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Abstract: Marfan syndrome (MFS) is a heritable connective tissue disorder caused by
pathogenic variants in the gene coding for the extracellular matrix protein fibrillin-1.
While the disease affects multiple organ systems, the most life-threatening manifestations
are aortic aneurysms leading to dissection and rupture. Other cardiovascular complications,
including mitral valve prolapse, primary cardiomyopathy, and arrhythmia, also occur more
frequently in patients with MFS. The standard medical care relies on cardiovascular imaging
at regular intervals, along with pharmacological treatment with f-adrenergic receptor block-
ers aimed at reducing the aortic growth rate. When aortic dilatation reaches a threshold
associated with increased risk of dissection, prophylactic surgical aortic replacement is
performed. Although current clinical management has significantly improved the life expec-
tancy of patients with MFS, no cure is available and fatal complications still occur, under-
scoring the need for new treatment options. In recent years, preclinical studies have identified
a number of potentially promising therapeutic targets. Nevertheless, the translation of these
results into clinical practice has remained challenging. In this review, we present an overview
of the currently available knowledge regarding the underlying pathophysiological processes
associated with MFS cardiovascular pathology. We then summarize the treatment options
that have been developed based on this knowledge and are currently in different stages of
preclinical or clinical development, provide a critical review of the limitations of current
studies and highlight potential opportunities for future research.

Keywords: thoracic aortic aneurysm and dissection, rare genetic disease, pharmacological
treatment, pathophysiology, preclinical research

Plain Language Summary

Marfan syndrome (MFS) is a rare heritable disorder caused by defects in the fibrillin-1
protein. This protein plays an important role in the structure and maintenance of connective
tissue, which provides support to many organ systems in the body. Healthy connective tissue
is important for bones, eyes, skin, lungs, nervous system, heart and blood vessels, which can
all be affected by MFS. One of the most important consequences of MFS is a gradual
enlargement of the aorta, which can lead to potentially fatal rupture of this large blood vessel.
Currently, there is no cure for patients with MFS. In order to reduce the risk of life-
threatening complications, patients with MFS rely on regular medical check-ups, treatment
with blood pressure lowering medication, and surgery to repair the aorta when indicated.
Because the risk of rupture of the aorta is still present in all patients with MFS, researchers
are continuously trying to find new ways to treat the disease. To achieve this goal, many
research efforts are focused on trying to understand how the disease exactly develops and
progresses. In this review paper, we summarize the known disease mechanisms and provide
an overview of the current treatment strategies for patients with MFS. In addition, we
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highlight and discuss new research based on animal models of
MES that have shown promising results and might lead to the
development of new treatment options.

Introduction

Marfan Syndrome
Marfan syndrome (MFS, OMIM #154700) is a rare con-
nective tissue disorder with a reported prevalence ranging
from 1.5 to 17.2 per 100,000 individuals." It is an auto-
somal dominantly inherited disease caused by pathogenic
variants in the fibrillin-1 gene (FBNI).”> Fibrillin-1 is an
important extracellular matrix (ECM) protein, which is
widely distributed throughout the body and plays an essen-
tial role in microfibril assembly.’> Patients with MFS
show pleiotropic manifestations affecting the ocular, ske-
letal and cardiovascular system. For the purpose of this
review, we will focus on the cardiovascular system. The
most common cardiovascular manifestation is aortic root
dilatation, which is estimated to be present in over 80% of
adults with MFS, and is associated with an increased risk
of aortic dissection or rupture.>’ Other cardiovascular
manifestations requiring surveillance include mitral valve
prolapse (MVP), cardiomyopathy and arrhythmias.>’ '
Cardiovascular manifestations are major causes of mortal-
ity and morbidity in MFS. In order to minimize the impact
of these complications, correct and timely diagnosis of
MEFS is a key feature in patient management. The diag-
nosis of MFS is based on a distinct set of clinical criteria
and may be complemented with molecular confirmation of
pathogenic variants in FBNI as described in the revised
Ghent nosology.® After confirmation of the diagnosis,
close cardiovascular follow-up is mandatory in all patients
with MFS.

The primary goal of medical and surgical treatment of
cardiovascular features in patients with MFS is to reduce
the risk of often fatal aortic dissection. Currently, standard
medical treatment of aortic disease in patients with MFS is
limited to the administration of p-adrenergic receptor
blockers (B-blockers) and/or angiotensin receptor blockers
(ARBs), and prophylactic aortic root surgery when indi-
cated. Although improved (early) diagnosis and optimiza-
tion of treatment have substantially increased life
expectancy over the past 40 years, fatal aortic dissections
still occur in patients with MFS.'*'® Hence, there is
a need for novel insights into the underlying pathophysio-
logical mechanisms of MFS, which in turn could contri-
bute to and better

improved diagnostics clinical

management of patients with MFS. Today, multiple studies
conducting research into the pathophysiological processes
of Marfan disease are moving beyond the use of antihy-
pertensive agents in the search for new treatment
strategies.

Aims of This Review

In this review, we will summarize the currently available
and experimental drug treatments in MFS. Considering
that cardiovascular manifestations mainly determine the
life expectancy in patients with MFS, we will focus on
the treatment of cardiovascular disease. First, in the light
of discussing potential targets for therapy, we will briefly
highlight the pathophysiological mechanisms of MFS.
Second, we will review the current knowledge on medical
treatment of patients with MFS. Finally, we will discuss
different experimental treatment strategies being evaluated
in preclinical research, predominantly using murine animal
models.

Mouse Models for Marfan Syndrome
Over the past two decades, mouse models have been used
extensively to study the effects of fibrillin-1 deficiency and
have led to many new insights into the molecular mechan-
isms that drive MFS pathology. Multiple mouse models of
MFS have been generated, characterized by various
genetic mutations of the gene coding for fibrillin-1, lead-
ing to a range of severity in phenotypic presentation
(Table 1). The most widely used models to study MFS-
related pathologies are the Fhnl<'°%"" and Fhn1™me®/meR
mouse models. The heterozygous Fbnl€'%°%" mouse
model carries a missense mutation affecting a conserved
cysteine reside (Cys1039Gly), and presents a mild but
classic MFS phenotype.'” Although these mice have
a normal life span, they display cardiovascular manifesta-
tions including aortic dilatation, fragmentation of the elas-
tic fibers, and MVP. Homozygous FbnI™e¥™eR mice, on
the other hand, display an early onset and severe MFS
phenotype with an average lifespan of less than 4 months
due to premature mortality caused by aortic rupture.?’ The
FbnI™¥™eR mouse model is a hypomorphic model, with
an approximately 5-fold reduced expression of wild-type
fibrillin-1 due to the introduction of a neomycin resistance
gene in the genomic Fbnl locus. Apart from severe aortic
dilatation and elastic fiber fragmentation, initial reports
showed that these mice also show left ventricular dilata-
tion and systolic dysfunction.”' On the other hand, recent
results from our group did not show any dilated
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cardiomyopathy in these mice, but instead identified spon-
taneous right ventricular pseudoaneurysms as a new pre-
viously unreported cardiac manifestation in the FbnI™e®/
meR model.** The discrepancy between both studies can
likely be explained by a difference in genetic background,
which has previously been shown to strongly affect the
clinical phenotype in a related MFS mouse model.>
Table 1 provides an overview of the genetic backgrounds
in which the MFS mouse models were originally generated
when their cardiovascular phenotypes were first described.
If for a specific follow-up experiment discussed in this
review the genetic background was different from that
listed in Table 1, it will be indicated in the text.
Interestingly, MFS mice with a C57BL/6 genetic back-
ground seem less susceptible to TAA, AAA and ventricu-
22726 These

observations underscore the importance of taking into

lar dysfunction compared to 129 mice.
account the effects of potential genetic modifiers, which
might complicate the interpretation of results obtained in
specific inbred mouse strains.

The FbnI™*™ mouse model is another antimorphic
model, caused by an in-frame deletion of exons 19-24 and
insertion of the neomycin resistance gene.>> Fbn]™eYmes
mice have a 10-fold reduced expression of partially
deleted fibrillin-1 and show early postnatal mortality due
to aortic rupture. The heterozygous FbnIST®" mouse
model is a dominant-negative model characterized by
a C-terminal truncation, followed by a fusion of the
green fluorescent protein reporter to track the localization
of the mutant fibrillin-1 protein.?’ Similar to the
Fbn]C1039GH+ Fbn]GT-8+

a normal lifespan but display a progressive MFS cardio-

mouse model, mice have
vascular phenotype. Homozygous Fbnl®" ¥9T® mice, on
the other hand, all die within the first weeks after birth.
This correlates with the early postnatal death observed in
other homozygous Fbnl-deficient mouse models, includ-
ing the FhnI™™N'™eN model, which carries a partial dele-
tion of exon 1 resulting in a null mutation.?® FppH14/H1A
mice carrying a homozygous deletion of the first hybrid
domain, which contains the binding site for LTBP, how-
ever have a normal life span and do not seem to display
a cardiovascular phenotype.”’

Pathophysiology of Marfan

Syndrome
Several pathophysiological models have been proposed to
explain the cardiovascular phenotypes of MFS, and have

been under investigation as potential targets for treatment.
A summary of the cardiovascular manifestations encoun-
tered in MFS and the pathophysiological mechanisms
involved is presented in Figures 1 and 2.

Microfibril Structure
When pathogenic variants in FBN/ were discovered as the
cause of MFS, the generally accepted hypothesis was that
structural defects in fibrillin-rich microfibrils lead to the
observed manifestations of the disease. BN/ mutations
alter the structural properties of microfibrils in connective
tissues, which will affect elastogenesis, leading to
a weakening of connective tissue support. This structural
weakness has been proposed as a direct cause of the aortic
aneurysms in MFS.?%*2%3" When the increasing wall
stress exceeds the capacity of the weakened aortic wall,
aortic dissection or rupture can occur. A typical histo-
pathological finding of the aortic wall observed in patients
with MFS is medial degeneration, which is an indication
of the underlying aortic pathology.®'**> Cystic medial
degeneration of the aortic wall in MFS is characterized
by accumulation of basophilic ground substance with cyst-
like lesions and extracellular matrix (ECM) degradation.
The latter includes fibrosis, proteoglycan accumulation,
vascular smooth muscle cell (VSMC) apoptosis, and elas-
tic fiber disorganization and fragmentation.>' > This con-
cept of weakened tissue being the predominant factor in
MEFS pathogenesis does not explain many other MFS-
related manifestations and might be an oversimplification,
especially in light of the additional molecular mechanisms,
which have been discovered later and are discussed below.
Further research, meanwhile, has shown that fibrillin-
1 also plays an important role in mechanotransduction
from the endothelium and ECM to the VSMCs.** It has
previously been suggested that abnormalities in mechan-
otransduction and mechanosensing contribute to the
pathophysiology in MFS.?'**37 This hypothesis is
based on the concept that weakness of the aortic wall is
caused by abnormal mechanical homeostasis. Defects in
the mechanosensing abilities of intramural cells affect
their ability to appropriately regulate ECM production
their
environment.>”*®* Abnormalities in (i) matrix stiffness,

and turnover in response to changes in
(ii) transmembrane receptors of ECM components, or
(iii) cytoskeletal structures (including the actomyosin
apparatus), or in the signaling ability to express and
assemble these 3 elements, are thought to affect the

mechanical stimuli, sensing of these stimuli and/or
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Figure | Pathophysiology of aortic and cardiac manifestations in Marfan syndrome. (A) Cardiovascular manifestations in the MFS heart include mitral valve prolapse
(indicated by *), ventricular dysfunction and arrhythmia. Except for the aorta, the large blood vessels have been omitted from this scheme for clarity. (B) Healthy aorta. (C)
Aortic aneurysm development in a MFS aorta, increasing the risk for dissection and rupture. (D) Aortic wall architecture of healthy tissue. (E) Aortic wall architecture of
MFS diseased tissue, characterized by adventitia thickening, increased collagen deposition, smooth muscle cell apoptosis, elastic fiber fragmentation, increased MMP
expression, leukocyte infiltration and endothelial dysfunction. Therapeutic approaches for the treatment of cardiovascular manifestations in MFS are indicated in red and
discussed in the manuscript.

(resulting) mechanosignaling, which in turn can lead to
thoracic aortic aneurysm formation. These concepts have
been reviewed extensively by Humphrey et al.** In addi-
tion, ECM-induced abnormal mechanosignaling by car-
rise to dilated

diomyocytes can in turn give

cardiomyopathy and ventricular dysfunction, regardless
of valvular pathology.'>*'*** Disruption of cardiac
microfibril structures due to fibrillin-1 deficiency has
been suggested to lead to a loss of myocardial compac-
tion, which is believed to affect myocardial signal
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Figure 2 Proposed molecular mechanisms involved in MFS pathology and potential treatment targets. Mechanisms for which experimental evidence exists include: (1)
increased bioavailability of TGF-B and binding to its receptor, activating both the canonical Smad-dependent as well as the noncanonical ERK1/2 signaling pathways; (2)
activation of AT IR-dependent pathways; (3) crosstalk between RAS- and TGF-f-mediated signaling pathways; (4) JNK/p38-MAPK signaling activity; (5) oxytocin-mediated
ERK1/2 signaling; (6) GABAg receptor signaling; (7) androgen-induced ERK1/2 and Smad2 signaling; (8) increased iNOS expression levels; (9) increased HDAC9 expression
levels. Specific pharmacological approaches for the treatment of cardiovascular manifestations in MFS are indicated in red and discussed in the manuscript.

conduction, leading to the

22,41-43

development  of
arrhythmias.

Transforming Growth Factor-f3
An important discovery leading to a better understanding
of the mechanisms involved in MFS pathophysiology is
that fibrillin-1-rich microfibrils can bind the latent form of
transforming growth factor-B (TGF-P).***¢ As such, dys-
functional fibrillin-1 can lead to a reduced capacity of the
latent TGF-p binding protein (LTBP) to sequester TGF-B3
in the ECM, resulting in an increased TGF-f release in the
ECM. Upon release and activation, TGF-f binds the TGF-
B receptor type II (TBR2), a transmembrane serine/threo-
nine kinase located at the cell surface, which is encoded by
the TGFBR2 gene. In turn, TBR2 recruits and activates
TGF-B receptor type I (TPR1), encoded by the TGFBRI
gene. Subsequently, activated TPR1 initiates the canonical
non-canonical ~ TGF-B

and  multiple

47-49

signaling
pathways.

The canonical TGF-p signaling pathway, also known as
the small mothers against decapentaplegic (Smad)-depen-

dent TGF-p pathway, is initiated when TpBRI1

phosphorylates the receptor-regulated Smads (R-Smads),
ie Smad2 and Smad3. In turn, the R-Smads form a trimeric
complex with Smad4, which translocates to the nucleus,
where it binds TGF-B responsive DNA sequences and
regulates target gene expression.’’”' Inhibitory Smads
(I-Smads), ie Smad6 and Smad7, provide a negative feed-
back loop to regulate TGF-B signaling.>>

Besides the Smad-dependent TGF-f pathway, TGF-$
activation can also induce other non-canonical down-
stream signaling cascades, ie mitogen-activated protein
kinase (MAPK) cascades. These
N-terminal kinase (JNK), extracellular regulated kinase-1
and 2 (ERK1/2), and p38 MAPK pathway.*’ Both canoni-
cal and non-canonical TGF-f signaling pathways are

include the c-Jun

known to highly interact with each other and mutually
regulate each other’s activity or expression levels.’
Monitoring the status of both canonical and non-canonical
TGF-f signaling cascades is usually performed by analysis
of Smad2/3 or ERKI1/2 phosphorylation
respectively.

levels,

Elevated TGF-B-induced signaling can cause further
ECM degradation through increased transcription of matrix
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metalloproteinases (MMPs) and inflammatory genes, degra-
dation of elastic fibers, excessive collagen secretion and
deposition, and increased proliferation and migration of
VSMCs.>* % Based on these new insights, it has been
proposed that the aortic aneurysm development in MFS is
caused by altered regulation of TGF-f signaling as a result
of impaired sequestration by mutant fibrillin-1.%¢!"6

Seminal findings from animal studies confirmed the
hypothesis that MFS is associated with excessive activa-
tion of TGF-PB signaling, leading to the consideration of
TGF-p antagonism as a possible treatment strategy for
MEFS.3*%4¢7 Indeed, the treatment of the Fbnl'%3%9*
MFS mouse model with anti-TGF-p antibodies resulted
in the amelioration of pulmonary emphysema and the
rescue of the mitral valve phenotype.’*°® Moreover,
Habashi et al demonstrated that aortic aneurysm develop-
ment was prevented by treatment with TGF-B neutralizing
antibodies.®” Mice that were treated postnatally, after aor-
tic root aneurysm development, displayed normalized aor-
tic root growth rate and elastic fiber fragmentation in the
aortic wall. However, further research has indicated that
the timing of TGF-f neutralization is of fundamental
importance. Another study using the FbhnI™eR'™ER MFS
mouse model showed that TGF-B neutralizing antibodies
only had a beneficial effect when treatment was started
after onset of the aneurysm development, whereas aortic
aneurysm formation was accelerated when treatment was
started prior to the onset of aneurysm development.®®
Moreover, basal TGF-B signaling in VSMCs has been
found to be beneficial to preserve postnatal aortic wall
homeostasis and to limit aortic aneurysm progression in
Fbn1'%*%" mice.%>% These results again highlight the
complex role of TGF-B signaling in the aortic disease
progression of MFS and suggest a dual role for TGF-B
demonstrating a protective role in the early developmental
stages before aortic aneurysm development and a more
detrimental role in later stages as a contributor to aorta
pathology. On the other hand, TGF- B has been identified
as a potential mediator of myxomatous mitral valve dis-
ease in MFS. Mitral valves of FhnI<'°%" mice dis-
played significantly increased TGF- activity and
signaling, thereby suggesting a correlation to the mitral
valve pathology in MFS. In fact, in vivo TGF-beta antag-
onism was able to rescue the mitral valve phenotype, ie
reducing the mitral valve length and thickness.*®

Adding to the complexity of TGF-f signaling in MFS
is the fact that different isoforms of the ligand exist. Most
studies do not discriminate between the three isoforms of

TGF-B (ie TGF-p1, TGF-B2, and TGF-B3), even though
they may exert differential effects on aortic disease. As
such, TgfB2 haploinsufficiency in Fbhnl“'%*** MFS mice
resulted in a significantly worse aortic phenotype com-

1C1939G mice or TgfB2" mice at 2

pared to either Fbn
and 4 months of age, which coincided with an accumula-
tion of significantly increased 7gff! expression in the
proximal aorta.”® Taken together, these data highlight the
need to take TGF-B isoform-specific effects on aortic dis-
ease progression into account and suggest that TGF-f2
might have protective rather than pathogenic effects
in MFS.

Interestingly, a recent study by Hara et al reported on
the role of myeloid cell-specific TGF-B signaling in the
disease progression of MFS.”!' Myeloid-specific deletion
of Tgfbr2 in Fbhn1<'*°%"" mice attenuated aortic aneurysm
development, decreased aortic medial thickening and
reduced elastic fiber fragmentation in the aortic wall.
Moreover, ablation of 7gfbr2 in myeloid cells reduced
macrophage infiltration into the aortic wall of MFS mice,
and attenuated phosphorylation of Smad2/3 and ERK1/2.
Continuous TGF-f stimulation of in vitro cultured macro-
phages was shown to enhance their capacity to migrate,
but not to proliferate. Taken together, these data indicate
that TGF-B-driven Smad2/3 and ERKI1/2 activation in
myeloid cells plays an important role in promoting aortic
aneurysm development in MFS, and is not essential in
normal aortic development. Therefore, these findings sug-
gest that cell type-specific inhibition of TGF-f signaling in
myeloid cells might be a potential new treatment option
that can be considered for MFS.

The Renin-Angiotensin System

Substantial evidence from both preclinical and clinical
studies revealed the involvement of the renin—angiotensin
system (RAS) in aortic aneurysm pathogenesis. The RAS
is known to be a key regulator of the cardiovascular
system. It plays a crucial role in regulating blood pressure,
extracellular fluid homeostasis and electrolyte balance.
Impaired function of the RAS can lead to the development
of a number of cardiovascular diseases, usually associated
with renal disease.”>’”® Angiotensin II (Ang II) is the main
effector molecule of the RAS, which mediates vasocon-
striction, renal water and salt retention, fibrosis and inflam-
mation through stimulation of the Ang II type 1 receptor
(ATIR). In contrast, the Ang II type 2 receptor (AT2R) is
thought to function as an endogenous antagonist of the

ATIR, which mediates vasodilation, natriuresis, and
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suppression of fibrosis and inflammation.”* Although evi-
dence points to a detrimental role of ATI1R-dependent
signaling, the exact role of AT2R in aortic pathology is
less well established.

Stimulation with high levels of exogenous Ang II is
commonly used as a trigger for abdominal aortic aneurysm
development in mouse models, leading to a cascade of
events with macrophage accumulation in the vascular
wall, resulting in medial elastin degeneration, structural
weakening of the aortic wall, dissections and vascular
hematomas.”*”° Interestingly, Ang II infusion can also
trigger thoracic aortic pathology.”® While the pathogenic
mechanisms likely involve local immune cell recruitment,
in vitro data also suggest a role of increased oxidative
stress due to activation of the NADH/NADPH oxidase
system.”” Observations in MFS suggest that Ang II also
leads to increased TGF-B-dependent activation of MMPs,
resulting in medial degradation.®*”®"® Increasing evidence
suggests that the RAS interacts with TGF-$ signaling
pathways on multiple levels in MES. 33788081 geveral
studies have suggested that increased RAS activity can
lead to stimulation of TGF-f gene expression as well as
activation of latent TGF-p protein.®>** A summary of the
role of TGF-B—RAS mechanisms in aortic pathology and
their clinical implications has recently been reviewed by
van Dorst et al.®®

Matrix Metalloproteinase

Several lines of evidence have shown that aortic aneurysm
development in MFS is correlated with increased expres-
sion of MMPs in the vascular wall.***> These enzymes are
involved in the degradation of matrix and non-matrix
proteins in the extracellular space, and are involved in
the regulation of both inflammatory and normal physiolo-
gical processes.*® MMPs are zinc endopeptidases that are
capable of degrading the ECM surrounding cells, thereby
affecting various cellular processes, such as cell prolifera-
tion, signaling, differentiation, cell-cell interactions,
migration, and death.®”® ECM degradation in the aorta
is associated with extensive elastic fiber degeneration,
endothelial dysfunction, reduced smooth muscle contrac-
tility and modified mechanical properties of the aorta,
therefore strongly contributing to the development of aor-
tic aneurysms.”®°* More specifically, aortic degradation in
MFS has been associated with increased aortic VSMC
expression of MMP-2 and MMP-9.*% Interestingly,
while MMP upregulation is induced by non-canonical
signaling downstream of the TGF-B receptor,**® MMP

activity further induces TGF-B activation,’”"®

a positive feedback loop. MMP-mediated aortic damage

creating

and aneurysm development are believed to be caused by
an imbalance between MMPs and their endogenous inhi-
bitors (TIMPs).***° Reduced TIMP-3 protein expression
levels have been observed in the aortac of patients with
MEFS compared to controls, hereby suggesting a distinct
MMP/TIMP profile in MFS.®

Nitric Oxide Signaling

Recent evidence has emerged to implicate nitric oxide
(NO) signaling in MFS aortic pathophysiology. NO is an
endogenously produced gasotransmitter, which has a large
range of physiological effects, particularly in the cardio-
vascular system.'®® The discovery that NO produced by
endothelial cells can lead to smooth muscle relaxation by
activation of cyclic guanosine monophosphate (cGMP)
production by soluble guanylate cyclase (sGC) was
awarded with the 1998 Nobel Prize in Physiology or
Medicine.'”" NO is produced by three isoforms of the
NO synthase (NOS) enzyme: two of which are present
constitutively and are named according to their original
source of purification, neuronal NOS (nNOS) and endothe-
lial NOS (eNOS), and one which is an inducible NOS
(iNOS) enzyme.'*® Despite their original nomenclature,
both nNOS and eNOS have been shown to be present
and often co-expressed in multiple other cell types, includ-
ing cardiomyocytes and skeletal myocytes.

The current concept is that NO produced by the con-
stitutive nNOS and eNOS isoforms has protective effects,
while large amounts of NO produced by iNOS in inflam-
matory conditions can cause cell and tissue damage due to
increased nitrosative stress. Increased iNOS levels have
been found in aortic sections of MFS patients and animal

1037195 and are often associated with increased

models,
oxidative stress markers in this tissue. Studies on animal
models indicate that iNOS contributes to the aortic pheno-
type of MFS, potentially by decreasing vascular smooth
muscle cell contractility.'®*'* This is consistent with the
observation that a gain-of-function mutation leading to
persistent activation of cGMP-dependent protein kinase
1, a downstream target of NO regulating myosin function,
leads to familial thoracic aortic aneurysms.'*®

Countering the proposed detrimental effects of iNOS-
derived NO, a provocative study by Sellers et al showed
that losartan does not exert its beneficial effects in an MFS
mouse model via activation of the ATIR, but rather

through activation of NO production by eNOS.'"’
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Genetic or pharmacological eNOS activation significantly
reduced aortic root and ascending aorta dilatation in the
MFS mouse model, suggesting that NO produced by this
enzyme has protective properties. Considering that most
vasculoprotective effects of NO can be attributed to acti-

198 the authors next

vation of sGC-dependent signaling,
tested whether increasing cGMP levels by sildenafil-
induced phosphodiesterase inhibition could improve the
MEFS phenotype. This strategy failed to inhibit aortic root
dilatation and even led to worsened elastic fiber degrada-
tion, even though the lung emphysema phenotype was
prevented.'” While it is difficult to reconcile both studies,
it is possible that the sildenafil experiment was not per-
formed under ideal conditions since the authors observed
a paradoxical rise in blood pressure.

Another aspect of NO-dependent signaling is the sGC-
independent, direct post-translational modification of spe-
cific protein targets. Previous studies have highlighted the
importance of protein S-nitrosylation, a process tightly
regulated by enzymatic denitrosylating mechanisms, in
a number of cardiovascular effects of NO."'*!"! It has
already been shown that, depending on the specific target
modified, protein S-nitrosylation has important effects on
aortic physiology, affecting vascular smooth muscle

112,113

contractility or even leading to increased aneurysms

and dissections due to endothelial barrier dysfunction.''

Taken together, the presently available evidence sug-
gests that NO is a double-edged sword in MFS aortic
pathology, having both potentially detrimental and protec-
tive effects depending on the situation. This concept has
been observed previously in different aspects of NO
physiology, 15116
the exact role of this gasotransmitter in disease etiology.

and complicates the interpretation of

Inflammation and Oxidative Stress

Data from mouse models as well as from the clinic have
shown that inflammation and oxidative stress play an
important role in the pathophysiology of MEFS.'"”
A study by He et al on biopsies from patients with MFS
undergoing elective aortic root repair demonstrated infil-
tration of immune cells into the aortic media and
adventitia.''® A significant influx of T cells and macro-
phages was found in the aortic segments. A similar obser-
vation was made in samples from patients who underwent
surgery for aortic root aneurysm but who did not have
MFS.'"? He et al also demonstrated that inflammatory cell
infiltration, as well as activation of apoptotic pathways,
was greater in the aortic media of patients who had an

aortic dissection than those who only had an aneurysm.'?’

Later studies confirmed an increased influx of CD4"
T-cells in the media and CD8" T-cells in the adventitia of
patients with MFS, as well as increased levels of inflam-
matory markers.’® Based on these data, immune cell
identified as
a possible contributor to smooth muscle cell apoptosis

recruitment and inflammation were
and medial degradation in the aortic wall during the devel-
opment of aortic aneurysms and dissection. Although the
role of inflammation and the immune response has been
extensively studied in abdominal aortic aneurysms, little is
known about their contribution to the pathogenesis of
thoracic aneurysms in MFS. It would be interesting to
elucidate the exact role of initiation and propagation of
the inflammatory response in the development of aortic
aneurysm and the risk of dissection. Interestingly, immune
cell infiltration has also been associated with myxomatous
valve degeneration (MVD) in MFS."?! A recent study by
Kim et al demonstrated that diseased mitral valves of
Fbn1€"*°%* mice showed both increased infiltrating and
resident macrophages, as well as elevated chemokine
activity and inflammatory ECM modification. Mitral
valve specimens from human patients with MFS similarly
showed increased presence of monocytes and macro-
phages. Deletion of CCR2 in Fbnl<'%**%" mice, leading
to loss of monocyte recruitment, ameliorated MVD pro-
gression resulting in preserved matrix integrity and mini-
mal leaflet thickening. Taken together, these data suggest
monocyte infiltration as a potential therapeutic target for
the prevention of MVD progression in patients with MFS.

Reactive oxygen species (ROS), likely produced in
pro-inflammatory conditions, also contribute to aortic
pathology in MFS. It is known that ROS lead to weak-
ening of the aortic wall by increasing expression and
activity of MMPs and inducing VSMC apoptosis.'**'*
Increased oxidative stress was observed in the wall of
aortic root tissues in both patients with MFS and mouse
models.'**'2%125 An imbalance between pro-oxidant and
antioxidant enzymes is proposed to play a prominent role
in increasing ROS levels. The levels of pro-oxidant
enzymes, including NAD(P)H oxidase (NOX), xanthine
oxidase, and iNOS were upregulated in aortic tissues of
Fbn1€'*°%* mice, while protein expression of the anti-
oxidant superoxide dismutase (SOD) was decreased.'*
Interestingly, NOX4, which is strongly induced by TGF-
B,'?° was shown to contribute to aortic aneurysm devel-
opment in a mouse model of MFS. Genetic deletion of
NOX4 in this mouse model resulted in a significant
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reduction in aortic elastic fiber fragmentation, aortic root
growth and endothelial dysfunction.'?® Taken together,
these data suggest that antioxidant treatment might offer
a potential strategy to improve aortic disease in MFS.

Current Medical Management
Medical treatment in MFS aspires to limit aortic growth
rate, thus preventing or delaying the need for surgical
interventions and fatal complication. Currently, the first-
line medical treatment of MFS consists of B-blockers
and/or ARBs. Multiple studies were aimed at comparing
the effect of both drugs — either head-to-head or in
protocols comparing the combination versus f-blockers
alone. Overall, the effect of both drugs is comparable,
and some studies suggest a combined regimen is
beneficial.**7%127128 Dosing of the drugs is done on an
individual basis and will be different for each compound,
taking heart rate (in case of B-blockers) and blood pres-
sure as well as symptoms into account. With beta-block-
ers, dosage should be titrated to maximum effect,
typically to a resting heart rate of <60 bpm if blood
pressure allows.'?? Blood pressure thresholds are typi-
cally kept slightly below conventional values (130/85
mmHg). Available medical treatment does not provide
a cure for MFS and predominantly serves to delay pro-
gression of cardiovascular manifestations. As such, the
development of more effective medical treatment options
remains a major focus of research.

B-adrenergic Receptor Blockers

The rationale for using B-blockers to reduce aortic root
growth and prevent aortic dissection in patients with MFS
is based on the knowledge that these drugs have the
capacity to reduce hemodynamic stress in the proximal
aorta. Currently, the B-blocker atenolol is most commonly
used to treat pediatric patients with MFS, while atenolol,
metoprolol, and bisoprolol are used in adult patients. This
treatment strategy traces back to the 1970s, when it was
shown that reducing the maximum acceleration rate of
aortic pressure increase (dP/dt) was more efficient than
lowering blood pressure alone in limiting the development
of aortic dissection.'**"*? A randomized control trial in
1994 first demonstrated the beneficial effects of using [3-
blockers in patients with MFS.'** Although this study
concluded that propranolol treatment aided in slowing
down the rate of aortic growth, it did not conclusively
demonstrate an impact on dissections or mortality. Since
then, multiple studies have described the beneficial effect

of B-blockers in MFS.'®7%134 141 Nevertheless, the exact
mechanisms by which this treatment contributes to
a beneficial effect in MFS are still unknown and the
efficacy of B-blocker therapy is not consistent in all stu-
dies. Furthermore, a recent systematic review highlighted
the lack of solid evidence to support the efficacy of f3-
blocker treatment in reducing mortality or morbidity,
including aortic dissection, heart failure, and prophylactic
surgery.'?” In addition, a number of side effects are known
to occur with the use of B-blockers, including bronchos-
pasms, bradyarrhythmia, fatigue, depression, sexual dys-
function, and mood disturbance.'**'** Therefore, even
though B-blockers can be considered as the primary ther-
apy for the prevention of aortic complications in patients

with MFS, a
143-145

significant margin for improvement

remains.

Calcium Channel Blockers

Multiple studies have investigated alternatives for B-block-
ade treatment to treat patients with MFS. Considering the
hemodynamic effects of B-blocker treatment, the effects of
calcium channel blockers (CCBs), another class of anti-
hypertensive agents, were evaluated for the treatment of
cardiovascular manifestations in patients with MFS.
Initially, a small clinical study suggested that CCBs had
an equally beneficial therapeutic effect compared to B-
blockers.'*® However, recent reports on MFS mouse mod-
els contradicted these findings and demonstrated alarming
effects of CCB treatment. Mice treated with CCBs dis-
played increased rates of aortic aneurysm development,
rupture and premature deaths.'*” These findings were
also observed in retrospective analysis of clinical trials,
which assessed the effect of CCBs in patients with MFS
compared to P-blocker therapy. Notably, patients with
MFS who received CCB treatment were more likely to
have acute aortic dissection and aortic surgery.'*’ Taken
together, there is a lack of solid evidence of CCB efficacy
in treating Marfan disease and considering the potential
detrimental effects CCBs should be avoided in patients
with MFS.

Angiotensin Receptor Blockers

Increasing evidence supports the role of pharmacological
interference with the RAS as a treatment for aortic aneur-
ysms. One approach to reduce the Ang II-ATRI1 interac-
tion of the RAS is the use of ARBs. Habashi et al
reported that Losartan, an ATR1 blocker, normalized
the aortic root growth rate and restored elastic lamellae
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fragmentation in the Fhnl'***%* MFS mouse model.®’
Remarkably, ATR1 blockade with losartan displayed
a full correction of the phenotypic abnormalities in the
aortic wall. Shortly afterwards, a small clinical study
observed a significant reduction in the rate of progressive
aortic root dilatation in pediatric patients with MFS with
ARB treatment.®' Subsequently, other studies on differ-
ent MFS mouse models also highlighted the beneficial
effect of
formation.®®'*¥715! Surprisingly, the efficacy of losartan

losartan in reducing aortic aneurysm

treatment was not consistent amongst murine studies and
studies using phenotypically more severe MFS mouse
models often displayed a more modest or even no ame-
after

lioration of the aortic

68,149,151

phenotype
administration.

The initial success led to several clinical trials in
patients with MFS verifying the efficacy of ARBs as
monotherapy or in combination with B-blockers, compared
to B-blocker treatment alone.'*®!'*!"'327157 While losartan
is used in most trials, some studies also evaluate the
ARB 158,159
Unfortunately, losartan treatment did not present the

efficacy of the other irbesartan.
same level of protection as observed in mice studies, nor
could they provide evidence for superiority over -blocker
monotherapy. Various explanations for this difference
between mice and men have been suggested, one of
which may be dose related.'®® The losartan dose given to
mice was exponentially higher than the dose given in the
human trials—extrapolating this dose to humans would
have required potentially lethal doses of >1 g/day.
Interestingly, a recent review by van Dorst et al high-
lighted the importance of careful interpretation of the
results of these clinical trials, considering several limita-
tions of the comparison studies, such as small groups,
dosage and start of treatment variances, low statistical
power, and lack of long-term follow-ups.®> Nevertheless,
recent evidence suggests a potential synergistic effect of
combining B-blocker treatment with an ARB in syndromic
thoracic aneurysms. After verifying the long-term clinical
outcomes of the losartan treatment in patients originally
enrolled in the COMPARE trial, a potential clinical benefit
of a combined treatment strategy of both ARBs and f-
blockers was demonstrated.'**'>* These data support the
assumption of a favorable combined treatment strategy to
limit aortic aneurysm growth and prevent long-term
adverse outcomes in patients with MFS. Upcoming data
from larger trials should provide more conclusive evidence
supporting this hypothesis.'®"'®? In addition, a prospective

collaborative meta-analysis is currently ongoing, based on
individual patient data from all previous randomized trials
in MFS, including ARB treatments versus placebo (or
open-label control) and ARB treatments versus [-
blockers.'®® This study could provide a more reliable
estimate of the effects of the particular treatment and
limit bias, as it allows for analysis of the treatment out-
comes of ARB treatment in particular patient subgroups.
Moreover, it is estimated that this study would provide
more statistical power to address the effects of treatment
on a composite end point of several clinical outcomes.
One interesting perspective to look at subgroups is
based on the underlying genotype. It has been evidenced
that the beneficial outcome of losartan treatment varies
between genetically classified subgroups of patients with
MES.!37:163:164 A pre_defined sub-study of the COMPARE
trial'>* investigated the effectiveness of losartan treatment
on aortic root dilatation in patients with MFS having
a FBNI mutation leading to either haploinsufficiency or
to a dominant negative fibrillin-1 effect.'”” Losartan treat-
ment in patient with MFS carrying a haploinsufficient
FBNI mutation demonstrated a significant reduction of
aortic root growth rate, whereas only a small insignificant
reduction was observed in dominant negative patients.
Another sub-study of the COMPARE trial,'>* verified the
effect of losartan on ventricular volume and function in
patients with MFS carrying a haploinsufficient or domi-
nant negative FBNI mutation, without significant valvular
regurgitation.'®> Similarly to the previous sub-study,
biventricular end-diastolic volume and stroke volume
were only significantly increased in haploinsufficient
patients after losartan treatment, independent of change
in blood pressure. Taken together, these data highlight
the relevance of genetic categorization of patients with
MFS in
a potentially more beneficial personal-based treatment

clinical trials and provide insights for
strategy.

ARBs have been used in cardiovascular medicine for
the treatment of other conditions, including heart failure.
Recently, a new class of drugs was developed, taking
advantage of combined neprilysin inhibition and angioten-
sin receptor blockade, which has proven very successful in
the treatment of heart failure with reduced ejection
fraction.'® The efficacy of this new approach relies on
the synergistic beneficial effects of accumulation of pro-
tective endogenous natriuretic peptides together with inhi-
bition of Ang II signaling. Preliminary data suggest that

a low dose of the angiotensin receptor neprilysin inhibitor
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(ARNI) sacubitril/valsartan can inhibit ascending aorta
dilation in the FbnI®'%**%* mouse model to a greater
extent than the ARB valsartan alone.'® Since the doses
of both the ARNI and the ARB were titrated to a level not
affecting blood pressure, additional neprilysin inhibition is
likely to afford additional protection due to its anti-remo-
deling effects. A first case report of the use of sacubitril/
valsartan in an MFS patient showed that this treatment can
improve MFS-related cardiomyopathy.'®” Taken together,
ARNI treatment could represent a new therapeutic avenue
that can be explored for MFS.

Angiotensin Converting Enzyme

Inhibitors

Another approach to reduce RAS signaling and potentially
abrogate aortic aneurysm development, is to interfere with
angiotensin converting enzyme (ACE) activity. ACE inhi-
bitors (ACEIs) block the conversion of angiotensin I to
Ang II, subsequently reducing downstream signaling of
both ATIR and AT2R. The protective effects of ACEIs
in MFS are believed to be attributed to blood pressure
control and reduced aortic wall stiffness,®%7%-16%170
A first trial of ACEI treatment in patients with MFS
provided promising results including improved aortic dis-
tensibility and reduced aortic stiffness.'*” The results of
a follow-up trial showing improved aortic root diameter
associated with reduced circulating TGF-B levels were
later retracted due to inadequate validation of primary
data sources and data misrepresentation.'”! Other clinical
studies comparing the effect of ACEIs and B-blockers in
MES nevertheless concluded that ACEIs exert a beneficial
effect on central aortic pressure, heart rate and aortic

growth rate albeit to a lesser extent, 40172

Renin Inhibitor

A small prospective randomized clinical trial was
designed to evaluate the potentially added benefit of
combining renin inhibition with standard B-blocker treat-
ment, using aortic parameters as a primary readout.'”?
Patients with MFS receiving the renin inhibitor aliskiren
together with atenolol did not show any improvement in
aortic diameter or central aortic stiffness compared to
patients receiving atenolol alone. In spite of the small
number of patients investigated, the data from this study
indicate that renin is likely not a suitable target for the
treatment of MFS.

Experimental Treatments Tested in
Preclinical Studies

Matrix Metalloproteinase Inhibitors

The observation of increased MMP expression in vascu-
lar tissue samples taken from aneurysms of the ascending
aorta of patients with MFS suggested that inhibition of
MMPs could have a potential therapeutic effect on MFS
treatment.®**> Since then, multiple preclinical studies
have assessed the effects of doxycycline, a general and
nonspecific inhibitor of MMPs, on aortic pathology in
MFS mouse models.”>! 1511747176 Begides  directly
inhibiting MMP enzyme activity, doxycycline treatment
is also highly efficient in reducing aortic MMP-2 and
MMP-9 expression levels, thereby delaying aortic aneur-
ysm rupture in Fbnl™EV™ER and Fbn1C19%"" mice by
fiber 174,175

A recent long-term treatment study demonstrated that

reducing aortic elastic fragmentation.
doxycycline not only ameliorated aortic pathology in
Fbn1©'%°%™* mice but also improved skin elasticity and
structural integrity.'’® In addition, long-term doxycycline
treatment also demonstrated superior efficacy over the -
blocker atenolol in preventing aortic aneurysm develop-
ment in Fbnl®'**°"" mice, along with improved
endothelial function, elastic fiber properties and overall
aortic wall structure.”® Tests of combined administration
of losartan and doxycycline provided very encouraging
results in both the FhnI™ER ™R and Fbn1<'%*"" mouse
models, showing a greater suppression of aneurysm
development than either drug treatment alone.'*®!s!
Combination therapy improved elastic fiber structural
properties, normalized vascular integrity and cell func-
tion, decreased MMP-2 and MMP-9 expression and
reduced TGF-B activation. Of note, FhnI™E®™ER mice
carrying a deletion of the gene coding for MMP-2
demonstrated a prolonged survival, which was associated
with decreased activation of TGF-B and downstream
signaling pathways including phosphorylation of ERK1/
2 and Smad2.'’! Interestingly, two small randomized
trials testing the effects of 2-week treatment with doxy-
cycline prior to elective abdominal aortic aneurysmal
repair demonstrated promising results. Not only was the
proteolytical balance improved but vascular inflammation
was also reduced, associated with reduced neutrophil
contents in the aortic wall.'””"!”® Taken together, these
data suggest that MMPs might play an important role in
aortic pathology, potentially warranting future clinical
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studies testing the efficacy of MMP inhibition in patients
with MFS.

Inducible Nitric Oxide Synthase Inhibitors
Based on the elevated levels of aortic iNOS expression in
the Fbhnl1<""*“"" mouse model as well as in patients with
MFS, the inhibition of this enzyme was evaluated as
a target to ameliorate the cardiovascular phenotype.'®
Genetic or pharmacologic inhibition of iNOS significantly
ameliorated the aortic dilatation and elastic fiber fragmen-
tation phenotypes in Fbnl'%*“* mice. Importantly,
iNOS-specific inhibition by 1400W did not raise blood
pressure, which did occur when blocking all NOS iso-
forms using Nw-nitro-L-arginine-methyl ester
(L-NAME). Considering these data, specific iNOS inhibi-
tion could be considered as a novel treatment option for
the aortic pathology associated with MFS. This treatment
might provide beneficial effects by preventing tissue
damage and vascular dysfunction due to nitrosative stress
caused by local pro-inflammatory conditions in the aortic
wall of patients with MFS."'” An earlier study also con-
firmed the efficacy of 1400W to improve the contractile

function of thoracic aorta isolated from

v
an]C1039G/

segments
mice,'® lending further support to the ratio-
nale for testing iNOS inhibition for the treatment of MFS.
Nevertheless, previous attempts to translate similar find-
ings of protection afforded by (i)NOS inhibition in mouse
models of sepsis, septic shock, and cardiogenic shock to
the clinic have not been met with great success,'’”'*
indicating that targeting NO production might not be an
ideal strategy, and perhaps targeting upstream or down-
stream processes might be a more promising approach.

Inhibitors of the Mitogen-Activated

Protein Kinase Cascade

The identification of the central role of TGF-B in MFS
pathogenesis has led to scrutiny of the downstream sig-
naling pathways as potential targets for the treatment of
MFS. While the canonical signaling pathways down-
stream of TGF-B act via Smad-dependent cascades, non-
canonical signaling leads to the activation of MAPK
cascades.'®" Experimental evidence showed that ERK1/
2, as well as JNK activation, was associated with aortic

aneurysm formation in the Fbnl<'?39"

169,182
1,

mouse
mode while p38 kinase activity was increased in
the, aorta of the Fhnl"¢V"eN model.'®® Cardiac ERK1/2
activation has also been shown to be associated with

in an]C1039G/+ and an[mglUng

mouse models.'*?' Interestingly, FbnI™E*™eR mice

cardiomyopathy

backcrossed on a pure C57BL/6 genetic background,
which did not show a similar cardiac phenotype as in

the previous also did not show ERKI1/2

2

study,
activation.”

Considering the experimental evidence of the detri-
mental role of ERK1/2 signaling in mouse models of
MEFS, the therapeutic potential of inhibition of the
upstream MAPK kinase (MEK) was further explored.
The highly selective allosteric MEK1/2 inhibitor refameti-
nib (also known as RDEAI119 or BAY 86-9766) was
shown to significantly inhibit aortic root growth in the
Fbn1€'%%%"" mouse model, associated with selective inhi-
bition of ERK1/2 activation without affecting JNK or p38
activity.'® Recent improvements in the formulation of
refametinib, with confirmed inhibition of ERK1/2 activity
in mouse aortic and myocardial tissue, will facilitate future
experiments with this inhibitor.'®*

Via an alternative noncanonical pathway, the TGF-§3
receptor complex signals through TGF-B-activated kinase
1 (TAKI1) to activate the MAPK kinase (MKK) 4/7 and
MKK3/6, which are upstream of JNK and p38 kinase,
respectively.'® Treatment of Fbnl¢'**““mice with the
SP600125 JNK inhibitor led to a significant reduction of
aortic root growth without affecting ERK1/2 signaling
activity.'® On the other hand, early postnatal exposure
of FbnI™N™eN mice to the p38 MAPK inhibitor
FR167653 was shown to lessen the level of activation of
Smad2/3 signaling in aortic tissue,'®* suggesting that early
cross-talk between these pathways might be involved in
the development of the aortic phenotype.

Recently, the therapeutic potential of the MAP kinase
signaling pathway in MFS was highlighted at a more
upstream level*® Increased expression of MAP3K4,
which is a MEK kinase activating both MKK4 and
MKK6, was associated with MFS in cultured dermal
fibroblasts. In addition, Map3k4 haploinsufficiency in
Fbn1€'*°%* MFS mice significantly ameliorated aortic
root growth and was associated with reduced activation
of phospho-ERK1/2 and phospho-p38. Moreover, MKK6,
an activator of p38 kinase, has also been identified as
a strong modulator of aortic aneurysm development in
Fbn1<'%%"" MFS mice.

Taken together, these data reveal great potential in
identifying novel specific therapeutic targets upstream of
the MAP kinase signaling pathway in MFS treatment.
Nonetheless, the translation of these findings from mouse
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models to a clinical setting remains to be proven, espe-
cially considering the fact that the contribution of the
noncanonical signaling pathways in human MFS is not

yet well established.'®®

Androgen Receptor Blockers
Sex is a well-known risk factor for cardiovascular disease.
Clinical studies from our group and others have shown that
sex also strongly influences the outcome of MFS patients,
with men having a higher risk for aortic dilatation and
aortic events (dissection and need for prophylactic
surgery).'® 1% Likewise, in the FbnIST*" MFS mouse
model, our group was the first to demonstrate that male
mice have more severe aortic disease, with a greater extent
of major elastic fiber fragmentation in the aortic wall and
aortic aneurysms, compared to females.'®” In vitro experi-
ments showed that human aortic smooth muscle cells
increase fibrillin-1 production upon stimulation with the
female hormone 17B-estradiol, providing a possible
mechanism for the observed sex differences. An indepen-
dent study confirmed that similar sex discrepancies can
also be identified in the aortic phenotype of the
FbnI€'"%S* MFS mouse model."”!

these data provide a dual hypothesis: (i) males are more

Taken together,
prone to aortic disease, and/or (ii) females exert
a protective effect against aortic disease in MFS.

To date, the pathophysiological mechanisms that gov-
ern sex differences in MFS are not fully elucidated.
A recent study by Tashima et al reported the potential
detrimental role of androgens in the aortic phenotype of
MFS."*!%3 Enhanced phospho-ERK1/2 and phospho-
Smad2 signaling was reported in the aortic root and
1€19396* MFS male mice, which
was associated with increased MMP-2 activity.
Interestingly, TGF-B-induced phospho-ERK1/2 and phos-
pho-Smad?2 signaling was enhanced by dihydrotestoster-

ascending aorta of Fbn

one and reversed by androgen receptor blocker flutamide
in vitro in mouse ascending aorta-derived smooth muscle
cells. Administration of flutamide in male Fbn<'*3%"*
mice recapitulated the inhibition of ERK1/2 and Smad2
signaling, associated with reduced aortic aneurysm growth
and extracellular matrix remodeling. This study was the
first to provide solid evidence for the detrimental effects of
androgens on the aortic pathology of MFS. Although the
specific mechanisms by which androgens contribute to
a worse aortic phenotype in MFS have not yet been clar-
ified, these data suggest a potential link between androgen

signaling and ERK activation in aorta pathology.

Considering these preclinical results, it might be worth-
while to further explore androgen-induced mechanisms as
potential targets to reduce aortic aneurysm progression in
male patients with MFS, which might be preferable to
direct

androgen receptor blockade considering the

unwanted side effects.

Oxytocin Receptor Antagonists

Besides the more severe phenotype observed in male mice,
pregnancy was also shown to adversely affect aortic dis-
ease in female Fbhnl®" ®" MFS mice."® Similarly, over
the years, multiple clinical studies in patients with MFS
have identified pregnancy as a risk factor for aortic
dissection."”*'?° Pregnant MFS women have an 8-fold
greater risk for a type A or B dissection compared to
with
a significantly increased risk particularly during the

MFS women who were never pregnant,
immediate postpartum period.**

A recent study by Habashi et al, using the FbnmeV/meR
MFS mouse model on a pure C57BL/6 background,
reported pregnancy-related increased ascending aortic
growth rates and postpartum mortality due to dissections,
associated with increased ERKI1/2 phosphorylation.
Interestingly, these phenotypes were reversed by prevent-
ing lactation or administering an oxytocin receptor antago-
nist during the third trimester and first month postpartum,
indicating a detrimental effect of this peptide hormone.*"!
Inhibition of downstream ERKI1/2 activation using the
MEK inhibitor trametinib also improved the pregnancy-
related phenotypes, indicating that this signaling pathway
is an effector of oxytocin activity. Nevertheless, adminis-
tration of oxytocin agonists was not sufficient to accelerate
aortic dissection in never-pregnant or pregnant female
FbnI™#®¥meR mice, indicating that other pregnancy-asso-
ciated factors besides oxytocin, likely including oxytocin
receptor upregulation, are involved in pregnancy-related
aortic dissection.

While hemodynamic stress has generally been consid-
ered as an important factor in the predisposition for preg-
nancy-related aortic dissection, the vast majority of
dissections do not occur during labor but rather during
the postpartum period.””® Currently, the only medical
treatment option to slow the aortic root growth rate and
potentially reduce the risk of cardiovascular events during
pregnancy in MFS consists of B-blocker treatment, as
ARBs and ACE inhibitors increase the risk of birth
defects.?®> 2% Interestingly, while administration of the
blood pressure-lowering and

drugs  propranolol
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hydralazine had previously been shown to suppress aortic

]C1039G/+ 67147 only hydralazine

root growth in Fbn mice,
was able to significantly reduce the ascending aortic
growth rate in lactating FbnI™#¥ ™R mice (on a C57BL/
6 background).?®' This discrepancy is likely the result of
the additional inhibition of protein kinase C by hydrala-
zine (see below). Taken together, these results suggest
that hemodynamic stress is not an important factor in
the risk of postpartum aortic dissection in MFS mice,
but rather that specific pregnancy-associated signaling
events, including increased oxytocin release leading to
ERK activation, play an important role. This insight
might lead to the development of novel intervention stra-
tegies to reduce pregnancy-related vascular events in

women with MFS.

Protein Kinase C Inhibitors

Considering the mounting evidence for a detrimental role
of noncanonical TGF-f signaling in aortic pathology in
MEFS, protein kinase C (PKC), which was previously
known to mediate TGF-f expression in human fibroblasts
and aortic VSMCs,?%%?7 was considered as a potential
target for the treatment of MFS. Activation of the PKCp
isoform was increased in the aortic root and ascending
aorta of Fhnl“'***%* mice and was reduced by adminis-
tration of TGF-f neutralizing antibody or losartan, indicat-
ing that this kinase is downstream of TGF-f in MFS mice.
Interestingly, the specific inhibition of PKCp by enzas-
taurin improved the aortic root growth rate and the aortic
wall architecture in the MFS mouse model, associated
with decreased ERK1/2 activation.'*’

As highlighted previously, hydralazine is known to not
only have antihypertensive properties by causing smooth
muscle relaxation but also to inhibit PKC-mediated ERK1/
2 signaling activity in vivo.>**2% Therefore, the beneficial
effects of hydralazine on aortic root growth and aortic wall

phenotype in Fbnl1036*

mice are thought to be
mediated at least partially via inhibition of this signaling
cascade.'®” This is further supported by the observation
that hydralazine but not propranolol could improve the

JMeR/meR e even

aortic phenotype in lactating Fbn
though both drugs caused a similar decrease in blood
pressure.’’' Taken together, these findings provide evi-
dence for the identification of PKCpP as an important
upstream activator of ERK1/2 in mouse models of MFS,
suggesting that this kinase might be an alternative thera-

peutic target for the treatment of aortic pathology in MFS.

v-aminobutyric Acid Receptor Agonists
y-aminobutyric acid (GABA) is an important inhibitory neu-
rotransmitter of the central nervous system, which regulates
multiple physiological processes.”' It is widely distributed
in the brain and peripheral tissues and consists of two classes
of receptors: GABA, and GABAg. The former are ligand-
gated ion channels, while the latter are G protein-coupled
receptors.'! Recent studies have associated GABA receptor
agonists with a potential role in attenuating aortic aneurysm
progression.”'? ' In vitro data suggested that activation of
the GABAg receptor in human aortic endothelial cells by the
agonist baclofen leads to a transient increase in intracellular
calcium concentration and translocation of eNOS.?'? Based
on these observations the hypothesis was generated that
GABAg receptors can modulate aortic NO production and
vascular permeability.

A recent preclinical in vivo study identified the GABAg
receptor agonist baclofen as a possible therapeutic drug to treat
muscle contractility defects, which contribute to aortic aneur-
ysm development in MFS.?'? Using transcriptomic data from
both FbnI™™eR MFS mouse (on a pure C57BL/6 back-
ground) and human MFS aortic samples, reduced muscle
contractility was identified as a common affected subcellular
pathway, with baclofen as a predicted treatment to correct the
dysregulated transcription profile. Treatment of Fbn]™eRmeR
mice with baclofen indeed demonstrated a reduced aneurysm
growth rate, resulting in a significant extension of the median
survival rate. Histological analysis of the aortic wall showed
normalization of elastic fiber fragmentation, improved medial
cellularity and mitigated vessel wall fibrosis compared to
vehicle-treated mutant mice. These effects were associated
with normalized aortic phosphorylation levels of Smad2 and
ERK1/2 in MFS mice.

On the other hand, GABA4 signaling has also recently
been reported to have therapeutic potential in abdominal
aortic aneurysms (AAA).2'* GABA, receptor signaling is
associated with the regulation of immune and inflamma-
tory responses,”'” in particular by stimulating the switch
from the pro-inflammatory M1 to the pro-resolving M2
macrophage phenotype.”'® A similar immunomodulatory
effect of the GABA, receptor agonist topiramate was
observed in the aortic wall of Ang II/ApoE~ mice,
while also improving abdominal aorta phenotype.*'
Taken together, these studies have identified GABA sig-
naling as a new potential modulator of the pathology in
MES and suggest novel potential therapeutic candidates
for drug treatment.
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Histone Deacetylase 9 Inhibitors

A recent study showed that patients with MFS and other
types of sporadic or familial TAA had increased aortic
expression of the epigenetic repressor histone deacetylase
9 (HDACY), associated with destabilization of the actin
cytoskeleton and decreased contractile protein expression
in VSMC. In vitro experiments in VSMC indicated that
HDACY forms a complex with the long non-coding RNA
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) and the -chromatin-remodeling protein
Brahma-related gene 1 (BRGI).*'” MALATI is essential
to transport BRG] and HDACY into the nucleus. In turn,
the HDAC9-MALAT1-BRGI1 complex is recruited to the
promoters of VSMC-specific contractile genes where tran-
scriptional repression leads to a deleterious VSMC
phenotype.?'"*'® Repression of contractile genes was asso-
ciated with trimethylation of histone 3 on lysine 27
(H3K27me3), which is mediated by polycomb repressive
complex 2 (PRC2) via its enzymatic subunit EZH2,
HDAC9-MALAT1-BRG1
Dysregulation of other HDAC isoforms has also been

recruited by the complex.

shown in other forms of thoracic as well as abdominal

aorta disease,zlg’zzo

suggesting that epigenetic mechanisms
might play an important role in the regulation of vascular
wall homeostasis.

Interestingly, increased co-association of the HDAC9-
MALATI1-BRG1 complex was confirmed in aortic VSMCs
from MFS Fbnl“'%°%" mice,>'” and deletion of either
HDACY or MALAT! resulted in an improved thoracic aortic
phenotype in these mice, suggesting that this complex might
be a valuable therapeutic target. The beneficial effects of
GSK343, a small-molecule inhibitor of the methyltransferase
EZH2, on the thoracic aorta phenotype of Fbnl<'%*“* mice
supports this hypothesis.**' Interestingly, while treatment
with GSK34 improved aortic architecture and restored con-
tractile protein expression in aortic VSMC, TGF-f signaling
activity was not altered as Smad2 and ERK1/2 protein phos-
phorylation remained unchanged. Altogether, these data offer
new possibilities for targeting VSMC dysfunction as poten-
tial treatment strategy for MFS.

Current Challenges and Future

Directions

Although the protective effects of losartan administration
in mouse models of MFS were very promising based on
the efficacy of this treatment to prevent aortic aneurysm
and dissection,’” the same level of protection was not

observed and inconsistent results were obtained when
translation of these mouse studies to a clinical setting
was attempted.'?*'41-1327157:159 geveral potential reasons
can be proposed to explain these discrepancies, which
should also be taken into account when attempting to
translate the results of other experimental drugs into clin-
ical practice.

First of all, when interpreting the pre-clinical results of
losartan treatment, the timing of treatment initiation should
be carefully considered. In experimental mouse models of
MEFS, the efficacy of losartan treatment varies profoundly
when administration starts perinatally compared to a later
postnatal age. No protective effects were demonstrated
when losartan treatment was initiated on postnatal day 21
in the FhnI™R ™R mouse model, while treatment initia-
tion at birth via maternal lactation resulted in a full rescue
of the aortic phenotype.m‘222 Losartan therapy initiation
as late as postnatal day 16, however, still showed efficacy
in improving MFS phenotypes.®®'*° The effects of losar-
tan have also been tested in a pediatric and young adult
patient cohort aged from 6 months to 25 years. While
earlier treatment initiation was associated with a greater
decrease in aortic root growth, this effect was also present
to a similar extent in atenolol-treated patients, and full
protection was still not obtained by losartan.'>*

Importantly, the level of exposure of the ARB used in
clinical trials with MFS patients, which is affected by the
dosage strategy as well as the half-life of the drug admi-
nistered, has a significant impact on treatment
outcome.'>®1%% In the AIMS trial, Irbesartan, which has
a longer half-life than losartan, demonstrated better out-
comes compared to the Marfan Sartan Trial. In addition, it
is important to note that the daily dosage of losartan
normalized to body weight was much higher in mouse
studies than in human trials (by a factor of almost 100).
It is therefore possible that sufficient drug exposure levels
were not obtained in patients with MFS to be able to
observe stronger effects on aortic pathology.

Finally, an important unanswered question is whether
the available repertoire of genetically modified mouse
models carrying specific mutations in Fbnl sufficiently
represents the range of pathogenic FBN/ variants observed
in patients with MFS. This might have an important
impact on the translation of findings in mouse models to
treatments for patients with MFS, as evidenced by the
observation that only patients with haploinsufficient
FBNI variants were responsive to losartan treatment,
while patients carrying dominant negative missense

7 70 https:

Dove!

Journal of Experimental Pharmacology 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove

Deleeuw et al

mutations were not.'>’ In addition, several lines of evi-
dence suggest that the genetic background may have
a very strong influence on the type and severity of the
manifestations of MFS.?'"**% Considering the inbred
nature of the mouse models used in research, caution
needs to be exercised when extrapolating preclinical
mouse data to genetically diverse human patient
populations.

Despite several setbacks, the search for novel treatment
targets to cure or to ameliorate cardiovascular manifesta-
tions in MFS continues. Recently, new innovative strate-
gies have been implemented to identify novel treatment
targets. Hansen et al used an unbiased approach to identify
potential biological treatment targets using computation
analysis of transcriptomic data derived from both pre-
clinical experiments and from clinical trials.*'* The goal
was to investigate common subcellular pathways involved
in MFS pathology and use this information to predict the
potential efficacy of repurposed FDA-approved drugs for
treating the disease. This approach has already success-
fully led to the identification of the GABAg receptor as
a potential therapeutic target, and might uncover more
novel mechanisms in the future.

Another avenue that can be explored for the identifica-
tion of novel potential treatment targets is to make use of
alternative animal models or more advanced in vitro mod-
els. Zebrafish models of cardiovascular disease have
already proven to be useful tools for successful unbiased
in vivo screening of large amounts of pharmacological
compounds.”?*?*® Using a different approach, several
studies have shown the feasibility to generate human
induced pluripotent stem cell (iPSC)-derived in vitro mod-
els of MFS,*?""%? representing a big step forward towards
the realization of precise medicine for MFS.*° Using
novel zebrafish and/or iPSC models of MFS could help
to identify new, currently unrecognized drug targets that
can be exploited for medical treatment.

Conclusions

Currently, no medical treatment is available to completely
cure MFS or to definitively prevent fatal complications.
This is likely a consequence of the still incomplete under-
standing of the complex mechanisms involved in MFS
pathophysiology. Nevertheless, research aimed at disco-
vering new treatment strategies is moving forward, and
has already led to the discovery of several novel patho-
physiological processes. Although experience has taught
us that caution needs to be exercised when attempting to

translate preclinical data into clinical practice, the new
research avenues currently being explored hold promise
for the development of future successful treatments
of MFS.
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