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PLATELETS AND THROMBOPOIESIS

High-dose dexamethasone corrects impaired myeloid-derived suppressor
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Key Points

• The impaired suppressive
function of myeloid-derived
suppressor cells plays a role
in the pathogenesis of
immune thrombocytopenia.

• The effect of dexamethasone
in correcting dysfunction of
myeloid-derived suppressor
cells suggests a new
therapeutic mechanism of
high-dose dexamethasone
in patients with immune
thrombocytopenia.

Myeloid-derivedsuppressor cells (MDSCs)areheterogeneous immaturecells andnatural

inhibitorsof adaptive immunity. In this study, theMDSCpopulationwasevaluated inadult

patients with primary immune thrombocytopenia (ITP), where cell-mediated immune

mechanisms are involved in platelet destruction. Our data demonstrated that both the

numbers and suppressive functions of MDSCswere impaired in the peripheral blood and

spleens of patients with ITP compared with healthy control patients. High-dose dexa-

methasone (HD-DXM) treatment rescued MDSC numbers in patients with ITP. And DXM

modulation promoted the suppressive function of MDSCs induced in vitro. Moreover,

the expression of interleukin 10 and transforming growth factor b was significantly

upregulated in DXM-modulated MDSCs compared with the unmodulated cultures. DXM-

modulated MDSCs inhibited autologous CD41 T-cell proliferation and significantly

attenuated cytotoxic T lymphocyte–mediated platelet lysis, further indicating enhanced

control over T-cell responses. Elevated expression of the transcription factor Ets1 was

identified in DXM-modulated MDSCs. Transfection of Ets-1 small interfering RNA effi-

ciently blocked regulatory effects of MDSCs, which almost offset the augmentation of

MDSC function by DXM. Meanwhile, splenocytes from CD61 knockout mice immunized

with CD611 platelets were transferred into severe combined immunodeficient (SCID)

mouse recipients (C57/B6 background) to induce amurinemodel of severe ITP.We passively transferred theDXM-modulatedMDSCs

induced from bone marrow of wild-type C57/B6 mice into the SCID mouse recipients, which significantly increased platelet counts

in vivo comparedwith those receiving splenocyte engraftment alone. These findings suggested that impairedMDSCs are involved in

the pathogenesis of ITP, and that HD-DXM corrected MDSC functions via a mechanism underlying glucocorticoid action and Ets1.

(Blood. 2016;127(12):1587-1597)

Introduction

Myeloid-derived suppressor cells (MDSCs) are heterogeneous cells
characterized by a myeloid origin, immature state, and remarkable
ability to suppress T-cell responses, which expands during cancer,
inflammation, and infection.1 These cells circulate in the blood and
accumulate in the lymphoid tissue, bone marrow, and especially
tumor sites.2 T-cell inactivation can bemediated byMDSCs through
interferon (IFN)-g-dependent nitric oxide production or the Th2-
mediated interleukin (IL) 4/IL-13-dependent Arginase-1 (Arg-1)
pathway.3-7 L-arginine deprivation results in repressed expression of
the T-cell-signaling molecule, CD3z, and the arrest of T-cell cycle.8

Therefore, 2 enzymes that compete for L-arginine metabolism
(Arg-1 and inducible nitric-oxide synthase [iNOS]) are crucial for
MDSC-induced T-cell dysfunction.7,9 The above suppression mir-
rored the modulatory effect of T regulatory cells (Tregs), indicating

that MDSC-induced immune tolerance may be synergistic with the
recruitment and expansion of Tregs.10

In mice, MDSCs are generally characterized by the expression of
cell surface antigens Ly-6C/G and CD11b, and their human counter-
parts are typically CD11b1CD331HLA-DR–.11,12 Although these
cells are posited to play deleterious roles in malignancies, functional
MDSCs may be beneficial and protective in autoimmunity.13 Reports
have demonstrated thatmyeloid cells could intrinsically suppressT-cell
proliferation and maintain immune homeostasis in murine models of
autoimmune diseases.14,15 However, the role of MDSCs in human
autoimmunity remains obscure.

Immune thrombocytopenia (ITP) is an autoimmune hemorrhagic
disorder in which enhanced anti-platelet T helper cell activity and
abnormal activation of CD81 T cells are involved.16-19 High-dose
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dexamethasone (HD-DXM) has been widely used as the first-line
therapy for patients with ITP.20,21 Previous literature confirmed that a
4-day regimen of HD-DXM expanded both Tregs and myeloid den-
dritic cells (mDCs) in ITP, suggesting the immunosuppressive therapy
with glucocorticoids (GCs) could restore regulatory cells in an auto-
immune scenario.22 GCs have been found to induce a specific mono-
cytic phenotype with anti-inflammatory properties in humans, and a
corresponding subset of monocytes induced by GCs in mice has been
proved to resemble tumor-derived MDSCs.23 Nonetheless, little has
been defined about the effect of GCs on MDSCs in ITP, and whether
this effect contributes to the remission of disease.

MDSCs have a gene expression profile distinct from that of normal
monocytes andpolymorphonuclear neutrophils,24 amongwhichEts1 is
regarded as a potential factor responsible for various autoimmune
diseases.25 In this study, by looking into theunique functionofMDSCs,
we investigated whether a comparative loss in number and suppressive
activity of MDSCs had a place in the pathogenesis of ITP. Our data
elucidated both in vitro and in vivo that HD-DXM restored the
insufficiency of MDSCs in ITP and identified a role for DXM in
correcting impaired MDSC function. We implicated that this effect
might be achieved via a possible crosstalk between glucocorticoids
receptor (GR) and the transcription factor Ets1. Our results provided
novel insights into a possible mechanism of glucocorticoid strategy in
the management of ITP.

Materials and methods

Patients and controls

Twenty-one patientswith active primary ITP (11women and 10men; age range,
18-70 years; median age, 40 years; platelet count range, 2-253 109/L; median
platelet count, 123 109/L) were enrolled between May 2013 and March 2015
(supplemental Table 1, available on the BloodWeb site). The diagnostic criteria
were consistent with previously reported consensus.18 Cases complicated by di-
abetes, hypertension, cardiovascular diseases, pregnancy, active infection, or
connective tissue diseases were excluded. These 21 patients received HD-DXM
40 mg/d for 4 consecutive days, as described in supplemental Data. Eighteen
healthy adult volunteers (9 women and 9 men; age range, 20-45 years; median
age, 29 years; platelet count range, 165-275 3 109/L; median platelet count,
191 3 109/L) were recruited as control patients. Spleen specimens from
5 patients with ITP and 5 patients with traumatic spleen rupture were analyzed
by immunofluorescence (supplemental Table 2). This study was approved by
theMedical Ethics Committee of Qilu Hospital, Shandong University. Informed
consent was obtained from all patients in accordance with the Declaration of
Helsinki.

Mice

Wild-type (WT) C57BL/6J mice as platelet donors were obtained from the
Center for New Drug Evaluation of Shandong University. Severe combined
immunodeficient (SCID) mice of C57BL/6 background (J001913, 6-8 weeks of
age) as spleen cell transfer recipients were purchased from Jackson Laboratory
(Bar Harbor, ME). C57BL/6 CD61-KO mice (B6.129S2-Itgb3tm1Hyn/JSemJ;
Stock No: 008819) were provided by Dr. Junling Liu from Shanghai Jiaotong
University School of Basic Medicine. All animal experiments were performed
under the approval of the Animal Ethics Committee of Shandong University
School of Medicine.

Fluorescence-activated cell sorter analysis

The phenotype of MDSCs was analyzed for the cell surface markers CD11b,
CD33, and HLA-DR, as described in supplemental Data. Intracellular expression
of Arg-1 and iNOS was also determined. Data acquisition was performed on a
Gallios Flow Cytometer (Beckman Coulter). A total of 20 000 events were
analyzed usingKaluza FlowCytometryAnalysis Software (BeckmanCoulter).

Preparation of peripheral blood mononuclear cells

and splenocytes

Whole blood was obtained from patients with ITP and healthy volunteers by
venipuncture into ethylenediaminetetraacetic acid. Peripheral blood mono-
nuclear cells (PBMCs) were isolated and resuspended at 5 3 105 cells/mL.
Splenocytes were prepared and strained through a 200 mesh copper filter
in phosphate-buffered saline. Cell suspension was centrifuged at 400 g for
15 minutes and adjusted to a concentration of 5 3 107 cells/mL.

In vitro generation of human MDSCs

Both PBMCs and splenocytes were cultured in complete medium for 7 days.
Each culturewas supplementedwith recombinant human IL-6 (10 ng/mL; R&D
Systems, Minneapolis, MN) and granulocyte macrophage–colony-stimulating
factor (10 ng/mL; R&D Systems) in the presence or absence of DXM and
incubated inhumidifiedairwith 5%CO2at 37°C.Cells cultured inmediumalone
were run inparallel as controls.Adherent cellswere removedusinganonprotease
cell detachment solution Detachin (Neuromics, Edina, MN). CD331 cells were
isolated by anti-CD33magneticmicrobeads andLScolumn separation (Miltenyi
Biotec, Bergisch Gladbach, Germany), per manufacturer’s instructions. The
purity of the isolated cells was found to be higher than 90% by flow cytometry.

Quantitative real-time PCR

TotalRNAwasextractedandconverted intocDNA,asdescribed insupplemental
Data, and run on a LightCycler 480 II (Roche, Basel, Switzerland). Primer
sequences were obtained from the National Institutes of Health quantitative
reverse-transcription polymerase chain reaction database (http://primerdepot.
nci.nih.gov; Table 1).

Suppression assay

Fresh T cells isolated from PBMCs using anti-CD3 microbeads (Miltenyi Biotec)
were labeled with carboxyfluorescein diacetate succinimidyl ester (5 mM;
Sigma-Aldrich,St.Louis,MO)andseededat105cells/well.CD331cells isolated
from cytokine induction systems with or without DXMmodulation were added
at 1:8, 1:4, or 1:2 ratios. T cells were stimulated with anti-human CD3
(eBioscience, San Diego, CA), anti-human CD28 (Biolegend, San Diego, CA)
antibodies and 50 U/mL recombinant human IL-2 (rhIL-2; R&D Systems). All
cells were incubated in triplicate for 5 days and acquired for fluorescence-
activated cell sorter analysis. For each run, controls includedT cells culturedwith
orwithout stimulation, aswell asT cells culturedwithCD331cells frommedium
only. Data were analyzed using Flow Jo software.

Cytotoxicity assay

Cytotoxic T lymphocytes (CTLs) were isolated from PBMCs of patients with
ITP, using CD8 magnetic microbeads (Miltenyi Biotec) and cocultured with
in vitro-generated MDSCs for 3 days. MDSC-modulated CTLs (105/mL)
and autologous platelets (106/mL) served as effector cells and target cells,
respectively. After 4 hours of incubation at 37°C, early apoptosis of platelets
was detected using a mitochondrial membrane potential assay kit (Beyotime
Biotechnology, Shanghai,China), permanufacturer’s instructions. Spontaneous
apoptosis was measured in tubes containing medium and platelets only.

Immunofluorescence

Sampleswere prepared and slides stainedwith primary anti-CD11bor anti-iNOS
antibodies, followed by incubation with anti-CD33 and secondary antibodies, as
described in supplementalMethods. Images were taken on anOlympus FV1000
confocal laser scanning microscope and analyzed using Zen 2009 Light Edition
software and Image-Pro plus 6.0.

siRNA transfection

Transfection with Ets1 small interfering RNA (siRNA), NC siRNA, and
FAM siRNA were performed as described in supplemental Methods. Cells
were incubated for a total of 48 hours and functionally evaluated by reverse
transcription-polymerase chain reaction and so on.
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Generation of MDSCs from murine bone marrow

MDSCs were generated from bone marrow (BM) of WT C57BL/6 mice. Femurs
and tibias were collected, and BM was flushed out with sterile phosphate-
buffered saline.BMcellswere countedand seededat adensity of 106 cells/mL in
Dulbecco’s Modified Eagle Medium (Sigma-Aldrich) containing 10% fetal
bovine serum (Gibco, Grand Island, NY). BM cells were cultured for 3 days in
the presence of recombinant murine (rm) granulocyte–macrophage colony-
stimulating factor, rmIL-6, rmG-CSF (10 ng/mL each; Peprotech, Rocky Hill,
NJ), and DXM.

Animal model and cell treatment

Blood was drawn by retro-orbital bleeding. Platelets were harvested by
centrifugation and adjusted to 109/mL for immunization. C57BL/6CD61KO
mice were transfused weekly with 100 mL of 108 platelets fromWTmice for
3 consecutive weeks. The antiplatelet immune CD61 KO mice were killed,
and their spleens were removed and prepared into a splenocyte suspension.26

On the day of splenocyte transfer, the SCID mice were subjected to 180 cGy
total body irradiation to inhibit recipient innate immune responses and
enhance engraftment. Within 3 hours of irradiation, certain mice were in-
jected intraperitoneally with 100 mL of the indicated splenocyte preparations
(at 53 104/mL final) and/or 63 106 MDSCs. Platelet counts were recorded
weekly, and blood was diluted 1/100 before counting. The SCID mice were
killed 4 weeks after irradiation. Spleens were removed, from which mRNA
was extracted and further evaluated for Ets1 expression, as described in
supplemental Methods.

Statistical analysis

Results were expressed as mean 6 standard deviation or median (range). The
statistical significance of the differences observed among unmodulated, DXM-
modulated, and control groups was determined by analysis of variance.
Differences between pre- and posttreatment groups were determined by paired
Student t test, and the difference between 2 independent groups was compared
using the nonpaired t test, unless the data were not normally distributed, inwhich
case theWilcoxonmatched-pairs test andMann-Whitney testwere used.P, .05
was considered statistically significant.

Results

MDSCs in patients with ITP and control patients

To evaluate the number of MDSCs in the peripheral blood of patients
with ITP and healthy control patients, the surface expression of CD11b,
CD33, and HLA-DR on circulating cells from whole blood was
determined. A population of CD11b1CD331HLA-DRlow cells was
gated for analysis, and the number of MDSCs was calculated as a
percentage of the gated cells within all live cells (Figure 1A). Results
showed that the percentage of MDSCs in circulation was significantly

lower in patients with ITP than in healthy control patients (P , .01;
Figure 1B).

The cytoplasmic expression of Arg-1 and iNOS in circulating
MDSCs was analyzed by flow cytometry after cell fixation and
permeabilization. The expression level was represented as mean fluo-
rescence intensity of Arg-1 and iNOS in CD11b1CD331HLA-DRlow

cells (Figure 1A). Significantly lower Arg-1 levels (median, 7.0 [range,
6.0-9.7] vs median, 9.3 [range, 7.0-13.0]) and higher iNOS levels
(median, 13.0 [range, 3.5-23.5] vs median, 2.1 [range, 1.5-3.0]) were
found in MDSCs of patients with ITP compared with healthy control
patients (P, .01; Figure 1C-D).

To locate splenicMDSCs of patients with ITP and non-ITP control
patients, CD11b1CD331 double-positive cells were detected using
confocal laser scanning microscopy with a 403 objective lens. Images
were taken as single plane per fluorescence and merged as series.
CD11b1CD331 double-positive cells were counted in each merged
view.Our data demonstrated that the number ofMDSCs in the spleen
was greater in non-ITP control patients than in patients with ITP
(5.8 6 2.3 vs 2.6 6 1.8; Figure 2A-B).

Intracellular staining with anti-iNOS antibody showed stronger
fluorescence intensity (Image-Pro Plus 6.0) in slides of patients with
ITP than non-ITP control patients, indicating that splenic MDSCs of
patients with ITP had higher levels of iNOS than control patients on a
semiquantitative scale (Figure 2C).

HD-DXM expands CD11b1CD331HLA-DRlow cell populations

Alterations in the CD11b1CD331HLA-DRlow cell population were
monitored in patients with ITP before and after HD-DXM treatment.
Data revealed that HD-DXM significantly elevated the percentage of
circulating MDSCs in patients with ITP (P , .01; Figure 3A). To
investigate the effect of DXMonMDSCexpansion, changes in surface
expression of CD33 and CD11b on cytokine-induced CD331 cells
from patients with ITP were also determined in vitro. After different
concentrations of DXM (0, 0.02, 0.25, 0.5, 1, and 2 mM) were added,
the percentages of CD11b1CD331 cells in 8 randomly selected
patients were evaluated. As shown in Figure 3B, DXM with con-
centration gradients from0.02 to 2mMcould stimulate the expansion
of MDSCs in a dose-dependent manner. We adopted an effective
concentration of 0.5 mM based on the dose range and efficacy to
confirm its modulatory effects on MDSCs in 8 additional patients.
This concentrationwaswithin the range of plasma concentration that
HD-DXM was administered in vivo.21 Together, the percentage of
CD11b1CD331 double-positive cells showed a significant increase
after addition of DXM in the 16 patients comparedwith pretreatment
baseline (62.77 6 7.02 vs 84.02 6 9.53; P , .01; Figure 3C). The
data demonstrated that HD-DXM enhanced the population growth
and promoted the proliferation of MDSCs in ITP.

Table 1. Gene-specific primers for quantitative reverse-transcription polymerase chain reaction

Gene Forward primer Reverse primer

ARG-1 59-GTTTCTCAAGCAGACCAGCC-39 59-GCTCAAGTGCAGCAAAGAGA-39

iNOS 59-ATTCTGCTGCTTGCTGAGGT-39 59-TTCAAGACCAAATTCCACCAG-39

TGF-b 59-GCAGAAGTTGGCATGGTAGC-39 59-CCCTGGACACCAACTATTGC-39

VEGF 59-CACACAGGATGGCTTGAAGA-39 59-AGGGCAGAATCATCACGAAG-39

IL-10 59-TCAAACTCACTCATGGCTTTGT-39 59-GCTGTCATCGATTTCTTCCC-39

COX2 59-GTTTTGACATGGGTGGGAAC-39 59-CCCTCAGACAGCAAAGCCTA-39

CD33 59-TTCCTCCTGTGGGTCTTCAC-39 59-CTTTCCAGGAGATGGCTCAG-39

ETS1-96 59-GATAGTTGTGATCGCCTCACC-39 59-GTCCTCTGAGTCGAAGCTGTC-39

ETS1-237 59-TACACAGGCAGTGGACCAATC-39 59-CCCCGCTGTCTTGTGGATG-39

GAPDH 59-CACACAGGATGGCTTGAAGA-39 59-AGGGCAGAATCATCACGAAG-39
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Cytokine-induced CD331 MDSCs have upregulated IL-10,

transforming growth factor b, and vascular endothelial

growth factor

The reported phenotype of human MDSCs is roughly CD331HLA-
DRlowCD11b1, with low expression of differentiated macrophage and
DCmarkers.27,28 CD331 cells from cytokine-treated cultures showed a
significant increase in CD11b expression relative to isotype controls,
with low to intermediate expression of antigen presentation protein
HLA-DR. Thus, these cytokine-induced CD331 cells phenotypically
resembled human MDSCs.27

MDSC-mediated suppression on effector T-cell responses has been
shown to correlate in part with increased expression of IL-10, iNOS,
vascular endothelial growth factor (VEGF), and transforming growth
factor (TGF)b in suppressor cells.29,30 To better characterize the nature
of in vitro-generated MDSCs, the above putative cytokine-driven
mechanisms ofMDSC functionwas evaluated by reverse-transcription
polymerase chain reaction. Cytokine-induced MDSCs, both from
PBMC and splenocytes of patients with ITP and healthy control
patients, demonstrated significant upregulation of IL-10, TGF-b, and
VEGF compared with noninduced systems. Furthermore, we found
that DXMmodulation significantly augmented the expression level of

Figure 1. The number of MDSCs and their expression of Arg-1/iNOS in the peripheral blood. (A) The representative scatter-gram of CD11b1CD331HLA-DRlow cells

within the gate of PBMCs. Histograms of Arg-1 and iNOS in CD11b1CD331HLA-DRlow cells from healthy control patients and patients with ITP before any treatment was

initiated. (B) The percentage of CD11b1CD331HLA-DRlow cells in hemolyzed whole blood from primary active patients with ITP (n5 21) and healthy control patients (n5 18).

(C-D) The expression (mean fluorescence intensity) of Arg-1 (C) and iNOS (D) in circulating MDSCs compared between patients with ITP (n 5 21) and control patients

(n 5 18). Significance between the 2 groups was determined by Student-Newman-Keuls test. Bars represent SD. **P , .01.

Figure 2. MDSCs in the spleens of control patients

and patients with ITP. CD11b1CD331 double-positive

cells in spleen sections were visualized by immunoflu-

orescence. Nuclei were counterstained with DAPI.

Representative staining of (Ai, Bi) nuclei, (Aii, Bii)

CD33, (Aiii, Biii) CD11b, and (Aiv, Biv) merged images

of control (A) and ITP (B) spleens. CD11b1CD331

cells were counted per merged view. The expression

(mean fluorescence intensity; OD 5 IOD/area) of iNOS

in splenic MDSCs from control patients (Ci) and patients

with ITP (Cii). Original magnification, 3400 (spleen).

Scale bars, 20 mm.
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the above genes in cytokine-induced MDSCs. Therefore, DXM mod-
ulation proved to reinforce certain suppressive pathways involving
IL-10, TGF-b, and VEGF levels in MDSCs (P, .05; Figure 4).

The effect of DXM treatment on suppressive functions of

cytokine-induced MDSCs

The ability of cytokine-induced CD331 cells to inhibit autologous
T-cell proliferation was analyzed by flow cytometry. Results showed
that the in vitro-generated CD331MDSCs were capable of suppressing
CD41 T-cell proliferation at 1:4 and 1:2 ratios by 41.5% and 77.9%,
respectively. For each sample run, the number of peaks was counted

and the division index was calculated. The proliferation of CD41

T cells was significantly inhibited, whereas the addition of stimulus
alone or CD331 cells in medium only had no remarkable effect.More-
over, CD331 MDSCs induced in the presence of DXM significantly
enhanced the suppressionofT-cell division at 1:4and1:2 ratios by25%
and 35%, respectively (P, .01; Figure 5A-C).

CTL-mediated platelets apoptosis was evaluated in patients with
ITP after premodulation of CTL by cytokine-induced MDSCs in the
presence or absence of DXM. As a result, CTLs induced significant
autologous platelet apoptosis in patients with ITP. In these patients,
MDSC-primed CTLs showed weaker cytotoxic effects and resulted in
a significantly lower platelet apoptosis level compared with unprimed

Figure 3. HD-DXM promoted the expansion of

MDSCs in patients with ITP. (A) Changes in the

CD11b1CD331HLA-DRlow cell population monitored

before and after HD-DXM treatment (n 5 21). (B)

DXM with concentration gradients from 0.02 to 2 mM

stimulated the expansion of MDSCs in a dose-dependent

manner in 8 randomly selected patients in vitro. (C)

Elevated percentages of CD11b1CD331 cells after

DXM (0.5 mM) modulation in vitro in cytokine-induced

MDSCs from 16 patients with ITP. Differences between

pre- and posttreatment groups were determined by

paired Student t test. **P , .01.
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CTLs. The reduced cytotoxicity was further demonstrated in the pres-
ence ofDXMwith even fewer platelets undergoing apoptosis (P, .01;
Figure 5D-E).

The association of Ets1 with DXM modulation

The relative quantitative mRNA level of Ets1 was significantly higher
in DXM-modulated MDSCs than in nonmodulated cells, indicating
that the transcription factor Ets1 might be associated with DXMmod-
ulation (P, .01; Figure 6A).

The siRNA transfection produced a successful silencing of the Ets1
gene, as confirmed in DXM-modulated MDSCs transfected with Ets1
siRNA, which resulted in significantly lower level of Ets1 mRNA
compared with the NC siRNA or FAM siRNA transfections. The
suppression of CD41 autologous T-cell proliferation by DXM-
modulated MDSCs after Ets1 siRNA transfection was significantly
attenuated compared with that by mock-transfected MDSCs, which
demonstrated an evidential function decline. The enhancement of
MDSC function elicited byDXMmodulation, as described previously,

was eventually offset by excluding the effect of Ets1 (P , .01;
Figure 6B).

MDSC treatment alleviated thrombocytopenia in a murine

model of ITP

CD611-SCID mice engrafted with 5 3 104 splenocytes from CD61
KO mice immunized against CD611-platelets exhibited profound
thrombocytopenia, and there was a proportion of bleeding mortality
within 21 days after transfer. Bleeding diathesis occurred in the
intestines, lungs, abdomen, subcutaneous tissues, and brain. The
transferred SCID mice had significant levels of serum antiplatelet
CD61-specific IgG antibodies to indicate model criteria by the
second week.

The SCID mice were separated into 4 groups. Group 1 received an
intravenous injection of 6 3 106 MDSCs generated from WT BM in
addition to the splenocyte engraftment, which was administered on the
day of and 2 days after the splenocyte transfer. Group 2 received an
intravenous injection of the same volume of phosphate-buffered saline,

Figure 4. The upregulation of IL-10, TGF-b, and

VEGF expression in cytokine-induced CD331 cells.

Expression levels of suppressive molecules pre- or

postexposure to 0.5 mM DXM from patients with ITP

(PBMC origin, n 5 8; splenic origin, n 5 5) and healthy

control patients (PBMC origin n 5 9; splenic origin

n 5 5). Each column denotes the relative mRNA

quantity of IL-10, TGF-b, or VEGF in cytokine-induced

CD331 cells from (A-C) PBMCs or (D-F) splenocytes.

Differences between PBMCs (ITP) and MDSCs

(ITP), MDSCs (ITP) and DXM-MDSCs (ITP), or

PBMCs (control) and MDSCs (control), MDSCs

(control) and DXM-MDSCs (control) were determined

using analysis of variance or the Wilcoxon matched-

pairs test. *P , .05; **P , .01.
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Figure 5. DXM modulation enhanced CD41 and CD81 T cell suppression by cytokine-induced CD331 cells. (A) The inhibitory effect of in vitro-generated MDSCs on

CD41 T-cell proliferation. The number of peaks resembles cell division processes in DXM-modulated and unmodulated groups. (B-C) The division index of lymphocyte

proliferation using in vitro-generated MDSCs from 8 randomly selected patients at 1:2 (B) and 1:4 (C) ratios. (D) A representative scatter-gram of JC1 mitochondrial potential

test for platelet apoptosis. JC1 is a mitochondrial membrane potential-sensitive carbocyanine probe. Monomeric green fluorescent JC1 is taken up by high-membrane

potential mitochondria, where it reversibly forms red fluorescent aggregates with loss of mitochondrial membrane potential. (E) Apoptosis level of platelets (PLT) alone

(2.7146 0.296), platelets cocultured with CD81 T cells (CTL; 16.0946 2.676), platelets cocultured with MDSC-primed CD81 T cells (9.9926 1.431), and platelets cocultured

with DXM-MDSC-primed CD81 T cells (6.206 6 0.981), using in vitro-generated MDSCs from 10 randomly selected patients. Differences between each 2 groups were

compared using the Mann-Whitney test. **P , .01.
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such that splenocytes were the only cell treatment (negative control).
Group 3 received the same amount of MDSCs as group 1 but did not
receive splenocyte engraftment. Group 4 did not receive any cell
transfer at all (blank control).

Group 1 demonstrated an overall higher survival rate than group 2.
According to the routinely monitored platelet counts, mice in group 1
showed significantly higher platelet levels than mice in group 2 at the
third and fourth weeks after irradiation. All mice in groups 3 and 4
recovered from irradiation-induced thrombocytopenia by day 14, and
mice in group 3 showed no statistical fluctuation of platelet number
compared with mice in group 4 (Figure 7A-B).

The differences among groups in splenic gene expression of mouse
Ets1was found to be associatedwith cell treatments administered to the
SCIDmice.Mice in group 1 had a significantly elevated level of Ets1
expression in comparison with mice in group 2. This indicated that
Ets1 might be associated with the functioning of DXM-modulated
MDSCs (P, .01; Figure 7C).

Discussion

Antiplatelet autoantibodies and T-cell-mediated cytotoxicity31 have
accelerated platelet destruction and suppressed platelet production in
ITP.32 Defective regulatory T cells33,34 and regulatoryB cells35 were
involved in the loss of immune tolerance in ITP. Identified as a
contributor to immune regulation, MDSCs possess an arsenal of

immunosuppressive properties mediated in part by the production of
TGF-b and IL-10.36MDSCs consist of 2major subsets: granulocytic
and monocytic MDSCs. The granulocytic subset produces little
nitric oxide (NO), whereas the monocytic subset has upregulated
expression of iNOS, and thus increased levels of reactive nitrogen
oxide species. Both subsets have an elevated level of Arg-1 activity.
Nitric oxide and Arg-1 restrain exuberant or novel T-cell responses
via a variety of different mechanisms,37-39 by interfering with direct
TLR signaling and MyD88-dependent activation of nuclear factor-
кB (NF-кB).40-42

In this study, the percentages of both circulating and splenic
MDSCs were reduced in patients with ITP compared with healthy
control patients. In the peripheral blood, the lower Arg-1 level in
manifestedwithpatientswith ITPsubduedenzymatic reaction, and thus
retarded suppressive function ofMDSCs comparedwith that of control
patients; in contrast, the higher iNOS level in patients with ITP
represented an aberrance in the L-arginine metabolic systems of
MDSCs. Consistently, in peripheral lymphoid organs, splenicMDSCs
of patients with ITPwith positive iNOS expression outnumbered those
of healthy control patients, indicating altered functional characteristics
in T-cell suppression.

As shown in supplemental Table 1, HD-DXM led to ideal initial
responses20,21 inpreviously untreated active adult patients.And clinical
response to steroid therapy was associated with MDSC improvement
in patients with ITP (supplemental Figure 1). HD-DXM could resume
the disturbed Th1/Th2 balance and shift their cytokine production back
to normal,43,44 establishing a primal molecular environment to restore

Figure 6. The contribution of Ets1 to DXM modu-

lation. (A) Expression levels of Ets1 in MDSCs pre- or

postexposure to 0.5 mM DXM from patients with ITP

(n 5 21) and healthy control patients (n 5 18). (B)

Changes in suppressive activity of DXM-modulated

MDSCs toward CD41 T-cell proliferation after Ets1

siRNA transfection (n 5 8). The division index of

lymphocytes cocultured with DXM-MDSCs or trans-

fected DXM-MDSCs at a 2:1 ratio. Differences between

each 2 groups were compared using the Mann-Whitney

test. **P , .01.
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impaired cell populations, such as MDSCs. In the present study, HD-
DXM successfully increased the number of MDSCs in patients with
ITP, which was further demonstrated by an augmentation of in vitro-
generated patient MDSCs. More intriguingly, DXM was capable of
resuming the functioning of various immunosuppressive processes in
MDSCs, including but not limited to the production of suppressive
cytokines and inhibition of both CD41 and CD81 T lymphocytes.45

The expansion of TGF-b and IL-10 mRNA in DXM-modulated
MDSCs implicated a novel role for glucocorticoids in immuno-
suppression. After DXM modulation, VEGF was also upregulated
significantly in cytokine-induced MDSCs of PBMC origin, but not as
much in MDSCs of splenic origin, probably because of its relatively
high baseline expression in the spleen. MDSCs generated in vitro did
not show significant differences in the above mRNA profile between
patients with ITP and healthy control patients, suggesting that samples
from patients with ITP possess the same potency in MDSC induction.
This potential laid the foundation of glucocorticoid efficacy toward

MDSCs. Enhanced control over CD41 T-cell proliferation and CTL-
mediated platelet lysis further established the role of glucocorticoids in
reconstructingMDSC function.However, our data indicated thatDXM
did not expand the T regulatory cell Tr1 through MDSCs, and DXM-
MDSCs might exert their suppressive effects through mechanisms
other than the induction of Tr1 in ITP (supplemental Figure 2).
Although cytotoxicity-driven platelet destruction is only regarded as
a minor cause of thrombocytopenia in ITP, it remains an important
mechanism that accounts for autoantibody-negative scenarios. Li et al
previously reported that in patients with chronic ITP, activated CD81

T cells in bone marrow might suppress megakaryocyte maturation/
apoptosis, leading to impaired platelet production, which could
be successfully corrected by DXM.46 And more recently, Ma et al
uncovered in murine ITP a subset of CD81 T regulatory cells with
immunosuppressive potency expanded by steroid therapy.47 However,
this didnot appear to be the case inour humanexperiment,where robust
cytotoxicity is detected and acted on by other suppressive cells such as

Figure 7. MDSC treatment alleviated thrombocytopenia in mice. (A) Kaplan-Meier survival plots of irradiated SCID mice transferred with (group 1) 5 3 104 immune

splenocytes from CD61 KO mice immunized against WT platelets and 6 3 106 MDSCs generated from WT BM (n 5 10), (group 2) 5 3 104 immune splenocytes (n 5 15),

(group 3) 6 3 106 MDSCs (n 5 5), or (group 4) no cells at all (n 5 5). The data are expressed as the percentage of survival. (B) Platelet counts in irradiated SCID mice from

groups 1 to 4. Thrombocytopenia occurred in all mice on day 7. The data are expressed as platelet counts (3109/L) 6 SEM over time (days). The horizontally dotted lines

represent the normal platelet range. (C) Differences in gene expression of SCID splenic Ets1 in association with different cell treatments administered. Significance among

groups was determined by Mann-Whitney test or analysis of variance. **P , .01.
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MDSCs. Hence, attenuated cytotoxicity toward platelets confirmed the
improvement of MDSC function by DXM.

The transcription factor Ets-1 is required for the development of
natural Tregs.48 Ets-1 deficiency leads to altered B-cell differentia-
tion, hyper-responsiveness to TLR9, and increased IL-17 producing
T-helper cells, which eventually contribute to autoimmune diseases.49

Studies have indicated reduced expression of Ets1 in PBMCs of
patients with systemic lupus erythematosus and patients with inflam-
matory bowel disease.50,51 Ets1 has also been reported to regulate the
suppressive activity of MDSCs in tolerance induction to CD81

T cells.52 Glucocorticoids modulate cell fate by altering gene ex-
pression via the glucocorticoid receptor (GR). GRs can interact
directly or indirectly with other transcription factors such as Ets1.53

Having a direct crosstalk with GR, during which the GR and other
transcription factors modulate each other’s activity by binding to the
promoters of certain target genes, Ets1 can act as a molecular switch
to mediate steroid actions.53,54 Upon silencing Ets1 in the DXM-
modulated MDSCs, the suppression of CD41 T-cell proliferation
was significantly quenched. The results indicated a possible pathway
through which DXM was capable of correcting the malfunction of
MDSCs in ITP.

Finally, in vivo outcomes of adoptive cell transferwithMDSCswas
evaluated in mice. Our animal experiments elucidated that MDSC
treatment alleviated thrombocytopenia and resulted in a higher survival
rate in the ITPmurinemodel.Mice transferredwithMDSCs in addition
to the splenocyte engraftment had significantly higher expression of
Ets1 than mice injected with splenocytes alone, which corresponded
with the transfection data that Ets1 might be associated with the
functioning of DXM-modulated MDSCs. In addition to consolidating
the effect of DXM-modulated MDSCs, the experiment provided a
therapeutic application of MDSCs via in vitro expansion followed by
cell transplantation.

In summary, impaired MDSCs are involved in the immunopatho-
genesis of ITP. HD-DXM promoted the expansion and enhanced the
suppressive function of MDSCs in patients with ITP. The effect of
DXM-modulation on MDSCs was authenticated to correlate with the

transcription factor Ets1. Our study sheds new light on immune
therapeutic avenues targeting MDSCs in the management of ITP
and suggests an innovative mechanism underlying the action of
traditional glucocorticoids.
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