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PLATELETS AND THROMBOPOIESIS

Low-dose decitabine modulates T-cell homeostasis and
restores immune tolerance in immune thrombocytopenia
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Our previous clinical study showed that low-dose decitabine exhibited sustained
responses in nearly half of patients with refractory immune thrombocytopenia (ITP). The
long-term efficacy of decitabine in ITP is not likely due to its simple role in increasing
platelet production. Whether decitabine has the potential to restore immune tolerance in
ITP is unknown. In this study, we analyzed the effect of decitabine on T-cell subpopula-
tions in ITP in vitro and in vivo. We found that low-dose decitabine promoted the genera-
® Decitabine restores tion and differentiation of regulatory T (Treg) cells and augmented their
immune tolerance in ITP | immunosuppressive function. Splenocytes from CD61 knockout mice immunized with
I:LIT:::I?:;?EHKZQ CD61™ platelets were transferred into severe combined immunodeficient mouse recipients
STATS3 activation. to induce a murine model of ITP. Low-dose decitabine alleviated thrombocytopenia and
restored the balance between Treg and helper T (Th) cells in active ITP mice. Treg deletion

® Low-dose decitabine
augments the inhibitory
effect of Treg cells and
rebalances CD4* T-cell
subsets in ITP.

and depletion offset the effect of decitabine in restoring CD4" T-cell subpopulations in ITP mice. For patients who
received low-dose decitabine, the quantity and function of Treg cells were substantially improved, whereas Th1 and
Th17 cells were suppressed compared with the pretreatment levels. Next-generation RNA-sequencing and cytokine
analysis showed that low-dose decitabine rebalanced T-cell homeostasis, decreased proinflammatory cytokines, and
downregulated phosphorylated STAT3 in patients with ITP. STAT3 inhibition analysis suggested that low-dose decita-
bine might restore Treg cells by inhibiting STAT3 activation. In conclusion, our data indicate that the immunomodula-
tory effect of decitabine provides one possible mechanistic explanation for the sustained response achieved by low-

dose decitabine in ITP.

Introduction

Immune thrombocytopenia (ITP) is an acquired autoimmune dis-
ease characterized by increased platelet destruction and
impaired platelet production.”™ Loss of immune tolerance is piv-
otal to the pathogenesis of ITP.¢ CD4*CD25" Foxp3™ regulatory
T (Treg) cells play an essential role in the maintenance of self-
tolerance; their quantity and function are impaired in patients
with ITP, which contributes to the excessive proliferation and
activation of auto-reactive effector T (Teff) cells.”” The imbal-
ance of CD4™ helper T (Th) cells is further evidenced in the
development of ITP, along with the unrestricted activation of
cytotoxic T lymphocytes (CTLs) and the production of antiplate-
let autoantibodies.'®'" Restoring immune tolerance in patients
with ITP by reversing the impairment of Treg cells and suppress-
ing the expansion of Th1 and Th17 cells was shown to be an
important mechanism for currently applied ITP-specific thera-
pies. 114

Decitabine is a hypomethylating agent that promotes cell dif-
ferentiation at a low dose and is used for the treatment of
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myelodysplastic syndrome with a relatively high platelet
response.'® Decitabine was shown to induce the murine mega-
karyoblastic cell line to differentiate into megakaryocyte-like
polyploidy CD41-expressing cells in vitro and increase platelet
release in BALB/C mice in vivo.'® In our previous studies, low-
dose decitabine significantly increased the number of mature
polyploidy megakaryocytes and also exhibited long-term clinical
efficacy, which could not be explained simply by its role in pro-
moting platelet production in patients with ITP."”"® It has been
reported that hypomethylating agents could decrease the pro-
duction of interferon-y (IFN-y) and tumor necrosis factor-a
(TNF-a) while increasing the number of immunosuppressive
Treg cells.'??°

Here, we investigated the effect of low-dose decitabine on the
production and suppressive function of Treg cells derived from
patients with [TP. In addition, active ITP murine models were
established to evaluate the effect of low-dose decitabine on
Treg and Teff cells in vivo. We collected sequential peripheral
blood samples from patients with ITP receiving low-dose decita-
bine treatment and performed next-generation RNA-sequencing
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and cytokine assay to analyze the therapeutic effect and the
underlying mechanism of low-dose decitabine.

Methods

Patients and control subjects

For in vitro studies, 40 patients with ITP (22 female subjects and
18 male subjects; age range, 19-75 years; median age, 45 years)
(Table 1) were enrolled between March 2016 and December
2020 in the Department of Hematology, Qilu Hospital, Shan-
dong University. Platelet counts ranged between 1 X 10%/L and
28 x 107/L (median, 14 X 10%/L). In parallel, 31 age- and sex-
matched healthy volunteers (16 female subjects and 15 male
subjects; age range, 22-73 years; median age, 43 years) were
recruited, with platelet counts ranging from 149 X 107/L to 348
X 10%/L (median, 243 X 10°/L). For in vivo studies, 32 patients
with ITP (19 female subjects and 13 male subjects; age range,
17-75 years; median age, 52 years; platelet counts from 1 X
10%/L to 47 X 10°/L [median, 8 X 107/L]) (Table 2) were enrolled
and received decitabine as previously described.”® In brief,
patients received decitabine at 3.5 mg/m? intravenously for 3
days per cycle for 3 cycles with a 4-week interval (supplemental
Figure 1, available on the Blood Website). Blood samples were
taken before the first injection (day 0) and after 12 weeks of dec-
itabine therapy (day 85), respectively. All patients fulfilled the
diagnosis criteria and were free from previous therapies for at
least 4 weeks.

Each participant provided informed consent. This study was
approved by the Medical Ethical Committee of Qilu Hospital of
Shandong University.

Decitabine

For patients with TP, decitabine (approved by China Food and
Drug Administration) was dissolved with water for injection and
then diluted with normal saline (0.9%). For in vitro and murine
studies, decitabine (5-aza-2'-deoxycytidine; MilliporeSigma, St
Louis, MO) was dissolved in water and then diluted with
phosphate-buffered saline. Decitabine solution was prepared
fresh for each use.

Active ITP murine model

Wild-type C57BL/6J mice (male, 8-12 weeks old) purchased
from the Center for New Drug Evaluation of Shandong Univer-
sity were used as platelet donors. C57BL/6 CDé1 knockout mice
were provided by Junling Liu (Shanghai Jiaotong University
School of Basic Medicine) and originally came from The Jackson
Laboratory (Bar Harbor, ME; B6.129S52-ltgb3tm1Hyn/JSemJ,
stock no. 008819). Severe combined immunodeficient (SCID)
mice with C57BL/6 background (B6.Cg-Prkdc®™®/SzJ, stock no.
001913, 6-8 weeks old) were purchased from The Jackson Labo-
ratory and used as spleen cell transfer recipients.

CDé61 knockout mice were transfused weekly with 10® platelets
from wild-type C57BL/6J mice for 6 consecutive weeks. The
spleens of CD61 knockout mice were removed and prepared
into splenocyte suspensions. On the day of splenocyte transfer,
SCID mice were subjected to 200 cGy total body irradiation to
inhibit recipient innate immune responses and enhance engraft-
ment. Within 3 hours of irradiation, SCID mice were injected
intraperitoneally with 2 X 10* splenocytes of CDé1 knockout
mice.2"2% The successfully constructed murine model exhibited
profound thrombocytopenia for 28 to 35 days after splenocyte
transfusion. All mice were matched for sex and age, and ran-
domized to groups. Different doses of decitabine were adminis-
trated intravenously 3 times a week for 3 weeks. The SCID mice
were euthanized at day 28, and splenocytes were obtained for
analysis (supplemental Figure 2).

All mouse experiments were approved by the Animal Care and
Use Committee of Qilu Hospital of Shandong University and
were conducted under their guidelines.

Isolation and culturing of peripheral blood
mononuclear cells and CD4* T cells

Peripheral blood mononuclear cells (PBMCs) were isolated from
peripheral blood of patients with ITP and healthy control sub-
jects with Ficoll-Hypaque centrifugation (Amersham Biosciences,
Piscataway, NJ). CD4" T cells were sorted by using magnetic
beads and MS Columns (Miltenyi Biotec, Bergisch Gladbach,
Germany). The purity of the isolated cells was >90% as mea-
sured by flow cytometry.

Table 1. Baseline characteristics of patients with ITP and healthy control subjects in the in vitro study

Healthy controls subjects

Characteristic Patients with ITP (n = 40) (n = 31)
Age, y 45 (19-75) 43 (22-73) .630
Sex
Female 22 (55.00) 16 (51.61) 777
Male 18 (45.00) 15 (48.39) 777
Baseline platelet count (107/L) 14 (1-28) 243 (149-348) <.001
ITP duration, mo 14(1-224) NA NA
Previous therapies
=2 27 (67.50) NA NA
=3 13 (32.50) NA NA

Data are expressed as median (range) or n (%). NA, not applicable.
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Table 2. Clinical characteristics of patients with ITP receiving decitabine treatment

Antiplatelet antibodies

Patient Sex/age Platelet count Course of
) (10°/L) disease (mo) Anti-GPllb/llla  Anti-GPIb/IX Major previous drugs
1 M/75 6 8 — ND Pred, IVIG, Dana
2 F/74 18 84 — — IVIG, Pred, RTX
3 F/29 39 11 — — Pred, TPO-RA
4 F/73 47 12 — — Pred, rhTPO, RTX
5) M/71 1 12 ND ND DXM, IVIG
6 M/38 5 324 ND ND DXM, IVIG, Dana, RTX
7 M/19 17 12 ND ND DXM, IVIG, Dana
8 M/53 16 6 — + DXM, Dana
9 M/56 58 3 aF + DXM, IVIG, TPO-RA
10 F/50 16 4 — — DXM, TPO-RA
(N F/67 2 12 ND ND DXM, IVIG, rhTPO
12 M/52 1 20 ND ND DXM, rhTPO, RTX
13 M/36 2 15 ND ND DXM, IVIG, Dana
14 F/63 23 144 — — rhTPO, DXM, IVIG, RTX
15 M/67 14 30 — — DXM, VIG, rhIL-11
16 F/48 5 132 — — DXM, rhTPO, SP
17 M/27 1 107 aF — Pred, IVIG, rhTPO, RTX
18 F/73 8 5 — — MP, IVIG, Dana
19 F/52 28 240 — — Pred, Dana, VCR, SP
20 F/57 2 24 + + Pred, IVIG, Dana
21 F/52 8 284 aF A Pred, rhTPO, IVIG, CsA, TPO-RA
22 F/29 6 84 — — DXM, IVIG, RTX
23 F/25 4 48 ND ND DXM, IVIG, RTX
24 F/19 7 19 ND ND DXM, rhTPO, IVIG, RTX, VCR
25 F/17 44 25 — — DXM, rhTPO, IVIG
26 M/59 1 48 — — DXM, rhTPO, IVIG, RTX
27 F/22 9 24 ND ND DXM, rhTPO, IVIG
28 F/41 12 36 — — DXM, CsA, RTX
29 M/54 6 348 — + DXM, rhTPO, IVIG, RTX
30 M/28 1 11 ND ND DXM, IVIG, rhTPO, RTX, VCR
31 F/21 6 16 — + Pred, IVIG, CsA, rhiL-11
32 F/55 13 12 + — DXM, WVIG, rhTPO

CsA, cyclosporine; Dana, danazol; DXM, dexamethasone; F, female; GP, glycoprotein; IVIG, intravenous immunoglobulin; M, male; ND, not determined; Pred, prednisone; rhiL-11,
recombinant human interleukin-11; rhTPO, recombinant human thrombopoietin; RTX, rituximab; SP, splenectomy; TPO-RA, thrombopoietin receptor agonist; VCR, vincristine.
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PBMCs or sorted CD4" T cells were cultured in RPMI 1640
medium (Life Technologies, Paisley, United Kingdom) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco,
Grand Island, NY) and 1% penicillin and streptomycin (Solarbio,
Beijing, China). Cells were stimulated with recombinant human
interleukin-2 (IL-2; 5 ng/mL; R&D Systems, Minneapolis, MN),
anti-human CD3 antibodies (1 ng/mL; eBioscience, San Diego,
CA), and anti-human CD28 antibodies (1 ng/mL; eBioscience)
and incubated for 72 hours (37°C, 5% carbon dioxide).?*

Flow cytometry

A total of 1 X 10° cultured human PBMCs or CD4™ T cells were
harvested from 24-well plates after coculture with different
doses of decitabine (ie, 0, 1 nM, 10 nM, 100 nM, 1 uM, 10 wM).
For ITP murine models, we prepared single-cell suspensions
with a concentration of 1 X 10 cells/mL by pulverizing murine
spleens. Cells were subsequently stained by anti-human or anti-
mouse conjugated-antibodies (eBioscience) following the manu-
facturer's instructions.

To analyze apoptosis, PBMCs were stained with fluorescein
isothiocyanate—Annexin V and propidium iodide using a Cell
Apoptosis Kit (BestBio, Shanghai, China). To enumerate Treg
cells, which were defined as CD4"CD25"Foxp3™, single-cell
suspensions were stained with a Regulatory T Cell Staining Kit
(eBioscience). Furthermore, for CD4™ Teff cells, single-cell sus-
pensions were processed by a T-cell Subset Staining Kit (eBio-
science). Th1, Th2, Th17, and Th22 cells were defined as
CD4*IFN-y", CD4*IL4*, CD4"IFN-yIL17", and CD4*IFN-
v7IL22*, respectively. Cells were subsequently analyzed by using
a Gallios Flow Cytometer equipped with Kaluza Analysis Soft-
ware (Beckman Coulter, Brea, CA).

Immunosuppression assay of Treg cells from
patients with ITP

CD4"CD25™ T cells (Teff cells) and CD4"CD25*CD127™ T cells
(Treg cells) were isolated from PBMCs by wusing a
CD4*CD25"CD127~ Regulatory T Cell Isolation Kit (Stemcell
Technologies, Vancouver, BC, Canada) according to the manu-
facturer’s instructions. CD4"CD25~ T cells were labeled with
5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE, 2.5
wM; MilliporeSigma) and seeded at 2 X 10° cells per well on a
96-well plate with or without Treg cells (Teff:Treg, 4:1). Cells
were also stimulated with recombinant human IL-2 (5 ng/mL;
R&D Systems), anti-human CD3 antibodies (1 ng/mL; eBio-
science), and anti-human CD28 antibodies (1 ng/mL; eBio-
science). In vitro, cells were harvested for proliferation analysis
after incubation with 100 nM decitabine or phosphate-buffered
saline for 6 days. We also sorted and cocultured Treg and Teff
cells from patients before and after decitabine treatment to eval-
uate the suppressive function changes in vivo. Data were ana-
lyzed by using FlowJo software (FlowJo LLC, Ashland, OR).

Treg deletion and depletion in ITP murine models
For the deletion of Treg cells, CD4"CD25" T cells were deleted
from splenocytes of CD61 knockout mice using magnetic beads
(Miltenyi Biotec) before the transfer to SCID mice. The deletion
efficiency was >95% measured according to flow cytometry. For
the depletion of CD25" T cells in vivo, ITP mice were given an
intraperitoneal injection of 400 wg monoclonal anti-mouse
CD25 (IL-2Ra) antibody (clone: PC-61.5.3; BioXcell, Lebanon,
NH) in 0.2 mL of phosphate-buffered saline 3 times a week for 3
weeks. Control mice received an equal amount of purified
immunoglobulin G1 isotype antibody (BioXcell). The degree of
CD25" T-cell depletion was evaluated according to flow cytom-
etry analysis of splenocytes on day 28. In general, we observed
CD25" T cells depletion efficiency of >95%.

Cytokine analysis

Serum samples of patients with ITP before and after decitabine
treatment were tested for 11 cytokines by using V-PLEX Human
Proinflammatory Panel 1 Kits and V-PLEX Human IL-17A Kit
(Meso Scale Diagnostics, Rockville, MD). The level of TGF-3 by
using the R&D Elisa Assay Kit (R&D Systems) according to the
manufacturer's instructions.

RNA-sequencing and western blot analysis

RNA of PBMCs from patients with ITP receiving decitabine treat-
ment was extracted and sequenced on an lllumina HiSeq plat-
form. PBMCs from patients with ITP were lysed in radio-
immunoprecipitation assay buffer (BestBio) for western blot. The
experimental protocols are described in detail in the supple-
mental Methods.

STAT3 and protein kinase B inhibition assay

In the in vitro studies, either cryptotanshinone (STAT3 inhibitor;
TargetMol, Boston, MA) or ARQ 092 (protein kinase B [AKT]
inhibitor; TargetMol) were dissolved in dimethyl sulfoxide and
added to PBMC culture medium with a concentration of 10 uM
or 500 nM, respectively. After 72 hours’ exposure, PBMCs were
harvested for flow cytometry. For murine models, either crypto-
tanshinone or ARQ 092 was dissolved by using sterilized 0.5%
carboxymethylcellulose sodium. SCID mice were treated with
STAT3 inhibitor (20 mg/kg), AKT inhibitor (30 mg/kg), STAT3
inhibitor plus decitabine (0.03 mg/kg), AKT inhibitor plus decita-
bine, or decitabine. Inhibitor administration began from day 7
and was administered 3 times per week by gavage. After 3
weeks of administration, all mice were euthanized, and spleno-
cytes were obtained for flow cytometry.

Statistical analysis

The results are expressed as median (range or interquartile
range), mean = standard deviation, or mean * standard error
of the mean. Statistical significance was determined by using
Student t tests or analysis of variance, followed by Tukey’'s multi-
ple comparison test. In the case of heterogeneity of variances,

Figure 1. Low-dose decitabine had no influence on the apoptosis of PBMCs from patients with ITP or healthy control subjects, but significantly elevated the
percentage of Treg cells in patients with ITP without changing the percentage of CD4" T cells in PBMCs. (A) Representative dot plots of flow cytometry analysis
of apoptosis in PBMCs from patients with ITP. The percentage of Annexin-positive and propidium iodide (Pl)-negative cells in PBMCs showed the cell apoptosis rate.
(B,C) Decitabine induced apoptosis of PBMCs from healthy control subjects and patients with ITP at doses of 1 uM and 10 uM (n = 6). (D-F) Percentages of Treg cells
in CD4" T cells were significantly increased by decitabine at the doses of 10 nM and 100 nM in patients with ITP (n = 11). (G-I) In cultured isolated CD4" T cells, low-
dose decitabine (100 nM) significantly increased the percentage of Treg cells in patients with ITP (I; n = 7), but not in healthy control subjects (H; n = 8). *P < .05, **P

< .01. Dec, decitabine; HC, healthy controls; ns, not significant.
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groups were compared by using the Mann-Whitney U test and
the Kruskal-Wallis nonparametric analysis of variance followed
by Dunn'’s multiple comparison test. For the comparison of clas-
sification measurements, the x> or Fisher's exact test was used.
Al tests were performed by using GraphPad 8.0 system (Graph-
Pad Software, La Jolla, CA). A value of P < .05 was considered
statistically significant.

Results

Low-dose decitabine promoted the differentiation
of Treg cells in vitro and enhanced their
immunosuppressive capacity

In the in vitro study, PBMCs from patients with ITP and healthy
control subjects were isolated and cultured. The baseline Treg
cells and CD4" T-cell proliferation with or without stimulation
in healthy control subjects and patients with [T are shown in
supplemental Figure 3. After 72 hours’ culture with different
concentrations of decitabine (0-10 pM) in the presence of
T-cell receptor costimulation, PBMCs were stained with Annexin
V and propidium iodide to detect the level of apoptosis. We
found that high-dose decitabine (1 pM and 10 wM) predomi-
nately exhibited cytotoxicity (Figure 1A-C). Decitabine had no
influence on the apoptosis of PBMCs from patients with ITP
and healthy control subjects at 1 nM, 10 nM, or 100 nM. How-
ever, low-dose decitabine (10 nM and 100 nM) significantly ele-
vated the percentage of Treg cells in patients with ITP without
changing the percentage of CD4" T cells in PBMCs (Figure
1D-F; supplemental Figure 4). Subsequently, to minimize the
distraction of other cells, we sorted CD4" T cells cocultured
with decitabine and found that low-dose decitabine (100 nM)
also significantly increased the number of Treg cells in ITP (Fig-
ure 1G-I).

We sorted CD4"CD25"CD127~ Treg cells from patients with
ITP and healthy control subjects, and cultured with CFSE-
labeled CD4"CD25™ Teff cells in a 1:4 ratio to evaluate the
suppressive activity of Treg cells in the presence of decita-
bine. The division index of Teff cells from patients with ITP
was significantly decreased after coincubation with Treg cells
and 100 nM decitabine compared with Treg cells in ITP (Fig-
ure 2; supplemental Figure 5), indicating an increased immu-
nosuppressive function of decitabine-treated Treg cells.
Decitabine itself had no apparent effect on the proliferation
of Teff cells. These results suggest that the immunosuppres-
sive function of Treg cells was significantly enhanced by low-
dose decitabine in ITP.

Low-dose decitabine ameliorated
thrombocytopenia in active ITP mice with
increased Treg cells in the spleen

We further established an active ITP murine model to investigate
whether our observations in vitro were reproducible in vivo.

Seven days after the irradiation and splenocyte transfer, the
platelet count decreased significantly in murine models. Spleno-
cyte transfer itself did not affect platelet counts (supplemental
Figure 6). Different doses of decitabine (0, 0.01 mg/kg, 0.03
mg/kg, 0.06 mg/kg, 0.1 mg/kg, 0.3 mg/kg, and 0.6 mg/kg)
were administrated intravenously. High-dose decitabine (0.06
mg/kg, 0.1 mg/kg, 0.3 mg/kg, and 0.6 mg/kg) could not be tol-
erated in ITP mice (supplemental Figure 7). As a result, we chose
0.03 mg/kg as the dose of decitabine for ITP murine studies.

Our data showed a significant platelet increase at days 21 and
28 in the decitabine group at the dose of 0.03 mg/kg compared
with control mice (Figure 3A). After 3 weeks of 0.03 mg/kg deci-
tabine administration, spleens were harvested from ITP mice.
Flow cytometry analysis revealed a significant increase in the
percentage of Treg cells in CD4" T cells in the spleen of
decitabine-treated ITP mice compared with control mice (Figure
3B). We also identified a decrease of Th1 and Th17 cells in
CD4" T cells, but no significant difference was observed in
Th22 cells (Figure 3C-E).

Treg-deleted splenocyte-transferred mice and anti-CD25 anti-
body-treated mice were significantly depleted of Treg cells in
the spleens (Figure 3G,L). Treg deletion and depletion therapy
partly offset the effect of decitabine on increasing platelet
counts (Figure 3F,K). After Treg deletion and depletion, decita-
bine had no significant effect on splenic Th1, Th17, or Th22 cells
(Figure 3H-J, M-O).

Low-dose decitabine restored the balance of
T-cell subsets in patients with ITP

Peripheral blood samples were collected from 32 patients with
ITP before and after decitabine treatment to analyze the effect
of low-dose decitabine on T-cell homeostasis in vivo. After deci-
tabine treatment, there was a significant increase in the number
of CD25" Foxp3™ Treg cells in CD4" T cells (Figure 4A). In con-
trast, decitabine significantly decreased the percentage of Th1
and Th17 cells in CD4" T-cell populations, yet the amounts of
Th2 and Th22 cells remained unchanged (Figure 4B-E). We also
observed an increase in the suppressive function of Treg cells
after decitabine treatment (Figure 4F-).

Low-dose decitabine regulates cytokines related
to T-cell differentiation in patients with ITP

Serum was isolated from peripheral blood of 32 patients with
ITP before and after decitabine treatment. Low-dose decitabine
significantly reduced serum levels of TNF-«, IFN-y, and IL-17a3,
as well as a panel of inflammatory cytokines and chemokines
such as IL-6, IL-8, and IL-12, which were associated with T-cell
differentiation (Table 3). We also found a significant increase in
TGF-B and IL-2. However, there was no significant difference in
serum levels of IL-1B, IL-4, IL-10, or IL-13.

Figure 2. The inhibitory function of Treg cells was enhanced by low-dose decitabine in ITP in vitro. Teff cells (2 X 10° cells per well) were seeded in a 96-well
plate with or without Treg cells (5 x 10* cells per well) in the presence of decitabine 100 nM. The cell division index was calculated based on the dilution of CFSE fluo-
rescence measured by flow cytometry and represents the average number of cell divisions that Teff cells in the original population have undergone [division index =
sum (i X N()/2)/sum (N()/2), “i" is division number (undivided = 0), and “N(i)" is the number of cells in division “i”]. (A,C) Representative histograms of CD4*CFSE™
Teff cells from one healthy control subject (A) and patient with ITP (C). (B,D) Treg cells suppressed the proliferation of Teff cells. Decitabine (100 nM) enhanced the
inhibitory function of Treg cells in ITP (D; n = 24), but not in healthy control subjects (B; n = 13). *P < .05, **P < .01, ***P < .001. Dec, decitabine; HC, healthy con-

trol subjects; ns, not significant.
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RNA-sequencing analysis correlated with
decitabine efficacy in patients with ITP

To assess the impact of low-dose decitabine on the gene
expression of patients with TP, we performed messenger
RNA-sequencing analysis in 4 responders and 3 nonresponders.
Compared with the pretreatment point, responders shared a
significant differential expression of 301 genes after decitabine
treatment (Figure 5A). These 2 time points were identified by
unsupervised hierarchical clustering (Figure 5B). Nonresponders
presented significant changes in 43 genes before and after deci-
tabine treatment (Figure 5C), but no overlap of any gene was
detected with responders (Figure 5D).

These decitabine-altered genes in responders were linked with
leukocyte migration and cytokine receptor activity according to
Gene Ontology pathways analysis (Figure 5E). Based on Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis, these
genes were associated with cytokine—cytokine receptor interac-
tion, hematopoietic cell lineage, IL-17 signaling pathway, Th1
and Th2 cell differentiation, Th17 cell differentiation, and the
Jak-STAT signaling pathway (Figure 5F). Based on Reactome
analysis (Figure 5@G), these genes were linked with IL-10, which
participated in Treg cell differentiation and Jak-STAT signaling
pathway.

Low-dose decitabine inhibited STAT3 activation

in ITP

Jak-STAT and PI3K-AKT pathways, which constitute a rapid sig-
naling module that plays a vital role in the maintenance of
CD4" T-cell homeostasis, were shown to be overactivated in
ITP. Notably higher levels of phosphorylated-STAT3 and
phosphorylated-AKT have been reported.?®?® In our study,
western blot analysis of cell lysates from PBMCs of patients with
ITP after decitabine treatment revealed decreased STAT3 and
AKT phosphorylation compared with pretreatment levels (Figure
6A-C).

STAT3 and AKT inhibitors were applied in vitro and in vivo. In
the in vitro studies, the percentage of Treg cells in CD4" T cells
from patients with ITP and healthy control subjects in the STAT3
inhibitor plus decitabine group was no different from that in the
STAT3 inhibitor group (Figure 6D-E). In murine studies, platelet
counts in the STAT3 inhibitor plus decitabine group were not
significantly different from those in mice receiving a STAT3
inhibitor (Figure 6H). However, in the presence of AKT inhibitor,
decitabine significantly increased the percentage of Treg cells
from patients with TP in vitro (Figure 6G), but not in healthy
control subjects (Figure 6F). In murine studies, AKT inhibitor plus

decitabine increased platelet counts compared with AKT inhibi-
tor on day 21 (Figure 6él). These results indicate that low-dose
decitabine might restore Treg cells by inhibiting STAT3, but not
AKT activation in ITP.

Discussion

ITP is an autoimmune disease with heterogeneous bleeding
manifestation. The pathogenesis of ITP has not been fully eluci-
dated, and management remains challenging.?’2® In this study,
we identified the role and effects of low-dose decitabine on the
production and suppressive function of Treg cells derived from
patients with ITP. Using RNA-sequencing, Treg deletion/deple-
tion, and pharmacologic inhibition of STAT3, we found that low-
dose decitabine alleviated thrombocytopenia by increasing the
number and improving the function of Treg cells and inhibiting
STAT3 activation.

Abnormal T-cell homeostasis, including the deficiency of Treg
cells and excessive activation of Teff cells, plays a critical role in
the pathogenesis of ITP. Aberrant DNA methylation, a mecha-
nism closely related to gene expression, was found to be
involved in T-cell differentiation and development in ITP.2? The
hypermethylation of CpG sites in the Foxp3 promoter region in
pediatric patients with ITP mediated the dysfunction of Treg
cells.*®  Furthermore, detection of methylcytosine-binding
domain (MBD) expression showed that messenger RNA expres-
sion of both MBD2 and MBD4 was decreased in PBMCs in
patients with ITP compared with healthy control subjects.*’

We recently reported that decitabine restored the methylation
level and expression of programmed cell death protein 1 on
CD8™ T cells and reduced CTL cytotoxicity to autologous plate-
lets in ITP,*? providing another explanation regarding the effect
of decitabine in addition to its role in increasing platelet produc-
tion in ITP. However, the long-term efficacy of decitabine in ITP
could not be elucidated by its roles in increasing platelet pro-
duction or decreasing CTL-mediated platelet destruction. Of
note, decitabine has been investigated as a sensitizer to immu-
notherapy and possesses the potent immunomodulatory prop-
erties through different pharmacologic mechanisms. Previously
reported microarray analysis showed that the majority of decita-
bine upregulated genes belonged to immune processes and
immune-related signaling pathways per Gene Ontology and
KEGG analyses.®® Decitabine additionally augmented the
expression of Foxp3 in CD47CD25™ T cells, which was necessary
and sufficient for functional natural Treg cells, and have been
exploited to prevent graft-versus-host disease in bone marrow
transplantation models.>* The immunopharmacologic profile of

Figure 3. Low-dose decitabine ameliorated thrombocytopenia in active ITP murine models via Treg cells. ITP models were established in irradiated SCID mice
with engraftment of 2 x 10* splenocytes from CD61 knockout mice immunized against wild-type C57 mice platelets; platelet counts were then monitored every week
for 4 weeks (mean = standard error of the mean). (A) From day 7, decitabine (0, 0.01 mg/kg, 0.03 mg/kg) was administered. The horizontally dotted lines represent
the baseline platelet counts of SCID mice (mean * standard error of the mean). On days 21 and 28, significantly higher platelet counts were observed in the group
administered the 0.03-mg/kg dose of decitabine compared with control group. (B) Decitabine-treated ITP mice had a significantly higher percentage of splenic Treg
cells in CD4™ T cells compared with control mice (n = 11 in the control group and n = 13 in the decitabine group, respectively). The percentage of Th1 (C) and Th17
(D) in CD4™ T cells were decreased in decitabine-treated spleens compared with controls. No significance was found in Th22 cells (E) in splenic CD4* T cells (n = 9 in
the control group and n = 10 in the decitabine group). Treg deletion (F) by magnetic beads and depletion (K) by anti-CD25 antibody partly offset the effect of decita-
bine on increasing platelet counts of ITP mice (n = 6). Treg-deleted splenocyte-transferred mice (G) and anti-CD25 antibody-treated mice (L) were significantly
depleted of Treg cells in the spleens on day 28 (n = 6). (H-J) After Treg deletion, decitabine had no significant effect on splenic Th1, Th17, or Th22 cells on day 28 in
ITP mice (n = 6). (M-O) With Treg depletion by anti-CD25 antibody, decitabine had no significant effect on splenic Th1, Th17, or Th22 cells on day 28 in ITP mice (n =
6). *P< .05, *p < .01, ***p < .001. Dec, decitabine; ns, not significant.
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Figure 4. Immunologic responses to low-dose decitabine in patients with ITP. (A-E) Percentages of Treg, Th1, Th17, Th2, and Th22 cells in peripheral blood were
analyzed by using flow cytometry. Treg cells (n = 22), Th1 cells (n = 17), Th17 cells (n = 15), Th2 cells (n = 8), and Th22 cells (n = 16) in CD4™* T cells before and after
decitabine treatment are shown. (F) Ex vivo suppression assays were performed to examine the suppressive activity of Treg cells obtained from patients with ITP before
and after decitabine treatment. CFSE-labeled CD4"CD25™ Teff cells were stimulated and cocultured with Treg cells from each patient. Representative histograms show
proliferation of CD4* Teff cells with or without Treg cells before (above) or after (below) decitabine treatment. (G-H) Treg cell-mediated suppression of CD4* Teff cell
proliferation was measured using division index before and after decitabine treatment (n = 14). (I) Decitabine enhanced immunosuppressive function of Treg cells. *P<
.05, P < .01, ™P < .0001. NR, nonresponders; R, responders.

decitabine by upregulation of Foxp3 has been repeatedly con-
firmed in rodent models of other autoimmune diseases such as
type 1 diabetes and multiple sclerosis.*>3’ Recent studies have
also shown that decitabine restored the balance of Th1/Th2
cytokines with consequential promotion of an anti-inflammatory
milieu and reduced the production of proinflammatory

DECITABINE RESTORES IMMUNE TOLERANCE IN ITP

cytokines, including TNF-a and IFN-y.*® In our study, we identi-
fied that decitabine increased the number and enhanced the
immunosuppressive function of Treg cells from patients with ITP
in vitro and in vivo. In addition to the effects on Treg cells, low-
dose decitabine rebalanced CD4* T-cell subpopulations by sup-
pressing the differentiation of Th1 and Th17 cells in active ITP
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Table 3. Effect of low-dose decitabine on cytokines in patients with ITP (N = 32)

Before decitabine

Cytokine, pg/mL

After decitabine

IL-18 0.34 (0.27-0.52) 0.35 (0.24-0.44) A
IL-2 0.63 (0.44-0.80) 0.72 (0.53-0.90) .027
IL-4 0.05 (0.04-0.06) 0.04 (0.04-0.06) .536
IL-6 1.38 (1.00-3.25) 1.07 (0.76-1.48) .005
IL-8 4.88 (2.71-10.38) 3.54 (2.34-7.83) .029
IL-10 0.78 (0.38-1.49) 0.63 (0.41-0.79) 410
IL-12 0.37 (0.26-0.49) 0.33 (0.24-0.41) .026
IL-13 0.63 (0.40-0.82) 0.60 (0.43-0.85) .733
IL-17a 2.01 (1.48-3.03) 1.86 (1.09-2.50) .046
IFN-y 8.82 (6.11-13.12) 6.06 (4.20-9.61) .005
TNF-a 6.15 (4.72-9.25) 5.75 (4.32-6.89) .014
TGF-B 747.30 (616.00-1126.00) 1109.00 (664.40-1976.00) .029

Data are expressed as median (interquartile range).

murine models, which might be one of the therapeutic mecha-
nisms of increasing platelet counts in ITP models. Furthermore,
in accordance with our in vitro and murine model study, low-
dose decitabine significantly increased the number and
enhanced the inhibitory function of Treg cells, and decreased
Th1 and Th17 cells in patients with ITP. Treg deletion and
depletion offset the effect of decitabine on restoring T-cell sub-
populations, indicating that low-dose decitabine modulates
T-cell homeostasis via Treg cells.

Previous studies have shown that other therapies, such as intrave-
nous immunoglobulin and anti-CD20 antibody, could increase
Foxp3 expression in CD4™ T cells and normalize Treg populations
in ITP murine models.”>3? Similar results were reported in patients
with [TP. Rituximab, thrombopoietin-receptor agonists, dexameth-
asone, and intravenous immunoglobulin showed profound effects
on the improvement of Treg cells and more or less altered CD4 "
T-cell subpopulations in patients with ITP."4942 Guo et al** exam-
ined whether allogeneic platelet transfusions had effects on immu-
nopathology in ITP mice, and they found that T cell-mediated
thrombocytopenia was alleviated by platelet transfusions. In our in
vitro studies, in the absence of platelets, decitabine increased the
number and enhanced the immunosuppressive function of Treg
cells, indicating that the immunomodulatory effect of decitabine
was independent on platelets.

Aberrant cytokine profiles are closely correlated with the loss of
immune tolerance in ITP.***¢ Therapeutic options, such as high-
dose dexamethasone, rituximab, and thrombopoietin-receptor
agonists, are commonly associated with the correction of cytokine
abnormalities.*®*>*” Consistent with the skewed Th1/Th2 and
Treg/Th17 cells, the levels of IFN-y, IL-2, and IL-17a were
increased, whereas IL-4 and IL-10 levels were decreased in
patients with [TP. Other cytokines, including IL-6, TGF-B, and
TNF-a, have also been described as being involved in ITP. In the

684 € blood® 26 AUGUST 2021 | VOLUME 138, NUMBER 8

current study, TGF-B was significantly elevated by decitabine. On
the contrary, TNF-o, IFN-y, IL-17a, IL-12, IL-8, and IL-6 were
reduced after decitabine administration. These data are consistent
with the rebalance between Treg and Teff cells in ITP.

To further elucidate the potential mechanism of low-dose deci-
tabine, next-generation RNA-sequencing was performed in ITP
patients. Our data consistently showed that decitabine-altered
genes in responders were significantly enriched in immunologic
processes, including T-cell differentiation and cytokine signaling
pathway. The Jak-STAT signaling pathway was identified based
on KEGG analysis, which coincided with our observation that
decitabine reduced the phosphorylated-STAT3 level and the
inhibition of STAT3 dimmed the therapeutic effect of low-dose
decitabine. The Jak-STAT signaling pathway is evolutionarily
conserved in eukaryotes and involved in the initiation and main-
tenance of the balance between Treg and Teff cells.*® Laurence
et al showed that STAT5 and STAT3 competed for promoter
binding sites and had opposite functions in the regulation of
T-cell differentiation.*”>? The activation of STAT3 by IL-6 and
IL-21 not only plays a role in promoting Th17 cells, but also par-
ticipates in the conversion of natural Treg cells to Teff cells.>®
Our results are in line with these previously reported findings.
Interestingly, decitabine exhibited a significant effect on Treg
cells after AKT inhibition, indicating that the therapeutic effect of
low-dose decitabine was not mainly dependent on AKT in ITP.
The reduction of AKT phosphorylation by decitabine might be
caused by the alteration of its upstream signaling molecules.

We are aware, however, that spontaneous remission may have
occurred in patients with ITP receiving decitabine therapy in our
study. Based on the recently updated American Society of Hema-
tology 2019 guidelines and the 2019 international consensus report
on ITP, the likelihood of a spontaneous remission is related to
patient’s age and ITP course within the first year after the initial
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Figure 5. Profiles and enriched pathway analysis of decitabine-induced genes. (A) Venn diagram of overlapping genes of decitabine-altered genes in 4 responders. (B)
Heat map of decitabine-altered genes in 4 responders with unsupervised clustering. Red to green colors represent relatively high to low gene expression, respectively, and
gray indicates below the detectable level. (C) Venn diagram of overlapping genes of decitabine-altered genes in 3 nonresponders. (D) No overlap of decitabine-altered genes
was observed between responders and nonresponders. (E-G) Pathways were predicted by Gene Ontology (E), KEGG (F), and Reactome (G) databases based on the expres-
sion changes of decitabine altered genes in 4 responders. AF, after; BE, before; NR, nonresponders; R, responders.

diagnosis.>*>” Among all patients who received decitabine therapy
in our study, only a minority of them had ITP courses <12 months.
Although the number of sequenced patients was relatively small,
our study presents an important transcriptome basis for the under-
standing of decitabine in the management of patients with [TP.

DECITABINE RESTORES IMMUNE TOLERANCE IN ITP

In summary, low-dose decitabine increased the production of Treg
cells and enhanced their immunosuppressive function in ITP in vitro
and in vivo. Thrombocytopenia was ameliorated by low-dose deci-
tabine with an increase of splenic Treg cells and reduction of Th1
and Th17 cells in ITP murine models. Our data suggest that the

€ blood” 26 AUGUST 2021 | VOLUME 138, NUMBER 8 685

20z AeIN 81 uo 3sanb Aq ypd°2/¥800020ZPIGPOOIA/F0628 /1 L9/8/8€E L /Pd-81o1e/poo]d jausuonedligndyse//:diy woly papeojumoq



A B ) C .
™
'_

n <
; =
Q o
STATS [ we] 5 =
C =
kel 2

AT = 5] 8 o 2 05
ol =3
X S
AKT [——] © 2
2 b=
B &

GAPDH [am | 5 | 0.0

Before After Before After Before After
D E F G
HC ITP HC
25 * 40 -

ns

% of Treg in CD4* T cells in PBMCs

% of Treg in CD4* T cells in PBMCs

% of Treg in CD4* T cells in PBMCs
% of Treg in CD4* T cells in PBMCs

H
1400 ~ 1400
1200 o 1200
= 1000 < 1000
S —e— Control 2 =% Control
% . X
< 800 - —¥= STAT3 inhibitor = 800 —=-  AKTinhibitor
% —#— STAT3 inhibitor + Dec 3 —8— AKT-inhibitor + Dec
o o
5 600 1 —+— Dec < 600 - —¥— Dec
D p—
= 3
o 400 - Z 400 -
200 A 200 +
0 T T T 1 0 T T T 1
0 7 14 21 28 0 7 14 21 28
Days Days
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