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Abstract

Rationale: Chemokine-controlled arterial leukocyte recruitment is a crucial process in
atherosclerosis. Formyl peptide receptor 2 (FPR2) is a chemoattractant receptor that recognizes
proinflammatory and proresolving ligands. The contribution of FPR2 and its proresolving ligand
annexin Al to atherosclerotic lesion formation is largely undefined.

Obijective: Because of the ambivalence of FPR2 ligands, we here investigate the role of FPR2
and its resolving ligand annexin Al in atherogenesis.

Methods and Results: Deletion of FPR2 or its ligand annexin A1l enhances atherosclerotic
lesion formation, arterial myeloid cell adhesion, and recruitment. Mechanistically, we identify
annexin Al as an endogenous inhibitor of integrin activation evoked by the chemokines CCLS5,
CCL2, and CXCL1. Specifically, the annexin Al fragment Ac2-26 counteracts conformational
activation and clustering of integrins on myeloid cells evoked by CCL5, CCL2, and CXCL1
through inhibiting activation of the small GTPase Rapl. In vivo administration of Ac2-26 largely
diminishes arterial recruitment of myeloid cells in a FPR2-dependent fashion. This effect is also
observed in the presence of selective antagonists to CCR5, CCR2, or CXCR2, whereas Ac2-26
was without effect when all 3 chemokine receptors were antagonized simultaneously. Finally,
repeated treatment with Ac2-26 reduces atherosclerotic lesion sizes and lesional macrophage
accumulation.

Conclusions: Instructing the annexin A1-FPR2 axis harbors a novel approach to target arterial
leukocyte recruitment. With the ability of Ac2-26 to counteract integrin activation exerted by
various chemokines, delivery of Ac2-26 may be superior in inhibition of arterial leukocyte
recruitment when compared with blocking individual chemokine receptors.
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Atherosclerosis is a chronic inflammation of the arterial vessel wall characterized by
continuous leukocyte recruitment. Arterial leukocyte accumulation is controlled by various
mechanisms, including apoptosis, egress, proliferation, and recruitment.! The latter process
is thought to be a dominant mechanism occurring at all stages of atherosclerosis.? Indeed,
inhibition of arterial myeloid cell recruitment was shown to reduce atherogenesis,
atheroprogression, and plagque destabilization in mouse models of atherosclerosis.34
Recruitment of arterial leukocytes, predominantly myeloid cells, is regulated by interaction
of leukocytic and endothelial cell adhesion molecules. The valency of leukocyte adhesion
molecules, namely integrins, is essentially controlled by chemotactic molecules, which bind
to G-protein—coupled chemokine receptors unleashing an intracellular signaling cascade
ultimately fostering integrin activation. Although ligation of most chemokine receptors
follows this activation pattern, other chemoattractant receptors bind ligands with opposing
functions.

Formy! peptide receptor 2 (FPR2) is a G-protein—coupled receptor predominantly expressed
by myeloid cells and to a lower degree by endothelial cells. In contrast to classical
chemokine receptors, FPR2 is promiscuous and recognizes ligands with proinflammatory
(eg, cathelicidin, serum amyloid A) or anti-inflammatory, proresolving (eg, annexin Al
[AnxA1]) properties® and may hence exert ambivalent effects during leukocyte recruitment
in atherosclerosis. Previous work has underscored the importance of the inflammatory FPR2
ligands cathelicidin and serum amyloid A in accelerating macrophage accumulation during
atherogenesis.”*8 In contrast, clinical data point toward a protective role of AnxA1.%:10 Thus,
we here investigate the importance of FPR2 in atherogenesis and identify a prominent
protective effect of its resolving ligand AnxAl.

FprZ'-11 and Anxal=12 were intercrossed with Apoe™'~ mice to generate double-mutant
Apoe™!~Fprz'~ and Apoe '~ Anxal™'~ mice. Apoe™~, Apoe !~ Fprz"~, and Apoe

~I~ Anxal”"~ mice were fed a high-fat diet (HFD) containing 21% fat (ssniff) for 4 weeks to
induce early atherosclerotic lesions. In a separate set of experiments, Apoe™'~ mice were
treated with Ac2-26 (3x per week; 50 pg IP per injection) or vehicle control during 4 weeks
of HFD feeding. All genetically modified animals were backcrossed to C57BI/6 background
for =10 generations. All animal experiments were approved by the local ethical committee
for animal experimentation. A detailed Methods section is available in the Online Data
Supplement.

Lack of FPR2 or its Ligand Annexin Al Accelerates Atherogenesis

To investigate the role of FPR2 in early atherosclerosis, we fed Apoe™'~ and Apoe™~Fpro=
mice a HFD for 4 weeks and assessed atherosclerotic lesion sizes in aortic roots. Lack of

FPR2 significantly increased lesion sizes (Figure 1A) characterized by increased cellularity
and a matching increase in macrophage content (Figure 1B and 1C). Although infrequent in
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atherosclerotic lesions, neutrophils were also found in larger numbers in plaques of Apoe
~I=Fprz-'= mice (Figure 1D). In addition, no changes in the number of intercellular adhesion
molecule-1 (ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1)—expressing
endothelial cells were found (Figure 1E), and the number of apoptotic cells as assessed by
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining was not
different between the strains (Online Figure 1A). Finally, no differences were detected for
counts of leukocyte subsets, plasma cholesterol, and triglyceride levels in Apoe™'~ and Apoe
~I=Fprz7'= mice (Online Table I).

These data are in striking contrast to the previously reported lesion phenotype of mice
lacking the neutrophil-borne FPR2 ligand CRAMP (Cathelicidin-related Antimicrobial
Peptide).” Thus, we hypothesized that resolution-inducing FPR2 ligands may hold an
important role during early atherosclerosis and consequently studied the development of
atherosclerosis in mice lacking the proresolving FPR2 ligand AnxAl. Apoe'~A nxal™!~
mice were fed a HFD for 4 weeks, and atherosclerosis development was compared with
Apoe~'~ mice. In parallel to what we observed in Apoe™'~Fpr2~'~ mice, aortic root lesions of
Apoe”'~ Anxal”~ mice were larger in size and contained more myeloid cells when
compared with Apoe™~ mice (Figure 1).

Annexin A1-FPR2 Axis Prevents Arterial Myeloid Cell Recruitment

The similarity of atherosclerotic lesion characteristics in Apoe™~Fpr2'~ and Apoe

~I~ Anxa1™'~ mice points toward the importance of an endogenous AnxA1-FPR2 axis
preventing atherogenesis. To study the presence of AnxAl in atherosclerotic lesions, we
stained murine plaques with an antibody to AnxAl. We could evidence abundant, specific
staining of AnxA1 in murine lesions of Apoe”~ mice, whereas no staining was observed in
lesions Apoe™'~Anxal™~ mice (Figure 2A). To study the possible origin of AnxA1l, we
costained murine atherosclerotic lesions with an antibody recognizing AnxAl and with
antibodies toward macrophages (Mac2), neutrophils (Ly6G), smooth muscle cells (a-smooth
muscle actin), or endothelial cells (von Willebrand Factor). Specific immunofluorescence
was prominent in myeloid cells and in the endothelium, whereas scarce staining was found
in smooth muscle cells (Figure 2B). Importantly, a similar distribution of AnxA1 staining
was evidenced in human endarterectomy specimens (Online Figure I1A and 11B). In
addition, AnxA1 plasma levels showed no differences between Apoe '~ and Apoe™~Fpro=
mice (Figure 2C), and plasma AnxAl levels were negatively correlated with lesion sizes in
the aortic root of Apoe'~ mice, a relationship absent in Apoe™'~Fpr2'~ mice (Figure 2D).

To assess the role of the AnxA1-FPR2 axis on arterial leukocyte recruitment, we performed
intravital microscopy of the carotid artery. Herein, myeloid cells were visualized by
administration of antibodies to Ly6G (neutrophils), Ly6C (classical monocytes), and CD11b
(myeloid cells). Although tethering and rolling speed of myeloid cell subsets were not
affected in mice lacking FPR2 or AnxA1l (Figure 3A and 3B; Online Figure Il11A and 111B),
rolling flux was reduced in both strains when compared with Apoe™'~ mice (Figure 3C;
Online Figure I11C). Concomitantly, adhesion of myeloid cell subsets was significantly
increased in both Apoe'~Fpr2'~ and Apoe™~Anxal™'~ mice when compared with that in
Apoe”!~ mice (Figure 3D and 3E). Because endothelial adhesion molecule expression did
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not differ between the mouse strains and with the largely myeloid cell-restricted expression
of FPR2, we suspected the adhesion defect to be leukocyte intrinsic. In fact, the pattern of
alterations in leukocyte adhesion with enhanced adhesion and reduced rolling flux pointed
toward a modification of chemokine-mediated leukocyte integrin activation and subsequent
firm adhesion.

Annexin Al Abolishes Chemokine-Mediated Integrin Activation

Integrin activation was further studied in murine myeloid cells after stimulation with CCL2,
CCL5, CXCL1, and leukotriene B4 (LTB4), all of which are chemotactic molecules with
reported importance in arterial myeloid cell recruitment.2 Activation of B1 and B, integrins
was assayed by coincubation with their natural ligands VCAM-1 and ICAM-1, which were
fused with a human Fc fragment allowing for detection of binding by flow cytometry. In this
setting, CCL2 and CCL5 induced a robust activation of B1 and B, integrins (Figure 4A and
4B), whereas CXCL1 and LTB4 exerted only moderate effects (Online Figure IVVA and
IVB). To assess the effect of AnxAl on chemokine-evoked integrin activation, we made the
use of the AnxAl fragment Ac2-26, which was reported to act via FPR2. In homoligand
competition binding experiments, we could demonstrate that Ac2-26 competed with [125I1-
Tyr]-Ac2-26 at mouse or human FPR2 overexpressed in HEK293 cells (Online Figure IVC
and IVD). Furthermore, we used a biochemical approach to confirm the interaction of
Ac2-26 and FPR2. Herein, we performed surface plasmon resonance experiments using
FPR2 expressed in proteoliposomes, thus maintaining the 3-dimensional chemokine receptor
structure. Ac2-26 was immobilized on a CM4 chip and superfused with receptor-containing
proteoliposomes (Online Figure IVE). With this approach, we were able to detect a clear
binding of Ac2-26 to FPR2. Interestingly, pretreatment of myeloid cells with the FPR2-
binding AnxA1 fragment Ac2-26 vastly reduced CCL5-inflicted activation of p; and By
integrins on neutrophils and classical monocytes (Figure 4A and 4B). In addition, the
presence of Ac2-26 significantly lowered CCL2-induced binding of VCAM-1 on
neutrophils, whereas there was only a trend toward reduced binding of ICAM-1 on
neutrophils (P=0.3) and VCAM-1 (P=0.07) or ICAM-1 on classical monocytes (P=0.2).
Finally, CXCL1-mediated binding of ICAM-1 was significantly lowered by Ac2-26 (Online
Figure IVA and IVB), whereas there was only a trend toward reduction for LTB4-stimulated
binding of ICAM-1 (P=0.12). To study the effect of Ac2-26 on adhesion of human myeloid
cells, isolated human monocytes and neutrophils were perfused over tumor necrosis factor—
activated human umbilical vein endothelial cells in the absence or in the presence of
increasing amounts of Ac2-26 (Online Figure IVF and IVG). In these experiments, the
presence of Ac2-26 caused a significant, dose-dependent decrease in myeloid cell adhesion
with significant reductions at doses of 10 and 50 pg/mL. With the robust effect of Ac2-26 on
CCL5-evoked integrin activation (Figure 4A and 4B) and the reported importance of CCL5
in arterial recruitment of both neutrophils and monocytes,13-14 we limited further
mechanistic studies to studying the effect of Ac2-26 on CCL5-evoked integrin activation.
Here, we find that Ac2-26 dose dependently reduces the affinity for ICAM-1 and VCAM-1
when neutrophils and classical monocytes are activated with CCL5 (Figure 4C and 4D).
This response was annulled in myeloid cells harvested from £pr2”~ mice (Figure 4C and
4D). Full integrin activation is accompanied by a shape change to the fully extended
conformation that can be monitored in human cells by the use of antibodies recognizing the
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activation epitope. Here, Ac2-26 inhibited the CCL5-induced switch of B, integrin
conformation into its activated state in human neutrophils and monocytes (Figure 4E; Online
Figure IVH). In addition, cell surface expression of 31 and B, integrins was neither increased
by CCLS5 treatment (not shown) nor decreased by Ac2-26 treatment (Online Figure IVI).
Likewise, Ac2-26 treatment did not affect the expression of the CCL5 receptors, CCR1,
CCR3, or CCR5 (Online Figure IVK). Another well-described aspect of integrin activation
is their clustering on the cell surface. Using confocal microscopy, we found that the
relatively dispersed distribution of lymphocyte function-associated antigen 1 (LFAL), on
mouse neutrophils, as well as on human neutrophils, and monocytes became much more
clustered on treatment with CCL5 and that this clustering was strongly reduced by Ac2-26
(Figure 4F; Online Figure IVL and IVM). Thus, Ac2-26 inhibits the adhesiveness of
myeloid cell $1 and B, integrins by downmodulating their affinity and valency. Chemokine-
triggered integrin activation is mediated by an early increase in cytosolic Ca2* followed by a
later activation of the small GTPase Rap1.1® To clarify how Ac2-26 interferes with
chemokine-driven integrin activation, we analyzed whether either of these 2 steps is affected.
Although the treatment of neutrophils with Ac2-26 did not affect the CCL5-stimulated
increase in intracellular free Ca2* (Figure 4G), Ac2-26 treatment reduced CCL5-triggered
Rapl activation in murine neutrophils (Figure 4H; Online Figure IVN) and in human
neutrophils and monocytes (Online Figure IVO and I1VVP), as assessed by measuring the level
of GTP-bound Rapl. Thus, Ac2-26 inhibits integrin activation by interfering with the
chemokine-driven activation of Rapl, an essential step in integrin activation. To test the
involvement of Rapl in Ac2-26-triggered chemokine-evoked integrin deactivation further,
we transferred a wild-type or a constitutively active Rap1 fusion protein into human
neutrophils or monocytes before the treatment with Ac2-26 and CCL5. Although the transfer
of the fusion proteins did not affect LFA1 activation in response to CCLS5 alone, the
constitutively active Rap1l fusion protein fully abolished the inhibitory effect of Ac2-26
(Figure 4E; Online Figure IVVH), thus confirming that Ac2-26 acts through antagonizing
Rapl activation.

Delivery of the Annexin Al Fragment Ac2-26 Reduces Atherogenesis

With the powerful abilities of AnxA1l to abrogate integrin activation induced by chemokines,
we further aimed at using this knowledge in a translational approach. Hence, we
hypothesized that in vivo delivery of Ac2-26 might reduce arterial myeloid cell recruitment.
Intravital microscopy in Apoe™'~, Apoe!~ Fprz!=, and Apoe '~ Anxal™'~ mice was used to
study leukocyte dynamics before and after intravenous Ac2-26 injection. To define the
optimal time and dose for such experiments, we performed dose—response and time—course
analyses using the arterial adhesion of CD11b* myeloid cells to the carotid artery of Apoe™~
mice fed a HFD for 4 weeks as read-out. In these experiments, Ac2-26 at 0.1 and 1 pg was
without effect throughout the observation period of <30 minutes after Ac2-26
administration. In contrast, Ac2-26 at 10 and 50 g significantly reduced the number of
adherent cells at 10 and 30 minutes after injection (Online Figure VVA). On the basis of this,
we decided to study arterial leukocyte adhesion before and 30 minutes after a single dose of
Ac2-26 (50 pg). Although Ac2-26 shifted the adherent CD11b* cell fraction in Apoe =
mice toward the rolling cell fraction, an effect observed even more pronounced in Apoe

I~ Anxa1™!~ mice, this effect was abolished in Apoe™~ Fpr2~!~ mice (Figure 5A-5C).
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Similar effects were also observed for Ly6G* and Ly6C* cells (Online Figure VB-VE). In
addition, boiled Ac2-26 failed to affect adhesion of myeloid cells (Figure 5A-5C; Online
Figure VB-VE).

With the potent effect of Ac2-26 to reduce arterial myeloid cell adhesion and to diminish
integrin activation evoked by chemokines, we aimed at comparing the effect of Ac2-26 and
chemokine receptor antagonists. Because Ac2-26 largely diminished CCL5-evoked integrin
activation triggered by CCL2 and CXCL1 to a lower degree, we used specific antagonists to
CCR5, CCR2, and CXCR2 to study the effect of Ac2-26 on arterial myeloid cell adhesion.
Apoe'~ mice receiving a HFD for 4 weeks were treated with an antagonist to CCR5, CCR2,
or CXCR2, a combination of all 3, or vehicle only 30 minutes before intravital microscopy.
Adhesion of myeloid cell subsets along the carotid artery was studied before and 30 minutes
after intravenous injection of Ac2-26. Although Ac2-26 treatment reduced adhesion of
myeloid cell subsets when mice were treated with just 1 chemokine receptor antagonist, this
was abrogated in the presence of the combination of antagonists to CCR2, CCR5, and
CXCR2 (Figure 5D; Online Figure VF and VG).

These data indicate that Ac2-26 is able to counteract myeloid cell adhesion evoked by
various chemokines, and hence we suspected that Ac2-26 should be a powerful tool in
reducing early atherosclerotic lesion burden. Thus, we performed a therapeutic experiment
with repeated injections of Ac2-26 (3x per week; 50 ug IP per injection) or vehicle control
during 4 weeks of HFD. Ac2-26 did not have any obvious side effects and did not alter
circulating leukocyte counts or plasma lipid levels (Online Table I1). Histomorphometry of
atherosclerotic lesion sizes in aortic root sections, however, revealed a clear-cut reduction in
mice receiving Ac2-26 (Figure 5E). In line, Ac2-26 administration lowered lesional
macrophage counts, whereas neutrophil numbers were low in both groups and Ac2-26
treatment only exerted a trend toward reduction (Figure 5F and 5G).

Discussion

AnxA1l is a molecule that belongs to a large and structurally heterogeneous family of
proresolving molecules. Other family members include resolving lipid mediators,
proresolving cytokines, and proresolving hormones. Although these molecules are
structurally different they share functional similarities. They terminate inflammatory
leukocyte accumulation by reducing leukocyte recruitment and enhancing egress; they
stimulate clearance of aged and apoptotic cells and actively promote tissue repair.16 Here,
we show that AnxAl is an endogenous inhibitor of arterial leukocyte recruitment. Because
this process is a mechanism essential to atherogenesis, it is not surprising that mice lacking
AnxAL1 or its receptor FPR2 have accelerated atherosclerosis. Mechanistically, we show that
the AnxAl fragment Ac2-26 counteracts chemokine-mediated integrin activation in
neutrophils and monocytes and could hence be a potential tool for the treatment of
atherosclerosis. Direct interference with integrins, cell adhesion molecules, or chemokines to
prevent arterial leukocyte recruitment has only achieved limited success in translational
studies.1”18 Reasons for such limitations include the striking redundancy of cell adhesion
molecules and chemokines during atherogenic recruitment, rendering interference with just
1 molecule insufficient. Indeed, it has been shown that combined inhibition of chemokine
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signaling has an additive effect in the treatment of atherosclerosis in mice.1® By
counteracting arterial myeloid cell adhesion instructed by a variety of chemokines, AnxAl-
based therapeutic approaches may be superior to the use of individual chemokine receptor
antagonists. However, systemic delivery of Ac2-26 may also affect myeloid cell recruitment
in acute inflammation and thus impair host defense. Thus, delivery strategies with arterial
tropism may be favorable for future translational approaches.20:21

Beyond its ability to reduce myeloid cell adhesion, AnxA1 exerts several proresolving
effects that may be beneficial during atheroprogression and plaque destabilization. In this
context, AnxA1l was identified as a bridging molecule opsonizing apoptotic cells to mediate
efferocytosis.?? In addition, AnxA1 induces a favorable macrophage M2a phenotype,23
which is characterized by the release of the cytokines interleukin-10 and TGF@. Thus,
AnxA1 and its fragments counteract inflammatory processes of central importance during
advanced stages of atherosclerosis,* and delivery of AnxA1l fragments may promote plaque
stability. Of note, analyses of human atherosclerotic plaques revealed a correlation between
lesional AnxA1 and signs of plaque stability.® Interestingly, treatment with the annexin
family member annexin A5 has been shown to reduce inflammation during advanced stages
of atherosclerosis?4 and in models of arterial injury.2526 These indications point toward the
possible importance of AnxA1l in plaque stabilization. However, a recent study indicates that
mice lacking FPR2 and FPR3 are partially protected from atherosclerosis at a later stage.2’
Thus, subsequent studies are required to define the role of AnxAl and its therapeutic
potential during atheroprogression and plaque destabilization clearly.

An additional point of interest is the origin of AnxA1l in the context of
hypercholesterolemia-induced atherosclerosis. Although neutrophils release AnxA1l after
establishing interactions with the endothelium,28 it appears unlikely that neutrophils are a
major source during atherogenesis because they have been shown to promote early lesion
formation.12 Instead, we here show that the arterial endothelium expresses large amounts of
AnxALl. Given that the interaction between AnxAl and myeloid cells is likely to occur in the
blood or at the interface between blood and the atherosclerotic lesion, the endothelium could
be an important source of AnxAl in atherosclerosis. In fact, it has been shown that
endothelial expression of AnxAl decreases during endothelial dysfunction and vascular
inflammation.29:30 Interestingly, AnxA1 is primarily a cytosolic protein lacking signal
sequences that could direct it into the classical secretory pathway. Nevertheless, AnxAl can
be detected in the plasma under conditions of inflammation or in the supernatant of activated
endothelial cells2®31 and hence alternative pathways for the secretion of AnxA1 have been
proposed. One of these pathways includes the externalization via ABCA132 and endothelial
expression of this transporter is protective in a mouse model of atherosclerosis.33 However,
additional studies are needed to understand the endogenous source of AnxA1 during
hypercholesterolemia.

A striking observation of the here presented study is the differential effect of FPR2 ligands.
Although previous work highlighted the proatherogenic role of FPR2 ligands, such as
cathelicidin and serum amyloid A,”:8 we show that AnxAlexerts antiatherogenic effects.
Such opposing effects are not just shown in disease models but have also been reported on a
cellular level. For example, acute-phase protein serum amyloid A and cathelicidin mediate
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FPR2-dependent proinflammatory leukocyte activation, including leukocyte trafficking,
cytokine secretion, and inhibition of neutrophil apoptosis.34-3% In contrast, AnxAl, Ac2-26,
and lipoxin A4 also signal through FPR2 to inhibit leukocyte recruitment, enhance
neutrophil apoptosis, and macrophage efferocytosis,3>37 key events in inflammatory
resolution. Lipid and peptide ligands act with different affinities and bind to distinct pockets
on the receptor, thus making a direct competition unlikely.3® One mechanistic explanation
for divergent effects of FPR2 ligands may reside in the ability of FPR2 to form homo- and
heterodimers.39 Although dimerization of G-protein—coupled receptors may not generally be
required for ligand recognition, emerging evidence indicates that dimers of G-protein—
coupled receptors may affect signaling functions and that ligand selectivity may be directly
related to different receptor conformation.? FPR2 homodimers and FPR2/FPR1
heterodimers constitutively occur in human leukocytes.39 In addition, dimer formation and
change in receptor conformation can be induced in a ligand-specific fashion, and this does
not seem to be simply a consequence of ligand—-receptor interaction. As an example, Ac2-26
was found to activate the INK/caspase-3 pathway, leading to apoptosis in neutrophils.
Importantly, this pathway over-rode the apoptosis suppressing action of serum amyloid A
and cathelicidin.3®

Recent reports have suggested the tight control of leukocyte recruitment by endogenous
inhibitors. In this context, leukocyte-derived pentraxin-3 binds to endothelial P-selectin
thereby abrogating leukocyte rolling.#! Del-1 directly inhibits the interaction of leukocytic
LFA1 and ICAM-1.42 Finally, GDF-15 (growth differentiation factor 15) counteracts
chemokine-induced activation of B, integrins by interfering with the activity of Rap1-
GTPase.*3 Hence, in the context of leukocyte recruitment, the latter molecule seems to share
much of its functionality with AnxALl. However, the role of these molecules in
atherosclerosis has not been investigated yet. Thus, the presented study is the first report on
the role of an endogenous inhibitor of leukocyte recruitment in atherosclerosis. Local
delivery of AnxAl, its Ac2-26 fragment, or other endogenous inhibitors of leukocyte
recruitment, may harbor valuable opportunities for the prevention and treatment of
atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is Known?

. Neutrophils and monocytes enter atherosclerotic lesions in a process
involving chemokine-mediated integrin activation.

. Annexin Al is an endogenous inhibitor of leukocyte recruitment preventing
firm adhesion of neutrophils in the microcirculation.

What New Information Does This Article Contribute?

. Annexin Al and its receptor formyl peptide receptor 2 are protective during
early stages of atherosclerosis in Apoe null mice fed a high-fat diet.

. The annexin Al fragment Ac2-26 inhibits chemokine-evoked integrin
activation and with this arterial adhesion of neutrophils and monocytes.

. Repeated treatment with Ac2-26 reduces early atherosclerosis.

Endogenous inhibitors of leukocyte recruitment have been identified as a set of breaks to
fine-tune inflammatory leukocyte trafficking. However, their role in atherosclerosis is
largely unknown. Here, we show that annexin A1, a protein known to inhibit leukocyte
adhesion in microvascular inflammation, and its receptor formy!l peptide receptor 2, are
protective during early stages of atherosclerosis in Apoe null mice. Mechanistically, the
annexin Al fragment Ac2-26 counteracts chemokine-induced integrin activation, a
process important in arterial leukocyte recruitment. Notably, Ac2-26 overrides the
chemokine signaling exerted by several chemokines. Hence, Ac2-26 fragment of
annexinl might be of clinical importance in settings where redundant chemokine
signaling guides leukocytes to sites of inflammation.
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Figure 1. Formyl peptide receptor 2 and its ligand annexin Al protect from atherogenesis.
Apoe'=, Apoe™!~ Fprz!=, and Apoe™'~ Anxa1~'~ mice were fed a high-fat diet for 4 weeks.

A, Quantification of atherosclerotic lesion sizes in Oil-Red-O-stained aortic root sections.
Representative images are shown aside. B, Enumeration of lesional DAPI (4°,6-diamidino-2-
phenylindole)-positive cells. C, Quantification of Mac2™ cells indicating macrophage
accumulation in absolute numbers (left) and relative to lesional cell count (right). D,
Quantification of lesional Ly6G* neutrophils. E, Assessment of luminal expression of
endothelial adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1). Displayed are representative images (top) and
quantification of luminal coverage (bottom). Scale bar, 100 um. */<0.05 compared to Apoe
I~ mice. All data are presented as mean+SD. Experiments were performed 3x
independently with a total of 15 mice. Data were analyzed with 1-way ANOVA with
Dunnett post test.
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Figure 2. Plasma annexin Al (AnxALl) negatively correlates with atherosclerotic lesion sizes.
A, Apoe'~ and Apoe '~ Anxa1~'~ mice were fed a high-fat diet for 4 weeks, and aortic root

sections were stained with an antibody to AnxAL or an isotype control antibody. B, Apoe™~
mice were fed a high-fat diet (HFD) for 4 weeks and AnxA1 was costained with markers for
macrophages (anti-Mac2), smooth muscle cells (anti-aSMA), endothelial cells (anti-von
Willebrand Factor [VWF]), or neutrophils (anti-Ly6G) in aortic root sections. Scale bar, 100
um. C and D, Apoe™~ and Apoe'~ Fpr2'~ mice were fed a HFD for 4 weeks and AnxA1l
was quantified in the plasma (B). Correlation between aortic root lesion sizes and plasma
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AnxA1 levels in Apoe™'~ and Apoe™~ Fprz”~ mice (Pearson correlation; D). DAPI indicates
4’ 6-diamidino-2-phenylindole.
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Figure 3. Annexin Al-formyl peptide receptor 2 axis prevents arterial myeloid cell recruitment.
Apoe™=, Apoe !~ Fprz"=, and Apoe~ Anxal™'~ mice were fed a high-fat diet for 4 weeks,
and intravital microscopy of the carotid artery was performed to assess luminal leukocyte
endothelial interactions. Myeloid cell subsets were identified by intravenous injection of
antibodies to Ly6G, Ly6C, and CD11b 10 minutes before recording. Displayed are
quantification of tethering (A), rolling speed (B), and rolling flux (C) of CD11b* cells.
Number of adherent cells (E) is displayed for CD11b* cells (left), Ly6G™ cells (middle),
and Ly6C* cells (right). Adhesion of CD11b* myeloid cells to carotid arteries of Apoe™'~,
Apoe~Fprz!=, and Apoe™'~ Anxa1~'~ mice is depicted in D. Scale bar, 100 pm. */<0.05
compared with Apoe™'~ mice. Experiments were performed 3x independently with a total of
=15 mice. Data were analyzed using 1-way ANOVA with Dunnett post test.
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Figure 4. Annexin Al counteracts chemokine-induced integrin activation.
A and B, Annexin Al inhibits chemokine-evoked integrin activation on myeloid cells.

Neutrophils (A) and classical monocytes (B) from C57BI/6 mice were treated with CCL2 or
CCLJ5, and binding of soluble vascular cell adhesion molecule-1 (VCAM-1)-Fc or ICAM-1-
Fc was assessed by flow cytometry. Effect of Ac2-26 was determined by pretreatment for 30
minutes before chemokine stimulation. C and D, Dose-dependent response of Ac2-26 on
CCL5-evoked binding of VCAM-1-Fc or intercellular adhesion molecule-1 (ICAM-1)-Fc on
neutrophils (C) and monocytes (D) harvested from C57BI/6 (wild-type [WT]) or Fpr2-
mice. E, B2 integrin activation assessed by mAb24 binding and flow cytometry in human
neutrophils incubated with CCL5 and preincubated with Ac2-26. Where indicated,
neutrophils were pretreated with WT or constitutively active (CA) Rapl-Tat peptides. F,
Redistribution of surface LFA1 on mouse neutrophils stimulated for 90 s with CCL5 and
pretreated for 30 minutes with Ac2-26. G, Mean fluorescence intensity (MFI) reflecting
intracellular calcium in mouse neutrophils before and after addition of CCL5 with or without
Ac2-26, which was added 30 minutes before CCL5 stimulation. Data are representative
recordings from 5 independent runs. H, GTP-bound Rapl protein in mouse neutrophils 30 s
after stimulation with CCL5 and prestimulation for 30 minutes with Ac2-26. Representative
blots from 3 experiments are shown. All data are presented as mean+SD. Experiments were
performed =6x independently for A—E. */<0.05 in C and D *Differences compared with
CCLS5 stimulation. Data were analyzed using Kruskal-Wallis test with Dunn post test. CAM
indicates cell adhesion molecule.

Circ Res. Author manuscript; available in PMC 2020 December 21.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drechsler et al.

Page 19
A Apoe’-Fpr2’- Apoe’-Anxat’
© ©w® __
Qc JAET
Q.0 ]
a3y <c g
g g o2 £
SE 88
[ o ==
k-] o £
© © E e
~ N 27T
38 3<8
3 g5
5T 333
E = T 0 c
© o E —
B
5 - )
= 40 40 A E% 40 4 * = 40
k) > ko]
338 8& —
€ > %* = =] @
o3 20 1 20 A 20 A o3 20 1
FIKs) o O \.
. =
o o
@ ©
0 T T 0 T T 0 T T 0o
before after before after before after before after
C 25 -+ * 25 25 25
20 - / 20 20 * o o 20
w0 o %
=g 151 15 15 x8 15
=} . =+
52 10 - 10 —= 10 22 10
£5 =< 383
53 5- 5 5 = 5
0 T T T T 0 T T 0
before after before after before after before after
D 60 1 Apoe” 607 Apoe’ 607 Apoe’ 607 Apoe”~ 607 Apoe”
+ vehicle +aCCR2 +aCCR5 + aCXCR2 + aCCR2
. +aCCR5
a 40 A 40 4 40 40 4 40 { + aCXCR2
Az
o g *
’ac“)g 20 A 204 % 20 %* 204 % 20
¥ =
£ =
0 r T 0 T T 0 T T 0 T r 0 T T
before after before after before after before after before after
E
F 150 G 1.0
s _ 4 : 5 B
53 : " (SE 3 5 85
og 3 NE S o= o5
$® ¢ . ©.100 + 3
T B —r % Y\ N3 Q wn
32 o . gt Vil S 5 $505
+ O . s *-Q-ve}nclor = o ]
og 0 FrRr T o 50 * To
B 1 - GE SE
2 ° ey P | 8w
R ; . el . = 00
Apoe” Apoe” Apoe™ Apoe”  Apoe” Apoe”  Apoe”
+vehicle  + Ac2-26 + Ac2-26 + vehicle+ Ac2-26 + vehicle+ Ac2-26

Figure 5. In vivo delivery of the annexin Al fragment Ac2-26 reduces atherosclerosis.

A-C, Apoe™!=, Apoe™~Fprz™!=, and Apoe '~ Anxal™'~ mice were fed a high-fat diet (HFD)
for 4 weeks. Intravital microscopy of the carotid artery was used for assessment of luminal
leukocyte endothelial interactions. Myeloid cells were identified by intravenous injection of
an antibody to CD11b 10 minutes before recording. Myeloid cell adhesion (B) and rolling
flux (C) in Apoe™'~ (left), Apoe™'~ Fprz”= (middle), and Apoe~Anxa1™'~ (right) mice
were assessed before and 30 minutes after injection of native (panels to the left) or boiled
Ac2-26 (far right panel; 50 pg, 1V). Representative images are shown in A. Scale bar, 100
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pum. Each dot represents 1 mouse. */<0.05 compared with read-out before Ac2-26
administration. Data were analyzed with paired #test. D, Apoe™'~ mice were fed a HFD for 4
weeks and mice received a single dose of antagonist to CCR2 (RS504393, 5 mg/kg), CCR5
(DAPTA, 1 mg/kg), or CXCR2 (SB225002, 5 mg/kg), or a combination of all, or vehicle
control. Thirty minutes later arterial adhesion of CD11b™ cells was studied (before).
Immediately after recording, mice received Ac2-26 (50 ug V) and adhesion was studied 30
minutes later (after). Each dot represents 1 mouse. */<0.05 compared with read-out before
Ac2-26 administration. Data were analyzed with Wilcoxon matched-pairs signed rank test.
E-G, Ac2-26 reduces atherogenesis. Apoe™'~ mice (n=6 per group) were repeatedly injected
with Ac2-26 (3% per week; 50 pg IP per injection) or vehicle control during 4 weeks of
HFD. E, Quantification of atherosclerotic lesion sizes in Oil-Red-O-stained aortic root
sections. Representative images are shown aside. F, Quantification of Mac2* macrophages.
G, Quantification of lesional Ly6G™* neutrophils. */£<0.05 compared with vehicle treatment.
Data in F and G are presented as mean+SD. Data in E-G were analyzed with Mann-
Whitney test.
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