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Molecular MR-Imaging for Noninvasive
Quantification of the Anti-Inflammatory
Effect of Targeting Interleukin-1b
in a Mouse Model of Aortic Aneurysm
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Simon Robinson5, Marco Wilke3, Michael Weller3, Rebecca Buchholz6,
Uwe Karst6, Rene Botnar7,8,9,10, Bernd Hamm1,
and Marcus Richard Makowski1,7,9,11

Abstract

Background: Molecular-MRI is a promising imaging modality for the assessment of abdominal aortic aneurysms (AAAs).
Interleukin-1b (IL-1b) represents a new therapeutic tool for AAA-treatment, since pro-inflammatory cytokines are
key-mediators of inflammation. This study investigates the potential of molecular-MRI to evaluate therapeutic effects of an
anti-IL-1b-therapy on AAA-formation in a mouse-model.

Methods: Osmotic-minipumps were implanted in apolipoprotein-deficient-mice (N ¼ 27). One group (Ang-IIþ01BSUR group,
n ¼ 9) was infused with angiotensin-II (Ang-II) for 4 weeks and received an anti-murine IL-1b-antibody (01BSUR) 3 times. One
group (Ang-II-group, n ¼ 9) was infused with Ang-II for 4 weeks but received no treatment. Control-group (n ¼ 9) was infused
with saline and received no treatment. MR-imaging was performed using an elastin-specific gadolinium-based-probe
(0.2 mmol/kg).

Results: Mice of the Ang-IIþ01BSUR-group showed a lower aortic-diameter compared to mice of the Ang-II-group and control
mice (p < 0.05). Using the elastin-specific-probe, a significant decrease in elastin-destruction was observed in mice of the
Ang-IIþ01BSUR-group. In vivo MR-measurements correlated well with histopathology (y ¼ 0.34x-13.81, R2 ¼ 0.84, p < 0.05),
ICP-MS (y ¼ 0.02xþ2.39; R2 ¼ 0.81, p < 0.05) and LA-ICP-MS. Immunofluorescence and western-blotting confirmed a reduced
IL-1b-expression.
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Conclusions: Molecular-MRI enables the early visualization and quantification of the anti-inflammatory-effects of an
IL-1b-inhibitor in a mouse-model of AAAs. Responders and non-responders could be identified early after the initiation of the
therapy using molecular-MRI.
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Introduction

Abdominal aortic aneurysms (AAAs) affect 3-4% of men over

the age of 65 and account annually for over 15,000 deaths.1 If

unrecognized or untreated, the progressive dilation of the aortic

wall can lead to AAA rupture. Therefore, a high clinical need

for noninvasive medical therapies of AAAs exists. The inhibi-

tion of progressive aortic dilation via a pharmacological

approach could represent a substantial advancement for

patients, especially as invasive therapy or surgery can be asso-

ciated with severe complications. As antibody-based therapies

are associated with substantial costs it would be beneficial to

differentiate therapy responders from non-responders early

after the initiation of the therapy.

Although the initiating events are not fully elucidated yet,

inflammation was shown to be a major contributing factor to

AAA formation and progression.2 AAA formation is character-

ized by proinflammatory cell infiltration, including monocytes

and macrophages, the release of cytokines and proteases and

breakdown of extracellular matrix (ECM) proteins.2-5 Espe-

cially, the destruction of medial elastin and collagen (type I

and III) causes an ongoing reduction of the stability of the

aortic wall leading to an increasing inability to withstand the

high intraluminal pressure.6,7

Interleukin-1b (IL-1b) represents a gatekeeper for inflam-

mation and contributes substantially to the progressive destruc-

tion of aortic ECM proteins during AAA development.8

Different preclinical and clinical studies demonstrated signifi-

cantly increased levels of IL-1b in AAAs compared to healthy

aortas. Therefore, the disruption of the inflammatory pathway

via IL-1b neutralization represents a promising novel therapeu-

tic target for the treatments of AAAs.9-12

In clinical practice, diagnosis and monitoring of AAAs

include computed tomography (CT), magnetic resonance ima-

ging (MRI) or ultrasound. Currently, there is no established

biomarker available for the characterization of aortic aneurysms

since the aortic diameter alone was shown to be not a reliable

diagnostic and prognostic parameter for AAAs.13,14 Molecular

MRI using probes that visualize extracellular-matrix proteins for

the assessment of AAAs presents a promising new approach for

aneurysm diagnosis and monitoring.15-17 Elastin-specific mole-

cular MRI allows an in vivo visualization and quantification of

changes in elastin composition of the aortic wall and offers,

therefore, the potential for noninvasive characterization of

AAAs.14,18,19

In this study, we investigated the feasibility of molecular

MRI for the early visualization and quantification of the effects

of the interleukin-1b inhibitor 01BSUR in a mouse model of

AAAs with the overall aim to differentiate responders from

non-responders early after the initiation of the therapy.

Methods

Animal Experiments

Eight-week-old male ApoE-knockout (B6.129P2-ApoEtm1Unc/J)

mice were obtained from the Research Institute of Experimental

Medicine at the Charité Berlin. Three groups (N ¼ 27) of

ApoE-/- mice underwent subcutaneous implantation of osmotic

minipumps (Alzet model 2004, Durect Corp). To determine the

effect of the interleukin-1b on AAA progression, 9 mice (n¼ 9,

Ang-II þ 01BSUR group) were continuously infused with

angiotensin-II with a rate of 1000 (ng/kg)/min for 28 days and

were injected subcutaneously (s.c.) with 0.3 mg 01BSUR

(Novartis, Basel, Switzerland) 3 times: on the day of minipump

implantation (day 0), 7 days and 14 days after minipump implan-

tation (Figure 1). In addition, one group of mice (Ang-II group,

n ¼ 9) was also continuously infused with angiotensin-II for 28

days but received no treatment after minipump implantation. A

control group of 9 mice (n¼ 9) received saline instead of AngII

via the osmotic minipump for 28 days and received also no

treatment. For MR imaging, animals were anaesthetized by an

intraperitoneal injection of a combination of Medetomidine

(500 mg/kg), Fentanyl (50 mg/kg), and Midazolam (5 mg/kg).

MRI was then performed prior to and following the administra-

tion of 0.2 mmol/kg of an elastin-specific contrast agent (ESMA,

Lantheus Medical Imaging, North Billerica, Massachusetts,

USA). For ex vivo analysis, mice were sacrificed and exsangui-

nated by arterial perfusion of saline and the aorta including the

right renal artery and the last pair of intercostal arteries was

excised.

All procedures were performed according to the guidelines

and regulations of the Federation of Laboratory Animal Sci-

ence Associations (FELASA) and the local Guidelines and

Provisions for Implementation of the Animal Welfare Act.

Interleukin-1b Inhibitor 01BSUR

The Ang-II þ 01BSUR group (n ¼ 9) received 01BSUR

(Novartis, Basel, Switzerland), an interleukin-1b inhibitor.

This IgG2a/k monoclonal mouse antibody highly binds to

IL-1b (dissociation constant (KD) ¼ 302 pM) and shows a

half-life of 14 days.9 By neutralizing the cytokine IL-1b,

this antibody may reduce the pro-inflammatory and

tissue-degrading activities of IL-1b resulting in a reduced
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development and progression of a variety of acute and chronic

inflammatory diseases.20 01BSUR has already been introduced

in several preclinical studies in the context of aortic aneur-

ysms9 as well as aortic calcification21 or collagen-induced

arthritis20 using different rodent models.

Mice were treated 3 times with 0.3 mg (0.9 mg per mice in

total) 01BSUR starting on the day of minipump implantation

(day 0) followed by injections (s.c.) after 7 and 14 days. The

used dose in this study is equivalent to the clinically approved

dose of canakinumab used in the CANTOS study.22

Gadolinium-Based Elastin-Specific Contrast Agent

The gadolinium-based elastin-specific contrast agent (ESMA,

Lantheus Medical Imaging, North Billerica, Massachusetts,

USA) has a small molecular weight of 856 g/mol. Showing a

short blood half-life and the highest uptake within the aorta 30 to

45 minutes following the administration (13.2 + 2.3% ID g�1)

the agent is then predominant cleared by the renal system.23,24

A longitudinal relaxivity of 8.65 + 0.42 mM�1 s�1 at 3 Tesla

was reported for the agent bound to mice aortas.23 Due to the

small molecular weight, short blood half-life, renal clearing and

relaxivity, the elastin-specific contrast agent used in this study is

comparable to other clinically used gadolinium-based contrast

agents, including gadobuterol (Gadovist®, Bayer AG,

Leverkusen Germany) and gadofosveset (Vasovist®, Bayer

AG, Leverkusen Germany). The elastin specific probe has

already been validated and used for the visualization and char-

acterization of elastin in the context of atherosclerosis23,24 and

aortic aneurysms.18,19,25 In this study, a clinical dose of 0.2

mmol/kg was used.

In Vivo MR Experiments Including MR Angiography

All animals (N ¼ 27) were imaged 4 weeks after osmotic

minipump implantation (Figure 1). A clinical 3T Siemens sys-

tem (Biograph, Siemens Healthcare Solutions, Erlangen,

Germany) equipped with a clinical single loop coil (47 mm,

Siemens Healthcare Solutions, Erlangen, Germany) was used

for the imaging session. Following anesthesia injection, venous

access for the administration of the contrast agent into the tail

vein was established using a small diameter tube with an

attached 30G cannula. Animals were then positioned in a prone

position on the microscope (47 mm in diameter) single loop

coil. The body temperature (37�C) of the mice was monitored

using an MR-compatible heating system (Model 1025, SA

Instruments Inc, Stony Brook, NY) to avoid rapid cooling.

The elastin imaging was performed as described previ-

ously.14 For an anatomical overview and localization of the

abdominal aorta, low-resolution 3-dimensional gradient echo

scout scan was performed followed by an arterial 2D TOF

angiography (2-dimensional time-of-flight angiography) in

transverse orientation for specific visualization of the aorta.

Both sequences were performed using the following imaging

Figure 1. Experimental setup. Nine mice (n ¼ 9, Ang-II þ 01BSUR group) were injected subcutaneously (s.c.) with 0.3 mg of 01BSUR 3 times:
on the day of minipump implantation (day 0), 7 days and 14 days after minipump implantation. The angiotensin-II group (n ¼ 9) and the control
group received no treatment after minipump implantation. MR imaging with a clinical dose of an elastin-specific gadolinium-based (0.2 mmol/kg)
of all 3 groups was performed 28 days following minipump implantation.
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parameters: Imaging matrix ¼ 960, field of view ¼ 200 � 200

mm, slice thickness ¼ 0.35 mm, in plane spatial resolution ¼
0.166 mm (reconstructed 0.15 mm), flip angle¼ 90�, repetition

time (TR) sequence ¼ 35 ms and echo time (TE) 4,4 ms. From

the arterial time-of-flight dataset, a maximum intensity projec-

tion (MIP) was generated for display of an arterial angiogram

of the abdominal aorta and abdominal aortic aneurysms, to plan

the subsequent contrast-enhanced sequences. The inversion

recovery scan to visualize the gadolinium-based contrast agent

was preceded by a 2D TI scout sequence planned perpendicular

to the abdominal aorta, which was used to determine the opti-

mal inversion time (TI) for blood signal nulling. Imaging para-

meters of the TI scout sequence included: FOV ¼ 180 mm,

matrix ¼ 750, in plane spatial resolution ¼ 0.24 � 0.24 mm,

slice thickness ¼ 1 mm, TR between subsequent IR pulses ¼
1000 ms, and flip angle ¼ 15�. Imaging parameters of the

high-resolution 3D inversion FLASH sequence scan employed

for visualization of gadolinium-based molecular probe were:

FOV ¼ 50 mm, matrix ¼ 416, in plane spatial resolution ¼
0.12 � 0.12 mm, slice thickness ¼ 0.3 mm, slices ¼ 56,

TR/TE ¼ 10.1/7.0 ms, TR between subsequent IR pulses ¼
1000 ms, and flip angle ¼ 30�.

Assessment of Magnetic Resonance Imaging Signal

Morphometric measurements were conducted on high–resolution

MRI images using OsiriX (version 7.1, OsiriX foundation) as

previously described.14 Regions of interests (ROIs) were defined

as areas of signal enhancement, which were co-localized with

areas of aneurysmal aortic tissue. For these areas, the contrast-

to-noise-ratio (CNR) was calculated as follows: CNR ¼
(Combined vessel wall and aneurysmal aortic tissue signal—

blood signal) / standard deviation signal (noise). Noise was

defined as the standard deviation in pixel intensity from a ROI

placed in the background air anterior to the aorta.

Histological Analysis of Aortic Aneurysms
and Aortic Aneurysm Morphometry

For histological analysis, aortic tissue was processed overnight

in MorFFFix® (Morphisto, Frankfurt am Main, Germany). The

aortas were embedded in paraffin and cut into 5 mm thick serial

sections. Miller’s Elastica van Gieson stain (EvG) was per-

formed for visualization of elastic fibers. Additionally, Hema-

toxylin and Eosin (HE) staining was performed. For

morphological measurements, histological slices were photo-

graphed using a light microscope (Keyence BzX800) and

analyzed using computer-assisted image analysis (ImageJ soft-

ware, Version 1.51) to determine the %EvG stain area per

adventitial area as previously described.14,18

Immunofluorescence Analysis

Immunofluorescence staining was performed to visualize inter-

leukin-1b within the aortic wall. After embedding in OCT

compound, abdominal aortic tissues were cut at �20 �C into

10 mm thick serial cryosections. Sections were treated with

polyclonal IL-1b antibody (Rabbit anti-Mouse IL-1 beta,

Bio-Rad 1:100, 1 hour at room temperature) followed by a

polyclonal secondary antibody AlexaFluor 568 (Donkey anti

Rabbit IgG, Thermo Fisher Scientific, Germany, 1:200, 1 hour

at room temperature) each diluted in Dako REALTM Antibody

Diluent (Dako, Denmark). Counterstaining and mounting

were performed using Roti®-Mount FluorCare (Carl Roth,

Germany).

Western Immunoblot Analysis

To evaluate the levels of IL-1b and CD68 in the aortic wall

of the Ang-II þ 01BSUR group and Ang-II group, Western

immunoblot analysis was performed. Aortic tissues (n ¼ 3

per group) were homogenized and solubilized in RIPA buffer

(pH ¼ 7.4). The protein concentration was determined using

UV-spectrometry at 280 nm (Evolution 220 UV-Visible

Spectrometer, Thermo ScientificTM). 5 mg/ml total protein

per lane diluted in SDS loading buffer was loaded onto

4-12% Tris-Glycine Gels (ServaGel TG Prime Vertical

Tris-Glycine Gel 4-12%). Proteins were separated by

SDS-PAGE (Hoefer SE260). To assure equal amounts of

total protein loaded per lane, GAPDH was used as loading

control. Due to the identical molecular weights of the tar-

geted proteins CD68 and GAPDH, 2 gels were run simulta-

neously. Proteins were transferred to PVDF membranes

using Trans-Blot Turbo RTA transfer kit (Bio-Rad). Primary

antibodies (Rabbit anti-Mouse IL-1b, Bio-Rad 1:500; Rabbit

anti-Mouse CD68, antibodies.com, 1:500; Rabbit anti-Mouse

GAPDH, Invitrogen 1:1000) were detected using a secondary

HRP-labeled antibody (Goat anti-Rabbit IgG (H/L): HRP,

Bio-Rad 1:1000) and SeramunBlau® blotting substrate (Seramun

Diagnostica GmbH). Protein bands were quantified by ImageJ

(Version 1.51).

Inductively Coupled Mass Spectroscopy (ICP-MS)

For a reproducible measurement of the local gadolinium

concentration, ICP-MS was performed. Aortic tissue samples

(n ¼ 3 per group) were digested overnight in 70% nitric acid at

37�C. For ICP-MS analysis samples were diluted with deio-

nized water. A standard curve was acquired for the concentra-

tion of gadolinium for each analysis.

Element Specific Bioimaging Using Laser Ablation (LA)
Coupled to Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS)

LA-ICP-MS was performed as described previously.14 Aneur-

ysms were cut into 10 mm cryosections at �20�C and mounted

on SuperFrost Plus adhesion slides (Thermo Scientific). The

LA-ICP-MS analysis was performed using an LSX 213 G2þ
laser system (CETAC Technologies, Omaha, USA) which was

equipped with a 2-volume HelEx II cell connected via Tygon

tubing to an ICPMS-2030 (Shimadzu, Kyoto, Japan). With a
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spot size of 10 mm samples were ablated via line-by-line scan

using a scan speed of 30 mm/s and 800 mL/min He as transport

gas. The analysis was performed in collision gas mode with He

as collision gas, with 50 ms integration time for the analyzed

isotopes 31P, 57Fe, and 64Zn and 75 ms integration time for the

2 Gd isotopes 158Gd and 160Gd. Matrix-matched standards

based on gelatin were used for the quantification of Gd. Nine

gelatin standards (10% w/w) including a blank, were spiked

with different Gd concentrations (1 to 500 mg/g). Averaged

intensities of the scanned lines of the standards were in good

linear correlation with a regression coefficient R2 ¼ 0.998

within this concentration range. Limit of detection (LOD) and

limit of quantification (LOQ), calculated with the 3s- and

10s-criteria, were 16 ng/g and 54 ng/g Gd. The quantification

and visualization were performed using in-house developed

software (WWU Münster, Münster, Germany).

Statistical Analysis

Values are specified as mean + standard deviation. An

unpaired, 2-tailed Student’s t-test was applied for the compar-

ison of continuous variables. Linear regression was applied to

determine the relationship between in vivo and the ex vivo

measurements. P-value < 0.05 was considered to indicate a

statistically significant difference.

Results

Overall 27 mice (N ¼ 27) were included until the end point of

the study. Figure 1 summarizes the detailed study setup includ-

ing the different groups of mice.

MR Angiographic Measurements for the Assessment
of the Area of the Aortic Lumen

The angiography of the mice of the control group (ApoE-/- mice

after 4 weeks of saline infusion, n ¼ 9) showed a non-dilated

aortic lumen. The continuous Ang-II infusion in mice (n ¼ 9)

resulted in a significantly enlarged aortic lumen and dilatation of

the aortic wall in the suprarenal region (Figure 2A). AngII-infused

mice treated 3 times with 01BSUR (n¼ 9) showed a substantially

lower aortic diameter in vivo and ex vivo compared to mice

without 01BSUR treatment (p < 0.05) (Figure 2B, C). No signif-

icant difference in aortic diameter could be observed in vivo and

ex vivo between the control group and Ang-IIþ 01BSUR group

(p > 0.05) (Figure 2B, C). In vivo measurements were in good

agreement with ex vivo measurements of the cross-sectional area

on histological sections (y ¼ 2.38x�1.17, R2 ¼ 0.89; p < 0.05,

Figure 2D).

Molecular MRI for the Noninvasive Assessment of the
Effects of IL-1b Inhibitor 01BSUR on AAA Formation

ApoE-/- mice (n ¼ 9) developed extensive aortic aneurysm

after 4 weeks of AngII-infusion as described previously includ-

ing infiltration of inflammatory cells and ECM remodeling.14

Using the elastin-specific probe, a strong expression of elastin

within the aortic wall could be observed in vivo in these mice

due to a strong remodeling of the extracellular matrix (ECM)

especially in the areas of former elastic fiber dissection. In

contrast, 01BSUR treatment reduced the impact of Ang-II on

elastin levels, prevent the destruction of elastic fibers within the

aortic wall and therefore the development of abdominal aortic

aneurysms (Figure 3). The control group receiving saline,

showed no pathological changes of the aortic wall.

T1-Weighted MR Imaging for the Assessment of the
Gadolinium-Based Elastin-Specific Probe

Prior to the administration of the elastin-specific MR probe, a

low contrast-to-noise-ratio was measured in the aortic wall of

all 3 groups. A significant (p < 0.05) increase in CNR in the

aortic wall was measured for mice receiving Ang-II, Ang-II þ
01BSUR and the control mice following the administration of

the elastin-specific agent (Figure 4A). The Ang-II group

showed a strong signal enhancement in the area of the aneur-

ysmal wall due to extracellular matrix remodeling by expres-

sion of elastic fibers in the area of former disruption of the

internal elastic lamina. The Ang-II þ 01BSUR group showed

a significantly weaker signal enhancement in the aortic wall

indicating an absence of aortic rupture and prevention of AAA

formation. In vivo measurements correlated with ex vivo his-

tological measurements of elastic fiber density using Elastica

van Gieson staining (y ¼ 0.34x�13.81, R2 ¼ 0.85; p < 0.05,

Figure 4B).

Correlation of In Vivo Measurements of the Elastin
Specific Probe With Ex Vivo Histology

For ex vivo measurements on histological sections, the Elastica

van Giesson (EvG) staining was used to assess the amount and

distribution of elastic fibers in the aortic wall (Figure 3A4, B4).

The Ang-II group showed the development of aortic aneurysms

due to the dissection of internal elastic fibers. After 4 weeks of

AngII-infusion a strong remodeling of the aortic wall was

observed at these areas. Due to this compensatory repair pro-

cess, a significant increase in elastic fibers in both, in vivo and

ex vivo measurements was observed in mice of the

AngII-group. A good correlation was shown between ex vivo

histological measurements and in vivo measurements using

the elastin-specific probe (y ¼ 0.34x�13.81 R2 ¼ 0.85;

Figure 4B).

Expression of IL-1b in the Aortic Wall by
Immunofluorescence and Western Blot

For the evaluation of the expression of IL-1b within the aortic

wall, Western Blot analysis and immunofluorescence staining

of histological sections were performed. Western Blot analysis

of the abdominal aorta (n¼ 3 per group) showed a significantly

lower expression of IL-1b within the aortic wall in mice treated

with 01BSUR compared with the AngII group (Figure 5A, B).

Brangsch et al 5



These results were confirmed by histological analysis which

also showed a significant decrease in IL-1b expression around

the aorta after 01BSUR treatment (Figure 6).

In addition, to evaluate the effects of 01BSUR on macro-

phage recruitment and accumulation, Western Blot analysis

and immunofluorescence CD68 staining of adjacent histolo-

gical slices were performed. Mice of the AngII group demon-

strated extensive macrophage staining and a significant

higher expression of CD68 whereas mice treated with

01BSUR had trivial macrophage staining (Figure 6) and

lower CD68 expression in Western Blot analysis

(Figure 5A, C). Furthermore, immunofluorescence micro-

scopy showed that IL-1b clearly co-localized with macro-

phages within the aortic wall (Figure 6). These findings are

consistent with 01BSUR suppressing inflammatory processes

in aneurysm development.

Spatial Localization of the Gadolinium-Based
Elastin-Specific Probe Using Laser Coupled Mass
Spectrometry (LA-ICP-MS)

LA-ICP-MS was performed to visualize the spatial distribution

of gadolinium within the aortic wall. Sections of the aortic wall

from mice of the Ang-II þ 01BSUR group (n ¼ 3) and AngII

group (n ¼ 3) after 4 weeks of AngII-infusion showed a strong

co-localization of targeted gadolinium with elastic fibers

(Figure 7A, B).

Figure 2. In vivo and ex vivo assessment of the aortic cross-sectional area. The Time-of-flight (TOF) angiogram of the suprarenal part of the
abdominal aorta 4 weeks after continuous infusion of angiotensin II showed a strong dilatation of the aortic lumen (A1, A2) whereas a
non-dilated aortic lumen was observed in mice treated with 01BSUR (A3, A4). On in vivo cross-sectional area measurements (B) and ex vivo
histological measurements (C) a significant increase in cross-sectional areas of the aortic lumen size was observed in untreated mice after
4 weeks of angiotensin II infusion, reflecting development of AAAs in these mice in contrast to mice treated with 01BSUR. There was no
significant difference in the cross-sectional area of the aortic lumen size between the Ang-II þ 01BSUR group and the control group. In vivo MR
measurements of the aortic diameter correlated strongly with ex vivo measurements on histological Elastica van Gieson (EvG) stained sections
(D). aA: suprarenal abdominal-aorta; rRA: right renal-artery.
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Gadolinium Concentration by Inductively-Coupled Mass
Spectrometry (ICP-MS)

For determination of the concentration of gadolinium from the

elastin-specific contrast agent in the aortic wall, inductively

coupled mass spectrometry (ICP-MS) was performed in 9 mice

(n ¼ 3 of each group). A strong correlation of in vivo CNR

measurements and ex vivo measured gadolinium concentra-

tions by ICP-MS was shown (y ¼ 0.02x þ 2.39; R2 ¼ 0.81,

p < 0.05) (Figure 7C).

Discussion

This study demonstrates the potential of molecular elastin spe-

cific MRI to evaluate the effect of disrupting IL-1b signaling

on AAA formation in ApoE-/- mice. Using an elastin-specific

probe, the development of an abdominal aneurysm, as well as

the response to therapy, could reliably be visualized in one

imaging session after 4 weeks of AngII-infusion. This

non-invasive in vivo visualization and quantification by mole-

cular MRI could improve the early evaluation of response to

therapy in patients and could help to identify responders and

non-responders early after initiation of the therapy.

Ex vivo histology and Western Blot analysis confirmed a

reduction of inflammatory processes and IL-1b expression

within the aortic wall due to the 01BSUR treatment. Further

ex vivo examination by LA-ICP-MS and ICP-MS proved the

specific binding of the molecular probe and correlated well

with in vivo MR measurements.

Figure 3. In vivo molecular MRI of extracellular-matrix of the aortic wall. Time-of-flight angiograms showing a suprarenal abdominal aorta
including the right renal-artery of a male ApoE-/- mouse after 4 weeks of Ang-II infusion (A1). An extensive aortic aneurysm was developed after
4 weeks of Ang-II infusion including a strong remodeling of the extracellular matrix by an expression of elastic-fibers in the area of former elastin
dissection which was observed in vivo by MRI after the administration of the elastin-specific-probe (A3, A4) and ex vivo by histological analysis
(A5, A6). The abdominal aorta of a male ApoE-/- mouse treated with 01BSUR show no pathological changes of the aortic wall in vivo on the time-
of-flight angiogram (B1), native MRI (B2) and T1-weighted-sequences using the elastin-specific-probe (B2, B3) or on corresponding ex vivo
histology (B5, B6). Scale bars represent 200 mm. TOF: Time-of-flight, EvG: Elastica van Gieson staining, Elastic fibers are stained blue-black; HE:
Hematoxylin-Eosin-staining; MRA: magnetic-resonance-angiography; aA: suprarenal abdominal-aorta; rRA: right renal-artery.
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Figure 4. In vivo MRI signal measurements and ex vivo quantification of the gadolinium-based elastin specific probe. Contrast-to-noise-ratio
(CNR) values before and following the administration of the gadolinium-based elastin-specific MR probe showed a significant increase in CNR in
the aortic wall in mice of the Ang-IIþ 01BSUR group, Ang-II group and control group. The strongest signal enhancement was shown by the mice
of the Ang-II group due to a strong remodeling and expression of elastic fibers in the aneurysmal wall. In vivo CNR measurements showed a
strong correlation with ex vivo Elastica van Gieson (EvG) staining on corresponding histological sections (B).

Figure 5. Western Blot analysis. Western Blot analysis (A) and quantification of protein bands (B, C) of suprarenal aortic tissue of ApoE-/- mice
after 4 weeks of angiotensin II infusion (n ¼ 3) and ApoE-/- mice after 4 weeks of angiotensin II infusion treated with 01BSUR (n ¼ 3) using an
interleukin-1b (17,5 kDa) antibody and CD68 (37 kDa) antibody. GAPDH (37 kDa) was used as loading control. A cropped Blot is displayed to
improve conciseness.
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Role of IL-1b During AAA Formation

Inflammation has been shown to be a key process in AAA

formation and progression including several different cyto-

kines and proinflammatory cells. Interleukin-1b is one of the

key mediators of inflammation and previous studies demon-

strated its critical role in experimental aortic aneurysm devel-

opment8,10,26 Furthermore, IL-1b was found to be elevated

4-fold in human AAAs compared to healthy aortas while cir-

culating IL-1b is increased by nearly 10-fold in AAA

patients.11,12,27,28 By inducing the production of matrix metal-

loproteinases (MMPs) in fibroblastic cells and macrophages,

including MMP-9, a protease with high elastolytic activity,

IL-1b contributes crucially to the progressive destruction of

aortic ECM proteins during AAA formation and progres-

sion.27,29 Especially the loss of medial elastin fibers is thought

to be the initiating event of aneurysm development.30 There-

fore, IL-1b antagonism represents a promising approach for

AAA treatment by disruption of the inflammatory pathway.

There are several pharmacological agents targeting the

IL-1b pathway, including direct antibodies to IL-1b or IL-1

receptor (IL-1R). Although IL-1b neutralization was once

thought to be predominantly limited to the treatment of auto-

immune and chronic inflammatory diseases, including gout,

rheumatoid arthritis or type 2 diabetes, the role of IL-1b in

cardiovascular diseases has gained more and more in

importance.31

Anakinra, a commercially available recombinant human

IL-1R antagonist, has previously been evaluated in an experi-

mental abdominal and thoracic aortic aneurysms model.

Johnston et al. treated C57Bl/6 mice following elastase aortic

perfusion with escalating doses of anakinra.10,26 Significant

protection against AAA progression was shown in mice treated

with anakinra 3 or 7 days following AAA initiation and further-

more mice treated prior to elastase exposure showed a

dose-dependent decrease in maximal aortic dilation. This study

indicates that IL-1b is critical for both the initiation and pro-

gression of experimental AAAs. A major clinical limitation of

this study represents the application of anakinra at a dose

of 100 (mg/kg)/day which exceeds the dosage approved for

patient by 100-fold.

The direct inhibition of IL-1b using the monoclonal anti-

body 01BSUR was also recently assessed in different mouse

models including Kawasaki Disease, renal inflammation and

AAAs.9,32,33 Isoda et al. showed that treatment with 01BSUR

decreased AngII-induced AAAs in IL-1 Ra-deficient mice.9

Histological analyses were performed after 28 days of

AngII-infusion and revealed decreased degeneration of smooth

muscle cells, elastic fibers and a decreased accumulation of

inflammatory cells. These findings are consistent with the

current study. Moreover, in our study, the effects of 01BSUR

treatment were not only evaluated by ex vivo histology but

more importantly by noninvasive in vivo molecular MR

imaging.

Figure 6. Ex vivo immunofluorescence measurements. Immunofluorescence staining with CD68 antibody was performed on histological slices
of mice of the Ang-II group (A) and Ang-II þ 01BSUR group (B). A: Mice of the AngII-group showed an increased expression of IL-1b in the
aortic wall (on the left hand; scale bar represent 200 mm). On the right hand: Macrophages (CD68) are shown in green, Interleukin-1b in red and
cell nuclei (DAPI) in blue. The stacked image demonstrates a clear co-localization of IL-1b with macrophages. Scale bars represent 100 mm.
B: Mice of the Ang-II þ 01BSUR group showed a significant lower IL-1b expression (on the left hand) as well as a trivial macrophage staining
(on the right hand). Scale bars represent 200 mm. Different magnifications were used due to the relatively large size of the aneurysm.
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Molecular MRI for the Noninvasive Assessment of
Treatment of Aortic Aneurysms

For the diagnosis and evaluation of AAAs, MRI using mole-

cular probes for the visualization of extracellular matrix pro-

teins has shown potential in experimental studies in the last

several years. Native MR imaging enables solely the assess-

ment of the aortic diameter which may be an unreliable marker

for the risk of rupture and expansion rate and therefore the

inflammatory status of aortic aneurysm.34,35 The

gadolinium-based elastin-specific probe used in the present

study allows the in vivo visualization of the elastin remodeling

of the aortic wall at different stages of aortic aneurysms which

has been shown by our research group14 and others.18,36 In our

current study we showed that the use of this probe enables the

early in vivo evaluation and quantification of AAAs and

furthermore the response to the anti-inflammatory treatment

with 01BSUR.

To our knowledge, this study represents the first molecular

MRI study on the in vivo effects of anti-inflammatory therapy

of experimental AAAs.

Translational Potential of This Study

Currently, there are no widely accepted medical options avail-

able to reduce or slow AAA progression. The recommended

treatment paradigm includes monitoring of disease progression

eventually followed by surgical intervention of AAAs larger

than 55 mm while the management of asymptomatic

medium-sized AAAs (40-55 mm) remains still

controversial.37,38 Therefore, there is a tremendous need for

medical therapy for the treatment of patients with abdominal

aneurysms.

A fully human monoclonal antibody directed against IL-1b,

canakinumab, was previously presented following investiga-

tion in a large phase 3 trial for the prevention of recurrent

myocardial infarction.22 The anti-inflammatory therapy at a

dose of 150 mg every 3 months led to a significantly lower

rate of recurrent cardiovascular events than placebo, indepen-

dent of lipid-level lowering, in patients with previous myocar-

dial infarction. In addition, a phase IIb trial investigating

canakinumab treatment in high-risk diabetic patients demon-

strated a significant dose-dependent reduction in various major

inflammatory biomarkers (C-reactive protein, IL-6 and fibrino-

gen).39 These data support the potential of this novel therapeu-

tic option for several inflammatory cardiovascular diseases,

including AAAs. Regarding clinical translation in our present

study, mice were treated with the clinically approved dose of an

anti-IL-1b antibody as used within the CANTOS study. Using

molecular MRI in addition to the evaluation of an

anti-inflammatory therapy of cardiovascular diseases, respon-

ders and non-responders could be identified early after the

initiation of the therapy. Such an approach could be helpful

to identify the most suited patient collective, which response to

treatment early after the initiation of the therapy. Additionally,

this could help to identify patient collectives which would

benefit from a potentially increased dose and reduce the costs

as only responders would be continuously treated.

Another advantage of this study regarding clinical transla-

tion includes the use of a clinical 3 Tesla MR scanner. Since we

Figure 7. Spatial localization of the elastin-specific gadolinium-based probe in the aortic wall using laser coupled mass spectrometry (LA-ICP-
MS) and correlation of in vivo MRI signal measurements with ICP-MS. The phosphorus distribution was measured using LA-ICP-MS to get an
anatomical overview of the histological sections (A2, B2). LA-ICP-MS visualized the elastin-specific gadolinium-based probe within the aneur-
ysmal wall (A4, B4) by the Gd signal. A clear co-localization of gadolinium accumulation with the elastic fibers in the Elastica van Gieson stain was
shown (A3, B3). Scale bars represent 200 mm. C: A strong correlation of ICP-MS measurements for gadolinium with in vivo CNR measurements
following the administration of the elastin-specific probe was demonstrated. CNR: Contrast to noise ratio; ICP-MS: Inductively coupled mass
spectroscopy.
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have not used an ultrahigh field preclinical MR scanner for

small animals, relaxation, rotational correlation, and signal

properties can be directly translated into a clinical setting.

Furthermore, the elastin-specific probe used in this study, is

comparable to contrast agents already used in clinical practice,

regarding molecular size and composition, as well as blood

clearance and was administered at a clinical dose.23

Mouse Model Used in This Study

In the small animal model used in this study, AngII-infused

male apolipoprotein deficient mice develop suprarenal AAAs

spontaneously without the need for surgical intervention.40 The

formation of AAAs in this murine model and humane aneur-

ysm formation have numerous commonalities, including med-

ial elastic fiber degeneration, inflammatory processes and

thrombus formation.41,42 AngII-infusion promotes macrophage

infiltration, MMP activation as well as an increased release of

cytokines, including IL-1b.43,44

Study Limitations

The selected therapy with 01BSUR did not only reduce but

prevent the formation of AAA in our current study. Therefore,

a reduction in aneurysm size or inflammation within the aortic

wall following AAA diagnosis with molecular MRI could not

be evaluated. To further evaluate the feasibility of molecular

imaging using an elastin-specific contrast agent for the moni-

toring of AAA therapy, a modified study design will be neces-

sary, for example including a therapy onset after induction auf

aneurysms. Consequently, more studies are needed, also to

prove a possible translation into a clinical setting of AAA

therapy monitoring using molecular MRI.

Another limitation of the present study represents the used

mouse model. Although it closely models human AAA forma-

tion, the murine AAAs develop in the suprarenal region,

whereas in humans AAAs develop preferentially in the infra-

renal region.40 Furthermore, the elastin-specific probe used in

this study is currently not approved for clinical use and a safety

profile has to be investigated before translation into a patient

setting.

Conclusions

Molecular MRI enables the early visualization and quantifica-

tion of the anti-inflammatory effects of the IL-1b inhibitor

01BSUR in an ApoE-/- mouse model of AAAs. Responders

and non-responders might be identified early after the initiation

of the therapy using molecular MRI.
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