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Aims Microsomal prostaglandin E synthase-1 (mPGES-1)/prostaglandin E, (PGE,) induces angiogenesis through the prostaglan-
din E; receptor (EP1—4). Among immune cells, regulatory T cells (Tregs), which inhibit immune responses, have been
implicated in angiogenesis, and PGE; is known to modulate the function and differentiation of Tregs. We hypothesized
that mPGES-1/PGE,-EP signalling could contribute to recovery from ischaemic conditions by promoting the accumula-
tion of Tregs.

Methods Wild-type (WT), mPGES-1-deficient (mPges-17""), and EP4 receptor-deficient (Ep4~'~) male mice, 6-8 weeks old, were
and results used. Hindlimb ischaemia was induced by femoral artery ligation. Recovery from ischaemia was suppressed in mPges-17/~
mice and compared with WT mice. The number of accumulated forkhead box protein P3 (FoxP3)™ cells in ischaemic mus-
cle tissue was decreased in mPges-1~"~ mice compared with that in WT mice. Expression levels of transforming growth
factor-p (TGF-P) and stromal cell derived factor-1 (SDF-1) in ischaemic tissue were also suppressed in mPges-17"~
mice. The number of accumulated FoxP3™ cells and blood flow recovery were suppressed when Tregs were depleted
by injecting antibody against folate receptor 4 in WT mice but not in mPges-1~"~ mice. Recovery from ischaemia was sig-
nificantly suppressed in Ep4~'~ mice compared with that in WT mice. Furthermore, mRNA levels of Foxp3 and Tgf-8 were
suppressed in Ep4~'~ mice. Moreover, the number of accumulated FoxP3" cells in ischaemic tissue was diminished in Ep4~"

~ mice compared with that in Ep4*"* mice.

Conclusion These findings suggested that mPGES-1/PGE; induced neovascularization from ischaemia via EP4 by promoting the ac-
cumulation of Tregs. Highly selective EP4 agonists could be useful for the treatment of peripheral artery disease.
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1. Introduction

The phenomenon of neovascularization, which includes angiogenesis
and vascularization, occurs during tissue repair and remodelling, includ-
ing that in ischaemic vessel diseases.” These processes are complex and
controlled by growth factors and chemokines.® Many types of immune
cells have critical roles in these neovascularization systems.
Lymphocytes are known to be involved in this angiogenic process. For
example, the CD4" subset of lymphocytes, which secretes various cyto-
kines, has been implicated in angiogenesis.* For instance, the ablation of
CD4" cells impairs blood flow recovery in hindlimb ischaemia.® A popu-
lation of CD4" T cells expresses CD25 and/or folate receptor 4 (FR4),
which are the most characterized subsets of regulatory T cells (Tregs).
FoxP3 is a specific transcription factor for Tregs and is also used as a spe-
cific marker for Tregs.6 Naturally occurring Tregs that develop in the
thymus and inducible Tregs generated in the periphery are both involved
in immune homeostasis and tolerance and regulate the progression of
autoimmune disease.” Recent reports have indicated that Tregs influ-
ence recovery from ischaemia, tumour growth, and metastasis forma-
tion, suggesting a potential role for Tregs in ischaemic vascular disease.®?
Peripheral arterial disease (PAD) affects over 200 million people
worldwide and is a common cause of morbidity and mortality due to
cardiovascular disease. Although surgical treatment remains the most ef-
fective treatment for limb ischaemia, many patients with advanced dis-
ease are not suitable for surgical or endovascular management.
Numerous treatments have been used for patients at different disease
stages. Some patients with chronic kidney disease and diabetes develop
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severe critical limb ischaemia and have no other option for treatment
other than amputation. Among such patients, prostanoids have been
proposed as a therapeutic alternative, with the aim of increasing blood
supply to the limb with occluded arteries through their vasodilatory, an-
tithrombotic, and anti-inflammatory effects."®

Prostaglandins (PGs) are generated from the conversion of arachi-
donic acid to PGH, by the cyclooxygenases (COX)-1 and COX-2, fol-
lowed by further processing by PG synthases, the terminal enzymes in
this process.” PGE, is a pro-inflammatory and immunomodulatory lipid
mediator formed from PGH, by microsomal PG E synthase-1
(mPGES-1)."* PGE, binds four subtype receptors, EP1—4. Previously,
we reported that mPGES-1 induces gastric ulcer healing and tumour
metastasis by stimulating angiogenesis.'>'* PGE, has diverse effects on
the regulation of CD4" T-cell activity, including modulation of T-cell pro-
liferation.” In the tumour microenvironment, elevated COX-2 and
PGE; levels suppress anti-tumour immuni‘cy.16 In particular, populations
of CD4"CD25" Tregs are increased by local tumour growth at the tu-
mour site and may be relevant to the progression of systemic disease in
the peripheral blood or lymphoid organs."”

Recently, we revealed that COX-2-derived PGE; induces granulation
formation by promoting accumulation of FoxP3* Tregs.'® Several stud-
ies have identified roles for Tregs in the environments in the context of
ischaemia in the brain, kidney, and lung.'*~2" Others reported that insuf-
ficient recruitment of Tregs impaired ventricular remodelling.*>

A possible involvement of Tregs has been indicated in recovery from
ischaemic conditions. A prior report demonstrated that Tregs induce
recovery from hindlimb ischaemia, although the detailed mechanism of
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action has still been left to be fully addressed.? Baratelli et a
strated that PGE; could modulate expression of Foxp3 and function in
Tregs. These results prompted us to evaluate the precise mechanism of
recovery from ischaemia with respect to the mPGES-1/PGE, axis, espe-
cially by focusing on Tregs. In the present study, we demonstrated that
the mPGES-1/PGE, axis enhanced recovery from hindlimb ischaemia
and that this effect was mediated by the accumulation of Tregs in ischae-
mic muscle tissue. We also identified EP receptor subtype that involved
the most in ischaemia recovery by analysing the mice deficient for
each EP.

2. Methods

Detailed methods are available in Supplementary material online.

2.1 Animals and surgery

All experiments were approved by the Kitasato University Institutional
Animal Care and Use Committee in accordance with the Guide for the
Care and Use of Laboratory Animals published by the United States
National Institutes of Health (NIH, 8th ed., 2011).

Male 8-week-old C57BL/6 mice were obtained from CLEA Japan
(Tokyo, Japan). mPges-1~~ mice were developed in a C57BL/6 hybrid
background.?* Ep4™"~ mice were maintained by crossbreeding described
previously.” Mice deficient for recombination activating gene (Rag)-2 in
the C57BL/6] background (Rag2™~) were kindly provided by Dr Yoichi
Shinkai (Riken, Advanced Science Institute, Saitama, Japan).

Hindlimb ischaemia was induced as described |:>reviously.26 Mice were
anaesthetized by intraperitoneal injection of mixed anaesthetic agents
(medetomidine 0.75 mg/kg, midazolam 4 mg/kg, and butorphanol
5 mg/kg), and anaesthesia was monitored by confirming absence of
the pedal withdrawal reflex throughout the experiments.27 At the end
of experiments, animals were euthanized by exsanguination under an-
aesthesia with mixed anaesthetic agents, followed by cervical dislocation.
Aspirin (300 mg/kg per day; Merck, Whitehouse Station, NJ, USA) and
celecoxib (100 mg/kg/day: Pfizer, New York, NY, USA) were admini-
strated orally every day.

2.2 Laser Doppler imaging

Blood flow to the right and left hindlimbs was assessed by scanning the
lower abdomen and limbs of the mice with laser Doppler imaging (Lisca
PIM Il, Perimed, Sweden) as described previously.26

2.3 Immunohistochemical analysis
Immunohistochemical analysis was performed as described previously.26

2.4 Flow cytometric analysis

Blood was collected via the tail vein before (Day 0) and 7 days after sur-
gery. Flow cytometric analyses were performed as described
previously.”®

2.5 Preparation of spleen cells

Single cell suspensions of spleens from wild-type (WT) and Rag2™"~*’
were prepared by teasing spleen cells with a pair of frosted slide glasses
(Matsunami Glass, Osaka, Japan), and the red blood cells were lysed by
suspending the cell pellet in ammonium chloride buffer after centrifuga-
tion. The cells were suspended in phosphate-buffered saline (PBS) at a
density of 1.0x 108 cells/mL and 200 L of the resulting suspension

was injected into the tail vein.

2.6 Sorting of thymocytes and adoptive cell

transfer of sorted thymocytes

Single-cell suspensions of thymocytes were prepared by grinding thymic
in frosted slide glasses. In sorting CD4" T cells from thymus, apoptotic
cells were gated out by 7-AAD (BioLegend, San Diego, CA, USA).
Thymocytes were depleted of CD8" cells to enrich CD4" CD25"
Tregs, or CD4" CD25" conventional mature T cells, with PE-labelled
anti-CD8 Ab (BioLegend, San Diego, CA, USA), and anti-PE-Ab-coated
magnetic beads using the Mojo system (BiolLegend, San Diego, CA,
USA). Cells were then stained with allophycocyanin-labelled anti-CD4
Ab (BioLegend, San Diego, CA, USA) with or without FITC (fluorescein
isothiocyanate)-labelled anti-CD25 Ab (7D4, BD Biosciences, San Jose,
CA, USA) to sort Treg-depleted or whole CD4 single positive mature
thymocytes, respectively, by FACSAria (BD Bioscience, San Jose, CA,
USA). For adoptive transfer experiments, cells were suspended in PBS
(5.0 x 10 cells/mL) and 1.0 x 10° cells/mouse were injected intravenous-
ly into tail veins.

2.7 Determination of Foxp3, Tgf-f, Cxcr4,
Sdf-1, Ep1-4 mRNA levels in ischaemic
tissues by real-time reverse-transcription

polymerase chain reaction

Transcripts encoding Foxp3, Tgf-f, Cxcr4, Sdf-1, Ep1—4, and Gapdh were
quantitated by real-time reverse-transcription—polymerase chain reac-
tion (RT—PCR) analysis as described previously.?® The DNA sequences
of the mouse primers used for real-time RT-PCR are described in
Supplementary material online, Table S7).

2.8 Quantification of mMRNA in Tregs
CD4*/CD25"/CD8~ thymocytes were sorted from WT or mPges-17"~
mice, and 5-10 x 10* cells/well were cultured in a well precoated with
anti-CD3 antibody (10 pg/mL) or in a well without any treatment, in
the presence or absence of an EP4 agonist (ONO-AEI-329, Ono
Pharmaceutical Co., Ltd, Osaka Japan). Quantitative real-time RT-—
PCR was performed as described above. The DNA sequences of the
mouse primers used for real-time RT-PCR are summarized in
Supplementary material online, Table S1.

2.9 Measurement of transforming growth

factor-f protein level

CD4"CD25" thymocytes from WT or mPges-1~"~ mice and 5-10 x
10* cells/well were cultured in wells precoated with anti-CD3 antibody
(145-2C11, BioX Cell, Lebanon, NH, USA, 10 pg/mL) or in a well with-
h.3° The culture supernatants were har-
vested and were stored in —20°C until use. The amounts of
transforming growth factor (TGF)-f in the samples were measured by
murine-specific enzyme-linked immunosorbent assay (DB100C, R&D
Systems, Minneapolis, MN, USA). These experiments were performed
in duplicate.

out any treatment for 16-18

2.10 Statistical analyses

Data are expressed as means =+ standard deviation. All statistical analyses
were performed using GraphPad Prism version 5.01 (GraphPad
Software, La Jolla, CA, USA). Statistical comparison between two groups
was conducted using unpaired two-tailed t-test. Comparisons of more
than two groups were conducted using a one-way analysis of variance
(ANOVA). Comparisons of time point effects were analysed by
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repeated-measures ANOVA. If applicable with a repeated measure ap-
proach, a Bonferroni post hoc test was performed. A P-value of <0.05
was considered statistically significant.

3. Results

3.1 Reduced recovery from ischaemia in
mPges-1""" mice

To determine if COX-2-derived PGs enhanced angiogenesis, we first
measured recovery from hindlimb ischaemia in mice receiving daily
oral administration of aspirin, which inhibits both COX-1 and COX-2.
Blood flow recovery on Day 28 after ligation was restored in mice trea-
ted with vehicle and was significantly suppressed in mice treated with as-
pirin (vehicle, 0.80 +0.13%; aspirin, 0.37 +0.12%; P < 0.05; Figure 1A).
Further, the number of CD31" cells in ischaemic muscle tissue was sig-
nificantly reduced in aspirin-treated mice compared with that in vehicle-
treated mice (vehicle, 14.50+5.32; aspirin, 3.43+1.72; P<0.05;
Figure 1B and C). Next, we analysed the effect of COX-2 in recovery
from hindlimb ischaemia. Treatment with celecoxib, a selective
COX-2 inhibitor, significantly suppressed recovery from ischaemia (ve-
hicle, 0.78 £ 0.133; celecoxib, 0.32 + 0.094; P < 0.05; Figure 1D) and de-
creased the number of CD31" cells compared with vehicle-treated mice
(vehicle, 10.5 +0.13; celecoxib, 5.14 +2.73; P < 0.05; Figure 1E and F).

The induction of mPGES-1 expression has been observed in various
systems in which COX-2-derived PGE, is thought to play a critical
role, such as in inflammation, tissue repair, and cancer metastasis.'> %18
After femoral artery ligation, expression of mMRNA encoding mPGES-1
in ischaemic muscle tissue was enhanced on Day 3 (see
Supplementary material online, Figure S7). That enhancement of
mPGES-1 in ischaemic muscle was significantly suppressed by treatment
with aspirin and celecoxib (Figure 1G).

To examine the endogenous effect of mPGES-1 on recovery from
hindlimb ischaemia, we used mPges—r/* mice and WT mice.
Compared with WT mice, blood flow recovery was significantly delayed
on Day 28 in mPges—17/7 mice (WT, 0.75+0.15; mPges-17"", 0.46 +
0.10; P < 0.0001; Figure 1H). The number of CD31" cells (WT, 14.7 +
2.98; mPges-17"=, 7.71 + 3.09; P < 0.05; Figure 1/ and J) and the number
of aSMA" cells (see Supplementary material online, Figure S2) in ischae-
mic muscle tissue were significantly decreased in mPges-1~"~ mice. In
addition, murine mPGES-1-overexpressing fibroblasts exhibited en-
hanced ischaemic recovery compared with empty vector-expressing fi-
broblasts in WT and mPges-1~"~ mice (see Supplementary material
online, Figure S3A and B). Despite under celecoxib treatment, murine
mPGES-1-overexpressing fibroblast enhanced ischaemic recovery (see
Supplementary material online, Figure S3C). Furthermore, under hypoxic
conditions, expression of COX-2, mPGES-1, and PGE; in human umbil-
ical vein endothelial cells (HUVECs) was enhanced compared with nor-
moxic conditions and those were suppressed by specific COX-2
inhibitor treatment, NS-398 (see Supplementary material online,
Figure S4A—C). These results suggested that the COX-2/mPGES-1/
PGE, axis plays a critical role in ischaemia-induced angiogenesis.

3.2 Decreased numbers of FoxP3" Tregs in
mPges-1 ~/~ mice

T lymphocytes mediate post-ischaemic neovascularization.>® Hence,
nude mice or CD4" T lymphocyte-deficient mice exhibit significant re-
ductions in post-ischaemic vessel growth.” Expression of Foxp3, a specif-
ic transcription factor for Tregs, was enhanced in ischaemic muscle

tissue compared with non-ischaemic muscle tissue in WT (see
Supplementary material online, Figure S5A and B). As anticipated from
the above results, expression of Foxp3 in ischaemic muscle tissue was de-
creased either in aspirin- or celecoxib-treated mice compared with
vehicle-treated mice (Figure 2A). Immunohistochemical analysis of
Foxp3 revealed that the number of accumulated FoxP3™ cells in the is-
chaemic muscle tissue was significantly decreased in aspirin- or
celecoxib-treated mice relative to vehicle-treated mice (vehicle, 20.67
+3.51; aspirin, 4.02+2.11; celecoxib, 6.51+3.7; P<0.05; Figure 2B
and C). These results indicated that the COX-2/mPGES-1/PGE; axis in-
duced accumulation of FoxP3" Tregs after femoral artery ligation.

In mPges-1~'~ mice, the percent of CD4" CD25" Tregs in the periph-
eral blood on Day 7 was significantly reduced compared with WT mice
(Day 0: WT, 1.36 +0.29%; mPges-1""", 0.98 +015%; P < 0.05; Day 7:
WT, 2.24 +0.14%; mPges-1_/_, 1.58 +0.09%; P<0.05; Figure 2D and
E). On Day 5, expression of Foxp3 in ischaemic muscle tissue was also
significantly suppressed in mPges-1~"~ mice compared with WT mice
(P < 0.05; Figure 2F). Furthermore, the number of FoxP3" Tregs accumu-
lated in ischaemic muscle tissue was decreased in mPges-1~"" mice on
Day 7 relative to WT (WT, 23.86 + 7.78; mPges-1""", 800 +3.16; P <
0.05; Figure 2G and H). FACS analysis revealed that the number of accu-
mulated CD4 " CD25 * Tregs in ischaemic muscle tissue was significantly
suppressed in mPges-1~"~ mice compared with WT mice (P<0.05;
Figure 2I).

3.3 Depletion of Tregs suppressed

recovery from ischaemia

We then examined the effect of Tregs on ischaemic recovery by deplet-
ing Tregs in WT mice using anti-CD25 antibody or anti-FR4 antibody.
Treatment of WT mice with CD25 antibody significantly suppressed re-
covery from ischaemia on Day 28 compared with mice treated with con-
trol immunoglobulin G (IgG) (see Supplementary material online,
Figure S6A). The number of accumulated FoxP3* Tregs was decreased
in CD25 antibody-treated mice (see Supplementary material online,
Figure S6B and C) on Day 7. By contrast, in mPges-1~"" mice, treatment
with CD25 antibody did not significantly affect recovery from ischaemia
(see Supplementary material online, Figure S6D) or number of accumu-
lated FoxP3" Tregs (see Supplementary material online, Figure S6E and
F). FR4 is another Tregs surface marker, expressed differently from
CD25 which is found on activated effector T cells as well as on Tregs.
WT mice treated with anti-FR4 antibody demonstrated significantly de-
layed ischaemic recovery compared with IgG-treated mice (IgG, 0.77 +
0.12; FR4 antibody, 0.42 + 0.06; P < 0.05; Figure 2) on Day 28. The num-
ber of accumulated FoxP3" Tregs in ischaemic muscle tissue was dimin-
ished in FR4 antibody-treated mice compared with IgG-treated mice
(IgG, 19.11+4.36 cells; FR4 antibody, 7.06 +1.12 cells; P<0.01;
Figure 2/ and K) on Day 7. Contrastingly, in mPges-1""~ mice, there
were no significant differences in ischaemic blood flow recovery (IgG,
0.25 +0.13; FR4 antibody, 0.32 + 0.13; P=0.487; Figure 2L) or number
of FoxP3" Tregs (IgG, 2.67 + 1.53 cells; FR4 antibody, 4.04 + 2.64 cells;
P=0.491; Figure 2M and N) on Day 7. These results suggested that ac-
cumulation of Tregs in ischaemic muscle tissue is important for recovery
from ischaemia and that that was dependent on the mPGES-1/PGE, axis.

3.4 The mPGES-1/PGE, axis in Tregs

enhanced recovery from ischaemia
To determine whether mobilization of lymphocytes in ischaemic muscle
tissue has an impact on recovery from ischaemia, we used Rag2 ™~ mice
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limbs 28 days after ligation. Triangles indicate CD31" cells. Scale bar, 50 pm. (J) Number of CD31" cells in ischaemic muscle tissue 28 days after ligation.
Data are means + SD of the n=7 mice/group. *P < 0.05 vs. PBS, Student’s t-test.



Microsomal prostaglandin E synthase-1/PGE2 axis induces recovery from ischaemia 1223

A _ c
A 30+
» : "
0.006- - .
-~ e )
< | S 2 - 204
B 0.004 ol ]
o + =
4] af, ERCAE: [ @
> T e e 2
o %8
& ki S £ 404 a4
£ 0.002 |
&R
g 08
0.000- 3 &l Ll dl .
Naive Vehicle Aspirin Celecoxib e oo e Vehicle Aspirin Celecoxib
D . WT . mPges-1"- E T — F CIWT mm mPoes -
o - 1:'38 ] ?'.??% 3 - 0.0020+ .
e 3 F g ﬁg}ﬂ S 0.0015
L. i . 22 5 [
T e SO N [ P ST £® &
; 240% | 160% Fa % 0.0010
sl | "2 ] 8 8
g |- 2 0.00054
e | 83@ RE = i
g R T ! W o 0.0000-
—> cD4 0 7 (Days) 0 5 (Days)
G H |
WT mPges-1+ 15 *
P L EE £ o
il - e - i &g 4
é B t. £ ol V“- £ - o= éi ;% 5
5 G o 23
Jhg ik ~ : , c
T T d o o
WT mPges-1+
J  wr K L
a 12 —o— FR4antbody - ‘ ¥
e i == Control IgG ‘_'-‘3 G Ta " FRAantibody 25 *_I
T o8 A ": . s 1 » 20 ‘
: & > s ry L _
% 06 A .. g% 154 |4
3 i
% 04 2 %5 104
P 58
02 - h o & "
0~ T - v y
Pre Post 7 14 21 28 (Days) 0

T T
IgG FR4 antibody

M  mPges-1* N (0]
= 12 S— = _ = 8 N.S
g  ConfrollgG . FR4antbody - 5
Tos NG5 s :
g o6 £ i ko
20 N ;
3 Control Ig& Ny
804 Rl
@ Ry o) 16,
02 - I, N
0 FR4 antibbdy e NEERSSY. o

Pre Post 7 14 21 28 (Days) 196 FR4 antibody
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in an ischaemic hindlimb model. Rag2 ™~ mice lack T and B lymphocytes
which require RAG-mediated rearrangement of antigen receptor genes
for their development.?” As shown in Figure 3A, the recovery of blood
flow after hindlimb ischaemia in Rag2 ™~ mice was significantly impaired
compared with that in WT mice (WT, 0.76 +0.17; RagZ_/_, 0.40+0.13;
P < 0.05; Figure 3A), and the number of CD31" cells at ischaemic sites
was also reduced (WT, 17.58 +4.52 cells; RagZ_/_, 476 +2.89 cells;
P <0.05; Figure 3B and C) on Day 28. These results indicated that lym-
phocytes are critically involved in recovery from ischaemia.

We postulated that the mPGES-1/PGE, axis might induce recovery
from ischaemia; therefore, blood flow recovery from ischaemia was
compared among WT, Rag2™~ mice, and mPges-1~"~ mice. Adoptive
transferring of mPges-1~""-spleen cells into Rag2™~ mice (mPges-1~"
~-SC—Rag2™’~ mice) were not conducive to recovery from ischaemia.
As expected, blood flow recovery in mPges-1~""-SC—Rag2 ™~ mice was
attenuated compared with that in WT-SC— Rag2™~ mice (mPges-1~"
~-SC—Rag2™~, 019 +0.10; WT-SC—Rag2™"", 0.68+0.08; P <0.05,
Figure 3D), and was similar to that of Rag2™~ mice (0.32+0.10) on
Day 28. In addition, the number of CD31" cells in the muscle tissue
was increased in WT-spleen cells—Rag2 ™~ (Rag2™'~, 5.42 + 317 cells;
WT-SC—Rag2 ™"~ cells, 15.11 + 4.40; mPges-1~~-SC—~Rag2 ™", 6.02 +
2.75 cells; P <0.05; Figure 3E and F).

To specify the cell type necessary for recovery from ischaemia, con-
tribution of Tregs as the source of mPGES-1 was investigated by using
Rag2™~ transfer-setting. Because anti-CD25 antibody bound on Tregs
may inhibit IL-2 signal, which is critical for Tregs survival, and may also
induce ADCC (antibody-dependent cell cytolysis) by NK cells, we com-
pared the effect of whole CD4" T cells (including Tregs) and CD4" T
cells depleted of CD25" Treg cells. When Rag2™~ mice were trans-
planted with whole CD4" cells containing Tregs, from WT mice (WT
CD4"—Rag2™""), recovery from ischaemia was significantly enhanced

~~ mice, while infusion of Treg-depleted CD4 *

compared with Rag2
CD25 T cells failed to promote recovery from ischaemia (WT
CD4"—>Rag2™~, 0.68+0.06; WT CD4*CD25 —Rag2™", 0.26 +
0.140; P < 0.05, Figure 3G and H). Furthermore, the number of CD31"
cells were increased in whole CD4"-received RagZ_/_ mice, but not in
mice transplanted with Treg-depleted CD4" cells (WT CD4*—Rag2™
=, 15.6 +4.40 cells; CD4* CD257, 7.40 + 3.21 cells; P < 0.05; Figure 3I)
on Day 7. These results again suggested the importance of Tregs in re-
covery from ischaemic condition.

We also estimated whether accumulation of Tregs in ischaemic mus-
cle tissue depended on mPGES-1/PGE; signalling. Transplantation of
whole CD4" T cells from WT mice into mPges-1~'~ mice (WT CD4"
— mPges-17"") enhanced recovery from ischaemia. However, removing
CD25" Tregs from the CD4" T cell injected population did not restore
blood flow. (WT CD4" — mPges-17"", 0.76 +0.11; WTCD4 " CD25
mPges-17", 0.46 +0.02; P<0.05; Figure 3J) The same was observed
also in blood vessel formation (WT CD4" — mPges-17~, 15.06 +
4.40: WTCD4"CD25 — mPges-T_/_, 6.02+2.76; P < 0.05; Figure 3K
and L).

3.5 Effect of the stromal cell derived
factor-1/CXCR4 axis in mPGES-1/

PGE,-induced revascularization

Angiogenesis induces monocyte/macrophage accumulation into the
hypoxic area”! Expression of chemokines and the stromal cell derived
factor-1 (SDF-1)/CXCR4 axis has been implicated in Tregs migration
in angiogenesis.>> Therefore, we next examined whether or not the

SDF-1/CXCR4 axis plays a role in the accumulation of Tregs in angiogen-
esis. Under hypoxic condition the expression of SDF-1 in HUVECs was
enhanced compared to normoxic conditions and those were sup-
pressed by specific COX-2 inhibitor treatment, NS-398 (see
Supplementary material online, Figure S7). These results indicated that
hypoxia induced SDF-1 expression was related to COX-2-derived
PGE; axis. In ischaemic muscle tissue, expression of Sdf-1 and Cxcr4
mRNA was significantly decreased in mPges-1""~ mice compared with
WT mice (Figure 4A and B). In vitro analysis revealed that expression
of Cxcr4 mRNA was induced in Tregs from WT mice upon anti-CD3

stimulation but not in Tregs from mPges-17"~

mice (Figure 4C). In accu-
mulated CD4 " CD25" Tregs in ischaemic muscle tissue, expression of
Cxcr4 mRNA was significantly decreased in mPges-1~"~ mice compared
with WT mice (Figure 4D). In vitro suppression assay by Tregs showed
that there was no difference in Treg function between WT mice and
mPges-17"~ mice (see Supplementary material online, Figure S8).

We reasoned that if the SDF-1/CXCR4 axis induces the accumulation
of Tregs in ischaemic muscle tissue, treatment of mice with anti-CXCR4
antibody could suppress Tregs accumulation in ischaemic muscle tissue.
The administration of anti-CXCR4 antibody in WT mice indeed inhib-
ited recovery from the ischaemic condition, as compared with that in
the mice with the control immunoglobulin (IgG) (control 1gG, 0.58 +
0.07; CXCR4 antibody, 0.27 +0.04; P <0.05; Figure 4D). In contrast,
there was no significant change in mPges-1~"~ mice treated with control
IgG vs. CXCR4 antibody (control IgG, 0.35+0.13; CXCR4 antibody,
0.31+0.10; P=0.61; Figure 4E). The number of FoxP3" cells accumu-
lated at ischaemic sites were also decreased in WT mice by treating
the mice with anti-CXCR4 antibody (control IgG, 14.9 +4.43 cells;
CXCR4 antibody, 5.33 +1.51 cells; P < 0.05; Figure 4F and G) but not
in mPges-1~'~ mice treated with CXCR#4 antibody (control IgG, 5.43 +
3.55 cells; CXCR4 antibody, 5.85 + 1.88 cells; P=0.76; Figure 4H and I).

3.6 The effect of MPGES-1/PGE,-EP4

signalling on the recovery from ischaemia

PGE; binds to the EP receptors EP1—4. Among these receptors, after
induction of hindlimb ischaemia, expression of Ep4 mRNA in ischaemic
muscle tissue was significantly enhanced on Days 1 and 3 compared with
that in non-ischaemic muscle tissue (see Supplementary material online,
Figure S9A-D). There were no significant changes in Ep7 or Ep2 mRNA
by ischaemia induction. In CD4 " CD25" Tregs from WT thymus,
mRNA expression level of Ep4 but not of Ep1 or Ep2 was elevated by
stimulation with anti-CD3 antibody, whereas the increase of EP4
mRNA was not observed in mPges-1~""-Tregs. We did not detect ex-
pression of Ep3 mRNA in CD4"CD25" Tregs from the thymus
(Figure 5A-C). The expression of Ep4 mRNA in accumulated CD4 "
CD25 * Tregs in mPges-1~"~ mice was significantly suppressed compared
with WT mice (Figure 5D). According to the pattern of specific expres-
sion of Ep4 in Tregs after stimulation upon anti-CD3 crosslinking, the
treatment of WT mice with a selective EP4 antagonist was first applied
to the recovery assay for blood flow and found that suppressed recov-
ery from ischaemia compared with that in vehicle-treated mice (vehicle,
0.72 + 0.09; EP4 antagonist, 0.34 + 0.09; P < 0.05; Figure 5D) on Day 28.
In contrast, WT mice treated with selective EP4 agonist significantly en-
hanced recovery from ischaemia (see Supplementary material online,
Figure S10). The assays on recovery from ischaemia were then applied
to deficient mice for PGE, receptor subtypes, Ep1~"—37'~, in compari-
son with WT B6 mice, and Ep4™~ mice with Ep4™* mice. As anticipated,
there were no significant differences among Ep1~'~, Ep2~'~, and WT
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Figure 3 Transplantation of Tregs induced recovery from ischaemia via mPGES-1. (A) Transplantation of WT-derived CD4" cells into Rag2 ™" recipient
mice enhanced recovery from ischaemia. (B) CD31 staining of the ischaemic limb 28 days after ligation. Triangles indicate CD31" cells. Scale bar, 50 um. (C)
Number of CD31" cells in ischaemic muscle tissue 28 days after ligation. P < 0.05 vs. PBS, Student's t-test. (D) Rag2 ™"~ recipient mice transplanted with
mPges-1~"-derived CD4" cells delayed blood flow recovery. Data are means + SD of the n =4 mice/group. *P < 0.05 vs. WT-SC—Rag2 ™", repeated-
measures ANOVA (E) CD31 staining of the ischaemic limb 28 days after ligation. Triangles indicate CD31 cells. Scale bar, 50 um. (F) Number of
CD31* cells in ischaemic muscle tissue 28 days after ligation. P < 0.05 vs. Rag2~~/WT, Student’s t-test. (G) Transplantation of Rag2 ™~ recipient mice
with WT-derived CD4" but not CD4°CD25™ T cells enhanced recovery from ischaemia. (H) CD31 staining of the ischaemic limb 28 days after ligation.
Red triangles indicate CD31" cells. Scale bar, 50 um. (I) Number of CD31* cells in ischaemic muscle tissue 28 days after ligation. P < 0.05 vs. Rag2~'~/CD4"
all cells, Student’s t-test. (J) Transplantation of mPges-1~'~ recipient mice with WT-derived CD4" but not CD4"CD25~ T cells enhanced recovery from
ischaemia. (K) CD31 staining of the ischaemic limb 28 days after ligation. Triangles indicate CD31" cells. Scale bar, 50 um. (L) Number of CD31" cells in
ischaemic muscle tissue 28 days after ligation. P < 0.05 vs. mPges-17'"/CD4" all cells, Student’s t-test.
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Figure 4 The SDF-1/CXCR4 axis mediated Treg accumulation in mPGES-1-induced ischaemic recovery. (A) Sdf-1 and (B) Cxcr4 mRNA expression in
ischaemic muscle tissue. mPges-1~'~ mice decreased Sdf-1 and Cxcr4 expression. Data are means + SD of the n = 3—4 mice/group. *P < 0.05 vs. WT mice,
one-way ANOVA. (C) Cxcr4 expression in isolated Tregs was not enhanced by treatment with CD3 antibody in mPges-1~"~ Tregs. (D) Cxcr4 mRNA ex-
pression in accumulated CD4*CD25" Tregs 7 days after ligation. Data are means + SD of the n = 3—4 mice/group. *P < 0.05 vs. WT mice, Student’s t-test.
(E) In WT mice, CXCR4 antibody treatment impaired blood flow recovery from ischaemia. #P < 0.05, repeated-measures ANOVA (upper panel). (F)
CXCR4 antibody did not affect blood flow recovery from ischaemia in mPges-1~'~ mice. *P < 0.05, repeated-measures ANOVA (upper panel). (G)
FoxP3 staining of the ischaemic limb in CXCR4 antibody-treated treated WT mice 28 days after ligation. Triangles indicate FoxP3™ cells. Scale bar,
50 pm. (H) Number of FoxP3" cells in ischaemic muscle tissue 28 days after ligation. P < 0.05 vs. IgG, Student’s t-test. (I) FoxP3 staining of the ischaemic
limb in CXCR4 antibody-treated mPges-1~'~ mice 28 days after ligation. Triangles indicate FoxP3" cells. Scale bar, 50 pum. (/) Number of FoxP3" cells in
ischaemic muscle tissue 7 days after ligation. Student’s t-test.
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Figure 5 Effect of EP4 receptors on recovery from hindlimb ischaemia. (A) Ep1, (B) Ep2, and (C) Ep4 mRNA expressions in Tregs from WT and
mPges-1~"~ mice under CD3 antibody treatment. *P < 0.05, repeated-measures ANOVA. (D) Ep4 mRNA expression in accumulated CD4"CD25"
Tregs 7 days after ligation. Data are means + SD of the n=3—4 mice/group. *P < 0.05 vs. WT mice, Student’s t-test. (E) EP4 antagonist-treated WT
mice impaired recovery from ischaemia compared with vehicle-treated mice. #P < 0.05, repeated-measures ANOVA (upper panel). Blood flow recovery
was impaired in (F) Ep3~~ and (G) Ep4™'~ mice relative to WT. *P < 0.05, repeated-measures ANOVA (upper panel). (H) CD31 staining of the ischaemic
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Ep4~"~ mice. (K) Foxp3 mRNA expression in ischaemic muscle tissue. Ep4~~ mice decreased mRNA expression of Foxp3 compared with Ep4™* mice
5 days after ligation. Data are means + SD of the n=3—4 mice/group. *P < 0.05, one-way ANOVA. (L) FoxP3 staining of the ischaemic limb in Ep4~/~
mice and Ep4™* mice 28 days after ligation. Triangles indicate FoxP3* cells. Scale bar, 50 um. (M) Number of FoxP3" cells in ischaemic muscle tissue
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mice (Ep1™", 0.50+0.06; P=0.09; Ep2~"~, 0.60+0.07; P=0.39;
Figure 5E). It was unexpected that the recovery from ischaemic condi-
tions was prolonged in Ep3_/_ mice (WT, 0.68 +0.13; Ep3_/_, 039+
0.05; P < 0.05; Figure 5E). In addition, the number of CD31" endothelial
cells in ischaemic muscle tissue were significantly decreased in Ep3™~
mice compared with that in WT mice (see Supplementary material
online, Figure S11A and B). Although the genetic background of Ep4~/~
mice was not one of genuine B6, but the mixtures of B6 and 129/Ola
mice, the recovery of blood flow from ischaemia between Ep4_/_ and
Ep4™* mice was demonstrated when performed in separate sets of ex-
periments from other EP-deficient mice (Ep4+/+, 0.49 +0.09; Ep4_/_,
0.26 +0.07; P < 0.001; Figure 5F). The number of CD31 * endothelial cells
in ischaemic muscle tissue was significantly decreased in Ep4™~ mice
compared with that in Ep4™* mice (Ep4™*, 20.1 +3.81; Ep4™~,9.63 +
3.44; P<0.05; Figure 5G and H). Furthermore, the number of aSMA”"
cells in ischaemic muscle was significantly decreased in Ep4~"~ mice
(see Supplementary material online, Figure S12A and B).

3.7 PGE,-EP4-dependent revascularization
is dependent on accumulation of Tregs in

ischaemic muscle tissue

Necrosis commonly occurs after prolonged ischaemia in the hindlimb is-
chaemia model. When we induced hindlimb ischaemia in Ep4_/_ mice,
two thirds of that cohort developed necrosis in the ligated foot, while
7 mice (Figure 5I).
Expression of Foxp3 (Figure 5/) and accumulation of FoxP3™ Tregs in is-

no necrotic lesions were observed in Ep4

chaemic muscle tissue were suppressed in the Ep4™"~ mice (Ep4*/*, 12.4
+3.43; Ep47/7, 3.6 +1.83; P < 0.05; Figure 5K and L) on Day 7. In ischae-
mic muscle, expression of MRNAs encoding Sdf-1 and Cxcr4 were signifi-
cantly suppressed in Ep4~'~ mice compared with Ep4™* mice (Figure 5M
and N) on Days 3 and 5. Moreover, expression of Cxcr4 in CD4* CD25"
Tregs were significantly suppressed in Ep4_/_ mice compared with Ep4+/
" mice (Figure 5P).

3.8 TGF-p released from Tregs induced

blood flow recovery

TGF- is known not only as an important cytokine secreted from Tregs
to regulate immune responses but also as one of the most potent
angiogenesis-stimulating factors.>>** On Day 3 after ischaemia induc-
tion, expression of Tgf-f mMRNA in ischaemic muscle tissue was signifi-
cantly suppressed in mPges—T_/_ mice relative to WT (Figure 6A). In
addition, an in vitro study revealed that Tregs from mPges-1~"~ mice ex-
pressed significantly reduced level of protein or mRNA of TGF-B com-
pared with WT Tregs (Figure 6B and C). Ischaemic recovery was
significantly suppressed in WT mice treated with TGF-f3 antibody (con-
trol 1gG, 0.67 +0.03; TGF-B antibody, 0.23 + 0.07; P < 0.05; Figure 6D).
On the other hand, in mPges-1~~ mice where ischaemic recovery was
already suppressed, the recovery was not further suppressed when
treated with TGF- antibody (control IgG, 0.32 + 0.06; TGF-f antibody,
0.34 +0.08; P=10.69; Figure 6E) on Day 28. Expression of TGF-f mRNA
in ischaemic muscle tissue was significantly lower in Ep4~/~ mice than in WT
mice on Days 3 and 5 (Figure 6F). TGF-f mRNA expression with anti-CD3
cross-linking in CD4 " CD25" Tregs from mPges-1~"~ mice was restored
by the treatment with selective EP4 agonist (Figure 6G). Furthermore,
ischaemic blood flow recovery of Ep4™"~ mice was significantly improved
by transplantation of whole CD4" cells, containing Tregs, from WT mice,
whereas infusion of Treg-depleted CD4" cells did not restore neovascular-
ization in Ep4~'~ mice (Ep4**-CD4" — Ep4™~, 059 +0.13; Ep4"*-CD4"*

CD25" — Ep4_/_, 0.17 +0.09; P<0.05; Figure 6H and [). Furthermore,
Rag2™~ mice that were transplanted with CD4" from Ep4*"*
cantly improved in terms of ischaemic recovery compared to Rag2™~

mice signifi-

mice that were transplanted with CD4" from Ep4™~ mice (see
Supplementary material online, Figure $13). These results suggested that
the EP4 receptor on the Tregs is important for recovery from an ischaemic
condition.

4. Discussion

The objective of the present study was to investigate the role of the
mPGES-1/PGE, axis in recovery from hindlimb ischaemia. Our findings
in mPges-1~"~ mice demonstrated that the endogenous mPGES-1/
PGE, axis induced recovery from ischaemia by promoting FoxP3"
Tregs accumulation at the ischaemic site. Furthermore, we suggested
that during recovery from ischaemia, endogenous PGE; binds the EP4
receptor on accumulated Tregs. The mPGES-1/PGE,/EP4 axis up-
regulated expression of TGF-B in Tregs and the SDF-1/CXCR4 axis in
ischaemic muscle tissue, which eventually induced angiogenesis and re-
covery from ischaemia.

COX-2-derived PGE, induces inflammation and cancer growth.*®
Aspirin, which inhibits COX-1 and COX-2, suppresses angiogenesis
and is currently used for prevention of cancer onset and recurrence.*®
However, long-term treatment with COX-2 inhibitors in colon cancer
patients increased cardiovascular events.’’ In that study, it was con-
cluded that the increase of events was caused by tipping the balance
of prostacyclin/thromboxane in favour of thromboxane, a prethrombo-
tic eicosanoid.

Previously, we demonstrated that the mPGES-1/PGE, axis induces
angiogenesis and gastric ulcer healing, leading us to the hypothesis that
mPGES-1/PGE; signalling could be important in recovery from ischae-
mia."® To test this hypothesis, mice were treated with aspirin or a select-
ive COX-2 inhibitor after femoral artery ligation, and the recovery from
ischaemia was evaluated. Aspirin- and COX-2 inhibitor-treated mice ex-
hibited significantly prolonged recovery from ischaemia. These findings
indicated that COX-2-derived PGs induced recovery from ischaemia.

mPGES-1 is a glutathione (GSH)-dependent perinuclear protein be-
longing to the MPGEG (membrane-associated proteins involved in eico-
sanoid and GSH metabolism) family. Expression of this enzyme is
strongly enhanced by pro-inflammatory stimuli. Induction of mPGES-1
expression has been observed in various systems in which
COX-2-derived PGE; is thought to play a critical role, such as inflamma-
tion, fever, pain, tissue repair, and cancer.'*"*383% | the present study,
muscle tissue mMPGES-1 expression was enhanced after femoral artery
ligation, which was suppressed by treatment with aspirin and the
COX-2 inhibitor. Inan in vitro study, exposure of HUVEC to hypoxia en-
hanced COX-2 and PGE, expression.40 In the present study, we demon-
strated that COX-2 and PGE, expression was suppressed by COX-2
inhibitor, a specific COX-2 inhibitor. These results indicated that expos-
ure to hypoxic conditions enhanced PGE, derived from COX-2. In the
present study, to investigate the role of mPGES-1 and the endogenous
effect of PGE, in recovery from ischaemia, we used mPges-1~"" mice.
We demonstrated that recovery from ischaemia was significantly pro-
longed in mPges-1~"~ mice. Furthermore, immunohistochemical analysis
revealed that microvessels in ischaemic muscle tissue were decreased in
mPges-1~"~ mice compared with WT mice. These results indicated that
the COX-2/mPGES-1/PGE, axis induced recovery from ischaemic
condition.
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Figure 6 The mPGES-1/EP4 axis induced recovery from ischaemia by promoting Treg TGF- production. (A) Tgf-8 mRNA expression in ischaemic mus-
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Tregs are well-known to be essential cells in immune tolerance and
immune suppression.” COX-2 has been shown to exert some effects
on FoxP3 expression and Tregs function.*’ A previous study demon-
strated that Tregs contributed to immunosuppression in cancer tissue
and inhibited the effect of effector T cells in a COX-2-dependent man-
ner.* PGE, production by COX-2 has been reported to have potent
immunomodulatory effects in the immune system.

Tregs are important for the induction and maintenance of immune
homeostasis, which prevents pathological autoimmunity and inflamma-
tion. Tregs are a subpopulation of CD4" T cells that express CD25
and constitute 5-10% of peripheral CD4" cells.*® Previous studies
show that Tregs levels are increased in response to ischaemia. Brea
et al.** demonstrated that brain ischaemic area was significantly sup-
pressed in Treg-treated mice compared with that in the control mice.
Some studies have suggested that Tregs either impair or improve angio-
genesis after femoral artery ligation; therefore, the role of Tregs in this
context remains controversial.? In the present study, we demonstrated
that the expression of the Tregs marker, FoxP3, was enhanced in ischae-
mic muscle tissue compared with that in non-ischaemic muscle tissue.
Furthermore, expression of mPGES-1 was enhanced in ischaemic mus-
cle tissue, which was suppressed by treatment with aspirin and a COX-2
inhibitor, celecoxib. These findings indicated that the COX-2/mPGES-1/
PGE, pathway is related to expression of FoxP3 and that this interaction
was induced by hypoxic stimulation. Immunohistochemical analysis of
FoxP3 revealed that the number of FoxP3" Tregs correlated with the
degree of recovery from ischaemia.

In our prior study, we demonstrated that infiltrating Tregs induce
angiogenesis in wound healing model."® In the present study, we demon-
strated that treatment with antibodies to CD25 or FR4 which deplete
Tregs significantly decreased recovery from ischaemia and the number
of accumulated Tregs in ischaemic muscle tissue in the context of hind-
limb ischaemia. These findings were suggestive of a correlation between
the degree of Tregs infiltration and angiogenesis in recovery from hind-
limb ischaemia.

Stabile et al.® reported that CD4" T cells induced ischaemic recovery
response by recruiting macrophage. They also showed that Cd8™'~ mice
impaired recovery from ischaemia by reducing recruitment of CD4"
mononuclear cells.** The present study showed that total B cells,
CD8" cells, CD4" cells, and Tregs in the ischaemic muscle were signifi-
cantly suppressed in mPges-1~~ mice compared to WT mice (see
Supplementary material online, Figure S14A—C). These results indicated
that not only Tregs but also other immune cells, including CD8" and
CD4", accumulated into ischaemic muscle. These results implying that
ischaemic induction may recruit not only Treg cells but also other lym-
phocytes. Further studies are needed to reveal details.

Rag2™~ mice were viable but fail to produce mature B or T lympho-
cytes.”” To prove that Tregs directly increased angiogenesis in recovery
from ischaemia, we first transplanted CD4" lymphocytes including
Tregs, from WT donor mice, into Rag2 ™~ recipient mice, and the re-
sults indicated that adoptive transfer of whole CD4" T cells but not
Treg-depleted CD4" T cells enhanced recovery from ischaemia follow-
ing hindlimb ischaemia. Further, transplantation of CD4" lymphocytes
from WT donor mice into mPges-1~'~ recipient mice enhanced recov-
ery from ischaemia; however, injection of WT CD4" T cells depleted of
CD25" lymphocytes did not improve blood flow recovery. The more
important rationale is transplantation of CD4" lymphocytes from
Ep4™* donor mice into Rag2™~ enhanced recovery from ischaemia
compared with transplantation of CD4" lymphocytes from Ep4™'~
mice donor mice into Rag2™~. These findings suggested that

CD4"CD25" Tregs are important for ischaemic recovery mediated by
the mPGES-1/PGE,-EP4 axis. The suppression assay revealed that
Tregs lacking mPGES-1 still exerted comparable activity to suppress T
cell proliferation, suggesting that suppressive capacity of Tregs is inde-
pendent on mPGES-1.

SDF-1 (also designated as, CXCL12) is a chemokine and binds as a
specific ligand to the CXCR4 receptor. The SDF-1/CXCR4 axis induces
mobilization of bone marrow-derived stem cells.>** CXCR4" Tregs are
recruited to the bone marrow where significant levels of SDF-1 are pro-
duced.*” SDF-1is produced by various cell types, including tumour cells,
stromal fibroblast cells, and vascular endothelial cells. Tissue ischaemia,
such as that in myocardial infarction, induces stabilization of the tran-
scription factor hypoxia inducible factor-1 alpha (HIF-1a), which tran-
scribes SDF-1a to stimulate the migration of endothelial cells and
enhance angiogenesis.*® Our previous study showed that SDF-1/
CXCR4 axis is needed to accumulate myeloid-derived suppressor cells
(MDSCs) in metastasized organs and develop metastasis formation. Kim
et al.*? reported that MDSCs enhanced blood recovery after femoral ar-
tery ligation.’® Current study revealed that there were no significant
changes between WT and mPges-17"~
material online, Figure S15). That result indicated that accumulation of

mice (see Supplementary

MDSCs is not essential for recovery from ischaemia.

The present study demonstrated that expression of SDF-1 and
CXCR4 was significantly suppressed in mPges-1~~ mice subjected to
hindlimb ischaemia. Although WT Tregs expressed an augmented level
of Cxcr4 mRNA expression by anti-CD3 stimulation, Tregs from
mPges-1~"~ mice did not. Based on these findings, we hypothesized
that CXCR4" Tregs could accumulate in ischaemic muscle tissue in
which SDF-1 expression is up-regulated. Consistent with this hypoth-
esis, CXCR4 antibody treatment prolonged ischaemic recovery in
WT but not in mPges-1~~ mice. Furthermore, impaired recovery of
blood flow by anti-CXCR4 treatment was accompanied with sup-
pressed accumulation of FoxP3™ Tregs in ischaemic muscle tissue in
WT mice. These results demonstrated that mPGES-1/PGE, may recruit
CXCR4" Tregs to ischaemic muscle tissue where SDF-1 expression is
up-regulated.

PGE; binds four subtype receptors, EP1-EP4. Expression of EP4 was
increased in ischaemic muscle tissue on Days 1 and 3 after induction of
hindlimb ischaemia. In HUVECs, stimulation with PGE, induced expres-
sion of CXCR4 through EP2 and EP4.* This was consistent with a pre-
vious finding in DSS (dextran sodium sulphate)-induced colitis, in which
deficiency of mPGES-1 or PGE,-EP4 signalling abrogated the colitogenic
phenotype.®’ Furthermore, PGE, induced muscle regeneration by re-
cruiting muscle-specific stem cells via the EP4 receptor and ablation of
this receptor impaired muscle regeneration.>”

We demonstrated that purified CD4"CD25" Tregs from WT mice,
but not mPges-1~"~ mice, enhanced EP4 expression by anti-CD3 stimu-
lation. EP4 expression in accumulated Tregs in the ischaemia muscle was
suppressed in mPges-1~"" mice. Activation of EP4 receptors by PGE,
promoted in vitro tube formation in human neonatal dermal microvascu-
lar endothelial cells and ex vivo vessel outgrowth of aortic rings and pro-
moted angiogenesis in an in vivo surgical sponge model.”® To determine if
mPGES-1/PGE,-EP4 induced recovery from hindlimb ischaemia, we
used a selective EP4 antagonist. Mice treated with an EP4 antagonist ex-
hibited delayed recovery from ischaemia. Furthermore, Ep4™"~ mice ex-
hibited delayed recovery from ischaemia and limb necrosis, together
with attenuated SDF-1/CXCR4 expression and FoxP3" Tregs accumu-
lation in ischaemic muscle tissue. Moreover, expression of CXCR4 in ac-
cumulated Tregs was significantly suppressed in mPges-1~"~ and Ep4™/~
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mice. These results indicated that mPGES-1/PGE,-EP4 signalling induced
recovery from ischaemia by modulating the recruitment of Tregs, which
was dependent on the SDF-1/CXCR4 axis. However, other possibilities
including the conversion of effector T cells to Tregs and the proliferation
of Tregs cannot be excluded.

TGF-B, which is one of the major cytokines secreted from Tregs, acts
as a pro-angiogenic factor. In the tumour microenvironment, TGF-f3 in-
duces suppression of antitumour immunity, promoting expansion of tu-
mour growth and metastasis.>* In a previous study, we observed that
expression of TGF-§ was enhanced after femoral artery ligation.** We
confirmed that expression of TGF- was significantly suppressed in
mPges-17'~ and Ep4~'~ mice. Further, recovery from ischaemia was sup-
pressed by TGF-$ antibody treatment. These results suggested that
TGF-B is an important factor for recovery from hindlimb ischaemia.

CD3 antibody treatment increases HIF-1 protein stability and activity
under hypoxic conditions in human Tregs.>®> Our results demonstrated
that in purified CD4"CD25" Tregs activated with CD3 antibody, protein
and mRNA levels of TGF-B were decreased in mPges-1~'~ cells in com-
parison with WT cells. Furthermore, TGF-B expression in purified
CD4"CD25" Tregs was enhanced by EP4 agonist treatment.

In Ep4™"~ mice, recovery from ischaemia was enhanced by transplant-
ation of CD4" cells including CD25* Tregs, from Ep4™* mice, while im-
proved recovery was not observed in mice that received CD4" T cells
depleted of CD25" Tregs. Moreover, the frequency of the foot necrosis
was decreased by total CD4" cell transplantation. These results indicated
that under hypoxic conditions, Tregs enhanced TGF-B expression via
mPGES-1/PGE,-EP4 signalling. In these experiments, we did not transfer
purified Tregs, because CD4"CD25" cells had to be prepared by sorting
using CD25 antibody, which may decrease reactivity to IL-2 and, therefore,
the survival of Tregs. Instead, we examined the contribution of Tregs to re-
covery from hindlimb ischaemia by comparing the relative protective effects
of transplantation with whole CD4" cells and CD4"CD25" cells.

In conclusion, these findings demonstrated that mPGES-1/PGE,-EP4 sig-
nalling induced recovery from ischaemia by promoting Tregs recruitment to
ischaemic muscle tissue (Figure 7). In PAD, selective EP4 agonist or the trans-
plantation of Tregs could alleviate disease severity in clinical settings.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Although surgical treatment for peripheral arterial disease in patients improved, some patients with advanced disease have no other option for
treatments other than amputation. In the present study, we revealed that endogenous microsomal prostaglandin E synthase-1/prostaglandin
E,-EP4 signalling induced recovery from ischaemia by promoting regulatory T cell (Tregs) accumulation at the ischaemic site. In addition, we showed
that selective EP4 agonist, or transplantation of Tregs, induced recovery from ischaemic conditions. These results indicate that the use of a selective
EP4 agonist, or cell therapy of Tregs, may be a potential treatment option for severe critical limb ischaemia patients.
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