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Prostaglandin D, (PGD.) released from immune cells or other cell types activates its recep-
tors, D prostanoid receptor (DP)1 and 2 (DP1 and DP2), to promote inflammatory responses
in allergic and lung diseases. Prostaglandin-mediated inflammation may also contribute to
vascular diseases such as abdominal aortic aneurysm (AAA). However, the role of DP re-
ceptors in the pathogenesis of AAA has not been systematically investigated. In the present
study, DP1-deficient mice and pharmacological inhibitors of either DP1 or DP2 were tested
in two distinct mouse models of AAA formation: angiotensin Il (Angll) infusion and calcium
chloride (CaCly) application. DP1-deficient mice [both heterozygous (DP1*/~) and homozy-
gous (DP1~/-)] were protected against CaCl,-induced AAA formation, in conjunction with
decreased matrix metallopeptidase (MMP) activity and adventitial inflammatory cell infiltra-
tion. In the Angll infusion model, DP1 */~ mice, but not DP1~/~ mice, exhibited reduced AAA
formation. Interestingly, compensatory up-regulation of the DP2 receptor was detected in
DP1~/~ mice in response to Angll infusion, suggesting a potential role for DP2 receptors in
AAA. Treatment with selective antagonists of DP1 (laropiprant) or DP2 (fevipiprant) protected
against AAA formation, in conjunction with reduced elastin degradation and aortic inflam-
matory responses. In conclusion, PGD, signaling contributes to AAA formation in mice,
suggesting that antagonists of DP receptors, which have been extensively tested in allergic
and lung diseases, may be promising candidates to ameliorate AAA.

Introduction
Abdominal aortic aneurysm (AAA) is an inflammatory vascular disease, characterized by immune cell
infiltration and proteolytic degradation of the vascular wall [1]. Immune cells such as macrophages and
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in AAA [2]. Targeting these inflammatory signaling pathways is a promising strategy to prevent AAA formation,
and development of effective, safe and well-tolerated anti-inflammatory agents is urgently needed to treat AAA in
humans. Currently, there are no approved medical therapies available for AAA.

Prostaglandins (PGs), produced by immune and vascular cells, are key mediators of inflammatory responses by
amplifying cytokine signaling, inflammatory cell recruitment, vascular permeability etc [3]. PGs are generated from
arachidonic acid by cyclooxygenases (COXs), and four major PGs (PGD,, PGE,, PGF,4, PGI,) and eight receptors
[PGD receptors (DP1, DP2), PGE receptors (EP1, EP2, EP3, EP4), PGF receptor (FP), PGI receptor (IP)] have been
characterized in vivo [3]. PG signaling has been implicated in various inflammatory diseases including arthritis,
asthma, atherosclerosis and pulmonary hypertension; moreover, PGE receptors have been implicated experimentally
in the pathogenesis of AAA [4,5].

Among the various PGs, prostaglandin D, (PGD,) signaling has been closely associated with inflammation, par-
ticularly in the lungs and upper airways [6]. PGD; is released by macrophages, which are abundant in AAA tissues
[7], and produced in large amounts by activated mast cells following allergen exposure and antigen cross-linking with
the high-affinity receptor for immunoglobulin E. Notably, mast cells are prominent in human and mouse models of
AAA [8,9], and may contribute to disease pathogenesis [10,11]. Moreover, PGD,-mediated inflammation in the lung
and airways is commonly associated with smoking, the most important risk factor for AAA, suggesting a potential
mechanistic link between PGD, signaling and AAA pathogenesis.

PGD, activates one of the two distinct receptors, DP1 and DP2 [also known as chemoattractant
receptor-homologous molecule expressed on Ty2 cells (CRTH2)], which are expressed on a variety of inflam-
matory cells [e.g., T helper type 2 (Ty2) cells, mast cells, dendritic cells, macrophages and eosinophils] and mediate
allergic responses and lung diseases such as rhinitis and asthma [3]. Activation of DP1 or DP2 receptors on human
macrophages induced migration and cytokine production and promoted neutrophil inflammatory responses in
mice in vivo [12], suggesting a pivotal role for PGD, receptors in macrophage-neutrophil interactions. Various
pharmacological antagonists of DP1 and DP2 have been developed and tested in pre-clinical and clinical trials for
the treatment of lung and allergic diseases. Pharmacological blockade of DP2 inhibited neutrophil and lymphocyte
trafficking and airway inflammation in murine models of smoke exposure [13]. Furthermore, fevipiprant, an oral
DP2 antagonist, reduced airway inflammation in a Phase II clinical trial of patients with asthma [14].

While a large body of experimental data suggest that DP receptors might play a pathogenic role in AAA, a sin-
gle study unexpectedly showed that global DP1 deletion exacerbated AAA formation in apolipoprotein E knockout
(KO) mice in response to angiotensin II (AnglI) infusion [15]. The underlying mechanisms whereby deletion of DP1
exacerbated AAA in AnglI-infused apolipoprotein E KO mice were not established in that study, and only a single
model of AAA formation was employed. In addition, the potential role of DP2 receptors in the pathogenesis of AAA
was not investigated.

In the present study, using DP1-deficient mice and pharmacological antagonists of DP1 and DP2, we investigated
the role of DP receptors in the pathogenesis of AAA in two distinct animal models of AAA formation: AnglI in-
fusion in low-density lipoprotein receptor (LDLR) KO mice and calcium chloride (CaCl,) application in wildtype
(WT) mice. Deletion of one or both alleles of DP1 protected against AAA formation induced by CaCl, application.
Interestingly, heterozygous, but not homozygous, deletion of DP1 was protective against AnglI-induced AAA forma-
tion in LDLR KO mice. Mechanistically, loss of AAA protection in DP1 homozygous KO mice was associated with
compensatory up-regulation of pro-inflammatory DP2, which might have confounded the previous findings in the
global DP1 KO mouse [15]. Furthermore, our data suggest that selective pharmacological inhibitors of DP1 and DP2,
which have been extensively tested in allergic and lung diseases, are promising candidates for AAA therapeutics.

Methods

Mice

DP1 KO mice were obtained from Dr. Shuh Narumiya (Kyoto University, Japan) and bred with LDLR KO mice (Jack-
son Laboratory) to obtain heterozygotes, which were interbred to produce littermates [WT (+/+), heterozygous (+/—)
or homozygous (—/—) for DP1 in the LDLR KO background]. Mice were anesthetized by isoflurane vaporizer (0.5-1.0
1/min for oxygen flowmeter, 4-5% for induction and 1-3% for maintenance, EZ Anesthesia Systems) and killed with
intraperitoneal pentobarbital 150 mg/kg, inhaled anesthesia (isoflurane) followed by carbon dioxide (CO,) narcosis
and cervical dislocation or bilateral thoracotomy, in accordance with AVMA Panel 2007 recommendations and in-
stitutional JACUC guidelines. All mice were randomized to different treatment groups to minimize the variability of
the evaluation and all investigators and surgeons were blinded to group allocation to prevent accidental or selection

31 0 (©) 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2022) 136 309-321 °
https://doi.org/10.1042/CS20220031 00 EF?E%ELAND
(]

bias. All animal experiments were performed at animal facilities of the Medical College of Georgia at Augusta Uni-
versity and the University of Cincinnati. Animal experimental protocols were approved by the Institutional Animal
Care and Use Committee at the Medical College of Georgia at Augusta University and the University of Cincinnati
and complied with National Institute of Health guidelines.

Angll-induced AAA model

AnglI (1000 ng/kg/min, Enzo Life Sciences) was infused into 8-12-week-old male mice via osmotic minipumps
(ALZET Model 2004) as described previously [16]. In some experiments, mice were co-treated orally with laropiprant
(MK-0524, 3 mg/kg body weight) [17] or ramatroban (0.25 mg/kg body weight) in drinking water [18] to inhibit DP1
or DP2 activity, respectively. Mice were killed at 3 weeks after minipump implantation, and abdominal aortic outer
diameter was measured via microscopy. Aortic tissues and blood were collected from mice that survived until the end
of the study for further analysis. AAA was defined as dilation of the abdominal aorta that is at least 1.5-times the size
of the normal aortic diameter.

CaCls-induced AAA model

CacCl, application model of AAA (using 0.5 mol/l of CaCl,, Sigma-Aldrich) was conducted as described previously
[16]. In brief, following laparotomy, saline (sham control) or 0.5 mol/l of CaCl, was applied to the infrarenal aortic
adventitial surface for 15 min, followed by rinsing with 0.9% sterile saline and surgical closure. In some experiments,
mice were co-treated orally with fevipiprant (5 mg/kg/body weight) to inhibit DP2 activity. This concentration, which
was chosen based on safety and tolerability as tested in humans, was converted into dose equivalency in mice [19].
After 3 weeks, mice were anesthetized, abdominal aortic outer diameter was measured via microscopy, and tissues
were collected for analysis.

Total cholesterol and triglyceride measurement
Serum cholesterol and triglyceride were quantified using commercial assays (Wako Pure Chemical Industries).

Blood pressure measurement

Blood pressure was measured using a previously validated tail-cuff method (Coda 6, Kent Scientific, Torrington, CT).
Mice were conditioned to the instrument and procedure for five consecutive days prior to pump implantation. To
insure a more robust estimation of systolic blood pressure (SBP), we used the interquartile mean of SBP measurements
achieved through 30 measurement cycles every other day.

Gelatin zymography

Matrix metalloproteinase (MMP)-2 and MMP-9 activity was measured by zymography as previously described [16].
In brief, protein lysate (600 pg) was placed in a non-reducing zymogram buffer and applied without boiling to a 10%
zymogram gel (Bio-Rad). Gels were incubated in 2% Triton X-100 at room temperature for 30 min, and then rinsed
in distilled water for 5 min. Gels were incubated overnight at 37°C with gentle agitation and proteins were stained
with Coomassie Brilliant Blue R-250 solution (Bio-Rad) and de-stained with a solution containing 40% methanol,
10% acetic acid and 50% water.

Immunohistochemistry

Paraffin-embedded aortic tissue sections were stained with Hematoxylin and Eosin (H&E), Verhoeff-van
Gieson (VVG), myeloperoxidase (MPO, Abcam), Mac-3 (BD Pharmingen) and MCP-1 (Novus Biologicals), and
HistoMouse-SP (Invitrogen) or DAB Substrate (Vector Labs) kits were used for visualization. Quantificational anal-
ysis was performed by Image] software. The number of elastin breaks in aortas from the AnglIl model were counted
to quantify elastin degradation as previously described [20]. Elastin breakage could not be accurately quantified in
the CaCl, model given the severe degree of elastin destruction associated with this model.

Enzyme-linked immunosorbent assay
Serum levels of MPO were determined by mouse MPO DuoSet enzyme-linked immunosorbent assay (ELISA) kit per
manufacturer’s instructions (R&D Systems).
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Figure 1. DP1-deficient mice are protected against CaCl,-induced AAA formation

CaCly was applied to the infrarenal aorta of C57BI/6 mice. (A) AAA diameter (n=10). (B) Representative histology; H&E, VWG
(elastin fragmentation), Mac-3 (macrophages) and MPO. (C) Representative zymogram (left panel) and quantified data (right panel)
for aortic MMP-2 and MMP-9 activities (n=6). “P<0.05, **P<0.01, **P<0.001, ***P<0.0001 vs WT. Data were analyzed using
one-way ANOVA followed by Bonferroni’s post-hoc analysis. Abbreviations: Mac, macrophage; N.C., negative control (absence of
primary antibody).

Western blotting
Protein extraction and Western blotting were performed as described previously [16]. Antibodies for DP1, DP2 and
[3-actin were purchased from Abcam, Lifespan Biosciences and Santa Cruz Biotechnology, respectively.

Statistical analysis

All statistical analyses were performed using Graphpad Software (GraphPad Software, Inc., U.S.A.). Results are ex-
pressed as mean + SEM. Multiple group datasets were evaluated for normality, and differences were analyzed by
one-way ANOVA followed by Bonferroni’s post-hoc analysis. P-values less than 0.05 were considered to be signifi-
cant.

Results

DP1-deficient mice are protected against CaCl,-induced AAA formation

We first investigated whether DP1 gene deletion could mitigate AAA formation induced by CaCl, application, an
animal model of AAA which is associated with marked inflammatory cell infiltration and elastin fragmentation.
We found that both DP1*/~ and DP1~/~ mice exhibited significantly reduced abdominal aortic diameter as com-
pared with WT mice (Figure 1A). Prominent elastin fragmentation (H&E and VVG staining), MPO accumulation
and macrophage infiltration (Mac-3 staining) were observed in CaCl,-induced AAA tissues in WT mice, which
were markedly inhibited in DP1"/~ and DP1~/~ mice (Figure 1B and Supplementary Figure S1). Furthermore,
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MMP-2/MMP-9 activities were significantly decreased in both DP1*/~ and DP1~/~ mice as examined by zymography
(Figure 1C). Notably, deletion of either one or both alleles of DP1 afforded equal protection against AAA formation.

DP1 heterozygous, but not homozygous deletion, protected against
Angll-induced AAA formation

Next, we examined the impact of DP1 gene deletion on AAA formation in LDLR KO mice in response to AnglI
infusion. Interestingly, deletion of one DP1 allele (DP1*/~) markedly protected against Angll-induced AAA forma-
tion, as evidenced by reduced aneurysm incidence (Figure 2A) and maximal abdominal aortic diameter (Figure 2B),
while no thoracic aortic aneurysm (TAA) was observed. Histological analyses demonstrated that thrombus formation,
macrophage accumulation and elastase degradation during AAA formation were significantly reduced in DP1*/~
mice (Figure 2C,D and Supplementary Figure S1). MMP-2 and MMP-9 activities (evaluated by zymography) were
likewise significantly diminished in DP1*/~ mice (Figure 2E). We also measured the plasma levels of MPO, which
has been reported to be a circulating biomarker of AAA formation [1]. Plasma MPO was likewise reduced in DP1*/~
mice (Figure 2F). In contrast with these findings, deletion of both DP1 alleles (DP1~/~) resulted in loss of protection
against AAA formation, with the mice appearing phenotypically indistinguishable from WT LDLR KO mice. There
were no differences in body weight, total cholesterol and triglyceride levels or blood pressure among the various
groups (Supplementary Figure S2).

Compensatory up-regulation of DP2 protein in DP1~/~ mice infused with
Angll

To explore the mechanisms of the disparate results observed with DP1*/~ and DP1~/~ mice in the AnglI infusion
model, we examined expression of DP1 and DP2 in the aortas of these mice, as the two genes are closely related, and
compensatory up-regulation of DP2 might occur when DP1 is completely knocked out [21]. As expected, DP1 protein
levels were reduced in a gene dose-dependent manner in DP1 KO mice (Figure 3A). Interestingly, we detected marked
compensatory up-regulation of DP2 protein in aortas of Angll-infused DP1~/~ mice, but not in WT or DP1*/~ mice
(Figure 3A), while no such compensatory changes were observed in the CaCl, application model (Figure 3B). These
results suggest that loss of protection against AAA in DP1~/~ mice infused with AngIl may be due to compensatory
up-regulation of DP2, which could also contribute to AAA formation.

Pharmacological inhibition of DP1 reduced Angll-induced AAA formation
Since data from DP1*/~ mice showed potent protection against AAA formation in both animal models, we next
investigated whether pharmacological inhibition of DP1 can also reduce AAA formation. LDLR KO mice were orally
treated with laropiprant (3 mg/kg body weight), a selective DP1 inhibitor that has been used in clinical trials in humans
[21,22] during Angll infusion for 3 weeks. Similar to that observed in DP1*/~ mice, pharmacological inhibition
of DP1 by laropiprant supplementation significantly decreased AAA incidence (Figure 4A) and abdominal aortic
diameter (Figure 4B). Aortic elastin degradation, macrophage infiltration, MPO accumulation and MCP-1 expression
were also markedly reduced by laropiprant treatment (Figure 4C,D and Supplementary Figure S1). Furthermore,
laropiprant treatment dramatically reduced aortic MMP-2 and MMP-9 activities (Figure 4D). In contrast, Liropiprant
treatment did not affect body weight, total cholesterol and triglyceride levels or blood pressure (Supplementary Figure
S3).

Pharmacological inhibition of DP2 reduced CaCl,- and Angll-induced AAA

formation

Since we detected compensatory up-regulation of DP2 in DP17/~ mice, along with loss of protection against AAA
formation, we next tested the effects of pharmacological inhibition of DP2 using fevipiprant, a selective DP2 inhibitor
that was tested in phase three clinical trials for asthma, in the CaCl,-induced AAA model. Treatment with fevipipirant
efficiently reduced CaCl,-induced AAA formation (Figure 5A), in association with diminished elastin degradation,
aortic macrophage infiltration, MPO accumulation and MCP-1 expression (Figure 5B). Furthermore, we also tested
ramatroban, a dual antagonist for DP2 and thromboxane that has been used in Japan for treating allergic rhinitis, in
AnglI-induced AAA formation. Ramatroban therapy likewise showed a strong trend towards reducing the incidence
of AAA and aortic diameter, in conjunction with adventitial inflammatory cell infiltration and elastin degradation
(Supplementary Figure S4). These results suggest that DP2 also plays a role in AAA formation, consistent with the
notion that antagonism of DP receptors is a promising therapeutic strategy for AAA.
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Figure 2. Heterozygous, but not homozygous, DP1 gene deletion protected against Angll-induced AAA formation

Angll was infused via osmotic minipump in DP1-deficient mice in the LDLR KO background. (A) AAA incidence (n=10-12). (B)
Aortic diameter (n=10). (C) Representative histology; H&E, VVG (elastin fragmentation), Mac-3 (macrophages), MCP-1 and MPO.
(D) Aortic elastin break count in Angll-infused mice (n=7). (E) Representative zymogram (upper panel) and quantified data (lower
panel) for aortic MMP-2 and MMP-9 activities (n=6). (F) Plasma MCP-1 levels (ELISA, n=4-6). *P<0.05, **P<0.01, **P<0.001,
***P<0.0001 vs WT. Data were analyzed using one-way ANOVA followed by Bonferroni’s post-hoc analysis. Abbreviations: Mac,
macrophage; N.C., negative control (absence of primary antibody).
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Figure 3. Compensatory up-regulation of DP2 protein in DP1~/~ mice in the Angll infusion model, but not the CaCl, model,
of AAA
(A) Representative Western blot images (upper panel) and quantification (lower panel, n=3) of aortic DP1 and DP2 protein levels
in the Angll-induced AAA model. (B) Representative Western blot images (upper panel) and quantification (lower panel, n=3) of
aortic DP1 and DP2 protein levels in the CaCly-induced AAA model. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001 vs WT. Data
were analyzed using one-way ANOVA followed by Bonferroni’s post-hoc analysis. Abbreviation: ns, not significant.

Discussion

Blocking selective PG receptors has been reported to abrogate pro-inflammatory responses in various tissues and
organs, thus ameliorating inflammatory diseases. In the present study, using genetic and pharmacologic approaches
in two distinct animal models of AAA, we report that blocking DP1 receptors prevents AAA formation, concomitant
with reduced vascular inflammation. Interestingly, heterozygous, but not homozygous, deletion of DP1 prevented
AnglI-induced AAA formation. Deletion of both alleles of DP1 led to up-regulation of aortic DP2 and loss of protec-
tion against AnglI-induced AAA. In contrast, in the CaCl, application model, loss of either one or both DP1 alleles
strongly protected against AAA formation, and no compensatory up-regulation of DP2 expression was observed.
Taken together, these findings suggest that DP2 up-regulation may compensate for loss of DP1 to promote AAA. In-
deed, a selective pharmacologic inhibitor of DP2 prevented AAA formation. Thus, our data suggest that a nonselective
DP1/DP2 antagonist could be an attractive agent to test for efficacy in pre-clinical trials of AAA.

Emerging evidence suggest that various PG signaling pathways are associated with the pathogenesis of AAA. Whole
genome-expression profiling study demonstrated that COX-2, a PG-producing enzyme, is one the most highly ex-
pressed genes in human AAA tissues [23]. Moreover, COX-2 pharmacological inhibitors attenuated AAA progres-
sion in hyperlipidemic mice [24,25] and blocked secretion of inflammatory PGs and cytokines from human AAA
tissue explants [26,27], suggesting that PG signaling plays a role in AAA. However, PGs can have opposing pro-
and anti-inflammatory effects, and PG receptor cross-reactivity has been reported, suggesting that targeting specific
pro-inflammatory PG receptors is a more promising strategy than COX inhibition to treat AAA. Among various PGs,
PGE; and its receptors are abundantly expressed [3], and their role in inflammatory disease has been well character-
ized. PGE, has also been implicated in vascular wall remodeling via regulating MMP activities in human AAA, and
anti-inflammatory drugs that inhibit PGE, synthesis prevented aortic fibrosis, thereby protecting the aorta from ex-
panding [28]. Furthermore, expression of EP4, one of the PGE, receptors, is associated with human and mouse AAA
[4], and pharmacological inhibition or gene deletion of EP4 inhibited AAA formation in mice [29,30]. Moreover,
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Figure 4. Pharmacological inhibition of DP1 reduced Angll-induced AAA formation

Angll was infused via osmotic minipump in LDLR KO mice treated with or without laropiprant (3 mg/kg body weight) in the drinking
water. (A) AAA incidence (n=7), (B) aortic diameter (n=4-6). (C) Representative histology; H&E, VVG (elastin fragmentation), Mac-3
(macrophages), MPO and MCP-1. (D) Aortic elastin break count in Angll-infused mice (n=7). (E) Representative zymogram (left
panel) and quantified data (right panel) for aortic MMP-2 and MMP-9 activities (n=6). *P<0.05, **P<0.01, **P<0.001, ***P<0.0001
vs WT. Data were analyzed using one-way ANOVA followed by Bonferroni’s post-hoc analysis. Abbreviations: Mac, macrophage;
N.C., negative control (absence of primary antibody).
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Figure 5. Pharmacological inhibition of DP2 reduced CaCl,-induced AAA formation

CaCly was applied to the infrarenal aortae of C57BI/6 mice treated with or without fevipiprant (10 mg/kg body weight) in the drinking
water. (A) AAA diameter (n=7). (B) Representative histology; H&E, VVG (elastin fragmentation), Mac-3 (macrophages) and MPO.
*P<0.05, *P<0.01, **P<0.001, ****P<0.0001 vs WT. Data were analyzed using one-way ANOVA followed by Bonferroni’s post-hoc
analysis. Abbreviations: Mac, macrophage; N.C., negative control (absence of primary antibody).

VSMC-specific deletion of EP4 was reported to reduce AAA formation in response to AnglI infusion [31]. Interest-
ingly, deletion of one EP4 allele in VSMCs protected against AAA formation in response to AnglI infusion, while
deletion of both alleles exacerbated it [31,32], which is similar to our findings with DP1. Moreover, homozygous
deletion of EP4 in bone marrow-derived cells also increased Angll-induced AAA formation [33]. However, the un-
derlying mechanisms of these discrepancies were not investigated in prior studies. Based on our results, we speculate
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that homozygous EP4 gene deletion might have induced compensatory up-regulation of other PGE, receptors, such
as EP1, EP2 and/or EP3, which in turn might promote AAA formation. Data from previous and the present studies
emphasize the importance of testing heterozygous mice and exercising caution when interpreting results obtained in
mice deficient in both alleles of PG receptors.

Specific variants of DP1 have been found to be associated with lower risk of asthma in genetic studies
[34]. Moreover, mice deficient in DP1 were found to develop significantly decreased asthmatic responses in
an ovalbumin-induced asthma model [6]. In a guinea pig model, a selective DP1 antagonist, S-5751, reduced
antigen-induced nasal blockage, plasma exudation in the conjunctiva, and inflammatory cell infiltration into the up-
per and lower airways [35]. TM30089, a selective DP2 antagonist, also inhibited several typical asthma pathologies,
including peribronchial eosinophilia and mucus cell hyperplasia [36]. Various pharmacological inhibitors of PGD,
signaling have been developed and tested in pre-clinical and clinical studies for allergic inflammation and asthma. For
example, pretreatment with the DP1 antagonist laropiprant at a dose of 25 or 100 mg daily for 3 days inhibited nasal
congestion induced by installation of PGD, [22]. However, Philip et al. reported that laropiprant did not demonstrate
efficacy in patients with asthma or allergic rhinitis [23], suggesting that targeting DP1 for airway disease may not be
clinically useful. Fevipiprant, a selective DP2 inhibitor, has also been tested in clinical trials and showed acceptable
safety and tolerability in Phase IT studies [14]; however, the drug recently failed to achieve clinically relevant endpoint
reductions in patients receiving current standard-of-care treatment for moderate-to-severe asthma [37]. Moreover,
AMG853, a selective dual antagonist of DP1 and DP2, also failed to improve asthma symptoms or lung function in
patients [38], further suggesting the futility of targeting DP receptors in airway inflammation and asthma. Despite
these disappointing clinical results, these particular drugs have been proven safe and well-tolerated in humans. Addi-
tionally, ramatroban is commercially available and currently used to treat allergic rhinitis in Japan [39]. Repurposing
these agents to test for efficacy against AAA in pre-clinical studies thus appears to be an attractive and feasible goal.

Our findings demonstrate for the first time that antagonizing either DP1 or DP2 receptors prevents AAA formation
in two distinct animal models of AAA, in association with reduced aortic inflammation and matrix metalloproteinase
activity, and independent of effects on blood pressure or serum lipid levels. Blocking either DP1 or DP2 appears suf-
ficient to prevent AAA formation, suggesting that the signaling pathways lack redundancy. Nevertheless, under some
circumstances, DP receptor subtypes may be able to compensate for each other, which can complicate interpreta-
tion of experimental data. Moreover, functional DP receptor compensation should be taken into consideration when
designing pre-clinical or clinical studies of DP inhibitors for inflammatory and allergic diseases.

Study limitations

In the present study, we tested gene deletion and pharmacological inhibition of DP receptors in AAA formation using
two different mouse models. However, these animal models do not perfectly mimic all pathological aspects of AAA
in humans. Furthermore, while we demonstrated that the pharmacological inhibitors could prevent AAA formation,
we did not test their efficacy against AAA growth/rupture when applied to established models of AAA formation.
Thus, further investigations will be required to establish pre-clinical efficacy for AAA treatment in humans.

Conclusions

We provide novel evidence that inhibition of DP receptors can protect against AAA formation in mouse models.
Since pharmacological inhibitors of DP receptors have been developed and extensively tested in allergic disease and
asthma, there is a large body of existing safety data surrounding these drugs in humans. It may be possible to repur-
pose DP inhibitors to test their efficacy in patients with AAA. Based on our own data and data from other studies
demonstrating compensatory up-regulation of PG receptors, a non-selective DP1/DP2 antagonist may be the most
promising strategy for future pre-clinical and clinical investigations.

Clinical perspectives

e DP1 heterozygous- and homozygous-deficient mice are protected against CaCl,-induced AAA for-
mation.

e DP1 heterozygous mice, but not homozygous mice, are protected against Angll-induced AAA forma-
tion; this loss of protection against AAA formation when both DP1 alleles are deleted is associated
with compensatory up-regulation of DP2.
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e Blocking activation of either DP1 or DP2 by selective pharmacological inhibitors significantly reduces
AAA formation and PGD, receptor antagonists that have been tested in late-stage clinical trials for
allergic diseases and asthma could potentially be repurposed to treat AAA.

Data Availability

The data associated with the present study will be available upon request to the corresponding authors.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the National Institutes of Health [grant numbers HL124097, HL126949, HL134354, AR070029 (to
Neal L. Weintraub)].

CRediT Author Contribution

Neal L. Weintraub: Conceptualization, Resources, Data curation, Formal analysis, Supervision, Funding acquisition, Investi-
gation, Methodology, Writing—original draft, Project administration, Writing—review & editing. Andra L. Blomkalns: Concep-
tualization, Data curation, Validation, Investigation, Methodology, Writing—review & editing. Mourad Ogbi: Formal analysis,
Validation, Investigation, Methodology. Tetsuo Horimatsu: Formal analysis, Validation, Investigation, Visualization, Method-
ology. Tyler W. Benson: Formal analysis, Validation, Investigation, Methodology. Yuqing Huo: Validation, Writing—review &
editing. David J. Fulton: Resources, Validation, Writing—review & editing. Gautam Agarwal: Methodology, Writing—review &
editing. Richard Lee: Validation, Methodology, Writing—review & editing. Michael A. Winkler: Formal analysis, Visualization,
Writing—review & editing. Lufei Young: Resources, Validation, Writing—review & editing. Ken Fujise: Validation, Methodology,
Writing—review & editing. Avirup Guha: Formal analysis, Validation, Writing—review & editing. Tohru Fukai: Resources, Valida-
tion, Writing—review & editing. Masuko Ushio-Fukai: Resources, Validation, Writing—review & editing. Xiaochun Long: Re-
sources, Validation, Writing—review & editing. Brian Annex: Resources, Supervision, Project administration, Writing—review
& editing. Ha Won Kim: Conceptualization, Resources, Data curation, Formal analysis, Supervision, Validation, Investigation,
Methodology, Writing—original draft, Project administration, Writing—review & editing.

Abbreviations

AAA, abdominal aortic aneurysm; Angll, angiotensin Il; CaCly, calcium chloride; COX, cyclooxygenase; DP, D prostanoid recep-
tor; H&E, Hematoxylin and Eosin; KO, knockout; LDLR, low-density lipoprotein receptor; MCP, monocyte chemotactic protein;
MMP, matrix metallopeptidase/metallopreoteinase; MPO, myeloperoxidase; PG, prostaglandin; PGD2, prostaglandin D2; VVG,
Verhoeff-van Gieson; WT, wildtype.

References

1 Koch, A.E., Haines, G.K., Rozzo, R.J., Radosevich, J.A., Pope, R.M., Robinson, P.G. et al. (1990) Human abdominal aortic aneurysms: immunopathologic
analysis suggesting an immune-mediated response. Am. J. Pathol. 137, 1199-1213

2 Newman, K.M., Jean-Claude, J., Li, H., Ramey, W.G. and Tilson, M.D. (1994) Cytokines that activate proteolysis are increased in abdominal aortic
aneurysms. Circulation 90, 1122411227

3 Ricciotti, E. and FitzGerald, G.A. (2011) Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 31, 986—1000,
https://doi.org/10.1161/ATVBAHA.110.207449

4 Cao, R.Y., Amand, T.S., Li, X., Yoon, S.H., Wang, C.P., Song, H. et al. (2012) Prostaglandin receptor EP4 in abdominal aortic aneurysms. Am. J. Pathol.
181, 313-321, https://doi.org/10.1016/j.ajpath.2012.03.016

5 Bayston, T., Ramessur, S., Reise, J., Jones, K.G. and Powell, J.T. (2003) Prostaglandin E2 receptors in abdominal aortic aneurysm and human aortic
smooth muscle cells. J. Vasc. Surg. 38, 354-359, https://doi.org/10.1016/S0741-5214(03)00339-2

6 Kupczyk, M. and Kuna, P. (2017) Targeting the PGD 2/CRTH2/DP1 signaling pathway in asthma and allergic disease: current status and future
perspectives. Drugs 77, 1281-1294, https://doi.org/10.1007/s40265-017-0777-2

7 Raffort, J., Lareyre, F., Clément, M., Hassen-Khodja, R., Chinetti, G. and Mallat, Z. (2017) Monocytes and macrophages in abdominal aortic aneurysm.
Nat. Rev. Cardiol. 14, 457, https://doi.org/10.1038/nrcardio.2017.52

8 Mayranpaa, M.l., Trosien, J.A., Fontaine, V., Folkesson, M., Kazi, M., Eriksson, P. et al. (2009) Mast cells associate with neovessels in the media and
adventitia of abdominal aortic aneurysms. J. Vasc. Surg. 50, 388-395, https://doi.org/10.1016/j.jvs.2009.03.055

9 Sun, J., Sukhova, G.K., Yang, M., Wolters, P.J., MacFarlane, L.A., Libby, P. et al. (2007) Mast cells modulate the pathogenesis of elastase-induced
abdominal aortic aneurysms in mice. J. Clin. Invest. 117, 3359-3368, https://doi.org/10.1172/JCI31311

(©) 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).

319


https://doi.org/10.1161/ATVBAHA.110.207449
https://doi.org/10.1016/j.ajpath.2012.03.016
https://doi.org/10.1016/S0741-5214(03)00339-2
https://doi.org/10.1007/s40265-017-0777-2
https://doi.org/10.1038/nrcardio.2017.52
https://doi.org/10.1016/j.jvs.2009.03.055
https://doi.org/10.1172/JCI31311

Clinical Science (2022) 136 309-321

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/CS20220031

320

10 Herring, B.P., Hoggatt, A.M., Burlak, C. and Offermanns, S. (2014) Previously differentiated medial vascular smooth muscle cells contribute to neointima
formation following vascular injury. Vasc. Cell 6, 21, https://doi.org/10.1186/2045-824X-6-21

11 Tsuruda, T., Kato, J. and Hatakeyama, K. (2008) Adventitial mast cells contribute to pathogenesis in the progression of abdominal aortic aneurysm.
Adventitial mast cells contribute to pathogenesis in the progression of abdominal aortic aneurysm. Circ. Res. 102, 1368-1377,
https://doi.org/10.1161/CIRCRESAHA.108.173682

12 Jandl, K., Stacher, E., Bélint, Z., Sturm, E.M., Maric, J., Peinhaupt, M. et al. (2016) Activated prostaglandin D2 receptors on macrophages enhance
neutrophil recruitment into the lung. J. Allergy Clin. Immunol. 137, 833-843, https://doi.org/10.1016/j.jaci.2015.11.012

13 Stebbins, K.J., Broadhead, A.R., Baccei, C.S., Scott, J.M., Truong, Y.P., Coate, H. et al. (2010) Pharmacological blockade of the DP2 receptor inhibits
cigarette smoke-induced inflammation, mucus cell metaplasia, and epithelial hyperplasia in the mouse lung. J. Pharmacol. Exp. Ther. 332, 764775,
https://doi.org/10.1124/jpet.109.161919

14 Gonem, S., Berair, R., Singapuri, A., Hartley, R., Laurencin, M.FM., Bacher, G. et al. (2016) Fevipiprant, a prostaglandin D2 receptor 2 antagonist, in
patients with persistent eosinophilic asthma: a single-centre, randomised, double-blind, parallel-group, placebo-controlled trial. Lancet Respir. Med. 4,
699-707, https://doi.org/10.1016/S2213-2600(16)30179-5

15 Song, W.L., Stubbe, J., Ricciotti, E., Alamuddin, N., Ibrahim, S., Crichton, I. et al. (2012) Niacin and biosynthesis of PGD by platelet COX-1 in mice and
humans. J. Clin. Invest. 122, 1459-1468, https://doi.org/10.1172/JCI59262

16 Kim, H.W., Blomkalns, A.L., Ogbi, M., Thomas, M., Gavrila, D., Neltner, B.S. et al. (2017) Role of myeloperoxidase in abdominal aortic aneurysm
formation: mitigation by taurine. Am. J. Physiol. Heart Circ. Physiol. 313, H1168-H1179, https://doi.org/10.1152/ajpheart.00296.2017

17 Alhouayek, M., Buisseret, B., Paquot, A., Guillemot-Legris, 0. and Muccioli, G.G. (2018) The endogenous bioactive lipid prostaglandin D2-glycerol ester
reduces murine colitis via DP1 and PPARy receptors. FASEB J. 32, 5000-5011, https://doi.org/10.1096/fj.201701205R

18 Satoh, T., Moroi, R., Aritake, K., Urade, Y., Kanai, Y., Sumi, K. et al. (2006) Prostaglandin D2 plays an essential role in chronic allergic inflammation of
the skin via CRTH2 receptor. J. Immunol. 177, 2621-2629, https://doi.org/10.4049/jimmunol.177.4.2621

19 Erpenbeck, V.J., Vets, E., Gheyle, L., Osuntokun, W., Larbig, M., Neelakantham, S. et al. (2016) Pharmacokinetics, Safety, and Tolerability of Fevipiprant
(QAW039), a novel CRTh2 receptor antagonist: results from 2 randomized, phase 1, placebo-controlled studies in healthy volunteers. Clin. Pharmacol.
Drug Dev. 5, 306-313, https://doi.org/10.1002/cpdd.244

20 Horimatsu, T., Blomkalns, A.L., Ogbi, M., Moses, M., Kim, D., Patel, S. et al. (2019) Niacin protects against abdominal aortic aneurysm formation via
GPR109A independent mechanisms: role of NAD+/nicotinamide. Cardiovasc. Res. 116, 2226-2238, https://doi.org/10.1093/cvr/cvz303

21 Van Hecken, A., Depre, M., De Lepeleire, I., Thach, C., Oeyen, M., Van Effen, J. et al. (2007) The effect of MK-0524, a prostaglandin D(2) receptor
antagonist, on prostaglandin D,-induced nasal airway obstruction in healthy volunteers. Eur. J. Clin. Pharmacol. 63, 135-141,
https://doi.org/10.1007/s00228-006-0211-2

22 Philip, G., van Adelsberg, J., Loeys, T., Liu, N., Wong, P, Lai, E. et al. (2009) Clinical studies of the DP1 antagonist laropiprant in asthma and allergic
rhinitis. J. Allergy Clin. Immunol. 124, 942-948, https://doi.org/10.1016/j.jaci.2009.07.006

23 Choke, E., Cockerill, G.W., Laing, K., Dawson, J., Wilson, W.R.W., Loftus, I.M. et al. (2009) Whole genome-expression profiling reveals a role for immune
and inflammatory response in abdominal aortic aneurysm rupture. Eur. J. Vasc. Endovasc. Surg. 37, 305-310,
https://doi.org/10.1016/j.ejvs.2008.11.017

24 Ghoshal, S. and Loftin, C.D. (2012) Cyclooxygenase-2 inhibition attenuates abdominal aortic aneurysm progression in hyperlipidemic mice. PLoS ONE
7, 44369, https://doi.org/10.1371/journal.pone.0044369

25 King, V.L., Trivedi, D.B., Gitlin, J.M. and Loftin, C.D. (2006) Selective cyclooxygenase-2 inhibition with celecoxib decreases angiotensin ll-induced
abdominal aortic aneurysm formation in mice. Arterioscler. Thromb. Vasc. Biol. 26, 1137-1143, https://doi.org/10.1161/01.ATV.0000216119.79008.ac

26 Walton, L.J., Franklin, I.J., Bayston, T., Brown, L.C., Greenhalgh, R.M., Taylor, G.W. et al. (1999) Inhibition of prostaglandin E2 synthesis in abdominal
aortic aneurysms: implications for smooth muscle cell viability, inflammatory processes, and the expansion of abdominal aortic aneurysms. Circulation
100, 48-54, https://doi.org/10.1161/01.CIR.100.1.48

27 Franklin, I.J., Walton, L.J., Greenhalgh, R.M. and Powell, J.T. (1999) The influence of indomethacin on the metabolism and cytokine secretion of human
aneurysmal aorta. Eur. J. Vasc. Endovasc. Surg. 18, 35-42, https://doi.org/10.1053/ejvs.1999.0820

28 Han, Z., Zhang, T., He, Y., Li, G. and Jin, X. (2018) Inhibition of prostaglandin E2 protects abdominal aortic aneurysm from expansion through regulating
miR-29b-mediated fibrotic ECM expression. Exp. Ther. Med. 16, 155-160, https://doi.org/10.3892/etm.2018.6160

29 Yokoyama, U., Ishiwata, R., Jin, M.H., Kato, Y., Suzuki, 0., Jin, H. et al. (2012) Inhibition of EP4 signaling attenuates aortic aneurysm formation. PLoS
ONE 7, €36724, https://doi.org/10.1371/journal.pone.0036724

30 Mamun, A., Yokoyama, U., Saito, J., Ito, S., Hiromi, T., Umemura, M. et al. (2018) A selective antagonist of prostaglandin E receptor subtype 4
attenuates abdominal aortic aneurysm. Physiol. Rep. 6, 13878, https://doi.org/10.14814/phy2.13878

31 Hiromi, T., Yokoyama, U., Kurotaki, D., Mamun, A., Ishiwata, R., Ichikawa, Y. et al. (2020) Excessive EP4 signaling in smooth muscle cells induces
abdominal aortic aneurysm by amplifying inflammation. Arterioscler. Thromb. Vasc. Biol. 40, 1559-1573,
https://doi.org/10.1161/ATVBAHA.120.314297

32 Xu, H., Du, S., Fang, B., Li, C., Jia, X., Zheng, S. et al. (2019) VSMC-specific EP4 deletion exacerbates angiotensin ll-induced aortic dissection by
increasing vascular inflammation and blood pressure. Proc. Natl. Acad. Sci. U.S.A. 116, 8457-8462, https://doi.org/10.1073/pnas.1902119116

33 Tang, E.H., Shvartz, E., Shimizu, K., Rocha, V.Z., Zheng, C., Fukuda, D. et al. (2011) Deletion of EP4 on bone marrow—derived cells enhances
inflammation and angiotensin ll-induced abdominal aortic aneurysm formation. Arterioscler. Thromb. Vasc. Biol. 31, 261-269,
https://doi.org/10.1161/ATVBAHA.110.216580

34 Oguma, T., Palmer, L.J., Birben, E., Sonna, L.A., Asano, K. and Lilly, C.M. (2004) Role of prostanoid DP receptor variants in susceptibility to asthma. N.
Engl. J. Med. 351, 1752—1763, https://doi.org/10.1056/NEJM0a031785

(©) 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).


https://doi.org/10.1186/2045-824X-6-21
https://doi.org/10.1161/CIRCRESAHA.108.173682
https://doi.org/10.1016/j.jaci.2015.11.012
https://doi.org/10.1124/jpet.109.161919
https://doi.org/10.1016/S2213-2600(16)30179-5
https://doi.org/10.1172/JCI59262
https://doi.org/10.1152/ajpheart.00296.2017
https://doi.org/10.1096/fj.201701205R
https://doi.org/10.4049/jimmunol.177.4.2621
https://doi.org/10.1002/cpdd.244
https://doi.org/10.1093/cvr/cvz303
https://doi.org/10.1007/s00228-006-0211-2
https://doi.org/10.1016/j.jaci.2009.07.006
https://doi.org/10.1016/j.ejvs.2008.11.017
https://doi.org/10.1371/journal.pone.0044369
https://doi.org/10.1161/01.ATV.0000216119.79008.ac
https://doi.org/10.1161/01.CIR.100.1.48
https://doi.org/10.1053/ejvs.1999.0820
https://doi.org/10.3892/etm.2018.6160
https://doi.org/10.1371/journal.pone.0036724
https://doi.org/10.14814/phy2.13878
https://doi.org/10.1161/ATVBAHA.120.314297
https://doi.org/10.1073/pnas.1902119116
https://doi.org/10.1161/ATVBAHA.110.216580
https://doi.org/10.1056/NEJMoa031785

Clinical Science (2022) 136 309-321 °
https://doi.org/10.1042/CS20220031 00 EF?E%ELAND
(]

35 Arimura, A., Yasui, K., Kishino, J., Asanuma, F., Hasegawa, H., Kakudo, S. et al. (2001) Prevention of allergic inflammation by a novel prostaglandin
receptor antagonist, S-5751. J. Pharmacol. Exp. Ther. 29, 411-419

36 Uller, L., Mathiesen, J.M., Alenmyr, L., Korsgren, M., Ulven, T., Hogberg, T. et al. (2007) Antagonism of the prostaglandin D2 receptor CRTH2 attenuates
asthma pathology in mouse eosinophilic airway inflammation. Respir. Res. 8, 1-10, https://doi.org/10.1186/1465-9921-8-16

37 Castro, M., Kerwin, E., Miller, D., Pedinoff, A., Sher, L., Cardenas, P. et al. (2021) Efficacy and safety of fevipiprant in patients with uncontrolled asthma:
Two replicate, phase 3, randomised, double-blind, placebo-controlled trials (ZEAL-1 and ZEAL-2). eClin.Med. 35, 100847,
https://doi.org/10.1016/j.eclinm.2021.100847

38 Busse, W.W., Wenzel, S.E., Meltzer, E.O., Kerwin, E.M., Liu, M.C., Zhang, N. et al. (2013) Safety and efficacy of the prostaglandin D2 receptor antagonist
AMG853 in asthmatic patients. J. Allergy Clin. Immunol. 131, 339345, https://doi.org/10.1016/j.jaci.2012.10.013

39 Ohkubo, K. and Gotoh, M. (2003) Effect of ramatroban, a thromboxane A2 antagonist, in the treatment of perennial allergic rhinitis. Allergol. Int. 52,
131-138, https://doi.org/10.1046/j.1440-1592.2003.00292.x

(© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 321
License 4.0 (CC BY-NC-ND).


https://doi.org/10.1186/1465-9921-8-16
https://doi.org/10.1016/j.eclinm.2021.100847
https://doi.org/10.1016/j.jaci.2012.10.013
https://doi.org/10.1046/j.1440-1592.2003.00292.x

