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Abstract

Abdominal aortic aneurysm (AAA) is a dynamic vascular disease characterized by inflammatory
cell invasion and extracellular matrix (ECM) degradation. Damage to elastin in the ECM results in
release of elastin-derived peptides (EDPs), which are chemotactic for inflammatory cells such as
monocytes. Their effect on macrophage polarization is less well known. Pro-inflammatory M1
macrophages initially are recruited to sites of injury but, if their effects are prolonged, they can
lead to chronic inflammation that prevents normal tissue repair. Conversely, anti-inflammatory M2
macrophages reduce inflammation and aid in wound healing. Thus, a proper M1/M2 ratio is vital
for tissue homeostasis. AAA tissue reveals a high M1/M2 ratio where pro-inflammatory cells and
their associated markers dominate. In the present study, /n vitro treatment of bone marrow-derived
macrophages with EDPs induced M1 macrophage polarization. By using C57BI/6 mice, antibody-
mediated neutralization of EDPs reduced aortic dilation, matrix metalloproteinase activity, and
pro-inflammatory cytokine expression at early and late time points after aneurysm induction.
Furthermore, direct manipulation of the M1/M2 balance altered aortic dilation. Injection of M2
polarized macrophages reduced aortic dilation after aneurysm induction. EDPs promoted a pro-
inflammatory environment in aortic tissue by inducing M1 polarization and neutralization of EDPs
attenuated aortic dilation. The M1/M2 imbalance is vital to aneurysm formation.

Introduction

Abdominal aortic aneurysms (AAAs) are abnormal dilations of the aorta between the
diaphragm and iliac bifurcation. If left untreated, they can lead to aortic rupture with rapid
exsanguination into the retroperitoneum or abdominal cavity which is commonly fatal.
Approximately 15,000 deaths occur each year in the United States due to rupture of aortic
aneurysms.! Currently, no pharmacological interventions exist to slow AAA growth or
prevent rupture.2 The standard of care is mechanical intervention once the aneurysm reaches
5.0 cm in women or 5.5 cm in men. AAAs are characterized by inflammatory cell
infiltration, extracellular matrix (ECM) degradation, and matrix metalloproteinase (MMP)
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upregulation.3 ECM destruction leads to proteolysis of elastin, the predominant ECM
protein in the aortic wall.# Elastin proteolysis releases elastin-derived peptides (EDPs),
including peptides with the xGxxPG motif, a commonly repeated sequence in elastin.> Of
those EDPs released by elastin degradation, the VGVAPG repeat sequence in the human
tropoelastin molecule has been shown to have the highest affinity for elastin-binding
protein.>~8 EDPs are upregulated in the serum of patients with AAA, and an increase in their
level is predictive of AAA expansion.®~11 Previous reports have demonstrated that EDPs
recruit inflammatory cells to sites of ECM damage and neutralizing their effect with BA4, a
monoclonal antibody that binds to VGVAPG and other xGxxPG motifs, prevents elastin
damage.12-15 The precise mechanism through which EDPs affect macrophages and
subsequently lead to enhanced tissue damage has not been fully elucidated.

Macrophages play critical roles in the innate immune system, responding to various stimuli
in their microenvironment. They can exist in a pro-inflammatory M1 phenotype as well as
an anti-inflammatory M2 phenotype.16 M1 macrophages are characteristically described by
their release of pro-inflammatory cytokines, such as TNF-a and IL-1B. TNF-a, has been
shown to be required for experimental aneurysm formation in mice.1’ Previous studies have
demonstrated an increase in M1 macrophages in human AAA tissue.%18 In contrast, M2
macrophages are considered anti-inflammatory, aiding in the healing process by release of
IL-10 and profibrotic factors such as TGF-B.1° Their role in AAA formation and progression
is less well known. The chronic inflammatory process in AAA promotes aneurysm
expansion by active ECM degradation and pro-inflammatory cell recruitment to areas of
tissue damage, potentially caused by an abnormally high ratio of M1/M2 macrophages.
Thus, altering the M1/M2 ratio may play an important role in slowing or preventing AAA
expansion.

The purpose of this study was to evaluate the role of the M1/M2 ratio in AAA and the effect
of EDPs on macrophage polarization. These studies were performed by three different
methods. First, EDPs were used to examine whether they polarize macrophages to a pro-
inflammatory M1 or anti-inflammatory M2 phenotype in vitro. Next, M1 or M2
macrophages were injected into mice in order to directly alter the M1/M2 ratio in the CaCl,
AAA model. Finally, the effect of direct inhibition of EDPs on AAA and macrophage
polarization was examined by administration of BA4 after aneurysm induction.

Materials and Methods

Reagents

Monoclonal anti-elastin antibody BA4, 1gG, soluble elastin, and LPS were purchased from
Sigma-Aldrich (St. Louis, MO, USA). VGVAPG peptide was purchased from Elastin
Products Company (Owensville, MO, USA). Mouse IFN-y and IL-4 were purchased from
R&D systems (Minneapolis, MN, USA).

Mouse aneurysm induction model

The Institutional Animal Care and Use Committee (IACUC) approved all animal
procedures. Male C57BL/6 mice at 8 weeks of age were obtained from The Jackson
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Laboratory (Bar Harbor, ME, USA). Mice underwent surgery as described previously.2% To
induce AAA, mice were anesthetized with tribromethanol (250 mg/kg; Sigma Aldrich) and
underwent laparotomy. The abdominal aorta between the iliac artery bifurcation and renal
arteries was isolated from the surrounding retroperitoneal structures. Next, the external
diameter of the abdominal aorta was measured in triplicate midway between the renal
arteries and iliac artery bifurcation. After baseline measurements, periaortic application of
0.25 M CaCl, was administered for 15 minutes followed by two washes with 0.9% sterile
saline. Sterile saline (0.9% NaCl) replaced 0.25 M CaCl, in sham control mice. The
laparotomy incision was closed followed immediately by subcutaneous injections of
buprenorphine (0.15 mg/ml) for analgesic after surgery.

Anti-EDP antibody injections

After aortic exposure, application of CaCl,, and closure of the laparotomy incision, antibody
treatment was administered by intraperitoneal injection of BA4 (10 mg/kg) or 1gG (10
mg/kg) in CaCl,-treated mice. NaCl-treated mice received no treatment after laparotomy.
Weekly injections of BA4 or IgG continued for six weeks after initial injection. One week or
six weeks after surgery, mice underwent laparotomy and isolation of the infrarenal aorta.
Previous work has demonstrated BA4 remains detectable in the serum one week after i.p.
injection. 21 For this reason, aortic tissues from BA4-treated mice were harvested one week
after aneurysm induction. Measurements were repeated in triplicate at the same locations as
baseline measurements. Mice were sacrificed and the entire infrarenal aorta was removed for
protein or mRNA isolation or histological studies. For histological studies, aortic tissue was
perfusion-fixed with 10% neutral buffered formalin.

Bone marrow-derived macrophage isolation

Bone marrow-derived macrophages (BMDMs) were isolated from C57BI/6 or C57BI/6J-
Tg(UBC-GFP)30Scha/J (GFP) mice as described previously.22 Briefly, mice were
euthanized by cervical dislocation. The femur and tibia were isolated from the surrounding
muscle tissue and sterilized in 70% ethanol for 15 seconds then washed in PBS (1x). The
ends of each femur and tibia were removed and the bone marrow was flushed out with
Dulbecco’s modified eagle medium (DMEM) supplemented with 1% fetal bovine serum
(FBS) using a 25-gauge needle. Bone marrow cells were then passed through a cell strainer,
washed with 1x PBS after centrifugation, then plated in a T75 dish at 1x107 cells per 10 ml
of BMDM media. BMDM media is defined as DMEM supplemented with 10% FBS, 20%
conditioned medium from L929 cells (a source of M-CSF), 1% Penicillin/Streptomycin, and
1% glutamine. BMDMSs were grown at 37°C for seven days and media was removed and
replaced with fresh BMDM media every two days. The purity of the macrophages at one
week (98.6%) was confirmed by flow cytometry. After seven days of growth, cells were
treated for 24 hours with one of the five following treatments: No Tx (no treatment), M1
[IFN-v (20 ng/ml) and LPS (100 ng/ml)], M2 [IL-4 (20 ng/ml)], EDP (1 pg/ml), or
VGVAPG (1 ug/ml). Cell media was collected and RNA was isolated from the cells using
TriZol according to manufacturer’s instructions. RNA levels were examined using qPCR
analysis with SYBR Green (BioRad). GAPDH was used as an internal control.
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Bone marrow-derived macrophage polarization and injection

Bone marrow cells were isolated and differentiated into macrophages as described above.
After differentiation, BMDMSs were treated with IFN-y and LPS (M1) or IL-4 (M2). After
polarization, 5x10% M1 or M2 BMDMs were injected into the mouse circulation via the tail
vein. Mice were subjected to CaCl,-induced aneurysm induction 24 hours after M1 or M2
injection. As a control, a group of mice received no M1 or M2 macrophages prior to CaCl,
treatment. Mice were monitored for three days or six weeks. The initial time point for
observation (3 days), was chosen for several reasons. Supplementary Figure 1 demonstrates
peak expression of M1- and M2-associated markers at this time. Additionally, we found
divergence in aortic diameter between groups at this early time point. This suggested that
key immune regulatory changes were occurring in the first several days after aneurysm
induction. Mice were sacrificed and the infrarenal aortic tissue was collected for
histological, flow cytometry, RNA, or protein analysis.

Histology and microscopy

After perfusion-fixation with 10% neutral buffered formalin, aortic tissue samples were
embedded in paraffin and sectioned into 4 um sections. For Verhoeff-Van Gieson (VVG)
staining, sections were stained with Verhoeff’s solution, ferric chloride, sodium thiosulfate,
and Van Gieson’s solution. After each staining cycle, a fixing and washing procedure
followed. Slides were then examined and photographed using light microscopy (40x;
Nikon). Four sections were viewed per mouse.

Flow Cytometry

Aortic tissue from mice was isolated and digested for one hour at 37°C with collagenase and
elastase in RPMI with 1% FBS.23 In order to isolate cells, the suspension from the digested
tissue was filtered through a 40 pum filter. Cells were then pelleted by centrifugation and
resuspended in flow cytometry staining buffer (1xPBS with 1% FBS). Cells were blocked
with anti-mouse CD16/32 (1 ug/ml; BD Biosciences, San Diego, CA, USA) before surface
labeling with the following antibodies: AlexaFluor 700-labeled CD86 (BioLegend, San
Diego, CA, USA) APC-labeled F4/80 (BioLegend) and RPE-labeled CD206 (Bio-Rad
Laboratories, Hercules, CA, USA). Flow cytometry data were analyzed using BD
FACSDIVA software.

Detection of TNF-a concentration

Bone marrow-derived macrophages were isolated as described above. Media was collected
from cells after incubation with increasing doses of EDP (0.01, 0.1, 1.0, 10, 100 ug/ml),
VGVAPG (1 pg/ml), IFN-y (20 ng/ml) and LPS (100 ng/ml), or IL-4 (20 ng/ml) for 24
hours. Cell media was used in a TNF-a ELISA from R&D Systems (Minneapolis, MN,
USA) according to manufacturer’s instructions.

Immunofluorescence

Mice that were injected with M1 or M2 macrophages were sacrificed at three days after
aneurysm induction for macrophage staining performed on paraffin-embedded 4 um aortic
sections. After deparaffinizing the sections, antigen retrieval was performed using Proteinase

J Immunol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dale et al.

Page 5

K (Viagen Biotech, Los Angeles, CA, USA; 20 ug/ml in TE buffer pH 8.0). Sections were
incubated in the Proteinase K working solution for three minutes at room temperature.
Sections were then washed and blocked with 10% normal goat serum. Rat monoclonal anti-
F4/80 (ab6640, Abcam, Cambridge, MA, USA) diluted 1:400 was applied to the sections
and incubated at room temperature for one hour. Sections were then washed and incubated
with AlexaFlour 488 goat anti-rat IgG (A-11006, Life Technologies, Grand Island, NY,
USA) diluted 1:200 for one hour at room temperature. Slides were then mounted with
ProLong gold antifade mountant with DAPI (P-36931, Life Technologies). Fluorescence
images were captured with a Leica epifluorescence widefield microscope (DMRXAZ2) and
CCD camera (Orca C4742; Hamamatsu Photonics, Bridgewater, NJ, USA), with
Hamamatsu software (HCImage 4.0).

Immunohistochemistry

Mice underwent AAA induction according to the method described above. Three to four
mice from the NaCl, CaCl,-1gG, CaCl,-BA4 were sacrificed six weeks after aneurysm
induction. Paraffin-embedded aortic sections were stained for CD206 (M2) and CD86 (M1).
Sections were incubated with monoclonal rabbit anti-mouse CD86 (Abcam) diluted 1/500 or
monoclonal rabbit anti-mannose receptor (CD206; Abcam) diluted 1/100 for 30 minutes at
37°C. The sections were then washed in citrate solution followed by incubation with a
biotin-conjugated rat anti-rabbit 1gG. CD206 and CD86 stained sections were examined by
light microscopy (40%). The number of CD206 or CD86 positive cells per high powered
field were counted and displayed in a bar graph. Four separate sections from each aorta were
stained and evaluated.

Gelatin zymography

Aortic tissue protein was extracted as previously described and protein concentration was
measured using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).24
Gelatin zymography was performed as previously described.29 Standardized protein samples
(5 ug) were resolved by nondenaturing electrophoresis with 0.8% gelatin in a 10% SDS-
polyacrylamide gel. Molecular sizes of gelatinolytic activity were determined using protein
standards (Bio-Rad). Signal intensities were quantified using ImageJ version 1.38x software
(NIH, Bethesda, MD, USA).

Statistical analysis

Results

The change in external aortic diameter over the course of aneurysm development was
compared to baseline for each animal, and results for each group were expressed as mean +
SEM. ANOVA and post-hoc ~test with Bonferroni’s correction were used to compare
multiple groups. Statistical significance was accepted at a P-value < .05.

Elastin-derived peptides promoted a pro-inflammatory M1 phenotype

To determine the role that EDPs have on macrophage phenotype, bone marrow cells were
isolated and differentiated into BMDMs. To establish control M1 or M2 cells, BMDMSs were
treated with IFN-y and LPS (M1), IL-4 (M2), or left untreated (No Tx) for 24 hours (Fig.
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1A). To examine the effect of elastin fragments on macrophage polarization, BMDMSs were
treated with 1 pg/ml of EDPs or VGVAPG for 24 hours. EDP and VGVAPG treatment
induced mRNA expression of M1 associated markers, such as TNF-a and I1L-1 (Fig. 1A).
In contrast, mMRNA expression of M2 markers, CD206 and Ym1, was not affected by EDP or
VGVAPG treatment (Fig. 1A). MMP-9 mRNA expression was also increased by EDP or
VGVAPG treatment (Fig. 1A). To determine if the EDP-mediated M1 polarization was
concentration dependent, BMDMs were treated with increasing doses of EDPs. An ELISA
demonstrated a stepwise increase in TNF-a levels in the media with increasing doses of
EDPs (Fig. 1B).

M2 macrophages reduced aortic dilation in an experimental AAA model

To determine the /n vivo effects of influencing the M1/M2 ratio in an experimental AAA
model, macrophages polarized to the M1 or M2 phenotype were injected intravenously into
mice 24 hours prior to aneurysm induction. Cells were sampled from each treatment group
prior to injection and M1 or M2 polarization was confirmed by protein expression of M1
(iNOS) and M2 (Ym1) markers (Fig. 2B). A control group of mice underwent aneurysm
induction without injection of macrophages (Control). Aortic diameters were measured Six
weeks after aneurysm induction. Three of the eight mice that received M1 macrophages
were sacrificed prior to the six-week time point due to severe systemic illness; necropsy
revealed severe aortic damage in these mice. All of the mice that received M2 macrophages
(9/9) survived to the six-week time point. Comparing survival (5/8 vs. 9/9) between the two
groups by Fisher’s exact test demonstrated a ~-value of 0.08. While M1 macrophage
injection did not show a statistically significant increase in aortic diameter, the trend toward
larger aneurysms may have been attenuated by the three mice that required sacrifice prior to
six weeks. The aortic diameters from mice injected with M2 macrophages were significantly
smaller than CaCl,-treated control mice or mice injected with M1 macrophages (Fig. 2C).
Connective tissue staining indicated robust elastin degradation in aortas from the M1
injected mice compared to CaCl,-treated control mice. The most severe elastin degradation
was seen in in the aortas of the three M1-injected mice who required sacrifice within the first
week after aneurysm induction because of systemic illness. (Fig. 2D). Aortas from M2-
injected mice displayed overall elastin preservation six weeks after aneurysm induction (Fig.
2D). The elastin preservation seen in these animals coincided with a decrease in levels of
both MMP-9 and MMP-2 in M2-injected mice compared to M1-injected mice (Fig. 3). No
differences in MMP levels were seen between Control and M1-injected mice.

Infleunce of M1 and M2 macrophages at three days

To determine the effect of M1 or M2 macrophages on early aortic aneurysm formation,
CaCl,- or NaCl-treated mice that had undergone M1 or M2 injection were sacrificed three
days after aneurysm induction. The effect of the M2 macrophages observed at six weeks was
also seen at the earlier three-day time point (Fig. 4B). In contrast to the six-week time point,
M1 macrophage injection did show a significant increase in aortic diameter compared to
CaCl,-treated control mice. M1 or M2 injection had no effect on aortic diameter in NaCl-
treated mice (Fig. 4B). In order to assess that the injection of M1 or M2 cells were having a
local effect on the macrophage population in the aortic tissue, cells were isolated from the
aorta by enzymatic digestion three days after aneurysm induction. Cells were analyzed by
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flow cytometry to determine the ratio of M1 to M2 polarized cells (Fig 4C). These data
demonstrated a higher M1/M2 ratio in the aortas of M1-injected mice and a decreased ratio
in M2-injected mice. By immunofluorescence staining, there did not appear to be a
difference in the total number macrophages in aortic tissue when comparing M1- to M2-
injected mice (Fig. 4D). This was consistent with flow cytometry data showing no difference
in the percentage of F4/80" macrophages in the aortic tissue. Connective tissue staining
revealed that M1 macrophage injection resulted in severe elastin fragmentation three days
after aneurysm induction; the corresponding immunofluorescence studies indicated a high
concentration of macrophages adjacent to the sites of marked elastin damage (Fig. 4D).
Aortas from M2-injected mice showed preserved elastin architecture.

In order to determine whether intravenously injected macrophages migrated to the aorta,
GFP* BMDMs were incubated with IFN-y and LPS (M1) and IL-4 (M2). After polarization,
GFP* M1 or GFP* M2 cells were injected into the mouse tail vein 24 hours prior to
aneurysm induction. Three days later, aortic tissue was harvested, digested, and a single cell
suspension was analyzed by flow cytometry. GFP* cells were found in aortas of 6/7 mice
injected with M1 cells and 5/6 mice injected with M2 cells. Further analysis revealed that
1.18% + 0.22 of the total M1 cells detected in the M1-injected mice were GFP* and that
9.25% = 2.74 of the total M2 cells detected in the M2-injected mice were GFP™,

BA4 reduced aortic diameter and elastin degradation

BA4 is a monoclonal antibody that specifically binds xGxxPG motifs, particularly
VGVAPG, which is a common motif repeated in elastin. Previous studies have shown that
BA4 reduces monocyte/macrophage chemotaxis in diseases associated with elastin
fragmentation, such as Marfan syndrome and emphysema.1221 To determine if BA4 can
reduce aortic dilation in AAA, mice were treated with weekly i.p. injections of BA4 (10
mg/kg) after CaCl, aneurysm induction. A control group of mice received weekly injections
of non-specific 19G (10 mg/kg). Six weeks after aneurysm induction, mice were sacrificed
and aortas harvested for analysis. BA4 reduced aortic dilation compared to 1gG treatment
(Fig. 5B). Active forms of both MMP-9 and MMP-2 in aortic tissue were also decreased in
BA4-treated mice, whereas the inactive form of MMP-2 was not significantly reduced (Fig.
5C). Connective tissue staining revealed general elastin preservation in aortas from BA4-
treated mice (Fig. 5D). Treatment with NaCl had no effect on elastin fragmentation.
Immunohistochemical staining revealed an increase in CD206 positive cells (M2
macrophage marker) in aortic tissue from BA4-treated mice compared to NaCl and 1gG-
treated mice (Supplementary Fig. 2). The number of CD86 positive cells was higher in
aortas from 1gG-treated mice but not significantly different from NaCl or BA4-treated mice.

In order to better understand the early pathogenesis of aneurysm formation, the effects of
EDP neutralization were evaluated one week after aneurysm induction. Aortic diameter was
increased in both BA4-treated and IgG-treated mice; however, 1gG-treated mice exhibited a
markedly greater increase in diameter (Fig. 6A). A previous study showed that monocyte/
macrophage chemotaxis in response to human AAA explants was reduced by preincubation
of the tissue with BA4.13 In this present study, BA4’s ability to reduce macrophage
migration /n vivowas assessed by flow cytometry. As expected, migration of F4/80*
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macrophages to aortic tissue was increased after CaCl,-1gG treatment compared to NaCl
treatment (Fig. 6B). BA4 reduced the frequency of macrophage migration to the baseline
levels seen in NaCl-treated aortas. Gelatin zymography demonstrated that BA4 treatment
reduced the active forms of both MMP-2 and MMP-9 in aortic tissue at one week (Fig. 6C).
M1 or M2 polarization was assessed in aortic tissue after CaCl, treatment. Quantitative PCR
revealed downregulation of M1 associated genes (TNF-a, CD86) and upregulation of M2
associated genes (CD206, Ym1) with BA4 treatment (Fig. 6D). Many typical pro-
inflammatory markers identified in aneurysm tissue were decreased by BA4 treatment
(Supplementary Fig. 3A) while anti-inflammatory markers were increased (Supplementary
Fig. 3B). By Western blot analysis, the M2-associated marker Ym1 was increased in BA4-
treated aortic tissue compared to 1gG treatment (Supplementary Fig. 4).

Discussion

Using a murine model of AAA, we found that M1 macrophages strongly promoted
aneurysm formation. This effect was seen as early as three days after aneurysm induction;
aortic diameters were larger in the M1-infused group. This increase was not significant
compared to CaCl,-treated control at six weeks. This may be explained, however, by the fact
that three of the eight mice treated with M1 macrophages required sacrifice within one week
of aneurysm induction due to severe systemic illness. Post-mortem examination of the aortic
tissue from these three mice demonstrated severe elastin damage not typically seen until six
weeks. This early morbidity is atypical for this model and was not seen in any of the M2-
treated mice, suggesting that an excess number of M1 macrophages may be toxic.
Conversely, M2 macrophage infusion was highly protective against elastin degradation and
aneurysm formation. Furthermore, EDPs, systemic levels of which are elevated in AAA
patients, 2> promoted polarization of macrophages to a pro-inflammatory M1 phenotype.
EDPs also enhanced the transcription of MMP-9, which has previously been shown to be
required for AAA development.20-26 /n vitro studies showed that EDPs or the VGVAPG
peptide did not upregulate expression of M2-associated genes. Administration of the
antibody BA4, which binds the repeated elastin motif VGVAPG, dramatically reduced aortic
dilation, elastin fragmentation, and MMP production. BA4 lowered M1 and raised M2
markers early after aneurysm induction, leading to a reduction in aneurysm formation at six
weeks.

EDPs are created as a result of breakdown of elastin, a key extracellular matrix protein that
is present in the skin, lungs, arteries, and other structures. Elastin makes up 50% of the
aortic wall proteins by weight.27 Once elastin is incorporated into the tissue structure, there
is little to no turnover except under pathological conditions.12:28-30 Previous studies have
shown that EDPs are increased in the serum of patients with AAAs.10.11.25 EDPs have been
shown to have inflammatory properties by examination of their effects on lymphocytes and
MMP expression; they increase Thi associated cytokines and MMP-9 synthesis.3! This
polarization of lymphocytes appears to be mediated through a receptor for specific EDPs,
since it can be blocked by neutralization of the elastin receptor or with lactose, which causes
shedding of the receptor from the cell membrane.5 Similar treatment inhibited monocyte
migration when monocytes were exposed to human AAA tissue extract.13 A previous study
has suggested that EDPs may have an anti-inflammatory effect on macrophages under
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specific conditions.32 In contrast, the present study indicated that EDPs had a profound pro-
inflammatory effect. Furthermore, we demonstrated that this effect was mediated by
promoting M1 macrophage polarization.

Chronic inflammation occurs in the aortic tissue of patients with AAA; the predominate cell
types found in this infiltrate are T lymphocytes and macrophages.33:34 Inflammation induced
by ablumenal application of CaCl, in a model of AAA recapitulates many features seen in
human AAA tissue including macrophage and lymphocyte infiltration, MMP upregulation,
elastin degradation, and aortic dilation.20-35-37 Pro-inflammatory M1-associated cytokines
such as TNF-a, IL-6, and IFN-y are increased in both human and experimental AAAs.%18
Deletion or neutralization of these M1-associated cytokines resulted in reduced aortic
dilation or complete aneurysm inhibition.1724:38.39 M1 or M2 macrophage polarization can
have a significant role in regulating chronic inflammatory processes; little is known about
the role of M1 or M2 macrophage polarization in aortic aneurysms. We demonstrated that
the pro-inflammatory state induced by CaCl, was enhanced by supplementation with M1-
polarized macrophages. M2 macrophage injection rescued the aorta from expansion and
elastin disruption. The pathogenesis of aneurysm development was altered early in its course
by M2 macrophages, where the impact on aortic dilation and elastin fragmentation could be
seen as early as three days after aneurysm induction. Taken together, these data demonstrate
that the M1/M2 ratio plays a fundamental role in aneurysm development, and could prove an
important therapeutic target.

By using flow cytometry, we were able to determine that injected macrophages are able to
migrate to the damaged aorta. This small proportion of injected cells found in the aorta three
days after aneurysm induction may not completely account for how these cells induce the
distinct aortic phenotypes observed. It is known that small populations of cells, suchas T
regulatory cells, can have a major effect on inflammatory processes in both human and
murine AAAs. 4041 These injected M1 or M2 cells may also be acting systemically by
increasing circulating levels of cytokines levels vital to aneurysm formation. Injection of M1
macrophages led to early mortality in three mice within a week of aneurysm induction
suggesting a profound systemic inflammatory response not seen in M2-injected mice. These
injected M1 or M2 cells may also be influencing other cell types important in aneurysm
formation such as T regulatory cells. 42 In the case of injected M2 cells, they may be
creating a positive feedback loop by enhancing other anti-inflammatory cell populations.
These populations may further enhance the M2 phenotype leading to decreased damage to
the aortic wall and preservation of elastin. Previous studies have shown that macrophages
are not terminally differentiated and have the ability to change phenotypes over time. 4345
Future studies will focus on better understanding these mechanisms and, particularly, the
potential benefit of injecting macrophages polarized to the M2 phenotype.

The elastin-binding protein is assumed to have a role in normal elastin assembly by secreting
the elastin precursor, tropoelastin, into the ECM.46 This protein is found on many cell types,
including cells that don’t normally produce elastin.4” This study suggests that the elastin-
binding protein, through its interaction with EDPs, contributes to disease pathogenesis when
present on inflammatory cells such as macrophages. Previous studies have shown that the
peptide sequence predominantly recognized by the elastin-binding protein is VGVAPG.
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Other peptides of this motif, XxGxxPG, have a lower affinity for the elastin-binding protein.8
These particular motifs are found primarily in elastin, but are also present to a lesser extent
in other connective tissue proteins. Binding of the BA4 antibody to elastin fragments with
the xGxxPG motif reduces or inhibits cellular activation in response to the presence of
EDPs. 1213.15.21, 49 | this study, we demonstrate this critical role of EDPs in potentiating
aneurysm formation, in part, through the elastin-binding protein on macrophages. The /n
vitro studies indicated that the mechanism for this effect is mediated by altering macrophage
polarization. As expected, BA4 reduced macrophage migration to the site of aortic injury.
Importantly, the BA4 treatment also influenced production of M1 and M2 related proteins,
reducing the pro-inflammatory microenvironment caused by EDPs. Since M2 macrophages
are known to play a role in healing, the effects seen with BA4 may represent attempted
tissue repair.

In conclusion, this study demonstrated that EDPs have an important role in promoting
aneurysm expansion by altering the macrophage phenotype. This increase in M1/M2 ratio
would be expected to create a positive feedback loop by further degradation of the elastin
matrix and continued release of EDPs. The profound inhibitory effects of the M2
macrophages suggest a key role in preventing small aneurysm expansion. All current
treatments for aortic aneurysms rely on mechanical intervention. Yet, when most AAAs are
detected, they are below the threshold for repair leading to a significant observation period
during which there is currently no medical therapy to prevent or slow aneurysm growth. The
results presented herein suggest that decreasing the M1/M2 ratio, either by neutralization of
pro-inflammatory EDPs or enhancing the anti-inflammatory environment created by M2
macrophages, could prove a useful therapeutic target for small aortic aneurysms.
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Figure 1.
Elastin-derived peptides polarize macrophages to a pro-inflammatory M1 phenotype. A)

gPCR analysis of M1 and M2 phenotype markers after treatment of macrophages with IFN-y
and LPS (M1), IL-4 (M2), VGVAPG (1 ug/ml), or EDP (1 pg/ml) for 24 hours. GAPDH was
used as an internal control. B) ELISA measurement of TNF-a levels from EDP- or
VGVAPG-treated macrophage media. Statistics performed using ANOVA and Student’s #
tests. Data expressed as mean £ SEM. *, P<.05; **, £< .01 versus no treatment (No Tx).
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Figure2.
M1 and M2 macrophage influence on aortic size six weeks after aneurysm induction. A)

Schematic representation of method of BMDM isolation, injection, and aortic aneurysm
induction. B) Representative image of protein expression of M1 (iNOS) or M2 (Ym1)
markers of macrophages treated with IFN-y (20 ng/ml) and LPS (100 ng/ml) or IL-4 (20
ng/ml) prior to injection. C) Aortic diameter percent increase six weeks after aneurysm
induction with M1 or M2 macrophage injection (n = 5-9 per group). Statistics performed
using ANOVA and Student’s #tests. Data expressed as mean £ SEM. *, P<.05; **, P<.01.
D) Representative VVG images of aortas six weeks after aneurysm induction with injection
of M1, M2, or no macrophages (Control) (n = 3—-4 per group). VVVG image of aorta from a
mouse that required sacrifice within one week after aneurysm induction. Arrows indicate
sites of elastin fragmentation.
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Figure 3.
Active MMP-2 and MMP-9 levels are decreased in mice injected with M2 macrophages.

Signal intensities of ProMMP-9, MMP-9, ProMMP-2, and MMP-2 were quantified using
ImageJ software. Statistics performed using ANOVA and Student’s #tests. Data are
presented as mean £ SEM (n = 4-5 aortas per group). *, < .05.
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Figure 4.
M1 and M2 macrophage influence on aortic size three days after aneurysm induction. A)

Schematic representation of methods three days after aneurysm induction and macrophage
injection. B) Aortic diameter percent increase three days after aneurysm induction with
injection of M1, M2, or no macrophages (Control) (n = 5-6 per group). NaCl was used as
sham control. C) Bar graph on left represents M1/M2 ratio of M1 (CD86) to M2 (CD206)
positive macrophages (F4/80) from flow cytometry (n = 5-6 per group). Right bar graph
shows proportion of F4/80* macrophages found in tissue. D) Representative
immunofluorescence and VVG stained images of aortas three days after surgery and M1 or
M2 macrophage injection (n = 3 per group). Top panel shows aortas stained with a rat anti-
mouse F4/80 antibody (red), cell nuclei stained with DAPI (blue); bottom panel shows VVG
stained aortas. Arrows indicate sites of elastin fragmentation or abnormal structure. Statistics
performed using ANOVA and Student’s #tests. Data expressed as mean £ SEM. *, < .05;
** p<.01.
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Figure5.

BA4 attenuates aortic dilation and elastin degradation. A) Schematic representation of
methods for weekly anti-EDP treatment. B) Percent increase in aortic diameter six weeks
after aneurysm induction and treatment with 1gG or BA4 (n = 7-8 mice per group). C)
Representative gelatin zymogram of mouse aortic tissue six weeks after aneurysm induction.
Signal intensities of MMP-2, ProMMP-2, and MMP-9 were quantified using ImageJ
software. Statistics performed using ANOVA and Student’s #tests. Data are presented as
mean £ SEM (n = 4-5 aortas per group). *, < .05; **, P<.01. C) Representative VVG
staining of aortic tissue sections from NaCl, CaCl, 1gG, and CaCl, BA4 treated mice (n = 3—
4 aortas per group). Arrows indicate sites of elastin damage.
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Figure 6.
BA4 reduced macrophage migration, MMP production, and the ratio of M1/M2 markers in

aortic tissue one week after aneurysm induction. A) Percent increase aortic diameter one
week after aneurysm induction (n = 8-10 per group). B) Number of F4/80 positive cells in
NaCl, CaCl,-1gG, and CaCl,-BA4 treated aortas (n = 7-8 per group). C) Representative
gelatin zymogram of aortic tissue one week after aneurysm induction. Bar graphs represent
signal intensities of ProMMP-9, MMP-9, ProMMP-2, and MMP-2 by quantification with
ImageJ software (n = 3—4 per group). Data expressed as mean + SEM. *, P< .05; **, P<.
01. D) Fold change in mRNA expression of M1 and M2 associated markers from aortic
tissue of mice treated with CaCl,-1gG or CaCl,-BA4 compared to NaCl-treated mice one
week after aneurysm induction (n = 4 per group). GAPDH was used as internal control.
Dashed line indicates NaCl control (fold change = 1). Statistics performed using ANOVA
and Student’s tests. Data expressed as mean = SEM. *, < .05; **, P< .01 versus NaCl. T,
P<.05; 1, P< .01 versus CaCl,-1gG treatment.
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