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Prostaglandin E2 inhibits the differentiation of T regulatory
cells by Peroxisome Proliferator-Activated Receptor- Gamma
during allergic rhinitis
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Abstract

Background: Allergic rhinitis (AR) represents a significant global health concern that can give rise to numerous
diseases and result in labor productivity. T regulatory (Treg) cells are pivotal players in the pathogenesis of AR, and
their deficiencies are closely related to Prostaglandin E2 (PGE2). However, the downstream mechanisms of this
relationship remain poorly understood.

Objective: This study aims to investigate the inhibitory mechanisms through which PGE2 impacts the differentiation of
Treg cells.

Methods: We compared the differentiation of Treg cells from naive CD4* T cells of AR patients and healthy
controls, with or without the presence of PGE2 by flow cytometry. Intracellular cAMP concentration, mRNA and
protein levels of cyclic-AMP dependent protein kinase A (PKA), as well as their downstream target, Peroxisome
Proliferator-Activated Receptor-y (PPAR-y) were examined in Treg cells from AR and healthy donors. AR mouse
model was established by pollen administration.

Results: PGE2 suppressed the differentiation of Treg cells from human naive CD4* T cells through the EP4 receptor.
Furthermore, in AR patients and AR mouse, the expression of EP4 receptor were observed enhanced. The PGE2-EP4
signal was carried out by activating cAMP-PKA signaling pathway. Subsequently, phospholated PKA would suppress
PPAR-y expression. Treatment of Pioglitazone, a PPAR-y agonist, was demonstrated to rescue the differentiation of Treg
and help alleviate inflammation in the AR mouse model.

Conclusion: In AR disease, the PGE2-EP4 signaling exerts an inhibitory effect on Treg differentiation by influencing
the cAMP-PKA pathway and its downstream target PPAR-y.
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Allergic rhinitis (AR) stands as one of the most
prevalent chronic conditions in numerous countries, maked
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intranasal corticosteroids, leukotriene receptor antagonists,
anticholinergics and IgE neutralizing antibody. Regrettably,
none of them have demonstrated sufficient effectiveness.
Therefore, the development of more suitable treatment
aimed at relieving symptoms or reducing the occurrence of
AR holds great value in enhancing the quality of life and work
or school performance.

AR involves a cascade of allergen induced reaction
across various immune cells.”® Among these, Treg cells
play a pivotal role in balancing the immune response to
allergens.® A study conducted by Meng et al.” revealed that
the occurrence and development of AR may be attributed
to Treg cells, due to their reduced numbers or dysfunction,
resulting in weakened inhibitory effects on T helper cells,
mast cells and other effector cells. In another research,
when ovalbumin (OVA) peptide-specific CD4*CD25" Treg
cells were transferred to OVA-sensitized mice, there was
a significant reduction in airway hyperreactivity (AHR)
and Th2 cell numbers in the bronchoalveolar levage
(BAL) and lung tissue, compared to mice that were only
OVA-sensitized and -challenged.® However, the factors
initiating the abnormal suppressive function of Treg cells
in AR, as well as the upstream regulatory targets, remain
unclear.

PGE2, a member of Prostaglandins (PGs) family,
stands as the most abundant product of cyclooxygenase.
Its role in allergic disease has garnered attention since
1969.° PGE2 transmits signals through four EP receptors
(EP1-4), each varying in affinity, signal duration and
signaling pathways.'*!! Among these receptors, CD4* T
cells predominantly express receptor EP2 and EP4.'2"
In a rheumatoid arthritis (RA) study, RA patients
exhibited excessive PGE2 production, which inhibited the
differentiation of Treg cells via the EP2-cAMP/PKA
signaling pathway.!* Additionally, EP4 has been identified
as a major contributor to the differentiation and
expansion of Thl and Thl7 both in vitro and in various
autoimmune/inflammatory models, such as autoimmune
encephalomyelitis.'*'>!¢  Notably, data from a mouse
model involving the administration of a nonselective
COX inhibitor, indomethacin, or co-administration
with a selective EP4 agonists, L-902,688, indicated that
indomethacin could induce intestinal Treg cell frequencies,
whereas 1-902,688 inhibited them.'” In our previous study
on AR, we also observed that PGE2 could inhibit Treg
cell differentiation via the EP4-cAMP signaling pathway.
However, the precise mechanism remains unclear.'®

Peroxisome-proliferator-activated ~ receptors ~ (PPARs)
belong to the nuclear receptor superfamily.’** To date,
three subtypes of PPARs (PPAR-a, B/§, and y) have been
identified. Originally, PPAR-y was primarily known for
its role in regulating adipocyte differentiation and lipid
metabolism. However, more and more recent evidences
have emerged suggesting that PPAR-y also has the
capacity to modulate inflammation.?® For instance, one
study demonstrated that treating obese rats with PPAR-y
agonists like rosiglitazone reduced TNF-a expression in

the retroperitoneal and mesenteric white adipose tissues,
ultimately leading to weight loss.”? Another research
reported that treatment of monocytes with natural PPAR-y
ligand 15-deoxy-PGJ2 or PPAR-y synthetic agonists
inhibits the production of TNF-a, interleukin (IL)-1p and
IL-6.2 In the context of airway allergic disease, increased
PPAR-y expression has been detected in the airway
epithelium of patients with asthma.® Furthermore, when
3T3-L1 pre-adipocytes were exposed rosiglitazone and
Abscisic acid (ABA), PPAR-y activity significantly increased.
Its worth noting that the ABA induced PPAR-y activity
could be abolished by addition of either cAMP or PKA
specific inhibitor* Notably, most of the previously
reported immunoregulatory effect of PPAR-y have been
associated with adipocytes or innate immune cells. A few of
studies have yet established a connection between PPAR-y
and adaptive immune cells, particularly specific T cells
subsets.”>** However, given the naturally high expression
of PPAR-y on Tregs cells,” we hypothesize that PPAR-y
may be linked to the differentiation or function of Treg cells
in AR disease.

In this study, our objective was to delve into the
mechanism of PGE2 signal on Treg cell differentiation
in the context of AR disease. Additionally, we aimed to
investigate whether PPAR-y play a role in modulating
PGE2 signal and whether it contributes to reduce Treg cell
numbers in AR patients and in pollen-induced AR mice.
We also assessed therapeutic effect of an activator of PPAR-y,
Pioglitazone, in this AR mouse model.

Materials and Methods
Patients

Fourty-two adult patients with AR (20 males and
22 females) aged 23-54 years (median age, 34 years) were
recruited consecutively into the study. To enhance the
homogeneity of AR patients in this study, we only recruited
subjects allergic to mugwort pollens.

Inclusion criteria were: (1) a history of moderate-to-severe
allergic rhinitis, which was defined as troublesome symptoms
with a visual analogue scale (VAS) score (ranging from 0 to
10) of = 4; (2) rhinitis symptoms that manifested between
March and April for at least the previous 2 years; (3) positive
intradermal skin test (a wheal 10 mm) to mugwort pollen
with histamine dihydrochloride as the positive control and
normal saline as the negative control, and serum-specific
immunoglobulin E against cypress pollen of > class 2
(ImmunoCAP, Phadia, Sweden) were required. Patients
allergic to other aeroallergens or having coexisting asthma
were excluded. Ten age- and sex-matched, non-atopic healthy
adults were recruited as normal control subjects. Blood
samples were collected while the AR patients had typical
rhinitis symptoms without taking any medicine.

Approval of the Peking Union Medical College Hospital
Ethics Committee for the experimental procedures had been
obtained, and all the subjects had given written informed
consent (LA2020375).
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Mice and AR mice model

Female BALB/c mice, 8 to 10 weeks of age and free of
murine-specific pathogens were obtained in a standard
laboratory under a specific pathogen-free state.

To construct AR model, mice were sensitized on days
0 and 7 and 14 by intraperitoneal injection of 50 ug pollen
(Stallergenes Greer, Texas, USA) dissolved in 400 uL of sterile
phosphate-buffered saline (PBS). For pulverization challenge,
1% solution of pollen was instilled lasts 1 hour on day 21.
Mice received Pioglitazone (30 pg/kg body weight) or PBS by
intranasal challenge after pulverization challenge.

The experimental procedures on use and care of animals
had been approved by the Institutional Animal Care and Use
Committee of Peking University Health Science Center No.
IRB00001052-21083).

Reagents

PGE2, PGEI1-Alchohol, ONO-AE3208, Butaprost and
AH68-09 were bought from Cayman Chemical. Dibutyryl
cAMP (db-cAMP) was purchased from SigmaAldrich.
H-89 was  purchased from  Selleck  Chemicals.
Pioglitazone, T0070907 and SQ22536 were purchased from
MedChemExpress.

Cell purification and Treg cell polarization

Mononuclear cells were isolated from the peripheral
blood of AR patients and healthy donors by Ficoll-Hypaque
density gradient (Solarbio, Beijing, China). Then human
naive CD4* T cells were isolated by human naive CD4*
T cell isolation kit II (Miltenyi Biotec) according to the
manufacturer’s instructions. Mouse naive CD4* T cells were
obtained from lymph nodes and spleens and purified by
mouse naive CD4* T cell isolation kit II (Miltenyi Biotec)
according to the manufacturer’s instructions. The purity of
the sorted cells was determined by flow cytometric analysis
(>95% for CD4" cells).

Naive CD4" T cells (2 x 10°/well) were cultured for
3 days in 10% heat-inactivated FCS/RPMI 1640 containing
soluble anti-CD28 Ab (1 ug/mL, Biolegend) in 96-well plates
pre-coated with anti-CD3 (2 pg/mL, Biolegend). The cultures
were generated in the presence of TGF-f1 (10 ng/ml for
human and 5 ng/ml for mouse, Bio-Techne, R&D systems)
and IL-2 (20 ng/mL, PeproTech) for Treg differentiation.

Flow cytometry

Fresh peripheral blood mononuclear cells from AR
patients and health donors, cells from mouse lymph nodes
and spleens, as well as the cultured cells under Treg-priming
condition, were collected and analyzed. For surface
staining, cells were incubated for 30 minutes at 4°C
with fluorescent labeled monoclonal antibodies specific
for human and mouse CD4, CD25 (eBiosciences). For
intracellular staining, cells were first fixed and permeabilized
with Cytofix/Cytoperm (Invitrogen) and then incubated
with PE-conjugated anti-Foxp3 (Biolegend). Appropriate
isotype-matched antibodies were utilized for compensation
adjustment. Flow cytometric analysis was performed on
BD FACSCanto. Data were analyzed with FlowJo software
(TreeStar, Becton, Dickinson & Company).

Enzyme-linked immuno sorbent assay (ELISA)

To determine cAMP in Intracellular, ELISA development
kits (Elabscience, Beijing, China) were used according to the
manufacturer’s directions.

Real-Time PCR

Total RNA was extracted using the TRIzol reagent
(Invitrogen) from Treg cells, and the first strand was
reverse-transcribed using random primer (TaKaRa). The
levels of Ptger2, Ptger4, Prkaca, Pparg and Actb mRNA
expression were determined by real-time polymerase chain
reaction (PCR) using the ABI PRISM 7300 Real-Time
PCR System and SYBR Green PCR master mix (TaKaRa).
Specific primer sequences were displayed in Table 1. The
levels of these mRNA expressions were analyzed by the
ABI 7300 Sequence Detection System. The results were
normalized by Actb expression and shown as fold increase
over the expression of the control group.

Table 1. Primer Sequences.

Forward: 5'- GCTCCTTGCCTTTCACGATTT -3’
Ptger2
Reverse: 5’ AGGATGGCAAAGACCCAAGG -3’
Forward: 5'- AACTCTGACCTCGGTGTCCA -3’
Ptger4
Reverse: 5’CAAGGCTGGGTCTGTAGCG -3’
Forward: 5'- GAGCAGGAGAGCGTGAAAGA -3’
Prkaca
Reverse: 5GCCGAGGGTCTTGATTCGTT -3’
Forward: 5'- CTGGGGCGCTTGGGTC -3’
Pparg
Reverse: 5’GTGTCAACCATGGTCATTTCGTTA -3’
Forward: 5'- GCCGCCAGCTCACCAT -3’
Actb
Reverse: 5TCGTCGCCCACATAGGAATC -3’

Western blot analysis

Cell lysate were lysed by RIPA lysis buffer,
size-fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE), and transferred onto intracellular membranes. The
blots were incubated with appropriate antibodies overnight at
4°C, followed by incubation with HRP-conjugated secondary
antibodies. Immunoreactive bands were visualized using ECL
western blotting substrate (Thermo Fisher) according to the
manufacturer’s recommendation.

Dual-Luciferase reporter assay

HEK293T cells were seeded in 48-well plates and when
confluency came to 70%, Foxp3 luciferase reporter and
Flag-PPAR-y with HA-RXRa plasmids were transfected.
Cells were lysed in 1 x Passive Lysis Buffer (Promega) and
then firefly luminescence and Renilla luminescence were
measured using a luminometer. Data are presented as fold
activation of the reporter alone and represent means + SD
of at least three independent experiments.




/‘ Asian Pac ] Allergy Immunol DOI 10.12932/AP-210923-1695

APJAI

Statistical analysis

Results were reported as mean * s.e. or mean * s.d.
for independent experiments with or without triplicates.
Statistical analysis was performed with GraphPad Prism 9.
Two-tailed Student’s t tests were used for single comparison.

Results
The regulation of Treg cell differentiation by PGE2 was
mediated through prostanoid receptor EP4.

In our previous article, we observed that the proportion
of CD4'Foxp3* Treg cells in the peripheral blood of AR
patients was significantly lower compared to healthy donors,
while the PGE2 concentration was higher.”? To delve deeper
into the mechanism through which PGE2 inhibits Treg
cells, we purified naive CD4* T cells from AR patients and
healthy donors and cultured them under Treg-polarization
conditions with or without the presence of PGE2. Although
the differentiation capacity of Tregs from naive CD4* T cells
was comparable between healthy donors and AR patients
(Figure 1A), we found that CD4* T cells from AR patients
were more sensitive to PGE2 (Figure 1B). The percentage of
Foxp3* Treg cells decreased significantly from 62.6% to 35.8%
in response to 100nM PGE2, leading to a more pronounced
inhibition compared to healthy donors CD4* T cells.

I\ HD AR

o 72.5% o

Foxp3

Furthermore, when we explored the relationship
between PGE2 concentration and the ratio of Treg cells on
naive CD4* T cells in peripheral blood, the result revealed
that higher PGE2 levels were associated with a lower
the proportion of Treg cells (P = 0.0002, Figure 1C).
This observation could be attributed to alterations in the
expression of EP receptors, particularly the EP4 receptor
(Figure 1D). Later, we analyzed the correlation between
the expression levels of EP4 and Treg ratios on naive CD4"
T cells, and indeed, the two variables were found to be
negatively correlated (P = 0.0036, Figure 1E). In line with
these findings from human cells, PGE2 also significantly
suppressed the differentiation of mouse Treg cells from
naive CD4" T cells isolated from lymph nodes. Notably,
EP4-selective antagonist ONO-AE3208 could reverse the
inhibitory effect of exogenous PGE2 on Treg differentiation
(Figure 1F). In contrast, EP2 agonist Butaprost or antagonist
AH68-09 didn’t have a clear regulatory effect on mouse Tregs
(Figure S1C). These results collectively suggested that PGE2
influenced the differentiation but not survival of Treg cells
(Figure S1B), and this inhibitory signal is mediated through
the EP4 receptor.
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Figure 1. The effects of PGE2 and diverse EP4 antagonist on the differentiation of human Treg cells in vitro. Naive CD4*
T cells isolated from human peripheral blood were stimulated with TGF-f1 (10 ng/ml) and IL-2 (20 ng/ml) in the presence of
anti-CD28 (1 pg/ml) and pre-coated anti-CD3 (2 pg/ml) for 3 days. The proportion of induced Foxp3* Treg cells was measured
by flow cytometry. (A) Naive CD4* T cells were purified from the PBMC of AR patients (n = 3) and health donors (n = 3) and
cultured under Treg polarization condition. (B) Naive CD4* T cells were purified from the PBMC of AR patients (n = 3) and
health donors (n = 3) and cultured under Treg polarization in the presence of 100 nm of PGE2. (C) The correlation of PGE2
concentration in peripheral blood and Foxp3* Treg cells ratios on naive CD4* T cells in PBMC. (D) Transcription levels of EP
receptors Ptger2 and Ptger4 in the induced Tregs from AR patients (n = 3) and healthy donors (n = 3). (E) The correlation of
protein expression levels of EP4 by flow cytometry and Foxp3* Treg cells ratios on naive CD4* T cells in PBMC. (F) Human naive
CD4* T cells from PBMC were treated with 5um and 10 um EP4 antagonist ONO-AE3-208 in the presence of PGE2 (100 nM) (n
= 3). Data are presented as mean + SD or representing one of at least three independent experiments. Statistical differences were
determined by unpaired two-tailed Student’s t-test. ***P < 0.001, **P < 0.01, *P < 0.05, NS > 0.05.
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Figure 1. (Continued)

The suppression signal downstream of EP4 is transmitted via
cyclic AMP (cAMP)-PKA.

To investigate the mechanism through which the EP4
signal modulated Treg cell differentiation, we examined one
of the reported downstreams of the EP4 signal. Our data
revealed that the intracellular cAMP content in induced
Treg from the peripheral blood of AR patients was
significantly higher than that in the healthy donor group
(Figure 2A). In the meanwhile, Akt, the other known
important downstream of EP4 signal, seemed to have
remained unchanged, since the phosphorylation of Akt did
not have big alteration in AR Tregs (Figure S2A). To further
ascertain whether the enhanced cAMP signal was the
primary factor responsible for the inhibition of Treg cell
differentiation by PGE2, we cultured naive CD4* T
cells isolated from human peripheral blood under Treg
polarization conditions. As shown in Figure 2B, db-cAMP,
a mimic of cAMP, exerted a similar inhibitory effect.

Furthermore, db-cAMP also significantly suppressed the
differentiation of Treg cells from mouse naive CD4* T cells
in a dose-dependent manner (Figure 2C). By contrary,
the addition of SQ22536, a cAMP production inhibitor,
could hamper the production of cAMP and promote Tregs
differentiation (Figure S2B). It's worth noting that the
effective concentration of db-cAMP on mouse CD4* T cells
was much higher than that on human CD4"* T cells,
possibly due to the resistance of C57/B6] strain to allergy.
Additionally, db-cAMP exerted a synergic effect with PGE2,
amplifying the inhibitory signal of PGE2 (Figure 2D).
In order to demonstrate that PGE2 regulates Tregs through
EP4-cAMP signaling, we also measured intracellular cAMP
levels by collecting cells at different time points with and
without PGE2 treatment, and found that the addition
of PGE2 promoted intracellular cAMP production in
a time-dependent manner (Figure S2C).




/‘ Asian Pac ] Allergy Immunol DOI 10.12932/AP-210923-1695

APJAI
A cAMP B Control db-cAMP P
Il Control
2.0- * " 3 60 3 dbcAMP
& 40
1.5 41.8% 19.7% 3
3 : 2
— LK | 20
£ 10 - -
= " 0-
0.5 Foxp3
0.0- T
HD AR
c db-cAMP
*%
Control 50nM 25nM 12.5nM 60 B Control
3 db-cAMP 50nM
£ 40 I db-cAMP 25nM
x 3 db-cAMP 12.5nM
- 48.4% | "7 15.9% .23.2% 5
= ] S 204
i
Foxp3
Es
* o *
D - 2 2.5
C | PGE2/db-cAMP 80 =
ontro PGE2 GE2/db-c B Control % - T
60 [ PGE2 §
S I PGE2/db-cAMP £ 54
& 40 <
34.9% S s
8 < 1.0-
o3 o 20- E
K E 0.5
) 0-
> £
Foxp3 = 0.0~ T
-4 HD AR

Figure 2. The effect of cAMP-PKA pathway on the differentiation of Treg cells from naive CD4* T cells. (A) Naive CD4*
T cells were purified from the PBMC of AR patients (n = 3) and health donors (n = 3) and cultured under Treg polarization
condition and intracellular cAMP levels were detected by ELISA. (B) Naive CD4* T cells were purified from the PBMC of health
donors (n = 3) and cultured under Treg polarization condition in the presence of 1 nm cAMP mimic db-cAMP. (C) Naive
CD4* T cells were isolated from mouse lymph nodes (n = 3) and cultured under Treg polarization condition in the presence
of 12.5 nm, 25 nm and 50 nm cAMP mimic db-cAMP. (D) Naive CD4* T cells were purified from the PBMC of health donors
(n = 3) and cultured under Treg polarization condition in the presence of 100 nm PGE2 with or without 1 nm db-cAMP.
(E) Transcription levels of PKAa subunit Prkaca in the induced Tregs from AR patients (n = 3) and healthy donors (n = 3).
(F) Protein levels of p-PKA and PKA in differentiated Treg cells from AR patients (n = 3) and healthy donors (n = 3) by western
blot. (G) Naive CD4* T cells from mouse lymph nodes were cultured under Treg polarization condition in the presence of 10
nm PKA inhibitor H-89. (H) Naive CD4* T cells from mouse lymph nodes were cultured under Treg polarization condition with
10 nm PGE1-Alchohol in the presence or absence of 10 nm H-89. Data are presented as mean * SD or representing one of at
least three independent experiments. Statistical differences were determined by unpaired two-tailed Student’s t-test. ***P < 0.001,
**P < 0.01, *P < 0.05, NS > 0.05.
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Figure 2. (Continued)

To verify that EP4 receptors modulated Treg cell
differentiation through the activation of the cAMP-dependent
pathway, we examined the activation of PKA, downstream of
cAMP signal. PKA in Tregs from AR patients had an elevated
transcript level (Figure 2E), and the phosphorylation of
PKA protein in induced Treg cells from AR patients was also
higher than that from healthy donors (Figure 2F). As expect,
the phospholylation of PKA could also be elevated by PGE2
treatment in a time course(Figure $2D). More importantly,
the PKA inhibitor H-89 could directly enhance the percentage
of differentiated mouse Tregs (Figure 2G). It could also
capable of reversing the inhibitory effect of the EP4 agonist
(Figure 2H). And SQ22536 can clearly inhibit the effect
of PGE2 on the phosphorylation of PKA (Figure S2E).
Collectively, these data provided a clue that PGE2 regulated
Treg cell differentiation through the EP4-cAMP-PKA
signaling pathway.

The cAMP-PKA pathway effects Treg cell differentiation by
modulating PPAR-y.

The cAMP-PKA pathway does not typically play a
significant role in influencing Treg cells differentiation.
Therefore, we employed the protein interaction prediction
tool STRING to identify proteins that PKA may interact with.
The prediction results revealed that both a and B subunits
of PKA can interact with PPAR-y through CREB protein
(Figure 3A). To verify the involvement of PPAR-y in the
downstream regulation of Treg differentiation in AR, we
compared the mRNA and protein levels of PPAR-y after
Treg cells differentiation in the presence of PGE2 from
AR patients and healthy donors. As expect, both mRNA
(Figure 3B) and protein expression (Figure 3C) of PPAR-y

were found to be lower in AR patients. In addition, the
PGE2 treatment can inhibit PPAR-y protein expression in a
time-dependent manner (Figure S3A). This effect was
through cAMP-PKA signaling, since SQ22536 significantly
recovered the lower expression of PPAR-y caused by PGE2
(Figure S3B).

To investigate whether PPAR-y affected Treg cell
differentiation, we treated mouse naive CD4* T cells with
PPAR-y antagonist T0070907 under Treg-polarization
conditions. As illustrated in Figure 3D, Foxp3* Treg cell
ratio decreased from 44.0% to 28.2%, in a dose-dependent
manner. Meanwhile, the PPAR-y agonist pioglitazone (PIO)
was able to restore the suppressed proportions of human
Foxp3* Treg cells (Figure 3E) as well as mouse Foxp3*
Treg cells (Figure S3C) induced by exogenous PGE2.
For AR patients, PIO was also highly effective in rescuing
Treg differentiation (Figure 3F). Later, we conducted a
comprehensive analysis of the correlation between EP4 and
PPAR-y across various diseases, including Adrenocortical
carcinoma, Rectum adenocarcinoma, Cholangiocarcinoma,
Testicular Germ Cell Tumors, Uterine Corpus Endometrial
Carcinoma and Uterine Carcinosarcoma. The result
demonstrated a strong correlation between these two proteins
(Figure 3G). Furthermore, we assessed the regulatory role
of transcription factors PPAR-y and its heterodimer RXR-a
in Foxp3 transcription through a Dual-Luciferase reporter
assay. The results indicated that the presence of PPAR-y and
RXR-a could enhance the transcription activity of Foxp3
by approximately 1.7 times (Figure 3H). In summary,
it appeared that PPAR-y may be the target of cAMP-PKA
signaling, which modulated the reduced differentiation of
Treg cells in AR disease.
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Figure 3. The effect of PPAR-y on the differentiation of Treg cells. (A) the protein-protein interaction network (PPI) of Ptger4,
CREB and PPARY, PPI enrichment, p-value: 0.00000411. (B) Transcription levels of Pparg in the induced Tregs from AR patients
(n = 3) and healthy donors (n = 3). (C) Protein levels of PPAR-y in differentiated Treg cells from AR patients (n = 3) and healthy
donors (n = 3). (D) Naive CD4* T cells from mouse lymph nodes (n = 3) were cultured under Treg polarization condition
in the presence of 6.25 pm, 12.5 um and 25 pm PPAR-y antagonist T0070907. (E) Naive CD4" T cells from health donors
(n = 3) were cultured under Treg polarization condition in the presence of 100 nm PGE2 with or without 100 nm pioglitazone.
(F) Naive CD4* T cells were isolated from AR patients peripheral blood and cultured under Tregs-induced conditions
(5 ng/ml human TGF-p1 and 20 ng/mL human IL-2) with or without 100 nm pioglitazone (n = 3). (G) The correlation of EP4
and PPAR-y in varies of diseases including Adrenocortical carcinoma, Rectum adenocarcinoma, Cholangiocarcinoma, Testicular
Germ Cell Tumors, Uterine Corpus Endometrial Carcinoma and Uterine Carcinosarcoma. (H) The combination of transcription
factors PPAR-y and its heterodimer RXR-a with Foxp3 transcription by Dual-Luciferase reporter assay. Data are presented as
mean = SD or representing one of at least three independent experiments. Statistical differences were determined by unpaired
two-tailed Student’s t-test. ***P < 0.001, **P < 0.01, *P < 0.05, NS > 0.05.
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Figure 3. (Continued)

Treatment targeting PPAR-y activation rescued Treg cells in
an AR murine model.

We established a murine AR model using mugwort pollen
and aluminum hydroxide to assess the pharmacological
effect of PIO in AR disease (Figure 4A). Control group mice
received PBS, AR group mice were administrated mugwort as
described, and the PIO group mice were additionally given
pioglitazone (30 pg/kg body weight by intranasal challenge
after pulverization challenge on day 21). Typical allergic
symptoms, such as the frequency of nasal rubbing and
sneezing, were recorded and scored for 10 minutes following
the final mugword pollen aeroso nasally challenge. A score
greater than five points indicated the successful induction
of the disease model. In pollen-exposed mice, we observed
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that their scores were all above 5, and notably, their scores
were significantly higher than those in the control group.
Conversely, mice gained PIO treatment exhibited much lower
scores, suggesting milder allergic symptoms (Figure 4B).
Histologic staining (HE) estimating the local inflammation
of nasal mucosa yielded similar result. The pollen-exposed
group displayed typical pathologic features of AR in
the submucosa, with numerous infiltrating inflammatory
cells. However, in mice treated with PIO, the infiltration
of inflammatory cells was obviously reduced (Figure 4C).
Using immunofluorescence, we observed lower expression
of PPAR-y in AR group, consistent with findings in AR
patients, and higher PPAR-y expression in CD4*Foxp3* cells
in the PIO group (Figure 4D). Furthermore, we examined

Pulverization mugwort 1h and
nasal drops Pioglitazone or PBS

Intraperitoneal
injection mugwort

| (I

| |
Day 0 Day 7

Analysis

| o

Day 14 Day 21

Figure 4. The therapeutic effect of PPAR-y in AR murine model. (A) Schematic diagram of AR mouse model. (B) Score of
pollen-exposed AR mouse model including control (n = 4), AR (n = 4) and AR + Pioglitazone groups (n = 4). (C) Representative
sections of the nasal tissues from AR mouse model at an original magnification of x40 after hematoxylin and eosin staining.
(D) PPAR-y expression in CD4*Foxp3* cells in three group through immunofluorescence. (E) The proportion of CD4*CD25_
Treg cells in facial lymph nodes from AR mouse models. Data are presented as mean + SD or representing one of at least three
independent experiments. Statistical differences were determined by unpaired two-tailed Student’s t-test. ***P < 0.001, **P < 0.01,
*P < 0.05, NS = 0.05.
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Figure 4. (Continued)

the Treg population in the AR group and the PIO group.
Flow cytometry results illustrated an increased number of
Treg cells in the driven lymph nodes (facial lymph nodes)
(Figure 4E) following PIO treatment, with their percentage
nearly returning to that of non-AR mice. In brief, the PPAR-y
agonist pioglitazone effectively promoted the presence of
more Treg cells in local nasal mucosa and contributed a lot to
the alleviation of clinical AR symptoms in our mouse model.

Discussion

In this study, we have provided evidence that elevated level
of PGE2 transmit signal through the cAMP-PKA pathway in
Treg cells from the peripheral blood of both AR patients and
AR mouse model. The heightened PKA signaling indirectly
hinders the expression of PPAR-y by acting through CREB.
Consequently, the diminished PPAR-y ultimately leads to the
loss of its capacity to promote Treg cell differentiation, thereby
exacerbating inflammation in AR disease (Figure 5).

Tregs play a crucial role in allergic diseases, as they have
the ability to dampen both innate and adaptive immune
response, thereby reducing the overall inflammatory effect.
Several lines of evidence have demonstrated that regulatory
function of Treg «cells in immediate hypersensitivity
reactions, primarily by influencing mast cells and inhibiting
their degranulation.”** Takasato et al** found that oral
immunotherapy enhanced the expansion of regulatory T cells
and suppressed mast cell activation, leading to the alleviation
of allergic reactions in food allergies. Furthermore, Tregs are
known to inhibit Th2 polarization and limit the production of
cytokines such IL-4 and IL-5 and IL-13 through mechanisms
involving CTLA-4, IL-10 and TGF-B.** In allergic diseases,
it’s often observed that the functions or numbers of Treg cells
were deficient, yet the underlying mechanisms remain unclear.
In our previous study, we discovered that PGE2 could inhibit
Treg cell differentiation via PGE2-EP4 signal.’® Another study
by Li H’s'"* demonstrated that PGE2 could suppressed Treg cell
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Figure 5. Working model figure of PGE2-EP4-cAMP-PKA- PPAR-y pathway in health and AR Treg cells.

differentiation via EP2 receptor in patients with rheumatoid
arthritis. Since the expression of EP2 and EP4 is inducible,
these results hinted that PGE2 might exert its effects through
different receptors in distinct inflammation disease.

More importantly, we speculated that a shared
signaling pathway involving adenylate cyclase-triggered
cAMP-PKA-CREB,* rather than the PI3K-Akt pathway,*
made major contribution to Treg cell differentiation in
allergic disease.”® In this study, we have validated this
hypothesis. Our data showed that the protein level and
intracellular cAMP content of Tregs from AR patients were
higher than those from healthy donors. The effect of PGE2
on Treg cell differentiation could be mimicked by a cAMP
agonist (db-cAMP) but attenuated by a PKA inhibitor H-89.
Similarly, another study also indicated that db-cAMP could
impair the percentage of CD25*'Foxp3* T cells and the
expression of Foxp3 mRNA under Treg-skewing conditions
in human naive CD4* T cells.*® Given that low intracellular
cAMP is typically required for the activation of conventional
CD4* T cells,™ it is plausible that high levels of cAMP induced
by the PGE2-EP4 signal act as barrier to the activation of
naive CD4* T cells in allergic tissue, thereby inhibiting their
differentiation into Treg cells.

PPAR-y was initially discovered to play an essential role
in regulating lipid metabolism in adipose cells. Recently,
PPAR-y has been reported to have multiple functions in
innate immune cells. For example, specific deletion of PPAR-y
has been shown to disrupt the maturation of alternative
activated macrophages by reducing arginase 1 messenger
RNA and activity.”” Besides, PPAR-y could restrain dendritic
cells maturation and retinoic acid production from them.*
In the context of Treg cells, Li et al. had reported the elevation
of PPAR-y expression on Treg cells in visceral adipose tissue,
which expression plays a critical role in insulin-sensitizing
activity.” In allergic rhinitis, PPAR-y was found to be

expressed on Treg cells from nasal mucosa of patients.”
Experimentally, one study involving a mouse allergic model
induced by ovalbumin (OVA)* demonstrated that OVA
could downregulate foxp3 transcription, while Pioglitazone
treatment could rescue the inhibition slightly. Nevertheless,
there has been a noticeable scarcity of evidence on the
correlation between PPAR-y and Treg cells in human data.
In the current study, we have taken the lead to demonstrating
that the cAMP-PKA signaling inhibited PPAR-y expression
in Treg cells of AR patients. Furthermore, our preliminary
findings suggested that PPAR-y could somehow promote
foxp3 transcription activity. The precise mechanism on
how PPAR-y may enhance on this transcription need be
determined in future.

Nowadays, pioglitazone, an activator of PPAR-y, has been
widely utilized as an insulin sensitizer in type 2 diabetes
mellitus.**? It is worth noting that several clinical studies
have reported that type 2 diabetes patients have lower risks
to develop allergic diseases, compare to those type 1 diabetes
patients. When treating with thiazolidinediones, which
belong to a class of pioglitazone medications, diabetic
patients with asthma also had lower hazard to experience
asthma exacerbation.” Here, we firstly provided evidence that
PIO treatment could rescue the inhibitory effect of cAMP
and promote Treg cell differentiation in both human and
mouse. Our results presented a novel potential application for
PPAR-y in AR treatment.

In summary, our findings have unveiled a previously
unknown cellular mechanism detailing how PGE2-EP4-cAMP
signaling influences Treg cell differentiation in AR
development. The inhibition brought about by the elevated
PGE2 concentration in AR mice could be partially
alleviated by regulation on PPAR-y. This discovery establishes
a proof-of principle that PIO holds the potential therapeutical
use in allergic diseases.
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Figure S1. PGE2 affects Tregs differentiation via EP4 pathway. A. Gating strategy. The arrow points to indicate the Gating
process. B. Naive CD4* T cells were isolated from human peripheral blood (n = 3) and cultured under Tregs-induced conditions
in the presence or absence of PGE2, the effect of PGE2 to cell survival was detected in day 3. C. Naive CD4* T cells, isolated

from mouse lymph nodes and spleens (n

3) were treated with 10 nm EP2 agonist Butaprost and 10 nm EP2 antagonist

AH68-09 under Treg-polarization conditions for 3 days. Foxp3*CD4* T cells were analyzed by flow cytometry. Data are presented
as mean * SD or representing one of at least three independent experiments. Statistical differences were determined by unpaired
two-tailed Student’s t-test. ***P < 0.001, **P < 0.01, *P < 0.05, NS > 0.05.




/‘ Asian Pac ] Allergy Immunol DOI 10.12932/AP-210923-1695

APJAI

A

HD

Oh

AR

cAMP

3h

waw

6h

Il Control

= PGE2

PGE2
Control

"

40
) Control B $Q22536
! I 30
1 _“! %
| i -] 20+
| 18.65% i 32.69% E
& 199
i
n w ¥ 1 w "w
Foxp3 - F
cl_I!t
1.0
L
PGE2 0.8 =
0 3 6 g NS
& 0.6+ {
E 0.4+ {
&
0.24
0.0- T T T
Oh 3h 6h  Oh 3h 6h

$Q22536

| p-PKA

S
&

Il Control
=1 PGE2

Figure S2. PGE2-EP4-PKA inhibitory didn’t through Akt-mediated signal pathway. A.Protein levels of p-AKT and AKT in
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peripheral blood (n = 3) and cultured under Tregs-induced conditions in the presence or absence of SQ22536. C. Naive CD4"
T cells were isolated from human peripheral blood and cultured under Tregs-induced conditions in the precense or absence of
PGE2, cells were collected at different time points and cAMP content was detected (n = 3). D. Naive CD4" T cells were isolated
from human peripheral blood and cultured under Tregs-induced conditions with or without PGE2. Cells were collected at
different time points and their intracellular protein expression were detected (n = 3). E. Naive CD4* T cells were isolated from
human peripheral blood and cultured under Tregs-induced conditions with or without 10 um SQ22536 in the precense of PGE2.
Cells were collected at different time points and their intracellular protein expression were detected (n = 3). Data are presented
as mean * SD or representing one of at least three independent experiments. Statistical differences were determined by unpaired
two-tailed Student’s t-test. ***P < 0.001, **P < 0.01, *P < 0.05, NS > 0.05.
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Figure S3. The rescue effect of PPAR-y on differentiation of mouse Treg cells and AR patients. A. Naive CD4* T cells were
isolated from human peripheral blood and cultured under Tregs-induced conditions with or without PGE2. Cells were collected
at different time points and their intracellular protein expression were detected (n = 3). B. Naive CD4* T cells were isolated
from human peripheral blood and cultured under Tregs-induced conditions with or without 10 pm SQ22536 in the precense
of PGE2. Cells were collected at different time points and their intracellular protein expression were detected (n = 3). C. Naive
CD4* T cells were isolated from mouse lymph nodes and cultured under Treg polarization condition in the presence of 5 pm
pioglitazone with or without 100 nm PGE2 for 3 days (n = 3). Data are presented as mean + SD or representing one of at
least three independent experiments. Statistical differences were determined by unpaired two-tailed Student’s t-test. ***P < 0.001,
**P < 0.01, *P < 0.05, NS > 0.05.
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