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Rupture or dissection of thoracic aortic aneurysms is still the
leading cause of death for patients diagnosed with Marfan syn-
drome. Inflammation andmatrix digestion regulated bymatrix
metalloproteases (MMPs) play a major role in the pathological
remodeling of the aortic media. Regnase-1 is an endoribonu-
clease shown to cleave the mRNA of proinflammatory cyto-
kines, such as interleukin-6. Considering the major anti-in-
flammatory effects of regnase-1, here, we aimed to determine
whether adeno-associated virus (AAV)–mediated vascular
overexpression of the protein could provide protection from
the development and progression of aortic aneurysms in Mar-
fan syndrome. The overexpression of regnase-1 resulted in a
marked decrease in inflammatory parameters and elastin
degradation in aortic smooth muscle cells in vitro. Intravenous
injection of a vascular-targeted AAV vector resulted in the effi-
cient transduction of the aortic wall and overexpression of
regnase-1 in a murine model of Marfan syndrome, associated
with lower circulating levels of proinflammatory cytokines
and decreasedMMP expression and activity. Regnase-1 overex-
pression strongly improved elastin architecture in the media
and reduced aortic diameter at distinct locations. Therefore,
AAV-mediated regnase-1 overexpressionmay represent a novel
gene therapy approach for inhibiting aortic aneurysms in Mar-
fan syndrome.

INTRODUCTION
Marfan syndrome is a rare autosomal-dominant genetic disease
caused by loss-of-function mutations in the gene encoding
fibrillin-1, resulting in structural changes in microfibrils and elastic
fibers in large arteries and other organs such as eyes and the skeletal
system.1 Cardiovascular complications comprise the formation of
aortic aneurysms with a high risk of rupture or dissection, represent-
ing the main mortality risk for affected patients.2

It was previously shown that plasma levels of transforming growth
factor b (TGF-b) increase inMarfan patients and the fibrillin-1 hypo-
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morphic mgR/mgR murine model of Marfan syndrome.3 TGF-b is
known to enhance the activation and secretion of matrix metallopro-
teases (MMPs), which digest matrix components such as elastin,
gelatin, and collagen, and decrease the stability of the aortic wall.4

In addition to the elastolytic activity, it is known that MMP2 and
MMP9 have adverse effects on vascular smooth muscle cells
(SMCs) in thoracic aneurysms in mgR/mgR mice, presenting as
apoptosis and decreased contractility.5 Nonspecific MMP inhibition
by doxycycline is known to have beneficial effects on aortic dilatation
in Marfan syndrome.6

The inflammatory component plays a central role in the pathogen-
esis of the disease, including the formation of aortic aneurysms.
Plasma levels of proinflammatory cytokines such as monocyte
chemoattractant protein-1 (MCP-1) and, more important,
interleukin-6 (IL-6) were demonstrated to be higher in Marfan pa-
tients7 and in mgR/mgR mice8 compared to controls. Consistently,
it was shown that IL-6 deficiency causes less extracellular matrix
degeneration in mgR/mgR mice.8 Elevated levels of cytokines also
lead to the infiltration of immune cells throughout the media,7 com-
plementing the factors that lead to increased vessel fragility in Mar-
fan patients.

Regnase-1 is a newly identified endoribonuclease that cleaves the
mRNA of targets such as IL-6, IL-12, and IL-8.9,10 Thus, their stability
and expression are decreased, indicating an anti-inflammatory effect.
In addition, regnase-1 was shown to act as a negative regulator of
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Figure 1. Decreased regnase-1 expression in aortic

SMCs of mgR/mgR mice and Marfan patients

(A) Representative images showing regnase-1 expression

in murine thoracic aortic tissue (red). Nuclei were stained

with DAPI (blue), and the autofluorescence of elastic

fibers was visualized on the green channel. The scale bar

represents 50 mm, and asterisks show the aortic lumen).

(B) Statistical quantification of mean red fluorescence

intensity in immunohistochemistry pictures (n = 5, 15

images analyzed/group). Asterisks show the aortic lumen.

(C) Illustrative images showing regnase-1 expression in

human thoracic aortic tissue from controls and Marfan

patients. The scale bar represents 50 mm. (D) Statistical

quantification of red mean fluorescence intensity in the

media of human samples (n = 4, 16 images analyzed/

group). (E) Illustrative immunohistochemistry image

showing MALT-1 expression (magenta) in murine thoracic

aortic cryosections. Elastin fluorescence was visualized

on the green channel. DAPI (blue) was used to mark

cell nuclei. Asterisks show the aortic lumen. (F)

Corresponding quantification of mean fluorescence

intensity as a marker for MALT-1 expression (n = 5, 15

images analyzed/group).
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oxidative stress.11 Interestingly, cytokines such as IL-1b, TGF-b, and
lipopolysaccharides induce the expression of regnase-1.12

We hypothesized that regnase-1 has protective effects on the progres-
sion of aortic aneurysms due to its anti-inflammatory properties and
possibly its influence on elastolysis in the media. In this study, we
aimed to determine whether adeno-associated virus (AAV)–medi-
ated regnase-1 overexpression leads to an improvement in vessel
structure, a decrease in inflammatory parameters, and subsequently,
to a reduction in aortic dilatation with respect to its potential as a
novel gene therapy approach for Marfan syndrome.
2 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
RESULTS
Decreased regnase-1 expression in SMCs of

mgR/mgR mice and Marfan patients as

compared to controls

We aimed to determine whether regnase-1
expression is dysregulated in aortic sections of
Marfan mice. As shown in Figures 1A and 1B,
regnase-1 expression was significantly decreased
in the media of mgR/mgR mice. To confirm
these findings in human samples, we subjected
aortic cryosections from Marfan patients and
controls to immunohistochemistry. Our analyses
confirmed a similar pattern as inmurine samples,
namely, reduction in regnase-1 endoribonuclease
levels in themedia ofMarfan patients (Figures 1C
and 1D). To further substantiate a molecular
mechanism behind these observations, we as-
sessed the expression pattern of MALT-1, a
well-characterized protease cleaving regnase-1
in immune cells.13 As depicted in Figures 1E
and 1F, Marfan aortic sections of mice showed a significant increase
in MALT-1 protein level compared to corresponding controls.

Regnase-1 overexpression in mouse SMCs decreases IFN-

g-induced proinflammatory environment

We further aimed to substantiate the effect of regnase-1 overexpres-
sion in SMCs, regarding a proinflammatory environment in vitro.
Transgene overexpression was achieved using endothelial-targeted
AAV9SLR, showing efficient vascular cell transduction efficiency
in vitro.14 As proven in Figures 2A and 2B, we achieved a 1.7-fold
overexpression of regnase-1 following AAV9SLR transduction in
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Figure 2. Regnase-1 overexpression decreases proinflammatory markers and elastin degradation in mouse SMCs in vitro

(A) Illustrative images of western blots showing protein levels of regnase-1 and b-actin as loading control in cell lysates of murine SMCs following AAV9SLR transduction. (B)

Corresponding statistical quantification of regnase-1 levels in treated cells. Values were normalized to EGFP-treated SMCs (3 independent experiments). (C) Illustrative

images of western blots showing protein levels of VCAM-1 and b-actin as loading control in cell lysates of murine SMCs in the depicted treatment groups. (D) Corresponding

statistical quantification of VCAM-1 level. EGFP-transduced cells served as controls (3 independent experiments). (E) Degree of macrophage migration toward the su-

pernatant of SMCs in the depicted treatment groups, indicating different levels of promigratory cytokines (3 independent experiments). (F) Assessment of NF-kB activation in

murine SMC in different treatment groups (3 independent experiments). (G) Degree of elastin degradation in treated murine SMCs measured fluorometrically (3 independent

experiments). (H and I) Statistical quantification of relative mRNA levels of proinflammatory cytokines IL-6 andMCP-1 in murine SMCs following transduction. GAPDH served

as a housekeeping gene. EGFP-transduced cells were used as controls for normalizing gene expression (3 independent experiments). (J–L) Levels of secreted proin-

flammatory cytokines in the supernatant of SMC following transduction and proinflammatory stimulation, measured using ELISA (3 independent experiments).
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our in vitro setup. Furthermore, as shown in Figures 2C and 2D,
regnase-1 overexpression significantly decreased the level of vascular
cell adhesion molecule 1 (VCAM-1) in the presence of interferon-g
(IFN-g) as a proinflammatory cytokine. Next, we determined the
ability of SMC-derived supernatants to induce macrophage migration
in vitro. As expected, cells treated with control AAV-EGFP demon-
strated the highest promigratory capacity under IFN-g stimulation.

In contrast, supernatant isolated from AAV9SLR-regnase-1 trans-
duced SMCs induced a lower degree of macrophage migration as
controls (Figure 2E). Interestingly, our experiments point toward
a significant reduction in nuclear factor kB (NF-kB) activation
upon AAV9SLR-regnase-1 treatment in cultured SMCs as
Molecu
compared to control (Figure 2F). Because elastin degradation is a
hallmark of Marfan syndrome,15 we also investigated a potential
impact of regnase-1 overexpression on this parameter. The results
demonstrate that although IFN-g induced a marked increase in
elastin proteolysis in SMCs, this could be almost entirely abrogated
by regnase-1 overexpression before cytokine stimulation (Figure 2G).
In addition, several well-characterized regnase-1 targets were signif-
icantly decreased in both mRNA and protein levels following
regnase-1 overexpression (Figures 2H–2L). More important, these
results could be reproduced in human SMCs isolated from Marfan
patients (Figure S1). All in all, these findings indicate that regnase-1
overexpression significantly affects the proinflammatory environ-
ment in SMCs.
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 3
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Figure 3. Regnase-1 overexpression decreases

MMP9 expression and activity inmouse SMCs in vitro

(A) Illustrative images of western blots showing protein

levels of MMP9 and b-actin, used as loading control in cell

lysates of murine SMCs in different treatment groups. (B)

Corresponding quantification of relative MMP9 protein

levels following transduction (3 independent experiments).

(C) Expression levels of MMP9 in murine SMCs in different

treatment groups. GAPDH was used as a housekeeping

gene (3 independent experiments). (D) Degree of gelatin

degradation in murine SMCs in different treatment groups

(3 independent experiments).
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Regnase-1 overexpression decreases MMP9 expression and

activity in SMCs in vitro

MMP9 activity directly contributes to aortic remodeling in the
context of Marfan syndrome.16 Hence, we next aimed to determine
whether its expression is affected by the AAV-mediated upregulation
of regnase-1 in vitro. Our data show that although MMP9 expression
significantly increased upon IFN-g stimulation, its levels markedly
decreased following regnase-1 overexpression in both mRNA and
protein levels (Figures 3A–3C). We could also detect a significant
decrease in gelatinase (MMP2 andMMP9) activity in SMCs’ superna-
tant, as proven in Figure 3D. These findings could be translated into
human SMCs (Figure S2). Because regnase-1 was proven to induce
apoptosis in cancer cells,17 we assessed whether a toxic effect could
be noted in our in vitro system. For this purpose, we subjected trans-
duced SMCs to TUNEL and 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assays. In contrast to tumor
cells, regnase-1 overexpression did not diminish cell viability and
did not induce apoptosis (Figure S3).

Successful vascular cell transduction following AAV9-G2CNN

injection

The aforementioned in vitro results prompted us to analyze the ef-
fect of regnase-1 overexpression in an in vivo setting. Thus, we in-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
jected 8-week-old Marfan mice with G2CNN-
tagged AAV9 expressing either regnase-1 or
EGFP as a control (Figure 4A). Three out of
10 AAV-EGFP–injected mice and 2 out of 12
AAV-regnase-1–treated mice died early (11–
12 weeks of age) during treatment, presumably
due to aortic aneurysm dissection. As depicted
in Figures 4B and 4C, tail vein injection led to
successful transgene expression in endothelial
cells and in the media and adventitia. In addi-
tion, this observation was confirmed by western
blot analysis (Figures 4D and 4E). To confirm
that regnase-1 was indeed overexpressed upon
targeted AAV9 injection, we subjected cryosec-
tions to immunohistochemistry using a specific
antibody. As shown in Figures 4F and 4G, we
could achieve a significant 3-fold increase in
regnase-1 expression following AAV9-regnase-1 injection as
compared to control.

Regnase-1 overexpression in aortic vascular cells improves

elastin architecture and decreases aortic size in Marfan mice

Next, we aimed to define the effect of regnase-1 overexpression in
aortic cells in the well-established model of Marfan syndrome. Elastin
van Gieson staining and subsequent quantification of the number of
“islands of damage” revealed that although control EGFP-injected
male Marfan mice presented with a highly fragmented aortic wall,
regnase-1 overexpression markedly ameliorated this phenotype
(Figures 5A and 5B). Coinciding with the decrease in the number of
islands of damage in AAV-regnase-1 overexpressing mice, we could
detect a significant reduction in aortic diameter, measured by echocar-
diography, pointing toward stabilization of the aortic wall following
our gene therapy approach (Figures 5C–5E). The protective effect of
regnase-1 overexpression on the development of elastin breaks and
aortic dilatation could also be confirmed in female mice (Figure S4).

Regnase-1 overexpression in aortic vascular cells decreases

proinflammatory markers in the aortic tissue of mgR/mgR mice

To gain deeper insights into the molecular players participating in the
observed positive effect on the Marfan aortic wall, we measured the
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Figure 4. Targeted transgene overexpression following AAV injection in male mgR/mgR mice

(A) Schematic representation of the experimental design of the in vivo study. (B) Representative immunohistochemistry images showing EGFP expression in murine thoracic

aortic tissue (red) for mice injected with AAV9-G2CNN-EGFP (upper line) and AAV9-G2CNN-regnase-1 (lower line). Boxed images show successful transduction of both

endothelial and SMCs. Nuclei were stained with DAPI (blue). The autofluorescence of elastic fibers was visualized on the green channel. Asterisks show the aortic lumen. The

scale bar represents 25 mm. (C) Statistical quantification of mean red fluorescence intensity showing EGFP levels within the aortic wall following injection of AAV9-G2CNN

(n = 3, 9 images analyzed/group). (D) Illustrative images of western blots showing protein levels of regnase-1 and b-actin as loading control in tissue lysates of murine aortas

following transduction. Tissue isolated fromWTmice served as control. (E) Corresponding statistical quantification of protein levels of regnase-1 in depicted treatment groups

and WT mice (n = 5 for WT mice, n = 6 for AAV-EGFP injected mice, n = 7 for AAV-regnase-1 injected mice). (F) Illustrative images showing regnase-1 (Reg1) levels in aortic

sections of mice in the depicted treatment groups (red). CD31 (magenta) was used to label endothelial cells, and elastin autofluorescence is shown in green. DAPI (blue) was

used as a nuclear marker. (G) Statistical quantification of red mean fluorescence intensity, corresponding to regnase-1 protein levels in analyzed sections (n = 5 for WT mice,

n = 6 for AAV-EGFP-injected mice, n = 7 for AAV-regnase-1-injected mice).
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expression of MMP9 and proinflammatory markers following AAV
transduction. As shown in Figures 6A and 6B, regnase-1 overexpres-
sion led to a significant reduction in MMP9 protein levels, shown by
immunohistochemistry. In addition, we could observe a marked
Molecu
decrease in MMP2 and elastase MMP12 mRNA levels in the aortic
tissue of mice injected with AAV-regnase1 as compared to control
mgR/mgR mice (Figure S5). Likewise, staining with VCAM-1 and
MCP-1 antibodies demonstrated a similar pattern: a marked decrease
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5

http://www.moleculartherapy.org


L4

WT
EGFP

Reg
nas

e-1
0

1

2

3

4

ao
rt

a
di

am
e t

er
( m

m
)

L2

WT
EGFP

Reg
nas

e-1
0

1

2

3

4

5

ao
rt

a
di

am
et

er
(m

m
)

L1

WT
EGFP

Reg
nas

e-1
0.0

0.5

1.0

1.5

2.0

2.5

ao
rt

a
di

am
et

er
(m

m
)

         Islands of damage

WT
EGFP

Reg
nas

e-1
0

2

4

6ega
madfo

sdnalsiforeb
mun

C

B

E

A
p<0.0001 p<0.0001

mgR/mgR

mgR/mgR

p=0.045

mgR/mgR mgR/mgR

p=0.032 p=0.026p=0.0073 p=0.045

mgR/mgR

D
mgR/mgR

mgR/mgR

L3

WT
EGFP

Reg
nas

e-1
0

1

2

3

4

5

ao
rt

a
di

am
e t

er
(m

m
)

Wild-type  EGFP  Regnase-1   

Wild-type  EGFP  Regnase-1   

L1
L2

L3

L4
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islands of damage. The scale bar represents 25 mm. (B) Statistical quantification of the number of islands of damage in the media in different treatment groups of mgR/mgR
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in mice receiving the designed gene therapy approach (Figures 6C–
6F). Similarly, we could detect a dramatic reduction in circulating
levels of IL-6 and MCP-1 in the plasma of treated mice (Figures 6G
and 6H). Because IL-6, MCP-1, and IL-12 are major cytokines influ-
enced by regnase-1, we next measured their expression on mRNA
level in aortic tissue. Indeed, there was a trend toward reducing
mRNA levels of MCP-1 in the aortas of Marfan mice treated with
AAV9-G2CNN-regnase1 compared to controls, whereas the expres-
sion levels of IL-6 and IL-12 were significantly decreased by our treat-
ment (Figure 6I–6K).

DISCUSSION
Here, we show that targeting proinflammatory responses by over-
expressing endoribonuclease regnase-1 in the aortic tissue of Mar-
fan mice can halt the progression of thoracic aortic aneurysms
by decreasing key cytokines involved in disease progression.
Notably, mice receiving our gene therapy approach presented
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
with improved elastin architecture in thoracic aortic tissue,
decreased MMP expression, and reduced circulating levels of
IL-6 and TGF-b. Because the leading cause of mortality in Marfan
mice and patients is thoracic aortic aneurysm dissection, we
focused mainly on this aortic region for molecular and histological
analyses.18

A well-established hallmark of aortic aneurysm dissection associated
with Marfan syndrome is developing a proinflammatory environ-
ment.7 Marfan patients exhibit increased amounts of circulating cyto-
kines and enhanced infiltration of inflammatory cells in the adventitia
and media.7 Similarly, Marfan mice present with infiltration of
proinflammatory leukocytes in early age.19 Proinflammatory cells
produce MMPs able to digest elastin and extracellular matrix compo-
nents. In turn, degradation products act as chemotaxis agents for
macrophages, promoting further inflammatory cascades and disease
progression.20,21
024
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Figure 6. Aortic regnase-1 overexpression decreases

MMPexpression and inflammation inmalemgR/mgR

mice

(A) Representative images showing MMP9 expression in

murine thoracic aortic tissue (red) for the depicted treat-

ment groups and WT mice. Nuclei were stained with DAPI

(blue). The autofluorescence of elastic fibers was visual-

ized on the green channel. Asterisks show the aortic

lumen. The scale bar represents 50 mm. (B) Statistical

quantification of mean red fluorescence intensity in

immunohistochemical analyses as a measure of MMP9

expression in the aortic wall of different treatment groups

and WT mice (n = 7 for WT mice, n = 6 for AAV-EGFP-

injected mice, n = 8 for AAV-regnase-1-injected mice, 3

images/section. (C) Illustrative images showing VCAM-1

expression (red) in thoracic aortic sections from mice in

the depicted groups. DAPI (blue) was used as a nuclear

counterstaining, and elastin autofluorescence is shown

in green. The scale bar represents 50 mm, and asterisks

depict the aortic lumen. (D) Statistical quantification of

VCAM-1 protein level in thoracic aortic tissue. WT mice

served as controls (n = 5 for WT mice and AAV-

regnase-1-injected mice, n = 4 for AAV-EGFP-injected

mice, 3 images/section. (E and F) Representative

images (E) showing MCP-1 staining (red) of aortic tissue

in frozen sections of mice subjected to the underlined

treatment groups and (F) statistical quantification of

fluorescence intensity as a measure of MCP-1 levels in

analyzed tissues. (G and H) Statistical quantification of

serum levels of IL-6 and MCP-1 in treated mice,

measured by ELISA. WT mice served as controls

(n = 5). (I–K) Statistical quantification of relative mRNA

levels of proinflammatory cytokines IL-6, MCP-1, and IL-

12 in aortas of treated and WT mice. GAPDH was used

as a housekeeping gene (n = 9 for WT mice, n = 7 for

AAV-EGFP-injected mice, n = 8 for AAV-regnase-1-

injected mice).
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Cytokine mRNA levels are tightly controlled transcriptionally.
Regnase-1 suppresses an abnormal proinflammatory environment
by recognizing and degrading specific secondary RNA structures.9
Molecular Therapy: Method
Although regnase-1 expression was first char-
acterized in immune cells,9 the endoribonu-
clease was subsequently detected in epithelial
cells, where it acts as a proinflammatory player
and maintains epithelial layer integrity.10 Inter-
estingly, endothelial cell-specific regnase-1
deletion induces proinflammatory and pro-
thrombotic factors, further progressing to
endothelial permeability and vascular dysfunc-
tion.22 In consistency, the absence of
regnase-1 causes exacerbated neuroinflamma-
tion and increased infarction size.23 Likewise,
our results delineate a broader role of
regnase-1 in the vasculature, particularly in
maintaining the homeostasis of SMCs under
inflammatory insult, decreasing the expression
of MMPs, and decreasing the degree of circulating proinflamma-
tory cytokines in the context of aortic aneurysms associated with
Marfan syndrome.
s & Clinical Development Vol. 32 March 2024 7
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Interestingly, our results demonstrate decreased regnase-1 expression
in the media of Marfan mice, which could account for exacerbated
inflammation and increased MMP expression in this model. This is
contradictory to increased circulating TGF-b levels as a hallmark of
Marfan patients.24 However, TGF-b triggers the activation of mu-
cosa-associated lymphoid tissue lymphoma translocation protein 1
(MALT-1) paracaspase and NF-kB pathway in cancer cells.25 Consis-
tently, our findings prove increased MALT-1 expression in the SMCs
of Marfan mice, providing mechanistic support for reduced endori-
bonuclease expression within the aortic wall. MALT-1 was demon-
strated to induce the cleavage of regnase-1 in immune cells as a critical
step for controlling T cell activation.13 Moreover, MALT-1 was
shown to be a major player in Ang II-induced vascular inflammation
in the context of aortic aneurysm by activating the NF-kB pathway.26

Therefore, we hypothesize that although TGF-b drives the expression
of regnase-1 in Marfan syndrome, these increases in protein levels of
the endoribonuclease are blunted by increased MALT-1 expression
and activity.

The most prominent finding of our study is a dramatic decrease
in circulating IL-6 levels following tail vein administration of
regnase-1 overexpressing AAV. Enhanced IL-6 signaling regulated
aortic dilatation and aneurysm formation in Marfan mice.8 In addi-
tion, we could prove the reduced expression of vascular adhesion pro-
tein VCAM-1 in vitro and in vivo. These observations are in agree-
ment with previous reports showing that regnase-1 overexpression
can markedly decrease the expression of VCAM-1 in endothelial cells
under pro-inflammatory conditions.27 Conversely, increasing
regnase-1 expression by applying MALT-1 inhibitor significantly
suppressed the expression of VCAM-1 and intercellular adhesion
molecule 1 in cultured endothelial cells.28

Our data show decreased TGF-b levels following regnase-1 overex-
pression. Although TGF-b was initially thought to be the main
contributor of aortic dissections associated with Marfan syn-
drome,24,29 others reveal controversial findings.30,31 Abnormal
TGF-b signaling was proven in thoracic aortic tissue on the sin-
gle-cell level.32 In addition, TGF-b was demonstrated to contribute
to the senescence of SMCs in aortic aneurysms.33 One possible
explanation could be based on the different ages and strains of Mar-
fan mice used in various experimental settings. These findings are of
major significance and highlight the importance of choosing
the right timing for an anti-inflammatory therapy for Marfan
syndrome.

One crucial observation is that treatment with regnase-1 overexpress-
ing AAV did neither induce apoptosis nor decrease cell viability in
our in vitro and in vivo setup. Regnase-1 upregulation in cancer cells
led to enhanced caspase activity and the induction of apoptotic pro-
cesses.34 However, regnase-1 is also known as a regulator of cancer
cell proliferation in vivo.35 These contradictory findings could be
related to a different micro RNA signature in SMCs compared to can-
cer cells.
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The main limitation of our study is the lack of a long-term study to
evaluate whether the proposed therapy approach can prolong the sur-
vival rate of Marfan mice. These experiments would be precious
before clinical translation. In addition, we injected the therapeutic
AAVs at 8 weeks of age, when mice are generally not yet affected
by aneurysm dissection, but aortic elastin architecture is already
disturbed, which could account for similar mortality rates between
the two experimental groups. Marfan mice could be treated at various
time points, corresponding to several degrees of aneurysm severity, to
determine the most effective approach for therapy. An earlier time
point could lead to a more dramatic improvement in the pathological
changes associated with the disease. Moreover, although the mouse
model for Marfan syndrome recapitulates the main pathological fea-
tures of the disease, a large animal model is more compatible with the
patient’s situation and can bring more insights into the translational
perspectives of our study.36 Finally, a concise investigation of macro-
phage infiltration would be interesting in subsequent studies.

In conclusion, our data underline a novel therapeutic approach for
limiting the development of aortic aneurysms in Marfan syndrome.
Furthermore, for the first time, we prove that the overexpression of
therapeutic genes in the aortic wall is highly effective using a coating
approach, as previously described.37 Last but not least, our study pro-
vides evidence for the intense contribution of abnormal proinflam-
matory cascades in aortic aneurysm progression inMarfan syndrome.
MATERIALS AND METHODS
Mouse model

All of the animal experiments were carried out according to the insti-
tutional rules and in agreement with animal welfare protocols in
Schleswig-Holstein (permission no. V242-55381/2019). Mice were
kept at 23�C in 10-h/14-h light/dark cycles, with ad libitum feeding.
AAV9 vectors harboring either EGFP or regnase-1 were coated with
nanoparticles, as previously described, and systemically injected
through tail vein injection into 8-week-old male and female Marfan
mgR/mgR mice.37 Each mouse was injected with 1012 genomic parti-
cles AAV in a total volume of 100 mL. Four weeks after the injection,
thoracic aorta and blood samples were analyzed. Gender-matched
and age-matched wild-type (WT) mice served as controls. Mice
were sacrificed by cervical dislocation.
Human samples

Aortic tissue was obtained fromMarfan patients and healthy controls
undergoing surgical treatment following written consent under ethics
vote at the University Clinic Schleswig-Holstein Kiel (permission no.
D495/19 by the Ethics Committee of the University Medical Centre
Schleswig-Holstein, Kiel) and University Clinic Heidelberg (S-260/
2021 by the Ethics Committee at the Faculty of Medicine, University
of Heidelberg). Four male patients (ages 31–59 years) were included
in our study. Only thoracic aneurysmal tissue was further processed
for SMC isolation.
024
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Ultrasound-based assessment of aortic diameters

To determine aortic diameters, we used a Vevo 1100 ultrasound sys-
tem (VisualSonics, Fujifilm Sonosite B.V.) equipped with an MS400
transducer and a central frequency of 30 MHz and a focal length of
7.0 mm. Anesthesia was induced by putting the mouse in an induc-
tion chamber using 3% isoflurane and 1 L/min 100% oxygen for 1–
2 min, followed by inhalation anesthesia with 1.5–2% isoflurane using
a mask around the nose.38 Electrocardiogram electrodes and a rectal
probe measured heart rate and body temperature. The aortic diame-
ters (aortic annulus [L1], sinotubular junctions [L2], aortic arch [L3],
and proximal descending aorta [L4]) were measured from the Bmode
aortic arch view, as previously described.39 The diameter of these
aortic regions was already proven to be highly increased in Marfan
mice.39

Isolation, culture, and treatment of primary SMCs

Murine primary aortic SMCs were isolated from the aortas of mgR/
mgR mice, as previously described.40 Cells were cultured in a com-
plete DMEM medium supplemented with 15% fetal bovine serum,
50 U/mL penicillin, 50 mg/mL streptomycin, and 2 mmol/L L-gluta-
mine (Thermo Fisher Scientific). Cells cultured up to passage 4
were used in all of the experiments. SMCs were plated on plastic
cell culture dishes (Thermo Fisher Scientific) or gelatin-coated glass
coverslips when used for imaging experiments. Transduction with
either AAV9SLR-EGFP or AAV9SLR-regnase-1 in a serum-free me-
dium was performed when cells reached 80% confluency. At 48 h
after transduction, inflammation was induced by treatment with
100 ng/mL IFN-g for 24 h for protein analysis and gene expression
evaluation. The supernatant was collected and kept at �80�C until
further analysis.

AAV production

AAV9 (for in vivo studies) and AAV9SLR (for in vitro studies) ex-
pressing either regnase-1 or EGFP under the regulation of cytomeg-
alovirus promoter were produced and further purified, as previously
described.14,41 Endothelial targeting of AAV9 for in vivo experiments
was achieved by coating with endothelial-affine peptide, as described
before.37 In brief, complexes of AAV9 and coating particle G2CNN

were formed by incubation in Opti-MEM medium for 30 min at
room temperature before injection into mice.

qRT-PCR

According to the manufacturer’s instructions, the total RNA was iso-
lated from SMC and aortic tissue using the RNeasy kit (Qiagen).
cDNA synthesis was accomplished using LunaScript RT SuperMix
Kit (New England Biolabs) starting from 1 mg RNA. qRT-PCR was
performed using SYBR Green (Qiagen) and specific primers for the
genes of interest (Table S1). Gene expression was normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH).

Western blot analysis

Protein samples from cells and tissue were isolated using radioimmu-
noprecipitation assay lysis buffer supplemented with protease inhib-
itors and were then electrophoresed in 10% SDS-PAGE and blotted
Molecu
onto nitrocellulose or polyvinylidene fluoride membrane. Nonspe-
cific binding was blocked by incubation for 1 h in 5% BSA (Merck)
or 5% nonfat dry milk (Roth) diluted in Tris-buffered saline with
0.1% Tween 20 detergent buffer. The dilutions of the primary anti-
bodies used in our study are as follows: regnase-1 (Invitrogen, PA5-
22137, 1:1,000), MMP9 (Abcam, ab38898, 1:1,000), VCAM1 anti-
body (Abcam, ab134047, 1:1,000), b-actin (Sigma-Aldrich, A5441,
1:20,000), and GAPDH (Sigma-Aldrich, G8795, 1:20,000). b-Actin
and GAPDH served as internal controls, proving equal loading of
the protein samples. Corresponding horseradish-coupled secondary
antibodies (anti-rabbit-horseradish peroxidase [HRP] and anti-
mouse-HRP) were obtained by Dianova, and imaging was performed
with the ImageQuant LAS 4000 mini system (GE Healthcare Life
Sciences).

NF-kB activation assay

First, nuclear extracts were isolated according to previously published
protocols.42 Second, samples were further processed according to the
manufacturer’s (Abcam) instructions. Equal amounts of protein were
loaded in each well.

Macrophage transmigration assay

Transmigration assay was performed according to the manufacturer’s
(Biocat) Instructions. Supernatant from SMC cultured and treated as
mentioned above was put in the lower chambers of a 24-well plate.
The RAW cell suspension was placed in the transwell with an 8-mm
polycarbonate membrane. During the incubation time of 24 h, cells
were allowed to migrate through the membrane, depending on the
amount of promigratory cytokines in the supernatant. Nonmigratory
cells were removed, and migratory cells were dissociated from the
membrane and lysed with the supernatant in the lower chamber.
Fluorescent cell labeling dye provided in the kit was added for quan-
tification, and fluorescence was measured (excitation/emission:
480 nm/520 nm) using the Cytation5 Imaging Reader (Biotek).

Staining of elastic fibers

Explants of thoracic aortae of mice were embedded in Tissue-Tek
(Weckert Labortechnik) and cut into 7-mm-thick slices with a Cryo-
stat (Microm HM 500 O). Elastin van Giesson stainings were
performed according to the manufacturer’s instructions (Sigma-
Aldrich), and bright-field microscopy images were captured (Key-
ence). A blinded observer then counted the number of islands of dam-
age per cross-section for each mouse, as previously described,40 to
assess the degree of elastin fragmentation in the media. An island
of damage was defined as an area covering two fragmented elastic fi-
bers, interposed with abnormal connective tissue deposition. Three
aortic sections were analyzed per mouse.

Immunohistochemistry

Cryosections of aortic grafts 7 mm thick were fixed with 4% parafor-
maldehyde and then stained with the following primary antibodies:
CD31 (Santa Cruz, sc-181916, 1:200) as an endothelial cell marker,
regnase-1 (Thermo Fisher Scientific, PA5-22137, 1:300), MMP9 (Ab-
cam, ab38898, 1:300), MALT-1 (Thermo Fisher Scientific, 39395,
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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1:400), MCP-1 (Abcam, ab25124, 1:300), and GFP (Thermo Fisher
Scientific, A-31851, 1:400). Corresponding secondary antibodies
were purchased from Invitrogen and used to a dilution of 1:300.

TUNEL assay

A TUNEL kit (Biomol) was used to determine the degree of DNA
fragmentation in aortic tissue and cultured cells. Afterward, thoracic
aortic sections or cells were stained with DAPI tomark cell nuclei. Im-
aging was performed using confocal microscopy. For in vitro experi-
ments, H2O2-treated cells were used as a positive control, and DNase-
treated aortic sections served as positive controls for in vivo settings.

MTT assay

Cell viability and proliferation was determined by using the MTT
assay (Promega) according to standard protocols. In brief, transduced
cells were incubated with MTT compound to a concentration of
0.2 mg/mL for 4 h. Next, cells were treated with a solubilization re-
agent and incubated overnight at 37�C. Next, absorption (570 nm)
was measured using a Cytation 5 reader (BioTek).

Gelatin and elastin degradation assay

SMCs were treated with 40 ng/mL DQ-gelatin (Thermo Fisher Scien-
tific) or elastin-fluorescein isothiocyanate (Anaspec) in a 96-well plate
with black walls and transparent bottom (Greiner). Then, the mixture
was incubated at 37�C for 2 h. Next, green fluorescence was measured
using Cytation 5 reader (BioTek) as a measure of respective substrate
degradation.

ELISA

ELISA was performed according to the manufacturer’s (Biolegend)
instruction to detect IL-6, MCP-1, and TGF-b levels. The supernatant
of SMCs and plasma of mice served as samples. For the collection
of plasma, blood was centrifuged at 1,500 � g for 10 min at 4�C
before storage at �80�C. Plasma samples were diluted 1:3 before
measurement.

Statistical analysis

In vitro experiments were performed in biological replicates
mentioned in the corresponding figure legends. Three technical rep-
licates were performed for each biologically different sample. Mice
were matched for age and sex, and experimenters were blinded in
the cases of ultrasound image analysis and counting of islands of dam-
age. As indicated in figure legends, statistical analysis was performed
using GraphPad Prism version 8. Before performing statistical anal-
ysis, datasets were tested for normal distribution (D’Agostino-Pear-
son test). The Mann-Whitney U test was performed to compare
two experimental groups, and three or more sets were analyzed using
one-way ANOVA followed by the Newman-Keuls posttest. p < 0.05
was considered significant. Exact p values are indicated on the graphs.
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