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GPR174 knockdown enhances blood flow
recovery in hindlimb ischemia mice model
by upregulating AREG expression
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Regulatory T cells (Tregs) are critically involved in neovascularization, an
important compensatory mechanism in peripheral artery disease. The con-
tribution of G protein coupled receptor 174 (GPR174), which is a regulator of
Treg function and development, in neovascularization remains elusive. Here,
we show that genetic deletion of GPR174 in Tregs potentiated blood flow
recovery in mice after hindlimb ischemia. GPR174 deficiency upregulates
amphiregulin (AREG) expression in Tregs, thereby enhancing endothelial cell
functions and reducing pro-inflammatory macrophage polarization and
endothelial cell apoptosis. Mechanically, GPR174 regulates AREG expression
by inhibiting the nuclear accumulation of early growth response protein 1
(EGR1) via Gas/cAMP/PKA signal pathway activation. Collectively, these find-
ings demonstrate that GPR174 negatively regulates angiogenesis and vascular
remodeling in response to ischemic injury and that GPR174 may be a potential
molecular target for therapeutic interventions of ischemic vascular diseases.

Peripheral artery disease (PAD) affects more than 200 million indivi-
duals worldwide and manifests as intermittent claudication or critical
limb ischemia (CLI) characterized by ischemic rest pain, ulceration,
and gangrene, potentially leading to amputation and early death'’.
Common triggers of PAD include atherosclerotic vascular occlusions,
metabolic syndrome, and diabetes mellitus®~. PAD is also associated
with a high risk of cardiovascular incidents, including stroke and
myocardial infarction®. Although the pathological process has been
well studied, there are few effective treatment options to improve

blood flow in ischemic tissues. Therefore, additional studies are war-
ranted to explore novel approaches to ameliorate ischemic tissue
injury and improve perfusion.

Accumulating evidence has demonstrated the infiltration of
Foxp3* regulatory T cells (Tregs) into injured tissues, including cardiac
and skeletal muscle, the lungs, skin, and brain, promoted vascular and
tissue regeneration as well as wound healing’™. Tregs have also been
reported to enhance the regeneration of peripheral vasculature in
PAD™", Conversely, other studies have revealed that depletion of

'Department of Cardiology, Shanghai Institute of Cardiovascular Diseases, Zhongshan Hospital, Fudan University, Shanghai 200032, China. 2Human Phe-
nome Institute, Fudan University, 825 Zhangheng Road, Shanghai 201203, China. 3Key Laboratory of Viral Heart Diseases, National Health Commission,
Shanghai 200032, China. “Key Laboratory of Viral Heart Diseases, Chinese Academy of Medical Sciences, Shanghai 200032, China. ®Institutes of Biomedical
Sciences, Fudan University, Shanghai 200032, China. ®Department of Endocrinology, Xiang’an Hospital of Xiamen University, Xiamen, Fujian 361000, China.
’Shanghai Key Laboratory of Orthopaedic Implants, Department of Orthopaedic Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai 200125, China. 8Liver Cancer Institute, Zhongshan Hospital, Fudan University, Shanghai 200032, China. °Department of
Physiology and Biophysics, University of Mississippi Medical Center 2500N. State St, Jackson, MS 39216-4505, USA. "°Department of Emergency Medicine,
Zhongshan Hospital, Fudan University, Shanghai 200032, China. "These authors contributed equally: Jin Liu, Lihong Pan, Wenxuan Hong, Sigin Chen.
e-mail: song.zhenju@zs-hospital.sh.cn; sun.aijun@zs-hospital.sh.cn

Nature Communications | (2022)13:7519 1


http://orcid.org/0000-0001-9294-8824
http://orcid.org/0000-0001-9294-8824
http://orcid.org/0000-0001-9294-8824
http://orcid.org/0000-0001-9294-8824
http://orcid.org/0000-0001-9294-8824
http://orcid.org/0000-0002-9360-7332
http://orcid.org/0000-0002-9360-7332
http://orcid.org/0000-0002-9360-7332
http://orcid.org/0000-0002-9360-7332
http://orcid.org/0000-0002-9360-7332
http://orcid.org/0000-0003-1488-0937
http://orcid.org/0000-0003-1488-0937
http://orcid.org/0000-0003-1488-0937
http://orcid.org/0000-0003-1488-0937
http://orcid.org/0000-0003-1488-0937
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35159-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35159-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35159-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35159-8&domain=pdf
mailto:song.zhenju@zs-hospital.sh.cn
mailto:sun.aijun@zs-hospital.sh.cn

Article

https://doi.org/10.1038/s41467-022-35159-8

Tregs exhibited increased restoration of blood flow after HLI*",

However, the molecular mechanisms by which Tregs regulate angio-
genesis and vascular remodeling in ischemic tissues are not fully
understood.

GPR174, an X-linked G protein coupled receptor (GPCR) that
belongs to the P2Y receptor family, is abundantly expressed in immune
cells, particularly B and T lymphocytes'. Recently, investigations have
identified the bioactive lipid lysophosphatidylserine (LysoPS) as a
high-affinity GPR174 ligand that suppresses Treg homeostasis and
proliferation”. There are also multiple lines of evidence suggesting
that, GPR174 couples to Gas to regulate the cyclic AMP/protein kinase
A (cAMP/PKA) signaling pathway, which then suppresses the pro-
liferation and function of T cells’*". However, whether GPR174 affects
the progression of ischemic diseases by regulating Treg function
remains to be elucidated.

Amphiregulin (AREG), a member of the epidermal growth factor
(EGF) family, has been shown to play an important role in wound
healing and tissue repair’®. Recent studies have suggested that AREG
produced by Tregs in response to injury and stress promotes tissue
regeneration’™". The increased production of AREG by Tregs limits the
polarization of pro-inflammatory macrophages and in turn promotes
tissue repair”. AREG has also been reported to be involved in angio-
genesis, proliferation, and apoptosis and to prevent myocardial
ischemia-reperfusion injury®*. However, the effects of AREG in PAD
remain unclear.

In the present study, we investigate the role of GPR174 in blood
flow recovery using a hindlimb ischemia (HLI) mouse model. We
demonstrate that GPR174 deficiency in Tregs mitigates the inflam-
matory response and improves endothelial cell proliferation and
survival by promoting AREG secretion. Furthermore, we uncover
early growth response protein 1 (EGR1) as a transcription factor that
elevates AREG expression. We also confirm that GPR174 interacts
with Gas to inhibit the nuclear localization of EGR1 by triggering
cAMP/PKA activity. Combined, our data demonstrate the crucial
role of GPR174 in regulating inflammation and endothelial cell
survival after ischemic injury and identify Treg GPR174 as a poten-
tial therapeutic target for treating ischemic vascular diseases,
such as PAD.

Results

GPR174 knockout enhances blood flow recovery in HLI mice
To determine the possible role of GPR174 in blood flow recovery, we
used Laser Doppler imaging to evaluate blood flow in wild-type (WT)
and GPR174-knockout (Gpr174”") mice after HLI (Supplementary
Fig.1a, b). The baseline muscle vascular density was similar between in
Gpr174”" and WT mice (Supplementary Fig. 1c, d). However, Gpri747""
mice displayed faster blood flow recovery at 7 days after HLI com-
pared with littermate controls (Fig. 1a, b). Moreover, Gpr174”" mice
exhibited a lower frequency of necrotic toes (Fig. 1c). Because arter-
iogenesis and angiogenesis are involved in perfusion recovery after
ischemia®, CD31 immunostaining as an index of capillary formation
was used to evaluate angiogenesis. Consistent with the Laser Doppler
imaging results, vascular density was higher in Gpr174” mice com-
pared with littermate controls 7 days after HLI (Fig. 1d, e). Next,
arteriogenesis was analyzed by immunofluorescence staining of ves-
sels. Similar lumen circumferences were observed in the adductor
muscles of wild-type and Gpr174”" mice on their non-ligated sides
(Supplementary Fig. 1e, f). In contrast, lumen sizes in the ischemic
adductor muscles were larger in Gpr174”" mice than littermate con-
trols, indicating increased arteriogenesis post HLI in Gpr174”" mice
(Fig. 1f, g). To further confirm this phenotype, CD45 CD31" endothe-
lial cells were quantified by flow cytometry. As expected, the number
of endothelial cells was increased in Gpr174”" mice 14 days after HLI
(Fig. 1h, i). The hypoxic areas in the ischemic muscles were detected
by intraperitoneal injection of pimonidazole 7 days after HLI. Degree

of hypoxia was reduced in Gpr174”" mice, which was consistent with
the increased arteriogenesis (Fig. 1j, k). In addition, the Matrigel plug
assay, an ex vivo model, was used to further explore the potential
impact of GPR174 deletion in angiogenesis. Gpr174”" mice exhibited
increases in vessel formation and hemoglobin content, indicating
mature vascular formation and perfusion (Fig. 11, n). These findings
were consistent with the increased neovascularization observed in
Gpr174”" mice after HLI, providing strong evidence that GPR174
knockout promoted neovascularization. These data suggest that
GPR174 plays a crucial role in ischemia-induced angiogenesis and
arteriogenesis.

GPR174-deficient Tregs improve blood flow recovery after
ischemia

We next investigated the cellular source that mediates the GPR174-
related angiogenic effects after HLI. Macrophages, neutrophils, ILC2s
and lymphocytes, including B cells, CD8" T cells, CD4'Foxp3™ T cells,
and CD4Foxp3* Tregs, were sorted by flow cytometry from the muscle
tissues of Foxp3°” mice, in which GFP is driven by the Foxp3 promoter,
7 days after HLI (Supplementary Fig. 2a)*. The expression of Gpr174
mRNA has no difference in macrophages, neutrophils, ILC2s, B cells,
CDS8' T cells, and CD4*Foxp3™ T cells isolated from the ischemic mus-
cles compared with these cells isolated from the non-ischemic muscles
(Fig. 2a). However, higher Gpri74 expression was detected in Tregs
isolated from the ischemic areas than cells sorted from the non-
ischemic areas and immunofluorescence staining showed that GPR174
was mainly expressed on the cell membranes of Tregs (Fig. 2a, b).
These results prompted us to speculate that Treg-expressed GPR174
may play a crucial role in blood flow recovery after HLI. Therefore,
adoptive transplantation experiment was used to further explore the
functional role of GPR174-deficient Tregs in ischemia-induced neo-
vascularization. Tregs were isolated from the spleens of wild type and
Gpr1747" mice and were then separately injected into immunodeficient
Ragl” mice calf muscles 3 days after HLL. There was no difference
between the number of wild-type and GPR174-deficient Tregs present
in the injured gastrocnemius tissues of recipients (Supplementary
Fig. 2b, ¢). The mice treated with either wild-type or GPR174-deficient
Tregs exhibited improved blood flow recovery after HLI compared
with the PBS-injected controls. However, the effects of GPR174-
deficient Tregs were more pronounced (Fig. 2c-e). Immuno-
fluorescence staining of the ischemic tissues showed that adoptive
transfer with GPR174-deficient Tregs increased vascular density
(Fig. 2f, g). Additionally, increased artery lumen diameters were
observed in the injured adductor muscles of Ragl”” mice injected with
GPR174-deficient Tregs (Fig. 2f, g). These data suggest that Treg-
expressed GPR174 negatively regulates blood flow recovery after
ischemia.

To further confirm the role of Treg-expressed GPR174 in neo-
vascularization, tube formation and aortic ring assay were performed.
Tregs were isolated from the ischemic muscles of wild-type and
Gpr1747" mice and then were cocultured with mouse aortic endothelial
cells (MAECs) or the aortic segments in transwell inserts (Fig. 2h). As
expected, elevated tube formation in MAECs and vascular sprouting in
the aortic segments were observed in coculture with GPR174-deficient
Tregs (Fig. 2i-1).

Lysophosphatidylserine is an endogenous ligand of GPR174

Previous studies have demonstrated that lysophosphatidylserine
(LysoPS) and C-C motif chemokine ligand 21 (CCL21) function as
endogenous ligands of GPR174 to activate the classical G protein-
mediated signaling'®”’. Therefore, mass spectrometry (MS) and
enzyme-linked immunosorbent assay (ELISA) were performed to
determine the expression of these ligands in wild-type mice after HLI.
Results showed that 18:0 LysoPS production was elevated, whereas
CCL21 expression remained unchanged (Supplementary Fig. 3a, b).
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Fig. 1| GPR174 deficiency improves blood flow recovery after HLI.

a, b Representative images and quantification of hindlimb blood perfusion in

WT and Gpr1747" mice using Laser Doppler imaging at the indicated times after
HLI (n=16 for WT mice; n=15 for Gpr174”" mice). ¢ Distribution of necrotic

toes per paw 14 days after HLI (n =16 for WT mice; n =15 for Gpr174”" mice).

d, e Representative immunofluorescent images of CD31 staining and quantification
of CD31" area in WT and Gpr174”" mice gastrocnemius cross sections at the indi-
cated times after HLI (n =5 for WT and Gpr174”" mice 3 days after HLI; n=6 for WT
and Gpri74”" mice 7 and 14 days after HLI). Scale bar, 50 um. f, g Representative
images of aSMA (green) and DAPI (blue) immunostainings and quantification of
lumen perimeter in WT and Gpr174”" mice adductor cross sections 14 days after HLI
(n=6; wild-type: 50 arteries from 6 mice, Gprl74™": 51 arteries from 6 mice). Scale

bar, 50 pm. h, i Quantification of CD45CD31" endothelial cells in WT and
Gpr1747" mice muscle using Flow cytometry 14 days after HLI (n =6 for WT mice;
n=7 for Gpr174™"). j, k Representative images of pimonidazole (yellow) and DAPI
(blue) immunostainings and quantification of hypoxic areas at 7 days (n = 6). Scale
bar, 50 pum. I Representative images of neovascularization in Matrigel plugs ex vivo
in WT and Gpr174”" mice. m Quantification of hemoglobin in Matrigel plugs in WT
and Gpri174” mice (n=7 for WT mice; n=11 for Gpri74”" mice). n Representative
hematoxylin-eosin (H&E) staining images of Matrigel plugs. Scale bar, 50 pm. For all
statistical plots, the data are presented as mean + SD. Two-way repeated measures
ANOVA with Sidak’s multiple comparisons test in (b). One-way ANOVA with Bon-
ferroni multiple comparisons test in (e). Two-tailed unpaired t-tests in (g, i, k, m).
Source data are provided as a Source Data file.
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(right) in Ragl”" mice upon WT or GPR174-deficient Tregs (n=6 for PBS >

RagI”" mice: 37 arteries from 6 mice; n =7 for wild-type Tregs>Ragl”" mice: 46
arteries from 7 mice; n =7 for GPR174-deficient Tregs>Ragl”” mice: 47 arteries from
7 mice). h Scheme of mouse aortic endothelial cell tube formation and aortic ring
assay. i, j Representative images of capillary-like structures and quantification of
branch points and total tube length in mouse aortic endothelial cells cocultured
with Tregs isolated from WT or Gpr174”" mice for 16 h (n=5). Scale bar, 200 pm.
k, I Representative images and quantification of vascular sprouting of vessel seg-
ments cocultured with Tregs isolated from WT or Gpr174”" mice for 5 days (n=6).
Scale bar, 200 pm. For all statistical plots, the data are presented as mean + SD.
Two-tailed unpaired t-tests in (a, j, I). Two-way repeated measures ANOVA with
Sidak’s multiple comparisons test in (e). One-way ANOVA with Bonferroni multiple
comparisons test in (g). Source data are provided as a Source Data file.

Fig. 2 | GPR174-deficient Tregs improve blood flow recovery after HLI. a Gpri74
mRNA expression in B cells, CD8" T cells, CD4*Foxp3™ T cells, CD4*Foxp3°™ Tregs,
ILC2s, neutrophils, and macrophages isolated from non-ischemic and ischemic
muscle in WT mice (n = 4). b Representative immunofluorescent images of GPR174
(red), Foxp3 (green), and DAPI (blue) in CD4*Foxp3° Tregs isolated from non-
ischemic and ischemic muscle in WT mice. Scale bar, 10 um. ¢ Representative
images of necrotic limb 7 days after Tregs adoptive transfer. d, e Representative
Laser Doppler images and quantification of hindlimb blood perfusion in Ragl”
mice upon WT or GPR174-deficient Tregs (n =6 for PBS > Ragl” mice; n=7 for
wild-type Tregs~>Ragl” mice; n=7 for GPR174-deficient Tregs>Ragl” mice).

f Representative immunofluorescent images of CD31(red) (upper panels) and
oSMA (green) (lower panels) and DAPI (blue) staining in ischemic muscle cross
sections. Scale bar, 50 pm. g Quantification of CD31 (left) and lumen perimeter
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These findings indicate that 18:0 LysoPS might serve as the endogen-
ous ligand of GPR174 after HLI.

Amphiregulin expression is upregulated in GPR174-

deficient Tregs

To further identify the downstream targets of GPR174 in response to
HLI, RNA sequencing (RNA-seq) analysis of the ischemic muscles from
Gpr174”" mice and littermate controls was performed 7 days after HLI.
Analysis of the genome-wide gene expression profiles revealed that
Amphiregulin (Areg) expression was increased in Gprl174”" mice
(Fig. 3a; Supplementary Fig. 4a, b). Moreover, previous study has
shown that Tregs within injured muscles express high levels of Areg’
(Supplementary Fig. 4c). We thus speculated that GPR174 may regulate
AREG expression in Tregs after ischemic injury. RT-qPCR confirmed
the upregulation of Areg and Vegf in the ischemic muscles in Gpr1747"
mice 7 days after HLI as compared with wild-type controls, but there
was no difference in /[-10 expression (Supplementary Fig. 5a). Based on
ELISA experiments, serum AREG and VEGF concentrations were higher
in Gpr174”" mice than littermate controls (Supplementary Fig. 5b).
Moreover, in comparison to Ragl”~ mice receiving wild-type Tregs,
serum AREG and VEGF levels were elevated in those receiving GPR174-
deficient Tregs at 7 days after adoptive transplantation (Fig. 3b). We
further examined the expression of Areg, Vegf, and /10 in Tregs iso-
lated from the muscle tissues of Gpr174”" and wild-type mice 7 days
after HLI. The results demonstrated that, in comparison to wild-type
Tregs, GPR174-deficient Tregs from the ischemic muscles exhibited
higher Areg expression (Fig. 3c). However, there was no difference in
the expression of Vegf and /I-10 in these cells (Fig. 3c). Immuno-
fluorescence staining also confirmed increased AREG expression in
GPR174-deficient Tregs (Fig. 3d).

Based on these findings, we further examined whether GPR174-
deficient Treg-induced neovascularization could be inhibited by an
exogenous AREG neutralizing antibody. In accordance with such a
hypothesis, aortic ring assay showed that the total area of vascular
sprouting of vessel segments cocultured with GPR174-deficient Tregs
for 5 days was reduced in the presence of exogenous AREG neu-
tralizing antibody (Fig. 3e, f; Supplementary Fig. 5c).

To further explore the role of AREG on GPR174-mediated neo-
vascularization post ischemia in vivo, we knocked down AREG in mice
using an adeno-associated virus (AAV9) bearing shRNA against Areg
(Supplementary Fig. 5d). Hindlimb perfusion measurements showed
that both wild-type and Gpr174”" mice exhibited reduced hindlimb
reperfusion and disrupted neovascularization after injection with
AAV9-shAreg (Fig. 3g-1).

Given the increased angiogenesis in Matrigel plugs, Tregs infil-
tration and AREG levels were measured. The results showed that Tregs
infiltration in Matrigel plugs had no difference in between wild-type
control and GPR174-deficient group, but AREG levels were increased in
the latter group (Supplementary Fig. 6a, b).

Collectively, these data suggest that GPR174 deficiency enhanced
ischemia-induced revascularization at least partially by upregulating
AREG expression.

AREG inhibits apoptosis and promotes proliferation in endo-
thelial cell

Immunostaining was performed in the ischemic muscles of Ragl””
mice upon transfer of Tregs to evaluate endothelial cell functions.
As expected, more CD31°Ki67" cells were found in the gastro-
cnemius tissues of recipients receiving GPR174-deficient Tregs than
recipients receiving wild-type Tregs (Fig. 4a). Transfer of GPR174-
deficient Tregs also reduced CD31'TUNEL" cells in the ischemic
muscles of Ragl”" mice (Fig. 4b). This observation also coincided
with an increased vascular density in these mice. Perfusion recovery
in Gpr1747" vs. controls might already be different early after HLI. To
address this issue, we assessed reperfusion and angiogenesis at

3 days post HLI. Results showed reperfusion and angiogenesis were
similar between WT and Gpr174”" mice at 3 days after HLI (Fig. 1a, b,
d, e). Further, immunofluorescence was performed to detect the
proliferation and apoptosis of ECs after HLI. Elevated proliferation
and reduced apoptosis of ECs were evidenced in GPR174 KO mice at
3 days after HLI (Supplementary Fig. 7a, b), suggesting that GPR174
knockout promotes blood flow recovery by affecting endothelial
cell proliferation and apoptosis.

Given the crucial role of AREG in proliferation and apoptosis®, we
next evaluated the effect of AREG on endothelial cell functions. Results
showed that the effect of GPR174 deficiency was partly blocked by
AREG knockdown, indicated by reduced proliferation and enhanced
apoptosis in the ischemic muscles (Fig. 4c, d). These observations also
coincided with an increased vascular density in these mice. Further,
tube formation was performed and elevated total tube length was
observed in MAECs stimulated with recombinant AREG compared with
control groups (Fig. 4e). Moreover, tube formation was also enhanced
in human umbilical vein endothelial cells (HUVECs) treated with
recombinant AREG (Supplementary Fig. 8a, b). Inmunoblotting ana-
lysis demonstrated that the expression of the pro-apoptotic mole-
cules, cleaved caspase-3 and BCL-2-associated X protein (BAX), was
decreased and that the expression of the anti-apoptotic molecule,
B-cell lymphoma 2 (BCL-2), was increased in HUVECs treated with
recombinant AREG (Supplementary Fig. 8c, d). To further confirm the
effects of AREG on endothelial cell apoptosis, we labeled the apoptotic
endothelial cells with annexin V. Consistent with the above findings,
endothelial cell apoptosis was reduced following recombinant AREG
treatment. However, this effect was not apparent during early apop-
tosis (Supplementary Fig. 8e, f).

We next investigated the effects of AREG on endothelial cell
adherens junctions due to their importance in vascular permeability
and angiogenesis. Western blot analysis revealed increased expression
of endothelial cell adhesion molecule, VE-cadherin, in HUVECs after
recombinant AREG treatment (Supplementary Fig. 8g). Immuno-
fluorescence staining further showed enhanced adherens junctions
between endothelial cells stimulated with recombinant AREG (Sup-
plementary Fig. 8h). These data suggest that AREG enhances angio-
genesis at least partially by protecting against endothelial cell
apoptosis and promoting endothelial cell proliferation and cell-cell
interactions.

GPR174-deficient Tregs attenuate the inflammatory phenotypic
transformation of macrophages in ischemic tissues

Previous study demonstrated that GPR174-deficient Tregs mitigated
lung injury by promoting macrophages polarization®®, and macro-
phages also play a critical role during skeletal muscle regeneration
after injury”. To further investigate whether GPR174-deficient Tregs
affect immune cell recruitment/infiltration and macrophage polariza-
tion, flow cytometry was performed to evaluate the number of various
myeloid cell populations in the gastrocnemius tissues of Gpr174”" and
wild-type mice at 7 days after HLI. Gating strategies were used and
CD45'CD11b*'Ly6G'F4/80™ cells were defined as neutrophils and
CD45'CD11b'Ly6G F4/80" cells as the total muscle monocyte/macro-
phage population. The CD45'CD11b'Ly6G F4/80" cells were further
divided into two subsets based on either low or high Ly6C expression
(Ly6C" and Ly6C"e", respectively) (Supplementary Fig. 9a). Myeloid
cell populations in the non-ligation side muscles from Gpri74”" and
wild-type mice were similar (Supplementary Fig. 9b, c). As expected,
increased myeloid cell infiltration was observed in the ischemic mus-
cles of both Gpr174™" and wild-type mice compared with the respective
nonischemic muscles, but the infiltration of leukocyte, neutrophil, and
total macrophage populations was similar between the two groups
(Fig. 5a, b). In contrast, fewer pro-inflammatory Ly6C"€" macrophages
and more anti-inflammatory Ly6C"" macrophages were found in the
ischemic muscles of Gpr174”" mice (Fig. 5a, b).
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Next, coculture experiments were performed using Tregs isolated
from ischemic muscle 7 days after HLI to evaluate the expression of
inflammation-related genes in bone marrow-derived macrophages
(BMDMs) (Fig. 5c). We found that coculture with GPR174-deficient
Tregs decreased the activation of several pro-inflammatory genes in
the BMDMs (Fig. 5d). Moreover, GPR174-deficient Tregs also

14

BMDMs (Fig. 5d). To

upregulated the expression levels of anti-inflammatory genes in the

verify the central role of AREG on GPR174-

mediated phenotypic transformation of the BMDMs, AREG neutraliz-
ing antibodies were applied and results showed that AREG neutralizing
antibodies prevented the phenotypic transformation of the BMDMs
induced by GPR174-deficient Tregs (Fig. 5d). Collectively, these data
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Fig. 3 | GPR174 regulates neovascularization by inhibiting AREG expression in
Tregs. a Heatmap of RNA-seq analysis of the ischemic muscles of WT and Gpr1747"
mice 7 days after HLI (n = 3) (g-value < 0.05; |log,Fc|>1). b Serum AREG, IL-10, and
VEGF protein content in Ragl”~ mice receiving Tregs 7 days after adoptive trans-
plantation experiments (n =6 for PBS > Ragl”~ mice; n="7 for wild-type Tregs>-
RagI”” mice; n =7 for GPR174-deficient Tregs>Ragl” mice). ¢ Relative mRNA levels
of Areg, II-10, and Vegf in Tregs sorted from the gastrocnemius tissues of WT and
Gpr1747" mice 7 days after HLI (n = 4). d Representative immunofluorescent images
of AREG (red) and DAPI (blue) staining in Tregs isolated from ischemic muscle of
WT and Gpr174”" mice 7 days after HLI Scale bar, 10 pm. e, f Representative images
and quantification of vascular sprouting of vessel segments cocultured with AREG
neutralizing antibody and Tregs isolated from WT and Gpr174”" mice for 5 days
(n=35). Scale bar, 200 pm. g, h Representative Laser Doppler images and

quantification of hindlimb blood perfusion in WT and Gpr174”" mice injected with
AAV9-shAreg at indicated times after HLI (n=7 for WT mice + AAV9-shN and
Gpr1747 mice + AAV9-shN; n=8 for WT mice + AAV9-shAreg and Gpr1747" mice +
AAV9-shAreg). i, j Representative immunofluorescent images of CD31 (i) staining
and quantification of CD31 (j) in muscle cross sections (n = 6). Scale bar, 50 pm.
k, I Representative immunofluorescent images of aSMA (k) staining and quantifi-
cation of lumen perimeter (I) in muscle cross sections (n = 6). Scale bar, 50 pm. For
all statistical plots, the data are presented as mean + SD. One-way ANOVA with
Bonferroni multiple comparisons test in (b). Two-way ANOVA with Bonferroni
multiple comparisons test in (c, f, j, ). Two-way repeated measures ANOVA with
Sidak’s multiple comparisons test in (h). Source data are provided as a Source
Data file.

demonstrate that GPR174 deficiency in Tregs improves blood flow
recovery after HLI at least partially by enhancing AREG-induced mac-
rophage polarization.

AREG has been reported to promote vascular endothelial growth
factor (VEGF) production and the release of bioactive transforming
growth factor beta (TGF-B)***°. Next, we treated BMDMs with recom-
binant AREG and examined the levels of its downstream effector
molecules, bioactive TGF-p and VEGF, in the supernatant. The BMDMs
treated with recombinant AREG released higher levels of both bioac-
tive TGF-3 and VEGF (Fig. 5e). However, these effects were prevented
in the presence of EGFR inhibitor Gefitinib (Fig. 5e).

Combined, these data reveal a mechanism by which GPR174
promotes inflammation in ischemic muscles by repressing the secre-
tion of AREG by Tregs and in turn TGF-$ and VEGF by macrophages.

GPR174 downregulates AREG expression by inhibiting EGR1
nuclear accumulation

To further investigate the molecular mechanism by which GPR174
regulates AREG expression, RNA-seq analysis and Ingenuity Pathway
Analysis (IPA; http://www.ingenuity.com/) were used to identify tran-
scription factors that may possibly bind to Areg promoter. The results
revealed that early growth response 1 (EGR1), a known transcription
factor of growth factor, was a potential transcription factor of AREG
(Figs. 3a, 6a). Previous investigations have revealed that GPR174 cou-
ples to Gas to increase cAMP levels and PKA activity, which in turn
inhibits Treg proliferation and function'®. Furthermore, PKA has been
reported to repress EGR1 nuclear localization®. We thus hypothesized
that GPR174 might regulate AREG expression by modulating EGR1
nuclear localization. Therefore, RT-qPCR was performed to evaluate
Egrl expression in Tregs after HLI. Although there were no differences
at baseline, £grl mRNA expression levels were elevated in GPR174-
deficient Tregs isolated from the ischemic muscles compared with
wild-type Tregs (Fig. 6b). Furthermore, immunofluorescence staining
was used to analyze EGRI nuclear localization in the Tregs. GPR174-
deficient Tregs from the ischemic areas exhibited more abundant EGR1
nuclear localization than wild-type Tregs (Fig. 6c, d). These data sug-
gest that GPR174 regulates both the expression and nuclear accumu-
lation of EGR1 in Tregs.

We further explore the effect of GPR174 on EGRI-mediated AREG
regulation. To simulate the ischemic environment in vitro, Tregs iso-
lated from spleen of Gpr1747" and wild-type mice were treated with
shEgrl (Supplementary Fig. 10) and ischemic muscle lysates. We found
that EGR1 knockdown reduced AREG expression induced by GPR174
knockout (Fig. 6e). We then investigated how LysoPS regulates AREG
expression. AREG production was suppressed in Tregs treated with
LysoPS and the cell-permeable cAMP analog db-cAMP (Supplementary
Fig. 11a, b). In contrast, blocking cAMP-dependent PKA with Rp-cAMPS
or H 89 reversed the effects of LysoPS (Supplementary Fig. 11a, b).

These data suggest that GPR174 negatively regulates AREG
expression by inhibiting EGR1 nuclear accumulation.

EGRI activates Areg transcriptional activity

EGR1 was predicted as a potential transcription factor of Areg by IPA.
Therefore, we speculated that EGR1 may bind to the Areg promoter to
activate its transcription. The JASPAR database identified three pre-
dicted EGR1 binding sites within the Areg promoter (Fig. 7a, b). The first
and third binding sites were located 72-85bp and 78-91bp, respec-
tively, upstream of the transcription start site, whereas the second
binding site was located 54-67 bp downstream of the transcription
initiation site (Fig. 7b). As expected, chromatin immunoprecipitation
(ChIP) and gPCR analyses revealed a higher enrichment efficiency of
the Areg promoter with the EGR1 antibody than the normal anti-IgG
antibody (Fig. 7c; Supplementary Fig. 12a), indicating EGR1 as a tran-
scriptional regulator of Areg. After stimulation with 18:0 LysoPS, the
enrichment of EGRI-bound Areg promoter was reduced by CRISPR
activation plasmid-mediated GPR174 overexpression in HEK293A
cells (Fig. 7d; Supplementary Fig. 12b). These data indicate that
GPR174 signaling affects the binding of EGR1 to the promoter regions
of Areg.

To further determine the mechanism of EGRI1-mediated Areg
promoter activation, we mutated the three EGR1 binding sites in the
Areg promoter and individually transfected the respective plasmids
containing either mutated or wild-type promoter regions into
HEK293A cells overexpressing EGR1. We found decreased Areg pro-
moter activity in the HEK293A cells expressing either the first or third
mutated ERGI binding site compared with those expressing the wild-
type binding sites (Fig. 7e, f; Supplementary Fig. 12c, d). We further
examined whether GPR174 regulated Areg transcription via the PKA/
EGR1 pathway. After stimulation with 18:0 LysoPS, GPR174 over-
expression attenuated Areg promoter activity, whereas the promoter
activity was enhanced in response to PKA inhibition (Fig. 7g). Alto-
gether, these data indicate that GPR174 regulates Areg transcriptional
activation via the PKA/EGR1 pathway (Supplementary Fig. 12e).

GPR174 knockout enhances blood flow recovery after HLI in
diabetic mice

Diabetes mellitus and metabolic syndrome are involved in the devel-
opment of PAD. We next investigated the effects of GPR174 using the
streptozotocin (STZ)-induced type I diabetic mouse model. Hindlimb
ischemia was established on the left hind limb of mice 12 weeks after
STZ intraperitoneal injections, and foot perfusion was evaluated at
indicated time points after HLI (Supplementary Fig. 13a). GPR174
deletion promoted blood flow recovery angiogenesis after HLI in dia-
betic mice compared to wild-type diabetic mice; however, there was
no difference 3 days after HLI (Supplementary Fig. 13b-e). Further-
more, immunofluorescence was also performed to evaluate the effect
of GPR174 in endothelial cell proliferation and apoptosis in diabetic
ischemic muscle 3 days after HLL. The results showed that endothelial
cell proliferation increased and apoptosis decreased in Gpr1747" dia-
betic mice, which might partially be associated to the observed pro-
moted perfusion recovery in later days post HLI (Supplementary
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Fig. 4 | AREG mitigates apoptosis and enhances tube formation in endothelial
cells. a Representative immunofluorescent image of CD31 (red), Ki67 (green) and
DAPI (blue) and quantification of CD31'Ki67" cells in muscle cross sections of Ragl™”~
mice receiving Tregs 7 days after adoptive transplantation experiments (n= 6 for
PBS - Ragl”~ mice; n =7 for wild-type Tregs>Ragl” mice; n = 7 for GPR174-deficient
Tregs>Ragl” mice). Scale bar, 50 um. b Representative immunofluorescent images
of CD31 (red), TUNEL (green), and DAPI (blue) staining and quantification of
CD31'TUNEL" cells in muscle cross sections of Ragl”~ mice receiving Tregs 7 days
after adoptive transplantation experiments (n =6 for PBS > Ragl”™ mice; n="7 for
wild-type Tregs>Ragl” mice; n=7 for GPR174-deficient Tregs->Ragl”" mice). Scale
bar, 50 um. ¢ Representative immunofluorescent images of CD31 (red), Ki67 (green)
and DAPI (blue) and quantification of CD31'Ki67" cells in muscle cross sections of
WT and Gpr174”" mice injection with AAV9-shAreg 14 days after HLI (n =6 for

WT mice + AAV9-shN and WT mice + AAV9-shAreg; n =7 for Gpr174”" mice + AAV9-
shN and Gpr1747" mice + AAV9-shAreg). Scale bar, 50 um. d Representative immu-
nofluorescent images of CD31 (red), TUNEL (green), and DAPI (blue) staining and
quantification of CD31I'TUNEL" cells in muscle cross sections of WT and Gpr1747"
mice injection with AAV9-shAreg 14 days after HLI (n =6 for WT mice + AAV9-shN
and WT mice + AAV9-shAreg; n=7 for Gpri74”" mice + AAV9-shN and Gpr1747"
mice + AAV9-shAreg). Scale bar, 50 pm. e Representative images of capillary-like
structures and quantification of branch points and total tube length in mouse aortic
endothelial cells stimulated with recombinant AREG for 16 h (n = 6). Scale bar, 200
pm. For all statistical plots, the data are presented as mean + SD. One-way ANOVA
with Bonferroni multiple comparisons test in (a, b). Two-way ANOVA with Bonfer-
roni multiple comparisons test in (c, d). Two-tailed unpaired t-tests in (e). Source
data are provided as a Source Data file.
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Fig. 6 | GPR174 downregulates AREG expression by inhibiting EGR1 nuclear

localization. a Top transcription factors of AREG. b £gr] mRNA expression in Tregs
isolated from the muscle tissues of WT and Gpr174”" mice 7 days after HLI (n=5).
c Representative immunofluorescent images of EGR1 (red), and DAPI (blue) staining
in Tregs isolated from the ischemic muscles of WT and Gpr1747" mice 7 days after
HLI. Scale bar, 10 um. d Quantification of nuclear localization of EGR1 (n =5). e Areg

mRNA expression in WT or GPR174-deficient Tregs treated with sh£grl and non-
ischemic or ischemic muscle lysates (n =4). For all statistical plots, the data are
presented as mean + SD. Two-tailed unpaired t-tests in (d). Two-way ANOVA with
Bonferroni multiple comparisons test in (b, e). Source data are provided as a Source
Data file.

Fig. 13f, g). Collectively, GPR174 deficiency improves blood flow
recovery in diabetic mice after HLI.

Discussion

In the present study, we reveal that GPR174 negatively regulates neo-
vascularization by inhibiting Treg function. We demonstrate that
GPR174 deficiency improves blood flow recovery and mitigates the
inflammatory response in ischemic tissues. Furthermore, we show that
GPR174 limits angiogenesis and vascular remodeling and promotes
inflammation by inhibiting AREG expression. Further mechanistic
investigations demonstrate that GPR174 increases the activation of the
Gas/cAMP/PKA signaling pathway to inhibit the binding of EGR1 to the
Areg promoter. Altogether, these data provide novel evidence that
GPR174 inhibits neovascularization by downregulating AREG expres-
sion via the Gas/cAMP/PKA/EGRI signaling pathway.

Accumulating investigations have demonstrated that, in addition
to their immunosuppressive effect, Tregs contribute to tissue home-
ostasis and regeneration by secreting growth factors’™". Also, Treg
infiltration has been shown to be increased in ischemic tissues, which
in turn mitigates the pro-inflammatory response and enhances
angiogenesis™"**2, GPR174 is a GPCR that is predominantly expressed
in Tregs and other lymphocyte populations'®. Other studies have
revealed that GPR174-deficient Tregs are associated with the reduced
severity of autoimmune encephalomyelitis and sepsis-induced lung
injury, which may be attributed to the fact that GPR174 is a negative
regulator of Treg proliferation and function”?. These investigations
have further suggested that the function of Tregs in regulating
angiogenesis may be partially mediated by GPR174.

Here, we observed that the Gpr174”" mice exhibited reduced
ischemic damage after HLI, which was attributed to improved blood
flow recovery, enhanced vascular remodeling and angiogenesis,
and mitigated endothelial cell apoptosis. Using adaptive transfer

experiment, we also showed that GPR174-deficient Tregs exerted
protective effects in muscle tissues after ischemia. GPR174 has been
identified as a Gas-dependent receptor that elevates cAMP levels and
increases PKA activity, thereby inhibiting naive T cell activation'.
Additionally, investigations have revealed that the cAMP/PKA signaling
pathway inhibits the nuclear translocation and phosphorylation of
EGRI*"****, However, whether GPR174 regulates EGR1 nuclear locali-
zation in Tregs remains unknown.

We determined the relationship between GPR174 and EGR1 using
RT-gPCR and immunofluorescence analyses. GPR174-dificient Tregs
isolated from the ischemic muscles exhibited increased EGR1 expres-
sion and nuclear accumulation. Further investigation of the underlying
mechanism uncovered that GPR174/Gas signaling increased cAMP
levels and PKA activity to negatively regulate EGR1 nuclear accumula-
tion in Tregs. This contributed to AREG downregulation in these cells,
leading to reduced angiogenesis and delayed blood flow recovery
after HLI.

An increasing number of investigations have revealed that AREG
not only mitigates inflammation by inducing macrophage polarization
in the lungs?, but it also alleviates tissue damage by promoting the
proliferation and differentiation of tissue precursor cells in the skin,
muscles, and retinas”*. AREG has also been shown to inhibit apoptosis
in stem cells and liver cells***°, Recent studies have shown that AREG is
highly produced by Tregs in injured tissues’'*". These properties of
AREG indicate that it is a key molecule involved in the regulation o