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A B S T R A C T

Iloprost, a stable prostaglandin I2 (PGI2) analog, can inhibit allergic inflammation in an ovalbumin (OVA)-
induced asthma model via inhibition of airway dendritic cell (DC) function. However, the underlying mechanism
of PGI2 signaling-mediated immunosuppression remains unclear. This study explored whether iloprost-treated
DCs can suppress inflammation by promoting antigen-specific regulatory T cell (Treg) differentiation through
PGI2-G-protein-coupled receptor (IP). We established an allergic lung inflammation model using a hydrogel
biomaterial delivery system and observed that iloprost significantly suppressed OVA-induced Th2 lung in-
flammation and increased the frequency of OVA-specific Tregs in vivo. We further observed that iloprost-treated
DCs displayed tolerogenic characteristics, including low inflammatory cytokine (IL-12, TNF-α, IL-6, IL-23) ex-
pression levels, high anti-inflammatory cytokine (IL-10) production, and a semimature phenotype. In addition,
iloprost-treated DCs increased OVA-specific CD4+Foxp3+ T cell differentiation from naïve T cells in an IP-
dependent pathway in vitro and in vivo. Blocking experiments showed that iloprost-treated DCs promoted Treg
differentiation, at least in part, through programmed death ligand 1 (PD-L1), whereas iloprost-induced PD-L1
expression in DCs was through the IP receptor. Furthermore, iloprost treatment suppressed DC-mediated airway
inflammation and increased the frequency of OVA-specific Tregs through PD-L1 in vivo. Taken together, these
results show that PGI2-IP signaling mediated by iloprost in DCs may lead to immune tolerance, suggesting that
the PGI2 analog has the potential to be applied therapeutically for tolerogenic DC immunotherapy in auto-
immune diseases or allergic asthma.

1. Introduction

Dendritic cells play a key role in regulating immune responses, not
only initiating adaptive immunity but also maintaining immune toler-
ance [1,2]. Several modulators have been developed to generate tol-
erogenic dendritic cells (TDCs) ex vivo, and the number of clinical trials
for TDC-based therapies for various inflammatory diseases has also
grown vigorously in recent years [3,4]. The advantage of TDC-based
therapy is that it can simultaneously induce tolerance to multiple T-cell
epitopes due to the excellent antigen (Ag)-presenting ability of DCs
[3,4]. Therefore, finding new possibilities from current clinical drugs
could be a time-saving and highly safe solution to develop TDC-based
immunotherapies.

Iloprost, a prostaglandin I2 (PGI2) analog used in pulmonary arterial

hypertension (PAH) treatment [5], has been reported to have anti-in-
flammatory effects by suppressing DC function in a mouse asthma
model [6], suggesting its potential application in TDC-based im-
munotherapy. PGI2 is an important lipid mediator of prostaglandins
(PGs), which are generated by a stepwise conversion of arachidonic
acid [7]. PGI2 has been shown to have anti-inflammatory function in a
murine respiratory syncytial virus (RSV) infection model [8] and
ovalbumin (OVA)-induced allergy model [9–11]. Previous studies have
shown that PGI2-G-protein-coupled receptor (IP) signaling may mediate
the anti-inflammatory effect by modulating the function of bone
marrow-derived dendritic cells (BM-DCs) in vitro [12–14]. In addition,
PGI2 receptor-deficient mice displayed increased allergic inflammation
to OVA challenge compared with wild-type mice [15,16]. These studies
suggest that PGI2 signaling may induce TDC differentiation to mediate
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the immunosuppressive effect. However, the precise mechanism in-
volved in the anti-inflammatory effect mediated by PGI2 has not been
elucidated.

Regulatory T cells (Tregs) play an important role in maintaining
homeostasis via their antgen-specific immunosuppressive function.
Adaptive Tregs can be generated through interactions with TDCs and
mediate immunosuppression in various inflammatory diseases [17].
Many studies have shown that TDCs induce Ag-specific tolerance by
several mechanisms including promotion of adaptive Treg conversion
from naïve T cells, expansion of preexisting Tregs, release of IL-10, and
expression of indoleamine 2,3-dioxygenase (IDO) [18–21]. Ad-
ditionally, various soluble or membrane-bound molecules on DCs are
also likely to be involved in Treg induction [22], including programmed
death ligand 1 (PD-L1), ILT3/ILT4, SLAM, inducible costimulator
(ICOS) and glucocorticoid-induced TNFR-related protein (GITR)
[23–27]. Therefore, understanding the precise mechanisms involved in
Treg differentiation induced by TDCs in vivo will facilitate the devel-
opment of cell-based tolerogenic immunotherapies.

In our study, we demonstrated that iloprost-treated DCs promoted
Ag-specific Foxp3+ Treg differentiation, at least in part, through PD-L1
in vitro and in vivo. As iloprost has been used in clinics for PAH treat-
ment [28], iloprost-based TDC immunotherapies could be developed
for various inflammatory diseases.

2. Materials and methods

2.1. Mice

All animal experiments were approved and performed according to
the guidelines of the Institutional Animal Care and Use Committee of
the Kaohsiung Medical University (IACUC: 101048). Female BALB/
cByJNarl and DO11.10 mice, aged 5–8 weeks, were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). Female C.Cg-
Foxp3tm2Tch/J (Foxp3EGFP) mice and Thy1.1 mice were purchased from
the Jackson Lab (Bar Harbor, ME, USA). All mice were maintained in a
specific pathogen-free facility by the institution’s animal center.

2.2. Establishment and assessment of allergic lung inflammation models

For the OVA-induced asthma model (Fig. 1), BALB/c mice were
subcutaneously injected with a mixture containing 15% methoxy
polyethylene glycol-co-poly(lactic-coglycolic acid) (mPEG-PLGA) hy-
drogel (from Industrial Technology Research Institute, Hsinchu,
Taiwan), iloprost (5 μg/mouse, Cayman Chemical, Ann Arbor, MI,
USA), and OVA (0.2 μg/mouse; grade V; Sigma-Aldrich, St. Louis, MO,
USA) on day 0 and day 21. On days 26–28, mice were challenged with
3% OVA aerosol to induce lung inflammation and sacrificed on day 29.

Abbreviations

Ag antigen
BALF bronchoalveolar lavage fluid
BM-DCs bone marrow-derived dendritic cells
CFSE carboxy-fluorescein diacetate succinimidyl ester
ELISA enzyme-linked immunosorbent assay
ICOS-L inducible costimulator-ligand
IP PGI2-G-protein-coupled receptor

mPEG-PLGA methoxy polyethylene glycol-co-poly(lactic-coglycolic
acid)

OVA ovalbumin
PAH pulmonary arterial hypertension
PD-L1 programmed death ligand 1
PGI2 prostaglandin I2
TDC tolerogenic dendritic cell
Treg regulatory T cell

Fig. 1. The anti-inflammatory effect of iloprost on
allergic lung inflammation in vivo. BALB/c mice
were subcutaneously administered an mPEG-PLGA
hydrogel mixture containing OVA/iloprost (ILO) or
OVA/vehicle (NC) on day 0 and day 14. After
4 days, the mice received three daily OVA aerosol
challenges. Cellular composition (A) and cytokine
pattern (B) in BALFs were analyzed using flow cy-
tometry and ELISA methods, respectively. N = 8–9
mice per group. (C) Representative lung sections
stained with hematoxylin and eosin are selected
from six mice in each group. Data are re-
presentative of two independent experiments. (D)
The density of hematoxylin+ cells in lung sections.
The line within the vertical points marks the mean
for each group. Eos: eosinophils; Lym: lymphocytes;
Neu: neutrophils; MΦ: macrophages; DC: dendritic
cells. *p < 0.05 or **p < 0.01 compared with
vehicle. The cell density of each subset or cytokine
level in BALFs in the mice without OVA sensitiza-
tion was less than 0.1 × 104 cells/ml or under-
detectable, respectively.
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The vehicle for iloprost was 0.14% methyl acetate.
Temperature-sensitive hydrogel is a polylactic acid-glycolic acid

ring-opening polymerization, and stannous octoate was used as a cat-
alyst. Methoxypolyethylene glycol was used as an initiator to synthesize
methoxypolyethylene glycol/polylactic acid-glycol acid double-cou-
pling copolymer. The synthesis of mPEG-PLGA hydrogel was described
in a previous study [29].

The BM-DC-induced asthma model (Fig. 7) was established ac-
cording to a previous study [30]. In brief, the BM-DCs (1 × 106 cells in
40 μl PBS) treated as described below were intratracheally transferred
into syngeneic naive mice. After 10 days, the recipients were challenged
daily with 3% OVA aerosol for 15 min for 4 consecutive days. On the
day after the last challenge, bronchoalveolar lavage fluid (BALF) cells
were collected and stained with PE-Cy7-anti-CD11c (N418; eBioscience,
Ireland, UK), FITC-anti-I-Ad/I-Ed (M5/114.15.2; eBioscience), PE-anti-
CCR3 (83101; R&D Systems, Minneapolis, MN, USA), APC-anti-CD3
(145-2C11; BD Biosciences, San Diego, CA, USA) and APC-anti-B220
(RA3-6B2; eBioscience) mAbs. The cellular composition of BALF cells
was determined by flow cytometry (LSR II; BD Biosciences). Cytokine
levels in BALFs were determined by enzyme-linked immunosorbent
assay (ELISA) according to manufacturer’s instructions (eBioscience).

2.3. Histological analysis of lung pathology

Lung tissue was fixed in formaldehyde (3.7%) and embedded in
paraffin. The sections of tissue (3 μM) were stained with hematoxylin
and eosin according to the manufacturer’s protocol (NovoLink™.
Polymer Detection System, Leica, UK). Images of the stained tissue were
captured by a TissueFAXS microscope and the quantification of cell
density was processed using HistoQuest. Hematoxylin staining was used
as a master marker for cell identification on the basis of nuclear de-
tection. Furthermore, the average nuclear size, discrimination area,

discrimination grey, and background threshold for the master marker
was specified. The range of intensities of the master marker (hema-
toxylin) was set by auto-detection with the software. The number of
hematoxylin+ cells or area in each defined regions of interests per lung
section was analyzed with TissueQuest software. Lung inflammation
was evaluated based on the number of hematoxylin+ cells per square
millimeter.

2.4. BM-DC generation and treatment

Bone marrow cells were cultured with recombinant murine GM-CSF
(125 U/ml, Pepro Tech Inc., Rocky Hill, NJ) and 2-mercaptoethanol
(50 μM) for 8 days. Day-8 BM-DCs were treated with iloprost and LPS
(1 μg/ml, Escherichia coli O127:B8; Sigma-Aldrich) for an additional
24 h. CAY10441 (1 μM, Cayman Chemical, Ann Arbor, MI, USA), a
specific IP antagonist, was added into day-8 BM-DCs 30 min before
iloprost treatment. The cells were harvested for phenotypic analysis and
the analysis of T-cell responses, and supernatants were collected for
cytokine determination by ELISA (eBioscience). The BM-DC surface
markers were analyzed by flow cytometry (LSR II, BD Biosciences) for
the expression of CD11c (G418), MHC class II (M5/114.15.2), CD40
(1C10), CD80 (16-10A1), CD86 (GL1), DO11.10 TCR (KJ126), PD-L1
(MIH5), PD-L2 (TY25), SLAM (9D1) and inducible costimulator-ligand
(ICOS-L) (HK5.3).

For the BM-DC-induced asthma model (Fig. 7), day-8 BM-DCs were
treated with iloprost (40 nM) and OVA (125 μg/ml) for 6 h and then
LPS for an additional 18 h. The harvested BM-DCs were incubated with
an anti-PD-L1 blocking mAb (25 μg/ml, MIH5, eBioscience) at 4 °C for
20 min prior to intratracheal injection into the BM-DC-induced asthma
model.

Fig. 2. Ag-specific adaptive Treg differentiation induced by iloprost in vivo. Naïve CD4+ T cells from DO11.10 mice were intravenously (i.v.) transferred into BALB/c
mice, followed by intraperitoneal (i.p.) or subcutaneous (s.c.) administration of the hydrogel mixture containing OVA323-339/iloprost or OVA323-339/vehicle. After
7 days, splenocytes or lymph node cells were stained with fluorochrome-labeled anti-CD3, CD4, CD25, and KJ126 clonotypic Abs and analyzed using LSR II. (A)
Representative dot plots show the expression of CD25 on gated KJ126+ (upper panel) or KJ126- (lower panel) CD4+ T cells. The results are shown as percentages of
KJ126+CD4+CD25+ Tregs or KJ126-CD4+CD25+ Tregs in splenocytes (B) or lymph node cells (C) from intraperitoneally or subcutaneously treated mice, re-
spectively. Symbols represent the frequencies of Tregs in each individual mouse. The line within the vertical points marks the mean for each group. One re-
presentative dataset was obtained from two independent experiments. NC: vehicle; ILO: iloprost. *p < 0.05 compared with vehicle.

T.-H. Wong, et al. International Immunopharmacology 79 (2020) 106106

3



2.5. Naïve CD4+ T cell and Treg cell purification

For naïve T cell purification, splenocytes were stained with B220-PE
(RA3-6B2), CD8α-PE (53–6.7), γ/δ TCR-PE (GL3), CD11b-PE (D12),
CD49b-PE (DX5), CD25-PE (PC61), CD19-PE (4G7) and further labeled
with anti-PE-microbeads (Miltenyi Biotec, Sunnyvale, CA, USA) for
negative selection according to the manufacturer’s instructions
(autoMACS™ Separator, Miltenyi Biotec, Bergisch Gladbach, Germany).
Negatively selected cells were stained with CD62L-PE (MEL-14) and
anti-PE-microbeads for further positive selection. Treg cells were pur-
ified from splenocytes using a mouse CD4+CD25+ regulatory T cell
isolation kit (Miltenyi Biotec) and sorted by an autoMACS™ Separator
according to the manufacturer’s instructions. The purities of naïve
CD4+ T cells and Tregs were at least 92% when analyzed by flow cy-
tometry.

2.6. Adaptive Treg differentiation assay in vitro and in vivo

For in vitro Treg differentiation, 1 × 105 treated BM-DCs from
BALB/c mice were cocultured with naïve CD4+ T cells from syngeneic
Foxp3EGFP or BALB/c mice in RPMI1640-10% FBS with anti-CD3 mAb
(1 μg/ml, BD Biosciences), rmTGF-β (60 U/ml; PeproTech), rhIL-2 (100
U/ml; Pepro Tech) and in the presence or absence of CAY10441 (1 μM;
Fig. 3C) or blocking mAbs (isotype control or anti-PD-L1; Fig. 6F) at a
DC/T ratio of 1: 10 for three days. The EGFP (Foxp3)+ CD4+ T cells or
Foxp3+CD4+ T cells were analyzed by flow cytometry (LSR II; BD
Biosciences).

For in vivo Treg differentiation induced by iloprost (Fig. 2), naïve
CD4+ T cells (2 × 106 cells) from DO11.10 mice were adoptively
transferred into wild-type BALB/c mice on day −1, followed by in-
traperitoneal or subcutaneous administration of mPEG-PLGA hydrogel
containing OVA323-339 (4 ng/mouse) with iloprost (5 μg/mouse) or
vehicle on day 0. After 7 days, splenocytes or lymph node cells were
stained with fluorochrome-labeled anti-CD3, CD4, CD25, and KJ126
clonotypic mAbs and analyzed using LSR II.

For in vivo Treg differentiation induced by iloprost-treated BM-DCs
(Fig. 4), naïve CD4+ T cells (2 × 106 cells) from DO11.10 (Thy1.2+)
mice were adoptively transferred into Thy1.1 BALB/c mice on day −1,
followed by intravenous administration of OVA323-339-pulsed BM-DCs
(2 × 105 cells) on day 0. After 7 days, splenocytes from the recipient
mice were stained with APC-anti-Thy1.2 (53–2.1; eBioscience), FITC-
anti-KJ1-26 (KJ1-26; eBioscience), PE-Cy7-anti-CD3 (145-2c11; BD
Biosciences), PerCP-anti-CD4 (RM4-5; eBioscience) and PE-anti-CD25
(PC61; BD Biosciences) and analyzed by flow cytometry (LSR II).

2.7. In vitro Treg functional assay

DO11.10 mice were intraperitoneally injected with 15% mPEG-
PLGA hydrogel with OVA323-339 (4 ng/mouse) and iloprost (5 ng/
mouse) on day 0. On day 7, CD4+CD25+ Treg cells were purified from
the spleen and cocultured with carboxyfluorescein diacetate succini-
midyl ester (CFSE)-stained CD4+ effector T cells from DO11.10 mice at
a ratio of 1:1 or 2:1 in the presence of anti-CD3/CD28 beads for 3 days.
The percentage of dividing effector T cells was analyzed by flow cyto-
metry (LSR II; BD Biosciences).

2.8. Statistical analysis

Statistical comparisons of data among control and experimental
groups were performed with the nonparametric Mann-Whitney U test.
Values of p < 0.05 were considered significant. All statistical tests
were performed by GraphPad Prism 5.0.

3. Results

3.1. Iloprost suppressed airway allergic lung inflammation in vivo

To evaluate the anti-inflammatory effect of iloprost in vivo, we es-
tablished an allergic lung inflammation mouse model by sub-
cutaneously injecting a mixture of OVA/iloprost or OVA/vehicle with a
thermosensitive biodegradable hydrogel, mPEG-PLGA hydrogel. mPEG-
PLGA hydrogel is a widely used biomaterial system for drug delivery
due to its slow and stable biodegradability and biocompatibility [29]. It
has been demonstrated that this hydrogel system can codeliver Ag and
cytokines to modulate DC function at the injection site [31]. In this
model, we observed that OVA significantly induced Th2-mediated
airway inflammation, including eosinophil recruitment, the secretion of
IL-4, IL-5, and IL-13 in BALFs as well as immune cell infiltration and
goblet cell proliferation in lung tissues. However, codelivering of OVA
and iloprost resulted in fewer cardinal features of OVA-induced Th2
airway inflammation (Fig. 1). This finding suggests that PGI2 signaling
mediated by iloprost may modulate airway allergic inflammation in
vivo.

3.2. Iloprost promoted Ag-specific adaptive Treg differentiation in vivo

A previous study reported that iloprost promoted FOXP3 gene ex-
pression in cocultures of human monocyte-derived DCs and naïve CD4+

T cells in vitro [14], suggesting that iloprost may modulate allergic in-
flammation through the interaction between DCs and Foxp3+ Tregs.

Fig. 3. Adaptive Treg differentiation in vitro induced by iloprost-treated BM-DCs. (A) Day-8 BM-DCs were treated with vehicle or iloprost (ILO) in the presence of LPS
for 24 h. The harvested cells were cocultured with naïve CD4+ T cells from Foxp3EGFP mice at a DC:T cell ratio of 1:10 in Treg-skewing conditions for 3 days.
Representative dot-plots show the percentages of viable EGFP (Foxp3)+ CD4+ Tregs. The number in each figure represents the percentage of cell subsets. (B) Results
are shown as percentages of EGFP (Foxp3)+ cells in gated CD3+CD4+ T cells. Data are the mean ± SD of five independent experiments. (C) Day-8 BM-DCs were
treated with iloprost (40 nM) and LPS in the presence or absence of CAY10441 (1 μM) for 24 h. Treated BM-DCs were cocultured with naïve CD4+ T cells from wild
type mice in Treg-skewing conditions for 3 days. Results are shown as percentages of Foxp3+ cells in gated CD3+CD4+ T cells. *p < 0.05 compared with vehicle.
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We next examined whether the iloprost effect was mediated by OVA-
specific Treg differentiation in vivo. Adoptive transfer of DO11.10 naïve
KJ126+CD4+ T cells into syngeneic BALB/c mice was performed on
day −1, followed by administration of iloprost/hydrogel either via the
intraperitoneal or subcutaneous route on the following day (Fig. 2A).
After 7 days, iloprost-treated mice showed a significantly higher fre-
quency of KJ126+CD4+CD25+ Treg cells, but not of KJ126- Tregs,
either in the spleen through the intraperitoneal route or in local lymph
nodes through the subcutaneous route (Fig. 2B and C). These results
indicate that iloprost promotes Ag-specific adaptive Treg differentiation
in vivo.

3.3. Iloprost-treated DCs displayed tolerogenic phenotypes in vitro and in
vivo

Considering the key role of DCs in adaptive Treg differentiation, we
speculated that iloprost may promote Treg differentiation by mod-
ulating DC function. First, we analyzed whether iloprost modulates DCs
to display tolerogenic phenotypes. Consistent with a previous study
[13], we observed that iloprost-treated BM-DCs secreted significantly
less inflammatory cytokines, such as IL-6, IL-12, IL-23, and TNF-α, but
more anti-inflammatory cytokines, such as IL-10, in a dose-dependent
manner in response to LPS stimulation (Supplementary Fig. 1). In

addition, iloprost treatment inhibited the expression of CD40, CD80,
CD86, and MHC class II in response to LPS stimulation (Supplementary
Fig. 2). We further analyzed the maturity of iloprost-conditioned DCs in
vivo. Using mPEG-PLGA hydrogel to slowly release iloprost in vivo, the
less percentage of MHC class II+ cDCs (CD11c+PDCA1-) in local lymph
nodes has been observed in iloprost-treated mice during the first 6 days
(Supplementary Fig. 3A). However, iloprost did not significantly affect
the maturity of pDCs (CD11c+PDCA1+) in local lymph nodes
(Supplementary Fig. 3B). This suggests that iloprost-conditioned cDCs
may have tolerogenic properties and can be considered TDCs either in
vitro or in vivo.

3.4. Iloprost-treated DCs promoted adaptive Treg differentiation in vitro and
in vivo

As iloprost-treated DCs have a tolerogenic phenotype, we next
analyzed whether they can promote adaptive Treg differentiation
through the IP receptor. In vitro coculture experiments showed that
iloprost-treated BM-DCs significantly increased the frequency of EGFP+

Treg cells, which were differentiated from naïve Foxp3EGFPCD4+ T cells
in the presence of TGF-β (Fig. 3A and B). Treatment of BM-DCs with
CAY10441, an antagonist for the IP receptor, abrogated the effect of
iloprost on adaptive Treg differentiation (Fig. 3C). These results suggest

Fig. 4. Adaptive Treg differentiation in vivo
induced by iloprost-treated BM-DCs. (A)
Adoptive transfer experiments of donor
naïve T cells (Thy1.2+CD3+CD4+CD62L+)
and treated OVA323-339-pulsed BM-DCs into
Thy1.1+ naïve mice for 7 days. Splenic
donor Thy1.2+ Tregs were analyzed by flow
cytometry. Both conditions of BM-DCs were
treated with LPS. Representative dot plots
show the expression of Thy1.2 on gated
CD3+CD4+ T cells (bottom) and the ex-
pression of donor Ag-specific Tregs
(KJ126+CD4+CD25+; upper panel) or
donor non-Ag-specific Tregs (KJ126-

CD4+CD25+; lower panel). (B) The results
are shown as percentages of donor Ag-spe-
cific Tregs or donor non-Ag-specific Tregs in
splenocytes. Symbols represent the fre-
quencies of Tregs in each individual mouse.
The line within the vertical points marks the
mean for each group. Data were from two
independent experiments. NC: vehicle; ILO:
iloprost. *p < 0.05 compared with vehicle.

Fig. 5. The suppressive function of iloprost-
induced Tregs in vitro. DO11.10 mice were
subcutaneously injected with 15% mPEG-
PLGA hydrogel combined with 5 ng iloprost
and 4 ng OVA323-339 peptide. After 7 days,
Treg cells (CD4+CD25+) were purified and
cocultured with CFSE-labeled effector T
cells at different ratios. (A) The proliferation
status of effector T cells on day 3. (B)
Effector T cells cocultured with Treg cells at
a 1:2 ratio. Black: effector T cells only. Red:
effector T cells cocultured with Tregs from
control mice. Green: effector T cells co-
cultured with Tregs from iloprost-treated
mice. (C) The percentages of dividing ef-

fector T cells (M1 gate as shown in A) when they were cocultured with Tregs at different ratios. There is no significant difference between two groups at both ratios.
One representative dataset was obtained from two independent experiments. NC: vehicle; ILO: iloprost. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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that iloprost-treated DCs promoted adaptive Treg differentiation
through the IP receptor. Furthermore, we tracked naïve CD4+ T cell
differentiation by adoptively transferring Thy1.2+ DO11.10 naïve
CD4+ T cells and iloprost-treated and OVA323-339-pulsed BM-DCs into
Thy1.1+ recipient mice (Fig. 4A). To avoid losing the difference of Ag-
specific adaptive Treg frequencies between iloprost and control groups
due to the complicated intracellular staining procedure for Foxp3,
CD25 marker was used as a representative marker in this experiment as
CD4+CD25+ T cells consist of more than 90% Foxp3+ cells in mice
[32]. As shown in Fig. 4B, iloprost-treated BM-DCs significantly in-
creased the percentage of donor Thy1.2+KJ126+ Tregs relative to the
percentage of donor Thy1.2+KJ126- Tregs in the spleen.

Next, we analyzed the suppressive function of iloprost-induced
Tregs using CFSE-labeling experiments. As shown in Fig. 5, purified
CD4+CD25+ Tregs induced by iloprost in vivo displayed similar sup-
pressive ability in comparison with control Tregs at different effector T
cell/Treg ratios. Taken together, these data suggest that iloprost-treated
DCs not only have tolerogenic phenotypes but also have the ability to
promote the adaptive differentiation of suppressive Tregs.

3.5. Iloprost-treated DCs promoted Treg differentiation, at least in part,
though PD-L1

As iloprost-treated DCs have tolerogenic properties, we further ex-
plored the mechanism involved in this process. Flow cytometric ana-
lysis showed that iloprost-treated DCs significantly increased the ex-
pression of PD-L1 (Fig. 6A–C) and ICOS-L (Supplementary Fig. 4A and
4B), but not PD-L2 and SLAM (data not shown). In addition,

pretreatment of BM-DCs with CAY10441 abrogated the effect of ilo-
prost on PD-L1 expression (Fig. 6D and E), suggesting that iloprost-
induced PD-L1 expression in DCs was mediated by the IP receptor.
Furthermore, the blocking experiment showed that blocking the PD-L1
interaction between iloprost-treated BM-DCs and naïve CD4+ T cells
significantly suppressed the frequency of EGFP (Foxp3)+ Tregs, which
were differentiated from naïve T cells (Fig. 6F). However, blocking
ICOS-L or IL-10 in the coculture did not affect iloprost-treated BM-DC-
induced adaptive Treg differentiation (Supplementary Fig. 4C and 4D).
These data suggest that PD-L1 is, at least in part, responsible for the
adaptive Treg differentiation mediated by iloprost-treated BM-DCs.

3.6. Iloprost treatment suppressed DC-mediated airway inflammation and
enhanced Ag-specific Treg differentiation through PD-L1 in vivo

To further analyze the in vivo function of iloprost-treated DCs, BM-
DCs without LPS and iloprost treatment were used as a positive control
for adaptive Treg induction as it has been demonstrated that immature
DCs can promote Treg differentiation [20]. As shown in Supplementary
Fig. 5, intratracheal injection of immature BM-DCs significantly en-
hanced higher percentages of CD4+Foxp3+ Treg differentiation than
the mature LPS-treated BM-DCs in local lymph nodes, whereas iloprost/
LPS-treated DCs regained the tolerogenic property in Treg induction.
Next, we asked whether iloprost treatment inhibited DC-mediated
airway inflammation and promoted Ag-specific Treg differentiation
through PD-L1. As shown in Fig. 7A and B, airway inflammation in-
duced by LPS-treated BM-DCs was mediated both eosinophil- and
neutrophil-infiltrated lung inflammation. In contrast, iloprost/LPS-

Fig. 6. PD-L1 expression on iloprost-treated BM-DCs. (A) Day-8 BM-DCs were treated with vehicle or iloprost (40 nM; ILO) in the presence of LPS for 24 h. The
harvested cells were stained with fluorochrome-labeled antibodies for CD11c, PD-L1 and analyzed by flow cytometry. The histograms shown are gated on live
CD11c+ cells (black, isotype control; red, LPS alone; green, iloprost + LPS). Representative data from three experiments are shown. The mean fluorescence intensity
(MFI) of PD-L1+ DCs (M3 gate as shown in A) (B) or the percentages of PD-L1high DCs (M2 gate as shown in A) (C) are shown as the mean ± SD of five independent
experiments. (D) Representative histograms show PD-L1 expression pattern in the CD11c-gated BM-DCs in the presence or absence of CAY10441 (1 μM) as indicated.
BM-DC without any treatment (cell alone) is considered as negative control for LPS-induced maturation. (E) The MFI of PD-L1 are shown from four independent
experiments. (F) The treated BM-DCs were cocultured with naïve CD4+ T cells from Foxp3EGFP mice at a DC:T cell ratio of 1:10 for 3 days in the presence of TGF-β
and blocking mAbs (isotype control or anti-PD-L1 IgG). The live, EGFP (Foxp3)+ Tregs were analyzed using flow cytometry. One dot represents one mouse. The line
within the vertical points marks the mean for each group. *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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treated BM-DCs induced inflammation to a lesser degree with low
numbers of eosinophils and lymphocytes in BALFs as well as low IL-4,
IL-5, IL-13 and IFN-γ expression levels when compared to LPS-treated
BM-DCs. The pathological analysis also showed decreased infiltration of
immune cells in lung tissues from the iloprost group (Fig. 7C and D).
Most importantly, the frequency of KJ126+CD4+CD25+ (Ag-specific)
Tregs in BALFs was significantly higher in the iloprost group than in the
control group, whereas the iloprost-treated BM-DC-induced Ag-specific
Treg differentiation was significantly inhibited by anti-PD-L1 blocking
mAbs (Fig. 7E). However, the iloprost effect was not observed in the
frequencies of non-Ag-specific Tregs and total Tregs (Fig. 7E). These
results suggest that iloprost-treated DCs may control inflammation
through Ag-specific adaptive Treg differentiation in a PD-L1-dependent
manner.

4. Discussion

In the present study, we demonstrated PGI2-IP signaling mediated
by iloprost in DCs promotes Ag-specific Treg differentiation. Iloprost-
treated DCs show tolerogenic features, including an increase in surface
markers associated with tolerogenicity (PD-L1 and ICOS-L) and the
anti-inflammatory cytokine IL-10 but a decrease in inflammatory cy-
tokines (IL-6, IL-12, IL-23, TNF-α). Among these mediators/markers,
PD-L1 seems to play an important role in iloprost-treated DC-mediated
Ag-specific Treg differentiation. This study provides a potential drug
candidate to develop a TDC therapy for autoimmune diseases or allergic
asthma.

Although the PGI2 receptor IP can be expressed both in DCs [33]
and naive CD4+ T cells [12], PGI2-IP signaling seems to induce op-
posing responses in different types of immune cells. In support of our

findings, Müller et al. showed that iloprost enhanced the anti‐in-
flammatory properties of human myeloid DCs and promoted FOXP3
gene expression in cocultures of DCs and CD4+CD45RA+ T cells in vitro
[14]. Müller’s study and our study demonstrate that PGI2-IP signaling in
DCs leads to an anti-inflammatory response; however, when PGI2-IP
signaling acts directly on naive CD4+ T cells in the presence of Th-
skewing conditions, PGI2-IP signaling enhances Th17 or Th1 differ-
entiation to favor inflammatory responses [10,12]. On the other hand,
PGI2-IP signaling has also been shown to play an opposing role in
various inflammatory disease models using IP-deficient mice. In an IP-
deficient allergic asthma model, PGI2-IP signaling plays a regulatory
role by suppressing Th2-mediated lung inflammation [15,16]. How-
ever, PGI2-IP signaling may enhance the onset of Th17-mediated neu-
rological inflammation in an experimental autoimmune en-
cephalomyelitis (EAE) model [10]. Additionally, PGI2-IP signaling may
initiate acquired cutaneous immune responses by promoting Th1 dif-
ferentiation in a contact hypersensitivity model [33]. Taken together,
these results suggest that the role of PGI2-IP signaling in immunity may
be determined by the context of the disease and the predominant type
of target cells.

In the present study, we developed a novel allergic inflammation
animal model using mPEG-PLGA hydrogel admixed with OVA and
iloprost. mPEG-PLGA hydrogel is an FDA-approved thermosensitive
biodegradable material that can be easily prepared in a liquid state at
room temperature and form a solid at body temperature [29]. The
advantages of applying mPEG-PLGA hydrogel to the living body include
not only prolonging the time that the drug remains in the circulatory
system but also enhancing the accumulation of the drug in the target
tissue to effectively treat the disease [31,34,35]. Due to its physical
features, we speculated that the polymeric micelle structure in mPEG-

Fig. 7. Analysis of the inflammatory response and Treg frequency induced by iloprost-treated BM-DCs in a murine lung inflammation model. BALB/c mice were
intratracheally injected with OVA-pulsed vehicle (NC) or iloprost-treated BM-DCs (ILO) on day 0 followed by daily OVA aerosol challenges on day 10–13. On the day
following the last challenge, BALF cells (A), BALF cytokines (B), or lung tissue pathological changes (C) were analyzed by flow cytometry, ELISA or hematoxylin and
eosin staining, respectively. (D) The density of hematoxylin+ cells in lung sections. (E) Analysis of Treg (CD3+CD4+Foxp3+) frequencies in BALF cells from BM-DC-
treated mice as described above. The treated BM-DCs were incubated with anti-PD-L1 mAb prior to intratracheal injection into mice. All conditions of BM-DCs were
treated with LPS. One dot represents one mouse. The line within the vertical points marks the mean for each group. NC: vehicle; ILO: iloprost. *p < 0.05 or
**p < 0.01 vs. vehicle.
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PLGA hydrogel may slow the release of iloprost and OVA in vivo,
leading to the simultaneous targeting of OVA and iloprost to local DCs
at peripheral sites. Although mPEG-PLGA hydrogel did not appear to
have an immune adjuvant effect compared to traditional aluminum
hydroxide [36], the mixture of OVA and mPEG-PLGA hydrogel still
effectively induced allergic inflammation through a DC-mediated Ag-
specific immune response, as shown in the present study. The appli-
cation of mPEG-PLGA hydrogel for drug delivery in TDC generation
may provide new insights into inflammatory disease treatment.

To the best of our knowledge, PD-L1 can control inflammation
through at least two mechanisms. In the first mechanism, PD-L1 plays a
pivotal role in the development and function of induced Tregs
[24,37,38]. In the second mechanism, PD-L1+ keratinocytes can sup-
press the effector T cell response in vitro and in a contact hypersensi-
tivity murine model [39]. In the present study, we demonstrated that
PGI2-IP signaling-modulated DCs can promote adaptive Treg differ-
entiation through PD-L1, but not through IL-10 or ICOS-L. However, the
underlying mechanism for PGI2-IP signaling-mediated PD-L1 expression
in DCs requires further investigation. Taken together, our results sug-
gest that PGI2-IP-modulated DCs may have great therapeutic potential
for inflammatory diseases.

PGI2, or its analog, iloprost, is considered the most effective lipid
mediator for treating PAH due to its ability to induce high levels of
vasodilatation [40,41]. PGI2 can activate cAMP/PKA through the GTP-
binding protein Gs and alter the balance between Ca2+ and K+, leading
to vascular smooth muscle cell hyperpolarization and relaxation [5,42].
In addition to the imbalance between vasodilation and vasoconstric-
tion, PAH is also associated with altered homeostasis and function of
Tregs and autoimmunity [43–45]. Tamosiuniene et al. demonstrated
that the adoptive transfer of Tregs can effectively reduce disease se-
verity in a PAH rat model [46], indicating the important role of Tregs in
PAH. The evidence shown in the present study provides an alternative
underlying therapeutic mechanism for iloprost or other PGI2 analogs in
PAH.
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