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Intracranial aneurysms are common but are generally untreated, and their rupture can lead to subarachnoid
hemorrhage. Because of the poor prognosis associated with subarachnoid hemorrhage, preventing the progres-
sion of intracranial aneurysms is critically important. Intracranial aneurysms are caused by chronic inflammation of
the arterial wall due to macrophage infiltration triggered by monocyte chemoattractant protein-1 (MCP-1), macro-
phage activation mediated by the transcription factor nuclear factor kB (NF-kB), and inflammatory signaling involv-
ing prostaglandin E, (PGE,) and prostaglandin E receptor subtype 2 (EP2). We correlated EP2 and cyclooxygenase-2
(COX-2) with macrophage infiltration in human intracranial aneurysm lesions. Monitoring the spatiotemporal pattern
of NF-kB activation during intracranial aneurysm development in mice showed that NF-kB was first activated in
macrophages in the adventitia and in endothelial cells and, subsequently, in the entire arterial wall. Mice with a
macrophage-specific deletion of Ptger2 (which encodes EP2) or macrophage-specific expression of an IkBa mutant
that restricts NF-kB activation had fewer intracranial aneurysms with reduced macrophage infiltration and NF-kB
activation. In cultured cells, EP2 signaling cooperated with tumor necrosis factor-a (TNF-a) to activate NF-kB and
synergistically induce the expression of proinflammatory genes, including Ptgs2 (encoding COX-2). EP2 signaling
also stabilized Ccl2 (encoding MCP-1) by activating the RNA-stabilizing protein HuR. Rats administered an EP2 an-
tagonist had reduced macrophage infiltration and intracranial aneurysm formation and progression. This signaling
pathway in macrophages thus facilitates intracranial aneurysm development by amplifying inflammation in intra-
cranial arteries. These results indicate that EP2 antagonists may therefore be a therapeutic alternative to surgery.

INTRODUCTION

Subarachnoid hemorrhage is the most severe form of cerebrovascular
disease and a fatal illness; up to 50% of patients die within 30 days
after the onset and 30% suffer from moderate to severe morbidity
(1). The main cause of subarachnoid hemorrhage is rupture of a
preexisting intracranial aneurysm, which affects 1 to 5% of the gen-
eral public (2, 3). Given the high prevalence and susceptibility to
subarachnoid hemorrhage, treatment of intracranial aneurysms to
prevent rupture is clinically important. Because of the lack of medical
therapy for intracranial aneurysms, only patients with rupture-prone

intracranial aneurysms, such as those that are more than 7 mm in
diameter or those that are located at specific bifurcation sites, are
surgically treated. Surgery carries the unavoidable risk of complica-
tions (4, 5), and the number of untreated patients remains very high.
Neither of these outcomes are desirable; less than half of intracranial
aneurysms [3050 lesions among 6697 unruptured intracranial aneu-
rysms (45.5%)] were surgically treated in a large Japanese cohort study
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(6). A safe and noninvasive medical therapy that prevents the progres-
sion and rupture of intracranial aneurysms is therefore urgently needed,
and to accomplish this goal, the mechanism responsible for formation
and progression of intracranial aneurysms must be elucidated.
Intracranial aneurysms are lesions that are histologically character-
ized by chronic inflammation and degenerative changes in the arterial
walls (7). These characteristics can be recapitulated in an animal
model, in which intracranial aneurysms are induced by renal hy-
pertension and unilateral ligation of the carotid artery (8, 9). Because
intracranial aneurysms occur at intracranial artery bifurcation sites
both clinically and in animal models, and computational simulation
of fluid hemodynamics shows a high wall shear stress at these sites,
it is thought that shear stress is a trigger for intracranial aneurysm
formation (10 12). High wall shear stress is thought to evoke an in-
flammatory response in endothelial cells, which then presumably
spreads to the whole arterial wall after macrophage recruitment and
secretion of proinflammatory factors (7, 13). Human intracranial an-
eurysms with high wall shear stress have more inflammatory cells in
their walls (14). The transcription factor nuclear factor kB (NF-kB)
appears to play a crucial role in these processes (7, 13, 15). The loss
of the NF-kB p50 subunit or pharmacological inhibition of its tran-
scriptional activity by intrathecal administration of decoy oligonucleo-
tides suppresses intracranial aneurysm formation and progression in
rodent models and suppresses inflammatory responses in the lesion,
verifying that NF-kB mediates inflammation in the arterial wall and is
critical for the formation and progression of intracranial aneurysms
(7, 15, 16). NF-kB and its downstream effectors are therefore potential
therapeutic targets for the treatment of intracranial aneurysms. How-
ever, because NF-kB signaling is also important in various physio-
logical processes, NF-kB activating pathways that are restricted to
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the inflammatory setting within intracranial aneurysms would be an
ideal target.

Prostaglandins (PGs), including PGD,, PGE,, PGF,,, and PGl,,
and thromboxane A, are arachidonic acid metabolites formed by the
sequential enzymatic action of cyclooxygenase (COX) and respective
synthases and exert their actions by acting on their cognate G protein
(heterotrimeric guanine nucleotide binding protein) coupled recep-
tors (17). Using mice deficient in individual PG receptors, we have
shown that PGE receptor subtype 2 (EP2) signaling is involved in
NF-kB activation and inflammation in the wall of intracranial aneu-
rysms (9, 18). An inducible isoform of COX, COX-2, membrane-bound
PGE synthase (MPGES-1), and EP2 all show increased abundance
in arterial walls during the formation of an intracranial aneurysm;
furthermore, the loss of EP2 suppresses NF-kB activation, inflamma-
tion, and intracranial aneurysm formation (18). However, the mech-
anism by which EP2 signaling is linked to NF-kB activation and the
types of cells in which this pathway operates remain obscure. More-
over, it remains unclear whether pharmacological manipulation of this
pathway would have the desired therapeutic effect. Here, we found
that EP2 signaling directly activates NF-kB p50/p65, which cooperates
with tumor necrosis factor a (TNF-a) activated NF-kB and synergis-
tically induces the expression of various inflammation-related genes
including Ptgs2 (which encodes COX-2). In addition, we show that
deletion of Ptger2 (which encodes EP2) and suppression of NF-kB
specifically in macrophages inhibited macrophage infiltration and pre-
vented intracranial aneurysm formation. We further found that admin-
istration of an EP2 antagonist prevents not only the formation but also
the progression of intracranial aneurysms. Because EP2 is abundant in
macrophages in human intracranial aneurysm lesions, this suggests that
EP2 antagonism is a promising therapeutic strategy to prevent the pro-
gression of intracranial aneurysms.

RESULTS

COX-2 and EP2 are associated with macrophage infiltration
in the wall of intracranial aneurysms in humans

Previous studies in animal models have shown that NF-kB signaling
in macrophages plays a crucial role in the inflammation underlying
intracranial aneurysm pathogenesis and implicate EP2 in the inflam-
matory processes (13, 15, 18, 19). We first aimed to clarify the clinical
relevance of these findings. We used immunostaining to assess EP2 and
COX-2 abundance in human intracranial aneurysm lesions (Fig. 1A) in
surgical samples obtained from 36 patients (20). We correlated the
abundance of these proteins with other parameters of inflammation,
particularly macrophage infiltration into the walls of the intracranial
aneurysms. We performed immunostaining for CD68 to detect
macrophages and for COX-2 and EP2 in adjacent tissue sections from
aneurysm lesions (21, 22). Both EP2 and COX-2 were detected in all
layers of the intracranial aneurysm wall, including the endothelial layer
and the adventitia. In addition, EP2 and COX-2 immunostaining
appeared as numerous puncta in the inner half of the media, where
smooth muscle cells were lost because of tissue degeneration (Fig. 1A,
left and middle); this smooth muscle loss is characteristic of ruptured
intracranial aneurysms (22). CD68-positive cells were also scattered in
a similar pattern in the media and the adventitia, suggesting macro-
phage infiltration in these regions (Fig. 1A, right). When the density
of EP2 and COX-2 signals in the whole arterial wall was scored in each
sample (fig. S1), and compared to the number of CD68-positive macro-
phages in adjacent sections, the EP2 and COX-2 signal scores in the

Aoki et al,, Sci. Signal. 10, eaah6037 (2017) 7 February 2017

B eRuptured aneurysm eUnruptured aneurysm
n
% __ 300 P=0.005 ' 300 - p<0.001 +
£ € | p=0475 . p=06] /
© E 200 y 200 '
O ™ / .
g © [ B 5 O At
s g 10 A
© =~ : . 4 i
© - 3 £ 3
o 0 . H ] 3 0 | S 2 :
o 1 2 3 4 Neg 1 2 3 4

EP2 signal score COX-2 signal score

C Merged CD68 EP2

Fig. 1. EP2 and COX-2 distribution in human intracranial aneurysms. (A) Adja-
cent tissue sections were prepared from unruptured or ruptured human intracranial
aneurysm samples and stained for EP2 (left), COX-2 (middle), and CD68 (right, with
Oil Red O background staining). Representative image from ruptured intracranial an-
eurysm is shown. Adv., adventitia; Med., media; EC, endothelial cell layer. Scale bar,
100 mm. (B) The intensity of EP2 and COX-2 immunostaining was scored according to
the criteria described in fig. S1, and the correlation of signal intensity with the num-
ber of CD68-positive macrophages in the lesion was examined using the Spearman
rank correlation test. Red and blue circles indicate data from ruptured and unrup-
tured aneurysms, respectively. n = 36 human intracranial aneurysm specimens.
(C) Colocalization of EP2 signals (red) with those of CD68 (green) in the adventitia
and media. Merged images with nuclear 4 6-diamidino-2-phenylindole (DAPI)
staining are also shown in the left panel. Images with higher magnification
corresponding to the square in the upper panel are shown in the lower panels.
n = 14 human intracranial aneurysm samples. Scale bar, 100 mm.

lesion correlated both positively and significantly with the number of
infiltrated macrophages (Fig. 1B). Furthermore, double immunohisto-
chemistry showed that the EP2 signals largely colocalized with those for
CD68 in the adventitia and media (Fig. 1C). In addition, EP2 signals
colocalized with the endothelial cell marker CD31 in the endothelium
and with the smooth muscle cell marker a smooth muscle actin in the
media where degenerative change was limited (fig. S2, A to F).

NF-kB activation is spatiotemporally regulated in
intracranial aneurysm lesions

Our finding that EP2 was present in macrophages, endothelial cells,
and smooth muscle cells in human intracranial aneurysm tissue sam-
ples raised the question about the time course of these changes in EP2

2 of 17

/T0Z ‘LT Yyore |\ uo /Hio Bewsous 10saxis//:dny wo.u) papeoumoq



SCIENCE SIGNALING | RESEARCH ARTICLE

abundance during intracranial aneurysm development. Given the cru-
cial role of NF-kB as a key mediator of inflammation in intracranial
aneurysm lesions (7, 15) and our previous finding that EP2 signaling
activates NF-kB in primary cultured endothelial cells in vitro (18), we
wanted to follow the course of inflammation during intracranial an-
eurysm development by monitoring NF-kB activation in the arterial
walls of intact animals. To this end, we made a construct encoding a
derivative of red fluorescent protein (RFP), Timer-1 (23), with consensus
NF-kB binding sites in its promoter region (fig. S3A). Expression of this
Timer-1 construct yielded potent RFP signals in response to TNF-a in
human embryonic kidney (HEK) 293 cells (fig. S3B). We then generated
a transgenic mouse line expressing this construct and subjected the mice
to NF-kB activating stimuli. Intraperitoneal injection of lipopolysac-
charide (LPS) induced Timer-1 protein expression in the liver of these mice,
and dextran sodium sulfate (DSS) induced colitis induced Timer-1 ex-
pression in the colon (fig. S3, C and D). We then induced intracranial
aneurysm formation in this line of NF-kB reporter mice. Before intra-
cranial aneurysm induction, Timer-1 signals were not detected at the
bifurcation sites of intracranial arteries (Fig. 2A). NF-kB activation, as
assessed by Timer-1 expression, was first detected on the luminal sur-
face and the adventitia of the arterial wall 2 weeks after intracranial an-
eurysm induction and spread to neighboring regions with increasing
intensity by 4 weeks. At this time point, Timer-1 signals in the adven-
titia colocalized with those for the macrophage marker F4/80 and those
at the luminal surface with the endothelial marker CD31 (fig. S4), sug-
gesting that NF-kB was activated in macrophages infiltrating into the
adventitia and in endothelial cells at this stage of intracranial aneu-
rysm formation. At 8 weeks after induction, NF-kB activation was
observed in the whole arterial wall (Fig. 2A), and coimmunofluores-
cence analysis indicated that it also occurred in smooth muscle cells in
the media, macrophages in the adventitia, and endothelial cells (fig. S4).
Once triggered, NF-kB activation, as monitored by Timer-1 expression,
was sustained in the intracranial aneurysm lesions until at least 32 weeks
(Fig. 2A). However, because intracranial aneurysm progression is
limited in this mouse model and the smooth muscle layer is almost in-
tact during the experimental period (8, 24), we did not monitor NF-kB
activation in the intracranial aneurysm walls up to the stage of excessive
degeneration of the media and loss of medial smooth muscle cells, as
was detected in human intracranial aneurysms (Fig. 1).

PGE,-EP2 signaling in macrophages sustains inflammation,
leading to intracranial aneurysm formation

EP2 signaling activates NF-kB in primary cultured endothelial cells
in vitro (18). To determine whether EP2 signaling also activated NF-kB
activation in vivo in intracranial aneurysm lesions, we used Ptger2-
deficient mice (25) crossed with NF-kB reporter mice. Ptger2 deficien-
cy suppressed NF-kB activation in intracranial arteries 4 and 8 weeks
after intracranial aneurysm induction in a gene dosage dependent
manner (Fig. 2B). These data implied that EP2 signaling was involved
in NF-kB activation in endothelial cells and macrophages at the begin-
ning of intracranial aneurysm formation as well as in the entire arterial
wall at later stages of intracranial aneurysm formation.

To determine the cell type that was important for EP2-induced
NF-kB activation and in intracranial aneurysm formation, we gener-
ated Ptger2™"/"™ mice. Using the loxP-Cre recombinase system, we de-
leted the first exon of Ptger2, which encodes the first to the middle of
the sixth transmembrane domains of the EP2 protein. The mice pro-
duced by this approach had a similar genotype as the Ptger2-deficient
mice we generated previously (fig. S5, A to C) (25). Cre-dependent
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deletion of the first exon of Ptger2 was confirmed by direct sequenc-
ing of genomic DNA from the kidneys of Ptger2™"®/1°*_E|1a-Cre
mouse. Macrophage- or endothelial cell specific deletion of Ptger2
was then achieved by crossing Ptger21®¢1° mice with Lyz2-Cre mice
(Ptger2”Lyz2Cre mice), which express Cre specifically in macrophages
under the control of the Lyz2 (which encodes lysozyme 2) promoter,
or Cdh5-Cre mice (Ptger2”'Cdh5Cre mice), which express Cre specif-
ically in endothelial cells under the control of Cdh5 (which encodes
VE-cadherin) promoter, respectively. We first assessed NF-kB activa-
tion by performing immunohistochemistry for the NF-kB p65 subunit
phosphorylated at Ser>* in these two lines of transgenic mice after
intracranial aneurysm induction. The macrophage-specific deletion
of Ptger2 prevented NF-kB activation in endothelial cells 2 weeks after
surgical manipulation, an early stage of intracranial aneurysm formation
(Fig. 2C), and almost abolished NF-kB activation in whole intracranial
arterial walls at the later stage (20 weeks after surgical manipulation)
(Fig. 2D). Notably, macrophage-specific deletion of Ptger2 suppressed
the abundance of proteins regulated by NF-kB activation, namely, mono-
cyte chemoattractant protein-1 (MCP-1) and COX-2, in the adventitia of
intracranial aneurysm lesions where macrophages accumulated (fig. S6),
suggesting that regulation of NF-kB activation by EP2 signaling occurred
in macrophages in vivo. In contrast, Ptger2 deletion specifically in endo-
thelial cells (Ptger2”'Cdh5Cre mice) abolished the signals in the endothe-
lium but did not affect NF-kB activation in the adventitia at 20 weeks
(Fig. 2D).

Because these data suggested that EP2 signaling in endothelial cells
and macrophages contributes to the inflammatory responses in these
cell types at the initial stages and that EP2 signaling in macrophages
may have sustained effects on inflammation in arterial walls, we next
examined the contribution of the signaling in each cell type to intra-
cranial aneurysm formation. Because the mouse model of intracranial
aneurysm shows limited lesion progression and does not induce out-
ward bulging of arterial walls, which is typically observed at the ad-
vanced stage (8), we evaluated intracranial aneurysm formation by
examining breakage of the lamina elastica and also assessed macro-
phage infiltration using immunohistochemistry for F4/80-positive
cells. Twenty weeks after surgical manipulation, Ptger2”"Lyz2Cre mice,
but not Ptger2”Cdh5Cre mice, had significantly less intracranial aneu-
rysm formation (Fig. 2E), which was accompanied by suppression of
NF-kB activation and macrophage recruitment to intracranial aneu-
rysm lesions (Fig. 2, D and F). Deficiency of Ptger2 specifically in en-
dothelial cells did not affect intracranial aneurysm formation (Fig. 2E)
or macrophage infiltration of the lesions (Fig. 2F). These data suggest
that EP2-mediated NF-kB activation in macrophages, but not in en-
dothelial cells, specifically contributes to intracranial aneurysm forma-
tion in vivo.

NF-kB activation in macrophages is critical for intracranial
aneurysm formation

To corroborate the role of macrophage signaling in intracranial an-
eurysm inflammation and to examine whether NF-kB activation spe-
cifically in macrophages is critical to intracranial aneurysm formation,
we established a mouse line in which a mutated form of IkBa (S32A/
S36A-IkBa) was expressed under the control of Cre recombinase.
Expression of this IkB mutant protein could easily be monitored be-
cause of its fusion with mCherry (Fig. 3A and fig. S7, A to C). S32A/
S36A-IkBa is a superrepressor of NF-kB (26) because it is resistant to
phosphorylation-dependent degradation, thereby interfering with the
nuclear translocation of NF-kB. The Cre-dependent expression of the
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IkB mutant, its resistance to degradation under NF-kB activating
conditions, and its inhibitory effect on NF-kB activation were con-
firmed in vitro either in HEK293 cells or in a stable NF-kB reporter
HEK293 cell line [a cell line that expresses green fluorescent protein
(GFP) under the transcriptional control of NF-kB] stimulated with
TNF-a (fig. S8, A to C). The Cre-dependent expression of the 1kB
mutant was further confirmed by transfecting a Cre-expressing plas-
mid into primary intraperitoneal macrophages isolated from trans-

genic mice or by injecting a Cre-expressing plasmid into the femoral
muscle of this mouse line (fig. S8, D and E). We crossed these IkB
mutant mice with either Lyz2-Cre mice or Cdh5-Cre mice. IkB mutant
Lyz2Cre mice and IkB mutant Cdh5Cre mice (figs. S9, A and B, and
S10A) showed expression of the IkB mutant protein, as assessed by
mCherry expression, specifically in F4/80-positive macrophages (fig.
S9, A and C) and CD31-positive endothelial cells (fig. S10, B and
C), respectively. When intracranial aneurysms were induced in these
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mice, the incidence of intracranial aneurysms
in the IkB mutant Cdh5Cre mice was compa-
rable to that in their littermates, whereas the
IkB mutant Lyz2Cre mice had a significantly
lower incidence of intracranial aneurysms
and also demonstrated reduced macrophage
infiltration compared to their littermates (Fig.
3A) in the absence of changes in systemic
blood pressure (fig. S11, A and B). These data
are consistent with the effect of cell type
specific deletion of Ptger2 on the sustained
activation of NF-kB, as assessed by Timer-1 ex-
pression, in the whole arterial wall $Fig. 2,C
and D). As was observed in the Ptger2"Lyz2Cre
mice (Fig. 2D), NF-kB activation, as assessed
by immunostaining for phosphorylated p65,
was suppressed in the whole arterial wall in
the IkB mutant Lyz2Cre mice compared to
their littermates (Fig. 3B). Quantitative real-
time polymerase chain reaction (RT-PCR)
analysis revealed that intracranial aneurysm
induction increased the expression of Ccl2
and Ptgs2, which encode two NF-kB induced
proinflammatory proteins that are involved in
intracranial aneurysm formation (18, 19, 27).
The increase in the expression of these two
proinflammatory factors was ablated in macro-
phages expressing the 1kB mutant (Fig. 3C).
These findings were consistent with the pres-
ence of MCP-1 in macrophages infiltrating
the intracranial aneurysm lesions, which was
abolished in IkB mutant Lyz2Cre mice (Fig.
3D). These results indicate that NF-kB activation
in macrophages promotes inflammation in
the whole arterial wall and critically contributes
to intracranial aneurysm formation, at least
partly, by forming a self-recruiting loop consist-
ing of macrophages secreting their own chemo-
attractant, MCP-1.

EP2 signaling directly activates NF-kB and
synergistically induces NF-kB—dependent
gene expression with TNF-a through a
PGE,—EP2-NF-kB-COX-2—positive
feedback loop

To examine whether EP2 stimulation could
directly induce NF-kB activation and to deter-
mine the underlying mechanism, we generated
HEK293 cells stably expressing mouse EP2 (fig.
S12A) and confirmed EP2 expression by immuno-
histochemistry (fig. S12B) and by increases in
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adenosine 3 ,5 -monophosphate (CAMP) in response
to the selective EP2 agonist ONO-AE1-259 (fig.
S12C) (28). Stimulation with ONO-AE1-259 signifi-
cantly increased the nuclear translocation of the
canonical NF-kB subunits p50 and p65, but not
that of c-Rel (Fig. 4A). ONO-AE1-259 also induced
the NF-kB dependent expression of an NF-kB re-
porter in HEK293-EP2 cells (fig. S13A). These find-
ings are consistent with our previous in vivo findings
showing that the p50-p65 complex is activated in in-
tracranial arteries after aneurysm induction (15) and
that Ptger2 deficiency decreases p65 phosphorylation
in intracranial arteries (18). We next examined whether
EP2 signaling affected phosphorylation of Ser® in
p50, an event that is critical for DNA binding (29, 30).
ONO-AE1-259 increased the phosphorylation of this
site in a time- and concentration-dependent manner
(Fig. 4B), and this was mimicked by the cCAMP analog
dibutyryl-cAMP (db-cAMP), and inhibited by the
protein kinase A (PKA) inhibitor H-89 (fig. S13B),
indicating that EP2 simulation mobilizes the CAMP-
PKA pathway to phosphorylate the p50 subunit. ONO-
AE1-259 also increased phosphorylation of NF-kB
p65 at Ser>*® in a time-dependent manner (Fig. 4C).
These results suggest that EP2 signaling activates
the canonical NF-kB signaling cascade by inducing
the phosphorylation of the p50 and p65 subunits.
However, this activation was much weaker than that
induced by cytokines such as TNF-a (Fig. 4C and
fig. S13, A and C), which led us to hypothesize that
NF-kB activation by EP2 stimulation synergizes with
other signaling pathways to amplify expression of
NF-kB target genes. We chose to test this synergism
hypothesis using TNF-a because TNF-a signaling al-
so contributes to intracranial aneurysm formation
(31 33). Treatment of primary macrophages isolated
from the intraperitoneal cavity with ONO-AE1-259
and TNF-a potently amplified the expression of TNF-
a induced, NF-kB dependent genes, including 116
[which encodes interleukin-6 (IL-6)], 1l1b (which
encodes IL-1b), Ptgs2, and Nos2 (which encodes
inducible nitric oxide synthase) (Fig. 4D and fig.
S13D). Consistent with NF-kB activation by EP2 stim-
ulation, NF-kB inhibitor IV (34 36) significantly atte-
nuated the amplifying effect of ONO-AE1-259 on
TNF-a induced gene expression (fig. S14, A to D).
We further examined the molecular mechanism un-
derlying the synergy between EP2 and TNF-a by using
HEK?293-EP2 cells expressing a Ptgs2 promoter
containing luciferase reporter. We found that ONO-
AE1-259 increased luciferase activity and Ptgs2 expres-
sion synergistically with TNF-a (Fig. 4E and fig.
S15A). Because both EP2 and TNF-a signaling activate
NF-kB, and the Ptgs2 promoter contains two consen-
sus NF-kB binding sites (the distal NF-kB site is lo-
cated about 447 position and the proximal NF-kB
site is about 223 position from the transcription
initiation site), we examined NF-kB binding sites that
responded to each signaling stimulus. ONO-AE1-259
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