSCs (ITP). These results indicate that the MSC-elicited  the mDCs differentiated into a novel tolerogenic DC population.
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Figure 4. The induction of tolerogenicity in mDCs
by MSCs was dependent on TIEG1. The mDCs
infected with TIEG1 shRNA (h) lentivirus or control
shRNA lentivirus were incubated with MSCs for 3 days
and sorted using immunomagnetic beads. The sorted
DCs were then cocultured with CFSE-labeled alloge-
Kk neic CD4™ T cells for 3 days, and analyzed for T-cell

MSC-DCs(TIEG1 shRNA)+LYM =

proliferation. Each bar represents the division index of
lymphocyte proliferation. LYM, CFSE-labeled CD4"

T lymphocytes. mDCs + LYM, labeled T cells cocul-

mDCs+LYM —

tured with mDCs. MSC-DCs (TIEG1 shRNA) + LYM,
|— —l labeled T cells cocultured with lentivirus-infected mDCs

LYM -

after incubation with MSCs. MSC-DCs + LYM, labeled
T cells cocultured with mDCs after incubation with
MSCs. MSC-DCs (control shRNA) + LYM, labeled
T cells cocultured with control lentivirus-infected mDCs

T
0.5

Division Index

° TEE

The induction of tolerogenicity in mDCs by THD-modulated
MSCs was dependent on TIEG1

The mDCs infected with TIEG1 shRNA (h) lentivirus or control
shRNA lentivirus were incubated with MSCs and sorted using
immunomagnetic beads. The isolated mDCs were then cocultured
with CFSE-labeled allogeneic CD4™ T cells and analyzed for
T-cell proliferation. As shown in Figure 4, the mDCs infected with
TIEG1 shRNA (h) lentiviral particles lost the ability to suppress
T-cell proliferation. The results indicate that the acquisition of
tolerance by mDCs upon incubation with MSCs depends on
TIEGI.

Discussion

ITP is characterized by platelet phagocytosis within spleen®® and/or
megakaryocyte destruction in BM.** Autoantibodies promoted by
enhanced T helper (Th) cells® and T-cell-mediated cytotoxicity>>
accelerated platelet destruction and suppressed platelet production.
The imbalance between immune stimulation and regulation such as
regulatory T cells***7 and regulatory B cells®® was involved in the
pathogenesis of ITP. MSCs possess an arsenal of immunosuppres-
sive properties, which are mediated by the production of TGF-1 and
IL-10 as well as by the expression of IDO.***' MSCs from healthy
individuals could suppress the secretion of IFN-y by Thl cells and
increase production of IL-4 by Th2 cells.** More importantly, these
findings have provided the rationale for the use of healthy donor-
derived MSCs in ITP patients** and in the murine model.**

In this study, we demonstrated that MSCs from ITP patients had
a lower proliferative capacity, which was consistent with previous
reports.'® When treated with THD, their apoptosis decreased sig-
nificantly and more cells entered into S + G2 phase. To further
identify the underlying mechanisms involved in these changes, we
first analyzed the gene-expression profile of MSCs modulated by
THD using microarray. We confirmed that the downregulation of
caspase-8 and caspase-10, and upregulation of oct3/4 and tgf-31 after
THD modulation was specific for MSC (ITP), which might explain
the THD-induced increase in MSC proliferation.

Many kinds of regulatory DCs have been demonstrated to
express low levels of HLA-DR, CD1a, CD80, and CD86 as well
as decreased production of IL-12, but more IDO, TGF-1, and
IL-10.**¥ DCs are considered the primary target of the immunosup-
pressive activity of MSCs, which affect all major stages of the DC

T
1.0 1.5  with interquartile range from 3 independent experi-

1 after incubation with MSCs. Data represent median

ments. Differences between 2 groups were compared
using the Mann-Whitney Utest. *P < .05; **P < .01.

life cycle.'® We observed that after being cocultured with MSCs
from healthy controls, the mDCs differentiated into a semimature
population characterized by reduced expression of CD80 and
CD86. In consistence, the stimulatory ability of MSC-treated mDCs
on allogeneic T cells was impaired. Furthermore, we confirmed that
these semimature DCs spontaneously secreted more IL-10, TGF-3,
and IDO but less IL-12 (MSCs alone secret a small amount of
TGF-B, IDO, and a trace amount of IL-10; data not shown). This
profile might be involved in immune regulation. After modulation
by THD, the MSCs from ITP patients affected the mDCs in a
similar way, but unmodulated MSCs from patients had no effect.
In addition, the overproduction of IL-4 and underproduction of
IFN-v in coculture supernatants containing MSCs from healthy
controls or THD-modulated MSCs from ITP patients indicated
that MSCs could balance T-lymphocyte cytokine profile by increasing
IL-4 secretion and decreasing IFN-y secretion. However, the MSCs
from ITP patients combined with mDCs did not prevent T-lymphocyte
activation, although this could be corrected partially by THD
modulation. This led to the conclusion that the MSCs from ITP
patients had lost their regulatory ability, but modulation by THD
increased their regulatory capacity.

To determine the functional alteration of DCs upon regulation
by MSCs, we sorted mDCs after incubation with different kinds of
MSCs and conducted T-lymphocyte reaction assays. As expected,
both the DCs induced by MSCs from healthy controls and those
induced by THD-modulated MSCs from ITP patients suppressed
T-cell proliferation activated by mDCs, whereas the mDCs induced
by unmodulated MSCs from ITP patients did not. In line with
previous observations,'”'® when mDCs were sorted after being
cocultured with MSCs (control), MSCs (ITP) or THD-MSCs (ITP),
these cells alone could not prevent PMA preactivated T-lymphocyte
proliferation. Taken together, the complex interplay indicated that
the suppressive effect of MSCs on DCs could be partly reversed and
indicated that THD-modulated MSCs from ITP patients regain their
ability to induce mDCs into tolerogenic DCs, which in turn could
suppress allogeneic mDC-activated T-cell proliferation, thus demon-
strating the therapeutic potential of THD to correct the impaired
function of MSC in ITP.

TGF-B plays a central role in controlling cellular proliferation,
differentiation, migration, and apoptosis. Wakkach et al found that
TGF-B play a central role in eliciting the regulatory DC phenotype.>
TIEGI is a member of the Kriippel-like factor (KLF) superfamily,
which is a target gene of TGF-B.% Overexpression of TIEG1 mimics
the actions of TGF-B.° Our study demonstrated that in the case of
mDCs infected with TIEG1-interference lentivirus, the MSCs lost the
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ability to induce mDC:s into tolerogenic DCs. These results indicated
that the modulatory effects of MSCs on mDCs depend on the
expression of TIEG1 in DCs.

Taken together, the downregulation of caspase-8 and caspase-10,
and upregulation of oct3/4 and rgf-(31 may account for the modulatory
eftects of THD on MSCs. The impaired function of MSCs in inducing
tolerogenic DCs may play a role in the pathogenesis of ITP, and could
be partially remedied by THD. Our study suggests a therapeutic
potential of THD in nonpregnant ITP patients.
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